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The stereochemical course of the base-catalyzed hydrogen-deuterium reaction a t saturated carbon has been investigated 
in <-butyl alcohol, in diethylene glycol and in dimethyl sulfoxide as solvent. Substrates were 2-phenylbutane, 2-phenyl-
butane-2-d, l-phenylmethox3^ethane and 1-phenylmethoxyethane-l-rf. In (-butyl alcohol the exchange proceeded with 
as high as 97% net retention of configuration, in dimethyl sulfoxide with 100% racemization, and in diethylene glycol 
probably with small amounts of net inversion. The stereospecificity of these reactions is interpreted in terms of asymmetric 
solvation of a carbanion, itself symmetrical due to derealization of charge into the benzene ring. Kinetics of the racemiza
tion reaction were studied in dimethyl sulfoxide and in i-butyl alcohol. The values of the rate constants with potassium t-
butoxide as catalyst differed by a factor of 6 powers of 10 in the two solvents, the rate being slower in the hydroxylic (hydro
gen bonding) solvent. Substitution of sodium for potassium i-butoxide made only small differences in i-butyl alcohol, but 
in dimethyl sulfoxide the value of the rate constant was depressed by a factor of 109 when the sodium base was used. The 
racemization was found to be approximately half order in potassium <-butoxide when run in dimethyl sulfoxide as solvent, 
and the rate was markedly depressed by addition of potassium iodide. 

Although a number of previous studies have been 
made of the stereochemistry of the hydrogen-
deuterium exchange reaction at saturated carbon,3 

the systems always contained carbauion-stabilizing 
substituents capable of producing the tautomer of 
the starting material in the protonation of the inter
mediate carbanion. Such acidifying groups as the 
carbonyl,3" carboxyl,3b amide,sd cyano3d and ester3d 

have been used in systems for the study of this 
reaction, and exchange has always proceeded with 
complete racemization. The present study was in
spired by the observation that carbanions produced 
in the S E I reaction with carbon as leaving group 
were found to give optically active products by 
virtue of asymmetric solvation of the intermediate 
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C H s C - :

r c - b — * C H 1 C - <- C B H 6 C - H 
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anion.4 The reactions formulated were found to 
proceed with as high as 96% net retention6 in /-butyl 
alcohol, 63% net inversion6 in ethylene glycol, and 
total racemization in dimethyl sulfoxide.4 

(1) Some of the resu!t9 of this paper appeared in preliminary form: 
(a) D. J. Cram, C. A. Kingsbury and B, Rickborn, J. Am. Chem. Soc.r 
81, 5835 (1859),- (b) D. J. Cram, W. D. Nielsen and B. Rickborn, 
ibid., 82, 6415 (I960); Cc) D. J. Cram, B. Rickborn and G. R. Knox, 
ibid., 82, 6412 (1960). 

(2) The authors wish to thank the National Science Foundation 
for a grant which supported thi9 work. 

(3) (a) C. L. Wilson, J. Chem. Soc., 1550 (1936); Cb) S. K. Hsu, 
C. K. Ingold and C. L. Wilson, ibid., 78 (1938); (c) D. J. G. Ives and 
G. C. Wilkes, ibid., 1455 (1938); (d) D. J. Cram, B. Rickborn, C. A. 
Kingsbury and P. Haberfield, J. Am. Chem. Soc, 83, 3678 (1961). 

(4) D. J. Cram, J. L. Mateos, F. Hauck, A. Langemann, K. R. 
Kopecky, W. D. Nielsen and J. Allinger, ibid., 81, 5774 (1959), and 
previous papers. 

(5) D. J. Cram, K. R. Kopecky, F. Hauck and A. Langemann, ibid., 
81, 5754 (1959). 

(6) D. J. Cram and B. Rickborn, ibid.. 83, 2178 (1961). 

In the present investigation, 2-phenylbutane 
(I-h), 2-phenylbutane-2-i (I-d), 1-phenylmethoxy-
ethane (Il-h) and 1-phenylmethoxyethane-l-d (II-
d) were selected for study, particularly since on 
treatment with base these systems produce the same 
anions observed when carbon was used as leaving 
group (see formulations). 

CH8 CH, 

I I 
CgHj—C—L CgH &—C—L 

i i 
C2H6 CH3O 

1-h, L = H Il-h, L = H 
I-d, L = D Il-d, L = D 

As a result of the previous investigations, /-butyl 
alcohol, diethylene glycol and dimethyl sulfoxide 
were chosen as the solvents most likely to reveal 
extremes of steric course for the exchange reaction, 
and to accentuate the similarities and differences 
between carbon and hydrogen as leaving group in 
the electrophilic substitution reaction. 

Results 
Starting Materials.—Optically active 2-phenyl

butane and 2-phenylbutane-2-<f were available from 
other studies.6 It was established earlier6 that the 
maximum rotations of the deuterated and non-
deuterated material were essentially equal (a26D ± 
24.0°, / 1 dm., neat, for the former and a26D ± 
24.3°, 11 dm., neat, for the latter). Non-deuterated 
1-phenylmethoxyethane was also prepared in an 
earlier investigation.5 Reduction of acetophenone 
with lithium aluminum deuteride gave 1-phenyl-
ethanol-1-d containing 0.97 atom of deuterium per 
molecule. Resolution of the substance by the same 
method used for the non-deuterated compound 
gave optically pure material with a rotation of aMD 
— 44.1°, I dm., neat, as compared to a26D —44.2°, / 
1 dm., neat, for undeuterated alcohol.6 Conversion 
of the deuterated alcohol to 1-phenylmethoxy-
ethane-l-<2 gave material containing 0.97 atom of 
deuterium per molecule, a26D —120.0°, I 1 dm., 
neat, compared to a26D — 120.2°, I 1 dm., neat, for 
the undeuterated compound.6 Thus substitution 
of deuterium for hydrogen at the benzyl position of 
these three compounds has little effect on their 
maximum rotations. Calculations in this paper are 
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TABLB I 

STEREOCHEMICAL COURSE OP BASE-CATALYZED HYDROGEN-DEUTERIUM EXCHANGE REACTIONS 
% 

Base b 
concn.. T. Tm.. 

Solvent 
(CHs)8COD'' 
(CH8)8COH 
(CHjJ.COD'' 
(CH8)SCOD" 
(CH3)8CODd 

(HOCHjCHj)8O 
(HOCHaCHj)jO 
(HOCH2CH, )iO 
(CH,),COH 
(CH8)8COH 
(CH,)8CODd 

(CH3)sCOH 
(CH8)sCOH 
(HOCHsCH,)jO 
(CHs)2SO* 

" In calculation of steric course, no account is taken of lack of isotopic purity of the solvent, nor of optical instability of 
the product once formed. h Potassium alkoxide derived from solvent unless noted otherwise. * <*26D — 17.6° (11 dm., neat), 
72.5% optically pure based on a25D ±24.3° for optically pure 2-phenylbutane. d 97% O-d by combustion and falling drop 
analysis. < 87% optically pure, 81% <*-D. / 87% optically pure, 87% a-D. « 90% optically pure, 82% a-D. * Optically 
pure, a26D —120.0°, 97% a-d. ' Optically pure, a26D —120.2°. ' Lithium <-butoxide as base. * Solution contained t-
butyl alcohol, concentration 2 M. l Potassium 2-butoxide as base. 

Run 
1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 

, Substrate 

Nature 
2-Phenylbutanec 

2-Phenylbutane-2-de 

2-Phenylbutane 
2-Phenylbutane 
2-Phenylbutane 
2-Phenylbutane-2-de 

2-Phenylbutane-2-d / 

2-Phenylbutane-2-d" 
1-Phenylmethoxyethane-l-d'1 

1-Phenylmethoxyethane-l-d'" 
1-Phenylmethoxyethane' 
1-Phenylmethoxyethane-l-d'1 

1-Phenylmethoxyethane-l-d'1 

1-Phenylmethoxyethane-l-d'1 

1 -Phenylmethoxyethane- 1-d* 

Concn., 
ZV' 

0.41 
.26 
.09 
.15 
.26 
.07 
.02 
.19 
.097 
.088 
.113 
.077 
.086 
.12 
.19 

Base 
concn., 

Ni 
0.41 

.38 

.40 

.38 

.38 

.40 

.40 

.36 

.49 

.55 

.33 

.55 

.24 ' 

.40 

.26' 

T, 0C. 
215 
225 
210 
225 
225 
260 
260 
260 
220 
220 
220 
230 
248 
260 

85 

Tm., 
hr. 
75 
69 
75 

148 
69 

229 
229 
140 

10 
10 
26 
24 

9 
240 

14 

benzyl 
ex

change 
37 
73 
41 
55 
57 

9 
10 
13 
16 
13 
51 
47 
11 
4 

31 

% 
rac. 
4.2 
9 .5 

10 
12.5 
30.6 
10.5 
11.0 
19.6 

1.1 
1.6 
9.6 

21 
2 .7 
6.6 

31 

Steric 
course" 
89% ret. 
87% ret. 
76% ret. 
77% ret. 
46% ret. 

~ 6% inv. 
~ l l % i n v . 

5 1 % inv. 
94% ret. 
88% ret. 
80% ret. 
55% ret. 
75% ret. 

~ 6 0 % inv. 
100% rac. 

based on Ct25D ± 24.3° (I 1 dm., neat) for both I-h 
and I-d, and on a26D ± 120° (11 dm., neat) for I l -h 
and I l -d . 

Exchange Reactions.—Table I reports the re
sults of the investigation of the stereochemical 
course of the exchange reactions. In runs 1 and 
3-5, optically active 2-phenylbutane was racemized 
from 4 to 30.6% by potassium /!-butoxide in t-
butyl alcohol-O-ii (0.97 a tom of deuterium per mole). 
The substrate was then recovered, and the amount 
of deuterium incorporated into the benzyl position 
measured by infrared analysis (see Experimental) . 
In run 2, optically active 2-phenylbutane-2-rf was 
similarly racemized in ordinary i-butyl alcohol. In 
runs 9-13 similar experiments were carried out in 
the same solvent systems with either I l -h or I l-d. 
In these experiments, hydrogen-deuterium ex
change at the benzyl position occurred much faster 
than racemization, and therefore with net retention 
of configuration. The extent of retention was cal
culated through use of 1. This equation takes no 
account of the fact tha t exchanged product, once 
formed, itself underwent subsequent racemization, 
so the values of % net retention are minimal. 
% net retention = 

% benzyl exchange — % racemization i m o / /i-i 
% benzyl exchange /o \ t 

In Fig. 1 is plotted the percentage racemization 
vs. percentage calculated net retention for I-h and 
I-d, and for I l -h and I l-d. The da ta for these plots 
were obtained under somewhat differing conditions 
of temperature and concentration, involved isotope 
transfers in opposite directions, and probably in
volved isotope effects for both the bond breaking 
and making processes. These variables are prob
ably responsible for the scatter of points in the 
plots. In spite of the non-ideal character of the 
data , extrapolation of the lines to 0% racemization 
should give some idea as to what the net steric 
course would have been had the exchanged product 

maintained its optical integrity. For 2-phenylbu
tane and its deuterated counterpart , the extrapolated 
value is 9 7 % net retention, and for 1-phenyl-
methoxyethane and its deuterated counterpart, 95 
% net retention. Substitution of lithium for potas
sium <-butoxide in run 13 resulted in no gross stereo
chemical change. 

20 
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Fig. 1.—Plot of % racemization against % calculated 

net retention for hydrogen-deuterium exchange: upper 
curve: • , 1-phenylmethoxyethane-l-d in i-butyl alcohol; 
D, 1-phenylmethoxyethane in t-butyl alcohol-0-<2; lower 
curve: • , 2-phenylbutane-2-ri in i-butyl alcohol; O, 2-
phenylbutane in /-butyl alcohol-O-d. 

Runs 6-8 and 14 were carried out in diethylene 
glycol. Racemization occurred in this solvent only 
a t a temperature (260°) where the base was neu
tralized by the glass. Therefore the racemization 
could be carried out to only a minor extent. In 
runs 7, 8 and 14, the percentage racemization ex
ceeded the percentage exchange by small amounts 
tha t were within experimental error. The difference 
in values in run 8 was 6.6%, which is outside of 
probable errors in the analyses. Therefore the 
reaction has the appearance of having occurred with 
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T A B L E I I 

R A T E S O F R A C E M I Z A T I O N A N D E X C H A N G E F O R C A L C U L A T I O N O F S T E R E O C H E M I C A L C O U R S E A N D I S O T O P E E F F E C T S I N D I 

M E T H Y L SULFOXIDE-POTASSIUM i-BUTOXIDE 

Run" 

16 
17 
18 
19 
20 
21 
22 

-Substrate-
Nature Concn., .V 

2-Phenylbutane'' 0.239 
2-Phenylbutane-2-dc . 248 
2-Phenylbutane-2-dc . 214 
l-Phenylmethoxyethanee .214 
1-Phenylmethoxyethane-l-d7 .216 
1-Phenylmethoxyethane . 167 
l-Phenylmethoxyethane-l-de . 160 

(-BuOH 
concn., 

N 

1.35 
1.35 
0.145 

.145 

.145 
1.35 
1.35 

Base 
concn., T, 

0C. 

0.312 
.310 
.1605 
.1605 
.1605 
.210 
.210 

83.88 
83.99 
80.29 
80.29 
80.29 
81.38 
81.38 

ka, sec. ~: 

3.21 ± 0.02 X 10-« 
/> •« . 

± 0.03 X 10" 

° Runs are numbered consecutively from table to table 
" When corrected for protium impurity, value becomes 1.05 ± 0.03 X 10 
of deuterium per molecule. 

1.46 ± .03 X 10" 
1.79 ± .06 X 10" 
4.00 ± .07 X 10-
2.45 ± .05 X 10-
5.66 ± .22 X 10" 
3.22 ± .18 X 10-

6 72.5% optically pure. c 8 1 % deuterated, 87% optically pure. 
Optically pure. ' Optically pure, 0.97 atom 

2.84 ± 0.12 X 10-B 

about 50% net inversion (calculated from eq. 2). 

(2) 

% net inversion = 
% racemization — % benzyl exchange c 

% benzyl exchange 

The conclusion that exchange actually occurred 
with net inversion must be made with reservations, 
particularly since the starting material I-d was only 
81% deuterated, and the calculation is based on the 
assumption that I-h and I-d racemize at the same 
rates.7 Any racemization that occurred by a 
competing radical reaction would be accompanied 
by an equal amount of exchange as was demon
strated in an earlier study in which the 2-phenyl-2-
butyl radical was generated in a basic solution of 
diethylene glycol.8 In any case, the data make it 
abundantly clear that ethylene glycol gives an en
tirely different steric result from that of /-butyl al
cohol. 

In run 15, 1-phenylmethoxyethane-l-a! was 
examined in a 2 M solution of /-butyl alcohol in 
dimethyl sulfoxide at 85°. In this experiment the 
racemization and exchange rates appeared identical, 
since the percentage of exchange and of racemiza
tion were equal to one another. In the next sec
tion, kinetic data are presented that indicate that 
both I-d and Il-d racemize and exchange at about 
the same rates in dimethyl sulfoxide which is 1.34 N 
in /-butyl alcohol. 

Kinetics and Isotope Effects.—Table II records 
the pseudo-first-order rate constants of racemiza
tion (ka) for I-h, I-d, Il-h and Il-d, and of exchange 
(ke) for Td and Il-d in potassium /-butoxide solu
tions of dimethyl sulfoxide containing small 
amounts of /-butyl alcohol. Runs 19-22 provide 
data with which the kinetic isotope effect for race
mization of 1-phenylmethoxyethane can be cal
culated. Since Il-d was 97% deuterated in the 
benzyl position, no correction of ka in runs 20 and 
22 is necessary. A value of &«H/&a

D = 1.62 is ob
tained with runs 19 and 20 where the base was 
0.1605 N and /-butyl alcohol 0.145 Ar, and a value 
of 1.76 is found in runs 21 and 22 in which the base 
concentration was 0.210 M and the /-butyl alcohol 

(7) In the next section an isotope effect of about &H/&D = 2.7 is 
calculated for racemization of I-h and I-d in dimethyl sulfoxide which 
was 1.35 M in /-butyl alcohol at 81°. Because of the small size of this 
isotope effect, and the expected decrease in &H/&D with increased 
temperature, it is unlikely thai ^ H A D for racemization in diethylene 
glycol is much greater than unity at 260°. 

(8) D. J. Cram, A. Langemann, W. Lwowski and K. R. Kopecky, 
J. Am. Chem. Soc, 81, 5760 (1959). 

was 1.35 M. These values of the isotope effect are 
within the experimental error of one another, al
though the absolute values of ka for the runs at the 
two concentrations of /-butyl alcohol varied by a 
factor of almost 2 powers of 10. 

Calculation of kJ^/kcP for runs 16 and 17 in
volves corrections of ka

D of run 17 since the 2-
phenylbutane-2-d was only 81% deuterated. With 
the corrected rate constant (1.05 ± 0.03 X 10-6), 
kK/kcP = 3.0. 

Potential ambiguity arises in connection with the 
values of ke for runs 17 and 22, since as the reaction 
proceeds, the 1.35 A" /-butyl alcohol present be
comes diluted with /-butyl alcohol-O-d. Such an 
effect would require a correction of k, to slightly 
higher values. This correction was not made since 
it is highly probable that under conditions drastic 
enough to cause 2-phenylbutane to undergo the ex
change reaction, dimethyl sulfoxide should itself 
exchange hydrogen for deuterium even more rapidly 
and thus the accumulation of /-butyl alcohol-O-rf 
should be negligible. 

Comparison of ka with ke in run 22 gives values 
just outside of probable error of one another, and 
the same is true when the corrected value of ka is 
compared with ke for run 17. The differences are 
too small to conclude that exchange occurred with 
small net inversion in this solvent, and the balance 
of evidence fosters the conclusion that the hydro
gen-deuterium exchange reaction occurs with 
racemization in dimethyl sulfoxide as solvent. 

TABLE I I I 

KINETIC ORDER FOR RACEMIZATION BY POTASSIUM J-

BUTOXIDE" OF 0.20 M SOLUTIONS OF 1-PHENYLMETHOXY-

ETHANE IN DIMETHYL SULFOXIDE AT 80.10 

Run c 

23 
2 4 
25 
26rf 

27 
28" 
29 
30^ 
31" 

Base 
concn., 

M 

0.0537 
.0597 
.0779 
.1049 
. 1 635 
2338 

. 4525 

.0537 
.0537 

ka sec - i 

3.1(1 ± 0 . 1 9 X IO"1 

3.46 ± 
3.01 = 

.09 X 10"' 

.16 X IO" 1 

4.36 ± 
5.46 ± 
6.00 rb 
5.83 ± 
1.05 ± 
1.41 ± 

.1« X 10- ' 

.23 X 10-i 
.14 X 10 - ' 
.13 X 10" ' 
.06 X 10-* 
.03 X 10-5 

* j / 3 . i - 1 / 2 

n. -1^2 sec. 

37 X U)-J 

42 X 10 "3 

29 X 10"3 

36 X 10~3 

33 X 10 "3 

25 X 10-3 
87 X 10"» 
53 X 10" ' 
08 X IO-3 

> ±0.03°. 

/.•?. 1. 
m. - 1 see. " ' 

5.87 X 10~ ! 

5.78 X 10"J 

4.03 X IO"3 

4.10 X 10" ! 

3.34 X 10"3 

2.58 X 10"3 

1.29 X 10-3 

1.96 X 10" ' 
2.62 : 10-« 

« KOC(CH3)3-0.90HOC(CH3)3. b ±0 .03° . ' R u n s are 
numbered consecutively from table to table. d Rate con
stants extrapolated from data of runs 32 and 33. ' Rate 
constants extrapolated from data of runs 36 and 37. f Solu
tion was 0.0804 M in potassium iodide. " Solution was 
0.4925 Min potassium iodide. 



Sept. 5, 1961 ASYMMETRIC SOLVATION OF CARBANIONS IN H-D EXCHANGE 3691 

TABLE IV 

RACEMIZATION OF 0.18 M" SOLUTIONS OF 1-PHENYLMETHOXYETHANE IN DIMETHYL SULFOXIDE, ACTIVATION PARAMETERS 

AND EFFECT OF BASE T Y P E 

* • Base-
Run'1 Nature 

32 KOC(CHs)3" 
33 KOC(CHs)3" 
34 NaOC(CHs)3" 
35 KOC(CHs)3" 
36 KOC(CH 3 ) / 
37 KOC(CH 3 ) / 
38 NaOC (CH3 h

d 

« ±0.03 M. b Runs 
(CHs)3-0.32(CHs)3COH. 

Concn., N 

0.1049 
.1049 
. 1521 
.2336 
.2338 
.2338 
.2278 

T, 
°C. 

48.70 
75.08 
75.10 
45.43 
45.43 
73.80 
73.60 

ka, 
sec. ~ l 

9.86 ± 0.37 X 10-« 
1.99 ± .06 X 10-* 
2.20 ± .09 X 10-« 
8.18 ± .24 X IO"8 

9.28 ± .69 X 10"6 

2.15 ± .05 X 10-« 
1.62 ± .06 X 10"» 

are numbered consecutively from table to 

1,1/2 m . - l / 2 s e c . - l 

3.04 X 10- s) 
6.14 X 10-*i 
5.64 X 10-« 
1.69 X 10-5 

1.92 X 10-B) 
4.45 X 10~4£ 
3.40 X 10-« 

AH*, AS*, 
kcal. M."1 e.u. 

22 2 ± 0 7 —10 3 ± 2 &£J . 4J —1— \J . I A.\J < t-J ^ - ^-

2 3 . 7 ± 0 . 7 — 6 . 0 ± 1 

table. ' KOC(CH3)3-0.90(CH3)sCOH. d NaO 

TABLE V 

RACEMIZATION OF 0.18 M SOLUTIONS OF 1-PHENYLMETHOXYETHANE IN MSUTYL ALCOHOL, AND DIMETHYL SULFOXIDE-;-

BUTYL ALCOHOL 

Run 1 

39 
40 
41" 
42 
43 
446 

Solvent 

(CH3)3COH 
(CHs)3COH 
(CHs)2SO 
(CHs)2SO 
(CHs)2SO 
(CHs)2SO 

, -Base-
Type 

(CH3)sCOK 
(CHs)3CONa 
(CHs)3COK" 
(CH3)sCOKd 

(CHs)3COK^ 
(CHs)3COK" 

Concn., M 

0.4700 
.3928 
.1049 
.0208 
.1590 
.1049 

r, 
0C. 173 

173 
173 

25.00 
25.00 
25.00 

ka, 
sec. _ 1 

7.61 ± 0.14 X 10~7 

4.46 ± 0.12 X 10" ' 
0.288 
9.08 ± 0.45 X 10 - ' 
3.65 X 0.08 X 10-« 
5.41 X 10" ' 

kit 2, 
1.1/2 ni.-l/a Sec.-i 

0.885 
6.28 X 10~6 

9.12 X 10 - ' 
1.65 X 10"6 

1. m. "i sec. " 

1.62 X 10 
1.14 X 10 
2.75 
4.36 X 10 
2.30 X 10 
5.17 X 10 

" Runs numbered consecutively from table to table. b Run was calculated by extrapolating from runs 32 and 33. "(CH3 
COK-0.90(CHs)3COH. <* (CHa)3COK-0.05(CH3)3COH. 

Comparison of ka for runs 18 and 19 indicates 
that 1-phenylmethoxyethane racemizes about 2.2 
times as fast as 2-phenylbutane in dimethyl sulf
oxide. 

Effect of Base Character and Concentration on 
Rates of Racemization.—Table III summarizes 
rate data that pertain to the kinetic order in 
base for racemization of 1-phenylmethoxyethane in 
potassium /-butoxide [KOC(CH3)3-0.90 HOCH-
(CH3)3] solutions of dimethyl sulfoxide at 80.1°. 
Over molar concentrations of base ranging from 
0.05 to 0.23, the rates approximated half order in 
base (runs 23-28), as is indicated in Fig. 2. At 
0.45 M concentration of base &y2 decreased to a 
value lower than ki/, calculated for 0.23 M base 
(compare runs 28 and 29). 

Runs 23, 30 and 31 were conducted under identi
cal conditions except that potassium iodide was 
added to the medium in the two latter runs. With 
a concentration of 0.08 M potassium iodide, the 
pseudo-first-order rate constant decreased by a 
factor of 3, and with a concentration of 0.49, a de
crease by a factor of about 22 was observed. 

Data for calculation of activation parameters for 
racemization of 1-phenylmethoxyethane in di
methyl sulfoxide are found in Table IV. Values of 
AH* and AS* were calculated for two different 
concentrations of the base, KOC(CH3)3'0.90 HOC-
(CHa)3. For both AH* and AS* the values ob
tained at the two concentrations (0.105 and 0.233 
M) are just outside of probable error. The entropy 
was calculated through use of k»/i. 

In runs 34 and 38, NaOC(CH3)3-0.32 (CH3)3-
COH was substituted for KOC(CH3)3-0.90 (CH3)3-
COH. The data clearly indicate that had runs 33 
and 34 (and likewise runs 37 and 38) been carried 
out at identical base concentrations, &a

K/&aNa > 
100 for both sets of runs. It should be noted that 
the amount of /-butyl alcohol complexed with the 

potassium /-butoxide used was almost 3 times that 
complexed with the sodium /-butoxide. 

Table V contains data which allow rough com
parisons to be made between /-butyl alcohol and 
dimethyl sulfoxide as solvents for the racemization of 
1-phenyl-methoxyethane. Before reasonable rates 

0.3 04 0.5 

[Molality of KOC(CH3I5]"2 

Fig. 2.—Plot of observed polarimetric rate constant (ka) 
against square root of base concentration for the potassium 
2-butoxide-catalyzed racemization of 1-phenylmethoxy
ethane in dimethyl sulfoxide at 80.1". 

of racemization could be observed in /-butyl alcohol 
as solvent, the temperature had to be raised to 173°. 
Only a small difference is visible in the rates of the 
reaction catalyzed by sodium and potassium Z-
butoxide (compare runs 39 and 40). Extrapolation 
of the rates obtained at lower temperatures in di
methyl sulfoxide (Table IV) to 173° gives a rate 
constant which is over 6 powers of 10 greater than 
the rate constants obtained in /-butyl alcohol. 
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Runs 42 and 43 made at 25° were carried out to 
determine whether the rates in dimethyl sulfoxide 
were sensitive to the amount of /-butyl alcohol 
complexed with the potassium /-butoxide employed. 
In these two runs, carefully sublimed potassium /-
butoxide was used which contained only 0.05 mole 
of /-butyl alcohol. In run 44, the data of Table IV 
were extrapolated to 25° for comparison of runs in 
which the amount of alcohol complexed with base 
was varied. 

In runs 42 and 43, the base was varied from 
0.0208 to 0.1590 M, and lack of integral or half-
order dependence of rate on base concentration is 
apparent in the lack of constancy of either k>/, or 
k2. Thus the order in base seems to lie between 
half and one, being closer to the former. This result 
differs from that observed when almost equal molar 
amounts of /-butyl alcohol and potassium /-butoxide 
were present (Table III), and the rates were about 
half order in base. 

The values of the rate constants of runs 42-44 
indicate that an increase in rate by a factor of about 
4.5 accompanies a nineteen-fold decrease in /-butyl 
alcohol concentration in the medium from 0.094 to 
0.005 M at 25°. A larger effect of /-butyl alcohol 
concentration is visible in the data of runs 19 
and 21 of Table II. Had these runs been carried 
out at identical temperatures and base concentra
tions, an increase in rate by a factor of over 100 
would have been observed for a decrease of /-butyl 
alcohol concentration from 1.35 to 0.145 M (a de
crease by a factor of about 9.3). 

Discussion 
Stereochemistry of the Hydrogen-Deuterium Ex

change Reaction.—The data of Tables I and II 
clearly demonstrate that the exchange reactions 
occur in the systems under study with high reten
tion (~95% net) in /-butyl alcohol, with racemiza-
tion in dimethyl sulfoxide, and probably with low 
net inversion in diethylene glycol.9 Thus the same 
pattern of dependence of steric course on solvent is 
observed when the 2-phenyl-2-butyl and 1-phenyl-
1-methoxy-l-ethyl anions are generated either by 
proton (or deuterium) abstraction by base, or by 
base-catalyzed carbon-carbon bond cleavages.4 

Similar factors appear to play a role in the mech
anisms of these two sets of general reactions. 

In the base-catalyzed hydrogen-deuterium ex
change reactions, carbanions undoubtedly intervene 
as discrete intermediates. The deep red color of 
2-phenyl-2-butylpotassium in dry ether10 indicates 
that negative charge is highly delocalized in the 2-
phenyl-2-butyl anion. Further evidence for de-
localization is found in the fact that treatment of 
an ether solution of 2-phenyl-2-propylpotassium 
with deuterium chloride resulted in deuteration of 
about a quarter of the base in the ^-position.11 

With weaker acids such as water, a-deuteration/ 
/>-deuteration = 7500.u These facts strongly sup
port a fiat structure for benzyl anions, and a flat 
species is incapable of asymmetry. This argument 

(9) A. Streitwieser, Jr., D. E. Van Sickle and L. Reif, J. Am. Chem, 
Soc., 82, 1513 (1960), reported that optically active ethyl benzene- a-d 
undergoes lithium cyciohexylamide catalyzed deuterium-hydrogen 
exchange reactions in cyclohexylamine as solvent with 83% net reten
tion. 

(10) D. J. Cram and J. D. Knight, ibid., 74, 5835 (1952). 

coupled with the observed importance of solvent in 
determining the stereochemistry of the exchange 
reaction leads to the conclusion that the stereo-
specificity of the reaction is due to asymmetric 
solvation of an otherwise symmetrical inter
mediate.12 

Chart I summarizes the mechanisms considered 
most likely for the three varieties of stereochemical 
results. In the retention mechanism, the active 
catalytic species are heavily solvated metal alkoxide 
intimate ion-pairs, and the carbanion-metal cation 
intimate ion pair produced is heavily solvated on 

CHART I 

Retention mechanism: 

V / 
C-IJ D -C 

loss ()!' configurat ion 

O—D--- C ••• D - O 
i 

symmetr ica l ly 

solvated anion 

V 
C-- - D 

/ 
retention of 

configuration • 

D- -O 

v>\ i : 

C*- -Il O- -M 
I 
H 

solvated 

in t imate ion pair 

• l 

I ) - O H 

-VT. 

\ .OH 

•\{' 

asymmetrically solvated 

intimate ion pair 

Xs 
V 

.OR 

'M 

H - O H 

asymmetrically solvated 

intimate ion pair 

Racemization mechanism: 

asymmetrically 

solvated anion 

O H H — C 

loss of 

configuration 

(CHs)2S • • • C ••• S(CH;,)2 

symmetrically 

solvated anion 

(U) G. A. Russell, ibid., 81, 2017 (1959). 
(12) Small deviations from planarity induced by asymmetric solva

tion probably exist. 
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Inversion mechanism: 

V 
c- -H 0—R = R - O—D -

V 
•-C" H - O - R 

/ ' 
asymmetrically 
solvated anion 

R - O - D •••<?"•• D - O - R 

symmetrically 
solvated anion 

, / 
D - C 

\ 
inversion of 

configuration 

\ \ I/ 
C - D D - C 
/ \ 

loss of 
configuration 

the front side with deuteron donors because of the 
solvent-orienting power of the metal cation. Thus 
deuterium capture from the front is the favored re
action path. Some carbanions are long enough 
lived to pass into a symmetrical environment, and 
these give racemic product.13 

In dimethyl sulfoxide a racemization mechanism 
must apply. Either an alkoxide anion or an ion pair 
could be the active species, depending on their 
activities and the dissociation constant of the metal 
alkoxide. In either case, the anion is solvated by 
dimethyl sulfoxide. The carbanion produced is 
relatively long lived due to the low concentration of 
proton donors in the solvent; it passes into a sym
metrical environment, and protonation eventually 
occurs from either side of the symmetrically solvated 
anion with equal probability. 

In the inversion mechanism, a dissociated anion 
is the catalytic species, and its attack on the proton 
attached to carbon is aided by solvation of the incip
ient carbanion by deuteron donors on the side re-

(13) In the formulation of the asymmetrically solvated ion pair in 
the retention mechanism of Chart I, certain alternatives are possible. 
Conceivably a non-hydrogen bonded species such as A might apply to a 
solvent-base system which gave retention, which was poor at hydrogen-
bonding, and which provided a high kinetic isotope effect for the ex
change reaction {e.g., the cyclohexylamine-cyclohexylamide system of 
Streitwieser, et al., ref. 9). Unfortunately the kinetic isotope effect 

„ , H - O R 

C" • - M ' 

D - O R 

A 
for the exchange reaction in /-butyl alcohol-potassium *-butoxide 
could not be measured because of the high temperature involved. 
However, this solvent-base system when applied to 2-octyl phenyl 
sulfone [D. J. Cram, D A. Scott and W. D. Nielsen, J. Am. Chem. Soc, 
83, 3696 (1961)1 gave isotope effects for the exchange reaction that 
ranged between 0.5 and 1.5. Isotope effects this low in value are in
consistent with an intermediate such as A dominating the reaction 
mechanism, since such an intermediate makes no provision for the 
pre-equilibrium required to explain a iow isotope effect (see next 
section). 

The fact that cyclohexylamine is a retention solvent in the exchange 
reaction (ref. 9) is not surprising since in the cleavage reactions studied 
previously [D. J. Cram, A. Langemann, J. Allinger and K. R. Kopecky, 
J. Am. Chem. Soc, 81, 5740 (1959)], N-methylaniline was observed to 
be a retention solvent. 

mote from the leaving proton. The resulting 
carbanion is solvated at the front by a proton donor 
and at the back by a deuteron donor. Proton re
capture gives back starting material whereas 
deuteron capture produces inverted product. 
Longer lived carbanions pass into a symmetrical 
environment, and give racemic product.14 

Isotope Effect in the Racemization Reaction.— 
A wide range of kinetic isotope effects associated 
with base-catalyzed carbanion formation have been 
observed in the past.15'9 The smallest (of which 
the authors are aware) is kn/k-o — 2.7,16 for the fluo
ride ion-catalyzed bromination of 2-carbethoxy-
cyclopentanone-2-rf in deuterium oxide (anion 
formation is rate limiting). The largest is 12 for 
the deuterium-hydrogen exchange reaction of 
ethylbenzene-2-d catalyzed by lithium cyclohexyl-
amide in cyclohexylamine.9 Most of the observed 
values for &H/&D lie between 5 and 6. Ives and 
Wilkes30 observed a value of 4.6 for the racemiza
tion and exchange of III catalyzed by hydroxide ion 
in water at 100°, and this system is perhaps more 
similar to those of this study than most of the 
others. Had the reaction been carried out at a 
lower temperature, the isotope effect would un
doubtedly have been greater than 5. 

CO2H 
.1 

C 6 H 6 - C - D 

II I C8H4CH1-P 

In the present investigation, very low values for 
ks/kjy have been observed in the dimethyl sulf-
oxide-/-butyl alcohol-potassium /-butoxide system 
at about 80°. For I-h and I-d, k^/kcP = 3.0, 
and for H-h and H-d, ka

K/kaD = 1.66 to 1.76. 
Although these values apply to the racemization 
reactions, the fact that the rates of exchange and 
racemization were essentially the same for the deu-
terated derivatives indicates that the racemization 
rate measured the exchange rate of hydrogen for 
hydrogen in the case of the non-deuterated com
pounds. 

A plausible explanation for the low values is that 
the exchange reaction involves a pre-equilibrium of 
a special nature. In the reactions formulated, &iH 

and &iD are 

—C—H B-
/ 

^ Z I t ( C H S ) 2 S - - - - C 

A_iH 

(CHj)2SO 
. . H - B - >-

O O 
t I- t 

(CHs)2S'••-C-••-S(CHs)2 

O 
(CHs)2SO t I 

B - H (D) 
- C - H (D) 

I 

(CHs)- ,S---C----D—B 7 *~ —C—D B 

(14) The concept of asymmetric solvation of ions has been applied to 
explain the stereospecificity of many nucleophilic solvolytic reac
tions in which carbonium ions intervene as intermediates [for a re
view, see A. Streitwieser, Jr., Chem. Revs., 56, 631 (1956)]. 

(151 (a) K. B. Wiberg, ibid., 55. 713 (1955); (b) R. P. BeII, "The 
Proton in Chemistry," Cornell University Press, Ithaca, N. Y., 1959, 
p. 183. 

(16) R. P. Bell, J. A. Fendley and J. R. Hulett, Proc. Roy. Soc. 
A235, 453 (1956). 



3694 DONALD J. CRAM, C H A R L E S A. K I N G S B U R Y AND B R U C E RICKBORN VoI. S3 

presumed to be < < k-!H, &_iD, &2
H, £2

D. If the reac
tions are non-stereospecific, then equations 1 and 
2 relate the rate constants for racemization (ex
change) with the rate constants of the formulation. 
Combination of (1) and (2) provides (3). 

kcP = fcHfcH/^H + fcH) ( 1 ) 

kaD = ^ D fe D / (yfe_j D + feD) (2 ) 

If &2
H > > k.!* and £ 2

D » k-!D, then (3) becomes 
(4) 

W 1 kHfeH(&-ip + faD) . . . 

£«H/*aD = faH/fcD (4) 

and the ordinary kinetic isotope effect for dissocia
tion of the carbon-hydrogen bond would be 
measured by racemization rates. However, if 
£ - i H » £ 2

H and k-f » kP, then (3) becomes (5). 

X •D A feD 
K* 
KD X feD (5) 

In this case, the observed isotope effect for racemi • 
zation (exchange) is the product of a thermody
namic and a kinetic term. The value of KH/KD is 
expected to be close to unity, and possibly less than 
one.17 The value of &2

H/&2
D is also expected to be 

not far from unity, since no covalent bonds (only 
hydrogen bonds) are being made or broken in this 
solvation exchange reaction. Thus hJ^/kcP is 
expected to be much lower valued when the "back 
reaction" described by k-i3- or k-i® becomes impor
tant . In fact, a whole spectrum of values for 
ka

H/kaV can be envisioned, ranging from a little 
less than uni ty to over 10, depending primarily on 
the values of k-iK/k2

H and £_iD/&2
D. The concept 

of the "back reaction" could be equally well used to 
explain low isotope effects in exchange reactions in 
hydroxylic solvents. 

Nature of the Catalytic Species.—In a solvent 
of such low dielectric constant as /-butyl alcohol 
(e = 11 a t 19°), potassium /-butoxide undoubtedly 
exists as ion pairs, or even as aggregates of ion 
pairs, heavily solvated by /-butyl alcohol.18 Potas
sium is a little more active than sodium /-butoxide 
in /-butyl alcohol (runs 39 and 40 Table V, and runs 
of ref. 3d) as a racemization catalyst. Furthermore, 
substitution of lithium for potassium /-butoxide in 
/-butyl alcohol made no gross difference in the 
stereochemical course of the deuterium-hydrogen 
exchange reaction (run 13 of Table I) . In these 
respects, the exchange reactions appear similar to 
the cleavage reactions of earlier studies.19 

Although evidence for complete dissociation of 
potassium, sodium and lithium methoxide in di
methyl sulfoxide was obtained,3d the less than first-
order dependence on concentration of potassium /-
butoxide for the racemization of I l -h in the same 
solvent suggests incomplete dissociation for the 
tert iary base. The half-order dependence obtained 

(17) The zero point energy for the stretching vibration of the 
O-H bond is greater than for the C-H bond, and this consideration 
alone would predict KB/KD < 1. The above kinetic scheme and the 
data of this paper were presented in a colloquium at Harvard Uni
versity, October, 1959. 

(18) Alcohol of solvation is so firmly held that rapid sublimation of 
potassium *-butoxide-/-butyl alcohol solvate gives base that still con
tains as much as 0.7 mole of solvate. 

(19) D. J. Cram, F. Hauck, K. R.. Kopecky and W. D. Nielsen, 
/ . Am. Chem. Sac, Sl1 5707 (1869), 

with (CH3)3COK-0.9(CH3)3COH is consistent with 
the following hypothesis. In eq. 6 for the dissocia
tion of potassium /-butoxide, if K « 1 and the 
catalytic activity of /-butoxide anion is much 
greater than tha t of associated material, then cq. 7 
would be the governing rate law. 

[M + ][-QC(CH3)3] 
[MOC(CHs)3] 

K = (6) 

4(1C__H) = ^ [* C __H] [MOC(CHs)3 
d/ 

[*C—H 1[-OC(CHs)3] (7) 

The substantial decrease in rate observed upon 
addition of a common ion salt (potassium iodide) is 
consistent with this hypothesis (compare runs 23, 30 
and 31). The dissociation constant for potassium 
iodide is probably greater than tha t for potassium 
/-butoxide, and the rate depression would be due 
to the common ion (K +) mass law depression of the 
concentration of /-butoxide anion in the equilibrium 
governed by eq. 6. 

The fact t ha t sodium /-butoxide is about 100 
times less reactive than potassium /-butoxide is 
also consistent with these views. The value of K is 
probably lower valued for sodium than for potas
sium /-butoxide, and K1'2 appears in the denomina
tor in the second par t of eq. 7. Da ta of other in
vestigators20 indicate tha t the solubility of potas
sium, sodium and lithium chlorides in dimethyl 
sulfoxide drops off markedly in tha t order. Also in
teresting is the fact that the dielectric constant of 
the solvent drops from about e = 49 to e = 38 in 
going from 20 to 80°. 

The above hypothesis is probably an oversimpli
fication. The fact tha t the ra te of racemization 
showed somewhat higher than half-order depend
ence on base when the amount of /-butyl alcohol 
was decreased to almost zero (runs 42 and 43) indi
cates tha t the alcohol even at low concentrations 
plays an important role. Clearly much further 
work is needed before the exact nature of the 
catalytic species in dimethyl sulfoxide can be as
certained. 

Effect of Solvent on Catalytic Activity of Potas
sium /-Butoxide.—Solutions of potassium /-butox-
ide in dimethyl sulfoxide have catalytic activity in 
the racemization reaction between G and 7 powers 
of 10 greater than is observed for the same base in 
/-butyl alcohol (runs 39-41). Had exchange rates 
been compared, and had the potassium /-butoxide 
been completely free of /-butyl alcohol, a factor of 
about 105 probably would have been observed. 
These observations correlate with those made pre
viously3'1 with respect to the behavior of potassium 
methoxide in methanol and dimethyl sulfoxide. 
Here a factor of about 109 was estimated for the 
difference in rates for racemization (and exchange) 
of 2-methyl-3-phenylpropionitrile. Since the rate 
of racemization of this substrate was also determined 
in /-butyl alcohol, it can be estimated tha t the rate 
of exchange catalyzed by potassium methoxide in 
methanol is approximately 1/1012 as fast as the rate 
catalyzed by potassium t-butoxide in dimethyl sulf
oxide. 

(20) H. 
(I960). 

L. Schlafer and W. Schaffernicht, Angew. Chem.. 72. O)S 
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As in the previous investigation,3d the difference 
in activity of the alkoxide anion in the two solvents 
is attributed to hydrogen bonding present in the 
hydroxylic solvents and absent in dimethyl sulf
oxide. Others have noted20 from conductivity ex
periments with potassium chloride and potassium 
picrate in dimethyl sulfoxide that the potassium ion 
is highly solvated, but that the anions are relatively 
little solvated. Thus the intrinsic activity of the 
d-butoxide anion should be more fully realized in 
dimethyl sulfoxide as solvent. 

Experimental 
Starting Materials.—Optically active ( + )-2-phenylbutane 

(<*MD + 23.5°, I 1 dm., neat, rc26D 1.4881) was prepared as 
previously described from optically pure (— )-3-phenylbu-
tanoic acid.21 Other material (a26D —17.6°, / 1 dm., neat, 
M25D 1.4880) was also available which was obtained as prod
uct of the cleavage reactions.4 Similarly, the three dif
ferent samples of optically active 2-phenylbutane-2-d used 
in this investigation were prepared by cleavage of optically 
pure ( + )-2,3-diphenyl-3-methyl-2-pentanol in /-butyl al-
cohol-O-d (0.97 atom of D per molecule) with potassium /-
butoxide at 130°.s These samples possessed the properties: 
a26D + 21.1°, I 1 dm., neat, 87% optically pure, 8 1 % 
a-d by infrared analysis (see below); a25D + 21.2°, I 1 dm., 
neat, 87% optically pure, 8 1 % a-d by infrared analysis; 
a25D + 21.8°, I1 dm., neat, 90% optically pure, 82% a-d by 
infrared analysis, and contained 0.82 atom of D per molecule 
(combustion and falling drop method). The concentrations 
of base in these cleavage reactions were identical, and the 
only difference was the substrate concentration.6 The fact 
that the two methods of deuterium analysis gave the same 
results indicates the absence of deuterium in other parts of 
the molecule {e.g., in the benzene ring), and it is safe to con
clude that the same applies to all three samples. The fact 
that the leaving group does not supply protons directly to 
the carbanion, and that the protons and deuterons come 
from solvent in both retention and inversion solvents6 indi
cates that the active and racemic 2-phenylbutane in these 
samples should be equally deuterated. 

Optically pure 1-methoxyphenylethane, prepared as de
scribed previously,8 had a26D —120.0°, I 1 dm., neat, W25D 
1.4882. Deuterated material was produced as follows. 
Acetophenone was carefully distilled, and reduced in care
fully dried ether with about 0.20 mole of lithium aluminum 
deuteride (acetophenone = 1 mole). Excess acetophenone 
was not removed from the isolated alcohol, but the whole 
mixture was converted directly to the acid phthalate, and 
the neutral and acidic materials were separated at this stage. 
The acid phthalate was resolved,6 and converted to 1-
phenylethanol-1-i, a25D —44.1°, I 1 dm., neat, 0.97 atom of 
deuterium per molecule (combustion and falling drop 
method).22 Conversion of this material to its methyl ether6 

gave material a25D -120 .0° , / 1 dm., neat, 0.97 atom of 
deuterium per molecule (combustion and falling drop 
method). 

Infrared Analyses of Benzyl-Deuterium.—Analysis of 
deuterium in the a-position of 2-phenylbutane was carried 
out by exactly the same method described previously6 mak
ing use of the C-D stretching band at 4.71 ,u. In all cases, 
unknowns were compared with standard mixtures. The 
estimated absolute error in all cases was less than 1 %. Two 
separate samples of 2-phenylbutane-2-d were analyzed by 
infrared and by combustion and the falling drop method.22 

In no case did the two methods disagree by more than 
1%. 

The same method was used for infrared analysis of 1-
phenylmethoxyethane except that the C-D stretch appeared 
at 4.725 M- A plot of % a-d vs. optical density was linear 
from 10-90% 1-phenylmethoxyethane-l-rf in 1-phenyl-
methoxyethane-l-&. Deviations from Beer's law were ob
served from 0-10 and 90-100% 1-phenylmethoxyethane-l-d 
As little as 2 % deuterated material could be detected easily. 
To ensure reproducibility, it was necessary for every analysis 
to run undeuterated material to obtain the base line, then 
the unknown, then a 1-phenylmethoxyethane-l-ci standard, 

(21) (a) D. J. Cram, J. Am. Chcm. Sc*., 74, 2137 (1952); (b) 74, 
5518 (1952). 

(22) Carried out by Dr. Joseph Nstneth-. Urbana, IU. 

and finally undeuterated material again to recheck the base 
line. A Beckman IR-4 spectrophotometer equipped with 
lithium fluoride optics and a sodium chloride cell of 0.2 mm. 
thickness was employed. AU measurements were made in 
the same cell, neat. Three separate samples of 1-phenyl-
methoxyethane-1-d were analyzed by this method and then 
checked by combustion and the falling drop method.22 The 
largest difference was 1%. 

Exchange Reactions.—Preparation of /-butyl alcohol-O-rf 
(97% O-d by combustion and falling drop method)22 has been 
described previously.6 The other solvents were purified, 
dried and stored under dry pure nitrogen as previously re
ported.311 The runs of Table I were all carried out in clean, 
flamed out heavy-walled Pyrex sealed tubes that were never 
filled more than 60% full, to allow for solvent expansion. 
Before runs were made, the solvent was flushed with dry 
nitrogen in the reaction tube. In all cases except when di
methyl sulfoxide was solvent, clean, weighed samples of 
metal were added directly to the reaction tube containing 
solvent under dry, pure nitrogen. After reaction was com
plete, the hydrogen was flushed from the tube with pure dry 
nitrogen, a weighed sample of substrate was introduced, 
the tube cooled in Dry Ice, evacuated and sealed. In run 
15 with dimethyl sulfoxide as solvent, potassium /-butoxide, 
0.90 /-butyl alcohol3d and enough more /-butyl alcohol were 
added to the dimethyl sulfoxide to make the solution 2 M in 
the /-butyl alcohol. The tubes were heated in Woods metal-
baths, and were immersed only to the level of the liquid in
side of the tube, so that the solution refluxed in those cases 
where /-butyl alcohol was solvent. The tubes were opened 
at Dry Ice temperatures, and no pressure had developed in 
the tubes except for runs 6-8 and 14 when diethylene glycol 
was used as solvent. In these runs tremendous pressure 
developed, and the tubes had to be opened with great care. 
The base was quite well preserved except in the runs con
ducted in diethylene glycol, where the base was completely 
destroyed by the glass. 

The content of each tube was shaken with an equal mix
ture of pure pentane and water, the water was extracted 
with two additional portions of pentane, and the combined 
pentane layers were washed four times with water, dried, 
evaporated through a packed column, and the residue was 
distilled at 50 mm. in a micro-still. The resulting material 
was submitted to deuterium analyses and polarimetric 
measurements. In representative cases, indices of refraction 
and infrared spectra of the products were taken, and found 
to match those of authentic material. Between 0.20 and 
0.40 g. of substrate were employed in runs 1-15, and between 
60-80% of the starting material was recovered in each run. 
In runs 6-8 and 14 carried out in ethylene glycol, the product 
before distillation was passed through a small chromato-
graph column of alumina with pure pentane as the eluent. 
In these runs, recovery of starting material was lower (50-
70%). 

Kinetic Runs.—AU kinetic runs except 42-44 were made 
with the ampoule technique described in detail elsewhere.8d 

The contents of each ampoule were isolated and subjected to 
polarimetric and in runs 17 and 22 infrared analysis for the 
amount of deuterium in the a-position. The purification of 
solvents, preparation of base and basic solutions and cleaning 
of ampoules has appeared elsewhere.8d The procedure used 
for runs involving dimethyl sulfoxide is as follows: AU 
equipment was heated under vacuum and allowed to cool in a 
dry nitrogen atmosphere. The base in question was 
weighed rapidly under dry conditions and added to 70 ml. of 
pure dry dimethyl sulfoxide under dry pure nitrogen. The 
solution was warmed to promote solution. In order to ensure 
homogeneity it was frequently necessary to transfer the 
stock solution to a second flask in a dry nitrogen atmosphere 
by means of a pipet with a glass wool filter in its end. To 
the stock solution was added 1.7 g. of 1-phenylmethoxy-
ethane, and the solution was shaken. A sample of the kinetic 
solution was withdrawn and titrated for base in an aqueous 
solution (potentiometric titration). The rate tubes were 
filled through use of a fast draining pipet with 3.8 ml. of 
the reaction mixture. A stream of nitrogen was passed over 
the stock solution during this time. The tubes were sealed 
and placed in a temperature bath, constant to ±0 .03 in all 
runs except 39 and 40, where the temperature was 173.0 ± 
0.3°. Each ampoule was quenched by cooling and adding 
water. The substrate was isolated as in the previous section, 
and distilled at 130° at 200 mm. in a micro still. In repre
sentative cases, the total infrared spectrum of the product 
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was determined and found to be indistinguishable from 
authentic material. 

The reactions were followed through 90% reaction, and in 
most runs eight points were taken per run. In runs that 
involved calculation of activation enthalpy and entropy, 
and common ion rate effects, stock solutions were employed 
to minimize errors from base concentration variation, 
moisture, carbon dioxide and the like. No corrections were 
made in concentration changes resulting from solvent ex
pansion. 

Data for a typical run (no. 37) are recorded in Table VT. 

TABLE VI 

RATE OF RACEMIZATION OF 0.0200 SOLUTION OF ( + ) - l -

PHENYLMETHOXYETHANE IN 0.2338 M POTASSIUM /-BUTOX-

I D E - 0 . 9 0 <-BUTYL ALCOHOL IN DIMETHYL SULFOXIDE AT 

73.80 ± 0.03° ( R U N 37) 
T i m e , 

LU I I I , 

0 
50 

101 
151 
199 
259 
310 
468 
497 

Prod . , 
g. 

0.062 
.090 
. 073 
. 092 
.078 
.080 
.083 
.070 

j,2fiD 

1.4880 
1.4878 
1.4878 
1.4878 
1.4877 
1.4880 
1.48S4 
1.4886 
1.4882 

Ot24D, nea t , 
/ 0.5 d m . 

+43.32° 
21.82 
12.00 
5.82 
3.60 
1.59 
0.89 

.39 

.074 

ka, sec. - 1 , 
1 0 - ' 

2.29 
2.12 
2.21 
2.08 
2.13 
2.09 
2.13 
2.14 

Av. 2 . 1 5 * 0 . 0 5 

In earlier papers of this series,8'4 the stereochem
istry and kinetics of the base-catalyzed hydrogen-
deuterium exchange reaction at saturated carbon 

(1) This work was supported in part by a grant from the National 
Science Foundation. 

(2) Some of these results and the general conclusions were reported 
in preliminary form: D. J. Cram, W. D. Nielsen and B. Rickborn, 
J. Am. Chem. Soc, S2, 6415 (1960). 

(3) Drew University, Madison, N. J.; National Science Founda
tion Senior Postdoctoral Fellow at U.C.L.A., 1960-1961. 

(4) D. J. Cram, C. A. Kingsbury and B. Rickborn, J. Am. Chem. 
Soc, 81, 5835 (1959); (b) D. J. Cram, B. Rickborn and G. R. Knox, 
ibid., 82, 6413 (1960); (c) D. J. Cram, B. Rickborn, C. A. Kingsbury 
and P. Haberfield, ibid., 83, 3678 (1961); (d) D. J. Cram, B. Rickborn 
and C. A. Kingsbury, ibid., 83, 3688 (1961). 

Runs 42 and 43 were conducted in a jacketed and thermo-
stated polarimeter tube (25.00 ± 0.02°), utilizing the same 
techniques described previously.3d 

Deuteration of the Aromatic Ring During Hydrogen 
Deuterium Exchange Experiment Conducted in i-Butyl 
Alcohol-0-<2.—Under the conditions of runs 1 and 3-5, 
(potassium f-butoxide in 2-butyl alcohol-0-<2 at 205-225°), 
extensive ring deuteration occurred. This was shown by 
analysis of the total deuterium content of the product of run 
5 by the combustion and falling drop method,20 and analysis 
of the amount of deuterium in the benzyl position by in
frared analysis. The former gave a value of 2.98 atoms of D 
per molecule, and the latter, 0.57 atom of D per benzyl car
bon atom. The difference of 2.4 atoms of D per molecule is 
presumed due to base-catalyzed hydrogen-deuterium ex
change in the aromatic ring. The infrared spectrum of this 
material (Beckman IR 4 equipped with lithium fluoride 
optics, spectrum taken on a 0.1-mm. film) revealed the pres
ence of a strong single band at 4.42 /i which was absent in 
samples of 2-phenylbutane and 2-phenylbutane-2-rf. In
frared spectra taken on the products of runs 1, 3 and 4 like
wise gave the same band. The intensity of this band for 
each sample was used to estimate the amount of deuterium 
introduced into the aromatic ring. In making the estimate, 
Beer's law was presumed to hold, and the product of run 5 
was used as standard. The results are as follows: run 1, 1.5 
atoms of deuterium per molecule; run 3, 1.3 atoms of deu
terium per molecule; run 4, 2.1 atoms of deuterium per 
molecule. Infrared absorption bands have been observed 
for both p- and w-toluene-i23 at 4.44 n which are absent in 
toluene itself. There is little doubt that the aromatic ring 
of 2-phenylbutane undergoes deuteration under these rela
tively drastic conditions. 

(23) J. Turkevich, H. A. McKenzie, L. Friedman and R. Spurr, 
J. Am. Chem. Soc., 71, 4045 (1949). 

was studied with two kinds of compounds. Sys
tems in which cyano,4c amido,40 keto,5 carboxyl6 or 
ester groups4" are used to acidify the carbon-hydro
gen bond fall into one class in the sense that their 
exchange reactions are devoid of stereospecificity, 
irrespective of solvent type. This behavior cor
relates with the fact that all of these systems can 
(at least in principle) exist in tautomeric forms in
capable of optical activity, and these tautomers 
may intervene as discrete intermediates in the 

(5) (a) S. K. Hsu, C. K. Tngold and C. L. Wilson, J. Chem. Soc 78 
(1938); (b) C. L. Wilson, ibid., 1550 (1936). 

(6) D. T. G. Ives and G. C. Wilks. ibid. 1455 (1938). 
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The stereochemical course of the base-catalyzed hydrogen-deuterium exchange reaction has been studied through rate 
comparisons of racemization and exchange of 2-octyl phenyl sulfone and 2-octyl-2-</ phenyl sulfone in deuterated and non-
deuterated solvents. The exchange rates exceeded the racemization rates by factors that ranged from a low of 10 to a 
high of 1980, depending on the solvent, and in one solvent on the character of the base. In dissociating solvents such as 
ethylene glycol and dimethyl sulfoxide-methanol mixtures, and in the non-dissociating solvent J-butyl alcohol with tetra-
methylammonium hydroxide as base, the smaller factors and lower degrees of retention of configuration were observed. In 
2-butyl alcohol with potassium i-butoxide as base, the larger factors were obtained. These facts coupled with similar experi
ments carried out previously on other systems indicate that in dissociating solvents, most of the stereospecificity arises from 
the asymmetry of the carbanion intermediate, and some from asymmetric solvation. In associating solvents, asymmetric 
solvation plays an important role in the high retention observed for the reaction. The configurational stability of carbanions 
attached to the sulfone group is attributed to overlap between the d-orbitals of sulfur and the orbital occupied by the two 
electrons of the anion. Hydrogen-deuterium isotope effects for both the exchange and racemization reactions were 
measured, and found to vary between extremes of 0.3 and 1.9. These low values are interpreted as evidence that both the 
exchange and racemization rates are governed by mechanisms that involve kinetically distinguishable, discrete stages in 
which covalent bonds between carbon and hydrogen, or oxygen and hydrogen are neither made nor broken. 


