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Solid AMP, m.p. 22-23°, was obtained by cooling the prod-
uct of the oxidation of acetaldehyde in ethyl acetate solution
(as described above) to —78°, and then washing the crys-
tals with cold ether. The solid AMP from the two prepara-
tions was mixed as ether slurries and dried under vacuum
at —10°. The m.p. of this mixture was 22-23°.

Preparation of Peracetic Acid from AMP at Various Tem-
peratures.—Several experiments were performed on AMP
solutions of 30 to 409, concentration in ethyl acetate freed
of excess acetaldehyde as described above. These solutions
were fed at the rate of 100 to 125 ml./hr. through a jacketed
glass coil which was heated by a liquid under reflux in the
jacket. The temperature in each run was fixed by the
choice of the liquid used for heating purposes. The coil
was fabricated from 8-mm. o.d. glass tubing and had an
internal volume of 48 ml. The pressure in the system was
controlled at 200 mm. After going through the coil, the
peroxide mixture, in most cases largely in the vapor phase,
was led to an up-draft Friedrich condeznser, which served as
a dephlegmator. Free acetaldehyde, along with some
solvent, went past the dephlegmator and was collected in a
cold trap. The condensate from the dephlegmator, collected
in an ice-cooled flask, consisted of peracetic acid, AMP, ethy!
acetate and by-product acetic acid. By passing this conden-
sate through the coil a second time the amount of uncon-
verted AMP could be reduced and the peracetic acid content
increased. The table summarizes the results of a series of
these runs.

Total peroxide Yield of
Temp. of recovered, % peracetic acid, %
heating Pressure, After After After After
liquid, °C. mm, 1st pass 2nd pass 1st pass 2nd pass
50 200 82 7 21 44
150 200 69 66 34 55
172 200 64 61 46 54
255 200 14 9 3 6

Determination of Peracetic Acid.—A 1-2-g. sample of
peracetic acid solution is introduced into an erlenmeyer
flask containing a mixture of 60 ml. of acetic acid and 5 ml.
of saturated aq. potassium iodide solution. The peroxide
oxidizes iodide ion to free iodine. The flask is swirled
briefly to mix the solutions and complete the reaction. The
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contents are immediately titrated with 0.1 N aq. sodium
thiosulfate solution to a colorless end-point.

Determination of AMP.—A sample of a solution of AMP
is analyzed exactly as that described for peracetic acid ex-
cept that 60 ml. of 509 aq. sulfuric acid is substituted for
60 ml. of acetic acid.

Determination of Solutions Containing AMP and Per-
acetic Acid.—A sample of the solution is analyzed for total
peroxide using the procedure outlined above for the deter-
mination of AMP. A second sample of 1-2 g. is added to a
flask containing 50 ml. of water. The flask is stoppered,
heated to 50° for 30 minutes, and cooled to room tempera-
ture. Then 50 ml. of acetic acid and 5 ml. of saturated ag.
potassium iodide are added, and the flask is swirled and ti-
trated with 0.1 N aq. sodium thiosulfate solution. The
second analysis gives the amount of free peracetic acid, and
the difference between the two analyses gives the AMP.

Determination of Acetic Acid in Solutions of Peracetic
Acid or AMP.—The solution is first analyzed for peracetic
acid or AMP as described above. Another sample (1-2
ml.) is introduced into an erlenmeyer flask containing 50
ml. of water. Pure acetaldehyde (15 ml.) is added to the
flask and, after mixing, is allowed to stand for 10-15 minutes.
All of the peroxide is converted to acetic acid. The flask
contents are titrated with 0.5 NV aq. sodium hydroxide solu-
tion using phenolphthalein indicator. The acetic acid
present in the original solution is then equal to the total
acetic acid, as determined by the second sample, minus the
acetic acid which came from the decomposition of peroxide
which wag determined in the first sample.

Determination of Unreacted Acetaldehyde in AMP
Solutions.—A sample (5 g.) of AMP solution is added to 50
ml. of distilled water in a flask. To this solution is added 10
ml. of an approximately 259 solution of peracetic acid. A
blank is also prepared where exactly the same amount of per-
acetic acid solution is added to 50 ml. of water. Both
solutions are stoppered and heated to 50° for 30 minutes.
Then, after cooling, to each is added 50 ml. of acetic acid and
5 ml. of saturated aq. sodium iodide. Fach solution is then
titrated with 0.1 N sodium thiosulfate. The difference in
titrations is used to calculate the unreacted acetaldehyde as

Diff. in NasS:0s(ml.) X Nxang X 4.4
wt, sample X 2

G acetaldehyde =

SouTH CHARLESTON, W, VA,
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Conformational Analysis. II.

Esterification Rates of Cyclohexanols!

By ErnesT L. ELIEL AND CARL A. LUukacH
Recervep FEBRUARY 16, 1057

Rates of esterification of cyclohexanol, cis- and frans-4-f-butyleyclohexanol, ¢is- and irans-4-, cis- and frans-3- and frans-
2-methyleyclohexanol, cis- and frans-4-phenyleyclohexanol, 3,3-dimethyleyclohexanol, 4,4-dimethylcyclohexanol and the
acylic analogs butanol-2 and benzylmethylcarbinol with acetic anhydride and, in some cases, propionic anbydride and iso-
butyric anhydride in excess pyridine as the solvent have been determined. From those data, the conformational equi-
librium constant for hydroxyl (concentration of cyclohexanol with equatorial hydroxyl over that with axial hydroxyl) is
caleulated to be about 2.4 corresponding to a free energy difference of 0.5 keal /mole and the interaction energy of 1,3-

diaxial methy!l and hydroxyvl is estimated at 2.15 keal./mole.

The importance of conformation on reactivity in
cyclohexane systems was first pointed out in 1950
by D. H. R. Barton? in a paper which has been of
incalculable benefit to subsequent workers during
the last seven years. Among other things, Barton?

(1) Paper I in this series: E. L. Eliel and C. Pillar, TH1s JOURNAL,
77, 3600 (1955). The present paper is taken from the Ph.D. thesis of
Carl A. Lukach and was presented in part before the Organic Division
at the Meeting of the American Chemical Society at Atlantic City,
N. J., September 19, 1956.

(2) D. H. R. Barton, Experientia, 6, 316 (1950); see also D, H. R.
Barton, J. Chem. Soc., 1027 (1953), and Experientia Supplemenium I,
121 (1956); D. H. R. Barton and R. C. Cookson, Quart. Revs., 10, 44
(1956).

The consistency of the data is examined.

pointed out that an equatorial substituent in cy-
clohexane is less hindered and therefore, in general,
more reactive than an axial substituent.? His ex-
amples come largely from rigid systems, such as
substituted decalins, steroids or terpenes in which
the axial or equatorial nature of a substituent can
be ascertained unequivocally. It was subsequently

(3) Tor background information and explanation of terminology
see: (a) W. Klyne, “Progress in Stereochemistry. I,” Butterworths,
T.ondon, England, 1954, Chapter 2. (b) W. G. Dauben and K. S.
Pitzer in M. Newman's “‘Steric Effects in Organic Chemistry,” John
Wiley and Sons, Ine., New York, N. Y., 1956, Chapter 1. (¢} II. D,
Orloff, Chem. Revs., 54, 317 (1054).
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suggested by one of us? that in a moebile mono- or
poly-substituted cyclohexane system, such as that
shown in Fig. 1, where the two possible chair con-
formations are readily interconvertible,® both con-
formations and their relative rate of reaction must
be taken into account in ascertaining reactivity.

While the present work—designed to put the
earlier speculations?® on a more quantitative basis—
was under way, Winstein and Holness® derived a
very useful relationship between the specific reac-
tion rate k for any reaction of a molecule (such as
that in Fig. 1) which may exist in two conforma-
tions, the mole fractions N, and NN, of the two con-
formations E and A at equilibrium and the respec-
tive individual rate constants &, and k., this relation
being k = Na-ka + Nok.. We have independently
derived an equivalent relationship 2 = (kK + K.)/
(K + 1) where K is the equilibrium constant be-
tween the conformations E and A. From this may
be obtained the expression K = (k. — k)/(k — k.)
(1) expressing the equilibrium constant X in terms
of specific rates k., k. and &.

Winstein and Holness? have used equation (i) {(or
an equivalent relationship) to determine conforma-
tional equilibrium constants for several substituents
in cyclohexane, including the hydroxyl group for
which they report a free energy difference AF?
(= —RT In K) of —0.8 kcal./mole at 40°,7 ob-
tained from oxidation rates with chromic acid in
759, acetic acid. Here k in equation (i) is the
rate constant for oxidation of cyclohexanol. Ior
ke and k. the rate constants for oxidation of the
trans- (I) and cis- (I1) ¢-butylcyclohexanols were
used since it was shown, on theoretical grounds,
that the ¢-butyl group will occupy exclusively the
equatorial position so that the two stereoisomers are
entirely in forms I and IT. To justify the use of &,

H OH

/\//’7\0}{ / H
(CH3);3C / (CH3)3C~

I (trans) 11 (cis)

and k. so obtained for the parent compound cy-
clohexanol in equation (i) entails the further as-
sumption that the ¢-butyl group exerts no direct po-
lar or steric effect across the ring. The absence of
appreciable polar effects of alkyl groups across the
ring is suggested by the finding that in several reac-
tions, c1s-3- and frams-4-t-butyl substituted com-
pounds,® frans-3- and cis-4-t-butyl substituted com-
pounds® and (see below) frans-3- and cis-4-methyl
substituted compounds react at nearly the same rate
implying little if any difference in polar effect of 3-
and 4-substituents. More decisive evidence for the
absence of disturbing polar effects comes from pK
measurements of cyclohexanecarboxylic acid and its
cis-3 and trans-4-methyl homologs—the three com-
(4) E. L. Eliel, Experientia, 9, 91 (1953); see also W. G. Dauben,
R. C. Tweit and L. C. Mannerskantz, THIS JourNAL, 76, 4420 (1954).
(8) C.W. Shoppee, J. Chem. Soc., 1138 (1946), has made an approxi-
mative calculation of the energy barrier between the chair forms as
9-10 kcal./mole. Since the two conformational isomers have never
been isolated, it is almost certain that the barrier is indeed small com-
pared to the activation energy of ordinary chemical reactions.
(6) S. Winstein and N. J. Holness, TH1s JourNAL, 77, 5562 (1955).
(7) This is the tabulated value in ref. 6. Experimental values are
-~ 1.17 keal./mole at 25° and —0.66 keal./mole at 50°.
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pounds are of identical acid strength within the
limits of experimental error*—and from the fact
that the acetylation rates of cyclohexanol (Table I,
entry 1 below) and 4,4-dimethylcyclohexanol (Table
I, entry 8) are identical within the limits of experi-
mental error. The latter observation also suggests
the absence of direct steric effects of substituents
at C4, an assumption which would also appear rea-
sonable from models.®

The present investigation is concerned with a de-
termination of the conformational equilibrium con-
stant of the hydroxyl group by means of equation
(i) using the reaction of cyclohexanols with an acid
anhydride (acetic, propionic or isobutyric) in a
large excess (15- to 20-fold) of pyridine. This reac-
tion follows second-order kinetics (firstorderinacetic
anhydride and first order in the cyclohexanol) as evi-
denced by the constancy of the second-order con-
stants within individual runs and the near-constancy
of rate constants determined at different concentra-
tions of acetic anhydride, alcohol and pyridine (pro-
vided the pyridine remains in large excess) (see Ex-
perimental). Typical rate constants at 25° for cy-
clohexanol, the 4-t-butylcyclohexanols and a number
of methylcyclohexanols are summarized in Table I;
this table also lists the equilibrium constants K,
calculated from the rate constants by means of
equation (i) and the corresponding free energy
differences.

TasLE I
SEcOND-ORDER RATE ConsTaNTs (L. MoLE ™! SEC. 7! X 10%)
FOR THE REACTION OF CYCLOHEXANOLS WITH ACETIC
ANHYDRIDE IN PYRIDINE AT 25°; Arso EguiLierium Con-
STANTS AND FREE ENERGY DIFFERENCES®

En- AF¢,
try Alcohol k X 108 K kcal./mole
1 Cyclohexanol 8.37 2.40 -—-0.52

2  trans-4-t-Butylcyclohexanol 10.65 o

3 cis-4-t-Butyleyclohexano! 2.89 (@° R

4 trams-4-Methyleyclohexanol 9.66 6.84 —1.14

5 c¢is-4-Methylcyclohexanol 3.76 0.126 1.22

6 ¢is-3-Methyleyelohexanol 10.71 ® e

7 trans-3-Methylcyclohexanol 3.94  0.156 1.11

8 4,4-Dimethyleyclohexanol 843 2.50 —0.55

9 3,3-Dimethyleyclohexanol 9.88 9.08° —1.32°
12.8%  —1.53°¢

¢ Data obtained at equimolar concentration of alcohol and
anhydride; see Experimental. ? Assumed. ¢ Assuming
ks = 2.80 X 10°8, ¢ Assuming £k, = 0; see text.

The AF° values in Table I require comment. It
must be realized that these values no more than in-
dicate orders of magnitude, since X in equation
(1) is obtained as a quotient of two differences, one
of which is usually small and therefore affected by a
large relative error.

Focusing attention on entries 1-3, the value of
—0.5 kcal./mole seems reasonable for the difference
in free energy between equatorial and axial hy-
droxyl. Other values reported for this difference

(8) J. F.J. Dippy, 8. R. C. Hughes and J. W, Laxton, J. Chem. Soc.,
4102 (1954). After this paper was submitted, H, Boaz (private com-
munication) showed that the pK,'s of cyclobexanecarboxylic and trans-
4-t-butyleyclohexanecarboxylic acids are also very nearly identical.

(9) R. Cornubert, Bull. soc. chim. France, 996 (1956), suggests that
the #-butyl group at Cy may crowd the axial hydrogens at Cs: and Cs.
Although this might lead to a ‘‘buttressing effect’’ which might, in

turn, affect reactivity at Ci, no evidence for this has been noted in our
work.
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are the already mentioned value® of —0.8 kcal./
mole at 40° (from chromic acid oxidation studies
in 759, acetic acid), —0.9 keal./mole (from an in-
genious argument based on formation of complex
borates from cyclitols in aqueous solution) and
—0.96 kcal./mole at 89° (from direct equilibrium
studies in isopropyl alcohol).!' (Because of the
difference in solvents and temperature, complete
agreement of the AF° values should perhaps not be
expected.)

Entries 4 and 5 provide a check on the consist-
ency of the data. The energy required for moving a
methyl group from an equatorial to an axial posi-
tion may be taken as — 1.8 keal./mole.!? Since the
corresponding energy for hydroxyl is —0.5 kcal./
mole (vide supra), the calculated free energy dif-
ference for cis-4-methyleyclohexanol with equa-
torial hydroxyl and its conformational isomer with
axial hydroxyl is 1.8 — 0.5 or 1.3 keal./mole, since
the energy gained by moving the hydroxyl group to
the equatorial position is more than made up by the
energy lost in moving methyl to an axial position
(¢f. Fig. 1). The calculated value of 1.3 keal./mole

C()H CHz

a4 —— %/&‘
- A -
OH
E

/ /
CH3—J//\/

A

CHj(e) —> CHj(a) AF® = 1.8 kcal./mole

OH(a) —> OH(e) AF® = 0.5 kcal./mole

Fig. 1.

is in good agreement with the observed 1.22 kcal./
mole. For frans-4-methylcyclohexano!l the agree-
ment is not so good: the calculated value for mov-
ing methyl and hydroxyl from axial to equatorial
positions (Fig. 2) is —0.5 — 1.8 or —2.3 kcal./mole

CHz— ~
= AL
-

-~ OH

Fig. 2.

OH

CHz

as compared to an experimental value of only
—1.14 kcal./mole. The discrepancy may possibly
be due to the presence of slow-reacting impurities in
the frans-4-methylcyclohexanol sample.

Next, consider entries 6 and 7. In ¢is-3-methyl-
cyclohexanol (entry 6), the hydroxyl function must
be almost entirely equatorial, since otherwise an
interaction between axial hydroxyl and axial methyl

(10) S. J. Angyal and D. J. McHugh, Chemistry & Industry, 1147
(1956).

(11) E. L. Eliel and R. S. Ro, THis JoURNAL, 79, 5992 (1957).

(12) C. W. Beckett, K. S. Pitzer and R. Spitzer, ibid., 69,
2488 (1947). Others have used values as low as — 1.6 kcal./mole for
this parameter, which is actually a potential epergy value, However,
the corresponding enthalpy difference—F. D). Rossini, “Selected
Values of Properties of Hydrocarbons,” U. S, Govt. Printing Office,
Washington, D. C., 1947—and free energy difference-—A. K. Roebuck
and B. L., Evering, THis JoURNAL, 785, 1631 (1953); G. Chiurdogly,
J. Versluys-Evrard and J. Decot, Bull. soc. chim. Belg., 66, 192 (1957)—
do not differ substantially from it. That the equating of enthalpy
differences with free energy differences common in this type of work
is not always safe has been pointed out by N. I.. Allinger, J. Org. Chem.,
21, 915 (1956).
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on the same side of the chair (Fig. 3, A, R = H)
would arise. This would make the diaxial form of

CHs  OH
) e
- BTN oy
A E
Fig. 3.

¢is-3-methylcyclohexanol considerably less favor-
able even than the diaxial form of frans-4-methyley-
clohexanol. In fact, the acetylation rate of cis-
3-methylcyclohexanol is the same as that of frans-
4-t-butyleyclohexanol (entry 2) confirming the
consistency of the assumption that the hydroxyl
group is entirely equatorial in both compounds.
trans-3-Methyleyclohexanol (entry 7) has one axial
and one equatorial group, just as ¢is-4-methylcy-
clohexanol (entry 5) and therefore, unless there
were a polar effect due to the more proximate 3-
methyl group, the two isomers should be acetylated
at the same rate. This is very nearly true; it is
doubtful whether the difference between the two
rates (3.76 and 3.94) is significant.

Entry 8 provides a check on the assumption, al-
ready discussed, that an alkyl group at C, exerts no
direct influence on reaction at C,.

Entry 9 leads to an estimate of the order of mag-
nitude of the interaction of an axial hydroxyl at C;
with an axial methyl group at C; (Fig. 3, 4, R =
CH;). Unfortunately some uncertainty is intro-
duced, because the values of ka (equation i) to be
used for 3,3-dimethylcyclohexanol is not obvious.
If one uses ks = 2.89 X 107 (entry 3), one obtains
the first values for K and AF? listed in Table I,
entry 9. Actually, however, because of the in-
creased steric interference of the axial methyl group
in the acetylation of the axial isomer of 3,3-dimeth-
yleyclohexanol (Fig. 3, A, R = CHjy), ka is likely to
be considerably smaller than 2.89 X 107%; in fact
it might be a better approximation to put ka = 0 -—
an assumption which leads to the second values for
K and AF° in Table I, entry 9.! On this basis the
difference in free energy between the conformational
isomers is 1.5 keal./mole.

On the basis of this value, the OH(1a)~CH,;(3a)
interaction may be calculated as follows: In Fig. 3
(A, R = CHs) one has the following three la-3a
interactions: CH;-H, OH-H and OH-CH;. Using
0.9 keal./mole for CHz-H,2 1/, X 0.5 or 0.25 keal./
mole for OH-H (vide supra) and X keal./mole for
OH-CHy,, the total interaction energy will be 1.15
+ X. 1In the equatorial isomer (Fig. 3, E, R =
CHy3), the total interaction energy due to the axial
methyl group will be 1.8 kcal./mole. Since the
difference between A and E (Fig. 3, R = CHj) is
found to be 1.5 kcal./mole, one has 1.15 -+ X — 1.8
= 1.5 or X = 2.15 kcal./mole. This is a reason-
able value, in view of the fact that the correspond-
ing value for CH3(1a)~-CH;(3a) is estimated’® as at
least 3.6 kcal./mole (total interaction 5.4 kecal./
mole minus 1.8 kcal./mole for two CH~H interac-

(13) A. Fiirst and Pl. A, Plattner, Hely. Chim. Acta, 32, 275 (1949},
have shown that 2-acetoxycholestane, in which the 2-acetoxyl and 10-
methyl groups are 1~3 diaxial, is saponified considerably slower than
other acetoxycholestanes containing equatorial or simple axial acetoxyl
groups.
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tions) and that the corresponding value for OH-
(1a)~OH(3a) is 1.9 kcal./mole. 1014

On the basis of the above, the energy level of the
diaxial isomer of e¢is-3-methylcyclohexanol (Fig.
3, R = H) should be 1.5 + 1.8 or 3.3 keal./mole in
excess of that of the diequatorial isomer. This cor-
responds to a K of ca. 230 and leads to the predic-
tion, borne out experimentally, that the specific
acetylation rate for ¢is-3-methyleyclohexanol should
be identical to ke, within the limits of experimental
error.

One difficulty in applying equation (i) to the
calculation of conformational equilibrium constants
in this work lay in the small spread between the ex-
treme rates ke and ka. In the hope of obtaining a
larger spread of data, we turned to a study of pro-
pionylation and isobutyrylation of cyclohexanols
with propionic and isobutyric anhydride. Unfortu-
nately, as indicated in Table II, the spread between
ke and k, is smaller for the more bulky anhydrides
than for acetic anhydride. The reason for this is
not yet well understood.

TaBLe II
SECOND-ORDER RATE ConstanTts (L. MoLE~! SEc. ™! X 10%)
FOR THE REAcCTION OF CYCLOHEXANOLS WITH PROPIONIC
AND ISOBUTVRIC ANHYDRIDE IN PvRIDINE®; aLso EqQul-
LIBRIUM CONSTANTS AND FREE ENERGY DIFFERENCES

Alcohol kX 108 K Fo, keal./mole
Cyclohexanol 4.43(5.70) 2.35(2.42) —0.50(—0.53)
trans-4-t-Butyleyclo-

hexanol 5.39 (7.16) wb
cis-4-t-Butyleyclo-

hexanol 2.18(2.18) ¢
trans-4-Methyleyclo-

hexanol 5.15 12.4 ~1.51
cis-4-Methyleyclo-

hexanol 2.73 0.21 0.93

* Values in parentheses refer to the propionic anhydride,
others to isobutyric anhydride. ? Assumed.

The K and AF° values for cyclohexanol in Table
II are in excellent agreement with those in Table I.
The values for the cis- and trans-4-methyl homologs
are not in such good agreement, but it must be re-
membered that because of the very small spread be-
tween k and k. (or ka) for these compounds, espe-
cially for the data in Table II, a small variation in
the experimental rate constants will produce a very
large wvariation in the calculated equilibrium con-
stants.

Some other acetylation rates measured in the
course of this work are summarized in Table III.
The data for the phenylcyclohexanols (entries 10,
11) were obtained in the hope of establishing con-
formational equilibrium constants for these com-
pounds. This hope was frustrated when it was
found that trans-4-phenylcyclohexanol (entry 10) is
acetylated faster than the (all-equatorial) trans-4-t-
butyleyclohexanol (Table I, entry 2; & = 10.65 X
107%). Isobutyrylation of trans-4-phenyleyclohexa-
nol (B = 6.17 X 107® 1. mole~* sec.~?) was also

(14) (a) One might wonder about the closeness of the OH-OH
and OH-CHs values, in view of the considerably larger size of CHa.
However, the OH-OH interaction is increased by dipolar repulsion
which is probably only partly compensated by hydrogen bonding.
(b) A.R. H. Cole and P. R. Jefferies, J. Chem. Soc., 4391 (1956), have
advanced an interesting argument to show that the interactions in-

volved in 1-3 diaxial methyl and hydroxyl are less severe than those in-
volved in a single axial isopropyl group.
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TaABLE II1
MISCELLANEOUS SECOND-ORDER RaTE Constants (L.
MorLe~t Sec.”! X 10% ror THE REactioN ofF Cycro-
HEXANOLS WITH ACETIC ANHYDRIDE IN PYRIDINE AT 25°

Entry Alcohol k X 108
10 cis-4-Phenyleyclohexanol 3.91
11 trans-4-Phenyleyclohexanol 11.6
12 Butanol-2 8.66
13 1-Phenyl-2-propanol 16.8
14 trans-2-Methyleyclohexanol 11.3

found to be faster than isobutyrylation of trans-
4-t-butyleyclohexanol (¢ = 5.39 X 10~° 1. mole™!
sec.”!). Comparison of the acetylation rate of 1-
phenyl-2-propanol, CeH;CH,CHOHCH; (entry 13),
with butanol-2, CH;CH.CHOHCH; (entry 12),
suggests that the acceleration is due to a polar ef-
fect of the phenyl substituent. Under these cir-
cumstances, equation (i) cannot be applied, since
ke and k. will be different for the phenylcyclohexa-
nols than for the ¢-butyleyclohexanols. Since a
phenyl group is electron withdrawing whereas a
methyl group is electron donating, it is rather sur-
prising that frans-2-methyleyclohexanol (entry 14)
also has a specific acetylation rate in excess of Ze.
Further experiments on 2-alkylcyclohexanols will
be required to elucidate the nature of the accelera-
tive effect in this case.

The methods chosen for preparation of the alkyl-
cyclohexanols used in this study (see Experimental)
were arrived at after considerable trial and error
and, in some cases, constitute improvements over
published procedures. In particular, improved
methods were devised for the synthesis of 4,4-di-
methylcyclohexanol!®® and the equatorial-axial
(cis-2 and -4; trans-3) methyleyclohexanols. The
latter were obtained by catalytic reduction of the
corresponding ketones with platinum in acetic acid
containing hydrochloric acid.'” Contrary to indi-
cations made recently,® this method gave alcohols
(after saponification of the alcohol-acetate mixture
obtained in the reduction) sufficiently rich in the
desired stereoisomer to allow ready purification
through a crystalline derivative.

Experimental

Equatorial-Axial Isomers of Methylcyclohexanol.'’-—The
appropriate methyleyelohexanone (obtained by dichromate
oxidation of the corresponding commercial methylcyclohexa-
nol or else purchased as such) was reduced catalytically at a
hydrogen pressure of 55-60 p.s.i., using 1.0 g. of platinum
oxide for 22.4 g. (0.20 mole) of ketone dissolved in 100 ml. of
glacial acetic acid containing 7.6 g. of gaseous hydrogen
chloride. The calculated amount of hydrogen was taken up
in about ten minutes. The catalyst was filtered and the
combined filtrates from several reductions were poured into
water and ice extracted three times with petroleum ether
(b.p. 40-60°). The extracts were washed three times with
saturated sodium bicarbonate solution, dried over sodium
sulfate and magnesium sulfate and concentrated. Saponifi-
cation of esters was accomplished by boiling for 10 hr. with
aqueous methanolic potassium hydroxide. [For the above

(15) W. Franke and J. Bueren, German Patent 833,645 (1952);
C. A., 47, 2205a (1953).

(18) R. F. Miller and R. Adams, THis JoUurNaL, 58, 787 (1936).

(17) P. Anziani and R. Cornubert, Bull. soc. chim. France, [5] 12,
359 (1945); M. Claudon, tbid., 17, 627 (1950).

(18) G. Stork and W, N. White, THi8 JoURNAL, 78, 4617 (1956).

(19) All melting and boiling points uncorrected. Microanalyses by
Micro-Tech Laboratories, Skokie, Ill. Infrared spectra recorded by
Mr. Rolland Ro on a Baird double-beam instrument.
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amounts, 15 g. (0.27 mole) of potassium hydroxide, 30 ml. of
water and 120 ml. of methanol were employed.] Methanol
(100 ml.) was fractionally distilled from the saponification
mixture and the product was then extracted with four por-
tions of petroleum ether which were combined, dried over
sodium sulfate and magnesium sulfate and concentrated.
The crude alcohiol was then distilled at reduced pressure (10~
25 mm.); typical yields were 59-699.
cis-2-Methylcyclohexanol.—Crude material obtained as
described above was converted to the acid phthalate with
phthalic anhydride in pyridine. The vield of phthalate,
m.p. 102-104° (lit.20 102~104°) after four recrystallizations
from hexane was 40%. Saponification of the phthalate gave
¢1s-2-methylcyclohexanol, b.p. 65° (16 mm.), in 48%, yield.
The material had prominent bands in the infrared at 9.83,
10.23 and 10.60 g and did not show any diagnostic bands
corresponding to the trans isomer (vide infra).
trans-3-Methylcyclohexanol.—The crude material was
converted to the p-nitrobenzoate by treatment with the acid
chloride in pyridine. After two recrystallizations from
methanol the derivative (509, vield) melted at 61.5-62.5°
(lit.21 60-61°). Saponification with aqueous methanolic so-
dium hydroxide gave the pure alcohol, b.p. 80-81° (50 mm. ),
in 70% yield. The material showed prominent absorption
bands in the infrared at 8.78, 10.05 and 10.60x and was free
of the diagnostic bands of the cis isomer (vide infra).
cis-4-Methylcyclohexanol was purified via the p-nitrobenzo-
ate, m.p. 95-96° (1it.20 96°), obtained in 399} yield after two
recrystallizations from petroleum ether (b.p. 40-60°).
Saponification gave the alecohol, b.p. 70° (12 mm.), in 719
yield. This material showed prominent infrared bands at
8.75, 9.80, 9.66, 10.14 and 10.81 u and was free of the di-
agnostic bands of the frans isomer (vide tnfra).
trans-2-Methylcyclohexanol.—Commercial 2-methyleyclo-
hexanol was equilibrated by means of aluminum isopropox-
ide.?? The recovered material (889, yield, b.p. 90-91°
(49 mm.)) was converted to the 3,5-dinitrobenzoate by treat-
ment with freshly prepared dinitrobenzoyl chloride and pyr-
idine. The derivative, m.p. 117-118.5° (lit.® 117°), re-
sulted in 609, yield after recrystallization from octane fol-
lowed by two recrystallizations from methanol. Saponifi-
cation yielded frans-2-methyleyclohexanol, b.p. 72° (20
mm.) (1it.28 b.p. 60.7-61° (10.5 mm.)), in 559, yield. The
material had prominent infrared absorption bands at 9.39,
9.50 and 9.63 u and was free of the diagnostic bands of the
cis isomer (vide supra).
cis-3-Methylcyclohexanol.—The crude alcohol, obtained
by lithium aluminum hydride reduction of the ketone2 (929,
yield), was converted to the acid phthalate, m.p. 90-92°
(lit.23 90-92°) after one recrystallization from hexane, in
619, vield. Saponification yielded the pure alcohol, b.p.
72° (11 mm.), in 919, yield. The material had prominent in-
frared bands at 9.08, 9.55 and 9.78 u and was free of the di-
agnostic bands of the trans isomer (vide supra).
trans-4-Methylcyclohexanol.—The crude aleohol, pre-
pared in 769, yield by lithium aluminum hydride reduction
of the corresponding ketone,?* was converted to the 3,5-di-
nitrobenzoate, m.p. 143.5~-144.2° (lit.? 142°) after three re-
crystallizations from ethyl acetate—pentane, in 519 yield.
Saponification gave the pure alcohol, b.p. 756° (14 mm.), in
707 yield. It had prominent infrared bands at 9.16, 9.52
and 9.91 p and was free of the diagnostic hands of the c¢zs iso-
mer (vide supra).
4,4-Dimethylcyclohexanol was prepared by a modification
of a patented method.® A mixture of 70 g. (1 mole) of
freshly distilled methyl vinyl ketone and 72 g. (1 mole) of
freshly distilled isobutyraldehyde was dissolved in 100 ml. of
water and sufficient methanol to ensure homogeneity. The
solution was added slowly to a well-stirred solution of 3.7 g.
of potassium hydroxide in 20 ml. of methanol whose tem-
perature was raised slowly to 75-80° by external heating.
At the end of the addition the mixture was cooled and ex-

(20) L. M. Jackmann, A. K. Macheth and J. A. Mills, J. Chem. Sor.,
1717 (1949).

(21) S. Siegel, Tuis JourNar, 75, 1317 (1953).

(22) W. G. Dauben, G. J. Fonken and D. 8. Noyce, ibid., 78, 2579
(1956). We are indebted to Professor W. G. Dauben for disclosing
this method to us in advance of publication.

(23) R. Arnold, G. Smith and R. Dodson, J. Org. Chem., 15, 1258
(1950).

(24) D. 8. Noyce and D. B. Denney, THIS JoUrNAL, 72, 5743
(1950)
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tracted seven times with 100-ml. portions of ether which were
combined, washed three times with water, dried over so-
dium sulfate and concentrated. Distillation yielded 30.7 g.
(25%,) of a fraction boiling at 60-74° (8 mm.) considered
crude 4,4-dimethyl-2-cyclohexenone. This material was
hydrogenated in 100 ml. of acetic acid over 0.5 g. of plati-
num oxide at room temperature and ce. 60 p.s.i. until two
equivalents of hydrogen were taken up. The solution was
then filtered, poured into water and extracted with five 100-
ml. portions of ether which, in turn, were washed with water,
aqueous sodium bicarbonate and again water, dried over so-
dium sulfate and concentrated to yield 19.3 g. (63%,) of
crude 4,4-dimethyleyclohexanol which was purified via the
phthalate, m.p. 92.5-94° (679 vield).

Anal. Caled. for CieH204: C, 69.54; H, 7.29.
C, 69.64; H, 7.21.

Saponification of the phthalate gave pure 4,4-dimethyley-
clohexanol, b.p. 83.5-83.8° (15 mm.), in 779, vield. This
material was identical in infrared spectrum with the com-
pound obtained from p-cresol by a Reimer~Tiemann reaction
with chloroform followed by hydrogenation.®

3,3-Dimethylcyclohexanol® was prepared by hydrogena-
tion of 5,5-dimethyl-1,3-cyclohexadione (dimedone) and
purified wie the p-nitrobenzoate, m.p. 82-83° (lit.?s 83—
83.5°). Saponification of the latter (699, vield) gave the
pure alcohol, b.p. 84.8° (16 mm.), #»®p 1.4561 (1it.?5 74-76°
(8 mm.).

Other Substrates.—Cyclohexanol was purified either by
fractionation through a 60-cm. helix-packed column or
through its 3,5-dinitrobenzoate. Anal. Hydroxyl, caled.
16.81; found? 16.79,

cis- and trams-4-t-butyleyclohexanol and cis- and #rans-
4-phenyleyclohexanol were prepared as described in the ac-
companying paper.!!

Butanol-2 was redistilled through a Vigreux column.

1-Phenyl-2-propanol was obtained by sodium borohy-
dride reduction of the corresponding ketone (889 yield),
b.p. 101-101.5° (14 mm.), n%Dp 1.5208, frce of carhonyl im-
purity according to infrared spectrum.

Acetic anhydride was distilled through a 60-cm. helix-
packed column, b.p. 139.9° (760 mm.), for the center cut
which was used in the kinetic study. The material con-
tained some acetic acid; it was assayed as described.”

Propionic anhydride was similarly purified and assayed;
b.p. 167° (745 mm.). Isobutyric anhydride was prepared
from the acid, acid chloride and pyridine,? the acid chloride,
in turn, being prepared from the acid and benzoyl chloride. 2
It boiled at 92° (34 mm.) and was assayed as the other an-
hydrides.

Pyridine was distilled over potassium hydroxide pellets
through a large column taking precautions to exclude mois-
ture. Butanol-1 was distilled through a Vigreux column,
b.p. 117°,

Kinetic Measurements.?® General Procedure.—Acetic
anhydride (weighed) was dissolved in pyridine in a 100-ml.
volumetric flask and placed in a thermostat at 25.0 == 0.05°,
A solution of the appropriate alcohol (weighed) in 5 ml. of
pyridine was similarly adjusted in temperature. To start the
reaction, 25 ml. of the acetic anhydride solution was pipetted
into the alcohol solution. Two-milliliter aliquots of this so-
lution were withdrawn from time to time by means of a pipet,
quenched in 50 ml. of cold distilled water and titrated with
tenth-normal standard base using phenolphthalein as an in-
dicator, after the addition of 10 ml. of #-buty! alcohol which
served to dissolve the ester formed and prevent its hydrolysis
during titration. A blank titration on 2 ml. of pyridine, 50
ml. of water and 10 ml. of #-butyl alcohol was deducted from
the sample titers.

The reaction is R~-OH + Ac;0O — R-0QAc + AcOH, and
since it was established in preliminary experiments that, in

Found:

(25) W.v. E. Doering and F. M. Beringer, ¢bid., T1, 2221 (1849),
(26) 8. Siggia, “Quantitative Organic Analysis »ia Functional
Groups,” 2nd Ed., John Wiley and Sons, Inc.,, New York, N. Y,
1954, pp. 9-12.

(27) G. S. Shaw, Can. Chem. and Proc. Ind., 26, 197 (1941).

(28) H. C. Brown, THuIs JoURNAL, 60, 1325 (1938); C.T. H. Allen,
C. J. Kibler, D. M. Mcl.achlin and C. V. Wilson, Org. Syntheses, 26, 1
(1946).

(29) Further details of the procedure as well as tables of data may be
found in the Ph.D. thesis of Carl Lukach, University of Notre Dame,
Notre Dame, Indiana, 1937, available on inter-library loan
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the presence of pyridine, excess anhydflide is al;nost instan- .015957  Propionic 015957  7.156*
taneously hydrolyzed to acetic acid in the quenching process, ..012538 Isobutyric .012538  5.39*
the titer falls in the course of the reaction as half of the ace- 012538 Isobutyric .012538  5.30%

tyl groups of the anhydride are converted to ester (which was

shown not to be hydrolyzed under the conditions of the titra-  ¢is-4-+-Butyl- 0.012585  Acetic 0.012585 2.89*
thIn)-t he carl diffeults tered in that rat cyclo- .012585  Acetic .012585  2.90*
n the early runs, difficulties were encountered in that rate . de
constants calculated over the course of the reaction drifted hexanol -01481 Acet%c -01481 2.81 de
and the infinity titer indicated that the reaction proceeded .01481 Acetic .01481 2'81(;
only to about 959, completion. The difficulty appeared to .015117  Acetic .01536 2.96
be due to hydrolysis of some of the acetic anhydride ?t the 01279 Acetic 02587 2 g4
very beginning of the reaction, probably due, mainly, to . de
traces of water in the pyridine. To obviate this difficulty -01274 ACQtl}C i 02587 2.92 "
the acetic anhydride-pyridine solution was prepared as indi- .014811  Propionic .014811  2.18
cated above, a 25-ml. aliquot was pipetted into 5 ml. of pyr- ,014811  Propionic .014811  2.18%
idinedand the resulting solution was assayed gordacetic 019640  Isobutyric .012640 2.18*
anhydride.# The same amount of acetic anhydride was . *
then considered to be present in the kinetic run carried out as -012640  Isobutyric 012640 2.17
described above and the amount of alcohol weighed out was  {rans-4- 0.017564  Acetic 0.017564 9.66*
seleﬁted accordingly. With this method there w%s no drift Methyl- 017564  Acetic 017564 9.65*
in the kinetic runs and the infinity titer, in cases where it was 01760 Aceti 01760 9.67
hecked . indi f i b 9 s cyclo- . cetic . .
;15503., indicated that the reaction had gone to 9949, com hexanol 01760 Acetic 01760 9.67°
Table IV shows a typical kinetic run with cyclohexanol. .017608  Acetic 017890  9.84°
Other runs were followed up to 40-60% completion. Table 01329 Acetic 102726 9.10°
V is a summary of most of the rate constants determined in : c
this work. It may be seen that the reproducibility of the -01331 Acetic . -02726 ";_)’OO "
data at equal concentration of alcohol and anhydride is ex- .017466  Isobutyric  .017466 5.16
cellent but that there is a slight discrepancy with data ob- .017466  Isobutyric  .017466 5.14*
tained at other ratios and reagents. A change of the pyri- e 3 - ; N
dine-acetic anhydride ratio from 15:1 to 20:1 had little ef- cis-4-Methyl 0'01,‘,379 Acetfc 0‘012379 3'76*
fect on the rate constants. cyclo- .017379  Acetic .017379 3.76
hexanol .01843 Acetic .01843 3.91°
Tasie IV 01743 Acetic 01843 3.95°
TypicaL KiNeTICc RUN IN THE REACTION OF ACETIC AN- 017608  Acetic 017890 3.73°
c HYDRtIDIi‘AND (I:Y;LCI)HEXANOL INtPY?IDINE gl‘ (125; 01335 Acetic 02761 3 66°
oncentration alcohol = concentration anhydride = : c
0.02062 mole; normality base = 0.1223 N; o = 1.2835 X -01356 Acetic . -02761 3'69*
1072 mole/l. .017316  Isobutyric  .017316 2.73
. Reac- .017316  Isobutyric  .017316 2.73*
Time, Base, Base, x (@ ~ %) k tion,
sec. ml. ml, X 108 X 108 X 108 % ¢is-3-Methyl-  .017685  Acetic 017685 10.7*
0 21.67 O ce e .. cyclo- .017685  Acetic .017685 10.7*
2002 20.24 1.43 0.1749 1.1086 (8.22) 13.6 hexanol
4745 19.52 2.15 .2630 1.0205 8.46 20.6 trans-3- .017722  Acetic 017722 3.93*
19333 16.31 5.36 6555 0.6279 8.41 46.6 Methyl- 017722 Acetic 017722 3.94*
21061 16.11 5.56 6800 .6035 8.34 53.1 cyclohexanol
23546 15.82 5.85 7155 5680 8.34 558 .09 018044 Acetic 018044 11.3*
26582 15.51 6.16 .7534 .5301 8.33 58.8 Methyl- 018044 Acetic 018044 11.3*
28673 15.32 6.35 .7766 .5068 8.33 60.6 cyclohexanol
8.37 £0.04 cis-4-Phenyl-  .014388  Acetic .014388 3.91*
TABLE V cyclo- .014388  Acetic .014388  3.91*
SuMMARY OF EXPERIMENTAL RATE CONSTANTS® hexanol
f X0 trans-4- .014256  Acetic .014256 11.6*
Alcohol Mole Anhydride Mole sec. 71 Phenyl- .014256  Acetic .014256 11.6*
Cyclohexanol 0.020620  Acetic 0.020620 8.37* cyclo- .014128  Isobutyric  .014128 6.17*
.020620  Acetic .020620 8.37* hexanol .014128  Isobutyric  .014128 6.17*
-014245  Acetic (028226 8.67° 33 Dimeth-  .010935 Acetic .010935  9.88*
041984 Acetic 021203 8.66 vleyclo- .010935  Acetic .010935  9.87*
02120  Acetic .02120  8.87¢ hexanol
a H d
-023782%  Acetic 028782 8.26° 4 4 Dimeth-  .014653  Acetic .014653  8.43*
[023732" - Acetic :023732  8.40 vleyelo- 014653  Acetic 014653 8.43*
.021306  Propionic 021306  5.70* hexanol
.021306  Propionic .021306  5.70* . .
0175988 Isobutyric  .017599  4.43* Butanol-2 .017122 Acet}c .017122 8.26*
017599 Isobutyric  .017599  4.43* -017122  Acetic 017122 8.65
H *
trans-4-t- 0.012381  Acetic 0.012381 10.7*  1-FPhenyl-2-  .017234 = Acetic 107234 16.8%
Butyl- 012699 Acetic .012699  10.8* P’I;’Pff“"‘ 1 -017234 . AC?(;_IC - ~01?34 116~8
) : de e Fifteen mole excess of pyridine. wenty mole excess
cyclo -01439 Acet%c 01439 11. 1,1 . of pyridine. ¢ Acetic anhydride-pyridine mixture added to
hexanol -01439 Acet{c .01439 12'25' undiluted alcohol. ¢ There is a slight uncertainty about
.01512 Acetic .01536  10.4%° the acetic anhydride assay in these runs.
01277  Acetic .02528  11.1%¢ T30 Tn some of the carl the chanee in acetic anhvdrid
) 01276 Acetic . 02528 10 i 8d'0 n some Oj e early runs e change n acetic anhdydride assay

- R upon the addition of pyridine was not taken into account. The best
013957  Propionic 015957 7.16%* runs are starred in Table V and summarized in Tables I, IT and ITL
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Conformational Analysis. IIIL

Epimerization Equilibria of Alkylcyclohexanols'

Bv ErxEsT L. ELIEL AND RoLLaND S. Ro?
RECEIVED FEBRUARY 16, 1957

The cis- and trans-4-t-butyleycloheranols have been equilibrated by means of aluminum isopropoxide in isopropy! alcohol.
The equilibrium, determined by infrared and gas chromatographic analysis, corresponds to 79% trans and 21% cis isomer

involving a free energy difference of —0.96 keal. /mole, in good agreement with values determined by other methods.

Equi-

libria for the 2-, 3- and 4-methyleyelohexanols and 4-phenyleyclohexanols have been similarly determined and are compared

with values in the literature.

In the accompanying paper® the equilibrium be-
tween the conformational isomer of cyclohexanol
with an axial hydroxyl group and the isomer with an
equatorial hydroxyl group has been determined by
a kinetic method. The equilibrium constant was
found to be 2.4 corresponding to a free energy dif-
ference of —0.5 keal./mole. A more direct way of
approaching this equilibrium is through the cis-
and trans-4-t-butylcyclohexanols which, though
they are stable configurational isomers, may be
equilibrated by means of aluminum isopropoxide.?
Since the t-butyleyclohexanols are conformationally
homogeneous,* the equilibrium between the config-
urational isomers is as represented in Fig. 1 and
thus corresponds to the conformational equilibrium
between axial and equatorial hydroxyl. The
equilibrium concentration of the two isomers (Fig.
1) was determined both by infrared analysis and

OH

/\// AI{OiPr)3 /\4"0**
{CHz)3C N —(ﬁ_@Hmc/\V '

Fig. 1.

by vapor phase chromatography and corresponds to
79 =% 29 trans and 21 =+ 29, ¢is isomer, giving an
equilibrium constant of 3.76 and a free energy dif-
ference of —0.96 kcal./mole. This value, which
refers to isopropyl alcohol at 89° as a solvent,® is in
good agreement with earlier values of —0.8 (at 40°
in 759 acetic acid)* and —0.9 (in water)® and in
fair agreement with that of —0.5 (at 25° in pyri-
dine) reported in the accompanying paper.!

(1) Paper II, E. L. Eliel and C. A. Lukach, THrs JoUurNAL, T9, 5980
(1957).

(2) Texas Co. Fellow,
Rolland 3. Ro.

(3) W. G. Dauben, G. J. Fonken and D. S. Noyce, Tuis JoURNAL,
T8, 2579 (1956). Professor Dauben kindly made this work available
to us in advance of publication, and we wish to acknowledge corre-
spondence with him regarding the equilibria in question both prior and
subsequent to publication of his paper.

(4) S. Winstein and N. J. Holness, ¢bid., 7T, 5362 (1935).

(5) Since a large excess of isopropyl alcohol was present in the equil-
ibration, it may be assumed that most of the {-butylcyclohexanol was
present as such rather than as an aluminum salt.

(6) S. J. Angyal and D. J. McHugh, Chemistry & Industry, 1147
(1936).

1954-1956. From the Ph.D. Thesis of

It is of some interest to compare the above equilib-
rium (Fig. 1) with one between alkylcyclohexanols
which are not conformationally homogeneous and
where both conformational isomers of the two epi-
mers must be considered, such as the 4-methyley-
clohexanols (Fig. 2). In this case, the epimeriza-

T OH

e

OH Kcis.,

1T <

-1
Ktrans OH

CHy L

p
|
N—OH
SUCT

Fig. 2.

tion equilibrium constant K., = (I + I')/(IL +
11), since this constant is based on stoichiometric

concentrations. This expression may be trans-
formed as
I 1 + I’/I _ 1 + K_ltran.s s
Kai =1 X T om =~ Kos —irgs,, W

Since K s ! < Keisitfollows that K., < Kon. The
data in Table I, obtained by infrared and gas chro-
matographic analyses, bear out this prediction.

TasLE 1

EPIMERIZATION EQUILIBRIA AT 89°

Stable isomer,® (Kens), %
By gas
chromatog-

By infrared raphy

77-81 (3.35-4.30)

Compound

4-t-Butylcyclohexanol 79 (3.76)

4-Methylcyclohexanol — 69-71 (2.23-2.44) 68.5(2.18)
3-Methylcyclohexanol — 77-79 (3.35-3.76) 77 (3.35)
2-Methyleyclohexanol High >04°
4-Phenylcyclohexanol 0 x5

o trans-d-, ¢is-3- and trans-2-isomer. ! Tentutive result;
it is possible that equilibrium was not reached.



