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unidirectional and fast as shown, i.e., if it were rate
determining or were reversible, then change in the
alcohol concentration or addition of excess alkoxide
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ence of a negative charge on the substrate slows the
reaction; albeit obscurely, oxygen could assist in
the electron transfer here.

ion should have a significant effect on the reduc-
tion rate. Pick up of the second electron is con-
sidered rate determining!?; as observed, the pres-
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The Stereochemistry of Hydrogenation of Isomers of Methyl Tetrahydrophthalate and
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The hydrogenation of methyl phthalate or methyl Al-cyclohexenedicarboxylate, in the presence of platinum oxide in acetic
acid at room temperature yields only ¢és-methyl hexahydrophthalate. The result is independent of the pressure of hvdrogen
(1 to 200 atm.) and the concentration of the substrate (0.05 to 1.0 mole per liter). Methyl A%-cyclohexenedicarboxylate
yields the same result at about 1 atm. of hydrogen, but some of the {rans-methyl hexahydrophthalate (6 &= 2%) is formed
at a pressure of 130 atm. Nomne (within 2%) of the isomeric unsaturated ester is found at the half point of reduction of
either the Al- or the A%ester. The results are consistent with the hypothesis that the hydrogenation of an aromatic com-
pound proceeds stepwise, one of the possible intermediates being the tetrahydro derivative: e.g., the stereochemical evidence

does not require that an aromatic ring be saturated during a single period of residence on the catalyst.

The investigation of the stereochemistry of the
hydrogenation of methyl phthalate and two iso-
meric methyl tetrahydrophthalates is part of a pro-
gram to examine systematically the stereochemnis-
try of the catalytic hydrogenation of aromatic and
hydroaromatic compounds.®? Although consider-
able data relating to this question are available,
it is not sufficiently detailed to be of much use in
advancing our understanding of the mechanism of
this reaction beyond the qualitative stage which
exists at present.*

Our first paper in this series® dealt with the stere-
ochemistry of hydrogenation of the isomeric xy-
lenes and tetrahydroxylenes. These compounds
vield mainly the cis isomers of dimethyleyclohex-
ane when reduced in acetic acid in the presence of
platinum oxide at room temperature. The largest
proportions of the cis product are obtained from o-
xylene (95%) and 1,2-dimethylcyclohexene (829;).
This predominance of cis products diminishes with
the distance separating the substituents, e.g., m-
xylene, 869, cis; and p-xylene, 749, cis. Be-
cause the saturated products do not isomerize under
the experimental conditions, the mixture must be
formed directly during the reduction of the unsatu-
rated compounds.

Although the isomerization of 1,2-dimethylcyclo-
hexene was not detected under the conditions of
the experiment, it yields approximately 189, of
trans-dimethyleyclohexane.  Consequently, the
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hydrogenation of the olefin must be stepwise,
rather than the simultaneous addition of two atoms
of hydrogen to one side of the double bond. An
intermediate stage in the reduction must provide a
path for the formation of both c¢zs and trans isomers.
This is consistent with the mechanistic concepts of
Horiuti and Polanyi® The fact that more trans-
1,3-dimethylcyclohexane than is present in an equi-
librium mixture is obtained upon hydrogenating m-
xylene is evidence that the hydrogenation of the
aromatic ring proceeds in steps also, rather than by
the simultaneous addition of six hydrogen atoms.®

In the present study, the hydrogenation of methyl
phthalate, methyl Al-cyclohexenedicarboxylate and
methyl AZ-cyclohexenedicarboxylate was investi-
gated using platinum oxide as a catalyst and in the
solvent acetic acid. The object was to determine
whether the ester group gives rise to stereochemical
results significantly different from those obtained
with methyl groups as substituents on the un-
saturated substrates.

The only product formed in the presently de-
scribed hydrogenations of methyl phthalate or the
Al-ester is cis-methyl hexahydrophthalate. The re-
sult is independent of the pressure of hydrogen (1-
200 atmospheres) and the concentration of the
substrate (0.05-1.0 mole per liter). Methyl AZ-cy-
clohexenedicarboxylate yields the same result at
about 1 atmosphere of hydrogen, but some of the
trans-methyl hexahydrophthalate (6 =+ 29) is
formed at a pressure of 130 atmospheres. None
(within 29) of the isomeric unsaturated ester is
found at the half point of reduction of either the A!-

(5) 1. Horiuti and M. Polanyi, Trans. Faraday Soc.. 80, 1164
(1934),

(8) R.P. Linstead, et al., THIS JOURNAL, 64, 1985 (1942). See, also,
A. A. Balandin, Z. physik. Chem., B2, 289 (1929); C. 4., 28, 2872
(1929); and **Advances in Catalysis,”” Vol. X, edited by D. D. Eley,
W. G. Frankenburg and V. I. Komarewsky, Academic Press, Inc., New
York. N. Y., 1958, pp. 96-129.
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or the AZ-ester. This is established through gas-
liquid partition chromatography and the examina-
tion of the ultraviolet spectra of the appropriate
materials.

Cursory examination of the data inn Table I shows
that frans-methyl cyclohexanedicarboxylate is pro-
duced on reducing the A*isomer. However, at a
pressure of hydrogen of 1 atmosphere, this is due
to the presence in the samples used of an impurity
(3%) probably trans-methyl Ad-tetrahydrophthal-
ate which on reduction would give the {rans-hexahy-
dro derivative. It is reasonable to expect that the
Ad-ester should hydrogenate more rapidly than
either the Al- or A%isomers because, like the A%
isomer which reacts much faster than the Al or A2-
isomers (see Fig. 1), it has no ester group attached
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Fig. 1.—Hydrogenation of the A4 A% and Al-methyl
tetrahydrophthalates: I, ¢is-inethyl A¢-tetrahydrophthalate;
11, methyl A2tetralhiydrophthalate; III. methyl Al-tetra-
hydrophthalate.
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to the double bond. Consequently, the impurity
should be completely reduced when the hydrogena-
tion is interrupted at 509 of completion. In-
deed, none was detected at this point by chromatog-
raphy, and continued reduction produced exclu-
sively the cis-methyl hexahydrophthalate.

In one experiment (number 23), the hydrogena-
tion of methyl A2-tetrahydrophthalate with a pres-
sure of hydrogen of 136 atmospheres gave only
909 of the expected cis compound. The presence of
trans isomer (7 out of 109,) cannot result from the
isomerization of the cis isomer after its formation
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TABLE I
HyDROGENATION PRODUCTS (cis- AND irans-MeETHYL HEXA-
HYDROPHTHALATES)®

Expen Conen., cis-Isomer,b 9

ment Substrate tmole 1 D.O.8  PPG.
5 Methyl Al-tetra- 0.050 100 100
8 hydrophthalate .050° .. 100
T .050° 100 100
6 L0580 .. 100
18 . 500° 100 100
27 Methyl A2-tetra- .020 96 96
2 hydrophthalate .050 a7 97
4 .050° 92 92
20 .500° 92 92
30 .2504 . 97
1 .500 .. 97
3 .500° .. 92
25 1.000° 91 90
16 Methyl phthalate 0.500° 100 100
24 1.000° 100 100

a The hydrogenations were carried out using platinum
oxide and acetic acid at ambient temperature. ? Two
chromatographic columns with different stationary liquid
phases were used for analysis. One contained dioctyl seba-~
cate (D.0.S.) and the other polypropylene glycol (P.P.G.).
Only the percentage of the ¢zs isomer is tabulated; the net
product is the {ransisomer. ¢ The unsaturated ester was hy-
drogenated until one-half the required amount of hydrogen
wasabsorbed. ¢ A sample of the half reduced mixture of ex~
periment 20 was hydrogenated completely. ¢In all cases,
the pressure of hydrogen was maintained at atmospheric ex-
cept for experiments 25, 16 and 24 which were conducted at
136, 2 and 267 atmospheres, respectively.

since we have found that the cis isomer is not isom-
erized under these hydrogenation conditions.

Methyl Al-tetrahydrophthalate reacts with hy-
drogen two and one-half times as rapidly as the Al-
ester. Because the Al-ester can add hydrogen from
either side of the double bond to give the cis prod-
uct, it should react faster by a statistical factor of
two. Therefore, the rate of hydrogenation of
methyl A2-tetrahydrophthalate is greater by an
intrinsic factor of five.

The stereochemistry of the hydrogenation of hy-
droaromatic compounds is a function of the consti-
tution of the substituents which are attached to
the cycle, because the unsaturated esters yield a
larger proportion of the ¢is isomer than do the cor-
responding substituted dimethylcyclohexenes. Pos-
sibly the ester group is effectively larger than the
methyl group; or perhaps in the reduction of these
methyl tetrahydrophthalates, the intermediate
“half-hydrogenated’’ state does not undergo appre-
ciable isomerization in the manner suggested for
the dimethylcyclohexenes.? Perhaps methyl sub-
stituents on a double bond provide an easy path to
the isomerization of the ‘“‘half hydrogenated states”
and this path is not available to the ester group.

The Stereochemistry of the Hydrogenation of
Methyl Phthalate.—Methyl phthalate and the
tetrahydro derivatives vield only the cis-hexahydro
product at one atmosphere of hydrogen. This sug-
gests that they are hydrogenated through a com-
mon intermediate. Noting that the methyl tetra-
hydrophthalates react much more rapidly than the
aromatic ester suggests the possibility that during
the hydrogenation of the latter partially reduced in-
termediates (possibly methyl tetrahydrophthalate)
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could leave the surface of the catalyst and be read-
sorbed and reduced during a subsequent event.
The above stereochemical evidence does not require
that an aromatic ring be saturated during a single
period of residence on the surface of the catalyst.
However, it does not exclude the possibility that an
aromatic molecule adds hydrogen atoms stepwise
during a single period of residence upon the surface®
and that one of the intermediates in this process is
common to the hydrogenation of the tetrahydro
derivatives.*

Experimental

Preparation of Methyl Al-Tetrahydrophthalate (Methyl
1-Cyclohexene-1,2-dicarboxylate),—A!-Tetrahydrophthalic
anhydride was prepared according to the procedure of Bailey
and Amstutz,” The anhydride (40 g.) was dissolved in a
small amount of water and neutralized (phenolphthalein
indicator) with a dilute solution of sodium hydroxide until
the pink color remained for 30 minutes. An excess of a
solution of silver nitrate was added with stirring, The
white precipitate was collected, washed with methanol and
ether, and dried for four days in an evacuated desiccator
containing phosphorus pentoxide (weight of dry salt, 92 g.).
The salt was suspended in absolute ether (500 ml.) and
treated dropwise with methyl iodide (150 g.) in absolute
ether (200 ml.) over a period of 3 hours. The reaction mix-
ture was heated on the steam-bath during this time. After
an additional 12 hours of refluxing, the mixture was cooled
and the silver iodide was removed by filtration, The ether
was evaporated and the product distilled. The methyl Al-
tetrahydrophthalate (48 g., 929%) distilled at 86-88° (0.03-
0.04 mm.), d%, 1.1352. The chromatographic analysis
showed no impurity. A4nal. Caled. for CppHuOs C,
60.60; H.7.12. Found: C, 60.35; H, 7.10.

Preparation of Methyl A%-Tetrahydrophthalate (Methyl
2-Cyclohexene-1,2-dicarboxylate).—The  procedure  de-
scribed by Baeyer® was followed for the preparation of A2
tetrahydrophthalic acid. Phthalic anhydride (8 g.) and
sodium bicarbonate (17 g.) were dissolved in 68 ml, of water.
A 39, sodium amalgam (260 g.) was added immediately to
the mixture which was refluxed for 4.5 hours on a steam-bath,
The reaction mixture then was cooled to room temperature
and concentrated hydrochloric acid was added until the
mixture was slightly acidic. After standing overnight at
room temperature, the reaction mixture was filtered through
Celite. Crystals of AXtetrahydrophthalic acid formed
upon addition of excess dilute sulfuric acid to the filtrate.
Two recrystallizations of the solid from water gave A%
tetrahydrophthalic acid (9 g.) melting at 214-215° (lit.?
m.p. 215°).

The A%tetrahyvdrophthalic acid was converted to the
methyl ester wia the reaction of methyl iodide with the
silver salt of the acid as described for methyl Al-tetrahydro-
phthalate. The mniethyl A?tetrahydrophthalate distilled
at 92.5-93° (1 mm.). d%, 1,1388. The yield was 26.7 g.
(79%). Anal. Caled. for C,;HuOs: C, 60.60; H, 7.12.
Found: C, 60.58; H. 7.24.

The chromatographic analysis of methyl A%-tetrahydro-
phthalate showed a 39, impurity which had not been com-
pletely removed by distillation. This impurity is believed
to be irans-methyl Ad-tetrahydrophthalate because its corre-
sponding acid is formed in the sodium amalgam reduction of
o-phthalic acid along with the A%acid.® Furthermore, it
has a retention time on polypropylene glycol which falls
between cis-methyl Ai-tetrahydrophthalate and the Al- or
Al-esters and is converted to frans-methyl hexahydrophthal-
ate upon hydrogenation.

cis-Methyl A‘-tetrahydrophthalate was prepared from
cis-A-tetrahydrophthalic anhydride ia the silver salt.

cis-Methyl hexahydrophthalate was prepared via the ac-
tion of methyl iodide on the silver salt of the acid as above.
The acid was obtained by the hydrogeunation of cis-At-
tetrahydrophthalic acid according to Jenkins and Costello.1?

(7) M. E. Bailey and E. P. Amstutz, Tuis JourNaL, 78, 3828 (1958).
(8) A, Baeyer. Aun., 258, 145 (1890).

(9) A, Baeyer, ibid., 269, 145 (1892),

(10) E. F. Jenkins and E. J. Costello, THIS JourNaL, 68, 2733
(1946).
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The acid was purified by repeated recrystallizations from
water yielding material of m.p. 191°, 1it 10 192°,

Preparation of i{rans-Hexzahydrophthalic Acid (trans-
Cyclohexane-1,2-dicarboxylic Acid).—A sample of cis-
hexahydrophthalic acid (18 g.) was refluxed with 859, phos-
phoric acid (100 ml.) for 5 hours. The reaction mixture
was poured into 600 ml., of water and allowed to cool.
Crystals of the irams-acid (18 g., 97%) formed and after
two recrystallizations from water had a m.p. of 218-220°;
lit." m.p, 215-216° and 227-228°,12

Preparation of {rans-Methyl Hexahydrophthalate (rans-
Methyl Cyclohexane-1,2-dicarboxylate).—The procedure
reported by Smith and Fort!? was followed for the synthesis
of trans-methyl hexahydrophthalate. The isolated product
was distilled at 135° (17 mm.). Crystallization of the
material with a benzene—petroleum ether mixture gave crys-
tals which melted at 31°, 1it,1231°,

General Procedures for Hydrogenation.—A semi-micro
hydrogenation apparatus similar to that described by Van-
denheuvellt was constructed to study the relative rates of
reduction of unsaturated compounds. This apparatus
allowed the determination of the fraction hydrogenated with
a precision of about 19, under near isobaric conditions.
The reductions were carried out at a pre-set pressure of ap-
proximately 730 mm. of mercury at a temperature of 26 =+
0.5°, The buret readings were taken at minute intervals,

The Al and A%isomers of methyl tetrahydrophthalate
(0.0025 and 0.025 mole) were hydrogenated in 50 ml, of
glacial acetic acid in contact with 80 mg. of comnmercial
platinum oxide (The American Platinum Works) at 26-27°
and atmospheric pressure, Additional reductions of methyl
A2tetrahydrophthalate (0.0125 mole and 150 mg. of cata-
lyst) and methyl phthalate (0.0125 mole and 300 mg. of
catalyst) were carried out in 10 ml, of acetic acid at 136 and
267 atm., respectively, An Aminco high pressure shaking
autoclave was employed in the latter experiments.

Isolation of Products.—The catalyst was filtered and the
acetic acid solution was poured into a separatory funnel
containing 300 g. of ice. The cold mixture was immedi-
ately neutralized with an equivalent amount of sodiun hy-
droxide. After a saturated solution of sodium chloride was
added, the solution was extracted with ether and dried over
anhydrous magnesium sulfate. Careful removal of the
ether by distillation yielded the mixture of methyl hexa-
hydrophthalates and in the case of an incomplete reduction,
the saturated mixture plus the original unsaturated ester.
The recovery of reaction products was performed without
appreciable loss.

Analytical Methods.—The absorbance of standard
samples of the methyl Al- and A%tetrahydrophthalates and
methyl phthalate (0.084 mg./cc. of ‘‘spectrographic’ cy-
clohexane) was examined in the region of 230-300 mu with
a Beckman model DU spectrophotometer equipped with a
hydrogen discharge lamp and l-cm. silica cells, At this
concentration, the cis- and trans-hexahydrophthalates do
not absorb appreciably and therefore do not interfere with
the analysis, Neither the Al- nor the A-tetraliydrophthal-
ates have maxima in their absorption spectra in this region;
however, the Al-ester begins to absorb at longer wave
lengths, about 265 1inu, while the A2-ester reaches the same
weak absorption at 250 mu. Consequently, the spectral
region 230-250 mu was used to detect the preseice of one in
the other component. From reference curves, it is pos-
sible to distinguish between the above compounds in mix-
tures within an error of 3—49%,.

The presence of methyl phthalate can be detected from
the maxima occurring at about 275-280 mu.

An apparatus employing gas-liquid partition chromatog-
raphy was constructed along lines described by Dimbat,
Porter and Stross,!s but was modified in several ways., The
stream of carrier gas was shunted before reaching the
sampling port. one path leading to the reference side of the
thermal conductivity cell and the other to the sample in-
jector system.l¢ This allowed both reference and measuring
filaments to operate at the same pressure. A one millivolt
recorder was used. The chromatograph columns were

(11) W. Hiickel and E, Goth, Ber., 58, 449 (1925).

(12) H. A, Smith and F. P, Byrne, THIS JoURNAL, 73, 4406 (1950).
(13) H, A, Smith and T. Fort, Jr., tbid., 78, 4000 (1956).

(14) F. A, Vandenheuvel, Anal. Chem., 24, 847 (1952).

(15) M. Dimbat, P. E. Porter and F. H. Stross, ibid., 28, 290 (1956).
(16) W. C. Percival, ibid., 29, 20 (1957).
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constructed from copper tubing, 25 feet in length and 0.25
inch in diameter. Helium was used as the carrier gas.
Several liquid stationary phases on 50-60 mesh fire brick
were investigated in order to separate the products and re-
actants formed in the hydrogenation of the methyl tetra-
hydrophthalates. The most useful found were dioctyl
sebacate (W. C. Hardesty Co., Inc., Dover, Ohio) and
polypropylene glycol 2025 (Carbide and Carbon Chemicals
Co., New York, N.Y.). Operating at a temperature of
200° and a flow of helium of 140 ml, per minute, the ¢is and
trans isomers of methyl hexahydrophthalate gave peaks at
166 and 154 minutes on dioctyl sebacate (D.0.8.) and 160
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and 148 minutes on polypropylene glycol (P.P.G.), respec-
tively. The retention time for the unsaturated esters was
much greater. The Al- and A?-isomers of methyl tetrahy-
drophthalate gave peaks at 223 and 217 minutes, respec-
tively, on D.O.S., and 231 and 225 minutes, respectively,
on P.P.G. The ratio of isomers was taken as the ratio of
the areas under the respective peaks. These areas can be
obtained satisfactorily by multiplying the height of the peak
by the width of the peak at half height. A comparison of
the prepared standards indicated an accuracy of +=19,.

FAYETTEVILLE, ARK.
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Kinetics of the Metal-Ammonia—Alcohol Reductions of Benzene and Substituted
Benzenes!
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A study of the metal-ammonia-alcohol reduction of benzene and some substituted benzenes has shown that over a limited
range of concentration the rate of reduction of aromatic compound is governed by the law d(ArH)/d¢ = R(ArH)(M)}ROH).
The rate constant for the reduction of benzene with lithium and ethanol in liquid ammonia at —34° is 1.40 £ 0.06 1.2/
moles? sec., and the energy of activation is 2.7 kcal./mole. With ¢-butyl alcohol as proton source, the rate constant at
—34° is 0.10 & 0.01 1.2/moles? sec. and the energy of activation is 4.4 kcal./mole. Relative rates of reduction of benzene
and fourteen substituted benzenes have been obtained. Bulky alkyl substituents lower the rate of reduction. and increase

the proportion of cyclohexenes in the product.
reduction of benzene sixty-four-fold.
is presented.

Introduction.—The reduction of aromatic com-
pounds with a combination of an alkali metal and
an alcohol or other proton source in a medium of
liquid ammonia or low molecular weight amine is
a synthetic procedure of great utility.® Its
flexibility and usefulness has attracted increasing
attention in recent times.! In previous investiga-
tions of this reaction, attention has been centered
on characterization of the major products,?
on achieving optimum conditions for high yields in
specific cases, -4 and on discerning the probable
mechanism of the reaction by means of product
studies.®.*b.e  Other aspects of the reaction which
might be expected to cast light on the mechanism
include the kinetics, and the composition and
proportions of minor products. An investigation
of these topics forms the subject matter of this
report.

Effect of Proton Source on Yield.—In Table I
are assembled data on several preliminary experi-
ments in which were determined the effect of varia-
tions in the kind and amount of alcohol or acid
used as a proton source on the yield of reduced
hydrocarbon.

(1) Abstracted in part from the thesis submitted by A, P. Krapcho
to Harvard University in partial fulfillment of the requirements for the
Ph.D. degree, 1957.

(2) (a) Department of Chemistry, Smith College, Northampton,
Mass; (b) Mellon Institute, Pittsburgh, Pa.

(3) (a) C. B. Wooster and K. L. Godfrey, THis Journacr, 69, 596
(1937): (b) A. J. Birch, J. Chem. Soc., 430 (1944); 809 (1945); 593
(1946); 102, 1642 (1947); 1551 (1950); 2556 (1957); (c) A. J.
Birch, Quari. Revs., 4, 69 (1930); Ausiral. J. Chem., T, 256, 261
(1954); 8, 96 (1953).

(4) (a) R. A. Benkeser, R. E. Robinson, D. M. Sauve and O, H.
Thomas, THIs JOURNAL, TT, 3230 (1955); (b) W. Hiickel and Worffel,
Ber., 88, 338 (1955); 89, 2098 (1956); (c) G. Stork and W. N. White,
Tmrs JOURNAL, T8, 4604 (1956); (d) W. S. Johnson, B. Bannister and
R. Pappo, ibid., 78, 6331 (1936); (e) W. Hiickel, B. Graf and D.
Miinkner, Aunn., 614, 47 (1958).

The addition of lithium bromide increases the rate of sodium and alcohol
A probable mechanism for the reaction as it proceeds under the usual Birch conditions

TABLE I

EFFECT OF PROTON SOURCE ON YIELD OF REDUCED HYDRO-
CARBON IN SEVERAL REACTIONS
Molar proportion and  Analytical Reduction,t

Hydrocarbon kind of proton source method?® %
Benzene 2 NH,Cl1 VPC 3
Benzene 2 NH.Cl1 R 3
Benzene 2 NH.Cl UV 2
Benzene 3 EtOH VPC 94
Benzene 4 EtOH R 92
Benzene 1.4 EtOH VPC 50°
Benzene 5 H,O VPC 36
Toluene 2 EtOH VPC 88
Toluene Excess H:O VPC 28
Toluene 2 NH,C1 uv 2
Toluene 4 ¢-PrOH UV 96
Toluene 4 t-BuOH TV 91

e VPC = vapor phase chromatography; R = refrac-
tometry; UV = ultraviolet spectroscopy. ¢ Major reduc-

tion product only. ¢ One mole of lithium; all other experi-
ments with 2 moles of lithium.

In these reductions, lithium and benzene or
toluene were dissolved in the ammonia, usually
with a little added ether to render solution complete,
and the proton source then added as rapidly as
possible. Analyses of the hydrocarbon products
were performed by one or more of these methods:
refractometry, ultraviolet spectroscopy and vapor
phase chromatography.

The data reflect a general trend toward lower
vields with more strongly acidic proton sources.
Although ammonium chloride gives good results in
the reduction of polynuclear hydrocarbons, its
use in the present cases leads to almost no reduc-
tion. Unlike alcohols,?4d both ammonium chlo-
ride and water react rapidly with alkali metals dis-
solved in liquid ammonia. It seems very likely



