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S0.C1 > CeHpS0:Cl > m-NO.CeH,SO.Cl. In each
case electron supply assists the reaction. The slow
rate for 1-chloroethanesulfonyl chloride cannot be
attributed to a steric effect, because in the car-
bonyl chloride series the following SN2 solvolytic
rate sequence is observed®: ClL,CHCOCI > CICH,-
COC1 > CH;3COCL

As noted above, the reactions of methanesul-
fonyl and benzenesulfonyl chlorides may proceed
by a hydration mechanism, An intimation that
this may be the case for the latter is obtained by
plotting Hedlund’s rate data? for substituted ben-
zenesulfonyl chlorides against the Hammett o-
constants of the substituents (Fig. 3). The data for
substituted benzoyl chlorides! are included for com-
parison. It can be seen that both plots fall into two
parts. This behavior can be interpreted in terms
of a duality of mechanisms.® Lines IT and IV are
considered to describe a region of reaction by direct
displacement, while lines I and ITT describe a region
where the hydration mechanism is dominant.

Negative Nucleophiles.—Here the reaction will
be facilitated by strong coulombic attraction be-
tween N and S, as

(18) R. Leimu, Ber., 70, 1040 (1937).
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Therefore, it is predicted that toward negative nu-
cleophiles (hydroxide, phenoxide), methanesulfonyl
chloride should be more reactive than benzenesul-
fonyl chloride. Again no data are available to
test this prediction.

A similar point of view has been taken by
Swain and Scott? in explaining the high reac-
tivity of hydroxyl ion toward aromatic acid chlo-
rides.

Ionization.—The high positive charge on sulfur
may also be responsible for the SN1 sequence,
(CHj3)eNSO:Cl < CH;080.Cl.  Since dimethyla-
mino is much more effective than methoxyl at stabi-
lizing a carbonylium ion, the observed sequence
must mean that much of the stabilization by the
former is already provided in the initial state by
the resonance form:

e
CH;-—I:I:?—C]
0
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The Solvolysis and Base-catalyzed Dehydrohalogenation of 1,1- and
1,2-Dihalocyclohexanes?

By HArRLAN L. GOERING AND HERBERT H. Espy?
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The relative rates of second-order dehydrohalogenation of 1,1- and cis- and ¢rans-1,2-dihalocyclohexanes (dibromo-, di-
chloro- and bromochloro-) and cyclohexyl bromide and chloride in “80%,"' ethanol containing 0.1 3 sodium hydroxide
have been determined. Under the conditions of the kinetic experiments the reactions are second-order and E; elimination is
not accompanied by SN2 substitution. The solvolytic reactivities of a number of the compounds in *'80%,”’ ethanol were de-
termined and show that under the conditions of the dehydrohalogenations, the E; reactions are essentially completely iso-
lated from competing solvolysis except for the 1,1-dihalocyclohexanes. The order of reactivity for the E; dehydrohalogena-
tion of the isomeric dihalides is: ¢is-1,2- 3> 1,1- > trans-1,2-. Under the conditions of the present experiments the 1,1-
and ¢is-1,2-dihalocyclohexanes eliminate one molecule of hydrogen halide. The ¢rans-1,2-dihalocyclohexanes give two mole-
cules of hydrogen halide. The stoichiometry and relative reactivities indicate that a {rans-elimination is involved. The
relative reactivities, together with conformational considerations, provide information concerning the effects of a- and 8-

halogen atoms on the rate of dehydrohalogenation.

Introduction

In connection with other work? in this Laboratory
pure samples of 1,1- and cis- and frans-1,2-dihalo-
cyclohexanes (dibromo-, dichloro- and bromochloro-)
were obtained. These compounds are suitable
simple models for studying the stereochemistry of
dehydrohalogenation and the effect of o- and 8-
halogen atoms on the rate of dehydrohalogenation.

(1) This work was supported in part by the United States Air Force
through the Office of Scientific Research of the Air Research and De-
velopment Command, and in part by the Research Committee of the
Graduate School with funds given by the Wisconsin Afumni Research
Foundation.

(2) Du Pont Summer Research Assistant, 1953, 1954,

(3) (a) H. L. Goering and L. L. Sims, THIS JourNaL, T7, 3465
(1955); (b) P. Bender, D. L. Flowers and H. L. Goering, ibid., T7,
3463 (1855); (¢) H. L. Goering and H. H. Espy, bid., 77, 5023 (1955).

This paper describes the stoichiometry and relative
rates of base-catalyzed dehydrohalogenation of
these compounds and of cyclohexyl chloride and
bromide in ‘809" ethanol containing 0.1 M so-
dium hydroxide. With the isomeric 1,2-dihalo-
cyclohexanes the orientation, and thus the
stereochemistry, of the dehydrohalogenation can
be determined readily from the stoichiometry, 7.e.,
the number of molecules of hydrogen halide elimi-
nated. If the elimination product is 1l-halocyclo-
hexene only one molecule of hydrogen halide is elim-
inated. The initial formation of 3-halocyclohex-
ene leads to the formation of two molecules of
hydrogen halide since the allylic halide is rapidly
dehydrohalogenated (or solvolyzed) under the
conditions of the reaction.
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TABLE I
RATES OF BASE-CATALYZED DEHYDROHALGGENATION OF HALO- AND DIHALOCYCLOHEXANES IN 809" ETHANOL

[grfznic Mol .
Clereative: 0o 1% aXreduee
1,1-Dibromo- 10.74 2.37 1.001
10.74 2.37
10.74 2.09
1-Bromo-1-chloro- 10.72 2.38 0.996
10.72 2.38
10.67 2.66
1,1-Dichloro- 10.66 2.38 1.002
10.66 2.38
¢is-1,2-Dibromo- 10.65 2.64 1.001
10.65 2.19
cis-1-Bromo-2-chloro-  10.77 2.91 1.001
10.66 2.20
¢is-1,2-Dichloro- 10.72 2.86 1.007
10.72 2.78
10.72 2.78
trans-1,2-Dibromo- 10.74 2.29 2.004
10.74 2.29
trans-1-Bromo-2- 10.69 1.71 1.912°
chloro- 10.69
10.66 1.51 1.860°
10.66
trans-1,2-Dichloro- 10.66 2.01
10.66 2.01
Brommo- 10.69 2.17 0.997
10.69 2.17
Chloro- 10.67 2.10
10.67 2.10

s Determined from initial concentrations and “infinity’’ titers.
at the extreme temperatures, assuming an average deviation in 2 £ <1.59,.
This compound contained a small amount of rapidly-reacting impurity which presumably is respousible
4 Tnitial rate constant determined from plot of k vs. percentage reaction.

the rate constants.
for this low value. :
keal. in AHE; £2eu. in ASF.

The rates of solvolysis of some of these com-
pounds in 80% ethanol are also reported in this
paper. These data were required to determine the
extent to which solvolysis competes with the sec-
ond-order dehydrohalogenations.

Results

The specific second-order rate constants (ka)
and activation parameters for the dehydrohalo-
genation of the dihalocyclohexanes in “‘80%," etha-
nol* containing 0.1 M sodium hydroxide are pre-
sented in Table I together with similar data for
cyclohexyl bromide and chloride. The second-or-
der constants were calculated from the rate and
stoichiometry of the reaction by use of the appro-
priate integrated equation. The reported values
are the averages and mean deviations of five to nine
values determined during the reactions. The reac-
tions were generally followed to over 809, comple-
tion and except for trams-1,2-dichlorocyclohexane,
the observed values of k; did not show any signifi-
cant trends. The downward trend in the apparent
rate constant for the frans-dichloride, which is the
least reactive compound investigated, is due to
destruction of the base by reaction with the glass

(4) The solvent was prepared by mixing four volumes of pure ethanol
and one volume of water at 25°.

¢ & 0.02, 104 ks, AHF 4 04,6 ASF £ 1,6
°C. 1. mole ~1 sec. "} kcal. e.u.

79.75 28.9 + 0.4 22.3 7

49.80 1.3 =+ .03

30.05 0.136 =+ .001

79.75 32.5 + .3 21.9 -8

49.80 1.62 « .02

30.05 0.166 =+ .002

99.80 5.32 &+ .09 24.7 —8

79.75 0.755 =+ .008

30.05 26.1 + .2 19.1 -7

20.03 8.50 =+ .19

30.05 7.92 £ .06 19.3 -9

20.03 2.56 £ .01

79.75 28.3 + .2 22.9 —6

49.80 1.24 =+ .01

30.05 0.116 £ .002

79.75 13.6 += .1 23.1 -7

49.80 .587 £ .004

99.80 19.7 * .2 23.3 -9

79.75 3.15 == .08

99.80 20.0 + .4

79.75 3.12 £ .05

99.80 0.721 =+ .004° 26.3 -7

79.75 10910 £ .00002°

79.75 17.0 += .1 22.0 —9

49.80 .842 x 013

99.80 2.22 £+ .06 24.9° —-9°

79.75 311 = .0094

% These errors calculated from high and low values of &
¢ A value of 2.00 was assumed for calculating

¢ Estimated errors. =0.8

vessel (see below). Concentrations are reported for
25° and the second-order rate constants are cor-
rected for thermal expansion of the solvent. The
reported second-order rate constants for 1,1-dibro-
mocyclohexane and 1-bromo-1-chlorocyclohexane
have been corrected for competing solvolysis (sec
below).

The rates of dehydrohalogenation were deter-
mined from the observed rate of formation of halide
ion, measured by periodically determining the hal-
ide ion concentration in aliquots of reaction mixture
by the Volhard method. Early experiments showed
that the unreacted organic halide is hydrolyzed dur-
ing the Volhard titration, i.e., in the presence of sil-
ver nitrate, This was prevented by extracting the
unreacted organic halide from the acidified aliquot
of reaction mixture, before adding the silver nitrate.

In preliminary kinetic experiments, in which Py-
rex ampoules were used, the specific second-order
rate constants showed serious downward trends.
This was found to be due to destruction of the al-
kali by reaction with the Pyrex glass. For this
reason it was necessary to use Kimble and Corning
“Alkali-Resistant” (No. 7280) glass ampoules for
the kinetic experiments. The relative rates at
which Pyrex, Kimble and Corning “Alkali-Resist-
ant” glass are attacked by 0.1 M sodium hydroxide
in ‘809"’ ethanol are shown in Tahle II.
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TABLE 11

ReactIoN oF 0.1 M Sopium HYDROXIDE IN “80%,"" ETHANOL

WITH VARIOUS GLASSES
% Base

Temp., Area, destroyed in
Glass °C. cm,? 24 hr.
Pyrex 80 18 88
Kimble 80 18 14
Kimble 100 18 40
Corning No. 7280 100 24 4

When Kimble glass vessels were used the iso-
meric dibromides, c¢is-1,2- and 1,1-bromochlorocy-
clohexane, cis-1,2-dichlorocyclohexane and cyclo-
hexyl bromide gave steady second-order rate con-
stants. Corning ‘“‘alkali-resistant’”’ ampoules were
used for the least reactive compounds (i.e., trans-
1-bromo-2-chlorocyclohexane, 1,1- and ¢rans-1,2-
dichlorocyclohexane and cyclohexyl chloride).
Steady rate constants were obtained for all of the
compounds except frans-1,2-dichlorocyclohexane,
for which the integral rate constants decreased
during the reaction. The reported values of &,
for this compound are initial rate constants and
were obtained by extrapolation to zero time. This
downward drift is clearly due, at least in part, to
destruction of the alkali by reaction with the glass
since the reaction is so slow that ca. 379, of the base
is destroyed by this process during the time required
for 309, reaction.

In order to determine whether second-order elim-
ination is exclusive of second-order substitution the
amounts of cyclohexene resulting from the reac-
tions of cyclohexyl chloride and bromide were de-
termined by titration of the reaction mixtures with
a standard solution of bromine in carbon tetra-
chloride. These titrations showed that both cy-
clohexyl bromide and chloride give 1.00 = 0.05
equivalent of cyclohexene under the conditions of
the kinetic experiments. Thus k; corresponds to
the E; reaction for these compounds. That an SN2
reaction does not contribute to the second-order
rate for the other compounds is apparent from the
relative rates as well as from the products of reac-
tion. For an SN2 reaction the 1,1- and 1,2-dihalo-
cyclohexanes would be much less reactive than the
monohalides since a- and 3-halogen substituents de-
crease the rate of Sn2-type displacements.’* As
shown in Table I the c¢is-1,2- and 1,1-dihalocyclo-
hexanes react faster than the corresponding mono-
halides. The frans-1,2-dihalides react slower than
the monohalides but only by a factor of 5, a factor
which is considerably smaller than would be ex-
pected for an SN2 reaction.’¢ These observations
indicate that the measured second-order constants
are for the E, reactions without contributions from
SN2 reactions.

The number of molecules of hydrogen halide elimi-
nated from the dihalides was determined from the
“infinity’’ titers, 7.e., from the amount of halide ion
released. These data, which are included in Table
I, show that the cis-1,2- and 1,1-dihalocyclohexanes
eliminate one molecule of hydrogen halide. {rans-
1,2-Dibromocyclohexane eliminates two molecules
of hydrogen halide. The observed values for two

(5) J. Hine, C. H. Thomas and S. J. Ehrenson, TBI1s JoURNAL, 77,
3886 (1955); J. Hine and W. H. Brader, Jr., ibid., T7, 361 (1955); 75,
3964 (1953).
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carefully fractionated samples of frans-1-bromo-2-
chlorocyclohexane were 1.912 and 1.860. Evi-
dently a persistent unknown impurity is responsi-
ble for these low values. The impurity, which re-
acts faster than the frans-bromochloride, substan-
tially disappears during the temperature equilibra-
tion of the kinetic experiments and thus does not
interfere with the determination of the rate con-
stants. The second-order rate constants reported
in Table I for this compound (and for the other
trans-1,2-dihalides) were obtained by assuming that
exactly two moles of hydrogen halide is produced.
The values of k; for the trans-1,2-dihalides are for
the elimination of the first molecule of hydrogen
halide which is the rate-determining step. frans-
1,2-Dichlorocyclohexane and cyclohexyl chloride
react so slowly that the base is destroyed by reac-
tion with the glass ampoule before the reaction is
complete. Thus the stoichiometry of the second-
order reaction of these compounds could not be de-
termined from the “‘infinity” titers.

The solvolyses of the more reactive dihalides and
of cyclohexyl bromide in “80%,"" ethanol* were in-
vestigated to determine to what extent solvolysis
competes with the second-order dehydrohalogena-
tions. The results of these experiments are sum-
marized in Table III. The first-order rate con-
stants (k) were determined from the apparent
“infinity”’ titer and rate of formation of acid by use
of the integrated equation for a first-order reaction.
Under the present conditions the solvolyses of the
dihalides are complicated and the apparent rate-
constants show significant trends. The percent-
age drift in k; during the first 509, reaction is
shown in the last column of Table III. The values
of %, in Table III are initial rate constants, deter-
mined by least-square extrapolations of the six to
fourteen values of %, to zero time.

It is difficult to assess the accuracy of the solvo-
lytic rate constants determined by the above
method because of several complications. In the
first place the stoichiometry of the solvolysis, which
is required for calculating the rate constants, can-
not be predicted for the dihalides since this depends
on the reactivity of the initial solvolysis products.
The stoichiometry cannot be determined accurately
from the apparent “infinity’’ titer because part of
the hydrogen halide is consumed by reaction with
the solvent. Moreover, the stoichiometry, and
thus the infinity titer, are probably temperature de-
pendent, and could not be determined at the lower
temperatures because the reactions are too slow.
The reaction of hydrogen halide with aqueous etha-
nol has been observed in previous kinetic studies®
and appears to be complicated. At 100°, the titer
of a 0.045 M solution of hydrogen bromide in
“809," ethanol decreased to 93.69, of the original
value in 22 hours; after 3000 hours (the time re-
quired for some of the “infinity” titers) the titer
had increased to ca. 98.59, of the original value.”
Because of this behavior no attempt was made to
correct the observed ‘“‘infinity”’ titers. The ob-

(6) (a) E. D. Hughes and U. G. Shapiro, J. Chem. Soc., 1177 (1937);
(b) M. L. Bird, E. D. Hughes and C. K. Ingold, ibid., 255 (1943); V.R.
Stimson and E. J. Watson, ibid., 2848 (1954).

(7) Similar behavior occurs at 140°; an initial decrease in titer (to a
lower value than at 100°) is followed by an apparent increase.
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TaBLE III
RATES oF SoLvoLYSIS OF HALO- AND DIHALOCYCLOHEXANES IN ‘809" ETHANOL
i 1 {
[?;;gl?:éf Mof&o !+ 002, aH¥F+ as¥ =
Cyclobexane derivative 102, M produced °C. 106 k(% sec. ~! 0.5,b keal. 1,be.u. Drift in ki€
1,1-Dibromo- 2.43 1.052 99.80 75.9 =®£2.5 25.1 —10 + 9.4
2.43 79.99 10.71 £ 0.06 + 9.6
2.26 79.99 2.0 =+ .1 None
1-Bromo-1-chloro- 2.70 1.089 79.99 247 £ .2 25.4 - 8 + 7.2
2.70 50.00 JT8T £ 007 + 9.1
¢is-1,2-Dibromo- 2.66 1.24 99.80 0.79 = .01 32 -1 ~—=10
5.33 79.99 0.067 = .002 None
¢1s-1-Bromo-2-chloro- 2.73 1.00° 99.80 ~0.7 ~—=250
trans-1,2-Dibromo- 2.68 1.96 99.80 1.055 £ .071 27 -15 —+34
2.66 79.99 132 = 007 Noue
99.80 A1 £ 02 None
trans-1-Bromo-2-chloro- 2.84 2.00° 99.80 <1.2¢ —>90
Bromo- 2.98 1.00° 99.80 23.1 == .14 24.3 —15 None
2.98 79.99 3.45 = .03 Notue

@ Where drifts are indicated, rate constants are initial values.
k at the two temperatures used, assuming an average deviation %= <29 in each %, except where noted.
d Solvent contained 0.106 M lithium perchlorate.

change in k; during first 509, reaction.

measured., This value was assumed for calculating the rate constants.
¢ Since the serious downward drift in & may be due in part to a reactive impurity, this value is an extreme upper

weight).
limit.

served values for the highest temperature at which
each compound was investigated were used to cal-
culate the constants at the lower temperatures.
The “infinity” titers for c¢is- and trans-1-bromo-2-
chlorocyclohexane were not determined and the
rate constants were calculated by assuming that
these compounds give one and two molecules of hy-
drogen halide, respectively.

As shown in Table III all of the dihalides for
which the stoichiometry (“infinity’’ titer) was de-
termined give more than one equivalent of hydro-
gen halide. Since it has been shown®-that the sol-
volysis of cyclohexyl chloride in 509 aqueous etha-
nol at 95° gives 579, elimination and 439, substi-
tution it seems likely that the dihalocyclohexanes
also give elimination and substitution products.
Thus the possible initial products from the 1,2-di-
halocyclohexanes are: 1-halocyclohexene, 3-halocy-
clohexene and 2-halocyclohexyl alcohol and ethyl
ether (presumably the frans isomer). The possible
initial products from the 1,1-dihalocyclohexanes are
1-halocyclohexene and 1-halocyclohexyl alcohol
and ethyl ether. All of these initial products ex-
cept 1-halocyclohexene would be expected to solvo-
lyze under the present conditions to give a second
molecule of hydrogen halide. The rate constants
were calculated by assuming that the formation of
the first-equivalent of hydrogen halide, from the
fraction of dihalide which gives two equivalents, is
the rate-determining step. In other words it is
assumed that the initial products which are subse-
quently solvolyzed are more reactive than the di-
halides. This will likely be the case except for the
fraction of the reaction that gives trans-2-halocyclo-
hexyl ethyl ether. For example, if the solvolysis of
the frans-1,2-dibromocyclohexane gives (rans-2-
bromocyclohexyl ethyl ether, this initial product

(8) J. D. Roberts and V. C. Chambers, THIS JourNaAL, 73, 5034
(1951).

b Estimated errors calculated from high and low values of
¢ Percentage
¢ The stoichiometry was not
/ The solvent for this run was 999 methanol (by

will solvolyze somewhat slower? than the dihalide
and the kinetics will thus be complicated.

In spite of the complicated kinetics it seems clear
that the solvolysis constants are sufficiently accu-
rate for their intended purpose. These data show
that solvolysis competes to a small extent with the
second-order dehydrohalogenation of the 1,1-dihal-
ides but is unimportant in the dehydrohalogenations
of the other compounds. The values of k; in Table
I for 80, 50 and 30° have been lowered by 4.2, 2.8
and 2.09%, respectively, for the 1,1-dibromide, and
8.3, 4.9 and 3.39, for the 1,1-bromochloride. These
percentages represent the fraction of compound un-
dergoing first-order solvolysis under the initial
conditions of reaction, 7.e., at a base concentration
of 0.1 N. Presumably solvolysis competes with
the second-order dehydrohalogenation of 1,1-di-
chlorocyclohexane; however, these constants were
not corrected because the rate of solvolysis was not
determined.

Discussion

The orientation and relative rates of second-order
dehydrohalogenation indicate that a concerted
trans dehydrohalogenation!® (E, elimination) is
involved as illustrated below for the 1,1(I)-, cis-
1,2(11)- and trans-1,2(11I)-dihalocyclohexanes. It
has been pointed out previously!*1? that for cyclo-
hexyl halide only one of the two chair conformations
has the required geometry for a concerted trans de-
hydrohalogenation. In the illustrations below the
reactive conformations are shown for each of the

(9) This assumption is based on the observation of S. Winstein, E.
Grunwald and L. L. Ingraham, ibid., T0, 821 (1948), that trans-2-
methoxycyclohexyl p-toluenesulfonate undergoes acetolysis approxi-
mately one-half as fast as {rgns-2-bromocyclohexyl p-toluenesulfonate.

(10) S. J. Cristol, N. L. Hause and J. S. Meek, TrIs JOURNAL, 73,
674 (1951), and references therein.

(11) H. D. Orloff, Chem. Revs., 54, 347 (1954).

(12) C. K. Ingold, *'Structure and Mechanism in Organic Chemis-
try,”” Cornell Univ. Press, Ithaca, N. Y., 1953, p. 466.
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dihalides. Since hydrogen bromide is eliminated
more readily than hydrogen chloridefa® (cf.
bromides with corresponding chlorides, Table I)
it seems likely that the bromochlorides eliminate
hydrogen bromide almost exclusively. Thus in the
illustrations below, X = Br, and X’ = Cl for the
bromochlorides.

H <« B

H ks _
. ——>Q+BH+X
N
XI

&
1
H < B
X' ks
S g = >—X’+ BH + X6
(x
II
H < B ke
— 4+ BH + X©
H /
H X’
H Cx | 6B
X L—> Products + BH + X&
111

The 1,1- and sis-1,2-dihalocyclohexanes give one
equivalent of halide ion which shows that 1-halo-
cyclohexene is the exclusive product. This is con-
sistent with the previous reports that the dehydro-
halogenation of ¢4s-1,2-dibromocyclohexane’+15
and c¢is-1-bromo-2-chlorocyclohexane® give good
vields of 1-bromocyclohexene and 1-chlorocyclo-
hexene, respectively. The formation of as little
as 1% of 3-halocyclohexene could be detected by
the present method since this product would react
rapidly under the conditions of the reaction to give
a second equivalent of halide ion. Thus, in the
cis-1,2-dihalides the equatorial @-halogen atom
activates the axial hydrogen atom sufficiently so
that only one of the two possible {rans-elimination
products is formed. These data also provide addi-
tional evidence® that the cis isomers are configura-
tionally homogeneous—irans isomers give two
equivalents of halide ion—and that substitution
does not compete with dehydrohalogenation; under
the conditions of the reactions the expected sub-
stitution products would react to give a second
equivalent of halide ion.

The second-order dehydrohalogenation of trans-
1,2-dibromocyclohexane (and presumably trans-1,2-
dichloro- and frans-1-bromo-2-chlorocylohexane)
gives two equivalents of halide ion. The elimina-
tion of the first molecule of hydrogen bromide is
the rate-determining step. These data clearly
show that 3-bromocyclohexene, the frans-elimina-
tion product, is the exclusive!® initial product as
would be expected from previous observations that
trans dehydrohalogenation is considerably faster
than cis dehydrohalogenation in similar systems.!?

(13) H. C. Brown and I. Moritani, THIs JOURNAL, T6, 455 (1954).

(14) H. L. Goering, P. I. Abell and B. F. Aycock, ibid., T4, 3588
(1952).

(15) R. Cornubert, et al., Bull. soc. chim. France, 46, 60 (1955).

(16) The formation of as little as 1% of 1-bromocyclohexene could be
detected by the present method.
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In connection with the exclusive {rans dehydro-
halogenation observed in the present case it is in-
teresting to mnote that dehydrobromination of
trans-1,2-dibromocyclohexane in refluxing quino-
line gives ca. 109, of the cis-elimination product,
(!

1-bromocyclohexene.'4®  Similarly irans-1,2-di-
chlorocyclohexane gives approximately equimolar
amounts of 1,3-cyclohexadiene (frans elimination)
and 1l-chlorocyclohexene (cis elimination) when
dehydrohalogenated in refluxing quinoline.!?2

The relative rates of second-order dehydrohalo-
genation at 30 and 100° are shown in Table IV to-
gether with the relative rates of solvolysis at these
same temperatures. Some of the members of the
present series of compounds, e.g., the 1,1- and cis-
1,2-dichlorides and dibromides, exist entirely in
the reactive conformation. With these com-
pounds the relative effects of a- and B-equatorial
halogen atoms on the rate of second-order dehy-
drohalogenation can be determined. ¢is-1,2-Di-
bromocyclohexane reacts 194 times faster at 30°
and 70 times faster at 100° than 1,1-dibromocyclo-
hexane.?* Similarly ¢is-1,2-dichlorocyclohexane re-
acts 61 times faster at 30° and 33 times faster at
100° than the 1,1-isomer. The bromochlorides
are similar to the dichlorides in that the 1,1-iso-
mer is less reactive than the c¢s-1,2-isomer by a fac-
tor of 48 at 30° and 21 at 100°. Although the
bromochlorides, unlike the dichlorides and dibro-
mides, are not conformationally homogeneous it
seems likely that both isomers exist in the reactive
conformation (a-Br; e-Cl) to about the same ex-
tent (somewhat less than 509,). Thus these iso-
mers can be compared without complications
which result if the conformational composition
varies.?? Since the 1,1-isomers dehydrohalogenate
in two equivalent directions whereas the czs-1,2-
isomers eliminate in one direction the above factors
should be multiplied by two to obtain the relative
effects of a- and B-halogen atoms on the rate of de-
hydrohalogenation. These data show that (a) the
rate of dehydrohalogenation is greater with a 8-
than with an a-halogen substituent (equatorial in
each case), (b) the difference between the two posi-
tions is greater with bromine than with chlorine
and (c) the difference is similar for dehydrochlorin-

(17) S. J. Cristol, THIS JoUuRNAL, 69, 338 (1947); S. J. Cristol and
D. D. Fix, ibid., T5, 2647 (1953); E. D. Hughes, C. K. Ingold and R.
Pasternak, J. Chem. Soc., 3832 (1953).

(18) N. Zelinsky and A, Gorski, Ber., 44, 2312 (1911).

(19) H. C. Stevens and O. Grummitt, THis JOURNAL, T4, 4876
(1952).

(20) In this connection it is interesting that Mr. King Howe of this
Laboratory has observed that the elimination of p-toluemesulfonic
acid from frans-2-methyicyclopentyl p-toluenesulfonate in refluxing
pyridine gives a mixture of 1- and 3-methylcyclopentenes containing
ca. 909, of 1-methyleyclopentene, the css-elimination product. Elimi-
nation in refluxing ethanol containing 2.86 N sodium ethoxide gives a
mixture of methylcyclopentenes containing 869, 3-methylcyclopen-
tene (tranms-elimination) and 14%, l-methylcyclopentene (¢is-elimina-
tion). Presumably, in the latter case, the second-order reaction is not
isolated from competing solvolysis.

(21) This difference in reactivity is similar to that observed by S. C.
J. Olivier and A. P. Weber, Rec. trav. chim., §3, 1087 (1934) for 1,1- and
1,2-dibromoethane. The 1,2-isomer undergoes base-catalyzed dehy-
drobromination 200 times faster than the 1,1-isomer in 259% aqueous
acetone at 30°.

(22) It can be shown readily that for a stereospecific reaction in
which only one of two (or more) rapidly interconvertible conformations

has the required geometry for reaction the rate will be proportional to
the fraction of substrate in the reactive conformation.
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ation and dehydrobromination (¢f. the isomeric
dichlorides and bromochlorides).

The data in Table I show that the difference in
reactivity of the 1,1- and c¢is-1,2-isomers is due to a
lower heat of activation for the cis-1,2-isomers;
AAHF is 3.2 kcal. for the dibromides, 2.6 kcal. for
the bromochlorides and 1.8 keal. for the dichlorides.
As Ingold has pointed out? the greater reactivity
with a 8- than with an a-halogen substituent can
be attributed to the inductive effect of the halogen
atom. In the §-position this effect weakens the
carbon-hydrogen bond and thus facilitates the
concerted elimination.

TABLE 1V
RELATIVE RATES OF BASE-CATALYZED DEHYDROHALOGENA-
TION AND SOLVOLYSIS OF HALO- AND DIHALOCYCLOHMEXANES

IN “80%’ ETHANOL
Base-catalyzed

Cyclohexane dehydrohalogenation Solvolysis
derivative 100° 30° 100° 30°

1,1-Dibromo- 1.7 1.6 3.3 2.6
1-Bromo-1-chloro- 1.9 2.0 7.7 5.7
1,1-Dichloro- 0.055 0.023
¢is-1,2-Dibromo- 120 310 0.034 0.002
¢is-1-Bromo-2-

chloro- 39 95 0.03
¢is-1,2-Dichloro- 1.8 1.4
trans-1,2-Dibromo- 0.86 0.63 0.046
trans-1-Bromo-2-

chloro- 0.20 0.14
trans-1,2-Dichloro- 0.0074 0.0020
Bromo- 1 1 1 1
Chloro- 0.023 0.012

cis-1,2-Dibromocyclohexane undergoes dehydro-
bromination faster than cis-1-bromo-2-chlorocyclo-
hexane by a factor of ca. 3 and this factor remains
substantially constant with a 70° change in tem-
perature. As mentioned above, somewhat less
than 509, of the bromochloride is in the reactive
conformation; steric factors should slightly favor
the unreactive conformation with bromine in equa-
torial position. Thus if the reactive conformation
of the bromochloride is as reactive ‘as the dibro-
mide we would ekpect the dibromide to be a little
over twice as reactive as the bromochloride.??
That this is indeed the case shows that bromine
and chlorine atoms in the B-equatorial position
have very similar effects on the rate of dehydro-
bromination. This might be expected, since there
is other evidence that the inductive effects of bro-
mine and chlorine are very similar, e.g., the similar
dissociation constants for bromo and chloroacetic
acid?* and the similar carbon-halogen bond mo-
ments for bromine and chlorine.?b

The effect of replacing «- or g-equatorial hydro-
gen atoms by halogen on the rate of dehydrohalo-
genation cannot be determined quantitatively from
the present data. Comparison of the mono- and
dihalocyclohexanes does not provide this informa-
tion since the conformational composition of the
monohalides is unknown and differs from that of
the dihalides.?? It is clear, however, that replac-
ing a B-equatorial hydrogen atom by halogen re-
sults in a considerable increase in rate. The fact

(23) Ref. 12, p. 446,
(24) D. J. G. Ives and J. H. Pryor, J. Chem. Soc., 2104 (1955).
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that the cis-1,2-dihalides give >999, 1-halocyclo-
hexene shows that process ¢ is >100 times as fast as

process b.
X H
A b\

H® H

Evidently the replacement of an a-equatorial
hydrogen atom by halogen results in a decrease in
the rate of dehydrohalogenation. Cyclohexyl bro-
mide (or chloride) reacts one-half as fast as the 1,1-
dibromide (or dichloride). Since the monohalide
exists primarily in the unreactive equatorial con-
formation!! it is clear that the reactive axial con-
formation of the monohalide is more reactive than
the 1,1-dihalide. Comparison of the 1,1-dibromide
with the 1,1-bromochloride shows that an a-equa-
torial bromine atom decreases the rate more than
an a-chlorine atom. Although the bromochloride
is less than 509, in the reactive conformation it
reacts slightly faster than the dibromide which in-
dicates that, ceteris paribus, dehydrobromination is
two to three times as fast with an a-chlorine sub-
stituent as with an a-bromine substituent. Evi-
dently the inductive effect of a halogen atom in the
a-position retards elimination and the smaller ef-
fect with chlorine than with bromine can be attrib-
uted to the somewhat larger compensating elec-
tromeric effect of the chlorine atom.?

Comparison of the data in Table I for the com-
pounds which undergo dehydrobromination with
the corresponding compounds which undergo dehy-
drochlorination shows that the activation enthalpy
for E, dehydrobromination is 2.8 to 3.6 kcal. less
than for the dehydrochlorination. This agrees well
with the previous observation? that the energy of
activation is 2.2 kcal. less for dehydrobromination
of isopropyl bromide than for dehydrochlorination
of isopropyl chloride in 809, ethanol. In every
case the activation parameters for the bromochlo-
rides are within the combined experimental errors
of those for the corresponding dibromides.

Experimental

Materials.—The dihalocyclohexanes?” were prepared and
purified by previously described methods. Physical prop~
erties of some of the organic halides used in this work are
listed in Table V, with references to their methods of prepa-
ration and/or purification. Halides not mentioned in
Table V have been described in a previous paper.3¢

Solvents were prepared from absolute methanol or abso-
lute ethanol?® and conductivity water. ‘‘Eighty per cent.”
ethanol was prepared by mixing 4 volumes of dry ethanol and
1 volume of water at 25°. The solvent used in dehydro-
halogenations was an approximately 0.1 M solution of re-
agent grade sodium hydroxide in ‘809’ ethanol, stand-
ardized against potassium acid sulfate.

Kinetic Experiments.—All concentrations are reported
at 25°. For runs at temperatures over 30°, the sealed am-
poule technique was used and the reactions were quenched
by immersing the ampoules in an ice-bath. Solutions
were made up volumetrically and aliquots were measured
at 25° with calibrated pipets. For dehydrohalogenation

(25) Ref. 12, p. 75.

(26) K. A. Cooper, E. D. Hughes, C. K. Ingold, G. A. Maw and
B. J. MacNulty, J. Chem. Soc., 2049 (1948).

(27) We are indebted to Dr. L. L. Sims of these laboratories for pro-
viding samples of ¢is-1,2-dibromocyclohexane, ¢is- and {rans-1-bromo-
2-chlorocyclohexane and 1-bromocyclohexene.

(28) L. F. Fieser, “Experiments in Organic Chemistry,” D. C.
Heath and Co., Boston, 1941, 2nd ed., pp. 359-360.
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TABLE V

Puvsicar. PROPERTIES OF ITALO- AND DIHIALOCYCLOHEXANES
Cyclohexane derivative B.p., °C. n¥%p Ref.
1,1-Dibromo- T6-77 (8.5 mn1.) 1.5406 «
1-Bromo-1-chloro- 77.5 (17 mum.) 1.5093 «a
1,1-Dichloro- 161-170 (739 mmn.) 1.4788 b
¢i5-1,2-Dibronio- 107-108 (10.5 mm.) 1.5516 a
trans-1-Bromo-2- 76 (9 mm.) 1.5173 a

chloro- 82.4 (13.5 mmn.) 1.5168 «a
Bromo- 83.0-83.5 (57 mun.) 1.4936 ¢
Chloro- 139 (735 mm.) 1.4604 ¢
1-Bromocyclohexene 62-63 (20 mm.) 1.5105 d

2 Ref., 3a. ¥ B. Carroll, D. G. Kubler, 1. W. Davis and
A. M. Whaley, THis JourNaL, 73, 53%2 (1951). ¢ East-

man Kodak Co. ““White Label”’ product, purified by frac-
tionation. ¢ Ref. 18.

runs at 20 or 30°, dihalide wuas dissolved in an approxi-
mately known amount of previously thermostated solvent.
Aliquots were meusured at the temperature of reaction and
delivered into dilute ucid to quench the reaction. The ex-
act initial concentrations of organie dihalide were deter-
mined from the ““infinity’’ titers and the knowu stoichiome-
try of reaction. The stoichiometry was determined from
a run using a volumetrically prepared solution of dilalide.

Dehydrohalogenation reactions were followed by addiug
5-ml. aliquots of reaction mixture to 18 ml. of 1.5 34 nitric
acid in a 60-ml. separatory funnel, and extracting unreacted
organic halide with two 8-ml. portions of carbon tetrachlo-
ride. The halide ion concentration was determined by the
Volhard method, using 0.06 3/ silver nitrate and 0.07 M
potassium thiocyanate. The titer changed about 1.5-3.0
ml., during the course of reaction; individual titrations were
reproducible to ==0.005 ml.

Rates of solvolysis were followed by titration of 5-ml.
aliquots of reaction mixture with 0.03 3/ sodium methoxide
to the brom thymol blue end-point. Titrations were re-
producible to £0.01 ml.

Cyclohexene was determined as follows: a 5-ml. aliquot
of dehydrohalogenation mixture was acidified with 2 drops
of concentrated hydrochloric acid and titrated to the ap-
pearance of a pale yellow color with a 0.033 M solution of
bromine in carbon tetrachloride. The bromine solution
was standardized against sodium thiosulfate. The blank
for the titration, determined using acidified ““80%,”’ ethanol,
was 0.1 ml. There was no disappearance of the color in
0.5 hour, indicating a negligible reaction of bromine with
ethanol. This method, tested with a 0.0197 M solution of
pure cvclohexene, b.p. 81.7-82.0° (73.5 mm.), in ‘809"’
ethanol, gave reproducible results which were 8% Ilow.
All titration values, after blank corrections, were therefore
multiplied by 1.09. The estimated accuracy of this method
is £59.
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Specific second-order dehalogenation rate constants, kg,
were calculated from equation 1, in which « is the initial
concentration of organic halide, b is the initial base concen-
tration, x is the concentration of halide ion (7.c., the concen-
tration of reacted base and organic halide) and # is the num-
ber of equivalents of HX produced per mole of organic

halide.
_ 1 alb — «
& Ttl(b/n) - 11 bla —(x/n)]] h

Values of ky at temperatures of 50° or over were corrected
for solvent expansion by multiplying by ds;/d,, in which d,
= density of ““80%" ethanol at t°. This ratio wus deter-
mined by sealing 4.486 ml. of 809"’ ethanol (at 23°) into
a calibrated tube (an ‘““Exax’’ 5-ml. microburet with the
stopecock removed) and reading the liquid lxcight at various
temperatures.?® The corrected values uf dan/dy ares 1.000
(25°), 1.026 (50°), 1.064 (80°) and 1. (l{)) 7)o All de-
hvdrohalogenation rate constants (ks) arc average values
except for those of the frans-1,2-dichloride.  These are ini-
tial values, determined by extrapolating plots of ky ©s. per-
centage reaction to zero per cent. reaction by the method of
least squares.

First-order solvolysis rate constants (k) were caleulited
from equation 2 in which the symbols have the same mean-
ing as in cquation 1.

1 &
k1 = E In [{_Z_TA(—-*JC/H):I {

Constants for cyclohiexy!l bromide und the cis-1,2-dibromide
are average values. The constauts for the ¢is- and trans-
1-bromo-2-chlorides result from rough graphical extrapolation
of kyes. ttot = 0; titration values for the former compound
were quite erratic.

Second-order dechydrohulogenation rate constants were
corrected where necessary, for the presence of sitnultancous
first-order solvolysis by cquation 3, in which ks is the cor-
rected secoud-order rate constant, ‘b’ is tlie average

“L’QH[NB.OH][) et k1
[NaOH]o

[

k2=

(3)

apparent sccond-order rate constant (corrected for solvent
expansion) from cquation 1 and k; is the independently
measured solvolysis rate constant,

Activation parameters were calculated from the Eyring
equation.®

MAaDIsoN, WISCONSIN

(29) The observed changes in volume were corrected for expansion
of the glass by the method described by I. M. Kolthoff and E. B.
Sandell, “Textbook of Quantitative Organic Analysis,”’ 3rd ed., The
Macmillan Co.,, New York, N. Y., p. 505.

(30) A. A. Frost and R. G. Pearson, “Kinetics and Mechanism,"’
John Wiley and Sons, Inc., New York, N. Y., 1933, pp. 96-97.



