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Abstract

NMR data for two Ru-TPPMS complexes previously described as unsaturated monomeric species have led to their
reformulation as the chloro-bridged dimers [RuCHTPPMS),( u-CD], (1) and [RuH(TPPMS),( u-CD], (2); three new
water-soluble complexes OsH (TPPMS), (3), OsHCI(COXTPPMS), (4), and [OsCI(TPPMS),( u-CD}, (5) have been
synthesized and characterized. Complexes 1-5, as well as mixtures of Ru and Os saits with TPPMS and TPPTS catalyze the
hydrogenation of cinnamaldehyde under mild reaction conditions in aqueous biphasic systems; the activities and selectivities
of these catalysts have been compared with those of homogeneous PPh, analogues. In general there is a clear advantage in
using the aqueous biphasic mixtures over their analogous homogeneous solutions, since catalyst recovery and recycling are
easy and because the regioselectivity towards the production of the «, B-unsaturated alcohol is considerably enhanced on
going from the homogeneous PPh, to the biphasic TPPMS and TPPTS systems, particularly in the case of Ru.

1. Introduction

The selective reduction of «, B-unsaturated
" Corresponding author. Tel.: +58-2-5011320; fax: +58-2- aldehyqes (Scheme 1) is of cons1derab!e 1mpor-
5011350; e-mail: rsanchez@ivic.ivic.ve. tance in the synthesis of fine chemicals [1].
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Boron and aluminum hydrides are commonly
used in the stoichiometric regioselective reduc-
tion of carbonyl groups [2] but homogeneous
catalytic hydrogenation can be a more efficient
synthetic method, particularly when high selec-
tivities are required or when the reaction needs
to be carried out in a large scale; the homoge-
neous reduction of the C=C bond (path (a)) can
be carried out with relative ease by use of a
number of transition metal complexes [3] but
selective hydrogenation of the C=0 bond (path
(b)) is more difficult to achieve [4].
Homogeneous catalysis suffers from the prac-
tical disadvantage of catalyst recovery and recy-
cling as well as product separation which can be
difficult and costly (see, e.g., [5]). Over the last
few years, liquid biphasic catalysis has emerged
as a very useful alternative technology to over-
come these difficulties, as exemplified by the
highly successful Rhone-Poulenc /Ruhr Chemie
hydroformylation process [6]. In most of the
biphasic systems studied [6,7] an organic layer
contains the substrates and the products, while
the catalyst is held in an aqueous phase by
coordination to appropriate water-soluble lig-
ands, most notably the sulfonated phosphines
meta-sulfonatophenyldiphenyldiphosphine (TP-
PMS) and tris-meta-sulfonatophenylphosphine
(TPPTS), commonly used as sodium salts.

Ph,P

SONa SO3Na /5

TPPMS TPPTS

The two layers are brought into contact and
the reaction takes place either in one of the two
phases or at the interface. Although the concept
has been elegantly extended to non-aqueous
liquid biphasic systems [8] the field of water-
soluble ligands and complexes and their use in
catalysis continues to attract a great deal of
attention, since water is abundant, inexpensive,
and environmentally friendly.

R/\/10
R/\/10 ( \« R/\/HKOH
N S

R/\\/\OH
Scheme 1. Possible products of the hydrogenation of a, B-un-
saturated aldehydes. '

Between 1979 and 1986 we carried out ex-
tensive studies on the homogeneous catalytic
hydrogenation of aldehydes and ketones by Ru
and Os compounds [9,10] including some early
examples of moderately selective Os catalysts
for the reduction of the C=0 bond of «, B-un-
saturated aldehydes [10]. More recently, the
group of Basset disclosed examples of liquid
biphasic hydrogenation of aldehydes using Ru-
TPPTS complexes [11] while Jo6 and Bényei
used the Ru—TPPMS /HCOONa combination to
reduce the C=0 bond of simple as well as «,
B-unsaturated aldehydes [12]. In this paper we
describe our efforts to develop highly efficient
aqueous-biphasic catalysts for the regioselective
reduction of cinnamaldehyde (3-phenyl-2-pro-
penal) to cinnamyl alcohol (3-phenyl-2-pro-
penol) (Eq. (1)), as well as a comparison with
analogous homogeneous systems.

0 OH

For this purpose we have employed in situ
prepared mixtures of M—PPh,;, M—TPPMS, and
M-TPPTS (M =Ru, Os), as well a series of
known M-PPh, complexes, some previously
reported Ru~TPPMS derivatives which we have
reformulated on the basis of new NMR evi-
dence, and three new Os—TPPMS complexes

(1
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whose synthesis and characterization are also
described herein. While this work was in
progress, researchers from Rhone-Poulenc [13]
reported the highly selective M—TPPTS aque-
ous biphasic catalytic hydrogenation of «a, B-
unsaturated aldehydes to the corresponding sat-
urated aldehydes (Rh) or unsaturated alcohols
(Ru), and Darensbourg et al. described similar
high selectivities for Rh—PTA and Ru-PTA
(PTA = 1,3,5-triaza-7-phosphaadamantane)
derivatives [14].

Although homogeneous catalysis by osmium
complexes has developed considerably in recent
times [15], to our knowledge there are no previ-
ous examples of water-soluble Os complexes
with sulfonated phosphines or of their use in
catalytic reactions in aqueous biphasic systems.

2. Experimental

2.1. General Procedure

All manipulations were routinely performed
under a N, atmosphere by using standard
Schlenk techniques unless otherwise stated. The
solvents were purified by known procedures and
purged with N, prior to use. Commercial cin-
namaldehyde (Aldrich) was purified by distilla-
tion. TPPMS [16] and TPPTS [17], as well as
RuCl,(PPh;); [18], RuHCI(PPh;); [19],
RuHCI(COXPPh,), [20], OsCl,(PPh,), [21],
OsHCI(CO)(PPh,); [22], [RuCl,(TPPMS), ], (1)
[23], and [RuHCITPPMS), 1, (2) [23] were syn-
thesized by known procedures. All other chemi-
cals were commercial products and were used
without further purification. Infrared spectra
were recorded on a Nicolet S DCX FT-IR spec-
trophotometer using samples as KBr disks. So-
lutions for NMR were prepared in an argon-
filled glove box. NMR spectra were obtained on
a Bruker AM 300 spectrometer. GC analyses
were performed on a Varian 3700 chromato-
graph equipped with a flame ionization detector
and a 10 m S-150 Megabore column.

2.2. Synthesis of OsH,(TPPMS), (3)

To a boiling solution of TPPMS - 2H,0 (0.50
g, 1.25 mmol) in ethanol (15 ml) was added
rapidly and successively OsCl; - 3H,0 (0.11 g,
0.31 mmol) in ethanol (5 ml) and NaBH, (0.04
g, 1.3 mmol) also in ethanol (5 ml); the mixture
was refluxed for 5 min and then it was allowed
to cool to room temperature. Complex 3 precipi-
tated from the resulting amber solution as a
sepia colored powder, which was collected by
filtration and washed with ethanol (3 X 5 ml)
and n-hexane (2 X 5 ml) and dried under vac-
uum,; yield 74%.

2.3. Synthesis of OsHCI(CO)NTPPMS), (4)

A mixture of TPPMS - 2H,0 (0.50 g, 1.25
mmol) and OsCl; - 3H,0 (0.11 g, 0.31 mmol)
was dissolved in 2-methoxyethanol (15 ml) and
heated under reflux for 24 h under N,, during
which time the color of the solution changed
from dark brown to orange and finally light
yellow. The solution was allowed to cool to
room temperature and diethylether (50 ml) was
added at —10°C with vigorous stirring; this
caused immediate precipitation of complex 4 as
a light yellow powder, which was collected by
filtration and washed with cold diethylether (2
X 5 ml) and cold acetone (2 X 5 ml) and dried
under vacuum; yield 45%.

2.4. Synthesis of [OsCl,(TPPMS), I, (5)

To a solution of OsCl, - 3H,0 (0.08 g, 0.22
mmol) in H,O (15 ml) was added TPPMS -
2H,0 (0.57 g, 1.42 mmol) in H,0 (15 ml); the
mixture was refluxed for 22 h after which the
solution was brownish green. After ca. 1/2 of
the solvent was evaporated and the mixture was
cooled to room temperature, complex S precipi-
tated as a dark green powder which was filtered,
washed with diethylether (2 X 3 ml) and dried
under vacuum; yield 40%. When an analogous
reaction was carried out in methanol as the
solvent, the complex is recovered as a yellow—
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brown solid (presumably a solvate) in 60%
yield.

2.5. Catalytic hydrogenations

In a typical experiment an aqueous solution
of the catalyst or the catalytic mixture (e.g.,
metal salt + TPPMS) (40 ml, 5.7 X 10™* M in
Os) and a toluene solution of the substrate (50
ml, 55X 107! M) were introduced into a
glass-lined stainless steel autoclave (600 ml,
Parr) fitted with internal stirring and a sampling
valve. Air was removed by flushing three times
with hydrogen; the reactor was charged to the
desired pressure and subsequently heated to the
required temperature with stirring at 620 rpm.
The moment when the temperature reached the
desired value was taken as t,. During the cat-
alytic run, samples of the reaction mixture were
periodically extracted via the sampling valve,
and the total pressure of the system was contin-
uously adjusted to a constant value by admitting
hydrogen from a high pressure reservoir. The
samples were cooled in ice and both phases
were immediately analyzed by gas chromatogra-

phy.

3. Results and discussion
3.1. Synthesis and characterization

3.1.1. Ru complexes

The complex [RuCl,(TPPMS), ], (1) has been
previously synthesized by Jodé and coworkers by
direct reaction of TPPMS with RuCl, - 3H,0 in
ethanol while [RuHCI(TPPMS), ], (2) could also
be prepared by an adaptation of the direct
method used for the synthesis of the PPh; ana-
log using TPPMS as the ligand [23]. Alterna-
tively, Wilkinson demonstrated that these com-
pounds can be obtained by ligand exchange
reactions of the analogous PPh; complexes with
an excess of the sulfonated ligand [24]. Previous
efforts to characterize these complexes were
based mainly on microanalysis and IR spectra,
and we have now complemented these data with

Table 1
Selected NMR data for Ru and Os TPPMS complexes
Complex 'H, Ju_p Sip{Thy,
8(M-H) (Hz) & (ppm)
{ppm)
[RuCl,(TPPMS), 1, — 55.3(s)
54.4 (s)
[RuHCI(TPPMS), 1, -8.7(td) 38
9° 524 (AB)®
OsH (TPPMS), -82(p) 85 244(s)
OsHCHCOXTPPMS), —100(® 21 10.0 (s)
[OsC1,(TPPMS), ], — — 2200
18.0(s)
* In D,0.
® Jyu

¢ AB quartet: 5(A), 52.4 ppm; 8(B), 51.7 ppm; J, _g, 38 Hz.

NMR spectroscopy. Although both complexes
were originally described as coordinatively un-
saturated monomeric species, the most relevant
NMR features collected in Table 1 and dis-
cussed below led us to reformulate both struc-
tures as the dimers depicted by 1 and 2.

.\\‘\‘G ,"":. = H

&

Pln,, 0\ / G\ / P P""Im
R RU'=Q PRy RU—P
P o/ N, " Na” N

Mm (2)
P=TPPMS

For complex 1 the 'p('H} NMR spectrum
consists of two equally intense singlets, which
we assign to two magnetically inequivalent sets
of phosphine ligands with a very small or no
coupling between them, each one attached to a
different Ru atom in a dimeric structure whose
conformation provides the asymmetry in the
structure. The closely related dimers
[RuCl,(PPh;),], [25] and [RuCl,(TPPTS),],
[26] are known and their Ip NMR spectra
consist of singlets at 56.6 ppm and 56 ppm,
respectively. For complex 2, the spectra are
more informative: in the 'H NMR spectrum a
high field triplet of doublets is observed with
coupling constants of 38 Hz and 9 Hz, while the
*'P{'"H} spectrum displays a well resolved AB
quartet centered at 52.11 ppm with J(A-B) =
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38 Hz. The spectra are unchanged down to
—40°C. These data are consistent with the
dimeric structure 2 shown above in which each
Ru is surrounded by a terminal hydride, two P
atoms and two bridging chlorides. Each hydride
is thus coupled to the phosphorus nuclei on the
same metal atom and further coupled through
the Cl bridges to the hydride located in a tran-
soid position of the second Ru atom. In this
case the molecule adopts a slightly different
conformation of higher symmetry, probably due
to the lower steric requirements of the hydride
in comparison with a chloride, which makes the
two AB pairs of phosphorus nuclei mutually
equivalent. Further evidence for this formula-
tion are the facts that (i) complex 1 reacts with
H, in water to yield 2, and (ii) both 1 and 2
undergo bridge-splitting reactions with strongly
coordinating ligands (e.g., pyridine) to yield the
corresponding monomeric derivatives
RuXCI(TPPMS),(py), (X =H, CI), which dis-
play clear NMR patterns; this chemistry will be
reported separately. Although monomeric com-
plexes RuHCIP, (P = TPPMS [24], TPPTS [26]
have been observed in acidic solutions, we have
found no evidence for the presence of a hy-
drido(tris)phosphine complex under our (un-
buffered) reaction conditions.

3.1.2. Os complexes

The new osmium complexes were synthe-
sized by adaptations of the methods used to
prepare analogous PPh, derivatives, as summa-
rized in Scheme 2. In contrast to previous re-
ports concerning Ru chemistry [24], direct lig-
and exchange reactions between TPPMS and
the corresponding PPh, complexes gave poor
results in the case of Os, mainly because of the
greater strength of the Os—P bond; in most
cases the starting material was recovered un-
changed or the product yields were very low
after prolonged reaction times. Characterization
of the new complexes was achieved by spectro-
scopic data, a selection of which is presented in
the Experimental section and in Table 1.

Thus, reaction of OsCl; - 3H,0 with excess

0sCl3.3H20 + TPPMS(excess)

0) (i) (i)
OsH4(TPPMS)3 [OsCl2(TPPMS) 212
OsHCI(CO)(TPPMS)2
Scheme 2. Synthesis of new osmium complexes. (i) NaBH , /EtOH

(reflux 5 min); (ii) 2-MeO—EtOH (reflux 24 h); (iii) H,O (reflux
22 h).

TPPMS and NaBH, in EtOH rapidly yields
OsH (TPPMS); (3) as a sepia-colored solid
which decomposes in air turning dark gray after
about 10 min. At room temperature 3 dissolves
well in water but the resulting solutions are very
oxygen sensitive; it is also soluble in MeOH
giving rise to somewhat more air-stable solu-
tions. The 'H NMR spectrum of 3 shows, be-
sides the phenyl protons (7.1-7.8 ppm) a high
field quartet with a small H~P coupling con-
stant, while the *'P{'H} spectrum consists of
only a singlet (see Table 1). These data are in
agreement with the proposed formulation and
indicate that the complex is highly fluxional;
these features are very similar to the ones ob-
served for the analogous OsH ,(PPh,); [19].
Prolonged reaction of OsCl, - 3H,0 with an
excess of TPPMS in 2-methoxyethanol yields
the hydrido-carbonyl derivative
OsHCI(COXTPPMS), (4) which is moderately
air stable in the solid state and also in solution
(H,0, MeOH, dmso). A high field triplet with a
J(H~P)=21 Hz in the 'H NMR spectrum,
combined with a singlet in the *'P{'H} NMR
spectrum indicate the presence of an Os—H cis
to two mutually equivalent phosphine ligands.
The IR spectrum also shows the metal hydride
stretch and confirms the presence of a terminal
carbonyl group (Table 1). The combined data
point to the stereochemistry depicted for 4:

H

CI\ os /P
P=TPPMS

(4)
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In this case the analogous PPh; complex
contains three phosphine ligands [22]; it is not
unusual for complexes of sulfonated phosphines
to display a lower degree of coordination than
their trialkyl or triaryl counterparts, due to steric
effects and to charge accumulation around the
metal caused by the sulfonato groups [7].

If OsCl; - 3H,0 is refluxed with an excess of
TPPMS in water for 22 h a rather unstable dark
green complex (5) is obtained, whose >'P NMR
spectrum consists of only a singlet at 21.8 ppm.
If the reaction is carried out in methanol com-
plex § is isolated as a more stable dark yellow
solid whose *'P NMR spectrum shows the same
singlet around 22 ppm, plus a second signal of
lower intensity at 18.0 ppm. The 'H NMR
spectra shown only the signals corresponding to
the phenyl protons. Although these data are not
conclusive, by analogy with complex 1 and
related Ru literature precedents [25,26], we pro-
pose a dimeric chloro-bridged structure for 5:

Ps, 04, P
a—0s.  .0s—a
o Ng N\
P=TPPMS
(5)

We believe that the second complex isolated
from the methanol reaction is a closely related
species, possibly a solvate.

As a final comment it is important to note
that in our preparations the TPPMS ligand and
its metal complexes were usually contaminated
with varying amounts of the phosphine oxide
which precluded accurate microanalytical re-
sults. Although an excellent chromatographic
method has been described for the purification
of this type of ligand and complexes [27], we
found that recrystallization from MeOH pro-
duced samples of reasonable purity (ca. 95% by
NMR). Moreover, we verified that the catalytic
behavior described below was not affected by
the presence of such small amounts of TPPMS
or TPPTS oxides.

3.2. Hydrogenation catalysis

3.2.1. (A) Ru systems

The results of the hydrogenation of cin-
namaldehyde with several homogeneous and
biphasic Ru catalysts are collected in Table 2.
The reduction can be carried out under moder-
ate reaction conditions in a homogeneous
toluene solution with a mixture of RuCl, -

Table 2
Hydrogenation of cinnamaldehyde with homogeneous and biphasic Ru catalysts ?
Entry Catalyst t(h) Conv. (%) Selectivity (%)

PhCH=CHCH,OH PhCH,CH,CHO PhCH,CH,CH,0H
Homogeneous systems °
1 RuCl, - 3H,0/PPh, 3 30 50 19 31
2 RuCl,(PPh;), 2 57 35 23 42
3 RuHCI(PPh3 ), 2 83 31 3 65
4 RuHCI(COXPPh,), 3 70 20 7 73
Biphasic systems °
5 RuCl,; - 3H,0/TPPMS 3 79 90 7 3
6 RuCl, - 3H,0/TPPTS 3 71 95 2 3
7 [RuCl,(TPPMS), ], 3 26 83 15 2
8 [RuHCITPPMS), 1, 3 68 54 19 27

* [Ru]=5.7x 1073 M; [subst] = 5.5 X 10~! M; [P}{Ru] = 6; T = 100°C; P(H,) = 30 atm.

® In toluene.
¢ In 1:1 toluene /water.
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3H,0/PPh; or with well known Ru-PPh,
complexes.

The order of activity was found to be
RuHCH(PPh ), > RuHCI(CO)(PPh,), > RuCl,
(PPh,), > RuCl, - 3H,0/PPh,. The selectivity
for the unsaturated alcohol was low in all cases,
reaching a maximum of 50% for RuCl;-
3H,0/PPh, (entry 1). Instead, a high selectiv-
ity for the reduction of the C=C bond was
achieved with the two hydride complexes (en-
tries 3 and 4).

From these results we conclude that some
Ru-PPh, complexes may be practical homoge-
neous catalytic systems for the selective reduc-
tion of the C=C bond of cinnamaldehyde, but
none of the catalysts tested is adequate for the
selective hydrogenation of the C=0 bond.

If aqueous biphasic Ru systems are used
instead (Table 2, entries 5-8) we note that there
is a remarkable enhancement of the selectivity
towards the unsaturated alcohol with respect to
the homogeneous solutions for all the catalysts
tested; values increased e.g., from 50% for
RuCl, - 3H,0/PPh, (entry 1) to 90% and 95%
(entries 5 and 6) on switching to the analogous

173

biphasic RuCl,-3H,0/TPPMS and RuCl;-
3H,0/TPPTS systems, respectively.

We note further that the activities of com-
plexes 1 and 2 (entries 7 and 8) are somewhat
lower than those observed for the homogeneous
analogues, whereas the selectivities in both cases
are higher. Also, the activities and selectivities
achieved with 1 and 2 are lower than those
observed for the RuCl;-3H,0/TPPMS or
RuCl; - 3H,0/TPPTS mixtures. We believe
that the same or very similar active species are
operating in all cases, probably monomeric in-
termediates of the type RuHCIP,L, or
RuHCIP,L (P = TPPMS or TPPTS; L =
substrate or solvent). Previous reports on the
hydrogenation of aldehydes by Ru—TPPMS as-
cribed the catalytic activity to trisphosphine
complexes [12]; the in situ preparations allow
for both the bisphosphine and the trisphosphine
complexes to be formed, whereas 1 and 2 can
only operate through bisphosphine intermedi-
ates; this could explain the lower efficiency of
the preformed complexes. Also, this lower ac-
tivity may be related to the higher tendency of
complexes 1 and 2, as well as of their

Table 3
Hydrogenation of cinnamaldehyde with homogeneous and biphasic Os catalysts *
Entry Catalyst t (h) Conv. (%) Selectivity (%)
PhCH=CHCH,OH PhCH,CH,CHO PhCH,CH,CH,0H
Homogeneous systems °
1 H,0sCl, - 6H,0 /PPh, 3 4 50 30 20
2 NaOsCl, - 6H,0/PPh, 6 88 56 33 11
3 OsCl; - 3H,0/PPh;, 3 90 84 3 13
4 0OsCl,(PPh,), 3 100 0 47 53
5 OsH ,(PPh,), 5 27 63 15 22
6 OsHCI(COXPPh,), 3 44 43 9 43
Biphasic systems ©
7 NaOsClg - 6H,0/TPPMS 6 47 71 12 17
8 OsCl; - 3H,0/TPPMS 3 42 85 10 5
10 OsCl; - 3H,0/TPPTS 3 63 89 6 5
11 [OsC1,(TPPMS), ], 14 6 100 0 0
12 OsH (TPPMS), 3 40 68 1 21
13 OsHCI(COXTPPMS), 6 58 60 18 22

* [0s]=5.7 X 107 M; [subst] = 5.5 X 107" M; [PL{Os] = 6; T = 100°C; P(H,) = 30 atm.

" In toluene.
“ In 1:1 toluene / water.
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monomeric derivatives, to decompose partially
during the catalytic runs. Since for practical
purposes the in situ preparations are the cata-
lysts of choice, this point was not further inves-
tigated.

3.2.2. (B) Os systems

The results of hydrogenating cinnamaldehyde
with several Os-derived catalysts are collected
in Table 3.

In a homogeneous toluene solution the reduc-
tion can be carried out either with mixtures of
Os salts with PPh,; prepared in situ, or with
known Os-PPh; complexes. For the in situ
mixtures the order of activity was found to be
OsCl; - 3H,0 = NaOsCl - 6H,0 > H,0sCl -
6H,0, while a reasonable selectivity for the
unsaturated alcohol was observed following the
trend OsCl, - 3H,0 > NaOsCl, - 6H,0 >
H,0sCl, - 6H,0. In the case of the complexes,
OsCl1,(PPh;), promoted a rapid hydrogenation
reaction but the product contained only the satu-
rated aldehyde and the saturated alcohol in a
roughly 1:1 proportion; OsH (PPh,), and Os-
HCI(CO)(PPh,); were moderately active and
selective for the unsaturated alcohol.

Interestingly, a marked improvement in the
regioselectivity for the production of the unsatu-
rated alcohol under homogeneous conditions
was achieved in a very simple way by adjusting

Select (%)

0 200 400 600 800 1000
[subst]:[cat]

Fig. 1. Effect of the [substrate]:[cat] ratio on the selectivity for
cinnamyl alcohol using OsHC(COXPPh;); as the catalyst. Other
reaction conditions as in Table 3.

the relative concentrations of the substrate and
the catalyst. For instance, in the case of
OsHCI(CO)(PPh,), (Fig. 1), if a [substrate]:{Os]
ratio < 50 is used, hydrogenation of the C=C
bond takes place preferentially, but as this ratio
is increased the selectivity switches over reach-
ing a maximum value of 80% for the reduction
of the C=0 bond. This has interesting mecha-
nistic implications which are discussed below.

From these results we can conclude that the
combination of the readily available OsCl; -
3H,0 with 6 eq PPh, is the most practical
homogeneous catalytic system in our series for
the regioselective reduction of the C=0 bond of
cinnamaldehyde.

On turning to the aqueous biphasic systems
we note that there is a clear enhancement of the
selectivity towards the unsaturated alcohol with
respect to the homogeneous solutions tested,
although the effect is less spectacular than the
one observed for the Ru systems on switching
from homogeneous to biphasic conditions; for
the Os catalytic mixtures prepared in situ the
activities are somewhat reduced with respect to
the PPh, analogs, whereas for the complexes
the opposite trend was observed. In this series
of experiments the activities followed the order
OsCl; - 3H,0/ TPPTS > NaOsCl, - 6H,0/
TPPMS > OsCl, - 3H,0/TPPMS, and the se-
lectivity trend for cinnamyl alcohol was OsCl, -
3H,0/TPPTS = OsCl, - 3H,0/ TPPMS >
NaOsClg - 6H,0/ TPPMS. The complex
[OsC1,(TPPMS),], was found to be a poor
catalyst (6 turnovers in 14 h) although at this
low conversion the unsaturated aldehyde was
formed exclusively. OsH,(TPPMS), was
slightly less active but more selective than Os-
HCI(COXTPPMS),; both complexes perform
better in activity and selectivity than their ho-
mogeneous counterparts. We can conclude that
the most convenient aqueous biphasic systems
in our Os series are those derived from mixtures
of OsCl;-3H,0 with TPPMS or better still
TPPTS in view of their ease of preparation
combined with good activities and high selectiv-
ities.
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3.2.3. Catalyst recycling

Since the main advantage of using a biphasic
catalyst may be the easy recovery and recycling
of the catalyst, we have tested the durability of
the best osmium system, namely OsCl,
3H,0/TPPTS, by carrying out three consecu-
tive cycles with the same catalyst aqueous solu-
tion, carefully separated from the organic phase
under an inert atmosphere at the end of each
run. As shown by the data contained in Table 4
no appreciable loss of activity or selectivity was
apparent after the third cycle, demonstrating a
good stability of the catalyst.

3.2.4. The reaction mechanism

Although we have not yet carried out exten-
sive mechanistic studies on this biphasic reac-
tion, our results, together with the accumulated
knowledge on related homogeneous systems,
allow us to provide the mechanistic proposal
depicted in Scheme 3. This includes a reason-
able set of reactions for the general case of our
in situ prepared catalysts leading to the active
species actually entering the cycle; the exten-

Table 4

Catalyst recycling *

Run r (h) Conv. (%) Select. (%) ®
i 3 42 85

2 2 43 82

3 2 42 83

a Catalyst: OsCl,-3H,0; reaction conditions as in Table 3.
b Selectivity for cinnamyl alcohol.

sion of this proposal to the related homogeneous
systems is obvious.

MCl, - 3H,0 (M = Ru, Os) first reacts with
TPPMS to yield the dimer [MCL,(TPPMS), ],,
which is subsequently transformed into
[MHCTPPMS),], by reaction with H,; a
bridge-splitting reaction with a substrate
molecule (Subs) generates the monomeric inter-
mediates MHCI(TPPMS),(Subs), in which the
unsaturated aldehyde may be coordinated
through the C=C bond or through the C=0
bond. This gives adequate entries into two cat-
alytic cycles (A and B) leading to the saturated
aldehyde (Pr1) and the unsaturated alcohol (Pr2),
respectively, most likely by a standard series of

OSC|3 . 3H20 + TPPMS(eXcess)

[OsCI>(TPPMS),1,
H,
[OsHCI(TPPMS), 1>
Subs
i PR P R
e l " i I Cl I s0”
" 0s —— , Clin.. —_———— ieer.. OS ot
H K 0s—fi
= ' = e
P ° P P R
(A) B) ©
‘P ) /\/‘R | H p:
Cl"" 05 - I‘ll-- | ‘\\\\o 7 Clinte.. / \\\\0
A k

H
Subs]

”’i“’

,)

P

[P: TPPMS  Subs: P "0

PP "0  pr2: Ph/\/\OH]

Scheme 3. Proposed mechanism for the hydrogenation of cinnamaldehyde.
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elementary steps (oxidative addition of H,,
stepwise transfer of hydrides to the unsaturated
bond and reductive elimination of the products);
the selectivity of each catalyst will depend on
the relative concentrations of A and B in the
mixture. If the substrate concentration is high,
two molecules may bind to the metal atom, as
in C; in this case for steric reasons, end-on
coordination through the C=0 bond must be
favored over side-on C=0 or C=C coordina-
tion, leading to higher selectivities for the unsat-
urated alcohol through the third cycle on the
right.

The large selectivity effects observed on
switching from the homogeneous to the biphasic
catalysts could be related to the fact that the
more hydrophilic C=0 bond must be pointing
towards the aqueous phase where the metal
center is located, whereas the hydrophobic C=C
bond will tend to point away from the water and
into the organic layer, thus favoring the forma-
tion of species B and C over A. A further point
of interest which might be related to these selec-
tivity effects is the recent report [28] on the very
fast reaction of aldehydes with TPPMS, which
could aid the selective formation of adequate
intermediates for the production of the unsatu-
rated alcohol; however, we do not have at this
point any evidence for the direct intervention of
such phosphonium salts in the catalysis. Clearly,
further studies are needed in order to unravel
enough mechanistic details for a full explana-
tion of the interesting selectivity effects reported
here, as well as to explore the scope of this
reaction as a general synthetic method.

4. Conclusion

We have performed NMR studies which led
to a reformulation of two Ru-TPPMS com-
plexes as chloro-bridged dimers instead of the
previously reported monomeric structures; also
we have synthesized and characterized the first
three Os—TPPMS water-soluble complexes.

The hydrogenation of cinnamaldehyde has
been studied using as catalysts mixtures of Ru
or Os salts with PPh; or its sulfonated ana-
logues, as well as presynthesized complexes of
such ligands. We have found that there is a
clear advantage in using the aqueous biphasic
Ru or Os /TPPMS or TPPTS systems over their
homogeneous PPh, analogues since product
separation and catalyst recycling are easy, and
also very important because the regioselectivity
towards the unsaturated alcohol is considerably
enhanced on going from the homogeneous to
the biphasic systems, more impressively for the
Ru systems.
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