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The hydrogenolysis of a series of alkyl esters to their corresponding alcohols has been studied
over a Raney copper catalyst in the temperature range 210-280°C. Generally, the rate of hydrogen-
olysis was found to increase with molecular weight while the selectivity to alcohol, derived from
the acyl part of the ester, decreased due to transesterification reactions. The rate data correlated
well to a Taft equation in which inductive effects were more important than steric effects, provided
the equation included a term to account for the hydrogens on the a-carbon atoms. Reaction kinetics
for ethyl acetate hydrogenolysis were found to be first order in hydrogen and —0.5 order in ethyl

acetate.

INTRODUCTION

In a previous paper (I) the structure-re-
activity dependence has been discussed for
the hydrogenolysis of a range of alkyl for-
mates over a copper chromite catalyst.

HCOOR + 2H,; = CH;0H + ROH. (1)

It was found that the rate of hydrogenolysis
of alkyl formates decreased with increasing
molecular weight and that the selectivity to
methanol was significantly decreased by a
transesterification reaction with the original
formate.

CH;0OH + HCOOR =
HCOOCH; + ROH. (2)

This reaction exhibited a rapid equilibrium,
the position of which was only slightly in-
fluenced by temperature over the range
studied.

Like the formates, the hydrogenolysis of
aliphatic acetates has been very little stud-
ied. Indeed, mention of acetate hydrogenol-
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ysis to ethanol can generally only be found
in the patent literature. Lazier (2), in de-
scribing a process for producing alcohols
from esters of nonaromatic carboxylic ac-
ids, used ethyl acetate, #-butyl acetate, and
ethyl n-butanoate as starting materials. The
major components of the catalyst included
copper oxide and zinc oxide, with tempera-
tures of 320-400°C and pressures of 17-25
MPa being employed. Similar reactions
were studied by Schmidt (3) using compa-
rable temperatures, atmospheric pressure
and a copper-, nickel-, or cobalt-based cata-
lyst. More recently, Grey et al. (4) de-
scribed a soluble ruthenium complex cata-
lyst for the hydrogenation of carboxylic
acid esters to their corresponding alcohols.
Much milder conditions were employed
(90°C, 720 kPa) and small amounts of ethyl
acetate, together with methanol and etha-
nol, were observed when methyl acetate
was used as the starting material. This was
explained in terms of transesterification by
reaction

CH;CH,0H + CH;COOR =
CH3;COOCH,CH; + ROH. (3)
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Zdrazil (5, 6) has studied extensively the
hydrogenolysis of aliphatic esters over a
rhodium catalyst. In those studies, the
products of hydrogenolysis were the corre-
sponding alkane and acid according to

R'COOR + H, = R’'COOH + RH. 4)

While this reaction involves splitting of a
different bond in the molecule, the trends
observed with a series of esters are note-
worthy. It was found that the rate of hydro-
genolysis increased with increasing molec-
ular weight of the molecule for any given
series of esters with the same acyl group.
This was related primarily to electron di-
recting effects and results were correlated
to a Taft equation.

This paper extends the study of the hy-
drogenolysis of esters to alcohols by inves-
tigating a range of aliphatic acetates to-
gether with methyl propanoate and methyl
butanoate over copper-based catalysts. The
esters react according to the general equa-
tion

R'COOR + 2H, =
R'CH,0H + ROH. (5)

EXPERIMENTAL

The catalyst mainly used in this study
was Raney copper, which was prepared
from a commercial 50 wt% Cu, 50 wt% Al
copper alloy (CuAl,). The preparation in-
volved leaching particles (350-500 pm) of
the alloy with a 20 wt% sodium hydroxide
solution at 50°C for 4 h as described by
Marsden et al. (7). The resultant catalyst
had a total surface area of 19.8 m?%/g and a
copper surface area of 17.3 m?/g based on
nitrous oxide chemisorption as described
by Evans et al. (8). The catalyst was stored
under water at 3°C until used.

The esters used were obtained from the
Ajax Chemical Company and Fluka Chemi-
cals and were of purity greater than 99%.
Impurities were mostly water and the par-
ent alcohol.

EVANS ET AL.

Measurements of activity and selectivity
were performed using a standard flow appa-
ratus. The catalyst (0.5-5 cm?) was con-
tained in a 9-mm-i.d. U-tube reactor im-
mersed in a vigorously stirred molten salt
bath, the temperature of which was con-
trolled to =1°C. High purity hydrogen and
helium (Commonwealth Industrial Gases)
were metered to a preheater maintained at
the same temperature as the reactor and es-
ters were introduced to the stream of H,/He
mixture by a metering pump (Eldex A-30-S-
2). The gas streams leaving the preheater
and reactor were sampled sequentially us-
ing a 10 port valve (Valco) and analyzed
with a Gow-Mac Series 550 gas chromato-
graph equipped with thermal conductivity
detectors. Chromatographic columns and
operating conditions varied widely depend-
ing upon the ester used. A 2-m X 0.25-in.
Porapak Q column and hydrogen carrier
gas flow rates of 35-45 cm® min—! were used
at 130-200°C for all acetates except isobu-
tyl. For isobutyl acetate, methyl propa-
noate, and methyl butanoate a 2-m X 0.25-
in. Porapak PS column was used at
temperatures between 140 and 240°C
with 40-50 cm? min~! of hydrogen carrier
gas.

All measurements were made with the re-
actor operating at essentially atmospheric
pressure.

Relative molar response factors for all
reactants and products were measured ex-
perimentally using accurately prepared lig-
uid standards and were found to agree with
those published by Messner er al. (9). The
accuracy of the analytical method was
checked using a mass balance; agreement
was always within +5%.

Conversion has been defined as moles of
ester converted per mole of ester intro-
duced. In order to account for the change in
number of moles in reaction (5), selectivity
has been defined so that total selectivity of
all carbon containing products equals
100%. Thus, for the reaction of ethyl ace-
tate, selectivity is defined as (here 2 mol of
ethanol are initially produced)
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SElhanol
_ % (moles ethanol produced)
" (moles CH,COOCH,CH; reacted)

x 100

S Acetaldehyde
_ 1 (moles acetaldehyde produced)
" (moles CH;COOCH,CH; reacted)

X 100
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Sco+cHy
_ % (moles CO and CH, produced)
" (moles CH;COOCH,CH; reacted)

X 100.

For the other acetates, the selectivity to
ethanol is decreased due to the transesterifi-
cation reaction (3). In this case:

1 (moles EtOH produced by) _ (moles EtOH reacted by)
2

reaction (5)

reaction (3)

Skthanol = (moles R’COOR reacted) * 100
1 (moles EtOH produced by) + (moles EtOH reacted by)
2 reaction (5) reaction (3)

S Atcohot = x 100

(moles R'"COOR reacted)

moles EtOH reacted by reaction (3)

SEthyl acetate —

The moles of ethanol consumed by reaction
(3) was obtained from the moles of ethyl
acetate produced by this reaction.

RESULTS AND DISCUSSION

1. Product Distribution for Ethyl Acetate
Hydrogenolysis

In initial screening tests the activity and
selectivity range of hydrogenation catalysts
for ester hydrogenolysis were determined.
Raney copper and two copper chromites
(Harshaw 1808:43% CuO balance Cr,Os;
and Harshaw 0203:80% CuO balance
Cr,0;) exhibited high activity and selectiv-
ity. A 9.5% Cu-0.5% Ni/AL,O; catalyst
(Dow K) and 1% Pd/ALO; exhibited some
initial activity at 260°C but this declined to
zero over 30 min. Raney cobalt, Raney
nickel, and 3.4% Ni0O-19.8% MoO/Al,0;
had considerable activity but low selectiv-
ity for ethanol production. It would appear
that metallic copper is a necessary catalytic
component to accomplish the desired ester
hydrogenolysis.

On a mass basis the activity of the Raney
copper was much greater than that of either
copper chromite, so that the former was
chosen for detailed investigation. Conver-

(moles R'"COOR reacted)

X 100.

sion and product distribution as a function
of temperature, hydrogen/ester ratio and
residence time are shown in Figs. 1, 2, and
3. Under all conditions ethanol was the
dominant product with some acetaldehyde
and small amounts of CH, and CO being

-
8
I

CONVERSION, %
-
8
T

(1] 4 140

SELECTIVITY . %

201 <20
Acetaldehyde
0 e M 0
220 240 260 20

TEMPERATURE, *C

FiG. 1. Conversion of ethyl acetate and selectivity
as a function of temperature. Conditions: 1 cm?® Raney
copper, 0.1 cm® min~! CH,COOC,Hs, ratio H,: CH,
COOCij = 20.
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Fi1G. 2. Conversion of ethyl acetate and selectivity
as a function of H, : CH;COOC,H; ratio. Conditions: 1
cm® Raney copper, 0.1 cm?® min-! CH;COOC,H;s,
260°C.

produced at high conversions. In each case,
the ratio CH;CH,OH/CH;CHO varied with
temperature and hydrogen pressure in the
direction expected if the reaction

CH;CHO + H, = CH;CH,OH (6)

was at equilibrium. This can be clearly seen
from the comparison in Table 1 of the log X,
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FicG. 3. Conversion of ethyl acetate and selectivity
as a function of residence time. Conditions: 1 cm? Ra-
ney copper, H;: CH;COOC,H;s = 20, 260°C.
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TABLE 1

Comparison of log K, and log @, for Reaction (6)
during Ethyl Acetate Hydrogenolysis

Conditions Temperature Ethy! acetate log K, log Q)
0 conversion
(%)

As per Fig. 1 220 5 2.8 23
240 10 2.1 2.0
260 23 1.6 1.6
280 38 0.9 1.1

As per Fig. 2 260 14 1.6 1.5
260 21 1.6 1.6
260 28 1.6 1.7
260 44 1.6 1.9

As per Fig. 3 260 7 1.6 1.8
260 16 1.6 1.7
260 26 1.6 1.7
260 41 1.6 1.7

(derived from thermodynamic data taking
heat capacities into account) and the quan-
tity log Q, = log[Pcuscuyon/PcHscnoPH,)
calculated from the product distribution for
reaction (6). Unfortunately log K, values
are subject to systematic errors of *1 (aris-
ing from the limited accuracy of available
thermodynamic data) so that firm conclu-
sions regarding equilibration cannot be
drawn by direct comparison. Nonetheless,
the parallel dependence of each quantity on
temperature and the constancy of the ex-
perimentally derived quantities for all data
at 260°C strongly favors complete equilibra-
tion. Similar calculations for the ethyl ace-
tate hydrogenolysis reaction showed that
equilibrium was never achieved.

Further support for equilibration was ob-
tained by the experiments detailed in Table
2 in which ethanol was fed with varying hy-
drogen pressures and temperatures. The
calculated values for log Qp were identical
to those obtained when ethyl acetate was
the starting compound indicating that reac-
tion (—6) was rapid. Similarly, measure-
ments of the rate of hydrogenation of acet-
aldehyde (reaction (+6)) at 220°C showed it
to be 500-1000 times as fast as ethyl acetate
hydrogenolysis under similar conditions.
Since both reactions (+6) and (—6) were
rapid, equilibrium is expected to be at-
tained.
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TABLE 2

Comparison of log K, and log @, for Reaction (6) Using Ethanol at Varying Hydrogen
Pressures and Temperatures

Temperature Outlet pressures (atm) log K, log O,
(o]
H, CH;CH,0H CH,;CHO CH,;COOCH,CH,

260 0.31 0.39 0.26 0.028 1.6 1.57
260 0.83 0.121 0.03 0.0088 1.6 1.58
260 0.92 0.057 0.011 0.0051 1.6 1.73
260 0.97 0.026 0.0046 0.0009 1.6 1.76
260 0.92 0.062 0.012 0.0055 1.6 1.73
260 0.92 0.067 0.012 0.0030 1.6 1.82
260 0.92 0.971 0.012 0.0016 1.6 1.99
220 0.92 0.0721 0.003 0.0011 2.8 3.2
240 0.92 0.068 0.0072 0.0015 2.1 2.3
260 0.92 0.062 0.012 0.0051 1.6 1.7
280 0.92 0.0169 0.0169 0.0055 0.9 1.0

Given that equilibrium did hold for reac-
tion (6) then, in the absence of isotopic
tracer experiments, it was not possible to
decide if the primary cleavage reaction in-
volved

CH;COOCH,CH; = 2CH;CHO (7)
or

CH;COOCH,CH; + H, =
CH;CH,0H + CH;CHO (8)

or

CH,COOCH,CH; + 2H, =
2CH;CH,OH (9)

Similarly it is not possible to decide the ori-
gin of the minor products CH, and CO. The
process

CH;CHO = CH,; + CO (10)

assumed by other workers to account for
by-product formation during ethanol dehy-
drogenation (10, 11) would seem the most
likely given the simplicity of the internal
rearrangement required. However, experi-
ments at 200°C in which acetaldehyde was
fed in the absence of hydrogen yielded only
minor amounts of ethyl acetate with virtu-

ally no CH, or CO. This resuit tends to sug-
gest the latter are derived from the ester or
alcohol.

2. Kinetics of Ethyl Acetate
Hydrogenolysis

It is clear from Fig. 2 that conversion in-
creases with Hs/ester ratio so the reaction
order in hydrogen must be greater than that
in ester. Actual kinetic orders in each reac-
tant were determined at 210, 220, and 230°C
under differential conditions. At the tem-
peratures employed, experimental rates
showed that effectiveness factors were
greater than 0.99. Since conversion was
kept low (<10%), the formation of bypro-
ducts (carbon monoxide and methane) was
negligible and the amount of acetaldehyde
was small. Product inhibition was assumed
to be negligible.

Experiments were performed by fixing
the partial pressure of one reactant and
measuring the rate of ethyl acetate hydro-
genolysis at varying partial pressures of the
other reactant. Where a diluent was re-
quired, helium was used. From the slope of
the resultant log rate vs log partial pressure
plot, a first-order dependency with respect
to hydrogen and a —0.5-order dependency
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FiG. 4. Rate of hydrogenolysis of ethyl acetate versus partial pressure of reactants at constant initial
ethyl acetate pressure (p}) and constant initial hydrogen pressure (p%). Conditions: 1 cm? Raney

copper, 0.1 cm?® min—! CH;COOC,Hs, 220°C.

with respect to ethyl acetate was found
(Fig. 4). Reaction orders obtained at the
three temperatures studied differed by less
than 5% from the values of 1 and —0.5.
Additional rate data were obtained at
varying ethyl acetate and hydrogen pres-
sures so that the range of pressures covered
was 2.2 to 33.7 kPa for ethyl acetate and
10.1t0 99.1 kPa for hydrogen. In all cases a
stoichiometric or excess ratio of hydrogen
to ethyl acetate (R > 2) was maintained.
All data were then correlated by a power

Order with respect to ethyl acetate
Order with respect to hydrogen
Activation energy

Preexponential factor

The regression coefficient r obtained from
the analysis was 0.993 and results predicted
on the basis of Eq. (11) were in good agree-
ment with experimental rates of reaction
(Fig. 5).

Attempts were then made to fit these ki-

rate law expression of the form

r = AeFRTPEoaPY, (11)
where r is the rate of ethyl acetate disap-
pearance (mole cm~3 h™') and p; is the par-
tial pressure (atm) of reactant i (1 atm =
101.3 kPa). These data were fitted to a lin-
earized form of Eq. (11) using least-square
multiple regression analysis. The resulting
values of the model parameters were ob-
tained

—0.505

= 1.03

E = 88.0 kJ mol™!

A =273 x 105 mol cm~3 h~! atm 032

< m
I

netic results to a Langmuir—Hinshelwood
model. After consideration of many alter-
natives only three basic models could be
conceived to be correct, due to the limita-
tion of the —0.5 order with respect to ethyl
acetate, which implies dissociative adsorp-
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FiG. 5. Predicted versus experimental rate for ethyl
acetate hydrogenolysis. Conditions: Raney copper,
0.1 cm? min~' CH,COOC,Hs, 210, 220, and 230°C.

tion. If ethyl acetate dissociates as

EtOAc = EtO + Ac
1 1
S S

where 1 represents an adsorbed site, then

reaction of adsorbed molecular hydrogen
via

EtO + H, = Products Model A
1 1
S S or
(12)
EtO + Ac + H, = Products Model B
1 1 1
S S S
(13)

will result in mathematically correct rate
expressions, Alternatively, if the rate of hy-
drogen adsorption is the slow step, i.e.,
Hz +S= Hz Model C
1

(14)
S

then first-order and —0.5-order kinetics can
also be predicted.

The Langmuir-Hinshelwood expres-
sions obtained from the above three models
were linearized and fitted by least-square
multiple regression. While the data could

209

be well-fitted to all the models with correla-
tion coefficients >0.99, the parameter esti-
mates in most cases led to negative values
for the hydrogen adsorption coefficient,
Ky. Attempts to obtain better parameter es-
timates by using restrained regression, lim-
ited data or deletion of the KyPy term in
the denominator of the model were not suc-
cessful. However, in all cases, the value of
Ky was always very much smaller than the
adsorption coefficient value for ethyl ace-
tate, Kg. This is to be expected as copper is
known to be a poor chemisorber of hydro-
gen (13). To test which model is correct
would involve the measurement of rate data
in a region where Ky Py > VKgPg. Given
the relative magnitudes of K¢ and Ky, this
would present severe experimental difficul-
ties.

One of the problems with the above
models is that they all involve adsorption of
molecular hydrogen whereas atomic hydro-
gen would normally be expected. As a
result approximately 20 further Langmuir—
Hinshelwood models were evaluated. Of
these only 2 gave positive coefficients

EtOAc + H, == Products Model D
1 1
S S
(15)
EtOAc + 2H = Products Model E
1 1
S S
(16)

However, the Arrhenius dependency of
the rate constant, k, was very poor in both
cases, while the value of Kg remained es-
sentially constant over the three tempera-
tures used. As was observed for models A,
B, and C, the values of Ky obtained for
models D and E were a factor of 500-1000
smaller than the corresponding K¢ values.

Overall therefore, it appears that the rate
determining step in the hydrogenolysis of
ethyl acetate involves the surface reaction
of adsorbed ethyl acetate or a dissociated
fragment with adsorbed hydrogen. The sur-
face coverage of the ester or its adsorbed
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fragment is very high compared to the hy-
drogen coverage.

3. Hydrogenolysis of Other Esters

The hydrogenolysis of a series of
aliphatic acetates and of methyl propanoate
and methyl butanoate was studied at 220°C
over the Raney copper catalyst. Unfortu-
nately sec-butyl acetate and tert-butyl ace-
tate could not be used as they decomposed
thermally (/4). For each ester a product
spectrum was obtained at varying conver-
sions by varying the space velocity. The
resultant selectivity versus conversion
plots were essentially the same for all es-
ters. An example is shown in Fig. 6 for the
hydrogenolysis of n-propyl acetate. For
this acetate the desired reaction is

CH;COOCH,CH,CH; + 2H, =
CH,;CH,0OH + CH;CH,CH,OH (17)

and as expected, the selectivity to propanol
and ethanol is 50% at low conversion. At
higher conversions, the selectivity to etha-
nol is decreased due to the transesterifica-
tion of the n-propyl acetate and ethanol

70
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-
o
w 30
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20
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10
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0 ' 1 A 1 1 N
[] 10 20 0 &0 50 60 70
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Fi1G. 6. Selectivity versus conversion for n-propyl
acetate hydrogenolysis. Conditions: Raney copper,
H,: CH;COOC;H; = 20, 220°C.
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CH3COOCH,CH,CH; + CH;CH,0H =
CH3;COOCH,CH; + CH;CH,CH,OH (18)

and the selectivity to n-propanol increases.
Similar effects were seen with all acetates
except, of course, ethyl acetate which does
not undergo a detectable transesterification
reaction.

Experiments performed with equimolar
mixtures of methyl acetate and ethanol in a
reactor packed with glass beads in place of
the catalyst proved the transesterification
reaction to be uncatalyzed, at least in part.
The extent of the reaction was 0.04% of
equilibrium conversion at 220°C and 0.17%
at 260°C, respectively. When the glass
beads were replaced by 6.5 g of high surface
area (300 m? g~') silica gel the conversion
rose to 6.1% at 220°C and 9.4% at 260°C. In
this case the increased activity may be due
to the weak acidic nature of the silica but
more likely due to the increased surface
area for the uncatalyzed reaction to take
place.

Copper catalysts were found to promote
the transesterification reaction beyond that
observed over inert material but attempts to
measure quantitatively the extent of pro-
motion failed. Equimolar mixtures of etha-
nol and alkyl acetates were passed over Ra-
ney copper at 260°C (reaction (3)) to yield
ca. 12-15% of equilibrium conversion.
However, both the ethanol and the product
alcohol were dehydrogenated to the corre-
sponding aldehyde.

Transesterification was also found to re-
duce selectivity in the hydrogenolysis of al-
kyl formates (I), but the reaction is less
important in the case of the acetates. The
transesterification of alkyl formates with
methanol has been found to be sufficiently
rapid at 120°C to reach equilibrium regard-
less of the concentration or residence time
used (7). In the hydrogenolysis of the ace-
tates the transesterification reaction was
never greater than 50% of the expected
equilibrium value (15). High levels of trans-
esterification were only observed at very
high conversions of the acetates. The fact
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that the transesterification for the acetates
was much slower than for the formates can
be seen from Fig. 7. The transesterification
quotient for ethyl formate was always at its
equilibrium value, while the quotient for
the acetates only reached ca. 0.6 at 70%
conversion.

The amounts of acetaldehyde from the
dehydrogenation of ethanol and other alde-
hydes from the dehydrogenation of metha-
nol, propanol, etc. formed under reaction
conditions (220°C) were always very small.
Typically, at conversions of ca. 40%, they
accounted for no more than 0.5 mol% of the
product.

4. Kinetic Effects in the Hydrogenolysis
of All Esters

The rates of hydrogenolysis of alkyl ace-
tates, methyl propanoate, and methyl buta-
noate were determined over the Raney cop-
per catalyst at 220°C. Measurements were
based on differential conversions which
were less than 10%. Results are shown in
Table 3, where column 1 lists the overall
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F1G. 7. Transesterification reaction quotient versus
conversion for alkyl acetates and ethyl formate. Alkyl
acetates: @ = (ROH)(CH,COOC;H;)/(CH;COOR)
(C,H;OH), Raney copper, H,:CH,COOR = 20,
220°C. Ethyl formate: Q0 = (C,H;OH)Y(HCOOCH,)/
(HCOOC,H;)(CH;OH), Raney copper, H,:HCOO
C,H; = 10, 160°C.
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TABLE 3

Ester Hydrogenolysis Rates at 220°C over Raney
Copper Catalyst with H,: Ester = 20

Acetate Total rate Estimated hydrogenolysis

x10° (mol h~' em™3) rate x10% (mol h~! cm~%)
Methyi 7.9 6.0
Ethyl 6.7 6.7
n-Propyl 1.6 9.9
Isopropyl 6.2 5.6
n-Butyl 12.6 1n.2
Isobutyl 15.7 13.6
Methyl propanoate 4.1 32
Methyl butanoate 7.1 5.0

rate of ester disappearance. Since some es-
ter is also lost in the transesterification re-
action, the data has also been recalculated
taking into account the amount of ethyl ace-
tate and alcohol formed by this reaction.
This is shown in column 2 and is termed the
estimated rate of hydrogenolysis.

For the series of n-alkyl acetates, the rate
of hydrogenolysis increases as the size of
the alkyl group increases. Furthermore, the
addition of a methyl group on the alkoxyl
carbon (isopropyl) hinders the hydrogenol-
ysis rate while branching on the second alk-
oxyl carbon (isobutyl) increases the rate.

The rate data were then fitted to the Taft
equation in an attempt to correlate relative
reactivities with inductive (o *), steric (E),
and hyperconjugative (An) constants (16).
Correlation was poor when only the induc-
tive and/or the steric parameters were in-
cluded. However, when the term An = 6 —
Zn was introduced to account for the a hy-
drogens in the molecule, a reasonable fit
was obtained for the equation

log R; = p*Zo* + hAn + C  (19)

where R; = rate of hydrogenolysis of ace-
tate relative to methyl acetate, An = 6 — Zn
where n = number of « hydrogens on alk-
oxyl and acyl carbons, and Z¢* = sum of
inductive constants of R’ and R groups in
the ester R’"COOR, i.e., 2o* = o*(R') +
o*R).

By least-square multiple regression it
was found that p* = =224, h = -2.2,C =
0.0251, and correlation coefficient, r = 0.96
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(Fig. 8). While the value of p* is high when
compared with values obtained in liquid-
phase homogeneous reactions, it is never-
theless in agreement with the value of p* =
—25.7 observed by Zdrazil (6) for the hy-
drogenolysis of acetates over a rhodium
catalyst. Zdrazil suggests that the high
value is due to the fact that the constant is
the sum of the slopes of two consecutive
steps; equilibrium adsorption followed by
surface reaction.

Introduction of the steric constants into
the Eq. (19) did not improve the fit of the
data and so it would appear that the hydro-
genolysis of acetates to alcohols, as the hy-
drogenolysis of acetates to acetic acid and
alkanes (6), is mostly influenced by the in-
ductive and mesomeric effects of the ace-
tates. Further, since both constants (p* and
h) in Eq. (19) are of the same sign, then an
increase in electron density is favorable for
hydrogenolysis.

The rates in Table 3 for methyl propa-
noate and methyl butanoate were used to
tabulate their relative reaction rates (16) ac-
cording to Eq. (19) and these also appear in
Fig. 8. While the two points do not fit the
line very well, they still exhibit the same
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trend as the acetates. This infers that the
addition of methyl (CH;) groups to the ester
on either the acyl or alkoxyl carbon does
not appear to have any effect on the mecha-
nism of reaction but merely influences its
relative rate of hydrogenolysis depending
upon its inductive and hyperconjugative ef-
fects.

As a result of these observations, the ap-
plicability of the Taft plot to the hydrogen-
olysis of alkyl formates to methanol was
considered. Formates have only one hydro-
gen attached to the acyl carbon atom and so
present a completely different situation to
that of the acetates, propanoates, etc.
Methyl formate has been excluded from the
reaction series as its reactivity appears to
be completely different. This may be due to
the fact that it does not enter into any de-
tectable transesterification reaction but
more likely due to deactivation problems
associated with methyl formate hydrogen-
olysis (17) as compared to other formates.

The hydrogenolysis rate data at 130°C
previously presented for alkyl formates (1)
were fitted to the Taft equation using the
appropriate constants (/6). Like the ace-
tates, the formate activities do not correlate
well with the inductive or steric constants
alone. However, a good fit was obtained
with the equation

log R; = p*So* + hAn’ + K (20)

where R; = hydrogenolysis of formate j rel-
ative to methyl formate, An’ = 3 — Zn
where 1 = number of « hydrogens on the
alkoxyl carbon, and p* = 10.88, & = 0.499,
and K = —4.38 with regression coefficient r
= 0.96 (Fig. 8).

A slight improvement was noted when
the steric constants were added to Eq. (20),
although the values of p*, 4, and K were
not changed markedly (<8%).

Even allowing for the fact that the Taft
equation is not necessarily applicable to gas
phase heterogeneous reactions, the large
different in p* (both in magnitude and sign)
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between the acetates and formates implies
that a totally different mechanism is in-
volved in each case. Generally, a negative
p* is associated with a positively charged
intermediate and vice versa. While it is not
the purpose of this paper to propose defini-
tive mechanisms for ester hydrogenolysis,
schemes can be written which are consis-
tent with the observed results. These in-
clude, for example, for formates

c
R—O—C—H — ROH +

C—H
o0
| N |
S S
ScHEME I
and for acetates
n 0
R—O—C—CH; - R—O + C
{1 [/ N\
IlI S H CH,
S
ScHeME 11

While there is no absolute proof for either
of the above schemes, Scheme II involves
the production of acetaldehyde which is de-
tected among the reaction products, while
Scheme I does not involve the equivalent
production formaldehyde; formaldehyde
has not been detected in formate hydrogen-
olysis experiments. Experiments designed
to explore reaction mechanisms are cur-
rently in progress.
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