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Abstract

A new type of asymmetric heterogeneous catalysts is presented, together with results obtained in the enantioselective hydrog
ethyl pyruvate and acetophenone. Thecatalysts are prepared by usingtechniques derived from the surface organometallic chemistr
metals (reaction between a supported and a reduced transition metal catalyst with an organometalliccompound). In the hydrogenation o
acetophenone employing Pt-based catalysts, the presence of the organotin promoter notably enhances the chemoselectivity to ph
(the desired product) in all cases. The enantioselective hydrogenation of acetophenone afforded an excess of the (S)-phenylethanol, with an
enantiomeric excess (ee%) value of around 20% and a selectivity over 97%. Reusing of the catalysts is possible, keeping the sel
the ee% values.
 2004 Elsevier Inc. All rights reserved.
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1. Introduction

The production of enantiopure compounds is becom
more and more important in the field of pharmaceuticals,
vors, fragrances, and agrochemical agents; thus, several in
dustrial processes using asymmetric catalytic reactions
been developed[1]. Most of these processes comprise
use of homogeneous catalysts that have the disadvanta
difficult separation and reuse of the expensive catalysts
ployed.

Throughout the years, many methods have been in
duced to develop heterogeneous or heterogenized c
catalysts. For example, metal–ligand complexes can be
mobilized by covalent or coordinative linkage or elect
static attraction via functionalized ligands or by adsorpt
on porous supports to combine the good activities and
lectivities of homogeneous catalysts and the simplicity
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recovery and the possibility of reusing the heterogene
ones [2]. Another approach, especially related to hyd
genation processes, is the one in which a chiral auxil
in solution is contacted to a heterogeneous metal c
lyst, in order to modify the enantioselectivity of the sy
tem. To this category belong the classical systems c
posed of Ni catalysts modified with tartrate/NaBr[3] and
Pt(Pd) modified with cinchona alkaloids[4]. These kinds
of systems are successfully employed nowadays for the
drogenation of certain carbonyl compounds[1,5,6]. How-
ever, many of these heterogeneous and heterogenized
ral catalysts suffer from the leaching of the active me
or the chiral auxiliary into the solvent and from the d
crease of enantioselectivity. In order to avoid these dis
vantages, we are studying the development of a new
of asymmetric heterogeneous catalysts, prepared by u
techniques derived from the surface organometallic ch
istry on metals (SOMC/M). This well-proven methodolo
comprises the reaction between a supported and a red
transition metal catalyst with an organometallic compou
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[7,8]. Previously published papers demonstrated that it
possible to anchor Sn(C4H9)4 onto a monometallic cata
lyst and to generate an organometallic phase (retaining b
groups on the surface) with very interesting propertie
the selective hydrogenation of carbonyl compounds[9,10].
A somewhat similar approach has been developed by S
et al., who published a method to deposit a chiral s
ether moiety onto a Pd surface through Si–metal bo
The so-modified catalysts were tested in the enantios
tive hydrogenation of prochiral molecules containing C=C
bonds[11].

In the present paper, we introduce the synthesis of a
kind of asymmetric heterogeneous catalysts, based on s
supported Ni, Rh, and Pt, chemically modified with chi
organotin compounds. The systems were tested in the e
tioselective hydrogenation of ethyl pyruvate and acetop
none, and the stability of these catalysts was also studie
order to verify if they could be reused.

2. Experimental

2.1. Synthesis and characterization of the chiral organotin
compounds

Following the procedures described in the literat
[12–14], the chiral organotin compounds, (−)-Men3SnMe,
(−)-MenSnBu3, (−)-MenPh2SnMe, and (−)-Men3Sn–
SnMen3 (Men, menthyl; Bu, butyl; Me, methyl; Ph, pheny
were very carefully synthesized, in order to obtain optica
pure compounds having no epimerization of the carbon a
attached to the tin atom. In a typical preparation procedur
to a solution of 10.3 g (0.040 mol) of SnCl4 in 48 mL of
dry C6H6, in an ice bath, 150 mL of a solution of 1.58
(−)-menthylmagnesium chloride in dry tetrahydrofuran w
added drop by drop (0.240 mol). Once the addition step
concluded, the reaction mixture was heated under reflu
60 h and then it was allowed to cool down to room tempe
ture under stirring. A 10% HCl solution was added (25 m
and diluted with distilled water (25 mL). After the additio
of ethyl ether (200 mL), the organic phase is separated
dried on anhydrous MgSO4. The solvent was distilled un
der reduced pressure and the product was recrystalliz
ethanol. These compounds were fully characterized by1H,
13C, and119Sn NMR, using CDCl3 with tetramethylsilane
as the standard.

2.2. Catalyst preparation

Monometallic catalysts wereprepared by ionic exchang
starting from solutions of [Pt(NH3)4]Cl2, [Ni(NH3)6]-
(NO3)2, and [Rh(NH3)5Cl]Cl2, in order to obtain 1 wt%
Pt, 2.2 wt% Ni, and 1 wt% Rh in the resulting catalysts.
all cases, the support used was SiO2 (Aerosil, 200 m2 g−1).
After the impregnation stage, solids were washed, dried,
cined, and finally reduced in H2 flow (773 K for Pt/SiO2,
l

-

-

-

923 K for Ni/SiO2, and 676 K for Rh/SiO2). The reduced
monometallic catalyst is reacted in H2 atmosphere with
an adequate amount of the chiral organotin compound
solved inn-heptane (catalysts based on Rh, reaction t
perature 298 K) orn-decane (catalysts based on Pt a
Ni, reaction temperature 393 and 423 K, respective
Once the reaction is finished, the catalyst is washed
n-heptane portions in an Ar atmosphere. The prepara
procedure is analogous to the one employed when SnB4 is
the tin precursor compound, and it is described in deta
Ref. [15].

2.3. Catalyst characterization

Monometallic catalysts werecharacterized according
Ref. [15], by chemical composition, temperature-progra
med reduction (TPR), hydrogen chemisorption by the
umetric method, and distribution of metallic particle size
by transmission electron microscopy (TEM). The va
tion in the concentration of the organotin compound d
ing the preparation of organometallic catalysts was a
lyzed by using a gas chromatograph Varian 3400 CX (
umn 10% OV-101, FID) and a GC/MS in a Shimadzu Q
5050A (capillary column SPB-%TM Supelco). The atom
ratio Sn/M (M = Rh, Pt, Ni) was determined based
the tin content in the catalysts, spectrophotometrically m
sured at 530 nm, after complexing the tin with phenylfl
rone.

2.4. Catalytic reactions

A typical procedure is as follows. Hydrogenation re
tions were carried out in a 100-mL stirred autoclave re
tor. The amount of 0.25 g of the catalyst was placed
the reactor, and then a definite quantity of the subst
(2.65 mmol of ethyl pyruvate and 4.23 mmol of acetop
none) and 60 mL of 2-propanol (solvent) were introdu
into the reactor under a hydrogen atmosphere. The rea
was carried out at 353 K at a pressure of 1.0 MPa of H2, with
continuous stirring at a rate of 800 rpm. Reactions were fo
lowed by analyzing a sufficient number of microsamples
gas chromatography, using a Varian 3400 CX, having a 3
J&W DB-Wax capillary column and a FID detector. T
enantiomeric excess (ee) was determined chromatograph
cally on a CP-Chirasil DEX CB column (25 m, 0.25 m
i.d.), and calculated as ee%= 100(S − R)/(S + R). Re-
action products were identified by GC/MS in a Shimad
QP-5050A (capillary column SPB-%TM Supelco). In ord
to verify if the catalysts under study could be reused, a se
of experiments were carried out. The procedure consiste
submitting the catalyst to ahydrogenation test (under th
conditions previously noted). After finishing the reactio
the remaining liquid was separated, the catalyst was repea
edly 2-propanol, and then another hydrogenation test
performed.
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3. Results and discussion

3.1. Synthesis, preparation, and characterization of
catalysts

The attainment of the proposed catalytic systems is
termined by the key stage of the synthesis of the
ral organotin compounds. An important aspect taken
account in the preparation of organotin compounds [(−)-
MenSnMe3, (−)-MenSnBu3, (−)-MenPh2SnMe] consisted
in the fact that they were obtained optically pure, that
without epimerization in the carbon atom of the ment
group bonded to the tin atom. This was obtained with
addition of triphenylphosphineduring the synthesis. With
out the addition of this base, when Bu3SnCl reacts with
(−)-MenMgCl, a mixture with a 3:1 ratio of epimers is o
tained. In the case of Ph3SnCl with (−)-MenMgCl, a mix-
ture of epimers with a 3:2 ratio is attained, and with
Me3SnCl there exists no epimerization[16].

Monometallic catalysts employed as base catalysts
all preparations were characterized by the usual meth
such as TEM and H2 chemisorption, and the metallic co
tent was determined by atomic absorption. TEM res
show that the preparation by ionic exchange allows s
tems with a quite homogeneous particle-size distributio
be obtained, with values of mean particle diameter aro
2.9, 1.2, and 2.5 nm, for Ni/SiO2, Rh/SiO2, and Pt/SiO2,
respectively. Besides, the chemisorption runs reveal,
Rh/SiO2 and Pt/SiO2, a high metal dispersion (H/Rh= 0.65
and H/Pt= 0.64), and a relatively moderate dispersion
Ni/SiO2 (H/Ni = 0.16). These characteristics of surface
mogeneity are essential for assuring the correct prepar
of organometallic catalysts through techniques derived from
SOMC/M.

The preparation of organometallic catalysts perform
following the same procedure used to generate systems
ified by SnBu4 [15] can be represented by the followin
equation:

M/SiO2 + ySnR4 + (xy/2)H2

→ M[SnR4−x ]y /SiO2 + xyRH.

The present tin amount was measured to determine
“y” value (Table 1). In order to study the specificity o
the interaction between the monometallic catalysts and th
organotin compounds, blank experiments were conducte
which the tin precursor was contacted with the SiO2. No de-
tectable tin amounts on the support were observed unde
experimental conditions of this work. In the case of org
otin compounds containing different organic fragments,
or more of the denominated with R that remain bonded
tin correspond to (−)-menthyl. It should be stressed, ho
ever, that no further characterization of the organomet
catalysts was performed, and hence the true nature of th
perficial complexes is not yet really known.
,

-

-

Table 1
Composition, activity, selectivity, and enantioselectivity in the hydroge
tion of acetophenone over different Pt- and Rh-based catalysts prom
with different chiral organotin compounds (PE, 1-phenylethanol; CMK
cyclohexylmethylketone; CHE, 1-cyclohexylethanol; EB, ethylbenzene
ECH, ethylcyclohexane)

Catalyst Sn/M
y

ra SPE SCMK SCHE SEB+
SECH

ee%

Pt/SiO2 0 460 31 43 15 11 0
Pt (−)-Men3SnMe 0.4 332 99 0 1 0 24
Pt (−)-Men3Sn–SnMen3 0.4 358 98 0 2 0 17
Pt (−)-MenSnBu3 0.4 171 97 0 0 3 20
Rh/SiO2 0 208 0 15 55 30 0
Rh (−)-MenSnBu3 0.3 374 0 8 48 44 –

a Initial reaction rate (µmol g−1
Ms

s−1).

3.2. Hydrogenation of ethyl pyruvate

Chiral organometallic catalysts were studied in the hyd
genation of ethyl pyruvate, taking the respective monome
lic as reference (Fig. 1a), and racemic mixtures were ob
tained. In the case of the systems based on Rh and
the only products obtained were (R)-ethyl lactate and the
(S)-ethyl lactate, while in the case of Ni/SiO2 the appear-
ance of certain additional light products was observed.
Ni/SiO2 catalyst presented a certain level of deactivat
probably due to the formation of dimers, oligomers,
hemiketals with the solvent.

In relation to the enantioselective hydrogenation of et
pyruvate, the system Ni(−)-MenSnBu3 showed a hydro
genation rate similar to Ni/SiO2 (363 and 331 µmol g−1

Nis
s−1,

respectively), but it did not present deactivation, which cou
be attributed to the fact that tin poisons selectively the ac
sites that lead to reactions responsible for the deactivatio
the monometallic catalyst. For the systems based on Rh
Pt modified by tin, a high hydrogenation rate and a beha
similar to the one observed with the respective monome
lic catalysts were noted. The catalytic behavior of the
modified catalysts is presented inFig. 1b.

With respect to the enantiomeric excess, for all the
alytic tests, the preferential formation of the (S) enantiomer
of ethyl lactate was noted, contrary to what is observed w
Pt/cinchonidine system are employed. However, the va
of ee% obtained were very low (ca. 7%) for the three m
als and all the studied chiral organotin compounds[17].
These results are in the same direction as those previo
obtained by our research group with cinchonidine-modi
PtSn/SiO2 catalysts having a Sn/Pt atomic ratio greate
than 0.04; these systems allowed us to obtain an ee%
the R enantiomer of ca. 10%[18]. In a paper of Margit-
falvi et al. it is reported that the enantioselectivity of t
Pt/Al2O3-dihydrocinchonidine catalyst is found to chan
only slightly upon promotion with tin, while the rate of eth
pyruvate hydrogenation depends strongly on the amou
tin added. These authors also found that the hydrogen
activity is completely suppressed at relatively low tin cov
age (Sn/Pts > 0.06)[19].
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Fig. 1. (a) Hydrogenation of ethyl pyruvate on monometallic catalysts. C
version as a function of time for the following catalysts: (F) Pt/SiO2,
(2) Rh/SiO2, (Q) Ni/SiO2. (For the experimental conditions see the te
(b) Enantioselective hydrogenation of ethyl pyruvate on heterogeneous ch
ral catalysts. Conversion as a function of time for the following cataly
(F) Pt(−)-MenSnBu3, (2) Rh(−)-MenSnBu3, (F) Ni(−)-MenSnBu3.
(For the experimental conditions see the text.)

3.3. Hydrogenation of acetophenone

In an attempt to demonstrate that this new type of as
metric catalysts could be used for the enantioselective hy
genation of different types of substrates, the acetopheno
hydrogenation was also examined. The acetophenone h
genation can be produced at different points of the molec
if the C–O bond is hydrogenated, 1-phenylethanol (PE
obtained, a product of interest in the pharmaceutical and pe
fume industries. On the other hand, if the aromatic rin
hydrogenated, cyclohexyl methyl ketone (CMK) is obtain
Finally, subsequent hydrogenation of PE or CMK leads
1-cyclohexylethanol (CHE), a product used to manufac
certain polymers. So, the selection of this substrate re
sents a higher challenge since the catalyst, besides pre
-

t-

ing a enantiodifferentiating capacity, will have to be chem
elective up to the phenylethanol achievement.

Table 1shows the results of activity and selectivity
the acetophenone hydrogenation for the different chiral
alysts based on the Rh and Pt studied, taking the res
tive monometallic systems as comparison. For this reac
Rh/SiO2 does not exhibit any selectivity to PE. The catal
modification with the chiral compound (−)-MenSnBu3 in an
atomic ratio Sn/Rh= 0.3 produces an increment in the rea
tion rate, but the chemoselectivity remains the same. T
results are different from those reported in the bibliogra
for the citral hydrogenation with organometallic catalysts
Rh containing butyl groups attached to the surface[10].

Systems based on Pt presented a very different behavio
Table 1clearly shows that the monometallic catalyst p
duces a higher proportion of hydrogenation products of
ring, while the modification of such catalyst by addition
organotin compounds via SOMC/M notably enhances
chemoselectivity to phenylethanol (the desired produc
all cases. This result is in agreement with those previo
obtained in the hydrogenationofα,β-unsaturated aldehyde
employing organobimetallic catalysts having butyl group
attached to the surface[9]. The origin of this catalytic ef
fect is usually assigned to the fact that tin is found un
the form of Sn(0) and Sn(II,IV), inducing important ele
tronic effects, besides it can act as a site-blocking agent
changes the adsorption modes of the molecules. Beside
suggest that the presence of the bulky menthyl groups is
responsible for the high selectivities obtained in the case o
our catalytic systems.

The enantioselective hydrogenation of acetophenon
forded an excess of the (S)-phenylethanol isomer. An e
value of around 20% was obtained with all the chiral org
otin compounds tested, which is a good result for aceto
none, a nonactivated ketone, and especially because o
high selectivity to PE (over 97%). Previously published
sults with the Pt/cinchonidine system showed an ee valu
17%, corresponding to a yield of 4.7%[20]. The similar ee
obtained for the three rather different modifiers employe
this work seems to indicate that the chiral induction mus
assigned to the presence of at least one menthyl grou
tached to the surface.

Finally, another important advantage of the catalytic s
tems presented here is their stability. As it is depicted
Fig. 2, taking Pt(−)-MenSnBu3 as an example, there is a lo
in neither the selectivity to PE nor in the ee% value obtai
after using, washing, and reusing the catalysts. These
ings are of special importance in the study of the catal
presented here, because, if the detachment of organic
ments were produced during the reaction stage, this w
provoke changes in the behavior of the system (con
sion, selectivity to phenyl ethanol, enantioselectivity). Th
changes do not occur, so the stability of this type of s
ported chiral organobimetallic phases could be accep
which is an important aspect facing their application in
field of asymmetric catalysis. Analogous results concern
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Fig. 2. Conversion, selectivity, and enantioselectivity (at 175 min of
action) in the hydrogenation of acetophenone in two subsequent runs
Pt(−)-MenSnBu3 catalyst. (For the experimental conditions see the tex

the stability of organobimetallic phases have been repo
by our research group in the case of organobimetallic P
catalysts for the selective hydrogenation ofα,β-unsaturated
aldehydes[9].

Summarizing, in this work we present a new type
asymmetric heterogeneous catalysts (tin-modified platin
based catalysts) prepared by using techniques derived
the surface organometallic chemistry on metals. These c
lysts were able to hydrogenate acetophenone to phenyl
nol with a selectivity over 97%, giving an enantiomeric e
cess (ee%) value of around 20%. Reusing of the catalys
possible, keeping the selectivity and the ee% values.

These interesting results encourage us to follow our re
search employing the concept of organometallic chiral
alysts, extending it to other asymmetric processes (
other ketones, especially those involved in pharmaceutic
processes, enamines, etc.).
-
-
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