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. The ¢is and trans isomers of 2-bromo-4-{-butylcyclohexanone have been prepared and furnish simple flexible molecules
in which the bromine substituents are known to have the equatorial and axial conformations, respectively. The spectral

properties of each compound are as predicted from rigid steroid systems.

For the reaction c¢is-2-bromo-4--butyleyclo-

hexanone = frans-2-bromo-4-f-butyleyclohexanone, the equilibrium constant was found to be 1.7 in dioxane solution and

3.5 in carbon tetrachloride solution by infrared analysis.

These values are in agreement with the equilibrium coustaiits

between the conformational isomers of 2-bromocyclohexanone deduced earlier,

Introduction

Jones and his co-workers showed?® that the
presence of an equatorial halogen next to a keto
group in various steroids always caused a displace-
ment of the carbonyl stretching band in the in-
frared to higher frequency relative to the parent
ketone, whereas the presence of an axial halogen
produced no such shift. Corey made a study of
simple flexible halocyclohexanones,* and con-
cluded that with these compounds the conforma-
tion of the halogen also could be established from
the infrared spectrum. Cookson® showed that the
halogen’s conformation could similarly be de-
termined from the ultraviolet spectrum since the
characteristic R band was shifted to longer wave
length by an adjacent axial, but notby an equatorial,
halogen.

From both his study of the infrared spectrum of
2-bromocyclohexanone and from theoretical cal-
culations, Corey** concluded that the bromine was
principally in the axial position in this compound,
but, on the other hand, Kumler and Huitric® in-
terpreted their dipole moment measurements as
indicating that either the bromine was mainly
equatorial, or else that the six-membered ring was
not a regular chair. A re-interpretation of these
data, together with additional studies, led to the
conclusion? that all of the known facts were entirely
consistent with the existence of an equilibrium
between the equatorial and axial conformational
isomers of 2-bromocyclohexanone which had an
equilibrium constant varying from about 3 in non-
polar solvents to near 1 in dimethyl sulfoxide.

Discussion

The purpose of the present work was twofold.
First, it seemed desirable to separate for spectral
study two isomers of a simple flexible system in
which the halogens were constrained respectively to
the axial and equatorial conformation by the pres-
ence of only a distant non-polar substituent.
Second, the equilibration of these isomers would
furnish a test as to the correctness of the earlier
conclusions drawn for 2-bromocyclohexanone? be-
cause here the compounds would be geometric
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rather than conformational isomers and the point
of equilibrium between the axial and equatorial
halogen could be established without ambiguity.

The compounds chosen for this work were the
cis- and trans-2-bromo-4-t-butylcyclohexanones (I).
Winstein and Holness” and Eliel and co-workers®
previously have used the {-butyl group as a distant
vet compelling agent for determining conformation.
Since the bulky ¢-butyl group may be considered
to occupy exclusively the equatorial position, to
the extent that the compounds are in the chair
conformation,? cis-2-bromo-4-¢-butyleyclohexanone
would have structure Ie (bromine equatorial)
while the #rans isomer would have structure Ia
(bromine axial).
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In so far as was determined previously”™® the
presence of the ¢-butyl group in the 4-position has
no effect on the reactivity of the carbonyl group or
its derivatives.!® It was therefore expected that
Ie would be an example of a simple flexible mole-
cule in which the halogen was unambiguously and
exclusively equatorial,? and the infrared and ultra-
violet spectra could be determined for such a system.
Isomer Ia would likewise have the characteristics
of an axial halogen in these respects. Since such
halides can be equilibrated by allowing them to
stand in a solvent with hydrobromic acid, the point
of equilibrium in solvents of different polarity was
to be determined by infrared analysis using the
fingerprint region and comparison with the known
pure isomers.

Results

Bromination of 4-f-butylcyclohexanone (II) af-
forded a mixture of cis- and frans-2-bromo-4-f-
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(8) E. L. Eliel and R. 8. Ro, Chemistry & Industry, 251 (1956);
E. L. Eliel and C. A. Lukach, Turs Journar, 79, 5986 (1957); E. L.
Eliel and R. S. Ro, ibid., 79, 5992, 5995 (1957).
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Chem. Soc., 5041 (1957); R. E. Lyle, J. Org. Chem., 22, 1280 (1957)) or
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position, perhaps because of an induced deformatinon (D. H. R. Bar-
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some change in reactivity and physical properties.
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butyleyclohexanone (I) from which the ¢is isomer
Ie was obtained by crystallization, m.p. 67°.
Chromatography on silica gel of I, from which the
bulk of Ie had been removed by crystallization,
employed pentane-chloroform as developing solu-
tions and separated the frams isomer Ia cleanly
from the ¢is compound. The so-obtained Ia,
melting point less than 0°, was shown to contain
less than 59, of Ie by comparison of the infrared
fingerprint region of the two compounds. The cis
and frans structures were assigned on the basis of
the spectral properties discussed below.

Infrared Studies.—The carbonyl infrared ab-
sorption maxima of pure Ia and Ie were at 4 and
15 cm.=! higher frequency, respectively, than the
parent 4-t-butylcyclohexanone (II) in carbon tetra-
chloride solution. These values are similar in mag-
nitude to those established for pure axial (—3 to
+5 cm. 1) and equatorial (+13 to +19 cm.=?!) iso-
mers of steroid systems?® and to those found for the
axial (0 cm.™!) and equatorial (+12 cm.=') ab-
sorptions of 2-bromocyclohexanone.?

In the work with 2-bromocyclohexanone? it was
necessary to make the assumption that the ex-
tinction coefficients of the infrared carbonyl bands
of the axial conformer and of the parent ke-
tone were in the same ratio (unity) as the inte-
grated absorption intensities. With compounds
Ia and IT (4-t-butyleyclohexanone) this assumption
was demonstrably untrue. In carbon tetrachloride
the ratio of the extinction coefficients of Ia to II
was 0.77, while for the integrated intensities the
ratio was 0.91. The difference between these
numbers as well as the difference of the former
from unity was well beyond experimental error and
was qualitatively clear on inspection of the original
spectra. The carbonyl bands of both Ia and Ie
had markedly lower extinction coefficients, but
greater band widths than II. A synthetic mixture
of Ia and Ie afforded only a non-resolved albeit
noticeably unsymmetrical absorption curve. Since
the separation of the carbonyl maxima in wave
numbers of Ia and Ie was the same as that for the
conformational isomers of 2-bromocyclohexanone,
the resolution in the latter but not the former case
can be due only to the greater band widths of Ia
and Ie. The correctness of the assumption made
in the earlier work remains unquestioned.

The ratio of the extinction coefficients of the car-
bonyl bands in the infrared of Ie and IT was 0.56,
and the ratio of the integrated intensities of Ie and
IT was 0.65 (carbon tetrachloride solution). With
polycyclic systems, integrated intensity ratios for
axial and equatorial conformations are approxi-
mately 1 and 0.75.3

Ultraviolet Studies.—The ultraviolet absorption
curves of pure Ia, Ie, IT and synthetic mixtures of
Ia and Ie in the solvents carbon tetrachloride and
959 ethanol were obtained. The ultraviolet prop-
erties of each compound were virtually independent
of the medium employed for the measurements and
were entirely analogous to those reported for the
appropriate axial and equatorial a-haloketo
steroids.® The comparison of the ultraviolet spec-
tral data of 2-bromocyclohexanone (mixture of
conformational isomers) and c¢is- and frans-2-
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TABLE I
COMPARISON OF THE ULTRAVIOLET SPECTRAL PROPERTIES
oF Ia, Ie AND 2-BROMOCYCLOHEXANONE
Carbon tetrachloride 95%, etltanol

Relative to Relative to
parent ketone parent ketone
Compound Almax® Alog e Armaz® Alog e
Ia +20 0.75 +25 0.78
Ie - 4 .07 + 1 .07
Ia + Ie? +18 .51 +23 .51
2-Bromocyclo-
hexanone 422 .70° +25 .55°

& Absorption bands of the ketone are broad which pre-
cludes accurate determination of the wave lengths of the
absorption maxima. ? Approximately equimolar concen-
trations of Ia and Ie. ¢ The values for these quantities re-
corded in reference 2 have been found to be incorrect.

bromo-4-i-butyleyclohexanone (pure conformations)
in Table I stresses the similarities and the differ-
ences between the compounds which follow logically
from the previously given interpretation of the
data for 2-bromocyclohexanone. As a result of
the greatly enhanced extinction coefficient of Ia
relative to Ie, a mixture of isomers in which the
equatorial compound predominated slightly would
be expected to absorb at a wave length which was
not significantly different from that of the pure
axial isomer. The Amax values of the synthetic
mixtures of pure Ia and Ie clearly substantiate this
conclusion. Further, the absorption curves of
these synthetic mixtures did not give two peaks but
a single peak, similar in appearance to that of the
pure axial compound but reduced in intensity and
very slightly skewed. Thus the Apax values of 2-
bromocyclohexanone can provide no aid in a critical
conformational analysis of this compound. On
the other hand, although the extinction coefficients
of pure Ia and Te remained virtually identical
when the solvent was changed from carbon tetra-
chloride to 959, ethanol, those of 2-bromncyclo-
hexanone were noticeably influenced by the sol-
vent employed for the measurement. The lower
extinction coefficient of this compound in 93%,
ethanol relative to carbon tetrachloride is entirely
consistent with the interpretation that the equilib-
rium is shifted toward the equatorial isomer in the
more polar solvent. Further, if it is assumed that
as an approximation the ratio of the extinction co-
efficients of the axial and equatorial conforma-
tional isomers of 2-bromocyclohexanone to cyclo-
hexanone are the same as the ratio of Ia and Ie to
II, the percentage of axial 2-bromocyclohexanone
present in each solvent of the ultraviolet study may
be estimated. The values so obtained wers 859,
axial in carbon tetrachloride and 539, axial in 959,
ethanol, in reasonable agreement with the per-
centages found previously by other methods.*
Equilibration Studies.—The equilibration of pure
Ie to a mixture of Ie and Ia was carried out at room
temperature in two solvents of different polar
character, carbon tetrachloride and dioxane, em-
ploying anhydrous hydrobromic acid as the equili-
brating agent. That the equilibrium mixture was
attained in each solvent was shown by the fact
that the composition was unchanged with longer
reaction times. For the dioxane solution, the
same equilibrium mixture was approached from
both sides. The analyses of these mixtures were
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done in carbon tetrachloride solution employing
the fingerprint region of the infrared spectra of
pure Ie, Ia and the equilibrated mixtures, the four
most suitable wave lengths being chosen.

For the equilibrium Ie &2 Ia in carbon tetra-
chloride the experimentally determined equilibrium
constant was 3.5. This value corresponds to a
free energy change of —0.75 kcal./mole (27°).
The equilibrium constant established for the diox-
ane solution was 1.7 and the calculated change in
free energy was —0.32 kcal./mole (29°). The
percentages of axial conformational isomer in the
equilibrium Ie & Iain carbon tetrachloride and diox-
ane solution are given in Table II and are com-
pared to those values estimated in the earlier study
for 2-bromocyclohexanone. The data for the two
systems are certainly in reasonable agreement.

TaBLE II

PERCENTAGE oF AXIAL CONFORMER AT EQUILIBRIUM

2-Bromo-4-¢-
butyleyclo-
Solvent 2-Bromocyclohexanone hexanone
Carbon tetrachloride 749,° 789,
Dioxane 57%,* 519,° 6397,

Method of analysis: ¢ Ratio of the extinction coefficients
of the infrared carbonyl absorption maxima of 2-bromo-
cyclohexanone and cyclohexanone.? % This study, see Ex-
perimental for details. ¢ Dipole moment studies.®

Molecular Weight Determinations.—A mixture
of ¢is- and trans-2-bromo-4-t-butyleyclohexanone
(infrared analysis estimated 539 Ie, 479, Ia) had
an experimentally determined effective molecular
weight 1.2 times greater than the actual molecular
weight in cyclohexane solution at a total molal con-
centration close to that employed for the infrared
studies. 4-f-Butylcyclohexanone (II) was also
slightly complexed in cyclohexane at a similar
molal concentration, the ratio of the effective to the
actual molecular weight being 1.1. The amount
of complexing determined for these compounds in
cyclohexane solution was extremely small com-
pared to the corresponding values of 2.7 and 4.8
found? for 2-bromocyclohexanone and cyclohexa-
none, respectively. This difference, and also that
found in the infrared spectra, shows that the ¢-
butyl group does make some change in the prop-
erties of the carbonvl group.

Summary.—The infrared and ultraviolet spectral
characteristics established for c¢is- and trams-2-
bromo-4-f-butyleyclohexanone are in agreement
with the data obtained from the model polycyclic
compounds and for the conformational isomers of
2-bromocyclohexanone. The compositions of the
equilibrium mixtures of Ia and Ie in carbon tetra-
chloride and dioxane solutions provide unequivocal
evidence that a significant amount of equatorial
bromine is present in simple monocyclic «-halo-
cyclohexanones and that the equilibrium constant
for equatorial 2 axial is influenced by the particu-
lar solvent in which the measurement is made.
All the data for cis- and frans-2-bromo-4-t-butyl-
cyclohexanone are entirely consistent with and
offer support for the previously proposed inter-
pretation® of the 2-bromocyclohexanone system,
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Experimental

2-Bromo-4-t-butylcyclohexanone (I).—The bromination of
4-t-butyleyclohexanone!! (ITI) was carried out in aqueous sol-
ution on a 0.1-mole scale as previously described? for the
bromination of cyclohexanone, The crude product was ex-
tracted in series with ether and the ether extracts were
washed in series twice with water, twice with dilute sodium
bicarbonate solution, once with water, and then dried with
magnesium sulfate. The ether was evaporated and the pale
yellow residue was repeatedly and rapidly Claisen distilled at
the lowest possible pressure (about 0.5 mm.) until decom-
position was no longer evident (constant pressure was main-
tained). Three distillations were required and a lower boil-
ing fraction containing starting material was removed each
time. There was obtained 6.5 g. of a colorless liquid, b.p.
75°(0.5 mm.), n2D 1.4959. This material plus 1.5 g. of I ob-
tained from another preparation was redistilled through a
two-foot column of the Podbielniak type. A small forerun
was obtained and then nine fractions were collected having
the boiling range 78.5-85° (0.5 mm.); a residue of 0.4 g.
remained. Fraction 1, 0.8 g. had #2'p 1.4932 and fraction 9
0.6 g. had #%¥D 1.4946. The infrared carbonyl absorption
region for fraction 1 showed a maximum at 1736 cm.™! and
an inflection at 1742 ecm. 1. Fraction 9 had its maximum at
1742 cm. ! with an inflection at 1736 cm. ™. The infrared
spectra were obtained in carbon tetrachloride solution at
similar concentrations of material and the two spectra were
run consecutively on the same sheet of paper. Clearly, the
low boiling fractions were rich in Ia while the high boiling
fractions were rich in Ie. This order is as predicted by the di-
pole rule.l? The final yield of I was 5.8 g. (25%) and the
compound was a colorless liquid which could be stored at 0°
protected from light with no evidence of decomposition.
Exposure to light and higher temperatures resulted in facile
decomposition.

Three other preparations on the same scale were per-
formed and the yields and refractive indices of I were ap-
proximately the same. Two preparations were carried out
employing ether as solvent for the reaction.!®* The yields
were 25-30% and the physical properties of I were similar to
those described above.

¢is-2-Bromo-4-t-butylcyclohexanone (Ie).—Fractionally
distilled compound I, 1.8 g. #p 1.4978, was dissolved in 5
ml. of pentane with gentle warming, and the solution was
cooled to 0°. There was obtained 1.2 g. of white needles,
m.p. 54-64°. Two recrystallizations from pentane at 25°
afforded 0.5 g. of white needles, m.p. 67-68.2°. A second
crop, 0.2 g., having m.p. 67.2-68.2° was obtained from the
filtrates.

Amnal. Caled. for CioHisBrO: C, 51.47; H, 7.35. Found:
C, 51.66, 51.25; H, 7.31, 7.23.

Crystallization from pentane of I purified only by simple
distillation afforded a solid having m.p. 64-68° with a cloudy
melt., Repeated crystallizations from a variety of solvents
did not improve the melting range; the contaminant most
probably was a dibromo-4-f-butylcyclohexanone.

trans-2-Bromo-4-¢-butylcyclohexanone (Ia).—A sample of
I from fractional distillation, 3.0 g., #?¥D 1.4955, was dis-
solved in pure pentane and the solution was placed on a
chromatographic column of 90 g. of silica gel (Davison
Chemical Corp., mesh size 100-200) which had been made up
in and washed with 500 ml. of pure pentane. A heat effect at
the top of the column was noted. The chromatogram was
developed first with 11. of pure pentane, second with 500 ml.
of 59, chloroform in pentane, and then with 209, chloro-
form in pentane. A trace of material was present in the
third 500-ml. fraction and 200-ml. fractions were collected
hence; the solvent was removed iz vacuo at 30°. Fraction 4
contained 0.18 g. of a yellow oil; fractions 5, 6, 7 had 0.34,
0.27 and 0.24 g., respectively, of colorless oil; fractions 8
and 9 each contained less than 0.10 g. of material. The re-
maining material was eluted from the column with pure
chloroform, and there was obtained 1.4 g. of an oil which
promptly solidified. Crystallization of this material from
pentane afforded pure Ie.

The fractions 5-7, 0.85 g., were combined with 0.44 g. of
material obtained in a similar manner and the sample was
rechromatographed on 50 g. of silica gel employing the above-

(11) Kindly given to us by the Dow Chemical Co.
(12) N. L. Allinger, Turs JoUurNarL, T9, 3443 (1957).
{18) E. J. Corey, ibid., T6, 175 (1954).
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described pattern of preparation and development of the
chromatographic column. There was obtained from the
209, chloroform-pentane elution, six consecutive 200-ml.
fractions containing no material. Fraction 7 had ca. 0.06 g.
of yellow oil, fractions 8~12 each contained ca. 0.1 g. of color-
less oil, and fractions 13-15 contained material in decreasing
amotunts.

Fractions 8-12 were combined and dissolved in a small
amount of dry benzene, and this solvent was removed in
vacuo at 35° at a final pressure of 1 mm. There was obtained
0.35 g. of a colorless oil. Approximately one-half of this ma-
terial was Claisen distilled as rapidly as possible at 0.5 mm.,
bath temperature 110°, and gave a colorless liquid, #*Dp
1.494%. The sample readily solidified at temperatures be-
low 0°.

Amnal. Caled. for C1oH1sBrO: C, 51.47: H, 7.35. Found:
C, 51.45; H, 7.31.

The infrared spectra of the undistilled and distilled samples
were superimposable which showed that rapid distillation
led to no epimerization. Further quantitative comparison
of the infrared absorption bands in the 812 u region (carbon
tetrachloride solution) of the distilled sample with pure Ie
showed the Ia isomer contained less than 59, of Ie.

Infrared Studies.—The infrared spectra were obtained
employing a Baird double beam infrared spectrophotometer,
AB model. For the quantitative comparison of two com-
pounds the two solutions of nearly identical concentration in
carbon tetrachloride were recorded consecutively on the same
sheet of paper. The data are presented in Table III.

TasLE III

THE CARBONYL ABSORPTIONS OF Ia, Ie axD II 1N CarBON
TETRACHLORIDE SOLUTION

Compound Molarity Amax,% cm, 71 eb
Ia 0.154 1724 336
I .149 1720 438
Ie .128 1748 240
11 .130 1733 428
Ia .498 1724 e
Ie .482 17374
I .576 17397 .
Te .503 1748

@ Although these absolute values could not be exactly re-
produced from day to day, the difference between the wave
lengths of the absorption maxima of any two compounds
whose spectra were recorded consecutively was constant
to within 2 cm. ™! throughout the investigation. ? 0.1-mm.
cell length but only useful as relative units. ¢ Optical den-
sity may not be read accurately with these concentrations,
transmittance being ca. 109,. 4 Another comparison of these
compounds at similar concentrations afforded Ia 1727 cm. ™!
and Ie 1738 cm.™1, ¢ Synthetic mixture, 60% Ia, 40% Ie.
/ Slight inflection at 1748 cm. ™1,

The wave length of the infrared carbonyl absorption
maximum of I was influenced by the isomer composition of
the mixture. For example, the carbonyl absorption of an
arbitrary sample of I had its predominant absorption max-
imum at 1731 em. 1, and the curve had a slight hump on the
high frequency side at 1736 cm.~!. A new mixture was pre-
pared by addition of a nearly equivalent amount of pure Ie to
the original I. The carbonyl absorption curve of this second
sample, richer in Ie than the first, had its main absorption
maximum at 1739 cm. ~!and the dissymmetry appeared on the
low frequency side at 1731 cm. ™1, The two spectra were ob-
tained comsecutively in carbon tetrachloride solution at
nearly identical molar concentrations.

Using the above-described carbonyl absorption curves of
Ia and II, the data were replotted in units of e as a function
of wave length on larger paper. These curves were cut out,
the same base line being assigned to Ia and II, and weighed.
The ratio of the integrated carbonyl intensities of Ia to II
was 0.91. In a similar manner the ratio of the integrated
intensities of Ie and II was found to be 0.65. These ratios
were not particularly dependent on the exact base line as-
signed as long as the same line was taken for both curves.

Ultraviolet Studies.—The spectra were obtained employ-
ing a Beckman spectrophotometer with Spectracord attach-
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TaBLE IV
ULTRAVIOLET ABSORPTION DATA OF Ia, Ie AND I1
Compound Amax, Mg €
Solvent, carbon tetrachloride
Ia 315 130
Ie 291 27
Iae® 313 i}
11 205 23
Solvent, 95%, ethanol
Ia 310 128
Ie 286 £
Tae? 308 60
11 285 21

@ Synthetic mixture, 1.22 X 1073 M Ia and 1.19 X 1073

M TIe. ® Synthetic mixture, 1.26 X 1073 M Ia and 1.38 X
1073 M Ie.
ment., Beer’s law was obeyed for the synthetic mixtures.

The data are given in Table IV,

Employing the measured extinction coefficients of 2-
bromocyclohexanone, cyclohexanone and the estimated (see
below) extinction coefficients of the pure axial and equa-
torial conformers of 2-bromocyclohexanone in each solvent,
the amounts of axial 2-bromocyclohexanone in carbon tetra-
chloride and 959, ethanol were estimated to be 85 and 53 %,
respectively. The data are given in Table V.

TABLE V
ULTRAVIOLET ANALYSIS OF 2-BROMOCYCLOHEXANONE
Carbon
tetra- 95%,
chloride ethanol
Compound €max $mnx
Axial 2-bromocyclohexanone 119¢ 120°
2-Bromocyclohexanone 106° 75°
Equatorial 2-bromocyclohexanone 26° 23°
Cyclohexanone 21° 20°

@ Calculated with the assumption that it is equal to enr-
era/er1 (where III refers to cyclohexanone) in the same sol-
vent. ¢ Experimental value., ¢ Calculated with the assump-
tion it is equal to erjere/e11 (where III refers to cyclohexan-
one) in the same solvent.

Molecular Weight Determinations.—The molecular
weights of 4-f-butyleyclohexanone (II) and 2-bromo-4-¢-
butyleyclohexanone (I) in cyclohexane were determined in
the manner described,? employing concentrations closely
identical to those of the infrared studies. The ketone II,
actual molecular weight of 153.2, had an experimentally
determined molecular weight of 164.1 at 0.154 molal con-
centration. The molecular weight of I in a 0.163 molal solu-
tion was 277.0, the actual molecular weight being 233.2 g./
mole. Infrared analysis (see later for method) of this sample
of I in carbon tetrachloride solution estimated the composi-
tion of the mixture as 479, Ia and 539, Ie. As a standard #n-
heptane was employed and the experimental molecular
weight (100.9) was virtually identical with the actuzl value
(100.2) at 0.156 molal concentration.

Equilibration Studies. Carbon Tetrachloride Solution.—
Pure c¢is-2-bromo-4-t-butylcyclohexanone (Ie), 0.2 g., was
dissolved in 5 ml. of 0.1 M anhydrous hydrobromic acid in
carbon tetrachloride and the homogeneous solution was al-
lowed to stand at room temperature (27°) for 1.5 hours. The
reaction mixture was poured to a separatory funnel contain-
ing 20 ml. of ice-water and was extracted with 60 ml. of
pure pentane. The organic phase was washed once with
water, twice with cold dilute sodium bicarbonate sclution,
once with water, dried with sodium sulfate and the solvent
was removed ¢n vacuo at 30°, The slightly cloudy cnlorless
residue was rapidly Claisen distilled (0.5 mm.), some res-
idue remained, and the distillate was immediately sub-
mitted to infrared analysis. In a second equilibration ex-
periment the reaction time was extended to 4.5 hours.

The analyses for the percentage compositions of the mix-
tures were carried out by comparison of the infrared spectra
of approximately 0.5 M carbon tetrachloride solutions of
pure Ia, pure Ie and the equilibrated samples. The spectra
of pure Ie and the mixture were obtained consecutively on the
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TABLE VI
INFRARED ANALYSES OF THE EQUILIBRIUM MIXTURES lae
Wave ~—-—-—-Carbon tetrachloride solution Dioxane solution S —
length, —_ Optical densiti . Optical densitie:
“ Ia Ie® Iae%: b Ia Ied Taed: € Ia Ie9 Taed:h Ia Ies Taei k Ta Iem Taemin
10.61 0.182 0.029 0.148 0.182 0.027 0.137 0.182 0.038 0.141 0.182 0.023 0.140 0.182 0.039 0.144
10.34 .032 110,051 .032 .11  .048 .032 118,076 .032 108,062 032 117 073
9.35 .031 128 058 ,031  .135 052 .031 137 .087 .081  .119 070 031,143,078
8.46 .303  .078 274 ,303  .080 247 .303  .080 .230 .303  .068  .283 .30 077 235

Estimated percentage compositions
77 1a, 23%, Iet 79% 1a, 219 Le/ 57% la, 43%, Ie* 63% Ia, 377, Ie! 629 Ia, 38% Ie°

¢ The optical densities recorded for Ie and Iae are corrected values which correspond to the molar concentration of the
Ia solution (0.517 A{); actual concentrations were 0.472 M Ie and 0.466 M Iae. *® Sample obtained from pure Ie after 1.5-
hour reaction time. ¢ Normalized from actual calculated values, 83% Ia, 25% Ie. ¢ The optical densities recorded for Ie
and Iae are corrected values which correspond to the molar concentration of the Ia solution (0.517 M); the actual concen-
trations were 0.476 M Ie and 0.463 M Iae. ¢ Sample obtained from pure Ie after 4.5-hour reaction time. / Normalized
from actual calculated values 749, Ia, 209, Ie. ¢ Optical densities recorded for Ie and Iae are corrected values which corre-
spond to the molar concentration of the Ia solution (0.517 }); the actual concentrations were 0.477 M Ie and 0.502 3 lae.
* Sample obtained from pure Ie after 2.5-hour reaction time. ¢ Normalized from actual calculated values of 709, Ia, 52 le.
 Optical densities recorded for Ie and Iae are corrected values which correspond to the molar conceutration of the Ia solution
(0.517 Af); the actual concentrations were 0.456 Af Ie and 0.451 M Iae. * Sample obtained from pure Ie after 5.0-hour re-
action time. ! Normalized from actual calculated values of 739, Ia, 439, Ie. ™ Optical densities recorded for Ie and Iae
are corrected values which correspond to the molar concentrations of the Ia solution (0.517 M), the actual concentrations

were 0.480 M Ie and 0.482 M Iae.
of 679 1a, 339, Ie after 15-hour reaction time.

» Sample obtained from a 1nixture having the estimated composition (infrared analysis)
A longer reaction time (20 hours) afforded a mixture of 639, Ia and 379 Ie.

o Normalized from actual calculated values of 729 Ia, 459 Ie.

same sheet of paper. The spectrum of Ia that was used for
the analyses was obtained earlier and it was not repeated for
these equilibration analyses due to the difficulties involved in
securing and storing this isomer. A spectrum of pure Ie re-
corded consecutively with this sample of Ia was identical
with the spectra of Ie recorded for each analysis. Employing
the four most suitable wave lengths (Table VI), two sets of
simultaneous equations were obtained whose solutions pro-
vided estimates of the percentage compositions of the equi-
librium mixtures. Because of the difficulty of maintaining
accurately known conceutrations of I in small volumes of
volatile solvent the ratio of Ia to Ie, in other words normal-
ized percentages, were used. The accuracy of the method
was checked by preparing a mixture of Ia and Ie which was
399% Ie by weight. The infrared analysis showed 36% Ie.
Table VI lists the wave lengths employed for the analyses
and the optical densities obtained for each pure isomer and
for the two equilibrated samples.

The estimated percentage composition of the two equili-
brated mixtures (78% Ia, 229, Ie) established that the
equilibrium constant for Ie =2Ia in carbon tetrachloride solu-
tion with 0.1 M anhydrous hydrobromic acid was 3.5 and
the free energy change (at 27°) was —0.75 kcal./mole.

To show that the point of equilibrium was not shifted by
the formation of a complex between the ketone and the hy-
drobromic acid, another experiment was carried out.l
Pure ketone Ie, 0.11 g., was dissolved in 1 ml. of 0.025 M
anhydrous hydrobromic acid carbon tetrachloride solution.
Aliquots of the solution were analyzed directly after stand-
ing for 4, 20, 44 and 68 hours, and these analyses showed
79, 78, 79 and 759, la, respectively.

(14) We are indebted to Dr. E. J. Corey for suggesting this experi-
ment,

Equilibration Studies. Dioxane Solution.——Equilibrium
mixtures of Ia and Ie were established in 0.1 3/ anhydrous
hydrobromic acid-dioxane solution from pure Ie and from a
mixture of Ia and Ie having the composition 679 Ia, 33%0
Ie. The experimental procedure and the analyses of the
various samples were performed as described above and the
three most informative sets of data are recorded in Table
VI.

The percentage composition of the equilibrated mixtures
(63% Ia, 37% Ie) establislied that the equilibrium constant
for Ie =2 Ia in 0.1 M anhydrous hydrobromic acid-dioxane
solution was 1.7 and the free energy change was —0.32
keal./mole (29°).

The following control experintents established thiat no de-
tectable amount of further equilibration was incurred by the
described work-up procedure. A sample of I having the
composition 62, Ie, 389, Ia by infrared analysis was sub-
mitted to the isolation and purification procedure. The re-
covered material was analvzed and found to be 609, Ie and
409, la, Further, a sample of I (609, Ie, 409 Ia) was dis-
solved in sufficient 0.1 M hydrobromic acid-carbon tetra-
chloride to give a 109, solution. Direct analysis of the re-
action solution was performed after 2 hours and the com-
position was 739, Ia, 279, Ie. Analysis after 6 hoursand 26
hours each indicated the composition of 779 Ia and 23%
Te.
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