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Abstract

The influence of the support, the metal precursor, and the solvent on the selective hydrogenation of paracetamol (4-acetamidophenol)
was studied over supported ruthenium catalysts. The catalysts supported on the oxidic supii@stantl SiQ gave the best results
in terms of activity, selectivity for the acetamidocyclohexanols (99%), and stereoselectivity fonatiseésomer (53 and 46%, respec-
tively). Carbon-supported catalysts produced larger amounts of secondary compounds, mainly N-cyclohexylacetamide, which was derived
from the hydrogenolysis reaction of the OH group. The use of a chloride precursor resulted in the enhancement of the formation of N-
cyclohexylacetamide and partially hydrogenated products; the stereoselectivity also increased. Moreover, because of the acidity caused by
residual Cl, condensation led to oligomers of paracetamol. In spite of the decrease in the selectivity for cyclohexanol derivatives when the
more polar solvent ethanol was used instead of isopropanol or tetrahydrofuran the stereoselectivityréos teemer increased from 30
to 38%.

The results confirm that the factors studied affect the mode of adsogitibe molecule of paracetamol on the catalyst in different ways.
These effects determine the product distribution and the selectivity of the reaction.
0 2004 Elsevier Inc. All rights reserved.
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1. Introduction in the hydrogenation reaction and its stereoselect[\tiy8].
Group VIl metals are generally used, but different behaviors

The hydrogenation of disubstituted aromatics, particu- aré observed. Whereas Pd gives mainly the cyclohexanone

larly of substituted phenols the corresponding substituted  derivatives, rhodium and platinum are very selective for the

cyclohexanones and cyclohexanols, has attracted the interSiS isomer. Nickel is more stereoselective for thans iso-

est of the industry and researchers. The reason for this is thafMf but generates higher amounts of hydrogenolytic cleav-

these compounds are used as key intermediates for the man@9€ Products. However, exhaustive studies of the range of

ufacture of fine chemicals fahe fragrance and detergent Parameters that can influenite reaction (support, reaction

industries. Moreover, the seochemistry of the reactions conditions, promoters,' or additives), as have been carried

is important since generally only one of the isomers of the out for the hydrogenation of benzene or phej$eil1}, are

cis andtrans mixture has the desired properties. Several re- scarce.

ports have dealt with the role of the nature of the metal phase Among .the substituted cyclohexanol;, the syntheS|s. of
4-trans-aminocyclohexanol is of great importance. This

compound is an intermediate the multistep synthesis of
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for the prevention and treatment of diseases of the res-chromatography (Varian 3400) with a thermal conductivity
piratory tract and bronchial tubg45,16] Although sev- detector (TCD).
eral procedures have been tested for obtairtirams-4- The metal dispersion of theatalysts was determined
aminocyclohexanoal (i.e., hydrogenationitrophenol or from Hp chemisorption measureants at 298 K in a volu-
p-aminophenol), the main route is the catalytic hydrogena- metric system, described elsewhfé]. The samples were
tion of 4-acetamidophenol (paracetamfly—19] to yield subjected to in situ reduction pretreatment ip &t 673 K.
a cig'trans mixture of 4-acetamidgclohexanol, which is ~ Mean particle sizes were determined under the assumptions
subsequently hydrolyzed ws/trans-4-aminocyclohexanol;  of M:Hz = 2:1 stoichiometry and spherical metal particles
the isomers are finally separated by fractional crystalliza- (4 (nm) =1.32/D) [22].
tion. Considering the complete process and that the product The heat of CO adsorption at 330 K was measured in
is used in pharmacology, the aim is to achieve the maximum a differential heat-flow micrcalorimeter (Tian—Calvet type
yields of thetransisomer in the initial hydrogenation reac- C80 from Setaram). The adsorption vessels were connected
tion to reduce the amounts of products of no interest. Apart to a Pyrex volumetric apparatus equipped with greaseless
from the economic and environmental benefits, this would stopcocks that permitted the introduction of small pulses
simplify the workup and purification of the reaction product. of CO [23]. The samples were activated in flowing It

The purpose of this study was to investigate the factors 673 K for 2 h and, after outgassing at this temperature for
that can affect the hydrogenatiof paracetamolin the liquid 16 h, were cooled to the adsorption temperature. Succes-
phase over ruthenium catalysts. The effects of the supportsive doses of CO were then transferred to the sample. The
(metal oxides or carbon matals) and the ruthenium metal ~ equilibrium pressure was measured by means of a Baratron
precursor and the role of the reaction solvent were investi- pressure transducer MKS ingtment. The calorimetric and

gated. volumetric data were stored and analyzed with a microcom-
puter.
2. Experimental and methods 2.3. Catalytic hydrogenation

The hydrogenation reaction was carried out under high
pressure in an autoclave fitted with a magnetically coupled
stirring head, inlet/outlet ports, and a pressure gauge. Af-
ter being reduced in flowing hydrogen at 673 for 2 h, the
catalyst (500 mg) was transferred to the reactor flask, which
contained a solution of parae@hol (98% 4-acetamidofenal;
Research Chemical, Ltd.) in ethanol (ca. 25 pmoihl
The autoclave was closed, purged in He, and heated to

2.1. Catalyst preparation

The supports were silica (Aerosil Degussaet = 180
m?g~1); alumina (Puralox Condedget = 192 nfg~1);
a molecular sieve of carbon, Sget = 970 n?g~1); and an
activated carbon (ICASA, Spaifiget = 961 n?g~1). The
S carbon was synthesized by carbonization of the copolymer

Saran (90% vinyliden chloride—10% vinyl chloride; Aldrich) the reaction temperature (393 K). Then the autoclave was

. g . l
un(_:ir(ra]rlnsrt condmon; (B 1?0 ce IT;IIT )O/at 1273)' T[Zg],' pressurized to 50 bar with Hand the reaction started.
e Ru-supported catalysts (2 wi% metal loading) on Samples were taken periodically and analyzed with a gas

alumina (RuA), silica'(R.u.Si), and activated garboq (RuC) chromatograph (Varian 3800) equipped with a flame ion-
were prepared by the incipient wetness technique with aque-j;ation detector (FID) ana capillary column (MFE-624,

ous Ru(NO)(NQ)3 solutions. Another catalyst, RuCIC, was 25 mx 0.25 mmx 0.25 pm; initial temperature, 158,
prepared with an Rugl xH>0O ethanolic solution on acti- 5 min; final temperature 206, 6 min; rate 10C min-2).
vated carbon. The catalyst supported on S (RuS) was prépygjiminary runs carried out atférent rates of stirring, lev-
pared by impregnation of the support (outgassed at 423 K g|q of|oading, and catalyst gresize revealed the absence of
for 1 h) with a methanolic solution of the Ru(NO)(NJ2 external and internal mass transfer limitations.

precursor and subjected to a freeze-thaw cycle. After im- Considering the possible reaction pathwagsteme )
pregnation, all of the catalysts were dried overnight at 383 K. we calculated the selectivities for alcohofsgnd2’) (Su),
F.urthe.rm(_)re, the catalysts supported on oxides were Ca"N—cycIohexyIacetamide30 (Sn), and other productsé]
cined in air at 723 K for 3 h. (So). The stereoselectivity between the two alcohol isomers

(2and2’) was defined asSt = Cirans x 100/(Ceis + Ctrans)-
2.2. Catalyst characterization

Temperature-programmed reduction (TPR) measure- 3. Resultsand discussion
ments were carried out in @uartz microreactor over 200
to 300 mg of prepared sample under a continuous flow at 3.1. Catalyst characterization
25 ccmim! of a Hy/He gas mixture (10% §). The tem-
perature was increased from room temperature to 873 K at  Fig. 1 displays the TPR profiles of Hconsumption for
8 Kmin—1. H, consumption was measured by on-line gas the Ru-supported catalysts. RuA and RuSi catalysts showed
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Scheme 1. Reaction pathways in the hydrogenation of paracetdmparacetamol2: trans-4-acetamidocyclohexano®’: cis-4-acetamidocyclohexanol,
3: N-cyclohexylacetamide4: 4-acetamidocyclohexanone, afidd-acetamidocyclohexenol).
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Fig. 1. Temperature-programmed retioi profiles for catalysts (a) RUA,
(b) RuSi, (c) RusS, (d) RuC, and (e) RuCIC.

unique peaks at 405 and 440 K, respectively. The temper-
ature of reduction corresponds to the reduction of RuO
formed after the calcination of the catalysts; unsupported
bulk RuG is reduced in a single peak at 49J24]. On the
other hand, the RuC and RuCIC catalysts showed several re-
gions of hydrogen consumption: below 423 K, between 423
and 573 K, and above 623 K. The first and second regions
are ascribed to the decomposition of the residual metal pre-
cursor salt, nitrate or chloride, and the reduction of Ru(lll)
to RiP. Reduction of unsupported Ruf@ccurs at tempera-
tures around 433 R4]. The maxima of the Bllconsumption
were observed at 510 K for RuC and at 440 and 508 K for
RuCIC. The detection of two peaks for the latter catalyst in-
dicates that two different species are present, one of which is
probably ruthenium oxidized by atmospheric air exposure.
The band in the third region was found only for the RuC
catalysts. Evolution of Ciland CO, parallel to biconsump-
tion, indicates partial gasification of the support around the
metal particle§23—-26]and decompositioand hydrogena-
tion of the surface oxygen grouppa7—30] These oxygen
groups are generated on the carbon surface during impreg-
nation with the oxidizing solution of the metal precursor
RUNO(NGs)3. The RuS sample showed a peak centered at
540 K (Fig. 1c), indicating that the reduction of the metal
is hindered compared with that of the RuC catalyst. The ab-
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Table 1
Catalytic results of ruthenium-supported catalysts on the hydrogenation of
paracetamol at 393 K

Catalyst dy Activity TOF  Selectivity* (%) Stereoselec-
(nm) (pmo|%1 s s7Y S SN So vty ST (%)
RUA 19 183 026 99 1 0 53
RuSi 33 56 a4 99 1 0 46
RuS 26 10 002 94 4 2 46
RuC 26 45 Q01 80 17 3 38
324 006 8 10 1 33
918 002 92 6 2 30
RuCIC 2% 7 001 64 24 13 42

2 Selectivity to cigltrans-acetamidocyclohexanol Sfj), N-cyclohexyl-
acetamide §N), other products o), and stereoselectivity trans-aceta-
midocyclohexanol £1).

b 2_5 nm (determined by XRD and TEM).

¢ Reduction at 723 K and 7.8 nm determined by CO chemisorption.

d Solvent IPA.

€ Solvent THF.
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Fig. 2. Evolution of stereoselectivity tivans, ST, (---), and of composi-

sence ofa bapq at.hlgher temperaturgs 'r']d'cates a decreasgy with time in reaction, W) paracetamol,[{)) cis/trans-acetamidocyclo-
in surface gasification and surface oxidation, probably as ahexanol, () N-cyclohexylacetamide,/) other products. Catalyst, RuC;
consequence of the differences in the preparation method, agemperature, 393 K (Hz) = 50 bar; solvent, ethanol.

indicated in Sectio2. The higher temperature of reduction
for the two carbon-supported catalysts prepared with the ni-

the hydrogenation reaction of paracetamol can follow the

trate precursor, RuC and RUS, ComparEd with the CatalyStSreaction pathways shown iBcheme 1 The main prod-
Supported onoxides may be due to the presence of OXide'IikeUCtS obtained under the exptﬂléntal conditions are a mix-

Ru species, formed after drying in air and during the precur-
sor decomposition, which interact with the oxidized surface
and consequently are more difficult to reduce.

The results of the Fichemisorption experiments, carried
out on the ruthenium catalysts, are showriTable 1 The

ture of cis- and trans-4-acetamidocyclohexanol, N-cyclo-
hexylacetamide, and partial hydrogenation products (such as
4-acetamidocyclohexanone).dtypical evolution of the re-
action composition with reaction time is displayedig. 2
Table 1gives the catalytic results of the hydrogenation of

catalysts supported on the oxides, RUA and RuSi, showedparacetamol obtained with the Ru catalysts after reduction

low dispersion, probably becse of calcination, which fa-
vors the sintering and migration of the Rp©pecies. The
chemisorption measements indicated that 26-nm particles

at 673 K. The TOF values were calculated from the disper-
sion determined by pchemisorption. The data show that
the initial catalytic activity (umol g& s~1) follows the trend

are present on the RuS catalyst. On the other hand, rutheRuyA > RuSi> RuC > RuS (Table 3. Moreover, if we take

nium is homogeneously dispersed on the RuC catalyst, with
particles ranging from 2 to 3 nm. The particle size of RuCIC

into account that the metal particle size for the RuS catalyst,
as determined by $chemisorption, is overestimat¢8?2],

increased to 29 nm. This seems to be a consequence of thehe general trend indicates ththe activity per surface metal
metal precursor used for catalyst preparation. The presencssjte increases with the metakzsi These results agree well

of some poisoning chloride species may explain the low hy-
drogen adsorption capacity of this sample. Moreover, the
discrepancy between the particle sizes as determinecby H
and CO chemisorption on this catalyst (7.8 riB81)] support
this assumption.

The particle sizes obtained withoHhemisorption are
consistent with that determined by XRD and TEM for all
of the samples except the RuS cata[&]. Both techniques
gave a smaller mean particle size (2—5 nm) for this sample.

3.2. Catalyst reactivity in the hydrogenation of
paracetamol

3.2.1. Effect of support
According to the mechanisms proposed for the hydro-
genation of phenol and alkyl-substituted pher{8l83,34]

with previous findings reported for Ru catalysts supported
on graphitg35].

As far as the selectivity is concerned, the catalysts sup-
ported on alumina and silica resulted mainly in hydro-
genated products, with selectivities higher than 99% for the
cisandtransalcohols. For the catalysts supported on carbon
materials, the selectivity for the hydrogenated products de-
creased in favor of N-cyclohexylacetamide and products due
to partial hydrogenation, which appeared mostly at the be-
ginning of the reaction. The highest stereoselectivity for the
transisomer was obtained for the RUA catalyst, with values
around 53%. Whereas high values were also obtained with
the RuSi and the RuS catalysts, a stereoselectivity of only
38% was reached with the RuC sample.

In general, it is postulated that the bonding of an aromatic
to the metal occurs via-bonds involving electron transfer



B. Bachiller-Baeza et al. / Journal of Catalysis 229 (2005) 439445 443

from the ring to the unoccupiefimetal orbital36]. Parac- 160

etamol is a molecule with a flat structure and has weak acidic

properties; the presence of OH and acetamide substituents in

the aromatic ring has positive resonance effects and would

enhance the adsorption of the aromatic ring by stabilizing

the r-complex. On the catalysts supported on carbon, this 120 +
adsorption through the aromatic ring would be stronger be-

cause of the smaller size of the ruthenium particles, leading

to lower activity (Table 1 and to reaction beyond the com- o
plete hydrogenation of the ring to produce the cyclohexyl g
derivative. However, in addition to aromatic ring interac- 2 80
tions, the paracetamol nmestule can adsorb via the hydroxyl o%

group. Assuming a scenario similar to that postulated for

phenol and alkyl-phenol83,37], the results obtained may

be a consequence of the existence of two adsorbed species

on the catalyst surface: withelring orientated in a coplanar

or a nonplanar fashion with respect to the surface. On the 401
RUA and RuSi catalysts, the presence of incompletely re-

duced Ru specie®Ru’1), stabilized by interaction with the

support, should favor the coplanar adsorption of the mole-

cule, leading to complete hydrogenation. Simultaneously,

4-acetamidocycloh@nol may be formed after the stepwise 0 —
addition of hydrogen to spee$ adsorbed in the nonplanar 0.0 0.2 0.4 0.6 0.8 1.0
mode. However, the influence of the acid—base properties of Coverage (6)

the support on the product distribution, as postulated for the
hydrogenation of phenol and alkyl-phenols, cannot be ruled
out.

The production oftrans isomers is generally explained However, as indicated above, the mean particle size deter-
by isomerization processes or double bond migration of mined for RUCIC by H chemisorption is overestimated.
the partially hydrogenated cyclic alcohol and is associated poreover, a strong deactivatiovith time was detected for
with a rollover mechanisnB6]. For alkyl-substituted phe-  the ex-chloride catalysts. Although a similar selectivity for
nols the StepWise addition leads to the alkylcyCIOheX-l-en- N-Cyc|ohexy|acetamide was @ned' the amount of hydro-
1-ol, which is not isolated and which is transformed to the genated products decreased to 64% in favor of an increase in
alkylcyclohexanone by tautomerism. Whereas the hydro- products of partial hydrogenation and side reactions, proba-
genation of the alkylcyclohexanone leads to boih and bly hydrogenation of the acetade group and polymeriza-
trans alkylcyclohexanols, the enol is hydrogenated to the tion reactions. In an acidic solution, carbon oligomers of
cis isomer, increasing its concentration in the final mix- paracetamol are created by condensation according to the
ture [3]. Thus, the selectivities focis andtrans isomers,  “head to tail” mechanism [38]. The observed stereoselec-
obtained in the hydrogenatiorf paracetamol, may indi- tivities of the two catalysts differed slightly: 38% for the
cate that the catalyst influences the keto-enol equilibrium. RuUNO(NG;)3 and 42% for the RuGlprecursor.

On the RuC catalyst, this equilibrium may shift to the enol The nature of the metal precursor can have an impact
form, which is hydrogenated to thésisomer, increasing its  on the metal surface structure, affecting dispersion, particle
proportion in the mixture. On the other hand, the absence shape, site blocking, or reconstruct{@9,40]. In the present

of 4-acetamidocyclohexanorshows that the intermediate  case, slightly lower metal particle sizes are obtained for the
is not desorbed and is further hydrogenated to the cyclo- Cl-free catalysts, which agrees well with previous findings.
hexanol derivatives, contrary to what is observed for Pd It has been suggested that this is due to the speciation of
catalysts, where the main products are the cyclohexanonehe aqueous solutions used, as Rysgdilutions contain poly-

Fig. 3. Differential heat of CO adsorption at 330 K fdll)( RuC and
(0) RuCIC.

derivativeq3]. meric species, but it may also be due to sintering favored in
the presence of chloride iof$l]. Moreover, the presence of
3.2.2. Effect of metal precursor residual chlorine on the catalyst after the calcination and/or

The effect of the metal precursor on the performance of reduction steps could favor electronic interactions between
the catalysts was studied on the carbon-supported sampleCl and the metal particles or adsorbed spef#s42] To
The initial activity (Table J) for RuCIC was lower than that  study the possible influence of the electronic density of the
for RuC, but the TOF value is of the same order, which metal atoms on the catalyst reactivity, microcalorimetric CO
does not correlate well with the general trend observed, adsorption experiments were carried out. The profiles of dif-
that is, an increase in activity with the metal particle size. ferential heat of adsorptiorrig. 3) showed a heterogeneous
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100 60

distribution of active sites for both catalysts. Although the
heat of adsorption is similar for coverage higher than 0.3, the { THF
catalyst prepared from the nitrate precursor initially gave a L]
higher initial heat of adsorption. This decrease in the heat of ] -— -
CO adsorption is explained byeetron withdrawal induced | .. EtoHfb
by the chlorine anions in the support—metal interface, result- &
ing in a decrease in the back-donation of electrons from Ru v
to thex* anti-bonding orbital. Shifts to higher wave num-
bers in the IR bands for CO adsorption have been ascribed
to similar electronic modifications related to the presenceof =~ 709 ©
Cl and other electron-withdrawing iof#0,43,44] These in-
teractions seem to result in anhancement of the adsorption
strength of paracetamol and a decrease in the hydrogenation 60 T T - . y T T 20
rate. A similar negative effect of chlorine has been reported 5 10 15 20 25
in the hydrogenation of phenol and styrene, where the hy- €
drogenation rates V\./ere lower over the palladium catalysts Fig. 4. Selectivity to cyclohexanol derivativell)Y and stereoselectivity to
prepared from chloride salf45]. trans isomer (O) vs the dielectric constant of the solvents. Catalyst, RuC;
The acidity of the catalysts, due to the chloride ion, seems temperature, 393 KP (H,) = 50 bar.
to be responsible for the slight promotion of the hydrogenol-
ysis process and for the deactivation rate; the latter is prob-yyhich may explain the lower activity with EtOH. In this
ably due to deposition of carbonaceous species on surfaceense, the diffusivity of paracetamol is known to increase
acid siteg36,45} As suggested above, the observed increase yhen surface acidic sites (oxidized carbons, hydrophilic or
in selectivity for thetrans isomer with the RUCIC catalysts  polar surfaces, and metal cations) are effectively blocked by
is probably attributable to the modification of the tautomeric \yater[38]. On the other hand, the selectivity for the total
ketO-enO| equi"brium tOWard the ketone intermediate as a hydrogenation of the aromatic ring seems to decrease W|th
result of the interaCtiOI’lS betWeen the metal particles and theso|vent po'arity_ Moreover, the increase in Se|ectivity for N-
residual Cl ions. Modifications of the electronic properties cyclohexylacetamide when EtOH was used could imply a
of ruthenium on alumina-supported catalysts with high chlo- greater contribution of the actition of the molecule via the

rine contents seem to account for the decrease in activity andsypstituent oxygen. This is supported by the favored forma-
the higher selectivities for cyclohexene during benzene hy- tjon of phenoxide in polar solvents.

(%) 's

- 40

- 30

drogenatiorj42]. Finally, the results for the RuC catalyst indicate that the
lower the polarity of the solvent is, the higher is the stereo-
3.2.3. Effect of the solvent selectivity for thecisisomer. This can again be explained by

The catalyst supported on carbon was also selected tothe favored adsorption of the molecule in a planar mode as

study the influence of the nature of the solvent on catalytic the polarity decreases or by modification of the tautomeric
performance. Two other solvents were tested, 2-propanolequilibrium keto-enol of the reaction intermediate.

(IPA) and tetrahydrofuran (THF). The initial activity in-
creased in the order EtOH THF < IPA (Table 1), which
indicates an effect of the solvent. Moreover, as the produc- 4, Conclusions
tion of the alcohols increased with the two new solvents,
the formation of N-cyclohexylacetamide decreased. On the  We have shown that the stereoselective hydrogenation of
other hand, the stereoselectivity for thrans isomer was paracetamol for 4rans-acetamidocyclohexanol depends on
lower for IPA and THF than for EtOH. several factors. The best results for activity and selectivity
Effects of solvents have beeaported for different het-  for the cyclohexanols and for thensisomer were obtained
erogeneous catalytic proces$égl6,47] The differencesin  with the ruthenium catalysts supported on metal oxides. The
activity and selectivity cannot be explained initially by the influence of the metal precursor on the carbon-supported cat-
values of b solubility, since they are very similar for the alyst indicates that the residual chloride slightly promotes
three solvents. Thus, we tried to correlate the catalytic resultsthe stereoselectivity for theansisomer. However, it is detri-
with the polarity of the reaction mediurfrig. 4 shows the mental to the chemo-selectivity, since larger amounts of side
dependence of the selectivifpr acetamidogclohexanols products are obtained, and tb&talyst deactivates with time
and the stereoselectivity for thr@nsisomer on the dielectric  in reaction. On the other hand, the use of solvents of medium
constant of the solvent. The activity valudable I do not or low polarity enhances the activity but reduces the stere-
show a clear relationship with the dielectric constants of the oselectivity. Our results suggested that the product distrib-
solvent. However, since the carbon has acidic and basic oxy-ution obtained in the hydrogenation of paracetamol can be
gen surface groups, the more polar solvent may be adsorbeatontrolled by selecting the appropriate catalyst and reaction
to the surface, thus reduciniget adsorption of the reactant, conditions.
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