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New application of an anchored Ru(II)-N-heterocyclic carbene complex
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A new, heterogenized Ru(II)-N-heterocyclic carbene complex was prepared via the method developed by Augustine. The
anchored catalyst was characterized by spectros-copic methods and was applied in the hydrogenation of different olefins, aldehydes
and ketones. The hydrogenations were performed both in alcohol and in aqueous media on homogeneous and heterogenized
complexes. The immobilized complex had a reasonable activity in both conditions and at the same time it was possible to filter out
from the reaction mixture and to recycle in several subsequent runs.
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1. Introduction

Selectivity has become a more and more important
issue nowadays in the fine chemical industry. This trend
can be explained by both economic and environmental
considerations. Consequently there is an increasing
demand towards the study of selective syntheses, which
usually require selective catalysts. Comparing the
selectivity, homogeneous catalysts generally surpass
their heterogeneous counterparts. However there are
several advantages — easy handling, recyclability — which
make the heterogencous systems more desirable in
industrial applications. The combination of the two
systems provides features which can not be realized
neither by homogeneous nor by heterogeneous catalysis
alone. The heterogenized complexes can successfully
combine the high selectivity and activity of homoge-
neous complexes with the easy separation and recycla-
bility of the heterogencous systems. That is why the
study of heterogenized homogeneous complexes has a
new renaissance nowadays [1-3].

The N-heterocyclic carbene complexes represent a very
useful family of organo-metallic complexes, which can
catalyze a great deal of important reactions, among oth-
ers: hydrogenation, hydrogen-transfer, hydrosilylation,
hydroformylation and C-C coupling reactions [4-7]. A
new water-soluble Ru-N-heterocyclic carbene (NHC)
complex was recently prepared and applied in the hydro-
genation of various starting materials, such as alkenes,
aldehydes and ketones [8]. The [RuCl,L(C;oH4)]
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(L = 1-butyl-3-methylimidazol-2-ylidene, = C;oH4 =
p-cymene) complex was stable toward decomposition in
aqueous solvent in a wide pH range and up to a relatively
high temperature (80 °C). This catalyst was active and
selective in the hydrogenation of alkenes and oxo com-
pounds, and the redox isomerization of allyl alcohol.

Despite of the great interest in immobilized catalysts,
only a few papers can be found on the field of heter-
ogenized NHC complexes. Buchmeiser and co-workers
have developed two different approaches to prepare
heterogenized N-heterocyclic carbene complexes [9-11].
They used a “grafting from” approach, were polymer-
izable NHC-precursors have been grafted onto a nor-
born-2-ene (NBE) based monolithic support prepared
via ring opening metathesis polymerization (ROMP),
taking advantage of the living character of ROMP. The
other synthetic route is based on a ‘“‘grafting to”
approach and entails the synthesis of oligomeric
NHC-precursors and their selective chain-end func-
tionalization with tri(etoxy)silane groups. These telech-
elic polymers were grafted on silica using standard silane
chemistry. All heterogenized NHC complex precursors
were successfully converted into the corresponding
NHC-based second generation Grubbs catalysts and
used for various metathesis reactions including ROMP,
RCM, and cross-metathesis.

Considering the valuable family of the NHC com-
plexes it seems to be worthwhile to study some other
heterogenization methods of these compounds. In this
paper we want to report the systematic study of the
preparation, characterization and application of this
new, heterogenized [RuCl,L(CoH4)] complex.
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2. Experimental
2.1. Preparation and anchoring of the complex

[RuCl,L(C;oH4)] was synthesized by a published
procedure [7].

The anchoring of the complex was done by a method
developed by Augustine [12-14]. 1.5 g of AlL,O;(CA-
MAG., basic) was suspended in 30 mL of methanol.
386.7 mg (0.15 mmol) of phosphotungstic acid hydrate
(PTA) was dissolved in 25 mL of methanol and this
solution was added dropwise into the alumina suspen-
sion with efficient stirring. The stirring was continued
for two days at room temperature, under an Ar atmo-
sphere. The solid residue was filtered out and was sus-
pended in 30 mL of methanol. 45 mg (0.1 mmol) of
[RuCl,L(CoH4)] complex was dissolved in 40 mL of
deoxygenated methanol and this solution was dropped
slowly with stirring to the suspension. The stirring was
continued for another two days. The solution was
removed and the solid residue was washed with metha-
nol, until a colorless solution was obtained. The solid
material was dried at 30 °C for two hours in vacuum
and for one day under argon. 1.5 g light brown catalyst
was obtained.

2.2. Catalyst characterization

FT-IR spectra of the support, the Rh complexes and
the heterogenized samples were recorded on a PE
Spectrum One spectrophotometer, in the range of
400 — 4000cm ™', in KBr pellets. The metal content of
the anchored catalysts was determined using a JOBIN
YVON 24 type ICP-AES instrument; samples were
dissolved in cc. HNOs.

2.3. Hydrogenation experiments

Allyl alcohol, propanal, cinnamaldehyde, acetophe-
none or acetone were hydrogenated in a batch reactor of
20 mL capacity under 0.4 MPa hydrogen pressure.
Approximately the same conditions were applied in
alcoholic and in aqueous media. In ethanol: 4.7 mg
(10.42 umol) soluble or 150 mg (9.99 umol Ru) heter-
ogenized catalysts were dissolved or suspended in 3 mL
of anhydrous ethanol. 3 uL(C,Hs);N and 0.4 mmol of
the substrate were added and the reactor was pressur-
ized with H,. The reactions were initiated by starting the
stirring at 65 °C. In water: 6.3 mg (14 umol) homoge-
neous or 200 mg (14.72 yumol Ru) heterogenized cata-
lysts were added into 3 mL of water. After adding 3 mL
of phosphate buffer, 1.0 mmol of substrate was injected,
the reactor was pressurized with H, and the reaction was
initiated by starting the stirring at 80 °C. Samples were
taken every hour from the reaction mixture and the
products were analyzed by capillary gas chromatogra-
phy (Hewlett Packard 5890 Series II) using a HP-FFAP
(nitroterephtalic acid modified PEG) column at 70 °C.

2.4. Catalysts recycling

The heterogenized catalysts were used in several
subsequent runs. At the end of the reactions the liquid
was removed by a Pasteur pipette, the solid catalyst was
washed with ethanol and dried under Ar and vacuum,
then reused.

3. Results and discussion

With the final goal of extending the application of
heterogenized complexes we have prepared a new het-
erogenized N-heterocyclic carbene complex catalyst
[RuClL,L(C;oH14)] which was characterized by spectro-
scopic methods. The catalyst was applied in the hydro-
genation of various substrates including aldehydes,
ketones and allyl alcohol. The substrates were hydro-
genated in two different solvents both in alcoholic and
aqueous media, checking the applicability of the heter-
ogenized complex in water. To our knowledge this is the
first example of applying a heterogenized N-heterocyclic
carbene complex catalyst in aqueous medium.

3.1. Characterization of the catalyst

The heterogenized complex was characterized by
FT-IR spectroscopy. The FT-IR spectra of the support,
the [RuCLL(CoH4)] complex and the heterogenized
sample were all taken. (figure 1. Solid line represents the
heterogenized sample, dotted line the metal complex)
The spectrum of the heterogenized complex (but not
that of the support) showed the bands at 1380cm ™", and
1470cm™", characteristic for the [RuCl,L(CioH4)]
complex, which suggests the complex was anchored to
the support unchanged.

The metal content of the heterogenized sample was
determined by ICP-AES method and it was found
73.6 umol Ru/g catalyst.

3.2. Hydrogenations in ethanol

In our former studies we have prepared the heterog-
enized version of the [{RuCl,(mtppms),},] complex and
applied it in the hydrogenation of o,f-unsaturated
aldehydes [15]. This catalyst was able to hydrogenate
selectively the C=C or C=0 double bond depending
on the basicity of the solvent. In alcoholic media the
basicity was varied by adding different amounts of
(C,Hj5);N. Under such conditions, [{RuCly(mtppms),}»]
catalyzed the hydrogenation of trans-cinnamaldehyde
exclusively at its C=0 bond both in homogeneous and
in heterogenized forms. Additionally, the heterogenized
catalyst showed the advantages of the heterogeneous
system: namely, easy separation and recyclability.

An excellent selectivity towards the C=0 hydroge-
nation was also observed in the hydrogenation of trans-
cynnamaldehyde on supported Pt catalysts [16, 17].
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Figure 1. The FT-IR spectra of the [RuCl,L(C;oH4)] complex and the heterogenized samples.

In the present study, we applied the soluble and
heterogenized  N-heterocyclic  carbene  complex,
[RuCl,L(C;oH14)], in alcoholic medium in the presence
of (CyHs);N for the hydrogenation of allyl alcohol,
propanal, trans-cinnamaldehyde, acetone, and acetoph-
enone, and the results are shown in table 1.

As table 1 clearly shows, both the homogeneous and
the heterogenized complexes were active in the hydro-
genation of the substrates possessing C=C or/and
C=0 functions. Hydrogenation of the C=0O bond
occurred with relatively good conversions, even in the
case of acetone and acetophenone. This is a remarkable
observation considering that both substrates have non
activated C= O bonds, usually difficult to hydrogenate.
During the hydrogenation of cinnamaldehyde both the
C=C and C=0 bonds were hydrogenated almost to
equal extents. A small amount of the completely
hydrogenated product, 3-phenylpropan-1-ol, was also
formed. In the case of allyl alcohol a fast C=C hydro-
genation occurred, and no redox isomerization
observed, in contrast to the same reaction performed in
homogeneous aqueous solution [8].

With all substrates, except propanal, the specific
activities of the heterogenized complexes were lower

than those of the homogeneous ones. This is an inter-
esting observation, especially in the light of our former
experience with heterogenized catalysts in other systems
[18] when substantially higher specific activities were
determined for the heterogenized catalysts than for their
homogeneous counterparts. The possible explanation
for this phenomenon may concern the availability of the
metal complex catalyst on the surface of the support. It
is likely that the N-heterocyclic carbene complex,
[RuCLL(CgH4)], is strongly bound on the alumina
surface by the basic nitrogens of the NHC ligand. This
strong bonding could result in a worse availability and
smaller activity of the complex.

We have also studied the hydrogenation of the same
substrates with the [RuCLL(C;yH4)] catalyst in the
presence of triphenylphosphine. Interestingly, under
such conditions neither acetone nor acetophenone could
be hydrogenated, although both substrates reacted with
reasonable conversions in the absence of PPh;. Con-
versely, propanal, trans-cinnamaldehyde and allyl alco-
hol were hydrogenated with good conversions (table 2).
Here again, selective C=0 hydrogenation occurred in
the case of trans-cinnamaldehyde, but some C=C
hydrogenation was also detected (52.9 % and 4.4 %), as

Table 1
Hydrogenation of various substrates on soluble and heterogenized [RuCLL(C,oH4)] in ethanol

Substrate Catalyst Conversion (%) TOF (h™h)
propanal [RuCLL(CioH4)] 92.8 35.3
[RuCLL(C,oH4)]/ALL O3 98.0 17.5
trans-cinnamaldehyde [RuCLL(CioH4)] 52.2 19.8
[RuCl,L(CoH14)]/AlLO4 28.0 5.0
allyl alcohol [RuCLL(C9H4)] 100 38.0
[RuCLL(C oH 4)]/ALL,O3 254 4.5
acetophenone [RuCLL(CoH4)] 25.1 9.5
[RuClL(CoH14)]/AlLO4 16.0 2.8
acetone [RuCLL(CioH4)] 24.2 9.2
[RuCLL(C oH4)]/ALLO3 16.9 3.0

Reaction conditions: 10.42 umol [RuCLL(C;oH4)] or 11.08 umol Ru complex heterogenized catalyst, 42.7 umol (C;Hs);N, 396.0 pmol of
substrate, 65 °C, 0.4 MPa H,, t = 1h for homogeneous, 2 h for heterogenized catalyst, 3 mL ethanol.
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Table 2
Hydrogenation of various substrates on soluble and heterogenized [RuCl,L(C;oH4)] in the presence of PPhy

Substrate Catalyst Conversion (%) TOF (h™")
propanal [RuCLL(CoH4)] 99.8 28.2
[RuCLL(C oH4)]/A1,O3 97.8 17.5
trans-cinnamaldehyde [RuCLL(CioH4)] 90.3 25.5
[RuCLL(C,oH4)]/A1,O3 58.4 10.4
allyl alcohol [RuCLL(CoH4)] 98.2 27.7
[RuClLL(CoH4)]/Al,O3 24.0 4.3

Reaction conditions: 10.4 ymol homogeneous, 11.08 yumol Ru complex heterogenized sample, 85.4 umol Et3;N, 51 umol PPhs, 396 umol of

substrate, 65 °C, 0.4 MPa H,.t =

was observed in the absence of PPh;. A more detailed
study is required for the clarification of the role of PPhs
in these hydrogenations, but it seems likely that it
replaces one of the CI™ ligands in [RuCLL(CoH4)],
resulting in the formation of a new catalytic species.

3.3. Hydrogenations in water

Water is an environmentally friendly solvent used
more and more frequently in biphasic catalysis [19, 20].
Based on the results obtained in ethanol as solvent it
seemed interesting to extend our studies into the use of
aqueous media. To this end, the same substrates as
before were hydrogenated in aqueous phosphate buffer
(0.1 M, pH = 6.90). The results are shown in table 3.
To our knowledge, this is the first systematic examina-
tion of the performance of the same N-heterocyclic
carbene complex catalyst, soluble and heterogenized, in
the same reactions both in aqueous and organic sol-
vents.

Table 3 clearly shows, both the homogeneous and the
heterogenized complexes were active in hydrogenation
of C=C and C=0 double bonds in aqueous media. As
a matter of fact, the conversions in almost each case
were higher than found in alcoholic solution. For both
the soluble and the heterogenized catalysts the specific
activities were found considerably higher in aqueous
systems than in ethanol as solvent. Another remarkable
observation is that the heterogenized complex produced

1h for homogeneous, 2 h for heterogenized complex.

similar conversions both in aqueous and in ethanolic
solutions, that is no substantial drop was observed in the
activity. However the specific activity of the heteroge-
nized complex was about the half of those obtained in
homogeneous systems. Nevertheless, it can be con-
cluded, that the heterogenized catalysts, prepared by the
method of Augustine, are suitable for use in aqueous
reaction media, too.

3.4. Catalyst recycling

One of the major advantages of using heterogenized
complexes is the possibility to recycle the catalyst. We
have studied the recovery and reuse of the heterogenized
Ru-NHC complex in the hydrogenation of several sub-
strates, in three subsequent runs; the results can be seen
on figure 2.

It is clearly seen on figure 2 that the heterogenized
Ru-NHC complex catalyzed the hydrogenations in three
subsequent runs in alcohol without any significant
change in activity. In other words our heterogenized
complex is recyclable retaining its original catalytic
properties.

Similar recycling experiments were done also in
water, and the results can be seen on figure 3.

Similar to the case of the ethanolic systems, the
results shown on figure 3, allow the conclusion, that the
heterogenized Ru-NHC complexes retain their catalytic
activity in several cycles in aqueous solvents, too.

Table 3
Hydrogenation of various substrates on soluble and heterogenized [RuClL,L(C;oH4)] in water

substrate catalyst Conversion (%) TOF (h™")
propanal [RuCLL(CoH4)] 100 74.3
[RuCLL(CoH14)]/A1LO4 73.5 26.0
trans-cinnamaldehyde [RuCLL(CioH 4)] 97.7 72.6
[RuCLL(C oH14)]/A1,O4 70.7 25.0
allyl alcohol [RuCLL(CoH 4)] 100 74.3
[RuCLL(C;oH14)]/ALLO4 35.0 12.4
acetophenone [RuCLL(CioH 4)] 50.8 37.8
[RuClLL(C oH4)]/Al,O3 41.7 14.7
acetone [RuCLL(CoH 4)] 83.9 62.3
[RuCLL(C,oH4)]/A1,03 22.3 7.9

Reaction conditions: 14 yumol RuCl,L(CioH4), 14.7 umol Ru complex heterogenized catalyst, 3 mL of phosphate buffer, (0.1 M, pH = 6.90),

1040 umol of substrate, 80 °C, 0.4 MPa H,, t =

1h for homogeneous, 2 h for heterogenized complex.
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Figure 2. The activity of the heterogenized catalyst in the hydrogenation of various substrates in three subsequent runs in ethanol.
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Figure 3. The activity of the heterogenized catalyst in the hydrogenation of various substrates in three subsequent runs in water.

4. Conclusions

A new heterogenized Ru(II)-N-heterocyclic carbene com-
plex catalyst was synthesized, characterized by spectroscopic
methods and applied in the hydrogenation of various C=C
and C=O0O unsaturated substrates. The anchored catalyst
hydrogenated both the C=C and the C=0 double bonds
with reasonable activity — similar to the homogeneous cata-
lyst — both in alcoholic and in aqueous media. Additionally,
the prepared catalyst showed the advantages of the hetero-
geneous system, i.e. easy separation and efficient recycling.
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