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Abstract

The hydrogen treatment of methanolic and 2-propanolic solutions of benzoic and o-toluic acid in the gas phase was
studied over a NirSiO catalyst. The reactions were conducted in the absence of diffusion limitations and reproducible2

Žturnover frequencies are presented. The products generated resulted from the hydrogenolysis and esterification in the case of
.methanolic solutions of the substituent –COOH group and from the hydrogenolytic cleavage of the aryl–carboxyl C–C

bond where the aromatic ring remained intact. Esterification proceeded at a greater rate on the pure silica support but was
not observed when 2-propanol was used as solvent; apparent activation energies for the esterification step are given. The
temperature dependencies of the specific rates and product selectivities are shown and these reveal the increasing
predominance of hydrogen cleavage as the reaction temperature was increased. The presence of the ortho-substituted methyl
group served to lower the reactivity of the carboxyl function due to steric and electronic effects which are discussed in terms

Ž .of reactant s adsorptionractivation. The reaction of methylbenzoate and methyl 2-methylbenzoate over the same catalyst
was investigated and the overall reaction pathway is identified. The reactivity of the carbonyl group in aromatic aldehydes
under identical reaction conditions was found to be considerably higher where substituent hydrogenolysis rather than
substituent cleavage was promoted to a greater degree. The response of both carbonyl and carboxyl groups in the
transformation of 2-carboxybenzaldehyde is used to further illustrate the higher reactivity of the carbonyl group. q 1999
Elsevier Science B.V. All rights reserved.
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1. Introduction

The selective heterogeneous hydrogenation
of organic compounds that possess more than
one unsaturated function has become an increas-
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w xingly challenging area in catalysis research 1 .
The hydrogenation of aromatic acids, for in-
stance, is problematic in that either or both the
aromatic ring or the carboxyl substituent may be
attacked. Aromatic acids are however generally

w xmore facile in reduction than aliphatic acids 2 .
Palladium is used industrially for the conversion
of benzoic acid to hexahydrobenzoic acid, a

w xnylon-6 intermediate 3,4 . Reduction of the
benzene ring has been achieved catalytically by
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w xplatinum oxide in alcoholic media 5 and elec-
w xtrochemically at a Pt electrode 6 . The hydro-

genation of benzoic acid to benzaldehyde is also
of commercial significance as aromatic aldehy-
des are important intermediates in the produc-
tion of pharmaceuticals, agrochemicals and per-
fumes and this process has been the subject of a

w xnumber of patents 7–11 . In addition, electro-
chemical reduction has also been shown to pro-
duce the aldehyde as well as the dimer and

w xbenzil 12,13 . Exclusive reduction to the aro-
matic aldehyde has proved very difficult but

w xYokoyama et al. 14 have recently developed a
modified zirconia catalyst that hydrogenates
benzoic acid to benzaldehyde with selectivities
in excess of 95%. Benzaldehyde, in turn, has
been selectively hydrogenated to benzyl alcohol

w xin a number of liquid phase homogenous 15,16
w xand heterogeneous 17–19 catalytic systems. In

the case of the homogeneous reduction of ben-
zaldehyde using nickel 2-ethylhexanoates–
Et Al, hydrogenolysis to toluene and dispropor-3

tionation to benzylbenzoate has been shown to
occur in addition to benzyl alcohol formation
w x20 .

To the best of the author’s knowledge, the
gas phase hydrogen treatment of benzoic acid
over supported nickel catalysts has not been
reported. The known hydrogenolysis activity of

w xnickel systems 21 can however be expected to
have a bearing on product selectivity. All func-
tional groups, with the exception of acids, esters
and amides are hydrogenated in preference to
the benzene ring over Raney nickel in the tem-

w xperature range 373 KFTF423 K 22 . Alkyl
substitution in the benzene ring can have an

w xappreciable effect on reactivity 3,21,23–25 and
the rate of the liquid phase hydrogenation of a
range of methyl- and methoxybenzoic acids over
Adams platinum was shown, in a very early

w xpaper 26 , to decrease with an increasing num-
ber of substituents. As part of a programme of
research dealing with the catalytic hydrogena-
tionrhydrogenolysis action of NirSiO , the ef-2

Ž .fect of temperature 413 KFTF603 K on the
product distribution resulting from the hydrogen

treatment of benzoic acid was examined and
reproducible specific activities and selectivities
are reported in this paper. The effect of ortho-
methyl substitution on overall reactivity and
selectivity has also been considered and the
reaction of the respective aromatic aldehydes

Žand 2-carboxybenzaldehyde which bears both a
carbonyl and carboxyl group in the ortho posi-

.tion under identical experimental conditions are
presented.

2. Experimental

Ž .A nickel-dilute 1.5% wrw silica catalyst
was prepared by homogeneous precipita-
tionrdeposition and characterised as described

w xin some detail elsewhere 25,27 . The hydrated
catalyst precursor was reduced, without a pre-
calcination step, by heating in a 150 cm3 miny1

Ž .stream of dry hydrogen 99.9% at a fixed rate
of 5 K miny1 to a final temperature of 723"1
K which was maintained for 18 h. The nickel
metal dispersion, reproducible to better than

Ž ."3%, expressed as Ni rNi =100%,surface total

equals 73% which represents a surface weighted
average crystallite diameter of 1.4 nm. All the
catalytic reactions were carried out under atmo-
spheric pressure in a fixed bed glass reactor
Ž .i.d.s15 mm over the temperature range 413
KFTF603 K. The catalyst was supported be-
tween a glass frit and a layer of glass beads,
thereby ensuring that the aromatic reactant was
vapourised and reached the reaction temperature
before contacting the catalyst bed. The reactor
temperature was monitored by a thermocouple
inserted in a thermowell within the catalyst bed;
reactor temperature was constant to within "1
K. A KDS 100 Single Channel Infusion pump
was carefully calibrated and used to deliver the
aromatic feed via a syringe at fixed rates and
the aromatic vapour was carried through the
catalyst bed in a stream of purified hydrogen;
the reactor effluent was frozen in a liquid nitro-
gen trap for subsequent analysis. Methanolic
and 2-propanolic solutions of benzoic and o-
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toluic acid and, for comparative purposes, undi-
luted benzaldehyde, o-tolualdehyde, methylben-
zoate and methyl 2-methyl benzoate and
methanolicr2-propanolic solutions of 2-
carboxybenzaldehyde were used as feedstock
where the aromatic reactant concentration was
in the range 1.5=10y3–7.3=10y3 mol hy1.
The reactions were conducted at a space veloc-
ity of 2=103 hy1 and in the overall WrF
range 40–250 g moly1 h where W is the weight
of activated catalyst and F is the flow rate of
aromatic. Reaction rates measured over this
WrF range, where both W and F were inde-
pendently varied, were constant to "7% at a
particular WrF value. Steady state conversions
were kept below 25 mol% by varying W in
order to minimize heat and transfer effects.
Conversions were within "4% using three sep-
arate sets of catalysts sieved in the mesh ranges
75–125, 125–150 and 150–300 mm. The inter-
mediate catalyst particle size range 125–150
mm was adopted for all catalytic measurements
wherein intraparticular diffusion contributions
can be considered negligible. The catalytic reac-
tor system and product analysis procedure is

w xfully described elsewhere 28 . Mol% conver-
Žsion of the aromatic is defined as m yi

. Ž .m r m =100 where m is the initial concen-o i i

tration or number of moles of reactant entering
the reactor per unit time and m is the numbero

of moles of reactant exiting the reactor per unit
time. Molar selectivity in terms of product x is
defined by m rm =100 where m is thex tot tot

total number of moles of product. All the cat-
alytic data presented in this paper were obtained
at steady state and represent the average of at
least five separate test samples where the over-
all reproducibility was better than "5%. Each

Žreactant benzoic acidrbenzaldehydero-toluic
acid 99q%, methylbenzoatermethyl 2-methyl-
benzoate 99%, o-tolualdehyde 98%, 2-

.carboxybenzaldehyde 97%, Aldrich and both
Žalcohol solvents Aldrich, A.C.S. spectrophoto-

.metric grade were thoroughly degassed by
purging with purified helium and stored over
activated molecular sieve type 5 A.

3. Results and discussion

3.1. Effect of reaction temperature

3.1.1. Catalytic actiÕity
The gas phase hydrogen treatment of benzoic

acid in methanol over NirSiO in the tempera-2

ture range 413 KFTF603 K generated prod-
ucts resulting from substituent esterification
Ž .methylbenzoate , hydrogenolysis of the sub-

Ž .stituent C–OH and C5O bonds toluene and
hydrogenolysis of the aryl carbon-substituent

Ž .carbon bond benzene . The conversion of o-
toluic acid yielded the corresponding products,
namely methyl 2-methylbenzoate, o-xylene and
toluene as well as secondary products, methyl-
benzoate and benzene, which were formed at
temperatures in excess of 558 K. In every in-
stance the aromatic ring remained intact. The
effect of temperature on the turnover frequency
Ž .TOF , the number of benzoic acid molecules
converted per metal site per second, to the three
identified products is illustrated in Fig. 1a.
Maintenance of activity was verified by ascend-
ing and subsequent descending temperature se-
quences over the entire temperature interval. At
TF458 K, methylbenzoate was the only de-
tected product and its rate of formation was
observed to increase with increasing tempera-
ture. Hydrogenolysis of benzoic acid to toluene
was initiated at TG460 K and also increased
upon elevating the reaction temperature while
benzene formation, which was only appreciable
at temperatures in excess of 483 K, was the
major product at T)553 K. The variation of
the TOF of o-toluic acid with temperature, illus-
trated in Fig. 1b, exhibits markedly different
trends. Esterification with methanol produced
methyl 2-methylbenzoate which, in this in-

Ž .stance, passed through a maximum T atmax

573 K. Hydrogenolysis of the carboxyl function
to form o-xylene likewise attained a maximum

Ž .but at a lower temperature T s538 K . Ben-max

zene and methylbenzoate were detected in the
product mixtures at T)558 K and representa-
tive turnover frequencies are given in Table 1.
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Fig. 1. The temperature dependence of the turnover frequency of
Ž . Ž . Ž .a benzoic acid to methylbenzoate ^ , toluene ` and benzene
Ž . Ž . Ž .I and of b o-toluic acid to methyl 2-methylbenzoate \ ,

Ž . Ž .o-xylene e and toluene ` .

The hydrogen cleavage of the arylrcarboxyl
C–C bond, to form toluene, was again the
predominant process at the highest temperature
that was studied.

The differences in the temperature depen-
dence of the TOF of both aromatic acids for the

Žthree identified processes –COOH esterifica-
tion, –COOH hydrogenolysis and C–C hy-

Table 1
Turnover frequencies and percentage selectivities of the secondary
reaction products resulting from the hydrogen treatment of o-toluic
acid in methanol at representative temperatures

Ž .T K Benzene Methylbenzoate
4 y1 4 y1Ž . Ž . Ž . Ž .10 TOF s S % 10 TOF s S %

563 1.4 3 0.6 1
578 2.6 5 2.1 4
593 5.7 10 3.0 5
603 8.7 13 3.7 6

.drogenolysis is better illustrated in Fig. 2. The
rate of ester formation was higher for the ben-
zoic acid feed at every temperature that was
considered. The silica support alone promoted
the esterification step and the variation of the
esterification rate constants for both NirSiO2

and SiO yields the apparent Arrhenius plots2
Ž .correlation coefficient )0.997 shown in Fig.
3, giving computed E values of 45 and 57 kJapp

moly1 with 95% confidence limits of "2 and
"3 kJ moly1 for the conversion of benzoic
acid and o-toluic acid, respectively, over
NirSiO . The corresponding rate constants for2

SiO are consistently higher but the apparent2

activation energies are essentially equivalent
when the error of the fit and the reproducibility

Ž .Fig. 2. The variation of TOF with temperature for: a the
Ž .esterification of benzoic acid to methylbenzoate ^ and o-toluic

Ž . Ž .acid to methyl 2-methylbenzoate \ ; b the hydrogenolysis of
Ž . Ž . Ž .benzoic acid to toluene ` and o-toluic acid to o-xylene e ; c

Ž .the hydrogenolysis of benzaldehyde to benzene I and o-toluic
Ž .acid to toluene ` .
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Ž .of k "4% are taken into account, i.e., E sapp

41"1 and 52"3 kJ moly1. Indeed, the esteri-
fication rate constant at a particular temperature
over NirSiO was 0.5–0.6 that measured for2

SiO which roughly corresponds to the drop in2

exposed silica due to the presence of surface
w xnickel 27 . Aromatic acid esterification must

then proceed virtually exclusively on the silica
support. It is instructive to note that these acti-
vation energies are lower than the correspond-
ing values of 49"2 and 64"3 kJ moly1

recorded for the hydrogenation of benzene and
w xtoluene over the same catalyst 28 . The car-

boxyl function of the aromatic acid must then
react with the methanol solvent in preference to
the hydrogen reduction of the benzene ring
because of the lower energy barrier for the

Ž .former reaction on both the support alone SiO2

and NirSiO . The degree of hydrogenolysis2
Ž . Ž .Fig. 2b and hydrogen cleavage Fig. 2c of the
carboxyl function are both appreciably higher
for the benzoic acid feed. At elevated tempera-
tures, the conversion of o-toluic acid to methyl-
benzoate and benzene may account, at least in
part, for the lower turnover of the feed to
toluene. The effect of temperature on the overall
rate constant for the conversion of both aro-
matic acids is illustrated in Fig. 4. Reactivity is
clearly modified due to the presence of the
o-CH substituent in that the temperature at3

Fig. 3. Apparent Arrhenius plots for the esterification of benzoic
Ž . Ž . Ž .acid ^,' and o-toluic acid I,B over SiO closed symbols2

Ž .and NirSiO open symbols .2

Fig. 4. The variation of the overall rate constant, k, with tempera-
Ž . Ž .ture for the conversion of benzoic acid ' and o-toluic acid B .

which the conversion of o-toluic acid was initi-
ated is ca. 60 K higher than that observed for
benzoic acid while the rate constant for the
former is markedly lower over the entire tem-
perature interval.

3.1.2. Catalytic selectiÕity
The variation of product selectivity with tem-

perature is demonstrated in Fig. 5. The benzoic
acid feed exhibits a decrease in selective esteri-

Ž .fication with increasing temperature Fig. 5a
Žand a temperature related maximum T s513max

.K, Fig. 5b with regard to carboxyl hydrogenol-
ysis. In contrast, the selective esterification of

Žo-toluic acid passes through a maximum Tmax
.s558 K while selectivity in terms of hy-

drogenolysis to o-xylene decreases continuously
over the same temperature interval. The car-
boxyl function in benzoic acid undergoes esteri-
fication in preference to hydrogenolysis at every
temperature that was studied whereas hy-
drogenolysis of o-toluic acid was favoured over
esterification at TF498 K. Molar selectivity in
terms of arylrsubstituent C–C hydrogenolysis
Ž .Fig. 5c increases with temperature for both
aromatic feeds and exceeds 40% at the highest
temperature studied. Residual selectivity in the
case of o-toluic acid conversion is accounted
for by the secondary conversion to methylben-
zoate and benzene; the molar selectivity with
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which these products were formed is given in
Table 1. Under identical reaction conditions,
methylbenzoate and methyl 2-methylbenzoate,
as the reaction feedstock, yielded toluenerbe-
nzene and o-xylenertoluene mixtures, again as
a result of the hydrogenolysis of the substituent
and the hydrogen cleavage of the substituent
from the ring. The silica support alone did not
generate any hydrogenolysis products in the
hydrogen treatment of either ester. The specific
aromatic ester hydrogenolysis ratios over
NirSiO at representative temperatures are2

given in Table 2 and compared with the corre-

Fig. 5. Percentage molar selectivity in the conversion of benzoic
Ž . Ž . Ž .acid open bar and o-toluic acid solid bar in terms of a

Ž . Ž .carboxyl esterification, b carboxyl hydrogenolysis and c
arylrcarboxyl C–C hydrogenolysis at representative temperatures.

Table 2
The relative specific rate of substituent hydrogenolysis to sub-
stituentraryl hydrogen cleavage resulting from the hydrogen treat-
ment of benzoic acid, o-toluic acid, methylbenzoate and methyl
2-methylbenzoate at representative temperatures

Ž .T K TOF rTOF TOF rTOFtol benz oyx tol

Benzoic Methyl- o-Toluic Methyl 2,
acid benzoate acid methylbenzoate

513 2.5 1.1 1.5 0.9
533 1.6 0.7 0.8 0.5
553 1.0 0.5 0.5 0.3
573 0.7 0.4 0.3 0.2
593 0.5 0.3 0.2 0.1

sponding aromatic acid. It is immediately evi-
dent that the product distribution generated by
the aromatic ester differs from that generated by
the acid. The degree of hydrogen scission of the
substituent ester group is markedly greater and
this may be ascribed to the electron donating
properties of the –OCH function which weak-3

ens the arylrsubstituent bond in the adsorbed
benzoate and better facilitates hydrogen cleav-
age. In view of the different hydrogenolytic
behaviour of the ester, the formation of
toluenerbenzene and o-xylenertoluene must
result from the direct attack of the adsorbed acid
and not as a result of the further conversion of
the esterification product, i.e., methylbenzoate
or methyl 2-methylbenzoate do not serve as
intermediates for the hydrogenolysis steps. In
the case of the o-toluic acid feed, the secondary

Ž .products methylbenzoate and benzene first ap-
peared in the product mixture at the same tem-

Ž .perature 563 K and must result from the hy-
drogen cleavage of the ortho-methyl substituent
prior to the desorption of the esterification or
hydrogenolysis product.

3.2. The nature of catalystrreactant interac-
( )tion s

3.2.1. Benzoic acid
As all the products of the hydrogen treatment

of both aromatic acids resulted from the exclu-
sive attack of the COOH group, benzene ring
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interactions must play little part in the ‘catalyti-
cally significant’ activation of the aromatic acid
when adsorbed on NirSiO . While the author2

could find no spectroscopic study of either ben-
zoic or o-toluic acid adsorption on nickel or
silica, the mechanisms of benzoic acid adsorp-

w x w xtion on alumina 29 , on silver 30 , platinum
w x w x31 and gold 32 electrodes and on silver sol
w x30,33 have been considered in a number of
publications. It is recognized that the carboxylic
acid can bind to a metal via the oxygen lone
pair electrons or the carboxylate p-system where
the orientation of the adsorbed carboxylic acid
on the surface depends on the binding mecha-

w xnism 34,35 . Benzoic acid adsorption on a sil-
ver electrode is believed to occur via the oxygen
lone pair electrons where the benzene ring as-

w xsumes a perpendicular orientation 30 whereas
adsorption on silver sol occurs via the carboxyl

w xp-system 30,33 with a substantial deviation
w xfrom a perpendicular arrangement 33 . More-

w xover, benzoic acid has been reported 31 to
preferentially adsorb as a carboxylate on a plat-
inum electrode while the interaction with a gold
surface, proceeds only through the benzene ring
p-orbitals with the carboxylic group pendant to

w xthe surface 32 . The surface catalysed hy-
drogenolysis of –COOH to –CH can readily3

proceed where the acid is adsorbed through the
carboxylate p-system as a benzoate-like struc-
ture rather than the single point oxygen lone
pair interaction. Indeed, tartaric acid is known
to adsorb from aqueous solution on NirSiO as2

w xa carboxylate 27,36 . The distance between the
two oxygen atoms in the carboxylate group is

w xca. 0.2 nm 37 and, as the average diameter of
the supported nickel particles is taken to be 1.4
nm it is reasonable to assume that the aromatic
acid binds to the metal as a bidentate. The
presence of surface nickel is essential as it is the
source of dissociated hydrogen and the silica
support alone did not exhibit any hydrogenoly-
sis activity. However, the bulk of the acid ester-
ification may be considered to proceed on the
silica support where the –OH of the carboxyl is
activated via oxygen lone pair interactions. Ben-

zene is known to adsorb on nickel catalysts via
p-bond interactions in which the ring lies paral-

w xlel to the active surface 38,39 . In the absence
of steric hindrance this orientation of the aro-
matic nucleus would be expected to remain and
the adsorbed benzoate species may be assumed
to take a flat or somewhat tilted orientation on
the catalyst surface. However, the orientation
may depend on surface coverage and it has been
shown in other systems that a perpendicular
orientation of the adsorbed aromatic acid is
favoured at high fractional or monolayer cover-

w xages 31,40 .

3.2.2. o-Toluic acid
In the case of o-toluic acid, the neighbouring

methyl group can influence the product compo-
sition through electronic contributions andror
steric constraints. Functional group reactivity
depends on the relative accessibility and binding
strength to the catalyst. It is known that the
presence of methyl substituents on the benzene
ring strengthens the adsorbed p-complex with
the resultant introduction of a higher energy

wbarrier for aromatic ring hydrogenation 24,41–
x43 . Alkyl groups exhibit a greater tendency

w xthan hydrogen atoms to donate electrons 44
and the ortho-substituted methyl group must act
to release electrons to the aromatic ring which
are distributed to the carboxyl function, stabiliz-
ing the adsorbed carboxylate and lowering the
turnover rate of the reactant. The author could
find no spectroscopic study of o-toluic acid
adsorption in heterogeneous systems. The repul-
sive potential due to the neighbouring methyl
group must cause this function to bend away
from the plane of the carboxylrcatalyst interac-
tion in order to relieve the steric repulsion. The
consequent distortion of the aromatic ring sug-
gests that o-toluic acid has to overcome a larger
barrier than benzoic acid at the adsorption step.
A higher energy of interaction with the surface
may be accompanied by a decrease in reactivity
with the result that steric hindrance may also
serve to lower reactivity of o-toluic acid. More-
over, in the esterification reaction the approach



( )M.A. KeanerJournal of Molecular Catalysis A: Chemical 138 1999 197–209204

of methanol from the gas phase must be hin-
dered on one side due the presence of the
ortho-methyl substituent which may account, at
least in part, for the reduced rate of esterifica-
tion of o-toluic acid, as is shown in Fig. 2.

The ratios of the specific rates of hydrogenol-
ysis of –COOH to the hydrogenolytic cleavage
of the carboxyl group are presented as a func-
tion of reaction temperature in Fig. 6. It can be
seen that both systems exhibit a decrease in the
ratio with increasing temperature as the hydro-
gen scission of the carboxyl substituent be-
comes the dominant process. The specific ratios
are greater for benzoic acid at each temperature.
The inductive effect of the o-CH group must3

weaken the aryl C–carboxyl C bond with the
result that the temperature at which the ratio of
specific rates falls below unity occurs ca. 30 K
lower in the case of o-toluic acid. The degree of
substituent cleavage may be quantified in terms

Ž .of yield Y which is a combination of selectiv-
ity and reactivity, defined as YsaSrW where

Ž .S represents selectivity % , a the overall frac-
tional conversion of reactant and W the weight
of catalyst. The effect of temperature on the
yield of benzene and toluene from benzoic acid
and o-toluic acid, respectively, is illustrated in

Fig. 6. The temperature dependence of the specific hydrogenolysis
Žrate ratios for the conversion of benzoic acid ^r',

. Ž .TOF rTOF and o-toluic acid IrB, TOF rTOF intol benz oyx tol
Ž . Ž .methanolic open symbols and 2-propanolic solid symbols me-

Ž .dia. Inset: temperature dependence of the yield of benzene ^
Ž .and toluene I from benzoic acid and o-toluic acid, respectively.

the inset to Fig. 6. Although the relative rates of
substituent cleavage are higher for the o-toluic
acid reactant, the yield of the decarboxylated
aromatic is nevertheless greater from the ben-
zoic acid feed due to the appreciably higher

w xoverall reaction rates. It is known 34 that the
presence of bulky groups in the alcohol reactant
slows down esterification. The use of 2-propan-
olic solutions of benzoic and o-toluic acid as
feedstock did not generate any esterification
products and the only detectable reactions were
hydrogenolytic in nature where the aromatic
nucleus again remained intact and reduction of
the carboxyl function to the aldehyde or alcohol
did not occur. The temperature dependence of
the specific hydrogenolytic ratios in a 2-propan-
olic medium is included in Fig. 6. While it is
evident that these rate ratios are essentially con-
stant in both feed solvents, the data recorded for
the 2-propanolic solutions are considered to best
reflect the response of the carboxyl function to
hydrogen attack in the presence of NirSiO .2

3.3. Aromatic acids Õs. aromatic aldehydes

The hydrogen treatment of benzaldehyde and
o-tolualdehyde in the presence of NirSiO un-2

der the same reaction conditions yielded benzyl
alcohol and 2-methylbenzyl alcohol, respec-
tively, as the only hydrogenated products while
the hydrogenolysis of the C5O and C–C bonds
generated toluenero-xylene and benzener
toluene mixtures. Once again, the benzene nu-
cleus was not reduced which suggests that the
aromatic aldehyde interacts principally with the
catalyst via the carbonyl function. Kuiper et al.
w x45 have provided spectroscopic evidence that
benzaldehyde adsorbs on alumina as a benzoate
species but the mechanisms of adsorption on
nickel or silica have not been reported. The
silica support alone did not induce any hydro-
genation or hydrogenolysis of benzaldehyde or
o-tolualdehyde under the same reaction condi-
tions but ‘spillover’ hydrogen from the nickel
metal may attack an analogous benzoate struc-
ture adsorbed on the silica carrier. The most
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persuasive reaction mechanism invokes the in-
teraction of the aromatic aldehyde with the cata-
lyst through the oxygen lone pair electrons
where the hydrogen dissociated on the metal
attacks the carbonyl oxygen. It may also be
assumed that in the adsorption of benzaldehyde
the plane of the aromatic ring is essentially
parallel to the catalyst surface and brings the
substituent carbonyl group close enough to the
active sites to allow for orbital interaction while
the presence of the o-CH group must again3

induce a Kekule distortion in order to relieve´
the steric repulsion.

Representative overall turnover frequencies
for the steady state conversion of both pairs of
aromatic aldehydes and acids, are presented in
Table 3. The TOF values increase in the order,
o-toluic acid-benzoic acid-o-tolualdehyde
-benzaldehyde which indicates that the car-
bonyl function is more reactive than the car-
boxyl function in this particular catalytic sys-
tem. Indeed, it has been shown in a number of

w xcatalytic processes 3,46 that much more vigor-
ous reaction conditions are required to hydro-
genate acids. Appreciable hydrogen attack of
the carbonyl substituent was observed at tem-
peratures up to 60 K lower than that recorded
for the carboxyl group. The presence of a methyl
substituent in the ortho position also lowers the
reactivity of the carbonyl function. In the case
of the carbonyl double bond the mobile p-cloud
is pulled strongly toward the more electronega-
tive oxygen atom with the result that the car-

Table 3
Overall turnover frequencies resulting from the hydrogen treat-
ment of benzoic acid, o-toluic acid, benzaldehyde and o-
tolualdehyde at representative temperatures

3 y1Ž . Ž .T K 10 TOF s

Benzaldehyde o-Tolualdehyde Benzoic o-Toluic
acid acid

503 10.8 8.8 2.8 1.0
513 11.0 9.1 3.5 1.5
528 11.3 9.6 4.5 2.2
543 11.5 10.5 5.5 3.3
553 11.7 10.8 6.2 3.7
563 11.9 11.0 7.0 4.4

Ž .Fig. 7. The dependence on the overall rate constant k of thetot

ratio of the rate constants for hydrogenolysis of the substituent
Ž . Ž .k to substituent cleavage k in the conversion ofsubst aryl – subst

Ž . Ž . Ž .benzaldehyde ' , o-tolualdehyde B , benzoic acid v and
Ž .o-toluic acid l over NirSiO .2

bonyl carbon is electron-deficient and the polar-
ized group is therefore highly reactive. The
dispersal of electrons due to the presence of the
ortho-substituted methyl group reduces the posi-
tive charge on the carbonyl carbon with the
result that o-tolualdehyde is more resistant than
benzaldehyde to hydrogen attack. The lower
reactivity may also be attributed to a steric
effect where the adsorption of o-tolualdehyde is
more energetically demanding and the energy
requirements for hydrogenationrhydrogenolysis
are greater. The ratios of the rate constant for
hydrogen attack on the substituent function to
that for hydrogen scission of the subs-
tituentrring C–C linkage are graphically illus-
trated in Fig. 7 as a function of the overall rate
constant. In common with the carboxyl systems,
the ratios generated for both aldehydes decrease
with increasing rate as hydrogen scission of the
aromatic substituent predominates. In addition,
the degree of carbonyl cleavage is greater in the
presence of the o-CH group again due to the3

inductive weakening of the arylrcarbonyl C–C
bond. The relative rate of substituent cleavage is
lower for both aromatic aldehydes. In the pre-
sent catalytic system, carbonyl hydrogenolysis
is therefore preferred to carbonyl cleavage to a
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greater degree than is observed for the carboxyl
function.

3.4. Hydrogen treatment of 2-carboxyben-
zaldehyde

Having examined the relative reactivities of
the carboxyl and carbonyl functions in mono-
substituted benzene and methyl-benzene, the
catalytic behaviour of NirSiO in the conver-2

Ž .sion of 2-carboxybenzaldehyde CBA , which
bears both functions, may now be considered. In
the temperature range 413 KFTF523 K, o-
toluic acid and 3-hydroxyphthalide were the

Žprincipal products combined molar selectivity
.)90% generated from alcoholic solutions of

CBA; product selectivities at representative
temperatures in this range are illustrated in Fig.
8. As the reaction temperature is elevated fur-
ther, toluene and benzene were formed via hy-
drogenolysis, while in methanolic solutions,
methyl 2-methylbenzoate and methylbenzoate
were also isolated in the product mixtures; rep-
resentative selectivities at temperatures in ex-
cess of 523 K are provided in Table 4. In every
instance the carbonyl substituent was attacked
while o-toluic acid was formed as a principal
product with the carboxyl group intact. At T-
503 K, o-toluic acid was the preferred product

Ž .Fig. 8. Percentage molar selectivity for isomerization solid bar to
Ž .3-hydroxy-phthalide and hydrogenolysis open bar to o-toluic

acid in the hydrogen treatment of 2-CBA over NirSiO at2

representative temperatures.

Table 4
Product selectivity at T )523 K for the hydrogen treatment of
methanolic solutions of CBA in the presence of NirSiO2

Ž . Ž .T K S %

3-Hydroxy o-Toluic Methyl 2, Methyl- Toluene Benzene
phthalide acid methyl- benzoate

benzoate

533 56 32 3 5 4 y
548 58 25 4 7 6 1
563 54 17 7 12 8 2
578 48 11 9 16 10 4
593 36 8 15 21 12 7
603 30 8 17 23 14 9

and the selectivity with which it was produced
decreased with increasing temperature. It should
be noted that o-tolualdehyde was not formed
which is in keeping with the lower rate of
hydrogenolysis of the aromatic acid compared
to the aldehyde. The selective formation of 3-
hydroxyphthalide passed through a maximum at
553 K and was generated in preference to o-
toluic acid at TG503 K. The degree of conver-
sion to 3-hydroxyphthalide was the same in
both alcoholic media and its formation can be
viewed as an isomerization which involves ring
closure where both functional groups must in-
teract with the surface. Isomerization was also
promoted by the silica support in the absence of
nickel but the specific rate was less than a third
of that obtained using the nickel catalyst. The
difference in the reactivity of the carbonyl and
carboxyl functions is also manifest in the isola-
tion of toluene and methyl 2-methylbenzoate in

Ž .the product Table 4 where the carbonyl sub-
stituent is cleaved from the ring while the car-
boxyl concomitantly undergoes hydrogenolysis
and esterification, respectively. Moreover, o-

Ž .xylene formation was negligible % S-1
which clearly demonstrates the non-equivalency
of the two functions with regard to the catalytic
action of NirSiO . The proposed reaction2

mechanisms, for the three disubstituted aromatic
Žsystems taking methanolic solutions of o-toluic

.acid and CBA are illustrated in Fig. 9 and the
temperature dependencies of each step are sum-
marized.
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Ž . Ž .Fig. 9. Reaction scheme and TOF temperature dependencies where 413 KFTF603 K of each pathway in the hydrogen treatment of a
Ž . Ž .o-toluic acid, b o-tolualdehyde and c 2-CBA over NirSiO .2



( )M.A. KeanerJournal of Molecular Catalysis A: Chemical 138 1999 197–209208

4. Conclusions

In the gas phase NirSiO catalysed hydrogen2

treatment of a range of mono- and disubstituted
oxygenated aromatics, the data presented in this
paper support the following conclusions.

Ž .i The catalytically significant interaction of
the aromatic acids, esters, aldehydes and car-
boxyaldehyde with NirSiO occurs via the2

Ž .oxy-substituent s where the resonance energy
of the benzene ring is not significantly lowered
with the result that the aromatic nucleus remains
intact in each case.

Ž .ii The presence of the ortho-substituted
methyl group lowers the overall reactivity due
to electronic and steric effects.

Ž .iii The aromatic acid is adsorbed via the
carboxylate p-system as a benzoate and under-

Ž .goes esterification in methanol and hy-
drogenolysis steps to –COOCH and –CH ,3 3

respectively. Esterification proceeds at a greater
rate over the bare silica support but with an
equivalent apparent activation energy and was
not observed when 2-propanolic solutions were
used as feedstock. The methyl ester also under-
goes hydrogenolysis when treated under identi-
cal conditions but does not serve as a reactive
intermediate in the hydrogen treatment of the
acid in methanol. At higher temperatures, hy-
drogen cleavage of the carboxyl is the predomi-
nant process.

Ž .iv Hydrogen treatment of aromatic aldehy-
des yields the alcohol as the only hydrogenated
product while hydrogenolysis to –CH and hy-3

drogenolytic cleavage of –CHO are in turn
promoted with increasing temperature.

Ž .vi The carbonyl function is considerably
more reactive than the carboxyl group. The ratio
of substituent hydrogenolysis to substituent
cleavage is greater in the case of the aldehyde.

Ž .vii In the case of the carboxyaldehyde, the
carbonyl function is attacked in preference to
the carboxyl. Both substituents interact with the
catalyst and the products result from isomeriza-

Ž .tion on both metal and support , hydrogenoly-
sis and esterification reactions.

References

w x1 P. Gallezot, A. Giroir-Fender, D. Richard, in: E. Pascoe
Ž .Ed. , Catalysis of Organic Reactions, Marcel Dekker, New
York, 1991, p. 1.

w x2 M.D. Birkett, A.T. Kuhn, G.C. Bond, in: G.C. Bond, G.
Ž .Webb Eds. , Catalysis, Vol. 6, Special Periodical Reports,

Royal Society of Chemistry, London, 1983, p. 61.
w x3 P.N. Rylander, Hydrogenation Methods, Academic Press,

London, 1985.
w x Ž .4 M. Taverna, M. Chita, Hydrocarb. Proc. 1970 137.
w x5 M. Freifelder, Catalytic Hydrogenation in Organic Synthesis,

Procedures and Commentary, Wiley, New York, 1978.
w x Ž .6 S. Ono, J. Electrochem. Soc. Jpn. 23 1955 117.
w x7 C.S. John, European Patent 0178718A1, 1986.
w x8 A.P. Gelbein, R. Hansen, N.L. Holly, European Patent

091995A1, 1986.
w x9 T. Maki, T. Yokoyama, European Patent 0150961B1, 1988.

w x10 A. Feinstein, E.K. Field, US Patent 3,935,265, 1976.
w x11 E.J. Strojny, US Patent 4,328,373, 1982.
w x Ž .12 F.D. Popp, H.P. Schultz, Chem. Rev. 62 1962 19.
w x13 E.A. Effimov, I.G. Erusalimchik, Russ. J. Phys. Chem. 38

Ž .1964 1560.
w x14 T. Yokoyama, T. Setoyama, N. Fujita, M. Nakajima, T.

Ž .Maki, Appl. Catal. A General 88 1992 149.
w x15 R.A. Sanchez-Delgado, O.L. De Ochoa, J. Mol. Catal. 6´

Ž .1979 303.
w x16 M. Rosales, A. Gonzales, Y. Alvarado, R. Rubio, A. An-

Ž .drillo, R.A. Sanchez-Delgado, J. Mol. Catal. 75 1992 1.´
w x Ž .17 B.R. Cho, R.M. Laine, J. Mol. Catal. 15 1982 383.
w x18 S. Shimazu, T. Chiaki, T. Uematsu, in: L. Guczi, F. Soly-

Ž .mosi, P. Tetenyi Eds. , New Frontiers in Catalysis, Proceed-
ings of the 10th International Congress on Catalysis, Else-
vier, Amsterdam, 1993, p. 2467.

w x19 D.V. Sokol’skii, in: Hydrogenation in Solution, Academy of
Sciences of the Kazakh SSR, Israel Program for Scientific
Translations, 1964, p. 275.

w x Ž .20 S.J. Lapporte, Ann. NY Acad. Sci. 158 1969 510.
w x21 A.P.G. Kieboom, F. van Rantwijk, Hydrogenation and Hy-

drogenolysis in Synthetic Organic Chemistry, Delft Univ.
Press, Delft, 1977.

w x22 R.L. Augustine, Catalytic Hydrogenation, Marcel Dekker,
New York, 1975.

w x23 G.C. Bond, Catalysis by Metals, Academic Press, London,
1962.

w x Ž .24 M.A. Keane, J. Catal. 166 1997 347.
w x Ž .25 M.A. Keane, J. Mol. Catal. 118 1997 261.
w x Ž .26 H.A. Smith, J.A. Stranfield, J. Am. Chem. Soc. 71 1949

81.
w x Ž .27 M.A. Keane, Can. J. Chem. 72 1994 372.
w x28 M.A. Keane, P.M. Patterson, J. Chem. Soc. Faraday Trans.

Ž .92 1996 1413.
w x Ž .29 C.A. Koustaal, V. Ponec, Appl. Surf. Sci. 70r71 1993 206.
w x30 Y.J. Kwon, D.H. Son, S.J. Ahn, M.S. Kim, K. Kim, J. Phys.

Ž .Chem. 98 1994 8481.
w x31 D.A. Stern, D.D. Davidson, D.G. Frank, J.Y. Gui, C.H. Lin,

F. Lu, G.N. Salarta, N. Walton, D.C. Zapien, A.T. Hubbard,
Ž .J. Am. Chem. Soc. 111 1989 877.

w x Ž .32 P. Gao, M.J. Weaver, J. Phys. Chem. 89 1985 5040.



( )M.A. KeanerJournal of Molecular Catalysis A: Chemical 138 1999 197–209 209

w x33 M. Pagannone, B. Fornari, G. Mattei, Spectrochim. Acta A
Ž .43 1987 621.

w x34 Y.J. Kwon, S.B. Lee, M.S. Kim, K. Kim, J. Mol. Struct. 318
Ž .1994 25.

w x35 J. Stohr, D.A. Outka, R.J. Madix, U. Dobler, Phys. Rev. Lett.¨ ¨
Ž .54 1985 1256.

w x36 M.A. Keane, G. Webb, J. Chem. Soc., Chem. Commun.
Ž .1990 1619.

w x Ž37 C.W. Bock, M. Trachtman, P. George, J. Mol. Struct. Theo-
. Ž .chem. 122 1985 155.

w x Ž .38 C. Minot, P. Gallezot, J. Catal. 123 1990 341.
w x39 B. Coughlan, M.A. Keane, J. Chem. Soc. Faraday Trans. 86

Ž .1990 3961.

w x Ž .40 M. Muskovits, J.S. Suh, J. Phys. Chem. 92 1988 6327.
w x Ž .41 R.V. Rahaman, M.A. Vannice, J. Catal. 127 1991 251.
w x Ž .42 B. Coughlan, M.A. Keane, Catal. Lett. 5 1990 101.
w x Ž .43 A. Stanislaus, B. Cooper, Catal. Rev.-Sci. Eng. 36 1994 75.
w x44 R.T. Morrison, Organic Chemistry, 5th edn., Allyn and

Bacon, Boston, 1987.
w x45 A.E.T. Kuiper, J. Medema, J.J.G.M. van Bokhoven, J. Catal.

Ž .29 1973 40.
w x46 P.N. Rylander, Catalytic Hydrogenation in Organic Synthe-

ses, Academic Press, London, 1979.


