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_ The stereochemical course of the base-catalyzed hydrogen-deuterium reaction at 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, 1-phenylmethoxyethane and 1-phenylmethoxyethane-1-d. In #-butyl alcohol the exchange proceeded with
as high as 979, net retention of configuration, in dimethyl sulfoxide with 1009, 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 delocalization of charge into the benzene ring. Kinetics of the racemiza-
tion reaction were studied in d‘methyl sulfoxide and in ¢-butyl alcohol. The values of the rate constants with potassium ¢-
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. Substitiition: of sodium for potassium ¢-butoxide made only small differences in ¢-butyl alcohol, but
in dimethyl sulfoxide tlie vaiue of the rate constant was depressed by a factor of 100 wlien the sodium base was used. The
raccruizationn was found to be approximately half order in potassium ¢-butoxide when run in dimethyl sulfoxide as solvent,

and the rate was murkedly depressed by addition of potassium iodide.

Although a number of previous studies have been
made of the stercochemistry of the hydrogen-—
deuterium exchange reaction at saturated carbon,?
the systems always contained carbaunion-stabilizing
substituents capable of producing the tautonier of
the starting material in the protonation of the inter-
mediate carbanion. Such acidifying groups as the
carbonyl,® carboxyl,® amide, 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 Sel 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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anion.* The reactions formulated were found to

proceed with as high as 969 net retention® in ¢-buty!
alcohol, 639, net inversion® in ethylene glycol, and
total racemization in dimethyl sulfoxide. *
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In the present mivestigation, 2-phenvlbutane
(I-h), 2-pheunylbutane-2-d (I-d). 1-phenylmethoxy-
ethane (1I-h) and 1-phenylmethoxyethane-1-¢ (II-
d) were selected for study, particularly since ou
treatment with base these systeus produce the same
anions observed when carbon was used as leaving
group (see fornmlations).

CH: |CHl
CeHy—C—L CsHa—CI‘,—L

CoHj CH;0
I-h, L =H II-h, L = H
I-d,L =D II-d,L = D

As a result of the previous investigations, f-butyl
alcohol, diethylene glycol and dimethyl sulfoxide
were chosen as the solvents most likely to reveal
extrenies 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 reactiomn.

Results

Starting Materials.—Optically active 2-phenyl-
butane and 2-phenylbutane-2-d were available from
other studies.® It was established earlier® that the
maximum rotations of the deuterated and non-
deuterated material were essentially equal (a®p =+
24.0°, !/ 1 dm., neat, for the former and a®*p =+
24.3°,11dm., 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 nomn-deuterated compound
gave optically pure material with a rotation of a®p
—44.1°, I dm., neat, as compared to a?®p —44.2°,/
1 dm., neat, for undeuterated alcohol.? Conversion
of the deuterated alcohol to 1-phenylmethoxy-
ethane-1-d gave material containing 0.97 atom of
deuterium per molecule, o®p —120.0°, I 1 dm,,
neat, compared to a%p — 120.2°, /1 dm., neat, for
the undeuterated compound.® 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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TABLE T
STEREOCHEMICAL COURSE OF BASE-CATALYZED HYDROGEN-DEUTERIUM EXCHANGE REACTIONS
Substrat, Base be:ﬁyl
Conecn,, conen., T, Tm,, ex- % Steric
Run Nature N Solvent Nb °C. r change rac. course?
1  2-Phenylbutane’ 0.41 (CHy)sCOD? 0.41 215 75 37 4.2 899, ret.
2 2-Phenylbutane-2-d° .26 (CH;);COH .38 225 69 73 9.5 879 ret.
3 2-Phenylbutane .09 (CH,),COD? .40 210 75 41 10 76% ret.
4  2-Phenylbutane .15 (CH;):COD? .38 225 148 55 12.5 779 ret.
5 2-Phenylbutane .26 (CH;);COD? .38 225 69 57 30.6 469, ret.
6  2-Phenylbutane-2-d° .07 (HOCH,;CH,);0 .40 260 229 9 10.5 ~ 69 inv.
7  2-Phenylbutane-2-d” .02 (HOCH:CH;):0 .40 260 229 10 11.0 ~119%, inv.
8  2-Phenylbutane-2-d? .19 (HOCH,CH,);0 .36 260 140 13 19.6 51% inv.
9  1-Phenylmethoxyethane-1-d* .097  (CH;)»COH .49 220 10 16 1.1 049, ret.
10  1-Phenylmethoxyethane-1-d» .088 (CH;):COH .55 220 10 13 1.6 889, ret.
11 1-Phenylmethoxyethane® .113  (CHy)sCOD?® .33 220 26 51 9.6 809, ret.
12  1-Phenylmethoxyethane-1-d* 077 (CH;);COH .55 230 24 47 21 559, ret.
13 1-Phenylmethoxyethane-1-d*  .086 (CH;):COH .247 248 9 11 2.7 755, ret.
14  1-Phenylmethoxyethane-1-d* .12 (HOCH.CH;).0 .40 260 240 4 6.6 ~60% inv.
15 1-Phenylmethoxyethane-1-d* .19 (CH;),S0* .26 85 14 31 31 1007 rac.

s In calculation of steric course, no account is taken of lack of isotopic purity of the solveut, nor of optical instability of

the product once formed.

analysis. ¢ 879, optically pure, 819, a-p.
pure, a®p —120.0°, 979 a-d.
butyl alcohol, concentration 2 M.

based on a®p = 24.3° (/ 1 dm., neat) for both I-h
and I-d, and on a®p = 120° ({ 1 dm., neat) for II-h
and II-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 30.69, by potassium i-butoxide in ¢-
butyl alcohol-O-d (0.97 atom 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-d was
similarly racemized in ordinary ¢-butyl alcohol. In
runs 9-13 similar experiments were carried out in
the same solvent systems with either II-h or II-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 that exchanged product, onuce
formed, itself underwent subsequent racemization,
so the values of 9, net retention are minimal.

9% net retention =
% benzyl exchange — 9, racemization
9% benzyl exchange

X 100% (1)
In Fig. 1 is plotted the percentage raceinization
vs. percentage calculated net retention for I-h and
I-d, and for II-h and II-d. The data for these plots
were obtained under somewhat differing conditions
of temperature and concentration, involved isotope
transfers in opposite directions, and probably iu-
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 nomn-ideal character of the
data, extrapolation of the lines to 09, racemization
should give some idea as to what the net steric
course would have been had the exchanged product

b Potassium alkoxide derived from solvent unless noted otherwise.

72.5% optically pure based on a%®p =4=24.3° for optically pure 2-phenylbutane.

/' 879, optically pure, 879, a-b.

¢ Optically pure, a®p —120.2°.
! Potassium #-butoxide as base.

¢ a?%p —17.6° (! 1dm., neat),

4 979, O-d by combustion and falling drop
7 909, optically pure, 829, a-p. * Optically
i Lithium ¢-butoxide as base. * Solution contained t¢-

maintained its optical integrity. For 2-phenylbu-
tane and its deuterated counterpart, the extrapolated
value is 979, net retention, and for l-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.
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Fig. 1.—Plot of 9, racemization against 9 calculated
net retention for hydrogen-deuterium exchange: upper
curve: M, l-phenylmethoxyethane-1-d in ¢-butyl alcohol;
0, l-phenylmethoxyethane in ¢-butyl alcohol-O-d; lower
curve: @, 2-phenylbutane-2-¢ in ¢-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
at 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
that were within experimental error. The difference
in values in run 8 was 6.69,, which is outside of
probable errors in the analyses. Therefore the
reaction has the appearance of having occurred with
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TABLE II

RATES 0OF RACEMIZATION AXD EXCHANGE FOR CALCULATION OF STEREOCHEMICAL COURSE AND ISOTOPE EFFECTS IN Di-
METHYL SULFOXIDE-POTASSIUM {-BUTOXIDE

-BuOH Base
Substrat conen., concn., 7.,

Runa Nature Conen,, N N N °C. ke, sec. ! ks, seC. T

16  2-Phenylbutane® 0.239 1.35 0.312 83.88 3.21£0.02X 1070 ... .. ... ...
17 2-Phenylbutane-2-d°¢ 248  1.35 .310 83.99 1.46=% .03 X 10~ 0.89 == 0.03 X 10~
18  2-Phenylbutane-2-d° 214 0.145 .1605  80.29 1.79 & .06 X 107* ... ...
19 1-Phenylmethoxyethane® 214 .145 .1605  80.20 4.00 % .07 X 107¢ ...
20  1-Phenylmethoxyethane-1-d’ .218 . 145 L1605 80.29 245k 05 X 1071 oo
21  1-Phenylmethoxyethane 167 1.35 .210 81.38 5.66x 22X 1078 ... ... ... ..
22  1-Phenylmethoxyethane-1-d° .160  1.35 .210 81.38 3.22+ .18 X 10® 2.84 =+ 0.12 X 107

s Runs are numbered cousecutively from table to table.
of deuterium per molecule.

about 509 net inversion (calculated from eq. 2),

% net inversion =

9 racemization — 9 benzyl exchange
¢ benzyl exchange - X 100% (2)

The conclusion that exchange actually occurred
with net inversion must be made with reservations,
particularly since the starting material I-d was only
819, deuterated, and the calculation is based on the
assuniption that I-h and I-d racemize at the same
rates.” Any raceniization 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® 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, 1l-phenylmethoxyethane-1-d was
examined in a 2 J/ solution of f-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 II-d racemize and exchange at about
the same rates in dimethyl sulfoxide which is 1.34 V
in f-butyl alcohol.

Kinetics and Isotope Effects.—Table IT records
the pseudo-first-order rate constauts of racemiza-
tion (%,) for I-h, I-d, II-h and II-d, and of exchange
(ke) for I-d and 1I-d in potassium ¢-butoxide solu-
tions of dimethyl sulfoxide containing small
amounts of f-butyl alcohol. Runs 19-22 provide
data with which the kinetic isotope effect for race-
mization of 1l-phenylmethoxyethane can be cal-
culated. Since II-d was 979, deuterated in the
benzyl position, no correction of %, in runs 20 and
22 is necessary. A value of k,H/E,P = 1.62 is ob-
tained with ruus 19 and 20 where the base was
0.1605 N and #-butyl alcohol 0.145 NV, and a value
of 1.76 is found in runs 21 and 22 in which the base
concentration was 0.210 2/ and the ¢-butyl alcohol

(7) In the next section an isotope effect of about ky/kp = 2.7 is
calculated for racemization of I-h and I-d in dimethyl sulfoxide which
was 1.35 M in t-butyl alcohol at 81°. Because of the small size of this
isotope effect, and the expected decrease in km/kD with increased
temperature, it is unlikely that kg/kp 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).

> b 72.59, optically pure.
4 When corrected for protium impurity, value becomes 1.05 == 0.03 X 107%.

¢ 819, deuterated, 879, optically pure.

¢ Optically pure. / Optically pure, 0.97 atom

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

Calculation of k.2/k,P for runs 16 and 17 in-
volves corrections of k,° of run 17 since the 2-
phenylbutane-2-d was only 819, deuterated. With
the corrected rate constant (1.05 = 0.03 X 107%),
kaH//kaD = 3,0.

Potential ambiguity arises in connection with the
values of %, for runs 17 and 22, since as the reaction
proceeds, the 1.35 N ¢-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 1s highly probable that under conditions drastic
enough to cause 2-phenylbutane to undergo the ex-
chauge reaction, dimethyl sulfoxide should itself
exchange hydrogen for deuterium even more rapidly
and thus the accumulation of -butyl alcohol-O-d
should be negligible.

Comparison of ks 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 k. 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 III
KixeEric ORDER FOR RaceMmizatioxn BY PorassiuMm -
Butoxipe” oF 0.20 M SoLuTioNS OF 1-PHENYLMETHOXY-
ETHANE IN DIMETHYL SULFOXIDE AT 80.10°

Base

conen., ksso 1172 Jeo. .
Runc M ke, see. 71 m,"1/? sec. m. 71 see, 7!
23 0.0537 3.16 & 0.19 X 107¢ 1.2 X 1078 5.87 X 10~3
24 L0597 3.46 £ .09 X 1070 142 X 1078 5,78 X 1073
25 0770 3.61 = .16 X 1074 1.29 X 10738 4.65 X 1073
264 1049 4.36 == .16 X 107 1.80 X 1073 4.16 X 1078
27 L1635 5.46 £ .23 X 1074 1.33 X 107% 3.34 X 1079
28° 2338 6.06 & .14 X 107" 1.25 X 107% 2.58 X 107¢
29 4325 5.83 = .13 X 107t 0.87 X 10-3 1.29 X 10-¢
307 L0537 1,03 = .08 X 10—+ 4.53 X 10—¢ 1.96 X 1073
316 L0537 1.41 £ .03 X 1075 6.08 X 1073 2.62 10~4

¢« KOC(CH;);-0.90HOC(CH;);.  ® #£0.03°. ° Runs are

rtumbered consecutively from table to table. ¢ Rate con-
stants extrapolated from data of runs 32 and 33. *© Rate
constants extrapolated from data of runs 36 and 37. / Solu-
tion was 0.0804 M in potzssium iodide. 7 Solution was
0.4925 M in potassium iodide.
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TABLE IV

RACEMIZATION OF 0.18 M® SOLUTIONS OF 1-PHENYLMETHOXYETHANE IN DIMETHYL SULFOXIDE, ACTIVATION PARAMETERS
AND ErFECT OF BASE TYPE

Bas T, ke, ko, AH*, AS*,
Run’ Nature Conen., N °C. sec. ! 1.1/2 m,~1/2 gec, "1 keal, M.t e.u.
32 KOC(CH;)s° 0.1049 48.70 9.86 &= 0.37 X 10¢ 3.04 X 1078 - _ 2.9
33  KOC(CHi) 1049 75.08  1.99 & .06 X 10=%  6.14 X 10-4] 22:2E07 10.3 =2,
34 NaOC(CHy)s* .1521 75.10 2.20 £ .09 X 10-¢ 5.64 X 10~%
35 KOC(CH;)s° .2336 45.43 8.18 £ .24 X 10—# 1.69 X 10'5]
36 KOC(CHs)s* .2338 45.43 9.28 = .69 X 10— 1.92 X 105 - -

- 23.7 £ 0. — 6.0x1.8

37 KOC(CH,) 2338 73.80 2.154 .05 X 10~  4.45 X 10-4f 237 F 0. 6
38 NaOC(CH;)s? .2278 73.60 1.62 = .06 X 107¢ 3.40 X 107
e +£0.03 J. b Runs are numbered consecutively from table to table. ¢ KOC(CH,);:0.90(CH;);COH. ¢ NaOC-

(CHj);+0.32(CH,;),COH.

TABLE V

RACEMIZATION OF 0.18 A SOLUTIONS OF 1-PHENYLMETHOXYETHANE IN {-BUTVL ALCOHOL, AND DIMETHYL SULFOXIDE-{~
BuTvyL ALcoHOL

Base T, ke, Ry o, ko,

Rune Solvent Type Conen., M °C. sec, 1 1,172 m, 142 gec, 71 1. m."1sec. ™!
39 (CH;);COH (CH;);:COK 0.4700 173 7.61 = 0.14 X 107 1.62 X 10°*
40 (CH;);COH (CH;);CONa .3928 173 4.46 = 0.12 X 1077 1.14 X 10°¢
41° (CHj3):S0 (CH;);COK*® .1049 173 0.288 0.885 2.75

42 (CH;),S0 (CH,);COK" .0208 25.00 9.08 +=0.45 X 1077 6.28 X 10°* 4.36 X 10~*
43 (CH;):S0 (CH;):COK* .1590 25.00 3.65 X 0.08 X 10~* 9.12 X 1077 2.30 X 1078
44° (CHj;):80 (CH;)sCOK* .1049 25.00 5.41 X 1077 .65 X 10°° 53.17 X 1078

« Runs numbered consecutively from table to table. ® Run was calculated by extrapolatin

COK-0.90(CH;);COH.

4 (CH;);COK-0.05(CH;);COH.

aq

from runs 32 and 33. ¢(CH;)s-

Comparison of k, 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(CHj3)s0.90 HOCH-
(CHy);] 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 ks, decreased to a
value lower than ks, 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(CH;);0.90 HOC-
(CH;);. 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 ks,

In runs 34 and 38, NaOC(CH3>3032 (CH;;);;-
COH was substituted for KOC(CH3),:0.90 (CHj)s-
COH. The data clearly indicate that had runs 33
and 34 (and likewise runs 37 and 38) been carried
out at identical base concentrations, k.X/ks~2 >
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 f-butyl alcohol and
dimethyl sulfoxide as solvents for the racemization of
1-phenyl-methoxyethane. Before reasonable rates

T \ T T

03 04
[Molality of KOC(CH;),]"2

05

Fig. 2.--Plot of observed polarimetric rate constant (k)
against square root of base concentration for the potassium
t-butoxide-catalyzed racemization of 1l-phenylmethoxy-
ethane in dimethy1 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 #-
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 t-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 ks, or
ks, Thus the order in base seems to lie between
half and omne, 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 t-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 0.1456 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 (~959%, net) in #-butyl alcohol, with raceniiza-
tion in dimethyl sulfoxide, and probably with low
net inversion in diethylene glycol.® Thus the same
pattern of dependence of steric course on solveunt is
observed when the 2-phenyl-2-butyl and 1-phenyl-
1-methoxy-1-ethyl anions are generated either by
proton (or deuterium) abstraction by base, or by
base-catalyzed carbon—carbon bond cleavages.*
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, carbaunions undoubtedly intervene
as discrete intermediates. The deep red color of
2-phenyl-2-butylpotassium in dry ether®® 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-propylpotassiuni
with deuterium chloride resulted in deuteration of
about a quarter of the base in the p-position.!
With weaker acids such as water, a-deuteration/
p-deuteration = 7500.'' These facts strongly sup-
port a flat structure for benzvl anions, and a flat
species is incapable of asymmetry. This argument

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

tion.
(10) D. J. Cram and J. D, Knight, sbéd., 74, 5835 (1952).
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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 asymmietric
solvation of an otherwise symmetrical inter-
mediate. !

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 1
Retention mechanisin:
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7 Y :
' i
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¢ieeD T (CH S - (e D(|>
! |
R

/

T—-C

asymmetrically
solvated anion

l
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: 4 \/ 1
}.__Ii H—-—(f] S (CHQ)S «+- %“_ S(CHy)»
loss of ‘ erical
configuration symmetrically
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(11) G. A. Russel}, ibid., 81, 2017 (1959).
(12) Small deviations from plauarity induced by asymmetric solva-
tion probably exist.
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Inversion mechanism:
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the front side with deuteron domnors 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 eunough
lived to pass into a symmetrical environment, and
these give racemic product.!3

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—0R
VL
C

A
D—OR
A

frr the exchange reaction in ¢-butyl alcohol-potassium Z-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)] 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 low isotope effect (see next
section).

The fact that cyclohexylamine is a retention solvent in the exchange
reaction (ref. 8) is not surprising since in the cleavage reactions studied
previously [D. J. Cram, A. I.angemann, J. Allinger and K. R, Kopecky,
J. Am. Chem. Soc.. 81, 5740 (1959)], N-methylaniline was observed to
be a retention solvent,
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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.!¢

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.®®® The smallest (of which
the authors are aware) is kg /kp = 2.7, for the fluo-
ride ion-catalyzed bromination of 2-carbethoxy-
cyclopentanone-2-¢ 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.® Most of the observed
values for ku/kp lie between 5 and 6. Ives and
Wilkes 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.

Icozn
Colly—C—D
111 CeH,CHj-p

In the present investigation, very low values for
ku/kp have been observed in the dimethyl sulf-
oxide—{-butyl alcohol-potassium ¢-butoxide system
at about 80°. For I-h and I-d, k.E/k.L = 3.0,
and for II-h and II-d, B.EB/k.° = 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, kH

and %P are
kit CH}),S0
>6—H B-IT > (cﬁs),g....é-....H_B ( ’)2__>
/ k2 /\ kA
0 0
3 - 1 B—H (D) I
(CH;3)S:---C-+--S(CH3)y —> —C—H (D)
VRN
0
T-(CHs)zSO o k1D
S (CHypS---C-+--D—B ;2 —C—D B
ks VRN kD

(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, 831 (1956) |.

(15) (a) K. B. Wiberg, ¢bid., 55, 713 (1855); (b) R. P. Bell, ""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.
A23S8, 453 (1956).
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presumed to be << k-;H, k_\D, kH, kP, 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).
kol = RiEEH/(B_H 4+ EH) (1)
ka® = EPhoP/(k_1D + kD) (2)
gl)kZH >> k-® and kP >> kD, then (3) becomes
ko kRt (B-1P + kD) 3
Ra® = BORD (b K ¥ ) ®
kaH/kaD = le/le (4)

and the ordinary kinetic isotope effect for dissocia-
tion of the carbon-hydrogen bond would be
measured by racemization rates. However, if
ket®>> kM and k- P >> k,D, then (3) becomes (5).
kot ki koD BHE  KHE RE
B T hEX T X T gk Xgp O
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.’” The value of EH/k,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 k.H/k.D is
expected to be much lower valued when the ‘‘back
reaction’’ described by k_¥ or k3P becomes impor-
tant. In fact, a whole spectrum of values for
koat/k.P can be envisioned, ranging from a little
less than unity to over 10, depending primarily on
the values of k—;®/k," and k—;P/k,P. 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 at 19°), potassium ¢-butoxide undoubtedly
exists as jon pairs, or even as aggregates of ion
pairs, heavily solvated by #-butyl alcohol.’® 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 potassiuru ¢-butoxide in
t-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.!®

Although evidence for complete dissociation of
potassium, sodium and lithium methoxide in di-
methyl sulfoxide was obtained,*® the less than first-
order dependence on concentration of potassium ¢-
butoxide for the racemization of II-h in the same
solvent suggests incomplete dissociation for the
tertiary 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 KE/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,
S Am, Chem, Soc., 81, 2767 (1959),

Dowxarp J. Cram, CHARLES A, KINGSBURY AND BRUCE RICKBORN

Vol. 83

with (CH,;);COK-0.9(CH3);COH is consistent with
the following hypothesis. In eq. 6 for the dissocia-
tion of potassium #-butoxide, if K << 1 and the
catalytic activity of t-butoxide anion is much
greater than that of associated material, then c¢y. 7
would be the governing rate law.

_ [M*][-OC(CH;)]
K = “N0C(CH)] ©
- d(*%t_@ = k3, [*C—H][MOC(CHj;);]": =
Bsfs oy _ ~
% FC—H][OC(CHs):] (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 thau that 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 that sodium #butoxide is about 100
times less reactive than potassium i-butoxide is
also consistent with these views. The value of K is
probably lower valued for sodiuin than for potas-
sium #-butoxide, and K¢ appears in the denomina-
tor in the second part of eq. 7. Data of other in-
vestigators? indicate that the solubility of potas-
sium, sodium and lithium chlorides i1 dimethyl
sulfoxide drops off markedly in that order. Also in-
teresting is the fact that the dielectric constant of
the solvent drops from about ¢ = 49 to ¢ = 38 1in
going from 20 to 80°. )

The above hypothesis is probably an oversimpli-
fication. The fact that the rate of racemization
showed somewhat higher than half-order depend-
ence on base when the amount of ¢-butyl alecohol
was decreased to almost zero (runs 42 and 43) indi-
cates that 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 6 and 7 powers
of 10 greater than is observed for the same base in
t-butyl alcohol (runs 39-41). Had exchange rates
been compared, and had the potassium t-butoxide
been completely free of #-butyl alcohol, a factor of
about 105 probably would have been observed.
These observations correlate with those made pre-
viously® with respect to the hehavior of potassium
methoxide in methanol and dimethyl sulfoxide.
Here a factor of about 10° was estimated for the
difference in rates for racemization (and exchange)
of 2-methyl-3-phenylpropionitrile. Since the rate
of racemization of this substrate wasalso determinecd
in t-butyl alcohol, it can be estimiated that the rate
of exchange catalyzed by potassium methoxide in
methanol 1s approximately 1/101? as fast as the rate
catalyzed by potassium t-butoxide in dimethyl sulf-
oxide.

(20) H. L. Schlafer and W. Schaffernicht, Angew. Chem., 72, 618
(1960).
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As in the previous investigation,?d 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 noted? 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
t-butoxide anion should be more fully realized in
dimethyl sulfoxide as solvent.

Experimental

Starting Materials.—Optically active (4 )-2-phenylbutane
(a®p + 23.5°,11 dm., neat, n%®D 1.4881) was prepared as
previously descrlbed from optlcally pure (-—) 3-phenylbu-
tanoic acid.? Other material (a?®p —17.6°, ! 1 dm., neat,
n¥p 1.4880) was also available which was obtamed as prod-
uct of the cleavage reactions.! 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°.6 These samples possessed the properties:
a?®p 4 21.1°, ! 1 dm., neat, 879, optically pure, 819,
a-d by infrared analysis (see below); o%p + 21.2°,/ 1 dm.,
neat, 879, optically pure, 819, a-d by infrared analysis;
a®p 4 21.8°,1 1 dm., neat, 909, optically pure, 829 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.® 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 solvents? indi-
cates that the active and racemic 2-phenylbutane in these
samples should be equally deuterated.

Optically pure l-methoxyphenylethane, prepared as de-
scribed previously,® had a®p —120.0°, / 1 dm., neat, #?D
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,® and converted to 1-
phenylethanol-1-d, a?p —44.1°, [ 1 dm., neat, 0.97 atom of
deuterium per molecule (combustion and falling drop
method).22 Conversion of this material to its methyl ether®
gave material «®p —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 previously® 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 19,. Two
separate samples of 2-phenylbutane-2-d were analyzed by
infrared and by combustion and the falling drop method.22
Ir(17 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 u. A plot of 9% a-d vs. optical density was linear
from 10-909% 1-phenylmethoxyethane-1-d¢ in 1-phenyl-
methoxyethane-1-k. Deviations from Beer’s law were ob-
served from 0~10 and 90-100%, 1-phenylmethoxyethane-1-d.
As little as 29, 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 l-phenylmethoxyethane-1-d standard,

(21) (a) D. J. Cram, J. Am, Chem. Soc., 74, 2137 (1952); (b) 74,
5518 (1952).
(22) Carried out by Dr, Joseph Nemeth. Urbana, 11l
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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. All 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.?2 The
largest difference was 19%,.

Exchange Reactions.—Preparation of ¢-butyl aleohol-O-d
(97% O-d by combustion and falling drop method )22 has been
described previously.! The other solvents were purified,
dried and stored under dry pure nitrogen as previously re-
ported.’d The runs of Table I were all carried out in clean,
flamed out heavy-walled Pyrex sealed tubes that were never
filled more than 609, 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 t-butyl aleohol®d and enough more ¢-butyl alcohol were
added to the dimethyl sulfoxide to make the solution 2 M in
the t-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 emploved in runs 1-15, and between
60-809, 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 (}I;ese runs, recovery of starting material was lower (50—
70 (0

Kinetic Runs.—All kinetic runs except 42-44 were niade
with the ampoule technique described in detail elsewhere.3d
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.?d The procedure used
for runs involving dimethyl sulfoxide is as follows: All
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 solutiont, In order toc 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 909, reaction, and in
niost 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 VI.

TaBLE VI

RaTE OF RaceMmizatioNn ofF 0.0200 SoLuTIioN OF (+)-1-

PHENYLMETHOXYETHANE IN 0.2338 M PortassiuM {-Butox-

m0E'0.90 ¢-BUurtYL ALCOHOL IN DIMETHYL SULFOXIDE AT
73.80 == 0.03° (Run 37)

Time, Prod., a?4p, neat, ka. sec. 7L,

win, g. #n%5p 1 0.5 din, 10—+«
0 1.4880 +43.32° ..

50 0.062 1.4878 21.82 2.29
101 096 1.4878 12.00 2.12
151 073 1.4878 5.82 2.21
199 092 1.4877 3.60 2.08
239 078 1.4880 1.59 2.13
310 086 1.4884 0.89 2.09
468 083 1.4886 .39 2.13
497 070 1.4882 074 2.14

Av. 2.15=0.05
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Runs 42 and 43 were conducted in a jacketed and thermu-
stated polarimeter tube (25.00 &= 0.02°), utilizing the satuc
techniques described previously.

Deuteration of the Aromatic Ring During Hydrogen--
Deuterium Exchange Experiment Conducted in {-Buty:
Alcohol-O-d.—Under the conditions of runs 1 and 3-5.
(potassium ¢-butoxide in t-butyl alcohol-O-d at 205-225°).
extensive ring deuteration occurred. This was shown by
analysis of tlie total deuterium content of the product of run
5 by the combustion and falling drop method,?® 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 ¢ 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 u which was absent in
samples of 2-phenylbutane and 2-phenylbutane-2-d. In-
frared spectra taken on the products of runs 1, 3 and 4 like-
wise gave the same band. The intensity of this baud 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 &
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 m-toluene-d?® at 4.44 x 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 (1948).
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Electrophilic Substitution at Saturated Carbon. XV. Asymmetric Carbanions,
Asymmetric Solvation and d-Orbitals of Sulfur'?

By Dow~anp J. CraM, DonvaLD A. ScoTt? AND W. DAvVID NIELSEN
REecr1vep FEBRUARY 27, 1961

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-d 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 ¢-butyl aleohol with tetra-
methylammonium hydroxide as base, the smaller factors and lower degrees of retention of configuration were observed. In
t-butyl alcohol with potassium ¢-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.
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