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Selective hydrogenation of cinnamaldehyde
and phospholipids in aqueous-organic biphasic
systems with ruthenium(ll) complex catalysts

Abstract: The new water-soluble complex [RuH(OOc)
(mtppms),] (OOc=octanoate, mtppms=monosulfonated
triphenylphosphine) was synthesized and — together with
the known [RuH(OAc)(mtppms),] (OAc=acetate) — applied
for aqueous-organic biphasic hydrogenation of cinnamal-
dehyde as well as for hydrogenation of soybean liposomes
under mild conditions. The complexes showed pro-
nounced selectivity (up to 75%) towards the hydrogena-
tion of the C=0 function in the o,-unsaturated aldehyde;
the selectivity was influenced by the pH of the aqueous
phase and the hydrogen pressure. The C=C double bonds
in soybean lecithin were only slowly reduced, however, at
5bar H, pressure the reaction rate was sufficient to achieve
substantial conversion (approximately 20% of all double
bonds) in the unsaturated fatty acids.
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1 Introduction

Water is a very special and useful solvent for green chem-
istry [1]. In environment-concerned processes, it can
replace organic solvents, thus preventing pollution [2].
In addition, it is abundant, cheap, nonflammable and
has a high heat capacity; this makes it attractive from
both economic and safety viewpoints. We initiated the
study of aqueous organometallic catalysis several years
ago [3, 4]. Due to its protic nature and high polarity water
cannot be a general solvent for organic transformations,
still, there is an increasing number of publications on
practical aqueous organic and organometallic syntheses
[5]. In several catalytic processes, the catalyst is made

water-soluble by using water-soluble ligands to replace
their hydrophobic analogs [6, 7]. A case in point is the
use of sulfonated triphenylphosphines, e.g., monosul-
fonated triphenylphosphine (mtppms) (diphenylphosph-
inobenzene-m-sulfonate) instead of triphenylphosphine
(PPh,) in complex catalysts such as [RhCl(mtppms),] (the
water-soluble analogue of Wilkinson’s catalyst) [8] or in
[RuH(OAc)(mtppms),] (OAc=acetate) [9].

Apart from use in synthetic chemistry, water is the
solvent of life. Water-soluble hydrogenation catalysts
have gained important applications in the modification
of biomembranes by modulating the fluidity of cell mem-
branes by catalytic hydrogenation of their unsaturated
lipid constituents [10]. The palladium(II) complex of Aliz-
arin red, [Pd(QS),] (QS=1,2-dihydroxyalizarin-3-sulfonate)
proved to be a highly active and selective catalyst for the
hydrogenation of aqueous lipid dispersions (liposomes)
and various cell suspensions [11]. Recent investigations
revealed that — in contrast to earlier assumptions — cell
membranes are not characterized by a uniform distribu-
tion of the various lipids, but contain well distinguishable
conglomerates (so-called rafts) of specific lipids around
certain proteins [12]. It seemed to us that catalytic hydro-
genation could discriminate between the loose and raft-
bound lipids, especially in cases where the catalyst itself
is bound to the rafts. For this purpose we synthesized
an Ru(I)-carboxylato complex, [RuH(OOc)(mtppms),]
(OOc=octanoate), with a relatively long aliphatic carbon
chain which could help the complex to be incorporated
into such rafts, and studied its catalytic behavior, together
with that of [RuH(OAc)(mtppms),] in hydrogenation of
liposomes. The latter Ru(Il)-hydrido complex has been
known for a long time, however, its selectivity for C=C
vs. C=0 hydrogenation has not been studied yet. In order
to obtain information on such selectivity of [RuH(OAc)
(mtppms),] we carried out biphasic hydrogenation of the
unsaturated aldehyde (E)-3-phenyl-2-propenal (cinna-
maldehyde). [RuH(OOc)(mtppms),] was not applied as a
catalyst for cinnamaldehyde hydrogenation, since due to
its lipophilicity, it was expected to move preferentially to
the organic phase. The results of these investigations are
reported below.
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2 Materials and methods

The following were synthesized as described in the litera-
ture: mtppms [13], {[RuCL,(mtppms),].} [13] and [RuH(OAc)
(mtppms),] [14]. Hydrated ruthenium(IIl) chloride was
purchased from Pressure Chemical Co. (Pittsburgh, PA,
USA). Sodium octanoate was obtained by titration of 0.1 M
aqueous octanoic acid solution by NaOH until pH 8.94,
followed by evaporation to dryness. Soybean lecithin
(BiYo-Product Kft, Komarom, Hungary) was purchased
from a local pharmacy. Solvents were obtained from
Molar Chemicals (Budapest, Hungary) and gases were
supplied by Linde Gas Hungary (Budapest, Hungary).
All other chemicals were high purity products supplied
by Sigma-Aldrich. 'H- and *'P-NMR spectra were recorded
on a Bruker Avance 360 MHz spectrometer. IR spectra
in KBr discs were recorded on a Perkin Elmer Spectrum
One (Perkin Elmer Hungary, Budapest, Hungary) FT-IR
spectrometer.

[RuH(OAc)(mtppms),] was obtained by both methods
described in the literature [14], i.e., by the direct reaction
of hydrated RuC13, HOAc and KOH in refluxing ethanol and
in the reaction of {[RuCl (mtppms),].}, mtppms, Na acetate
and H, in refluxing ethanol. The latter synthesis avoids the
presence of inorganic impurities. '"H-NMR (H,0/MeOH 5/1)
8, 1741 ppm (q), ¥,,=25 Hz; *P-NMR (H,0/MeOH 5/1) & :
4743 ppm (s), 81.55 ppm (s).

For the synthesis of [RuH(OOc)(mtppms)], 0.5 g
(0.5 mmol Ru) {[RuCL(mtppms),].}, 0.2 g (0.5 mmol)
mtppms and 0.166 g (1 mmol) Na octanoate were sus-
pended in 10 m1 96% ethanol and the mixture was refluxed
in a H, atmosphere for 16 h. Upon cooling, a yellow pre-
cipitate was obtained. This was washed with cold ethanol
and acetone, dried above P,0, and stored under argon,
protected from light. Yield 583.5 mg, 81%. 'H NMR (HZO/
MeOH 5/1) 8,: 18.79 ppm (q), ¥,,=29 Hz; *P NMR (H,0/
MeOH 5/1) §,: 45. 98 ppm (s), 80.12 ppm (s). IR (KBr, v/cm?),
v(Ru-H): 1996; v(0OCO, asym): 1532; v(OCO, sym): 1435;
v(S0,,E): 1196; v(SO,,A ):1037.

2.1 Hydrogenation of liposomes

Soybean lecithin (4 mg) was dissolved in 0.4 ml chlo-
roform. The chloroform was evaporated by an argon
stream and 6 ml ion-exchanged water or 6 ml phosphate
buffer (pH 6.93) was added. The mixture was sonicated
for 3x2 min (Branson Sonifier 250, Branson Ultrasonics,
Danbury, CT 06810, USA) with cooling between the 2 min
intervals. The liposome obtained this way was deoxygen-
ated by several vacuum-argon refill cycles; [RuH(OAc)

(mtppms),] or [RuH(OOc)(mtppms),] was added under
inert conditions and the reaction mixture was stirred
under hydrogen for the desired time. For reactions under
H, pressure, homemade heavy-wall glass hydrogenation
reactors were used. Analysis of the reaction mixtures
was done by gas chromatography (HP 5890 Series II GC,
SP2330 30x0.25 mm, FID, carrier gas nitrogen, column
temperature 190°C, isotherm, temperature of the injector
and detector 250°C) after extraction and transesterifica-
tion of the lipids to methyl esters (HCl/MeOH).

Unsaturated fatty acids in soybean lecithin are found
only in the C:18 series (18:1 oleic acid; 18:2 linoleic acid;
18:3 linolenic acid) therefore the unsaturation of the lipid
can be calculated as unsaturation=A, +2xA  +3xA, .
(A=peak area). Extent of hydrogenation was characterized
by the ratio (percentage) of remaining unsaturation to the
unsaturation of the initial sample, x=100x (unsaturation
of hydrogenated lipid)x (unsaturation of control)'. Alterna-
tively, conversion is defined as conv=100-x.

2.2 Hydrogenation of cinnamaldehyde

A total of 13 mg (0.01 mmol) [RuH(OAc)(mtppms),] was
placed into a glass pressure reactor sealed by a rubber
septum, which was subsequently deoxygenated. Deoxy-
genated ion-exchanged water (3 ml) or 0.2 M aqueous
acetate buffer was added under argon, followed by 100 pul
(0.8 mmol) cinnamaldehyde. The reaction mixture was
vigorously stirred at a temperature of 80°C. After the
desired time, the reactor was cooled, 0.5 ml of the reaction
mixture was mixed with 1 ml of water and 1 ml toluene,
vortexed, centrifuged and the organic phase was filtered
through MgSO,. The dry organic phase was analyzed by
gas chromatography (Agilent 7890A Gas Chromatograph;
Chrompack HP-5 30 mx32 mmx0.25 pum; FID; carrier gas
nitrogen, temperature program: 130°C/6 min, 60°C/min to
250°C, 250°C for 5 min).

Turnover frequency (TOF) is defined as TOF=(mol
converted cinnamaldehyde)x(mol catalyst)'xh™.

3 Results and discussion

3.1 Synthesis of [RuH(0Oc)(mtppms).]

This compound was obtained by the method previously
employed for the synthesis of RuH(OAc)(mtppms).] [14].
'H- and *'P-NMR data are agreement with an Ru(II)-mono-
hydride with an octahedral structure, where the three
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phosphorus ligands are meridional and the hydride is in
the cis-position to all three. The solid state IR spectrum
shows characteristic vibration frequency for a terminal
Ru-hydride at 1996 cm?and the v(OCO, asym) and v(OCO,
sym) vibrations are displayed at 1532 cm®and 1435 cm?,
respectively, vyielding a Av=v(0OCO, asym)-v(OCO,
sym)=97 cm’. These data are in good agreement with those
found earlier for the analogous carboxylato complexes
[RuH(OAc)(PPh,),] [15] and [RuH(OAc)(mtppms),] [14] with
Av values of 77 cm?and 93 cm?, respectively. It is generally
accepted [15] that Av~120 cm® refers to bidentate coordi-
nation of carboxylato ligands, and, indeed, for [RuH(OAc)
(PPh,),] this was confirmed by single crystal X-ray diffrac-
tion structure determination [16]. The NMR characteristics
are also consistent with a trans-dihydride structure with
three meridional phosphines and a monodentate car-
boxylato ligand, as was suggested in the case of a related
formato complex, trans-[Ru(H),(OOCH)(mtppms).] [17].
Nevertheless, based on the IR properties, we prefer the
formulation as a monohydride; further studies are under-
way to decide the exact structure of the compound.

Whereas [RuH(OAc)(mtppms),] dissolves well in water
(14], [RuH(OOc)(mtppms) | is less soluble; however at con-
centrations required for catalysis (e.g., 4 mg(ml)?) it gives
clear solutions.

3.2 Hydrogenation of cinnamaldehyde with
[RuH(OAc)(mtppms)_] catalyst

Hydrogenation of o,B-unsaturated carbonyl compounds
is an important reaction in fragrance and flavor industries
and cinnamaldehyde (1) is often used for testing cata-
lysts with regard to their selectivity in hydrogenation of
C=C or C=0 bonds [18, 19]. Products of the hydrogenation
(Scheme 1) can be the saturated aldehyde, 3-phenylpro-
panal (2), the unsaturated alcohol, 3-phenyl-2-propen-1-ol
(3) and the saturated alcohol, 3-phenylpropan-1-ol (4) of
which 3 is the most desired compound.

Since cinnamaldehyde is only slightly soluble in
water, reactions using an aqueous solution of the catalyst
are, in fact, biphasic. According to the literature, aqueous
organic biphasic hydrogenation of cinnamaldehyde with
Rh(I)-phosphine catalysts usually affords the C=C hydro-
genation product 2 [18] while Ru(II)-phosphine catalysts
can be 100% selective to the unsaturated alcohol [20, 21]
3, however, the selectivity strongly depends on the pH of
the aqueous phase [21].

We have found that [RuH(OAc)(mtppms),] catalyzed
the hydrogenation of cinnamaldehyde under mild con-
ditions (80°C, 4-7 bar H,) both in water and in aqueous
acetate buffer, as solvent, at various pH values. The
pressure dependence of the composition of the reaction
mixture is shown in Figure 1. At 7 bar H, after 4 h, the
conversion of 1 was 52.6% which corresponds to a TOF of
10.5 h'. This TOF is close to the TOF (14 h') which was
obtained with {[RuCl,(mtppms),].}+3 mtppms at 1 bar H,
pressure [21]. It is seen from the Figure, that the major
product is the most valuable unsaturated alcohol, 3; fur-
thermore, its yield increased upon increasing the hydro-
gen pressure, and reached 48% under 10 bar H,. Such a
beneficial effect of hydrogen pressure on the selectiv-
ity of cinnamaldehyde hydrogenation has already been
observed with similar Ru(Il)-mtppms catalysts [22]. It is
also important, that 2 and 4 are formed in <10% yield,
each, even at 10 bar H2 pressure.

Knowing the pH-sensitivity of cinnamaldehyde hydro-
genations, we carried out reactions in 0.2 M acetate buffer
solutions of pH 3.6, 4.6 and 5.6. Acetate buffer seemed a
reasonable choice, since the catalyst contains an acetato
ligand; unfortunately, it does not allow the reactions to
be studied at higher pH values. The results are shown in
Figure 2.

The hydrogenations of cinnamaldehyde in acetate
buffer were run only for 2 h, so the conversion at pH 5.5
(23.8 %) is only slightly less than half the conversion in
water after 4 h (26.4 %) (see also Figure 3 later). In the
studied range, the pH has a small but important effect on

CHO
N CHO H,/cat. CH,OH
H,/cat. 2
H,/cat.
\ CH,OH

Scheme1 Possible products of cinnamaldehyde hydrogenation.
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Figure1 Effect of pressure on the hydrogenation of cinnamalde-
hyde with [RuH(OAc)(mtppms).] catalyst. ® cinnamaldehyde, ll
3-phenyl-2-propanal, A 3-phenyl-2-propan-1-ol, @ 3-phenyl-2-pro-
pen-1-ol. Conditions: 0.01 mmol catalyst, 0.8 mmol cinnamalde-
hyde, 3 ml water, 80°C, 4 h.

the rate (Figure 2) and product distribution: the yield of
3 increased to 14.8% at pH 5.5. The yield of 2 varied from
3.3% (pH 3.6) to 6.2 % (pH 5.5), while that of 4 remained
below 2%, so that at pH 5.5 cinnamyl alcohol was domi-
nant (64%) among all hydrogenation products.

The time course of the hydrogenation was investigated
with 7 bar H, pressure using a 0.2 M phosphate buffer of
pH 7.0 as the solvent (Figure 3). The reaction proceeded
with a steady rate and high selectivity. After 5 h at 59.4%
cinnamaldehyde conversion, the ratio of 3 to (2+3+4) was
75.4%. After 4 h, the conversion was 33.7% (TOF=6.7 h?),
so phosphate buffer slightly decreased the rate of the
reaction relative to the case of water or acetate buffer as
solvents; such an unfavorable effect of phosphate buffer

100
90 |

80 | .\’\‘
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60
50 |
40
30}
20+
12 . ?/i_’—’; .
3.0 35 4.0 45 5.0 5.5 6.0

pH

Composition (%)

Figure 2 Effect of pH on the hydrogenation of cinnamaldehyde
with [RuH(OAc)(mtppms),] catalyst. # cinnamaldehyde, B 3-phenyl-
2-propanal, A 3-phenyl-2-propan-1-ol, @ 3-phenyl-2-propen-1-ol.
Conditions: 0.01 mmol catalyst, 0.8 mmol cinnamaldehyde, 3 ml
acetate buffer, 80°C, 2 h, P(H,)=7 bar.

Composition (%)

Figure 3 Time-course of the hydrogenation of cinnamaldehyde
with [RuH(OAc)(mtppms),] catalyst.  cinnamaldehyde, Bl 3-phenyl-
2-propanal, A 3-phenyl-2-propan-1-ol, @ 3-phenyl-2-propen-1-ol.
Conditions: 0.01 mmol catalyst, 0.8 mmol cinnamaldehyde, 3 ml
phosphate buffer (pH 7.0), 80°C, P(H,)=7 bar.

has already been detected [23] with similar water-soluble
catalysts.

In summary, it can be concluded that in aqueous
biphasic systems under mild conditions, [RuH(OAc)
(mtppms),] proved to be an active and selective catalyst
for the hydrogenation of cinnamaldehyde, a representa-
tive o,B-unsaturated carbonyl compound. The major
product in all cases was cinnamyl alcohol (3), a valuable
chemical for flavor and fragrance industries.

3.3 Hydrogenation of soybean lecithin with
[RuH(OAc)(mtppms).] and [RuH(0Oc)
(mtppms)_] catalysts

Hydrogenation of soybean lecithin liposomes was studied
with both catalysts under mild conditions. Depending
on their composition, liposomes are stable only around
physiological temperatures, therefore we choose 40°C as
the maximum reaction temperature. Both ion-exchanged
water and phosphate buffer (pH 6.93) were used as sol-
vents. The results are expressed as remaining unsatura-
tion of the lipids as defined in the experimental section
and are summarized in Table 1.

With phosphate buffer as the solvent, at 25°C and 1
bar H, pressure [RuH(OAc)(mtppms).] proved to be a very
inefficient catalyst (entry 1); however, at 40°C, approxi-
mately 8% reduction of total unsaturation was observed
(entry 2). This slow reduction of the C=C double bonds is
in accord with the selectivity of these catalysts towards
hydrogenation of the C=0 function in cinnamaldehyde.
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Table 1 Hydrogenation of soybean liposomes by [RuH(OAc)(mtppms).] and [RuH(0Oc)(mtppms),] catalysts.

Entry Catalyst Solvent P(H,) (bar) t(h) T(°Q) Unsaturation (%)
1 [RuH(OAC)(mtppms).] buffer 1 2 25 99.8
2 [RuH(OAC)(mtppms).] buffer 1 2 40 91.6
3 [RuH(00Cc)(mtppms).] buffer 1 2 40 98.8
4 [RUH(00C)(mtppms).] buffer 1 1 40 99.2
5 [RuH(00c)(mtppms).] buffer 1 3 40 98.0
6 [RuH(0OC)(mtppms).] buffer 5 2 40 89.4
7 [RuH(OAC)(mtppms).] buffer 5 2 25 96.3
8 [RuH(OAC)(mtppms).] water 5 2 25 89.2
9 [RuH(OAC)(mtppms).] water 1 2 40 82.1
10 [RuH(OAC)(mtppms).] water 5 2 40 78.7

Conditions: 4 mg soybean lecithin dispersed in 6 ml solvent; 6 mg catalyst; pH of 0.2 m phosphate buffer 6.93.

Furthermore, the C=C double bonds of lipids are buried
inside the double layer of the vesicles and are not freely
available to the catalysts [24]. Nevertheless, it should be
added here that modification of the fluidity of biomem-
branes does not require removal of a high percentage
of unsaturation, since the cells may disrupt easily as
a consequence of increased rigidity of their boundary
membranes [25]. In the light of this requirement, 5-8%
saturation of the constituent lipids is already sufficient to
trigger physiological processes, such as, for example, de
novo synthesis of unsaturated fatty acids to counteract the
undesirable fluidity change [26]. At 1 bar H, pressure, but
otherwise identical conditions, [RuH(OOc)(mtppms),] was
even less active, although the hydrogenation proceeded
steadily in time (entries 3-5). Increasing the H, pressure
to 5 bar resulted in a significant increase of conversion
up to approximately 10% (entry 6). A similar increase of
conversion was observed with [RuH(OAc)(mtppms),] at
25°C (entries 1 and 7). Unbuffered, ion-exchanged water
was found to be a better solvent for hydrogenation of
soybean liposomes. With [RuH(OAc)(mtppms),] catalyst
at 40°C, we found 82.1% remaining unsaturation in water
(entry 9); this compares favorably to the 91.6% observed
for hydrogenation in phosphate buffer (entry 2). The rate-
decreasing effect of phosphate buffer was also observed in
hydrogenations of cinnamaldehyde (see above). Finally,
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