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lated yield of pure norbornane was 132 mg (71%): nmr (CDClB) 
6 2.10 (m, 2, PCH) ,  1.30-1.76 (m, 3.6, exo >CHH), 1.26 (m, 
1, HC-tert-Bu), 0.98-1.18 (m, 2.4, endo >CHH), 0.92 ( 6 ,  9, 
(CH,)3C]. 

Diimide Reduction.-The reduction of 200 mg (1.35 mmol) of 
syn-7-tert-butylnorbornene with diimide was attempted as de- 
scribed above. The olefin was exposed to a fourfold molar 
excess of diimide generated by two charges of potassium azodi- 
carboxylate over a period of 3 hr. Analysis by vpc (300 ft X 
0.01 in. DC-550 silicone column, 1 1 5 O ,  30 psig) showed that the 
starting olefin was recovered quantitatively. 

Silver Nitrate Complexation.-syn-7-tert-Butylnorbornene 
failed to complex silver nitrate in aqueous solution. The olefin 
showed identical retention times on both silver nitrate-ethylene 
glycol and ethylene glycol vpc columns. 

Oxymercuration.-Oxymercuration of the syn olefin was 
attempted with mercury(I1) acetate in aqueous tetrahydrofuran.2T 
The reaction was stirred a t  room temperature for 24 hr; no 
discharge of the characteristic yellow color of the mercury salt 
suspension occurred. The reaction was worked up according 

Deuterium addition had occurred 807, endo,cis. 

to the standard procedure to recover unreacted olefin. The 
absence of product was confirmed by vpc analysis. 

Addition of Thiopheno1.-A solution of 110 mg (1.0 mmol) of 
thiophenol and 150 mg (0.84 mmol) of syn-7-tert-butylnorbornene 
(84% syn olefin, 16% 7-tert-butylnorbornane) in 1 ml of n-hexane 
was stirred a t  0" under nitrogen. The solution was irradiated 
with a Hanovia 100-W quarts ultraviolet lamp. Samples were 
removed periodically through a rubber septum and were analyzed 
by vpc for the disappearance of syn-7-tert-butylnorbornene; 
7-tert-butylnorbornane was utilized as an internal standard. After 
3.5 hr of irradiation the concentration of syn olefin was un- 
changed. The irradiation was interrupted, and 960 mg (1.0 
mmol) of norbornene was injected into the reaction. Irradiation 
of the reaction mixture was resumed, and after 25 min 75% of 
the norbornene had reacted; after 50 min only 57, of the nor- 
bornene remained. No change in the concentration of the syn-7- 
tert-butyl compound was apparent. 
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or-Deuterium isotope effects have been determined for the reactions with cyanide ion and the solvolyses of m- 
chlorobenzyl chloride, benzyl chloride, and p-methylbenzyl chloride in 55% (by vol) aqueous Methyl Cellosolve. 
In almost all experiments solvolysis occurs parallel to reaction with CN-, and it is necessary to apply eq 3 for the 
calculation of ka for the reaction with CY-. Values of kl have been evaluated separately in experiments without 
CN-- at the same ionic strength. Only the reaction with CY- and the solvolysis of m-chlorobenzyl chloride are 
examples of practically pure S N ~  processes, and the isotope effects are nearly equal to unity. The unusually high 
result of k a / k ~  = 1.25-1.31 (50') in the reaction of p-methylbenzyl chloride with cyanide ion supplies evidence 
for a reaction pathway via carbonium ions or ion pairs. The rate constants of the reactions of unsubstituted 
benzyl chloride must contain contributions of the carbonium ion pathway and, consequently, the experimental 
isotope effects do not refer to pure sN2 processes. 

Some work has been done in this laboratory on 
kinetic deuteirium isotope effects in reactions of methyl 
iodide with various nucleophiles. s-5 The present 
study is concerned with a-deuterium isotope effects in 
Sni2 reactions of a halide with a larger primary alkyl 
group. A suitable choice is benzyl chloride because of 
its relatively high reactivity. Furthermore, the pres- 
ence of the aromatic ring provides the opportunity of 
studying the influence of remote substituents on the 
isotope effect. A ring Rubstituent may affect reacting 
bond orders and force constants in the transition state 
and cause a noticeable change of the isotope effectno 

Previous work on deuterium isotope effects in S N ~  
reactions of benzyl compounds was carried out by 
&man7 and Strecker and Elias,8 who studied the 
chloride ion exchange reaction of benzyl chloride. Hill 
and Fryg investigated the influence of substituents 
on the chlorine isotope effect in reactions of benzyl chlo- 
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ride with various nucleophiles. Variations in the iso- 
tope effect were mainly due to changes in the relative 
contributions of the S N ~  and S N 1  mechanisms to the 
overall reaction. 

In  this work, the a-deuterium isotope effect has been 
determined for the reactions of benzyl chloride, m- 
chlorobenzyl chloride, and p-methylbenzyl chloride 
with cyanide ion in 55% (by volume) aqueous illethyl 
Cellosolve. The investigation has been supplemented 
by measurements of rate constants of solvolysis of the 
three benzyl chlorides and their a-dideuterated vari- 
ants a t  the same ionic strength (addition of NaC101 
instead of KCN). These rate constants are needed for 
the treatment of the kinetic data of the reaction with 
cyanide ion, since solvolysis is a competing reaction. 
A systematic isotope effect study at a series of different 
temperatures has been carried out for both reactions 
of the mentioned three benzyl chlorides. Though 
further work is necessary in order to establish a notice- 
able substituent effect on the isotope effect of the Sx-2 
reaction, the results are published now as the authors 
will not have the opportunity to  continue the work in 
the very near future. 

The following parallel reactions occur in a solution 
containing benzyl chloride and cyanide ion. 

ArCHzCl + CN- + ArCHLCN + C1- ( k ~ )  

ArCHzCl+ HzO + CX-+ ArCHzOH + C1- + HCNI ( k l )  

ArCHzCl + ROH + CN- --f ArCHzOR + C1- + HCN 
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Strong acid formed in the first-order solvolysis is im- 
mediately neutralized by cyanide ion, which is present 
in excess. Consequently, cyanide ion is consumed in 
the first-order as well as in the second-order process. 
This leads to a relatively simple stoichiometric rela- 
tionship (eq 1 below) (assuming that [ c l - ] ~  = 0). 

[ArCHzC1]o - [ArCHzCl] = [CN-Io - [CN-] = [Cl-] (1) 

In  rate eq 2, [CY-] is substituted with the aid of 
eq 1, and eq 3 is obtained upon subsequent integra- 
tion.l0>'l 

-d[ArCH&l] /dt = ~ z [ A ~ C H Z C ~ ]  [CN-] + ~ ~ [ A ~ C H Z C I ]  (2) 

[Bo - Ao + (k i lks) lkz t  (3) 

A = [ArCHzCl]; AO = [ArCHLYIo; BO = [CN-IO. 

-4s far as the authors know, systematic kinetic 
studies of the reactions of benzyl chlorides with CW- 
have not been carried out previously, except for the 
measurements reported by Hill and Fry.g Certainly, 
eq 3 has not been applied to kinetic data for the reac- 
tion with CN- prior to this work, though it has been 
utilized in kinetic studies of reactions of alkyl halides10 
or sulfonic estersL2 with OH-. The solvolysis kinetics 
of benzyl chlorides have been studied thoroughly. l3 

However, no data have been reported which refer to 
the same solvent mixture as applied in this study. 

Experimental Section 
Materials.-Commercial samples of benzyl chloride [bp 51- 

52" (4 mm), n Z 3 ~  1.53741, m-chlorobenzyl chloride [bp 71-72' 
(4 mm), n z l ~  1.36561, and p-methylbenzyl chloride [bp 53-54" 
(3 mm), 72% 1.63311 were purified by repeated fractional dis- 
tillations under reduced pressure. The purity was checked 
with the aid of refract,ive index measurements and gas-liquid 
chromatography. 

A solution 
of 20 g (0.16 mol) of methyl benzoate in 200 ml of ether was 
added, with continuous stirring, over a period of 2 hr, to  4 g 
(0,096 mol) of LiAlDd (99% isotopic purity) in 300 ml of ether. 
The resulting solution was refluxed for an additional 3 hr. Ex- 
cessive deut'eride then was destroyed by 10% sodium hydroxide 
solution until the precipitate just coagulated and settled. The 
ether solut,ion was filtered off from the solid and the latter was 
dissolved in 50 ml of cold 2576 sulfuric acid and extracted with 
two additional portions of ether. The combined ether solution 
was washed with 10% sodium bicarbonate solution and water 
and dried over anhydrous magnesium sulfate, and the ether was 
distilled off. Repeated distillations of the residue under re- 
duced pressure yielded 14.6 g of benzyl-a,a-dz alcohol (91% of 
theory). 

Thionyl chloride (30 ml, 0.4 mol) in 30 ml of ether was mixed 
slowly with 14.6 g (0.133 mol) of benzyl-oc,a-dz alcohol in 30 ml 
of ether.l6 The resulting solution was stirred a t  room tempera- 
ture for 12 hr. After evaporation of ether and excess thionyl 
chloride, two consecutive distillations a t  reduced pressure yielded 

Benzyl-CY,a-dz chloride was prepared as f01lows.l~ 
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14.1 g (83% of theory) of benzyl-ol,oc-dz chloride, bp 48-49 (3 
mm), nZ1D 1.5372. The purity was checked with the aid of gas- 
liquid chromatography, and dideuteration in the CY position (at 
least 99%) was confirmed by nmr spectroscopy. 

m-Chlorobenzyl-ac,a-dz chloride [bp 68-70" (3 mm), ~ ' Q D  
1.55521 and p-methylbenzyl-a,a-d~ chloride [bp 53-54' (3 mm), 
n Z 2 ~  1.5331) were prepared according to  the same method, using 
correspondingly substituted methyl benzoates as starting mate- 
rials. 

Methyl Cellosolve was purified by twofold distillation under a 
slow stream of nitrogen. A few pieces of sodium metal were 
added prior to the first distillation. 

Water was freshly distilled, and a stream of nitrogen was 
passed through every sample in order to  remove dissolved oxygen. 

Kinetic Procedures.-In a typical experiment, ca. 0.002 mol 
of benzyl chloride was dissolved in 55 ml of Methyl Cellosolve in a 
100-ml volumetric flask; 10 ml of freshly prepared ca. 0.4 M 
potassium cyanide solution was added; and the flask was filled 
with water to the mark. (In a solvolysis experiment, sodium 
perchlorate solution was added instead of potassium cyanide 
solution.) The solution was immediately filled into ampoules. 
The sealed ampoules were placed into a thermostated water 
bath with a temperature constancy of i~0 .02" .  Experiments 
with corresponding a,a-ht  and a,or-dz compounds were done 
simultaneously, in the same thermostat. At suitable time inter- 
vals, ampoules were taken out, cooled to  20°,  opened, and ana- 
lyzed. 

A 10-ml sample of the kinetic solution was mixed with 5 ml of 
20% aqueous formaldehyde in order to remove free cyanide ion.16 
(This would not be necessary in the solvolysis experiments.) 
Nitric acid (6 N ,  5 ml) and 150 ml of deionized water were added, 
and chloride ion was determined quantitatively by potentiometric 
titration with 0.01 A7 silver nitrate solution a t  a silver-silver 
chloride electrode, utilizing a mercurous sulfate reference etec- 
trode. The end point was taken from the point of the titration 
curve with the steepest slope. The end point occurred a t  about 
160 mV in all experiments. 

The initial concentrations of benzyl chloride in the kinetic 
solutions were taken from the C1- concentrations in samples in 
which the reaction had been allowed to go to completion. The 
CN- concentration of the stock solution was determined with the 
aid of the Liebig-DBniges method,'? by titrating with 0.01 N 
silver nitrate solution in the presence of ammonia and using 
potassium iodide as an indicator. 

First-order rate constants of the solvolysis reactions were cal- 
culated from the slopes of the straight lines for log [ArCH2Cl] 
a3 functions of time (eq 4), using a computer with a linear regres- 
sion program. 

log [ArCH2C1] = log [ArCH2C1lo - klt/2.303 (4) 

A preliminary treatment of the experimental data for the re- 
actions with cyanide ion was carried out with the aid of the 
integrated second-order rate equation (6). 

In( [CN-]/[ArCH2Cl]) = ln([CN-]o/[ArCH,C1]o) + 
([CN-lo - [ArCHzClI~)kzt (5) 

The preliminary kz  values were used to  compute preliminary 
values of the ratios k , / k z ,  which then were inserted into eq 3 in 
order to calculate improved k p  values from the slopes of the lines 
for Z as functions of time. Results were utilized to  compute 
improved ratios kl/kz which were inserted again into eq 3. This 
procedure was repeated several times until the kz value changed by 
less than 0.2% when going through one cycle. These calcula- 
tions were done in a computer with a suitable iterative program 
which contained as a subroutine a linear regression program for 
the calculation of the slope of the line according to eq 3. 

Results 

The initial concentrations of the benzyl chlorides 
were ca. 0.020 M in all experiments. In  the experi- 
ments with the second-order reaction, the initial con- 
centration of CK- was 0.0416 M .  In  the solvolysis 

(16) I. M. Kolthoff and V. A. Stenger, "Volumetric Analysis," Vol. 2, 
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2nd ed, Interscience, New York, N. T., 1947, p 282. 
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TABLE I 
SECOND-ORDER RATE CONSTANTS .4ND ISOTOPE EFFECTS O F  THE REACTIONS OF BENZYL CHLORIDES (RCI) WITH 

CYANIDE ION,  CORRECTED FOR PAR.4LLEL FIRST-ORDER SOLVOLYSIS, I N  55% (BY VOL) AQUEOUS METHYL CELLOSOLVE 
R = ArCHz, 

sea-1 mol-1 1. 

Benzyl chloride 30.0 1.150 1.121 1.0245 ( 4 ~ 0 .  0010) 
40.0 2.933 2.865 1.023 ( f 0 . 0 0 7 )  
50.0 7 I 044 6.879 1.0235 (k0.0013) 
60.0 16.03 15.77 1.016 (2k0.003) 

m-Chlorohenzyl chloride 40.0 2.357 2.370 0.995 (k0 .002)  
50.0 5 I537 5.528 1.001 (&O. 004) 
60.0 12.99 13.07 0.994 ( f 0 . 0 1 0 )  
70.0 28.96 28.87 1.0035 ( 2 k O .  0035) 

p-Methylbenzyl chloride 40.0 (5 I 567) (4.409) 1.261 (k0.017)  
50.0 (13.22) (10.63) 1.246 ( f  0.014) 

R = ArCDz, 

wc-1 mol-! 1. 
104 kl, 10' ka, 

k d k ~  Reactant Temp, O C  

TABLE I1 
FIRST-ORDER RATE CONSTANTS AND ISOTOPE EFFECTS OF THE SOLVOLYSES OF BENZYL CHLORIDES IN 55% (BY VOL) 

AQUEOUS METHYL CELLOSOLVE IN THE PRESENCE OF 0.0416 M NaC104 
R = ArCH2, R = ArCDz, 

Reactant Temp, O C  106 kl, aec-1 106 kl, sec-1 k d k D  

Benzyl chloride 30.0 1.223 1.199 1.020 (k0 .006)  
40.0 3.556 3.456 1.029 ( 1 0  002) 
50.0 9.698 9.430 1.0285 ( f0 .0060)  
60.0 24.98 24.37 1.025 (k0 .002)  

m-Chlorabenzyl chloride 50.0 1.836 1.821 1.007 (10 .018)  
60.0 4 I 498 4.491 1,002 (AO. 006) 
70.0 10.99 11.18 0.984 (j=0.004) 

p-Methylbensyl chloride 40.0 27.95 26.75 1.045 (2k0.020) 
50.0 77.78 72.80 1.068 (&0.020) 

TABLE 111 
ARRHENIUS PARAMETERS 

Reaction with CN-  Solvolysis----- 
Reaotant log A E., koa1 log A Ea, koa1 

CeHjCHzCl 8.766 (2k0.002) 17.62 ( k 0 . 0 4 )  8.633 (k0 .003)  20.18 ( f 0 . 0 7 )  

m-ClCeHaCHzC1 8.867 (fO.009) 17.92 ( f 0 . 1 9 )  7.626 (10 .010)  19.77 ( k 0 . 2 0 )  
m-CICeH4CDzCl 8.842 (fO.010) 17.88 (2k0.24) 7.798 (1.0.010) 20.03 ( f 0 . 3 1 )  

CsHsCDzCl 8.793 (2k0.003) 17.68 (2k0.06) 8.601 (zk0.005) 20.15 ( 2 k O . 1 1 )  

experiments, the solutions contained 0.0416 M sodium 
perchlorate in order to  maintain the same ionic strength 
as in the experiments with the second-order reaction. 

Second-order rate constants and a-deuterium isotope 
effects of the reactions of benzyl chlorides with CN- 
are reported in  Table I. Each value is the average of 
three separate determinations. Results of kz for the 
reaction of p-methylbenzyl chloride are in parentheses 
because they probably do not refer to real second- 
order processes. First-order rate constants and a- 
deuterium isotope effects of the solvolysis reactions of 
benzyl chlorides are collected in Table 11. Each value 
is the average of two separate determinations. Stan- 
dard deviations of the isotope effects are given in both 
tables. 

It is also possible to  calculate first-order rate con- 
stants for the overall reaction of p-methylbenzyl chlo- 
ride in the presence of CN-. Their values a t  50" are 
1.174 X 10+ sec-I for CH~C~HACH~CI and 1.031 X 
lov4 sec-l for C&CeH&D&I. Subtraction of the 
corresponding first-order solvolysis rate constants leads 
to  the following value of the a-deuterium isotope 
effect on the rate increase in the presence of CN-: 
~ I E / ~ D  = 3.96 X l0+/3.03 X = 1.31 (*40/,) 
(estimated precision). This result is in approximate 

9.78 ( 1 0 . 0 2 )  20.55 (2k0.49) 

agreement with the value based on apparent second- 
order constants (Table I). 

Rate constants are decreased by m-C1 and increased 
by p-CH3 at the ring in the reaction with CN- as well 
as in the solvolysis. Both series lead to poor Hammett 
relationships no matter whether u or u+ is applied. 

The a-deuterium isotope effect is equal to unity 
within experimental error in both reactions of m-chloro- 
benzyl chloride, and i t  is ca. 1.02 in both reactions of 
benzyl chloride. The value of JCHIJCD is just a little 
higher in the solvolysis of p-methylbenzyl chloride; 
it is unusually high in the reaction of the p-methyl 
compound with CN-. 

Arrhenius parameters of the rate constants are re- 
ported in Table 111. The Arrhenius parameters of the 
a-deuterium isotope effect in the reaction of m-chloro- 
benzyl chloride with CN- are A*/AD = 1.069 (i0.006) 
and E& - E,D = 45 (=J=48) cal. It has not been pos- 
sible to obtain reliable Arrhenius parameters for the 
isotope effect in the solvolysis of m-chlorobenzyl chlo- 
ride because the temperature interval of the data is 
only 20". (The experimental Arrhenius parameters 
of the isotope effects in both reactions of benzyl chloride 
are irrelevant, as it is likely that neither kz nor kl is 
governed by one single mechanism.) 
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Discussion 
The a-deuterium isotope effects in the reactions of 

benzyl chloride and m-chlorobenzyl chloride with 
cyanide ion and in the solvolyses of all three com- 
pounds studied are in the range of values found for Sx2 
reactions (0.95 to 1.04 per a-D).3-5~7,8,18--2'3 These 
findings indicate that the main reaction pathway in 
the solvolyses of all three compounds involves nucleo- 
philic participation of solvent.21 

The a-deuterium isotope effect in the reaction of p- 
methylbenzyl chloridc with cyanide ion is much higher. 
The value based on the increase of the first-order rate 
constant ( k ~ / k ~  = 1.31) is almost identical with the 
result obtained by Shiner, et ~ 1 . , ~ l  for the limiting 
solvolysis of p-mcthylbenzyl chloride in 70% aqueous 
trifluoroethanol: k ~ / k ~  = 1.14 per a-D (or 1.30 per 
two a-D). Consequently, the reaction of p-methyl- 
bcnzyl chloride with C S -  must pass through a carbo- 
nium ion like transition state.22 Further evidence for 
rate-dctermining carbonium ion formation is supplied 
by the adhcrence of the overall reaction to the first- 
order rate law and by Hill and Fry's observation that 
t'hc first-order rate constants of t'he reactions of p- 
methylbenzyl chloridc with CIS- and S203- are nearly 

I t  can bo expected that the carbonium ion reacts 
much faster with the stronger nucleophiles CN- or 
S,032- than with C1-. (Reaction with C1- is the re- 
versal of the first step in the mechanism.) In  such a 
case, formation of the carbonium ion (or possibly an 
ion pair) bccomes rate-determining. If, on t'he other 
hand, no strong nucleophile is present (solvolysis ex- 
periments), rcturn from the carbonium ion to p-methyl- 
bcnzyl chloride appears Do be more important than re- 
action with solvent. The rate of reaction via the 
carbonium ion pathway then is decreased, and the 
parallel one-step sN2 reaction with solvent prevails. 

Equation 6 is derived with the aid of the method of 

the stationary state. kI is the rate constant of car- 
bonium ion formation from RC1; k-I, ksolv, and kCx 
are the rate constants of the reactions of the carbonium 
ion intermediate with C1-, solvent, and CN-, respec- 
tively. k'Sv2 is the pseudo-first-order rate constant of 
the SN2 reaction of RC1 with solvent; k g t 2  is the rate 
constant of the S N ~  reaction of RC1 with CN-. (The 
order of the overall reaction still may be unity within 
experimental error if kg:2 is relatively small though not 
negligible.) A more complicated equation must' be 
applied if ion pair intermediates are to be considered in 

(18) J. A.  Llemellyn, R .  E. Robertson, and J. M. W. Scott, Can. J .  Chem., 

(19) K.  T. Leffek, ibid., 42, 851 (1964). 
(20) S. Seltzer and A. A .  Zavitsas, ibid., 45, 2023 (1967), and references 

cited therein. 
(21) V. J .  Shiner, M. W. Rapp, and H. R. Pinnick, J .  Amer.  Chem. Soc., 

92, 232 (1970); 1'. J. Shiner, M. W. Rapp,  E. A. Halevi, and M. Wolfsberg, 
ibid., 90, 7171 (1968). 

(22) I t  is suggested tha t  the constancy of the value of k H / k D  per a -D  in 
limiting solvolysis reactions does not necessarily mean tha t  the bond be- 
tween carbon and leaving group must be completely broken. If the transi- 
tion states are carbonium ion like with incomplete bond cleavage (as in S K ~  
reactions), 90% bond cleavage in one individual example and 93% in another 
would cause only a small difference in the isotope effect. Therefore, a con- 
s tant  isotope effect in different examples with the same leaving group is not 
incompatible with an S x l  mechenismuia free oarboniumions. 

38, 222 (1960). 

addition. However, there are not enough data avail- 
able for a more thorough treatment. 

If the C S -  concentration is large enough, eq 6 be- 
comes eq 6b. 

kch-[CN-] >> k-I[Cl-I + ksolv 

k kI + k ' s ~ z  + k%*[CN-l (6b) 

In the solvolysis experiments, on the other hand, 
[CS-]  = 0 and eq 6 reduces to eq 7. 

-k k'SN2 ( 7 )  

It is important to know whether the carbonium ion 
mechanism contributes to the overall reactions of benzyl 
chloride and m-chlorobenzyl chloride with CN- or 
solvent. Estimates of for the unsubstituted and m- 
C1 compounds may be obtained from the k I  value of the 
p-CH3 compound by application of the Hammett rela- 
tionship. 

The p value for the solvolyses of substituted phenyl- 
dimethylcarbinyl chlorides in 90% aqueous acetone a t  
25' is -4.62;23 p values in the range of -4.05 to 
-4.63 have been found for the solvolyses of substituted 
benzhydryl chlorides in various solvents.24 The more 
polar the solvent, the stronger is the substituent effect. 
Furthermore, p values of -4.41 and -4.39 can be cal- 
culated from the data obtained by Hill and Fryg in 80% 
aqueous dioxane for the reactions of p-methylbenzyl 
chloride and p-methoxybenzyl chloride with CN- and 
&03*- ,  respectively. Consequently, a good estimate 
for the p value in the carbonium ion formation of sub- 
stituted benzyl chlorides under the experimental condi- 
tions of this work is -4.4. 

The overall first-order constant of the reaction of p- 
methylbenzyl chloride in the presence of CN- includes 
contributions of S N ~  reactions with solvent and cs-. 
On the other hand, the contribution of the carbonium 
ion mechanism still may be a little smaller than k ~ .  
Therefore, kI is assumed to be approximately equal to 
the measured overall first-order rate constant, k = 
1.17 X 10-4sec-1 at 50". 

According to the observed isotope effect in the sol- 
volysis of p-methylbenzyl chloride, approximately one- 
third (or less) of the measured rate constant corre- 
sponds to the carbonium ion mechanism: 
3 = 2.59 X 10-6 sec-1. With the aid of eq 7, the fol- 
lowing result is obtained. 

(Since [Cl-] is variable, this is merely an average value 
which refers to initial concentrations of RC1 near 

The following estimates of kI (at 50') are computed 
from the Hammett relationship (application of a+> : 
5.55 X sec-l for benzyl chloride and 1.30 X lo-' 
8ec-l for m-chlorobenzyl chloride. 

If it is assumed that the same value of 1 + (k-I/ 
kSOlv)[C1-] may be utilized for the three compounds 
studied, the estimates of the first term in eq 7 (which 
corresponds to the carbonium ion mechanism) are 1.2 X 

sec-l for the unsubstituted compound and 2.9 X 
lo-* sec-' for the m-C1 compound. By comparison 
with the experimental solvolysis rate constants (Table 

kI  

1 + ~k-I /k~ol"~~Cl- l  
k =  

7.78 X 

1 + (k-~/'km~v)[Cl-] 1.17 X 10-4/2.59 X = 4.52. 

2 x 10-2 M . )  

(23) Y. Okamoto and H.  C. Brown, J .  OW. Chem , 22 ,485  (1957). 
(24) Y. Okamoto, T. Inukai, and H. C. Brown, J .  Amer. Chem. SOC., 80, 

4969 (1958). 
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11), i t  is concluded that the carbonium ion mechanism 
may account for ca. 12% (high estimate) of the solvol- 
ysis rate of benzyl chloride while it is negligible (1.6% or 
less) in the solvolysis of m-chlorobenzyl It 
is obvious that there is an appreciable contribution of 
the carbonium ion mechanism in the solvolysis of p-  
methylbenzyl chloride. 

In  order to estimate the contributions of the car- 
bonium ion mechanism to the reactions with CN-, 
calculated values of kI are compared with experimental 
values of kz(& - Ao).  According to  these compari- 
sons, the carbonium ion pathway may account for an 
appreciable fraction of the reaction rate of benzyl 
chloride with CN-, but i t  is negligible (ea. 1% or less) 
in the reaction. of m-chlorobenzyl chloride with CN-. 

Conclusions 

The first goal of this study was the determination of 
a-deuterium isotope effects in SN2 reactions of a benzyl 
chloride. The data obtained for the reaction of m- 
chlorobenzyl chloride with CN- and the solvolysis of 
m-chlorobenzyl chloride refer to practically pure SN2 
reactions. Results of k H / k D  per a-D are a little higher 
than in the reaction of methyl iodide with CN- ( k ~ /  
k~ = 0.97 per CY-D)~ or in the solvolysis of methyl 
iodide ( k H / k ~  = 0,955 per C Y - D ) . ~ ~  This corresponds 
to  findings for other S N ~  processes in which isotope ef- 

(25 )  A reviewer inquired about the possibility of a elimination as a side 
reaction. 

I t  may be desirable to  confirm experimentally the absence of a-elimination 
products in the reactions studied in this work. However, evidence for the 
insignificance of base-promoted a elimination was supplied by Bunnett and 
Reinheimergg for the reaction of o-chlorobenzyl chloride with LiOMe i n  
MeOH. The present study is concerned with benzyl chlorides carrying 
groups with comparable or weaker electron-withdrawing power. It can 
be concluded tha t  base-promoted a elimination is even less likely under the 
action of a weak bane such as C N  -. 

Furthermore, i t  is completely nonessential for the kinetics if some benzyl 
cyanide (instead of alcohol) is formed also on the S s l  pathway, since i t  con- 
oerns the product,.forming rather than the rate-determining step. De- 
termination of the benzyl cyanide product ratio merely would supply a high 
limit of the relative contribution of the S N ~  reaction with CN- .  
(26) J. F. Bunnutt and J. D. Reinheimer, J .  Arne?. Chem. Soc., 84, 3287 

(1962). 

fects in reactions of methyl iodide and methyl chloride 
with the same nucleophile are compared.20 

It is planned to  carry out sample calculations of iso- 
tope effects from force constants a t  a later date. It 
will be necessary to consider solvation of the entering 
and leaving groups in the transition state modeL5 

The observed increases of k ~ / k ~  when going from 
the m-chloro to the unsubstituted compound must be 
due to an increased contribution of the parallel reaction 
via the carbonium ion pathway. It is very difficult to 
arrive at reliable quantitative estimates of the con- 
tributions of the carbonium ion mechanism. It even 
may be possible that decreasing electron-withdrawing 
power of the ring substituent would cause decreases 
of the values of k H / k D  in the Sr;2 reactions. 

In  order to obtain reliable information about the 
substituent effect on the isotope effects in the S N ~  
reactions, it will be necessary to study the reactions of 
benzyl chlorides containing stronger electron-with- 
drawing substituents, such as p-CN, m-NO2, and p-NOz. 

An unexpected side result is the occurrence of the 
carbonium ion mechanism in the reaction of p-methyl- 
benzyl chloride with CN-. It may be worthwhile to 
carry out a detailed study of this reaction in which 
[Cl-] and [CN-] are varied while the ionic strength is 
kept constant. 

Registry No. -Cyanide ion, 57-12-5; benzyl chlo- 
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36-5; p-methylbenzyl-a, a d 2  chloride, 33712-36-6. 
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The acid-catalyzed oxidation of p-nitrosophenol by nitric and nitrous acid in aqueous sulfuric acid solution has 
been studied kinetically in the acidity region of - 1 > HO > - 6 by means of polarographic and iodometric analy- 
sis. The experimental rate law is first order with respect to p-nitrosophenol, nitric acid, and nitrous acid. A t  
low initial nitrous acid concentrations, autocatalysis is observed. The acidity profile of the rate constant has a 
maximum at  HO = -4.5. The uv absorption of p-nitrosophenol is acidity dependent, which is in accordance with 
a protolytic equilibrium between p-nitrosophenol and its conjugate acid. The acidity at which half-protonation 
occurs is HO = -3.7. A possible reacttion mechanism is discussed which assumes a rate-limiting attack of dini- 
trogen tetroxide on p-nitrosophenol in the low acidity region. At high acidities deprotonation of a reaction in- 
termediate may become rate limiting. 

The nitric acid oxidation of p-nitrosophenol was 
first studied by Veibel.' He reported a pseudo-first- 
order rate law with respect to p-nitrosophenol, the 
rate constant being strongly enhanced by an increase 

of the nitric acid concentration. The reaction was 
found to occur only if a small amount of nitrous acid 
was initially present. Nore recently, Ogata and co- 
workers have investigated the nitric acid oxidation of 
various aromatic nitroso compounds with aqueous 
dioxane as a solvent. In the case of nitrosobenzene, (1) S. Veibel, 2. Phys .  Chem., Aht. E . ,  10, 22 (1930). 


