Hydrogenolysis of Benzyl Esters with Palladium-
on-Carbon Catalysts

By HAROLD L. SMITH, EARLE S. BROWN, J. DOYLE SMITH, and
JOHN ANDRAKO

Further studies to demonstrate the possibility of substrate and stereospecific sites on
palladized charcoal hydrogenation catalysts have been made. The rates of hydro-
genation of the benzyl esters of (+), (—), (&), and meso-tartaric acids, (&) malic
acid, D-, L-, and DL-aspartic acids were measured. The rates were observed to be
identical for the benzy! esters of the tartaric acids and the malic acid, indicating the
possibility that these five substrates can utilize the same catalytic sites for debenzyla-
tion. A hydroxy group and the two carbobenzyloxy groups are postulated as being
involved in the catalyst-substrate complex. The dibenzyl aspartates when com-
pared to one another undergo debenzylation at the same rates. The rate of hydro-
genolysis of dibenzyl succinate was found to be significantly different when com-
pared to the rates of these other substances. Dibenzyl succinate, being devoid of a
hydroxy group or an amino group, would not be expected to utilize the same sites as
the dibenzy! esters of tartaric, malic, and aspartic acids.

HARTUNG and co-workers (1) have postulated
the existence of substrate and stereospecific

sites at the surface of a palladium-on-carbon
hydrogenation catalyst. The postulate utilizes
the concept due to Ogston (2) of a three-point
interaction of a substrate with an enzyme and
proposed by him to account for the stereospecific-
ity of enzyme reactions. It is assumed in the
postulate, according to Hartung and co-workers,
that a three-point attachment of reducible sub-
strate to the active centers in the preliminary
adsorption phase of a catalytic hydrogenation
also occurs. This requires that three palladium-
active centers on the catalytic surface be properly
spaced to accommodate the interacting groups of
the substrate. Presumably, palladium is de-
posited at random on the charcoal surface in
small clusters of atoms. This means that all
possible dimensions between such centers are
available down to a minimum distance controlled
by the surface topography and the amount of
palladium deposited. In Fig. 1, I and II may
represent hypothetical enantiomeric sites in which
the spacing of the active centers in the two are
identical or nearly so, but the active centers are
s0 positioned that they constitute a mirror image
pair. Such a pair would be expected to afford a
racemic product when jointly acting on a sym-
metrical substrate. If, however, an unsymmetri-
cal compound were modified on I, then II would
not function and vice versa. Sites represented
by III and IV in Fig. 1 would accommodate an
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enantiomeric pair of substrate molecules with
dimensions differing from those suitable for I and
II.

It should be possible to demonstrate this stereo-
specificity by utilizing a substrate system com-
posed of the (4), (—), and racemic forms which
may be hydrogenated. The (+) and (-)
isomers theoretically should show identical hy-
drogen uptake curves when hydrogenated in-
dividually. One should expect this because the
random distribution of active centers should lead
to equal numbers of enantiomeric sites. Reduc-
tion of the racemic modification should show a
substantially faster hydrogen uptake than the
(4) and (=) isomers. However, one would not
expect to observe an exact doubling of the rate
since the possibility exists that enantiomeric
sites could show an active center in common,
e.g.,in V of Fig. 1, thus preventing simultaneous
operation of these two sites.

The present study was made as an attempt to
demonstrate the possibility of substrate and
stereospecific sites on palladized charcoal hydro-
genation catalysts. The substrates chosen for
investigation are the dibenzyl esters of (4), (—),
(%), and meso-tartaric acids, (=&)-malic acid,
D-, L-, DL- aspartic acids, and succinic acid. These
esters readily undergo hydrogenolysis of the
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Fig. 1.—Hypothetical active sites on a catalyst sur-
face.
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Fig. 2.—Hydrogenolysis of isomeric dibenzyl
tartrates, 5.0 mmoles in absolute ethanol with 0.5
Gm. A-25 Pd-on-charcoal catalyst. Key: 1, di-
benzyl ( — )-tartrate; 2, dibenzyl (4 )-tartrate.
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Fig. 3.—Hydrogenolysis of dibenzyl tartrate, 7.5
mmoles in absolute ethanol with 0.5 Gm. A-25 Pd-
on-charcoal catalyst. Key: 3, dibenzyl (—)-
tartrate; 4, dibenzyl (= )-tartrate.
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I'ig. 4.—Hydrogenolysis of dibenzyl tartrate, 5.0
nimoles in absolute ethanol with 0.5 Gm. A-25 Pd-
on-charcoal catalyst. Key: 5, dibenzyl (—)-
tartrate; 6, dibenzyl meso-tartrate.

benzyl groups in the presence of palladium-on-
charcoal catalysts under the conditions used.

The hydrogenation apparatus used in this study
was of the type described by Meschke and Har-
tung (3). Its design permits hydrogenations to
be carried out at constant temperature and pres-
sure and with constant stirring.
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In each instance where the rates were to be
compared, the split catalyst technique which in-
volves the use of portions of the same catalyst
was utilized, and the conditions under which the
hydrogenations were carried out were duplicated
from one run to the next as closely as possible.

Figures 2, 3, and 4 summarize the hydrogena-
tions which were carried out on the various di-
benzyl tartrates. In Fig. 5, the rate of hydro-
genolysis of (==)-dibenzyl malate is compared
with that of dibenzyl meso-tartrate. An inspec-
tion of these curves shows that all of the sub-
strates undergo hydrogenolysis at essentially the
same rate.

Figure 6 summarizes the hydrogenations of the
isomeric dibenzyl aspartate p-toluenesulfonate
salts during approximately the first 20 min. of the
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Fig. 5.—Hydrogenolysis of dibenzyl esters, 5.0
mmoles in absolute ethanol with 0.5 Gm. A-25 Pd-
on-charcoal catalyst. Key: 7, dibenzyl (—)-tar-
trate; 8, dibenzyl (4 )-malate.
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Fig. 6.—Hydrogenolysis of dibenzyl aspartate p-
toluenesulfonate salts, 1.93 mmoles in absolute
ethanol with 0.5 Gm. A-25 Pd-on-charcoal catalyst.
Key: 11, dibenzyl p-aspartate; 12, dibenzyl L-
aspartate; 13, dibenzyl pL-aspartate.
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Fig. 7.—Hydrogenolysis of dibenzyl esters, 5.0
mmoles in ethanol with 0.5 Gm. A-25 Pd-on-char-
coal catalyst. Key: 9, dibenzyl meso-tartrate; 10,
dibenzy! succinate.
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Fig. 8. —Hydrogenolysis of dibenzyl esters, 1.09
mmoles in absolute ethanol with 0.5 Gm. A-25 Pd-
on-charcoal catalyst. Key: 14, dibenzyl bpL-
aspartate; 15, dibenzyl succinate.

reaction. These substrates when compared with
one another also show practically identical rates.

Figures 7 and 8 compare the rate of hydrogenol-
ysis of dibenzyl succinate with dibenzyl meso-
tartrate and racemic dibenzyl aspartate p-
toluenesulfonate. In each instance the rate at
which dibenzyl succinate undergoes hydrogenoly-
sis, curves 10 and 15, is significantly slower.

DISCUSSION OF RESULTS

Although comparison of the rates at which the
isomeric dibenzyl tartrates, isomeric dibenzyl
aspartate p-toluenesulfonate salts, and the racemic
dibenzyl malate undergo hydrogenolysis reveals that
the racemic forms do not debenzylate at a signifi-
cantly faster rate, the results may be interpreted by
postulating that during the modification of these
esters each is attached to the active centers at the
surface of the catalyst by three points. Such points
of attachment, with regard to the substrate mole-
cules, apparently involve the two carbobenzyloxy
groups and a hydroxy group. The four substrate
molecules which contain at least one hydroxy group
are represented in Fig. 9 in the conformations neces-
sary for substrate interaction with a catalytic surface
which is planar or nearly so. If the carbobenzyloxy
groups and the hydroxy groups of, e.g., dibenzyl
(+ )-tartrate are allowed to rest on a planar surface,
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the four points at which the molecule tonches the
catalytic surface may be represented as in Scheme I,
where a, b, ¢, and d represent the possible points of
attachment at the surface of the catalyst. With
the ester in this conformation and using normal bond
lengths and bond angles, a calculation revealed that
points a, b, ¢, and d essentially describe a square.
Therefore, the active sites which are postulated to
be operative for this reduction may be represented
as follows:

d—a

/T d—a
¢c—Db c—b i/
v VI
all sites [(+) or (—)-genic] (mirror image of V)

Inspection of the configurations of the substrates
that underwent hydrogenolysis at the same rate
reveals that both centers V and VI would be opera-
tive during their reductions. It follows, therefore,
that these substrates should debenzylate at essen-
tially the same rates. The same interpretation can
be applied to account for the similar rates of de-
benzylation observed with the isomeric dibenzyl
aspartate p-toluenesulfonates.

Dibenzyl succinate contains neither the proper
groups nor the necessary geometry for the reduction
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Fig. 9.—Conformations of tartrate and malate
esters necessaty for attachment to a planar or near
planar catalytic surface.
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on centers of the type utilized by, e.g., the tartrates,
but would require sites of some other dimensions
and thus shonld be debenzylated at a different rate.

SUMMARY

1. The dibenzyl esters of (), (—), and meso-
tartaric acids, (=Z)-malic acid, and of p-, L-, and
DL-aspartic acids have been prepared and charac-
terized.

2. The rates of debenzylation of these esters as
well as of dibenzyl succinate have been determined
and compared.

3. The similar rates of hydrogenation observed
for the dibenzyl tartrates, racemic dibenzy! malate,
and the isomeric dibenzyl aspartates may be ex-
plained by the assumption that these substrates can
utilize the same catalytic sites for debenzylation. It
is postulated that the two carbobenzyloxy groups
and a hydroxy or amino groups, depending on the
substrate in question are involved in the catalyst—
substrate complex.

EXPERIMENTAL!

Dibenzyl (—)-Tartrate.—To a solution of 32.4
Gm. (0.3 mole) of benzyl alcohol in 200 ml. of dry
benzene contained in a 500-ml. round-bottom flask
fitted through a Dean-Stark trap to a condenser were
added 22.5 Gm. (0.152 mole) of (—)-tartaric acid
and 0.5 Gm. of sulfosalicylic acid. The mixture was
stirred using a magnetic stirrer and was refluxed
until 4.4 ml. of water was collected in the trap (5 hr.
or more). The reaction mixture was cooled, and 100
ml. of ether was added. The resulting solution was
washed successively with equal volumes of water,
109, sodium bicarbonate solution, and finally with
water. The washed solution was gently warmed on
the steam bath to evaporate most of the solvent,
The residue which solidified on cooling was recrystal-
lized twice from carbon tetrachloride and once from
methanol-water, yielding 32 Gm. (61%) of crude
ester which melted at 52-57°. This ester as well as
the other tartrate esters which were prepared formed
gels when warmed solutions in various solvents were
cooled. For this reason it was difficult to obtain
good yields of pure products. The crude ester was
dissolved in methanol, 0.5 Gm. of charcoal was added
and the mixture was heated gently on the steam bath
for 30 min. The charcoal was removed by filtration,
and the ester was precipitated from the filtrate while
being cooled in an ice bath by the addition of water.
After further recrystallization from methanol-
water, 6.1 Gm. (129%,) of dibenzyl ( — )-tartrate melt-
ing at 67.5-69° was obtained. [«]¥ = —12.6°
(c = 0.3987, ethanol).

Anal.—Caled. for CisHisOs:
Found: C, 65.30; H, 5.89.

Dibenzyl (+)-Tartrate.—The general procedure
used for the preparation of the dibenzyl ester of
(— )-tartaric acid was used. The dibenzyl (4 )-tar-
trate which was obtained melted at 67-69° [lit. m.p.
about 50° (4)] and weighed 5.5 Gm. (11%). [«]%
= -+ 12.6° (¢ = 0.3976, ethanol).

Anal.—Caled. for C;sH;30s: C, 65.45; H, 5.49.
Found: C, 65.19; H, 5.40.

Dibenzyl meso-Tartrate.—Seventy-five grams
(0.45 mole) of meso-tartaric acid monohydrate, 108

1 Temperatures uncorrected.

C, 65.45; H, 5.49.
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Gm. (1 mole) of benzyl alcohol, 0.75 Gm. of p-tolu-
enesulfonic acid, and 500 ml. of benzene were used
to prepare this ester according to the procedure out-
lined for dibenzyl (- )-tartrate. After three re-
crystallizations from benzene, 73.5 Gm. (669%) of
product melting at 103.5-105.5° was obtained.

Anal—Caled. for C;sHisOs: C, 65.45; H, 5.49.
Found: C, 65.30; H, 5.68.

Dibenzyl (%)-Tartrate.—When the racemic ester
was needed for the hydrogenation experiments,
equimolar amounts of the dibenzyl esters derived
from (+4) and (—) tartaric acids were used.

Dibenzyl (=)-Malate.—Twenty grams (0.25
mole) of benzyl alcohol, 16.8 Gm. (0.12 mole) of
racemic malic acid, 0.25 Gm. of sulfusalicylic acid in
200 ml. of benzene were used to prepare this ester
according to the procedure outlined for dibenzyl
(— )-tartrate. The dibenzyl malate which was iso-
lated by distillation boiled at 197-205° at 0.14-0.18
mm. Hg.

Anal.-—Caled. for C;gHmOsZ
Found: C, 68.48; H, 5.87.

Dibenzyl DL-Aspartate p-Toluenesulfonate.—
The procedure used to prepare this ester is a slight
modification of the procedure described by Miller
and Waelsch (5) for the preparation of benzene-
sulfonates of amino acid benzyl esters.

Racemic aspartic acid, 6.65 Gm. (0.05 mole), and
p-toluenesulfonic acid, 21.8 Gm. (0.12 mole), were
mixed with 50 ml. of benzyl alcohol in a round-
bottom flask equipped for vacuum distillation.
The mixture was heated on the steam bath until
solution was effected. The excess benzyl alcohol was
distilled off by vacuum distillation at 127°/1.9 mm.
The orange-brown viscous residue was poured into
an evaporating dish, and 50 ml. of ether was added.
On standing overnight a solid product was obtained.
The crude product was recrystallized three times
from absolute ethanol. The dibenzyl (+)-aspartate
p-toluenesulfonate obtained weighed 16 Gm. (669;)
and melted at 130-133°. [Lit. m.p. about 106°
(6).]

Anal.*—Caled. for CoHuyNO:S: C, 61.83; H,
5.61; N, 2.88; S, 6.6G. Found: C, 62.06; H, 5.67;
N, 3.18; S, 6.90.

Dibenzyl L-Aspartate p-Toluenesulfonate.—Pre-
pared as described above, this compound was ob-
tained in 349, yield and melted at 155-157°. [Lit.
m.p. 157-158° (7).] [a]l¥ + 22.2 (c = 1.66, di-
oxane).

Anal.2—Caled. for C25H27N07SZ C, 61.83; H,
5.61; N, 2.88; S, 6.60. Found: C,62.07; H, 5.64;
N, 3.02; S, 6.83.

Dibenzyl D-Aspartate p-Toluenesulfonate.—Pre-
pared as described above, this compound was ob-
tained in 409, yield and melted at 155-157°. [a]¥
—22.2 {c = 1.66, dioxane).

Anal.>—Caled. for CuHuyNO;S: C, 61.83; H,
5.61; N, 2.88; S, 6.60. Found: C, 61.84; H, 5.44;
N, 3.08; S, 6.80.

Dibenzyl Succinate.—This compound was ob-
tained from commercial sources and had a melting
range of 43-45°. [Lit. m.p. 44-46° (8).]

Catalysts.—The palladium-on-charcoal catalysts
were prepared by the method described by Young
and co-workers (9). In order to avoid catalyst

C, 68.78; H, 5.77.

2 Analyses by Weiler and Strauss, Oxford, England.
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variability when rates were to be compared, enough
catalyst was prepared so that portions of the same
catalyst could be used in cach of the runs. The
catalysts were dried in a vacuum desiccator over
Py0; for 24 hr. after which they were pulverized and
mixed to insure uniformity and then stored in
tightly stoppered bottles until used. The strength
of the catalyst used in the various hydrogenations is
indicated by, e.g., A-100, in which the A designates
that the catalyst was prepared in the presence of
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Carbonation of Aqueous Solutions with Acid
Anhydrides

Slow Acidification in Homogeneous Systems

By TAKERU HIGUCHI, JOHN PERRIN*, JOSEPH ROBINSON,
and ARNOLD J. REPTA

A novel means of achieving a superior degree of carbonation by use of sodium bi-
carbonate and various latentiated acidifiers is presented. The physical chemical
basis of the formulation depends on essentially total dissolution of the bicarbonate
salt and the latentiated acidifier prior to formation of any free carbonic acid. Data
are presented to show the feasibility of the use of glutaric anhydride as the acid pre-
cursor. The pH profile of hydrolysis of the anhydride and its behavior in the pres-
ence of nucleophiles such as CO;2~, HPO,?", etc., are discussed. Itis shown thata
markedly greater degree of supersaturation with respect to carbon dioxide can be
achieved by this route than is possible by the conventional method of dissolving
sodium bicarbonate and a solid acid in water.

(9) Young, J. G., Hartung, W. H,, and Daniels, H. H,, J.
1

A,THOUGH chemical carbonation of pharmaceu-
tical and beverage solutions has been
practiced for generations, the basic process
involving acidification of bicarbonate has changed
little despite the fact that present methods suffer
from serious theoretical drawbacks. In practice,
solid mixtures of sodium bicarbonate and organic
acids such as citric and tartaric with other
pharmaceutically necessary ingredients are usu-
ally added to cold water. In such systems it is
practically impossible to achieve much more than
an atmospheric saturation of the solution with
respect to the released carbon dioxide, the excess
gas normally escaping from the solution as
rapidly as the ingredients dissolve. The exact
geographical site where carbon dioxide is gener-
ated depends on the relative dissolution rates of
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the bicarbonate and the acid particles. If the
acid dissolves first, then the bulk of the reaction
takes place in the saturated solution in close
proximity to the undissolved bicarbonate par-
ticles. If the bicarbonate dissolves faster, the
reaction takes place essentially near the surface
of the undissolved acid. Such suspension sys-
tems did not favor supersaturation with respect
to carbon dioxide since the particulate solids act
as nuclei for bubble formation.

Thus, for the more .common case in which we
have the reaction

[NaHCOglsund - Na*t + HCO;~
/ dissolved acid
H,CO;3 — (COz)aq — CO; (gas)

occurring largely in the vicinity of the undis-
solved bicarbonate particles, the rate of escape
of gaseous carbon dioxide is facilitated by two
factors. Since the organic acids are normally
present in a substantial excess, localized areas of
a high degree of supersaturation with respect to
the gas form around each particle of the bi-





