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Abstract

The influence of the support, the metal precursor, and the solvent on the selective hydrogenation of paracetamol (4-acetam
was studied over supported ruthenium catalysts. The catalysts supported on the oxidic supports Al2O3 and SiO2 gave the best result
in terms of activity, selectivity for the acetamidocyclohexanols (99%), and stereoselectivity for thetrans isomer (53 and 46%, respe
tively). Carbon-supported catalysts produced larger amounts of secondary compounds, mainly N-cyclohexylacetamide, which w
from the hydrogenolysis reaction of the OH group. The use of a chloride precursor resulted in the enhancement of the format
cyclohexylacetamide and partially hydrogenated products; the stereoselectivity also increased. Moreover, because of the acidity
residual Cl, condensation led to oligomers of paracetamol. In spite of the decrease in the selectivity for cyclohexanol derivatives
more polar solvent ethanol was used instead of isopropanol or tetrahydrofuran the stereoselectivity for thetrans isomer increased from 3
to 38%.

The results confirm that the factors studied affect the mode of adsorption of the molecule of paracetamol on the catalyst in different wa
These effects determine the product distribution and the selectivity of the reaction.
 2004 Elsevier Inc. All rights reserved.

Keywords: Stereoselective hydrogenation;Cis andtrans isomers; 4-Aminocyclohexanol; Ruthenium-supported catalysts
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1. Introduction

The hydrogenation of disubstituted aromatics, parti
larly of substituted phenols to the corresponding substitute
cyclohexanones and cyclohexanols, has attracted the
est of the industry and researchers. The reason for this is
these compounds are used as key intermediates for the
ufacture of fine chemicals forthe fragrance and deterge
industries. Moreover, the stereochemistry of the reaction
is important since generally only one of the isomers of
cis andtrans mixture has the desired properties. Several
ports have dealt with the role of the nature of the metal ph
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in the hydrogenation reaction and its stereoselectivity[1–8].
Group VIII metals are generally used, but different behav
are observed. Whereas Pd gives mainly the cyclohexa
derivatives, rhodium and platinum are very selective for
cis isomer. Nickel is more stereoselective for thetrans iso-
mer but generates higher amounts of hydrogenolytic cle
age products. However, exhaustive studies of the rang
parameters that can influencethe reaction (support, reactio
conditions, promoters, or additives), as have been ca
out for the hydrogenation of benzene or phenol[9–11], are
scarce.

Among the substituted cyclohexanols, the synthesi
4-trans-aminocyclohexanol is of great importance. Th
compound is an intermediate inthe multistep synthesis o
Ambroxol [12–14], N-(2-amino-3,5-dibromobenzyl)-trans-
4-aminocyclohexanol, which is a bronchosecretolitic ag
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for the prevention and treatment of diseases of the
piratory tract and bronchial tubes[15,16]. Although sev-
eral procedures have been tested for obtainingtrans-4-
aminocyclohexanol (i.e., hydrogenation ofp-nitrophenol or
p-aminophenol), the main route is the catalytic hydroge
tion of 4-acetamidophenol (paracetamol)[17–19] to yield
a cis/trans mixture of 4-acetamidocyclohexanol, which is
subsequently hydrolyzed tocis/trans-4-aminocyclohexano
the isomers are finally separated by fractional crystall
tion. Considering the complete process and that the pro
is used in pharmacology, the aim is to achieve the maxim
yields of thetrans isomer in the initial hydrogenation rea
tion to reduce the amounts of products of no interest. A
from the economic and environmental benefits, this wo
simplify the workup and purification of the reaction produ

The purpose of this study was to investigate the fac
that can affect the hydrogenation of paracetamol in the liqui
phase over ruthenium catalysts. The effects of the sup
(metal oxides or carbon materials) and the ruthenium met
precursor and the role of the reaction solvent were inve
gated.

2. Experimental and methods

2.1. Catalyst preparation

The supports were silica (Aerosil Degussa,SBET = 180
m2 g−1); alumina (Puralox Condea,SBET = 192 m2 g−1);
a molecular sieve of carbon, S (SBET = 970 m2 g−1); and an
activated carbon (ICASA, Spain,SBET = 961 m2 g−1). The
S carbon was synthesized by carbonization of the copoly
Saran (90% vinyliden chloride–10% vinyl chloride; Aldric
under inert conditions (N2; 100 cc min−1) at 1273 K[20].

The Ru-supported catalysts (2 wt% metal loading)
alumina (RuA), silica (RuSi), and activated carbon (Ru
were prepared by the incipient wetness technique with a
ous Ru(NO)(NO3)3 solutions. Another catalyst, RuClC, w
prepared with an RuCl3 · xH2O ethanolic solution on act
vated carbon. The catalyst supported on S (RuS) was
pared by impregnation of the support (outgassed at 42
for 1 h) with a methanolic solution of the Ru(NO)(NO3)3
precursor and subjected to a freeze-thaw cycle. After
pregnation, all of the catalysts were dried overnight at 38
Furthermore, the catalysts supported on oxides were
cined in air at 723 K for 3 h.

2.2. Catalyst characterization

Temperature-programmed reduction (TPR) meas
ments were carried out in aquartz microreactor over 20
to 300 mg of prepared sample under a continuous flow
25 ccmin−1 of a H2/He gas mixture (10% H2). The tem-
perature was increased from room temperature to 873
8 K min−1. H2 consumption was measured by on-line g
t

t

-

-

chromatography (Varian 3400) with a thermal conductiv
detector (TCD).

The metal dispersion of thecatalysts was determine
from H2 chemisorption measurements at 298 K in a volu
metric system, described elsewhere[21]. The samples wer
subjected to in situ reduction pretreatment in H2 at 673 K.
Mean particle sizes were determined under the assump
of M:H2 = 2:1 stoichiometry and spherical metal partic
(d̄ (nm) = 1.32/D) [22].

The heat of CO adsorption at 330 K was measure
a differential heat-flow microcalorimeter (Tian–Calvet typ
C80 from Setaram). The adsorption vessels were conne
to a Pyrex volumetric apparatus equipped with grease
stopcocks that permitted the introduction of small pul
of CO [23]. The samples were activated in flowing H2 at
673 K for 2 h and, after outgassing at this temperature
16 h, were cooled to the adsorption temperature. Suc
sive doses of CO were then transferred to the sample.
equilibrium pressure was measured by means of a Bara
pressure transducer MKS instrument. The calorimetric an
volumetric data were stored and analyzed with a microc
puter.

2.3. Catalytic hydrogenation

The hydrogenation reaction was carried out under h
pressure in an autoclave fitted with a magnetically coup
stirring head, inlet/outlet ports, and a pressure gauge.
ter being reduced in flowing hydrogen at 673 for 2 h,
catalyst (500 mg) was transferred to the reactor flask, w
contained a solution of paracetamol (98% 4-acetamidofeno
Research Chemical, Ltd.) in ethanol (ca. 25 µmol ml−1).
The autoclave was closed, purged in He, and heate
the reaction temperature (393 K). Then the autoclave
pressurized to 50 bar with H2 and the reaction starte
Samples were taken periodically and analyzed with a
chromatograph (Varian 3800) equipped with a flame i
ization detector (FID) anda capillary column (MFE-624
25 m× 0.25 mm× 0.25 µm; initial temperature, 155◦C,
5 min; final temperature 200◦C, 6 min; rate 10◦C min−1).
Preliminary runs carried out at different rates of stirring, lev
els of loading, and catalyst grain size revealed the absence
external and internal mass transfer limitations.

Considering the possible reaction pathways (Scheme 1),
we calculated the selectivities for alcohols (2 and2′) (SH),
N-cyclohexylacetamide (3) (SN), and other products (4)
(SO). The stereoselectivity between the two alcohol isom
(2 and2′) was defined asST = Ctrans × 100/(Ccis + Ctrans).

3. Results and discussion

3.1. Catalyst characterization

Fig. 1 displays the TPR profiles of H2 consumption for
the Ru-supported catalysts. RuA and RuSi catalysts sho
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l,
Scheme 1. Reaction pathways in the hydrogenation of paracetamol (1: paracetamol,2: trans-4-acetamidocyclohexanol,2′: cis-4-acetamidocyclohexano
3: N-cyclohexylacetamide,4: 4-acetamidocyclohexanone, and5: 4-acetamidocyclohexenol).
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Fig. 1. Temperature-programmed reduction profiles for catalysts (a) RuA,
(b) RuSi, (c) RuS, (d) RuC, and (e) RuClC.

unique peaks at 405 and 440 K, respectively. The tem
ature of reduction corresponds to the reduction of Ru2

formed after the calcination of the catalysts; unsuppo
bulk RuO2 is reduced in a single peak at 490 K[24]. On the
other hand, the RuC and RuClC catalysts showed sever
gions of hydrogen consumption: below 423 K, between
and 573 K, and above 623 K. The first and second reg
are ascribed to the decomposition of the residual metal
cursor salt, nitrate or chloride, and the reduction of Ru(
to Ru0. Reduction of unsupported RuCl3 occurs at tempera
tures around 433 K[24]. The maxima of the H2 consumption
were observed at 510 K for RuC and at 440 and 508 K
RuClC. The detection of two peaks for the latter catalyst
dicates that two different species are present, one of whi
probably ruthenium oxidized by atmospheric air exposu
The band in the third region was found only for the R
catalysts. Evolution of CH4 and CO, parallel to H2 consump-
tion, indicates partial gasification of the support around
metal particles[23–26]and decomposition and hydrogena
tion of the surface oxygen groups[27–30]. These oxygen
groups are generated on the carbon surface during imp
nation with the oxidizing solution of the metal precurs
RuNO(NO3)3. The RuS sample showed a peak centere
540 K (Fig. 1c), indicating that the reduction of the met
is hindered compared with that of the RuC catalyst. The
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Table 1
Catalytic results of ruthenium-supported catalysts on the hydrogenati
paracetamol at 393 K

Catalyst dH
(nm)

Activity

(µmol g−1
M s−1)

TOF

(s−1)

Selectivitya (%) Stereoselec-
tivity, ST (%)SH SN SO

RuA 19 183 0.26 99 1 0 53
RuSi 33 56 0.14 99 1 0 46
RuS 26b 10 0.02 94 4 2 46
RuC 2.6 45 0.01 80 17 3 38

325d 0.06 89 10 1 33
91e 0.02 92 6 2 30

RuClC 29c 7 0.01 64 24 13 42

a Selectivity to cis/trans-acetamidocyclohexanol (SH), N-cyclohexyl-
acetamide (SN), other products (SO), and stereoselectivity totrans-aceta-
midocyclohexanol (ST).

b 2–5 nm (determined by XRD and TEM).
c Reduction at 723 K and 7.8 nm determined by CO chemisorption.
d Solvent IPA.
e Solvent THF.

sence of a band at higher temperatures indicates a dec
in surface gasification and surface oxidation, probably
consequence of the differences in the preparation metho
indicated in Section2. The higher temperature of reducti
for the two carbon-supported catalysts prepared with the
trate precursor, RuC and RuS, compared with the cata
supported on oxides may be due to the presence of oxide
Ru species, formed after drying in air and during the pre
sor decomposition, which interact with the oxidized surf
and consequently are more difficult to reduce.

The results of the H2 chemisorption experiments, carrie
out on the ruthenium catalysts, are shown inTable 1. The
catalysts supported on the oxides, RuA and RuSi, sho
low dispersion, probably because of calcination, which fa
vors the sintering and migration of the RuO2 species. The
chemisorption measurements indicated that 26-nm particl
are present on the RuS catalyst. On the other hand, r
nium is homogeneously dispersed on the RuC catalyst,
particles ranging from 2 to 3 nm. The particle size of RuC
increased to 29 nm. This seems to be a consequence
metal precursor used for catalyst preparation. The pres
of some poisoning chloride species may explain the low
drogen adsorption capacity of this sample. Moreover,
discrepancy between the particle sizes as determined b2
and CO chemisorption on this catalyst (7.8 nm)[31] support
this assumption.

The particle sizes obtained with H2 chemisorption are
consistent with that determined by XRD and TEM for
of the samples except the RuS catalyst[32]. Both techniques
gave a smaller mean particle size (2–5 nm) for this samp

3.2. Catalyst reactivity in the hydrogenation of
paracetamol

3.2.1. Effect of support
According to the mechanisms proposed for the hyd

genation of phenol and alkyl-substituted phenols[3,33,34],
e

s

-

e
e

Fig. 2. Evolution of stereoselectivity totrans, ST, (---), and of composi-
tion with time in reaction, (2) paracetamol, (1) cis/trans-acetamidocyclo-
hexanol, (!) N-cyclohexylacetamide, (P) other products. Catalyst, RuC
temperature, 393 K;P (H2) = 50 bar; solvent, ethanol.

the hydrogenation reaction of paracetamol can follow
reaction pathways shown inScheme 1. The main prod-
ucts obtained under the experimental conditions are a mix
ture of cis- and trans-4-acetamidocyclohexanol, N-cycl
hexylacetamide, and partial hydrogenation products (suc
4-acetamidocyclohexanone). The typical evolution of the re
action composition with reaction time is displayed inFig. 2.
Table 1gives the catalytic results of the hydrogenation
paracetamol obtained with the Ru catalysts after reduc
at 673 K. The TOF values were calculated from the dis
sion determined by H2 chemisorption. The data show th
the initial catalytic activity (µmol g−1

Ru s−1) follows the trend
RuA > RuSi> RuC> RuS (Table 1). Moreover, if we take
into account that the metal particle size for the RuS cata
as determined by H2 chemisorption, is overestimated[32],
the general trend indicates thatthe activity per surface meta
site increases with the metal size. These results agree w
with previous findings reported for Ru catalysts suppo
on graphite[35].

As far as the selectivity is concerned, the catalysts s
ported on alumina and silica resulted mainly in hyd
genated products, with selectivities higher than 99% for
cis andtrans alcohols. For the catalysts supported on car
materials, the selectivity for the hydrogenated products
creased in favor of N-cyclohexylacetamide and products
to partial hydrogenation, which appeared mostly at the
ginning of the reaction. The highest stereoselectivity for
trans isomer was obtained for the RuA catalyst, with valu
around 53%. Whereas high values were also obtained
the RuSi and the RuS catalysts, a stereoselectivity of
38% was reached with the RuC sample.

In general, it is postulated that the bonding of an arom
to the metal occurs viaπ -bonds involving electron transfe
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from the ring to the unoccupiedd metal orbitals[36]. Parac-
etamol is a molecule with a flat structure and has weak ac
properties; the presence of OH and acetamide substitue
the aromatic ring has positive resonance effects and w
enhance the adsorption of the aromatic ring by stabiliz
the π -complex. On the catalysts supported on carbon,
adsorption through the aromatic ring would be stronger
cause of the smaller size of the ruthenium particles, lea
to lower activity (Table 1) and to reaction beyond the com
plete hydrogenation of the ring to produce the cyclohe
derivative. However, in addition to aromatic ring intera
tions, the paracetamol molecule can adsorb via the hydrox
group. Assuming a scenario similar to that postulated
phenol and alkyl-phenols[33,37], the results obtained ma
be a consequence of the existence of two adsorbed sp
on the catalyst surface: with the ring orientated in a coplana
or a nonplanar fashion with respect to the surface. On
RuA and RuSi catalysts, the presence of incompletely
duced Ru species(Ruδ+), stabilized by interaction with th
support, should favor the coplanar adsorption of the m
cule, leading to complete hydrogenation. Simultaneou
4-acetamidocyclohexanol may be formed after the stepwi
addition of hydrogen to species adsorbed in the nonplan
mode. However, the influence of the acid–base propertie
the support on the product distribution, as postulated for
hydrogenation of phenol and alkyl-phenols, cannot be ru
out.

The production oftrans isomers is generally explaine
by isomerization processes or double bond migration
the partially hydrogenated cyclic alcohol and is associa
with a rollover mechanism[36]. For alkyl-substituted phe
nols the stepwise addition leads to the alkylcyclohex-1
1-ol, which is not isolated and which is transformed to
alkylcyclohexanone by tautomerism. Whereas the hy
genation of the alkylcyclohexanone leads to bothcis and
trans alkylcyclohexanols, the enol is hydrogenated to
cis isomer, increasing its concentration in the final m
ture [3]. Thus, the selectivities forcis and trans isomers,
obtained in the hydrogenation of paracetamol, may indi
cate that the catalyst influences the keto-enol equilibri
On the RuC catalyst, this equilibrium may shift to the e
form, which is hydrogenated to thecis isomer, increasing its
proportion in the mixture. On the other hand, the abse
of 4-acetamidocyclohexanoneshows that the intermedia
is not desorbed and is further hydrogenated to the cy
hexanol derivatives, contrary to what is observed for
catalysts, where the main products are the cyclohexa
derivatives[3].

3.2.2. Effect of metal precursor
The effect of the metal precursor on the performanc

the catalysts was studied on the carbon-supported sam
The initial activity (Table 1) for RuClC was lower than tha
for RuC, but the TOF value is of the same order, wh
does not correlate well with the general trend observ
that is, an increase in activity with the metal particle si
s

.

Fig. 3. Differential heat of CO adsorption at 330 K for (2) RuC and
(1) RuClC.

However, as indicated above, the mean particle size d
mined for RuClC by H2 chemisorption is overestimate
Moreover, a strong deactivation with time was detected fo
the ex-chloride catalysts. Although a similar selectivity
N-cyclohexylacetamide was obtained, the amount of hydro
genated products decreased to 64% in favor of an increa
products of partial hydrogenation and side reactions, pr
bly hydrogenation of the acetamide group and polymeriza
tion reactions. In an acidic solution, carbon oligomers
paracetamol are created by condensation according to
“head to tail” mechanism [38]. The observed stereose
tivities of the two catalysts differed slightly: 38% for th
RuNO(NO3)3 and 42% for the RuCl3 precursor.

The nature of the metal precursor can have an im
on the metal surface structure, affecting dispersion, par
shape, site blocking, or reconstruction[39,40]. In the presen
case, slightly lower metal particle sizes are obtained for
Cl-free catalysts, which agrees well with previous findin
It has been suggested that this is due to the speciatio
the aqueous solutions used, as RuCl3 solutions contain poly
meric species, but it may also be due to sintering favore
the presence of chloride ions[41]. Moreover, the presence o
residual chlorine on the catalyst after the calcination an
reduction steps could favor electronic interactions betw
Cl and the metal particles or adsorbed species[31,42]. To
study the possible influence of the electronic density of
metal atoms on the catalyst reactivity, microcalorimetric
adsorption experiments were carried out. The profiles of
ferential heat of adsorption (Fig. 3) showed a heterogeneo



444 B. Bachiller-Baeza et al. / Journal of Catalysis 229 (2005) 439–445

the
, the
e a
t of

ult-
Ru
-

ibed
e of

on
atio
rted
hy-

ysts

ems
nol-
rob-
rfac
ase

ts
ric
s a
the

ies
lo-
and
hy-

d to
lytic
ano
-

uc-
nts,
the

-

he
e

sults

c

the
oxy
rbe
t,

uC;

is
ase
c or
d by
tal
with
N-
ly a
e
ma-

the
eo-
by
e as
eric

n of
on
ivity
d
The
cat-
tes
-
side
e
ium

ere-
trib-

be
tion
distribution of active sites for both catalysts. Although
heat of adsorption is similar for coverage higher than 0.3
catalyst prepared from the nitrate precursor initially gav
higher initial heat of adsorption. This decrease in the hea
CO adsorption is explained by electron withdrawal induced
by the chlorine anions in the support–metal interface, res
ing in a decrease in the back-donation of electrons from
to theπ∗ anti-bonding orbital. Shifts to higher wave num
bers in the IR bands for CO adsorption have been ascr
to similar electronic modifications related to the presenc
Cl and other electron-withdrawing ions[40,43,44]. These in-
teractions seem to result in anenhancement of the adsorpti
strength of paracetamol and a decrease in the hydrogen
rate. A similar negative effect of chlorine has been repo
in the hydrogenation of phenol and styrene, where the
drogenation rates were lower over the palladium catal
prepared from chloride salts[45].

The acidity of the catalysts, due to the chloride ion, se
to be responsible for the slight promotion of the hydroge
ysis process and for the deactivation rate; the latter is p
ably due to deposition of carbonaceous species on su
acid sites[36,45]. As suggested above, the observed incre
in selectivity for thetrans isomer with the RuClC catalys
is probably attributable to the modification of the tautome
keto-enol equilibrium toward the ketone intermediate a
result of the interactions between the metal particles and
residual Cl ions. Modifications of the electronic propert
of ruthenium on alumina-supported catalysts with high ch
rine contents seem to account for the decrease in activity
the higher selectivities for cyclohexene during benzene
drogenation[42].

3.2.3. Effect of the solvent
The catalyst supported on carbon was also selecte

study the influence of the nature of the solvent on cata
performance. Two other solvents were tested, 2-prop
(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 prod
tion of the alcohols increased with the two new solve
the formation of N-cyclohexylacetamide decreased. On
other hand, the stereoselectivity for thetrans isomer was
lower for IPA and THF than for EtOH.

Effects of solvents have beenreported for different het
erogeneous catalytic processes[7,46,47]. The differences in
activity and selectivity cannot be explained initially by t
values of H2 solubility, since they are very similar for th
three solvents. Thus, we tried to correlate the catalytic re
with the polarity of the reaction medium.Fig. 4 shows the
dependence of the selectivityfor acetamidocyclohexanols
and the stereoselectivity for thetrans isomer on the dielectri
constant of the solvent. The activity values (Table 1) do not
show a clear relationship with the dielectric constants of
solvent. However, since the carbon has acidic and basic
gen surface groups, the more polar solvent may be adso
to the surface, thus reducing the adsorption of the reactan
n

e

l

-
d

Fig. 4. Selectivity to cyclohexanol derivatives (2) and stereoselectivity to
trans isomer (!) vs the dielectric constant of the solvents. Catalyst, R
temperature, 393 K;P (H2) = 50 bar.

which may explain the lower activity with EtOH. In th
sense, the diffusivity of paracetamol is known to incre
when surface acidic sites (oxidized carbons, hydrophili
polar surfaces, and metal cations) are effectively blocke
water [38]. On the other hand, the selectivity for the to
hydrogenation of the aromatic ring seems to decrease
solvent polarity. Moreover, the increase in selectivity for
cyclohexylacetamide when EtOH was used could imp
greater contribution of the activation of the molecule via th
substituent oxygen. This is supported by the favored for
tion of phenoxide in polar solvents.

Finally, the results for the RuC catalyst indicate that
lower the polarity of the solvent is, the higher is the ster
selectivity for thecis isomer. This can again be explained
the favored adsorption of the molecule in a planar mod
the polarity decreases or by modification of the tautom
equilibrium keto-enol of the reaction intermediate.

4. Conclusions

We have shown that the stereoselective hydrogenatio
paracetamol for 4-trans-acetamidocyclohexanol depends
several factors. The best results for activity and select
for the cyclohexanols and for thetrans isomer were obtaine
with the ruthenium catalysts supported on metal oxides.
influence of the metal precursor on the carbon-supported
alyst indicates that the residual chloride slightly promo
the stereoselectivity for thetrans isomer. However, it is detri
mental to the chemo-selectivity, since larger amounts of
products are obtained, and thecatalyst deactivates with tim
in reaction. On the other hand, the use of solvents of med
or low polarity enhances the activity but reduces the st
oselectivity. Our results suggested that the product dis
ution obtained in the hydrogenation of paracetamol can
controlled by selecting the appropriate catalyst and reac
conditions.
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