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a  b  s  t  r  a  c  t

Unsaturated  aldehydes  were  efficiently  reduced  by  transfer  hydrogenation  from  sodium  formate  in
water–2-propanol  mixtures  using  a  water-soluble  Ru(II)-tertiary  phosphine  catalyst.  The  reaction  yielded
unsaturated  alcohols  with  complete  selectivity  and  without  hydrogenation  or isomerization  of  C  C  bonds
of  the  substrates.  Very  high  reaction  rate  was  observed  in the  transfer  hydrogenation  of  cinnamaldehyde
already  at 30 ◦C with  turnover  frequency  of 160  h−1 and  this  increased  to 3800  h−1 at  70 ◦C. Consequently,
the  method  is  applicable  to  the synthesis  of unsaturated  alcohols  in  case  of heat  sensitive  or  highly  volatile
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aldehydes,  too. Based  on  multinuclear  NMR  investigations,  trans-[RuH2(H2O)(mtppms)3]  is  suggested  as
the key  catalytic  species.

© 2014  Elsevier  B.V.  All  rights  reserved.
ater
-Propanol

. Introduction

Hydrogenation of aldehydes is a synthetically important reac-
ion and has attracted much interest both from the heterogeneous
nd homogeneous catalysis community. Selective hydrogenation
f �,�-unsaturated aldehydes is a particularly challenging prob-
em because the reaction may  yield three products all of which have
heir important applications as starting materials for flavor and fra-
rance substances. A specific example (Scheme 1) is the reduction
f cinnamaldehyde (trans-3-phenyl-2-propenal, A) which supplies
innamyl alcohol (3-phenyl-2-propenol, B), 3-phenyl-propanal (C)
nd 3-phenyl-propanol (D).

Several homogeneous catalytic hydrogenation processes were
eported in the literature for the reduction of aldehydes [1–30],
owever, in most cases catalyst recovery and product isolation
ere cumbersome. Limited solubility of aldehydes in water allows

he use of aqueous–organic biphasic systems with the use of
ater-soluble catalysts. In such systems, the catalyst resides in the
Please cite this article in press as: I. Szatmári, et al., Unexpectedly f
2-propanol–water mixtures under mild conditions, Catal. Today (2014

queous phase while the substrate is found in the organic phase so
hey can be separated upon completion of the reaction. Most often
he water-soluble catalysts contain sulfonated phosphine ligands

∗ Corresponding author at: University of Debrecen, Department of Physical Chem-
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such as mtppms (sodium 3-diphenylphosphinobenzenesulfonate)
[31], mtppts (trisodium 3,3′,3′′-phosphinetriylbenzensulfonate)
[32] or pta (1,3,5-triaza-7-phosphatricyclo[3.3.1.1]decane or
1,3,5-triaza-7-phosphaadamantane) [33]. Typical catalysts are
[{RuCl2(mtppms)2}2] [7], [RhCl(mtppts)3] [7] or the in situ pre-
pared Rh(I)-complexes with water-soluble thioligands, such as
(l)-cysteine or (s)-captopril [20]. Hydrogenation of allylic alcohols
may  proceed via isomerization to aldehydes or ketones and in
such cases the catalyst should be able to facilitate the hydrogena-
tion of the C O function [34–36]. In general, it can be stated that
the rhodium(I)-based catalysts are more active in hydrogenation
of the C C bond, while the Ru(II)-complexes prefer hydrogena-
tion of the C O bond. Nevertheless, this can be regarded only
as a vague rule of orientation because the actual selectivity may
depend on many factors such as, e.g. the pH of the aqueous phase
or the hydrogen pressure. Hydrogenation of aldehydes in aque-
ous–organic biphasic systems has been reviewed recently [4].

Transfer hydrogenation is a highly efficient and versatile tool for
reducing various unsaturated compounds. Although several hydro-
gen donors have been found useful for this purpose, the two most
extensively investigated are 2-propanol and formic acid/formate
salts. In most cases, 2-propanol is used in the presence of a strong
base (t-BuOH, KOH, etc.) very often applying Ru(II)-based homo-
ast catalytic transfer hydrogenation of aldehydes by formate in
), http://dx.doi.org/10.1016/j.cattod.2014.06.023

geneous catalysts. Excellent rates and selectivities were achieved
by Noyori [37], Bäckvall [8], Xiao [38] and others in synthesis of
secondary alcohols. In general, water is not well tolerated in such
processes [38], and several studies showed that both the rates and
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Scheme 1. Hydrogenation of trans-cinnamaldehyde.

electivities decrease substantially with increasing water content
f the 2-propanol–water mixtures even in those cases when water-
oluble catalysts were applied. Notable exceptions are the transfer
ydrogenations of ketones studied by Williams et al. [39,40] and
y Ajjou and Pinet [11] where up to 51% (v/v) water could be
pplied beneficially. Xiao applied a water-insoluble catalyst in
queous–organic biphasic system for transfer hydrogenation of
etones from formate and observed an accelerating effect of water
on water reaction) [41].

In contrast to 2-propanol, the most suitable solvent for formic
cid/formate salts is water and the insolubility of many of the
ldehyde or ketone substrates in water allows to run transfer
ydrogenations in aqueous–organic biphasic systems. Both alde-
ydes and ketones were successfully hydrogenated by H-transfer

rom aqueous formate using Ru(II)-complexes as catalysts [42–47].
h(I)- and Ir(I)-complexes are also known to act as catalysts in
uch reactions [48,49], in fact, Ir(I)-complexes with monotosy-
ated ethylenediamine ligands [9,10] showed outstanding catalytic
ctivities up to turnover frequencies, TOF = 3.0 × 105 h−1 (TOF = mol
eacted aldehyde × (mol catalyst)−1 × h−1) [10].

Interestingly, in the first biphasic transfer hydrogenation of
ldehydes both the [RuCl2(PPh3)3] catalyst and the substrates were
issolved in the same (organic) phase and the aqueous phase served
nly as a reservoir of the H-donor (Na-formate) [42,43]. Conse-
uently, a phase transfer catalyst (Aliquat 336) had to be used in
rder to attain reasonably high reaction rates. In addition, due to
ubstrate inhibition [42], the aldehyde concentration in the organic
hase had to be kept low. For substrate-catalyst separation and
atalyst recycling a better arrangement is to dissolve the cata-
yst together with HCOONa in the aqueous phase and contact it

ith an organic phase of the aldehyde (neat or dissolved in a suit-
ble solvent, such as, e.g. toluene). In such an aqueous–organic
iphasic system, we achieved 100% selective transfer hydrogena-
ion of unsaturated aldehydes to unsaturated alcohols at 80 ◦C by
sing [{RuCl2(mtppms)2}2] + nmtppms or [RuCl2(pta)4] catalysts
nd 5 M aq. HCOONa as H-donor [44–47].

Catalytic hydrogenations and transfer hydrogenations in aque-
us–organic biphasic systems can be influenced by several factors
hich may  be belong to one of the following groups: (1) effects

onnected to the presence of water, (2) effects of phase transfer
nd solubilities. Water may  influence the actual molecular form
f the catalyst by promoting hydrolysis (formation of hydroxo-
omplexes) [50]; preferring heterolytic activation of H2 [50];
llowing formation of several hydrido- and molecular hydrogen
omplexes from the same catalyst precursor depending on the
H of the aqueous phase and on H2 pressure [23,24,50]; protona-
ion/deprotonation equilibria, etc. Concerning phase transfer and
olubility effects the chemical reaction may  proceed either in the
atalyst-containing bulk aqueous phase, or at the interphase of the
wo bulk phases. The most important factor is perhaps the transfer
f substrates to the interphase and their dissolution into the aque-
Please cite this article in press as: I. Szatmári, et al., Unexpectedly f
2-propanol–water mixtures under mild conditions, Catal. Today (201

us phase and this can limit the overall rate of the hydrogenation
rocess. Another rate-decreasing factor is the lower solubility of
2 in water, compared to the usual organic solvents. On the other
and, limited solubility of the substrate (e.g. an aldehyde) in the
 PRESS
day xxx (2014) xxx–xxx

aqueous phase may  eliminate substrate inhibition even in cases
when the aldehyde concentration in the organic phase is high (or
when the neat substrate is applied without any added organic sol-
vent) [45]. Solubility of inorganic salts in the aqueous phase can
be beneficial, too. For example, significant rate increasing effects of
various cations were observed in aqueous–organic biphasic hydro-
genation of aldehydes with several Ru(II)-mtppts catalysts [25,26].
Finally, mutual solubility of water in the organic phase and vice
versa should also be considered.

In case of substrates with very low aqueous solubility a straight-
forward way  to speed up the reaction is the use of co-solvents.
Nevertheless, a co-solvent can always increase leaching of the
water-soluble catalyst into the organic phase. For example, Mon-
flier et al. investigated the hydrogenation of water-insoluble
aldehydes in the presence of various co-solvents (with Ru(II)-
mtppts catalysts) with beneficial effects on the reaction rate,
however, the amount of co-solvents had to be kept below 5%
(w/w) of the aqueous phase due to increased leaching [51]. In
other cases, the reaction was found faster in the co-solvent alone
than in the water-aldehyde-co-solvent mixtures. For example,
Paganelli et al. found that hydrogenation of unsaturated aldehydes
such as cinnamaldehyde and 3-(1,3-benzodioxol-5-yil)-2-methyl-
propenal (the saturated aldehyde is the precursor of the fragrance
Helional®) was accelerated by addition of ethylene glycol to the
mixture of the aldehyde and water [20]. Furthermore, the high-
est rate was  observed by running the reaction in ethylene glycol
(in what the Rh(I)-(l)-cysteine or Rh(I)-(s)-captopril were soluble
under conditions of the reaction).

Similarly, Ajjou and Pinet investigated transfer hydrogenation
of aldehydes (and ketones) in water/2-propanol 10/3 (v/v) mix-
tures with Na2CO3 as base and [{RhCl(COD)}2] + 15 mtppts catalyst.
High conversions were obtained in 2 h at 80 ◦C (e.g. benzaldehyde
98%, 2-thiophenecarboxaldehyde 72%) [11]. Obviously, in this sys-
tem 2-propanol had the dual role of H-donor and cosolvent. Under
the applied conditions, the reaction mixtures were homogeneous
and the product was  isolated by extraction with diethyl ether. No
unsaturated aldehydes were studied therefore no data are available
from this work on the selectivity of the catalyst in basic aqueous
2-propanol.

In our earlier investigations, we have already used HCOONa
as base in transfer hydrogenation of unsaturated aldehydes and
ketones from 2-propanol catalyzed by chiral Rh(I)-, Ru(II) and Ir(I)-
aminoacidate complexes [52,53]. It was established that presence
of water in the H-donor solvent up to 4% (v/v) was  neither benefi-
cial nor detrimental on the reaction rate and selectivity. Based on
our experience in aqueous–organic transfer hydrogenation of alde-
hydes catalyzed by [{RuCl2(mtppms)2}2] + n mtppms we initiated
a study of transfer hydrogenation of aldehydes from aq. HCOONa
in water–2-propanol mixtures. A particularly interesting question
was whether both formate and 2-propanol act as H-donors and
whether the water/2-propanol ratio effects the selectivity in the
case of unsaturated aldehydes. These investigations led to the dis-
covery of an exceedingly fast transfer hydrogenation of aldehydes
under mild condition as described in the following.

2. Experimental

Aldehydes (Aldrich) and other reagents and solvents were
commercially available and used as received. The water-soluble
phosphine ligand mtppms [31] and [{RuCl2(mtppms)2}2] [31] were
prepared by published procedures.
ast catalytic transfer hydrogenation of aldehydes by formate in
4), http://dx.doi.org/10.1016/j.cattod.2014.06.023

All reactions and manipulations were carried out under argon
atmosphere. Reaction mixtures were analyzed by gas chro-
matography (HP5890 Series II; Chrompack WCOT Fused Silica
30 m × 32 mm CP WAX52CB; FID; carrier gas: argon). The products

dx.doi.org/10.1016/j.cattod.2014.06.023
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Fig. 1. Time course of the transfer hydrogenation of cinnamaldehyde catalyzed
by  [{RuCl2(mtppms)2}2] + 16 mtppms. Conditions: 1 × 10−5 mol Ru, 8 × 10−5 mol
mtppms, 1.0 mmol  cinnamaldehyde, 3.0 mmol HCOONa, 5.0 mL  water, 2.5 mL 2-
propanol, T = 30 ◦C.

Fig. 2. Effect of solvent composition on the transfer hydrogenation of cinnamalde-
−5
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ere identified by comparison of their retention times to those of
nown compounds. 1H, 31P and 13C NMR  spectra were recorded
n a Bruker Avance 360 MHz  spectrometer and referenced to 3-
trimethylsilyl)propanesulfonic acid Na-salt (DSS).

.1. Catalytic hydrogenation of cinnamaldehyde

In a typical reaction, 408 mg  (6 mmol) sodium formate and
26 �L (1 mmol) cinnamaldehyde were added to a mixture of
.0 mL  water and 3.5 mL  2-propanol at T = 30 ◦C. 5 mg (0.005 mmol)
{RuCl2(mtppms)2}2] and 16 mg  (0.04 mmol) mtppms were dis-
olved in the deoxygenated solution and the mixture was  stirred
igorously. Samples (0.2 mL)  were withdrawn periodically and
iluted with 1 mL  of water before extraction by chlorobenzene. The
rganic layers were filtered through short silica plugs and analyzed
y gas chromatography.

. Results and discussion

In our earlier studies, we have observed 98% conversion of
innamaldehyde with complete selectivity to cinnamyl alcohol
y transfer hydrogenation catalyzed by [{RuCl2(mtppms)2}2] + 20
tppms in an aqueous–organic biphasic system composed of 3 mL

 M aqueous HCOONa and 1 mmol  of aldehyde (neat) at 80 ◦C in
 h.[45] In the present investigations, it was established that with
he same catalyst the reaction hardly proceeded at 30 ◦C, and only
.0% conversion was obtained under the conditions of Table 1.
owever, in water/organic solvent 2/1 (v/v) mixtures the transfer
ydrogenation became much faster and in case of 2-propanol it led
o 90.0% conversion. Importantly, the only product of the reaction
as cinnamyl alcohol (B), and neither C or D nor acetals could be
etected.

It can be seen from Table 1 that the highest conversion was
chieved by using 2-propanol; therefore, we focussed our atten-
ion on the use of this solvent. The time course of the reaction is
epicted in Fig. 1 and shows that all cinnamaldehyde reacts in 2 h.

Variation of the solvent composition revealed that the con-
ersion changed according to a maximum curve with a plateau
etween 35% and 55% (v/v) concentration of 2-propanol (Fig. 2). In
he predominantly aqueous solvents (≤20% (v/v) 2-propanol), the
ldehyde substrate does not dissolve completely, while in the ≥80%
v/v) 2-propanol range some of the HCOONa remains undissolved.
or the rest of investigations, we choose a solvent composition of
ater/2-propanol 4/3.5 (v/v) (mole fraction of water at this com-
osition is 0.83).

The maximum conversions in the range of 35–55% (v/v)
-propanol concentration allow the calculation of a turnover
requency TOF = 170 h−1 (TOF = mol  reacted aldehyde × (mol
atalyst)−1 × h−1). At this low reaction temperature, this reflects
n exceedingly high reaction rate of the reduction of the aldehyde
Please cite this article in press as: I. Szatmári, et al., Unexpectedly f
2-propanol–water mixtures under mild conditions, Catal. Today (2014

unction. For example, in hydrogenation of cinnamaldehyde with
n situ prepared Ru(II)-mtppts catalyst at 35 ◦C and 20 bar H2
ressure, Grosselin et al obtained a TOF of 66 h−1 [13], while Basset
t al. have found no reaction in attempted hydrogenation of propi-

able 1
ffect of organic co-solvent on the transfer hydrogenation of cinnamaldehyde cat-
lyzed by [{RuCl2(mtppms)2}2] + 16 mtppms.

Co-solvent Conversion (%)

None 2.0
2-Propanol 90.0
Methanol 43.1
Ethanol 48.9
Acetone 51.0
2-Ethoxyethanol 39.5
Glycerol 23.3
hyde catalyzed by [{RuCl2(mtppms)2}2] + 16 mtppms. Conditions:  1 × 10 mol  Ru,
8  × 10−5 mol  mtppms, 1.0 mmol cinnamaldehyde, 3.0 mmol HCOONa, V = 7.5 mL,
T  = 30 ◦C, t = 1 h.

onaldehyde with several well defined Ru(II)-mtppts complexes in
water at 35 ◦C and 50 bar H2 pressure [25,26]. In hydrogen transfer
from aqueous formate to cinnamaldehyde in the biphasic system
studied by us earlier at 80 ◦C, the highest TOF was 54 h−1 [45].
Therefore, in all respect, the catalytic activities observed in this
homogeneous system compare favorably to those found in other
systems using similar water-soluble Ru(II)-phosphine catalysts.

In principle, both aqueous HCOONa and 2-propanol can act as
H-donors in the transfer hydrogenation of cinnamaldehyde. It is
instructive that under conditions of Fig. 2 but replacing HCOONa
with NaHCO3 (i.e. with a compound of similar base strength) no
reaction occurs. To further learn the role of the two compounds
we studied the effect of changing HCOONa/aldehyde ratio on the
conversion. In these experiments, 1 mmol  cinnamaldehyde was
reacted with varying amounts of HCOONa. The results are pre-
sented in Table 2.

As shown by the data of Table 2, with substoichiometric
amounts of Na-formate the conversion of transfer hydrogenation is
limited by the amount of formate present. Nevertheless, upon addi-
tion of a new batch of formate the reaction proceeds further (row 3,
data at 120 and 180 min) and in the presence of formate excess com-
plete conversion of cinnamaldehyde is obtained. All this evidence
points to formate as being the H-donor in this transfer hydrogena-
tion while 2-propanol – at least under these conditions – serves
only as part of the solvent mixture. Interestingly, in case of sub-
stoichiometric amounts of HCOONa (Table 2, rows 1–3) the yield
ast catalytic transfer hydrogenation of aldehydes by formate in
), http://dx.doi.org/10.1016/j.cattod.2014.06.023

of cinnamyl alcohol does not reach the amount of added formate.
This deviation is caused by the simultaneous decomposition of for-
mate in the aqueous propanol solvent to H2 and HCO3

− catalyzed
by [{RuCl2(mtppms)2}2] + n mtppms what decreases the amount of

dx.doi.org/10.1016/j.cattod.2014.06.023
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Table 2
Effect of the formate/aldehyde ratio on the transfer hydrogenation of cinnamalde-
hyde in aqueous 2-propanol catalyzed by [{RuCl2(mtppms)2}2] + 16 mtppms.

nHCOONa (mmol) Yields of cinnamyl alcohol (mmol) at various reaction times

20 min 40  min 60  min 120 min 180 min

0.3 0.22 0.23 0.23 0.23
0.6 0.44 0.48 0.49
0.6 0.44 0.46 0.47 0.60b 0.73b

1.0a,c 0.10 0.24 0.29
3.0a 0.13 0.30 0.55 0.99

Conditions: 1 mmol  cinnamaldehyde, 1 × 10−5 mol Ru, 8 × 10−5 mol  mtppms, 5.0 mL
water, 2.5 mL  2-propanol, t = 1 h, T = 50 ◦C.

a T = 30 ◦C.
b After addition a new batch (0.6 mmol) of HCOONa at 60 min.
c 0.99 at t = 17.5 h.

Fig. 3. Transfer hydrogenation of cinnamaldehyde from aqueous HCOOH/HCOONa
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Fig. 5. Transfer hydrogenation of cinnamaldehyde from aqueous HCOONa in
water–2-propanol mixtures as a function of the [mtppms]/[Ru] ratio. Conditions:

−6
n  water–2-propanol mixtures. Conditions:  5.0 × 10−6 mol  Ru, 4.0 × 10−5 mol
tppms, 1.0 mmol cinnamaldehyde, nHCOOH + nHCOONa = 6.0 mmol, 4.0 mL water,

.5  mL  2-propanol, T = 30 ◦C, t = 1 h.

ormate available for the transfer hydrogenation reaction. Decom-
osition of HCOONa by the same catalyst has been observed in
urely aqueous solutions, too [54].

The conversion of cinnamaldehyde depends linearly on the
oncentration of formate (Fig. S1). Interestingly, formic acid is
nsuitable as H-donor in this transfer hydrogenation, however
here is a smooth reaction in HCOOH/HCOONa mixtures, as shown
y Fig. 3. It is important to mention that even with HCOOH/HCOONa
ixtures the sole product of the transfer hydrogenation is cinnamyl

lcohol.
The reaction is inhibited by an excess of the substrate there-
Please cite this article in press as: I. Szatmári, et al., Unexpectedly f
2-propanol–water mixtures under mild conditions, Catal. Today (201

ore the reaction rates go through a maximum with increasing
ldehyde concentration (Fig. 4). Note that the highest turnover fre-
uency is close to 160 h−1 showing again the excellent activity of
he catalyst at low temperatures. Since under these conditions the

ig. 4. Transfer hydrogenation of cinnamaldehyde from aqueous HCOONa in
ater–2-propanol mixtures as a function of the [substrate]/[Ru] ratio. Conditions:

.0  × 10−6 mol  Ru, 4.0 × 10−5 mol  mtppms, 6.0 mmol  HCOONa, 4.0 mL  water, 3.5 mL
-propanol, T = 30 ◦C, t = 1 h.
5.0  × 10 mol  Ru, 1.0 mmol cinnamaldehyde, 6.0 mmol HCOONa, 4.0 mL water,
3.5  mL  2-propanol, T = 30 ◦C, t = 1 h.

reaction mixtures are homogeneous, substrate inhibition is pro-
nounced already at [S]/[Ru] > 100 values.

Similar to the water–chlorobenzene biphasic system [45],
conversions of cinnamaldehyde in the homogeneous water–2-
propanol mixtures also depend on the concentration of added
phosphine, i.e. on the [P]/[Ru] ratio. This effect is shown in Fig. 5. It
is noteworthy that the color of the reaction mixture also changes
with the [P]/[Ru] ratio. With no added phosphine, the solutions
of [{RuCl2(mtppms)2}2] ([P]/[Ru] = 2 in Fig. 5) turn violet on the
action of HCOONa, however, already at [P]/[Ru] = 3 the color of
the solution becomes yellow and this color does not change with
further increase in the phosphine concentration. The similar rate
increase in the water–chlorobenzene biphasic systems was – in part
– rationalized by the easier transfer of the substrate to the aque-
ous catalyst phase facilitated by mtppms known to be an efficient
surfactant [45]. However, this can not be the case in the homoge-
neous water–2-propanol mixtures therefore the beneficial effect
of increasing mtppms concentration may  be due to its influence
on the equilibria of the various Ru(II)-hydride species of different
catalytic activity (see later).

The reaction rate shows the expected behavior as a function of
temperature (Fig. 6). Transfer hydrogenation takes place – albeit
slowly – already at 10 ◦C, and this is an unexpected feature of this
reaction. On the other extreme, at 70 ◦C a TOF = 3800 h−1 was  deter-
mined what is – to the best of our knowledge – the highest obtained
so far in transfer hydrogenation of aldehydes from aqueous formate
ast catalytic transfer hydrogenation of aldehydes by formate in
4), http://dx.doi.org/10.1016/j.cattod.2014.06.023

catalyzed by Ru(II)-complexes. An Arrhenius-plot of the ln TOF vs.
1/T yielded an activation energy of 88 kJ mol−1. This can be com-
pared to the virtual activation energy (temperature coefficient of

Fig. 6. Transfer hydrogenation of cinnamaldehyde from aqueous HCOONa
in  water–2-propanol mixtures as a function of the temperature. Conditions:
5.0 × 10−6 mol  Ru, 4.0 × 10−5 mol mtppms, 1.0 mmol cinnamaldehyde, 4.0 mmol
HCOONa, 4.0 mL  water, 3.5 mL 2-propanol, t = 1 h.

dx.doi.org/10.1016/j.cattod.2014.06.023
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Table  3
Transfer hydrogenation of various aldehydes in water–2-propanol mixtures cat-
alyzed by [{RuCl2(mtppms)2}2] + 16 mtppms.

Aldehyde Conversion (%)

t = 0.5 h t = 1 h

Cinnamaldehyde 33.2 65.4
3-Phenylpropionaldehyde 43.6 79.2
Benzaldehyde 36.2 81.9
Citronellal 36.7 80.8
4-Bromobenzaldehyde 99.7 99.9
4-Ethoxybenzaldehyde 99.6 99.7
Citral 31.8 64.8
Cyclohexanecarboxaldehyde 40.1 60.8
2-Fluorobenzaldehyde n.d. 39.4
3-Fluorobenzaldehyde n.d. 24.1
4-Fluorobenzaldehyde n.d. 47.8
4-Trifluoromethylbenzaldehyde n.d. 40.0
3-Methylbenzaldehyde n.d. 18.9
Pyridine-3-carboxaldehyde 0 0
2-Aminobenzaldehyde 0 0

Conditions:  5.0 × 10−6 mol  Ru, 1.0 mmol  cinnamaldehyde, 6.0 mmol HCOONa, 4.0 mL
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rate.
ater, 3.5 mL  2-propanol, T = 30 ◦C; n.d., not determined.

he reaction rate) of the transfer hydrogenation of benzaldehyde,
8 kJ mol−1, determined for the water–chlorobenzene biphasic
eaction [45] (no such data are available for cinnamaldehyde). How-
ver, this latter is a composite value including contributions from
he temperature dependence of solubilities (partition coefficients)
f benzaldehyde and all other components (benzyl alcohol, sol-
ents) of the reaction system.

The scope of the reaction was investigated at 30 ◦C and the
esults are collected in Table 3. Pyridine-3-carboxaldehyde and
-aminobenzaldehyde were completely unreactive, probably due
o N-coordination or to the presence of strong internal H-bond,
espectively. The rest of the investigated substrates, however, could
e reduced to the corresponding alcohols with good to excellent
eaction rates. Transfer hydrogenation of citral yielded geraniol and
erol in 2:1 ratio, i.e. no cis–trans isomerization took place during
eduction of the carbonyl group. Products of the transfer hydro-
enation can be obtained by extraction of a suitable solvent (e.g.
iethyl ether or hexane) after dilution of the reaction mixture with
ater.

The main new feature of the catalytic reduction of aldehydes
n water–2-propanol mixed solvents is in their unexpectedly high
eaction rate. Several effects should be taken into consideration for
nding an explanation of this phenomenon. In principle, a signifi-
ant contribution may  arise from the homogeneity of the reaction
ixtures. As mentioned in connection with Fig. 2, below 20% (v/v)

-propanol concentration the aldehyde substrate does not dissolve
ompletely, while in the ≥80% (v/v) 2-propanol range some of the
COONa remains undissolved. Table 1 shows results of experi-
ents when 1 mmol  of cinnamaldehyde was added either to 7.5 mL
ater or to a homogeneous mixture of 5 mL  water and 2.5 mL  2-
ropanol. In the former case, a biphasic system is obtained in which
he concentration of cinnamaldehyde in the catalyst-containing
queous phase is limited by its solubility: 10.8 mM (at 25 ◦C) [55].
n contrast, the water–2-propanol mixture dissolves all the 1 mmol
innamaldehyde giving a homogeneous solution, and this results in

 13.3 mM substrate concentration. Obviously, the small increase
f the concentration of dissolved cinnamaldehyde upon addition
f 2-propanol cannot explain the jump of the conversion from
.0% (no cosolvent) to 90.0% (33%, v/v, 2-propanol). Furthermore,

ncreasing the [S]/[C] ratio above 40 results in substrate inhibition
Fig. 4) and this again does not support the assumption that the
Please cite this article in press as: I. Szatmári, et al., Unexpectedly f
2-propanol–water mixtures under mild conditions, Catal. Today (2014

arge rate increase is simply caused by the higher concentration of
innamaldehyde in the water–2-propanol solvent mixture.
Scheme 2. Suggested mechanism of the transfer hydrogenation of cinnamaldehyde
with HCOONa/H2O catalyzed by [{RuCl2(mtppms)2}2] + n mtppms.

2-Propanol can also affect the reaction mechanism by
influencing the formation and further transformation of cat-
alytically important intermediates. Earlier, we  have deter-
mined by multinuclear NMR  spectroscopy that in aqueous
formate solutions of [{RuCl2(mtppms)2}2] + n mtppms the two
dominant Ru(II) species were trans-[RuH2(HCOO)(mtppms)3]−

(ıH = −19.2 ppm, ıP(A) = 44.0 ppm (s) and ıP(B) = 79.2 ppm (t)) and
trans-[RuH2(H2O)(mtppms)3] (ıH = −17.7 ppm, ıP(A) = 44.0 ppm (s)
and ıP(B) = 77.1 ppm (t)) [50]. Selective 31P decoupling unambigu-
ously showed the trans–mer coordination in the ‘RuH2(mtppms)3

′

fragment of octahedral complexes. These solutions have a strong
yellow color characteristic also for the catalytic reaction mixtures
and the composition of the observed species is in accord with the
higher activity of the catalysts with [P]/[Ru] ≥ 3. The same NMR
spectra could be recorded for solutions of [{RuCl2(mtppms)2}2] + n
mtppms + HCOONa in water/2-propanol 1/1 (v/v) mixtures, too
(Figs. S2 and S3). Based upon these observations a simplified reac-
tion mechanism is suggested (Scheme 2) with the assumption that
trans-[RuH2(H2O)(mtppms)3] is the catalytically active species.

The H2O ligand in trans-[RuH2(H2O)(mtppms)3] is expected to
be readily replaced by the aldehyde substrate. Internal hydride
migration to the coordinated aldehyde and protonation of the
resulting alkoxide complex by water would release the alcohol
product while coordination of formate and its decomposition to
CO2 (bicarbonate) within the coordination sphere of Ru(II) would
give back the trans-[RuH2(H2O)(mtppms)3] catalyst. Similar sug-
gestions were already made concerning the mechanism of aldehyde
hydrogenation [25,26]. However, several fine details of the mech-
anism (coordination mode of the aldehyde, the precise steps of
formation of Ru(II)-hydrides on the action of formate in aqueous
solutions, etc.) still remain elusive. In purely aqueous solutions,
release of the hydrophobic alcohol product may  be a slow step in
the cycle and we  assume that this is the point where an organic co-
solvent may  exert a positive effect (Table 1) on the overall reaction
ast catalytic transfer hydrogenation of aldehydes by formate in
), http://dx.doi.org/10.1016/j.cattod.2014.06.023

In summary, we have developed a fast and efficient method for
transfer hydrogenation of aldehydes in aqueous 2-propanol with

dx.doi.org/10.1016/j.cattod.2014.06.023


 ING Model
C

6 sis To

[
d
p
p
v
t
a

A

E
1
F
J
S

R

[

[
[

[

[
[
[
[
[
[

[

[
[
[

[
[

[
[

[

[

[
[

[
[
[
[

[
[

[

[

[

[
[
[
[
[
[

[

[
[

[

[
[

[53] Á. Kathó, D. Carmona, F. Viguri, C.D. Remacha, J. Kovács, F. Joó, L.A. Oro, J.
Organomet. Chem. 593–594 (2000) 299–306.
ARTICLEATTOD-9135; No. of Pages 6

 I. Szatmári et al. / Cataly

{RuCl2(mtppms)2}2] + n mtppms catalyst and Na-formate as H-
onor. Execution and workup of the reaction is simple and the
roducts can be obtained in high purity. The low reaction tem-
erature makes possible the reduction of heat sensitive or highly
olatile substances, too. A particular advantage of the reaction is
he complete selectivity in transfer hydrogenation of unsaturated
ldehydes to unsaturated alcohols.
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