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Acetolysis and 
ethanolysis rates were measured and it was found that the first two compounds solvolyze more slowly and the last two more 
rapidly than the undeuterated analogs. It was also found that the isotope effects are more pronounced in ethanolysis and 
that the rate increase per atom deuterium is larger with the dideuteriated than with the tetradeuteriated compound. The 
results are discussed in terms of rehybridization, hyperconjugation and induction and are found to be consistent with the 
solvolysis mechanism postulating the participation of the neighboring cyclopropyl group in the rate-determining step with 
the formation of a “bicyclobutoniurn” ion. 

The synthesis of cyclopropylmethyl-l,l-dz, - 2 4 ,  -3,3-d2 and -3,3,4,4-d4 benzenesulfonates is described. 

In  the solvolysis reactions of cyclopropylmethyl 
derivatives a pronounced rate enhancement has 
been o b ~ e r v e d . ~ - ~  In an attempt to correlate the 
unusual solvolytic reactivity with the extensive re- 
arrangements which take place in S N 1  type reac- 
tions of cyclopropylmethyl derivatives,6 various 
mechanisms have been proposed all of them involv- 
ing the participation of the neighboring cyclopropyl 
group in the rate-determining step. Much atten- 
tion has been given to the possible structure of the 
resulting non-classical carbonium ion intermediate. 
Thus, Bergstrom and Siegel‘ proposed a symmetri- 
cal “tricyclobutonium” ion structure (I). Roberts, 
et have shown that the formation of an 
equilibrating mixture of “bicyclobutoniurn” ions 
(IIa-c) accounts better for the experimental ob- 
servations. 

I 
3 C H 2 7 C H 2  - c: H,, c: H C H*--;- C H2 

‘i!H2-:? ?H2’ I CH2-CHz4 CH2-CH: 
IIa I Ib  IIC 

,,’ :I c- ;f,;‘ I !+,,e’ I 

Some implications of a mechanism involving in- 
termediates like I or I1 are: (1) If the transition 
state of the reaction resembles I then all methylene 
carbon atoms become equivalent in the intermedi- 
ate. (2) If I Ia  is formed in the rate-determining 
process, then a partial positive charge is generated 
on carbon atoms 1, 2 and 4 with the consequence 
that carbon atoms 3 and 4 loose their equivalency. 

The purpose of this work was to investigate if 
such changes on different carbon atoms could be 
depicted by the measurement of the secondary 
(1) Presented in part at the First Yugoslav Congress of Pure and 
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BorNC, V. BelaniC-Lipovac and D. E. Sunko, Croal. Chcm. A d a ,  88, 35 
(1961). 

(2) J.  D. Roberts and R.  H. Mazur, J .  A m .  Chem. Soc., 78, 2509 
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(3) M. C. Caserio, W. H. Graham and J.  D. Roberts, Tclrahcdron. 
11, 171 (1960). 
(4) C. G. Bergstrom and S. Siegel, J .  A m .  Chcm. SOL, 74, 145 

(1952). 
(5) For references see A.  Streitwleser, Jr., Chcm. Reus., 66, 710 

(1 956). 
(6) R. H. Mazur, W. N. White, D. A. Semenow, C. C.  Lee, M. S. 

Silver and J. D. Roberts, J .  A m .  Chcm. Soc., 81,  4390 (1959). 
(7) E. F .  Cox, M. C. Caserio, M. S. Silver and J. D. Roberts, ibid., 

88, 2719 (1961). 

deuterium kinetic isotope effect.8-10 Therefore, 
compounds IIIb-VIb were prepared and their sol- 
volysis rates determined. By this experiment i t  
was hoped to achieve a deeper insight into the struc- 
ture of the intermediate formed after the transition 
state and to gain some additional knowledge about 
the secondary hydrogen isotopes effects. l 1  

a,  X = OH; b, X = OS-Ph 

Synthetic Procedures 
Cyclopropylcarbinol (IIIa) was obtained by 

lithium aluminum deuteride reduction of the cor- 
responding carboxylic acid. The carbinols IVa, Va 
and VIa were prepared according to the following 
schemes. 
Scheme 1 

LiAlD, + AlClt 
ClCH&H,COOCH, - ClCIIzCHzCD20H 

1, NaOD + D20 

2, Lii\lH, 
IVa ClCHzCH2CDzCPI’ 

Scheme 2 
D? + P t  

CHaOOCCD2CDiCOOCH3 
CH~OOC-C~C-COOCH3 

Clz 
ClCDaCDzCOOCH3 + AgOOCCDzCD2COOCHs 

1, KOH + HzO 
ClCDtCDzCH2CN P Va 

2, LiAlH, 

(8) W. H. Saunders, Jr., S. ABperger and D. H. Edison, ibid., 80, 
2421 (1958). 
(9) A. Streitwieser, Jr., R. H. Jagow, R. C.  Fahey and S. Suzuki, 

ibid., 80, 2326 (1958). 
(10) K. Midow, S. BorEf and V. Prelog, Hclu. Chim. Acta, 40,  2477 

(1957). 
(11) For preliminary communications see (a) S. BorEC, M. NikoletiC 

and D. E. Sunko, Chcmislry 6’ Industry, 527 (1960); (b) S. BorPiC 
and D. E. Sunko. J .  A m .  Chrm. SOC., 88, 2777 (1961). 
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Scheme 3 
CH1CH: 

I 1  
CHzCH2 
I t  

0 0  0 0  v LiAlDa \/ 
CHXCHK!H2COOCzHj - CHaCCH2CH2CDaOH 

JHCI + H?O 

KOBr 

LiAIHI 
CD2)cH-cooH - VIa 
CH? 

Results 
The benzenesulfonates were subjected to acetoly- 

sis and ethanolysis and the reaction rates measured 
titrimetrically. The results are summarized in 
Tables I and 11. A rate decrease was observed with 
the compounds labeled with deuterium in the a- or 

E e t h a n o l y s i s  
A a c e t o l y s i s  

I 

F 

. - -~ ~~ ~- ~ 

REACTION COORDINATE. 
Fig 1.-Free energy curves for the acetolysis and ethanolysis 

of cyclopropylmethyl benzenesulfonates 

/?-positions (IIIb and IVb) while the deuteriation of 
the ring methylene carbon atoms caused a rate in- 
crease (Vb and VIb).12 The isotope effect per atom 
D was calculated in all cases and is given in Table 
111. 

Based on the statistical analysis of the results 
(see Experimental) the following conclusions have 
been reached: (1) The rate decrease with IIIb is 
larger in ethanolysis than in acetolysis (92y0 con- 
fidence). ( 2 )  The rate increase with Vb and VIb is 
more pronounced in ethanolysis than in acetolysis 
(95, resp. 97.5yC confidence). (3) In the ethanoly- 
sis the isotope effect per atom D is larger with VIb 
than with Vb (99.5% confidence). 

In the acetolysis reaction a large difference of the 
“infinity titers” a t  100 and a t  20.0’ was observed 
in all cases. This could be due to the presence of 
relatively unreactive rearranged benzenesulfonates 

(12)  It was reported” t h a t  no isotope effect occurs in t h e  solvolysis 
of Vb. However, this first set  of measurements (Table I, result 6,  
Table 11, result 7 )  was found t o  be inadequate because of the  large error, 
especially a s  the  results had t o  be compared with t h e  more accurate 
measurements of the  k n / k D  values with VIb. Therefore, Vb was re- 
qynthesized and i ts  ethanolysis rate constant determined more pre- 
cisely This result is 
in the  1 2 s  range of t h e  first set of measurements. 

An isotope effect of 6.3% was found t o  occur. 

in the starting material and/or to the formation of 
such species during the reaction. The purities of 
the starting materials were therefore checked by 
ethanolysis where a rearrangement to less reactive 
benzenesulfonates during the reaction does not oc- 
cur.4 Thus, an “internal return” rearrangement 
during the acetolysis reaction could clearly be 
established. This concurrent reaction accounts for 
about one-third of all the products. Experimental 
observations concerning this rearrangement and a 
discussion of the results are given e l s e ~ h e r e . ~ ~  

Discussion 
Although a t  the present the theory of secondary 

deuterium isotope effects is still quite fluid, there is 
a prevailing agreement that they are mainly due to 
three causes; i .e.  (1) rehybridi~ation,~ (2) hyper- 
c ~ n j u g a t i o n ~ ~ ~ ~ ~  of the carbon-hydrogen carbon- 
deuterium bonds, respectively, and (3) the electron- 
releasing inductive effect of d e u t e r i ~ m . ~ ~ ~ ~ ~  Some 
of these factors may act jointly either in the same or 
in the opposite direction and it is sometimes difi- 
cult or impossible to establish their relative impor- 
tance. Here lies the main difficulty in interpreting 
any results based upon the measurement of the 
secondary deuterium isotope effect. 

According to Streitwieser, et a]., the rate retarda- 
tion which occurs in solvolysis reactions when hy- 
drogen on the reactive carbon is replaced by deute- 
rium is due to vibrational changes associated with 
the sp3-sp2 rehybridization of the carbon-hydrogen 
(deuterium) bonding orbitals in the rate-determin- 
ing process. The isotope effect occurring in the 
solvolyses of IIIb can be ascribed to such a rehy- 
bridization. If the magnitude of the rate depres- 
sion can be considered as indicative of the amount 
of corresponding rehybridization in the transition 
state, then the larger isotope effect in ethanolysis 
than in acetolysis can be well understood. The 
transition state in the acetolysis as the faster reac- 
tion will resemble more the starting material than 
in the slower ethanolysis, as shown diagrammati- 
cally in Fig. 1 . I 8  Thus, the carbon-deuterium 
bonding orbitals will be nearer to sp3-hybrids in the 
transition state of the former than of the latter 
r e a c t i ~ n . ’ ~ ~ ~ ~  

The isotope effect observed in the acetolysis of 
11% could be analogous to those observed in many 
cases when hydrogen on the carbon atom ,8 to the 
leaving group is replaced by d e u t e r i ~ m . ~ ~ - ~ 3  These 

(13) S. BorEif and D. E. Sunko, Croat. Chein A r t n .  33, 77 (1961). 
(14) V. J. Shiner, Jr., Trtrohedron, 6, 243 (1989). 
(16) E;. S. I.ewis, i b i d . ,  6, 143 (1959). 
(16) E. A. Halevi, I w l e m  J .  Apal R a d i a l i o n  aizd Isotopes,  7 ,  192 

(17) L. S. Bartell, Teluahedmn Letlcrs, 6 ,  13 (1960). 
(18) Recently, L,  S .  Bartell, J .  A m  Chem. SOL.,  83, 3567 (1961), has 

pointed out  tha t  secondary a- and @-deuterium isotope effects m a y  
partly be due t o  the  relief of non-bonded repulsions during the  forma- 
tion of the  carbonium ion intermediate. If this were the  case, the  
ra te  retardation in the  ethanolysis of IIIb, for reasons similar t o  those 
given above, would also he expected t o  be more pronounced than  in 
acetolysis. T h e  isotope effect in the  acetolysis of I P b  could possibly 
also be partly ascribed t o  steric repulsions. 

(1960). 

(19) .4. Streitwieser, Jr., C h e m .  Reus. ,  66, 638 (19.56). 
(20) G. S. Hammond, J .  Ani. Chem. Soc., 77, 334 (19.55). 
(21) E. S. Lewis and C. E. Boozer, ib id . ,  76 ,  791(1954). 
(22) V. J .  Shiner. Jr., i b i d . ,  76, 2926 (1953). 
(23) S. Ilakovac and S ABperger, C h e m i s t r y  & l n d u s l r y  1191 

(1960). 



May 5, 1962 SOLVOLYSIS OF LABELED CYCLOPROPYLMETHYL BENZENESULFONATES 1617 

TABLE I 
ETHANOLYSIS RATES OF DEUTERIATED CYCLOPROPYLMETHYL BENZEXESULFOSATES AT 20.0" 

k X 105, ROsSPh Atoms Concn.,a 
Result R =  D/molecule mole/l. sec. -1b k n / h  

CHz 

CHz 
1 I )CHCH,- .. 0.042 6.165 zt 0.030" 

2 ~ * ) C I I C H ~ - -  .. .038 6.325 zt .035" 

3 I )CHCH*- .. .028 5 955 f. 0.30" 

4 Av. 6.148 zt . lo8  

5 THz>HCDz- 1.88 ,042 4.341 f .036c 1.416 i 0.016 

CHz 
CHI 

CHz 

CH2 

6 CDz>cHCHz- 3.70 ,037 6.256 i .02gC 0 983 =t 0 034 
CDz 

7 CHz>HCHz-d . .  ,034 5.806 =t ,017 .9383 =I= 0.0054 

8 TDl)CHCHz-d 3.70 .032 6.188 f ,028 .9385 =I= . 0046e 

CHz 

CD 

9 CHz>cHCHz-d . .  ,033 5.854 =t ,025 ,9355 f ,0075 
CHz 

10 TD:>cHcH2-d CD 3.70 032 6.258 i ,038 

11 

9356 f ,0051" 

9371 i ,0034' 

12 TH:)CHCII& . .  025 5.729 f ,010 ,9555 i ,0022 

13 CDz)CHCHz-d 1 .76  ,024 5.996 zk .009 ,9556 i ,00238 

CH 

CH2 

14 cHz>CHCH2-d . .  .032 5.802 zk .011 .E179 + ,0028 
CH? 

15 ~ D ~ ) c H c H , - d  1.76 ,032 6.057 =k .014 .9579 =I= .0026e 

16 .9568 f. .0017Q 
CH 

5 Concentration of pure cyclopropylmethyl benzenesulfonate. b Uncertainties are standard errors. A t  20.1 '. Siniul- 
taneous measurement of k H  and k D .  f hfean of the 
k H / k D  values 8 and 10. 

rate depressions have been attributed to hypercon- of p-deuteriated cyclopentyl p-toluenesulfonate is 
jugative carbon-hydrogen (deuterium) bond weak- about the same (per atom deuterium) as with IVb.' 
ening in the transition state of the reaction. l4. '5 Consequently, hyperconjugation alone does not 

Shiner14 has investigated the influence of sub- seem to explain the relatively large rate retardation 
stituents on the magnitude of the p-deuterium iso- observed in the acetolysis of IVb and a t  least a part 
tope effect and has shown that i t  is possible "to of the isotope effect could be due to rehybridiza- 
attribute the substituent influences on the iso- tion.I8 Thus, the acetolysis rate of IVb indicates 
tope effect as being due to their stabilizing in- that the transition state of the reaction may be rep- 
fluences on the hyperconjugating resonance con- resented by IX. 
tributing forms." It is therefore possible to as- The rate enhancement in the solvolyses of Vb 
sume that the magnitude of the &deuterium isotope and VIb could be due to the electron-releasing in- 
effect will be determined by the amount of contri- ductive effect of deuterium. Considering the 
bution of hyperconjugating structures to the inter- proposed reaction mechanisms, deuterium induc- 
mediate formed after the transition state. In this tion can influence the rate in either one of the two 
respect one can expect that structure VI1 would following ways: (1) If the transition state of the 

solvolysis resembles a classical cyclopropylmethyl 
carbonium ion, then the rate increase observed 

H- / to the leaving group in the reactant. In this case. 
the effect of deuterium induction would be in the 
destabilizing of the ground state. 

(2) Deuterium in Vb and VIb induces a negative 
charge on the methylene carbon atoms in the ring. 
Thus, if a non-classical carbonium ion is formed in 

e Calculated by pairing the corresponding instant ka and k D  values. 
g Mean of the k H / k D  values 13 and 15. 

C H z 7 C D  CHZ, C Hp-CI-Iz 

CH, CH CH? 
I ,C=CH, I 1  

CH2....CHz I ,,,'+ ~! with Vb and VIb can be explained by a looser bond 
CH IX 

H' 
1-1 I 

\.I11 

contribute much less effectively to its mesomeric 
carbonium ion than, e.g., structure VIII. Never- 
theless, the isotope effect observed in the acetolysis 
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TABLE I1 
ACETOLYSIS RATES OF DEUTERIATED CYCLOPROPYLMETHYL BENZENESULFONATES AT 20.0" 

Atoms 
D/molecule 

. .  

. .  

. .  

. .  

1.88 

3.70 

. .  

0.88 

. .  

1.76 

.. 

1.76 

.. 

1.76 

Concn. a 
mole/i. 

0.037 

.039 

,038 

.042 

.037 

.033 

,028 

.023 

,048 

.048 

.045 

.045 

.045 

,045 

k X 104, 
sec. -1b 

2.179 i= 0.023 

2.157 f .030 

2.170 3~ .016 

2.240 f .012 

Av. 2.187 f .019 

1.688 f .009 

2.220 f .033 

2.451 f .035 

2.106 i= ,029 

2.179 f .005 

2.262 f .012 

2.186 f .009 

2.254 f .019 

2.205 f ,011 

2.230 f .008 

1.296 f 0.024 

0.985 f .019 

1.164 f ,020 

1.149 f . O W  

.9633 f 0.0057 

,9666 f .0049* 

.09698 f .0093 

.9701 f .0058' 

.9888 f .0059 

.9855 f ,0068' 

.9751 f .0068f 
0 Concentration of pure cyclopropylmethyl benzenesulfonate. Uncertainties are standard errors. 0 Simultaneous meas- 

Mean of the urement of ka and h. 
k H / h  values 11. 13 and 15. 

At 20.06'. Calculated by pairing the corresponding instant ka and k D  values. 

TABLE I11 
ISOTOPE EFFECTS IN THE SOLVOLYSIS OF DEUTERIATED CYCLOPROPYLMETHYL BENZENESULFONATES IN PER CENT. 

* Ethanolysis Acetolysis- > 

ROaSPh 
R -  ( k ~ / k ~  - 1) x 1004 Per atom Darb ( k R / k D  - 1) X 100' Per atom D% b 

$41.6 f 4.6 $22.13 f 2.72 f29.6 i 2.4 f15.74 f 1.52 
CH 
CDz 
I )CHCH*- -6.29 f 0.34 -1.70 f 0.13 -1 .5  f 1.9 -0.41 f 0.58 

CDz 

T D F C H z -  -4.32 f 0.17 -2.45 f 0.17 -2.49 f 0.68 -1.42 f 0.40 
CH 

+14.9 f 1.5 +16.93 f 1.96 

6 Uncertainties are standard errors. b The largest possible error in the deuterium analysis is taken into account. 

the rate-determining process, deuteriation would 
facilitate the participation of the neighboring cyclo- 
propyl group by increasing its ability to accommo- 
date the developing positive charge. Therefore, 
the effect of deuterium induction would be in stabi- 

If the first interpretation is correct, then the rate 
increase should be larger for the faster reaction, Le.,  
for the acetolysis, as the higher ground state energy 
level of the deuteriated species would favor more 
the reaction with a lower activation energy (Fig. 

lizing the transition state of the reaction. 1) * 
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If, however, participation is important in the 
rate-determining step, then one can expect that the 
acceleration due to deuterium induction will be 
more pronounced for the reaction in which the 
transition state resembles more a non-classical 
carbonium ion intermediate, i .e.,  for the slower 
ethanolysis. This hypothesis is an extension of 
Hammond's p o s t ~ l a t e . ~ ~ ~ ~ ~  The transition state 
for the faster acetolysis, t~ (Fig. l), is structurally 
nearer to the starting material and the participation 
of the cyclopropyl group in reaching this stage is 
less important. Any change which will facilitate 
participation will affect less the reaction in which it 
is less pronounced. Therefore, the significantly 
smaller isotope effect observed in the acetolysis of 
Vb and VIb, when compared with the ethanolysis, 
may be considered as indicative for the formation 
of a non-classical carbonium ion in the rate-deter- 
mining step of these reactions. The same conclusion 
can be reached even if the observed rate accelera- 
tions were not due to the + I  effect of deuterium but 
to some other cause (e.g., rehybridization). How- 
ever, it has to be pointed out that the internal re- 
turn reaction observed in the acetolysis could cause 
deuterium scrambling in the starting materiala and 
in this way complicate the evaluation of the ob- 
served kinetic isotope effect. 

If the isotope effects in the solvolysis of Vb and 
VIb are to be ascribed to induction only, then these 
effects are obviously not additive. The values per 
atom D in the ethanolysis are significantly smaller 
with Vb that with VIb (Table 111). An alternative 
explanation of this difference is that the observed 
rate increases are not due to induction only and 
that the two ring methylene carbon atoms are not 
equivalent in the transition state of the solvoly- 
sis. lib From all proposed reaction mechanisms 
such non-equivalency is implicit only in a bicyclo- 
butonium ion like transition state. If the first 
formed intermediate in the solvolysis of Vb resem- 
bles X, then a rehybridization of the carbon-deu- 
terium bonds has to be considered. Theoretical 
studies24 have shown that the carbon-hydrogen 
bonding orbitals in cyclopropane are properly 
regarded as hybridized between sp3 and sp2. 
Thus, in the formation of X two deuterium bonding 
orbitals will become more sp2 owing to the positive 
charge generated on carbon atom 4, while the other 
two orbitals will become more sp3 because of the 
contribution of cyclobutyl and homoallyl-like 
structures. The result would be an intramolecular 
compensation of the isotope effects due to rehv- 
b r i d i z a t i ~ n ~ s ~ * ~  and the rate enhancement ob- 
served would arise more or less from induction 
only. 

CDz-,CH C D 2 , C H  7 H2-C H 

c' Dz- - - - c' € 1 2  

s XIa XIb  
With VIb the formation of two different bicyclo- 

butonium ions is possible, i.e., XIa and XIb. 
These two species do not necessarily represent 
equivalent energy levels and the formation of one 
could be faster than that of the other. To decide 
which one of the two possible carbonium ion in- 

I .' 
1 ,,' + ,  , I , I  I , - ; ' I  

i.6,----i.H2 C H i  -C H, 

(24) C.  A. Coulson and W. Moffitt, Phi l .  Mag.. 40, 1 (1949). 

termediates represents the transition state of the 
reaction path with the lowest free energy of aetiva- 
tion, one has to consider (1) the electron-releasing 
inductive effect of deuterium fihich would favor 
the formation of XIb, and ( 2 )  that owing to the 
unsymmetrical labeling of VIb the rehybridization 
of the carbon-deuterium bonding orbitals toward 
either more or less p-character is possible. More 
p-character would result in a rate increase and 
favor the formation of XIa. 

From the above-mentioned arguments it can be 
deduced that, assuming a bicyclobutonium ion like 
transition state, the rehybridization of carbon- 
deuterium bonding orbitals and the +I effect of 
deuterium will affect in an opposite way the solvoly- 
sis rate of VIb. If the formation of XIb iequires 
the least activation energy, then the rate increase 
caused by induction is diminished by an unfavorable 
rehybridization. Alternatively, if the rate increase 
is due to rehybridization associated with the forma- 
tion of XIb, the favorable influence of the + I  effect 
of deuterium on the reaction rate is lost. The 
magnitude of the isotope effect will depend on the 
relative importance of these two factors. If re- 
hybridization has a prevailing itnportance in favor- 
in:: participation, one can expect that the isotope 
effect per atom D in the solvolysis of VIb will ex- 
ceed that of Vb, and this is actually the case. 

I t  is evident that the present state of our knowl- 
edge of the theory of secondary hydrogen isotope 
effects does not enable a clear interpretation of our 
results. However, they seem to be consistent with 
the reaction mechanism which postulates neighbor- 
ing group participation through the formation of 
bicyclobutonium ions. 

Experimental?j 
Cyclopropylcarbinol-1 , 1 4 2  .-Cyclopropanecarboxylic acid 

(2.0 g.) was reduced in anhydrous ether with 1.05 equivalents 
of lithium aluminum deuteride. The reaction mixture was 
decomposed with 1.1 equivalents ol water, the precipitate 
centrifuged off, washed once with ether and again centri- 
fuged. Ether was distilled from the combined extracts and 
the residue fractionated; yield 1.2 g., b.p. 123" (760 mm.). 
The product contained a small amount of ether as the sole 
impurity. 

The dinitrobenzoate, m.p. l o l o ,  contained 1.88 atoms of 
deuteriuni per molecule. 

Dimethyl S~ccinate-d~.~~-DiniethyI acetylenedicarbox- 
ylate (100 g.) was deuteriated in portions of 4 to 10 g. over 
Adams catalyst in anhydrous tetrahydrnfuran, or without 
solvent; yield of the pure product,95 g., h.p.94-96' (24 mm.). 

Succinic Anhydride-d4.26-Deuteriated dimethyl succinate 
(93 g ) was refluxed for 24 hr. with 940 nil. of water and 1 ml. 
of concentrated nitric acid. After neutralization of the 
mineral acid with a solution of sodium carbonate, water was 
evaporated from the reaction mixture and the residual suc- 
cinic acid dried i?t vucuo. Then,  137 ml. of acetyl chloride 
was added and the mixture refluxed for 3 hr. Upon filtra- 
tion and cooling the product crystallizes in long needles, 
which are filtered off, washed twice with 50 ml. of anhydro;s 
ether and dried in vacuo. The product, 53.3 g., m.p. 121 , 
contained 3.78 atoms of deuterium per molecule. 

Methyl Succinate-2 2 . 3  ,3-t14.--Xnhydrous methanol (25.4 
ml.) was added to the deuteriated succiiiic anhydride (52.3 
8.) and the mixture refluxed until solution was complete. 
After refluxing for an additional 20 min., methanol was evap- 
orated in elacuo, the residue crushed to a powder and dried 
in W K U O  (66 2 g.,  m.p. 47-55'). 

(28) All melting points are corrected and  all boiling points are un- 
corrected. The purity of t h e  volatile componnds was checked by 
vapor phase chromatography, Deuterium analyses were accomplished 
by the  falling drop  method 

(26) A. hlcLean and R. Adams, J .  A m .  Chcm. Soc., 88, 804 (1936) 
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Methyl 3-Chloropropionate-2,2,3,3-d,.-Methyl succinate- 
dc (46.4 9.)  was dissolved in 300 ml. of ethanol and neutra- 
lized with a solution of sodium hydroxide in 80% aqueous 
ethanol (160 ml.). A solution of silver nitrate (63 g.) in 50 
ml. of water was then added with stirring. The precipitate 
was filtered off, washed with 500 ml. of aqueous ethanol 
(80%) and 500 ml. of ether, dried, crushed to a powder and 
dried again in vacuo. The silver salt (72.5 g.) was suspended 
in 200 ml. of anhydrous carbon tetrachloride and a solution 
of dry chlorine (23.3 g.) in 200 ml. of anhydrous carbon ter- 
rachloride was added dropwise during 3 hr. with stirring 
and exclusion of moisture. The stirring was continued until 
the development of carbon dioxide ceased. The precipitate 
was then filtered off, the solvent removed from the filtrate 
by distillation and the residue fractionated. The fraction 
boiling at 74-108" (70 mm.) was collected. The product 
(13.0 8.) contained some carbon tetrachloride and other 
impurities which were not identified. 

3-Chloropropanol-Z,2,3,3-d4.-The crude chloroester 
(12.6 g.) was reduced with lithium aluminum hydride a t  
-75" according to the procedure of NystromZ7 (normal- 
addition). The product (6.9 g.) contained several unidenti- 
fied impurities. 

1-Bromo-3-chloropropane-2,2,3,3-d4 was prepared from 
the above carbinol and phosphorus tribromide as described 
for the undeuteriated material.28 From 6.9 g. of starting 
material, 4.3. g. of pure chlorobromide, b.p. 145-148" (750 
mm.), was obtained. 
4-Chlorob~tyronitrile-3,3,4,4-d,~9 was prepared from 4.3 g. 

of deuteriated chlorobromide; yield of the pure product 1.7 
g. ,  b.p. 95-100" (30 mm.). 

Cyclopropanecarboxylic A~id-3,3,4,4-d,.~O-The cycliza- 
tion of 1.7 g. of deuteriated chlorobutyronitrile and hydroly- 
sis of the product yielded 0.98 g.  of pure deuteriated cyclo- 
propanecarboxylic acid, b.p. 117-119" (75 mm.). 
Cyclopropylcarbinol-3,3,4,4-d,.-The reduction of cyclo- 

propanecarboxylic acid-dd with lithium aluminum hydride 
was carried out as described for the preparation of cyclo- 
propylcarbinol-l,l-d*. From 0.98 g. of the acid 0.57 g. of 
the product, b.p. 124' (750 mm.), was obtained which con- 
tained a small amount of ether as the sole impurity. 

The dinitrobenzoate, m.p. 100-101", contained 3.70 atoms 
of deuterium per molecule. 

3-Chloropropanol-l,l-d2.z~-Methyl 3-chloropropionate 
112.3 g.) was reduced at -75" with a solution of lithium 
aluminum deuteride (4.2 g. )  and aluminum chloride (13.4 
8.) in anhydrous ether; yield of the pure product, b.p. 65" 
(10 mm.), was 7.2 g. 

4-Chlorobutyronitrile-2 ,2-dz .-3-Chloropropanol-dz ( 6.8 
g.)  treated with phosphorus tribromide% yielded 9.5 g. of the 
corresponding chlorobrornide, b.p. 145-148' (750 mm.) ,  
which with potassium cyanide29 gave 2.45 g. of the nitrile, 
b.p. 96-98' (30 mm.). 

Cyclopropylcarbinol-2-d.-Deuterium oxide ( 5  ml.) was 
covered in a quartz tube with 20 ml. of anhydrous ether and 
1.85 g. of sodium added in small pieces. After standing 
nvernight an  additional 1 ml. of deuterium oxyde was added, 
the ether decanted and the aqueous solution evaporated to 
dryness. The residue was dried in vacuo by heating over a 
free flame. 4-Chlorobutyronitrile-2,2-d* (1 .O g.) was then 
cyclized and the product hydrolyzed with deuteriated rea- 
ge i i t~3~r~ l  t o  cyclopropanecarboxylic acid-24. The acid 
was not isolated but  its ethereal solution directly reduced 
with lithium aluminum hydride as described previously. 
The yield of the carbinol, b.p. 12:" (750 mm.), was 0.3 g. 

The dinitrobenzoate, m.p. 101 , contained 0.88 atom of 
deuterium per molecule. 

1-Hydroxy-4-pentanone-1 ,l-d2 Ethylene Ketal.--A solu- 
tion of ethyl levulinate ethylene ketal3* (37.6 g . )  in 300 ml. 
of  anhydrous ether mas added under stirring to a solution 
4.2 g. of lithium aluminum deuteride in 350 ml. of anhydrous 
ether, the reaction mixture refluxed for 1 hr. and stirred 

(27) R. F. Nystrom, J .  A m .  Chem. Soc., 81, 610 (1959). 
(28) J. B. Cloke, R. J. Anderson, J. Lachmann and G. E. Smith, 

i b i d . ,  63, 2794 (1931). 
(29) "Organic Syntheses," Coll. Vol. I ,  John Wiley and Sons, Inc. ,  

S e w  York. S .  \'., 1947, p. 136. 
(30) "Organic Syntheses," Coll. Vol. 111, John Wiley and Sons, 

Inc., New York, N. Y., 1955, p.  221. 
(31) A sample of cyclopropanecarboxylic acid prepared with the  aid 

o f  "light" reagents contained only 0 3 a tom of deuterium per molecule. 
(32) M. Kiihn, J .  p r a k f .  Chem., 166, 103 (1940). 

overnight. The complex was decomposed with 16 inl. of 
water, the ether decanted, the precipitate washed with 
ether and filtered off. After removal of ether from the com- 
bined filtrates, 32.6 g. of the crude product was obtained. 

1-Chloro-4-pentanone-1,1-dz.-The crude deuteriated 
ketal carbinol (32.6 g.) was poured into 35 ml. of water and 
30 ml. of concentrated hydrochloric acid and the mixture 
heated up rapidly until distillation begins. The heating waq 
continued with occasional addition of water until no  more 
oily material distilled over. The distillate was extracted 
three times with ether, the extracts dried with calcium 
chloridearid the solvent removed over a column. Thus, 16.4 
g. of the crude ketone was obtained. 

Methyl Cyclopropyl-2,2-d2 K e t ~ n e . ~ ~ - T h e  cyclization of 
16.4 g. of the crude chloropentanone-d? gave after distilla- 
tion 8.1 g. of the pure product, b.p. 110-112" (750 mm.),  

Cyclopropanecarboxylic Acid-3,3-d~.~~-The oxidation of 
the ketone (7.5 g.) with a solution of sodium hypobromide 
yielded after distillation 5.0 g. of the pure product, b.p. 
94-97' (24 mm.), 8 2 3 ~  1.4263. 

Cyclopropylcarbinol-3,3-d~.-The reduction with lithium 
aluminum hydride of the corresponding carboxylic acid-dz 
(4.4 g.) ,  carried out as described previously, yielded 3.0 g .  
of the pure product, b.p. 122-123" (750 mm.), n Z 3 ~  1.4283. 

The dinitrobenzoate, m.p. loo", contained 1.76 atoms of 
deuterium per molecule. 

The benzenesulfonates were prepared according to the 
published procedure., The purities, calculated from 
"infinity" titers of the ethanolyses at 20.0", ranged from 
85-95 %. 

Rate measurements were accomplished by the usual tech- 
niques. The titrating solutions were for the acetolyses, 0.03 
-V sodium acetate in acetic acid and, for the ethanolyses, 
0.03 Nsodium hydroxide in anhydrous ethanol. The indica- 
tors used were brom phenol blue and methyl red, respec- 
tively. 

Ethanoly- 
sis.-The differences between the rate constants 1, 2 and 3 
(Table I) are significant and are most probably due to small 
temperature variations between the runs. These values 
were considered as 3 independent measurements and their 
mean ( k ~  no. 4) with its standard error calculated ac- 
cordingly. Thus, k H  no. 4 has 2 degrees of freedom. It was 
assumed that the distribution of k D  nos. 5 and 6 was the 
same as that of ko nos. 1-3. Thus, in the calculation of the 
corresponding k H / k D  values the standard error was esti- 
mated by taking the standard deviation of k H  no. 4 as the 
uncertainty of k D .  k H / k D  values nos. 5 and 6 have therefore 2 
degrees of freedom. The measurement of k H  and k D  nos. 7 
and 8, resp., 9 and 10 were performed simultaneously. 
Thus, i t  is believed that the systematic errors were largely 
avoided. This is shown by the small difference between 
k H / k D  values nos. 8 and 10, which turns out to be not signifi- 
cant. The standard error of the mean ( k H / k D  no. 11) was 
calculated from the standard errors of k H / k D  nos. 8 and 10. 
The result no. 11 has 13 degrees of freedom. I n  the same 
way the result no.  16 was calculated from the k H / k D  values 
nos. 73 and 12. The result no. 16 has 21 degrees of freedom. 

In  the calculation of the percentage isotope effect per atom 
deuterium (Table 111) the largest possible error in the deter- 
mination of deuterium (about 5%) was combined with the 
standard errors of k H / k D  values nos. 5, 11 and 16. 

l-Test for the hypothesis that  the isotope effect per atom 
deuterium is the same for Vb and VIb gives t = 3.50. with 
34 degrees of freedom, P < 0.570. 

Acetolysis.-The calculation of errors for k H / k D  values 
nos. 6 and 7 was analogous to  that of the corresponding 
values in the ethanolysis. knilkn values 6 and 7 have 3 
degrees of freedom. Owing to the fast rate of acetolysis, it 
is difficult to avoid systematlc errors in the determination of 
the k a / k D  values even if the rate measurements are carried 
out simultaneously. This is shown by the differences be- 
tween the k H / k n  values nos. l l ,  13 and 15 which are signifi- 
cant. The refore,the latter values were considered as 3 in- 
dependent measurements and their mean ( k H / k D  no. 16) 
calculated accordingly. The result no. 16 has thus 2 degrees 
of freedom. 

?Z*'D 1.4232. 

Calculation of Errors and Significance Tests. 

(33) G. W. Cannon, li. C .  Ellis and J. R Leal, Ovg. Syi t fheses ,  31, 

(34)  G. H. Jeffery and  A .  I. Vogel, J .  Chem. Soc., 1805 (1948); 
74 (1951). 

L. I. Smith and S. McKenzie, J .  Org. Chem.,  15, 74 (1950). 
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The percentage isotope effect per atom deuterium (Table atom deuterium in acetolysis was not significantly different 
with Vb than with VIb. 111) was calculated as for ethanolvsis. 

t-Test for the hypothesis that  t h e  isotope effect for I I I b  
is the same in acetolysis and iii ethanolysis gives t = 2.31, 
with 5 degrees of freedom, P = 8%. 

t-Test for the hypothesis thdt the isotope effect per atom 
deuterium for Vb is the same in acetolysis and ethanolysis 
gives t = 2.17, with 16 degrees of freedom. P < 5Yc. 

&Test for the hypothesis that  the isotope effect for \*Ib is 
the same in acetolysis and ethanolysis gives t = 2.61, n i th  
23 degrees of freedom, P < 2.5%. 
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The direction of cleavage has been determined for a series of unsymmetrical dialkyl sulfides and alkyl-aryl sulfides. The 
results obtained are explained on the basis of a gradation of mechanism. 

Earlier, it was reported' that sulfides and sulfones 
were cleaved in good yields to the hydrocarbon and 
mercaptan or sulfinic acid by sodium in liquid am- 
monia or lithium in methylamine. Another recent 
report3 has shown that sulfides can also be cleaved 
by the use of calcium hexammine. 

In the latter report, the authors state that their 
results can be explained on the basis of a reaction 
scheme involving either a one- or a two-electron 
transfer. In the case of ether cleavage with sodium 
in ammonia4 the results are best explained on the 
basis of a two-electron t r a n ~ f e r , ~  whereas in the case 
of the cleavage of tetraalkylammonium halides by 
sodium in ammonia,6 the authors suggest a grada- 
tion of mechanism involving both a one- and a two- 
electron transfer. They propose that t-butyl, iso- 
propyl and sec-butyl groups cleave as radicals, while 
ethyl and higher primary alkyl groups cleave as 
carbanions. 

In this work, a series of unsymmetrical dialkyl 
and alkylaryl sulfides were prepared and treated 
with lithium in methylamine to determine the direc- 
tion of preferred cleavage. Cleavage of alkyl-aryl 
sulfides produced exclusively the aromatic thiol 
and aliphatic hydrocarbon regardless of the amount 
of branching in the alkyl chain. In the dialkyl 
series, the preference for cleavage is t-alkyl > sec- 
alkyl = n-alkyl. The compounds prepared and the 
results of their cleavages are presented in Table I of 
the Experimental part. 

The preferred direction of cleavage of groups 
from sulfides by lithium in methylamine does not 
correspond in a simple way to the order expected 
for either radical cleavage (one-electron transfer) 

(1) Paper 1, W. E. Truce, D.  P. T a t e  and D.  N. Burdge, J. A m .  

(2)  Taken from the  Ph.D. Thesis of 3 .  J. B. 
(3) J. Van Schooten, J. Knotnerus, H. Boer and Ph. M. Duinker, 

Rec.  frau. chint . ,  77, 935 (1958). 
(4) P. A. Sartoietto and F. J. Sowa, J .  A m .  Chem. SOC., 59, 603 

(1937); A. L. Kranzenfelder, J. J. Verbance and  F. J .  Sowa, ibrd., 
69, 1488 (1937); F. C. Weber and  F. J. Sowa, i b i d . ,  60, 94 (1938). 

Chem. SOL.,  82, 2872 (1960). 

( 5 )  A. J. Birch, Quart. Reus., 4, 69 (1950). 
(6) E. Grorenstein and R. mi. Stevenson, J .  A m  Chem. SOL., 81, 

4850 (1959). 

or carbanion cleavage (two-electron transfer). 
The stability of carbanions is given as CH3 > Et  
n- Bu > GPr, sec-Bu > ~ - B u , ~  while the stability of 
alkyl free radicals is the reverse of that given for 
carbanions, with methyl being the least stable and 
t-butyl the most stable.s Reductive cleavage also 
involves the formation of thiolates as well as hydro- 
carbons, so differences in stability of thiolates could 
affect the preferred direction of cleavage: the more 
basic the thiolate, the less readily i t  might be ex- 
pected to be formed by reductive cleavage. This 
factor cannot account for the large preference of t-  
alkyl cleavage over n-alkyl cleavage since all of the 
thiolates formed in the alkyl series have about the 
same ba~ ic i ty .~  However, the fact that aromatic 
thiols are about. l o4  times more acidic t h  In aliphatic 
thiolsg may be an important fx to r  in the cleavage of 
a1 ky 1- aryl sulfides 

Steric factors would not be expected to play an 
important role in determining the direction of 
cleavage since models show no steric compression in 
the starting sulfides. 

In the dialkyl series, i t  is postulated that the t -  
butyl group cleaves as a free radical under these 
conditions and that some other factor than stability 
of radicals or carbanions is involved in the cleavage 
of the less highly branched alkyl groups. The 
cleavage procedure used would seem to favor the 
formation of radicals as intermediates since the 
metal is added to a solution of the sulfide and is, 
therefore, never in excess. These results corre- 
spond closely to those observed by Grovenstein.6 

In the alkyl-aryl series, it is postulated that the 
alkyl groups may cleave as free radicals although, as 
mentioned above, the basicity of the thiols may be 
an important factor in determining the direction 
of cleavage. This reaction path is suggested by the 

(7) H. Pines and co-workers, ibid., 78, 4316, 5946, 5950 (1933). 
(8) E. T. Butler and h l .  Polanyi, Trans. F a r a d a y  Soc., 39, 3 

(1943); H. v .  Hartel, X. l l e e r  and M. Polanyi, Z.  phys i k .  C h o n . ,  19B, 
139 (1932) 

(9) E. E. Reid, "Organic Chemistry of Bivalent Sulfur," Vol. I, 
Chemical Publishing Co. ,  Inc., S e w  York, K. Y . ,  1958, pp. 74, 
131. 


