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Abstract

The cationic ruthenium(II) complex [(n’-MeCsH4)Ru(n*-PPh,CHCH,)(n'-PPh,CHCH,)[" (1) containing the hemilabile phosphaal-
lyl ligand in two different coordination modes has been immobilized inside the pores of aluminated hexagonal mesoporous silica
HMS(Si/Al = 40) by direct ion exchange method. This material was characterized by X-ray diffraction, thermogravimetric analysis,
FTIR, solid state NMR (¥Si, ?’Al), UV-Vis, and X-ray photoelectron spectroscopies. The textural properties were determined from
nitrogen adsorption at 77 K. (1)/HMS(Si/Al =40) was shown to be active and selective in the catalytic hydrogenation of

phenylacetylene.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

In spite of the superior performance of homogencous
catalysts over heterogeneous catalysts, the majority of
large-scale industrial chemical processes employ heteroge-
neous catalysis. Homogeneous catalysts, frequently orga-
nometallic compounds, offer several advantages including
the high selectivity, high activity, controllability as well as
the detailed molecular insight. Unfortunately, the problems
in separating them from the product(s), recovering and
recycling, create demand for heterogeneous catalysts with
comparable performance. The heterogenization of homog-
enous catalysts has been receiving much attention lately
as a very convenient way of combining the advantages of
the homogenous catalysts with those of heterogeneous
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catalysts. It may be accomplished by immobilization of
transition metal complexes on suitable porous material,
and can lead to a new class of systems whose catalytic
properties are determined by both catalyst and host.

Various attempts toward the immobilization of ruthe-
nium based catalysts have been undertaken previously such
as encapsulation or encaging into porous material [1],
grafting [2], tethering [3], metal dispersion [3], and immobi-
lization in a liquid film formed on a support (SLPC) [4].
Ion exchange method, applicable to supports possessing
exchange sites, seems to be the most useful since it enables
the heterogenization of readily available ruthenium com-
plexes and avoids the tedious and often very difficult task
of ligand modification involved in many previously
described methods.

The present study is focused on: (a) immobilization by
means of ion exchange of the cationic ruthenium(II) com-
plex [(n°-MeCsH4)Ru(n*-PPh,CHCH,)(n'-PPh,CHCH,)]"
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(1) [5] containing hemilabile [6] ligand PPh,CHCH, (diphe-
nylvinylphosphine) onto porous HMS (hexagonal molecu-
lar sieve) [7] support possessing cation exchange properties
due to partial alumination of the silica framework, (b) char-
acterization of the resulting material, and (c) application of
the supported cationic ruthenium(II) complex for the cata-
lytic hydrogenation reaction of phenylacetylene. As shown
on Scheme 1, the cationic ruthenium(II) complex [(n’-
MeC;sH4)Ru(n?*-PPh,CHCH,)(n'-PPh,CHCH,)]" (1) con-
tains two different types of PPh,CHCH, ligands bound to
ruthenium center. One of these functionalities, (13-PPh,-
CHCH),), is substitutionally labile and “opens” while used
in catalytic reaction, providing a coordination site for an
incoming substrate, and the other group, (n'-PPh,CHCH,),
remains firmly bound to ruthenium center. The presence of
such ligands in a complex may induce transformations that
would not otherwise occur. Complexes of hemilabile ligands
are of current interest because of their potential application
in molecular activation, homogeneous catalysis, and small
molecular sensing [8].

The discovery of mesoporous silica materials by the
Mobil group [9] introduced new opportunities for design-
ing organometallic complex/carrier systems and several
reports on the immobilization of Ru based complexes onto
MCM41-type mesoporous solids have appeared recently
[10]. Although HMS materials also belong to the family
of mesoporous silicas, they show important differences
when compared to MCM-41 solids [7b]. In particular, they
are characterized by a lower degree of long range ordering
and a higher textural porosity. Pinnavaia and Tanev [7a]
have indicated the importance of textural porosity in
improving the transport of reagents in the mesostructure
framework which makes HMS materials a better choice
as a potential supports for the catalytically active phase.
Mesoporous silicas can acquire cation exchange properties
by partial substitution of Si** ions with AI** in the frame-
work. It has been demonstrated that in HMS materials
aluminated via direct procedure (Al source addition to
the synthesis gel) cation exchange sites are localized
preferentially on the inner pore walls [7f]. This feature
ensures that an organometallic charge compensating cation
becomes trapped inside the pore system. In our study the
cationic ruthenium(II) complex [(n°-MeCsH4)Ru(n’-
PPh,CHCH,)(n'-PPh,CHCH,)]" (1) is ion exchanged
onto aluminated HMS(Si/Al = 40) and bound to the car-
rier material by means of electrostatic interactions (Fig. 1).
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Scheme 1. Structure of the hexafluorophosphate salt of (1).

Fig. 1. Structural model of (1)/HMS(Si/Al = 40) catalyst.
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Scheme 2. Hydrogenation of phenylacetylene.

The catalytic reaction chosen in this work is the hydro-
genation of phenylacetylene (Scheme 2) to styrene and eth-
ylbenzene with dihydrogen gas in isopropanol solution.
The selective hydrogenation of alkynes to alkenes has fun-
damental importance for the production of fine chemicals
and industrial polymerization processes. Although there
are a few examples of catalytically active homogeneous
Ru-phosphines compounds in the hydrogenation of
PhC=CH (phenylacetylene) [11], there is very little infor-
mation about the application of heterogeneous Ru—phos-
phine/carrier systems in this reaction.

2. Experimental
2.1. Materials

All chemicals used for the synthesis of the hexafluoro-
phosphate salt of (1) were obtained from Sigma-Aldrich
and used as purchased. The hexafluorophosphate salt of
(1) was prepared according to the procedure published else-
where [5]. Al, Si-mesoporous molecular sieves, referred to
as HMS(Si/Al = 40) was obtained using the procedure
described before [7]. The amounts of hexafluorophosphate
salt of (1) and HMS(Si/Al = 40) in mechanical mixture are
identical with those of supported catalyst.

2.2. Characterization procedures

UV-Vis absorbance spectra were recorded from CH,Cl,
solutions or Nujol thin film on a Shimadzu UV 160A
spectrophotometer. The textural properties (surface area,
pore volume) were determined from nitrogen adsorption
at 77 K on AUTOSORB-1 (Qunata-Chrome) apparatus.
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X-ray diffraction patterns were collected on a Siemens
D5005 diffractometer using Cu Ko radiation. Fourier
transform infrared (FTIR) spectra of the samples as KBr
pellets were recorded on Nicolet 380 spectrophotometer.
For thermogravimetric analysis a STA 409 PC Luxx
(Netzsch) thermal analyzer was used. The heating rate
was 10 °C/min, and a-Al,O; was used as reference mate-
rial. The X-ray Photoelectron Spectroscopy (XPS) mea-
surements were performed in the ultrahigh vacuum
(2 x 1077 Pa) system equipped with hemispherical analyzer
(SES R4000, Gammadata Scienta). The unmonochroma-
tized Mg Ka X-ray source of incident energy of 1253.6
eV was applied to generate core excitation. The spectrom-
eter was calibrated according to ISO 15472:2001. The
energy resolution of the system in all experiments, mea-
sured as a full width at half maximum (FWHM) for Ag
3ds, excitation line, was 0.9 eV. The energy step at the sur-
vey spectra was 0.25 eV and the step at the detailed spectra
was 0.025 eV. The spectra were calibrated for C 1s excita-
tion at binding energy of 285.0 eV. The spectra were ana-
lyzed and processed with the use of CasaXPS 2.3.10.
software. The background was approximated by Shirley
algorithm and the detailed spectra were fitted with Voigt
function. The accuracy of the XPS analysis is approxi-
mately 3%. High resolution, solid state Magic-Angle-Spin-
ning Nuclear Magnetic Resonance ( MAS NMR) spectra
were measured on a Tecmag APOLLO pulse NMR spec-
trometer at the magnetic field of 7.05 T generated by the
Magnex superconducting magnet. A Bruker HP-WB
high-speed MAS probe equipped with the 4 mm zirconia
rotor and KEL-F cap was used to record the MAS spectra
at the spinning speeds ranging from 4 to 9 kHz. All NMR
spectra were normalized to the same number of acquisi-
tions and to the same mass of the sample. The solid state
2Si MAS NMR spectra were measured at 59.517 MHz,
using a single 3 ps radio-frequency (rf) pulse, correspond-
ing to n/2 flipping angle. The spinning speed was 4 kHz.
The acquisition delay used in accumulation was 60 s, and
256 scans were acquired. The frequency scale in ppm was
referenced to the *°Si resonance of tetramethylsilane
(TMS). The solid state *’A1 MAS NMR spectra were mea-
sured at 78.066 MHz, using a single 2 us rf pulse, corre-
sponding to /6 flipping angle. The spinning speed was
9 kHz. The acquisition delay used in accumulation was
1's, and 2000 scans were acquired. The frequency scale in
ppm was referenced to the *’Al resonance of 1 M sample
of Al(NOj3);. A gas chromatograph (Clarus 500, Perkin
Elmer) with He as carrier gas (flow rate 1 ml/min) equipped
with a capillary column Elite SMS (0.25 pm x 0.25 mm X
30 m) and a flame ionization detector (FID) was used for
analyzing the reaction mixture after catalysis. The identifi-
cation of the hydrogenation products was achieved with a
gas chromatograph coupled to a mass spectrometer (Perkin
Elmer Auto System XL) equipped with PE-5MS column
(0.25 pm x 0.25 mm x 30 m). The injector temperature
was 200 °C and the heating rate 10 °C/min from 60 °C to
200 °C.

2.3. Immobilization of the cationic ruthenium(II) complex
(1) onto HMS(SilAl =40)

The cationic ruthenium(II) complex (1) was incorpo-
rated into HMS(Si/Al =40) by means of direct ion
exchange method. A 100-ml, three-neck round bottom
flask was charged with the hexafluorophosphate salt of
(1) (0.075 g), methanol (40 ml), and the whole was heated
under reflux. When all of the hexafluorophosphate salt of
(1) had dissolved (yellow solution), HMS(Si/Al = 40)
(0.9 g) as a white powder was added. The heterogencous
mixture was vigorously stirred at 55 °C for 24 h. The result-
ing yellow solid was separated by filtration and washed
with warm methanol several times. After being dried in
vacuum oven (70 °C), the supported catalyst was Soxhlet
extracted with CH,Cl, for 98 h in order to remove unre-
acted salt of (1). The amount of the adsorbed cationic
ruthenium(Il) complex (1) was determined by UV-Vis
spectroscopy as a difference between quantity of (1) - PFg
taken for the exchange and that remaining in the solution
after filtering, washing and extraction. The content of (1)
was estimated as 5.9 wt%.

2.4. Hydrogenation experiments

Hydrogenation experiments were carried out in an agi-
tated batch glass reactor at constant atmospheric pressure
of hydrogen (1 atm) with 2-propanol as the solvent. The
following operating conditions were applied: temperature
40 °C, catalyst concentration 0.37 g/10 cm®, initial phenyl-
acetylene concentration (140 x 10> mol/dm?). Before the
hydrogenation experiment (in a typical procedure) the cat-
alyst wetted with the solvent was activated in situ — inside
the reactor by passing gaseous hydrogen through the reac-
tor for 30 min, 15 min at 20 °C and 15 min at the tempera-
ture of reaction (40 °C in the standard procedure). Then,
phenylacetylene solution was introduced and the hydroge-
nation reaction was started. Samples of liquids were with-
drawn from the reactor via a sampling tube at
appropriate intervals of time and they were analyzed by
gas chromatography. The content of phenylacetylene, sty-
rene and ethylbenzene formed in the hydrogenation was
determined using standard compounds. At the end of a
run the catalyst was separated by filtration.

3. Results and discussion

During the process of immobilization the surface reac-
tivity of support can influence the geometry and electronic
properties of metal in heterogenized organometallic com-
pound. Moreover, the bonding character between metal
and ligand(s) can be affected during the heterogenization
process. We used many characterization techniques such
as sorption studies, X-ray powder diffraction (XRD), ther-
mogravimetric methods, Fourier transform infrared
(FTIR) spectroscopy, X-ray photoelectron spectroscopy
(XPS), UV-Vis spectroscopy, and solid-state NMR
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spectroscopy in order to characterize the structures of
organometallic ruthenium species and the carrier material
HMS(Si/Al = 40) in heterogenized material. It was inter-
esting to find out whether their structures remained intact
or were changed upon immobilization process.

3.1. Sorption studies

Nitrogen adsorption isotherms of carrier material,
HMS(Si/Al = 40), and of the support subjected to exchange
with cationic ruthenium(IT) complex, (1)/HMS(Si/Al = 40),
are shown in Fig. 2. The data on the specific surface area
and the pore volume are presented in Table 1. The DFT sur-
face area was found to decrease from 647 m?/g in the initial
HMS(Si/Al = 40) to 407 m*/g upon modification. More-
over the observed reduction in pore volume from
0.269 cm?/g to 0.186 cm®/g (Table 1) suggests that the cat-
ionic ruthenium(Il) complex (1) is introduced inside the
channels of the HMS(Si/Al = 40) support.

3.2. XRD

Fig. 3 shows the XRD patterns for the parent calcinated
HMS(Si/Al = 40), the hexafluorophosphate salt of (1),
mechanical mixture of hexafluorophosphate salt of (1)
and the carrier material (1) - PF¢ + HMS(Si/Al = 40) (rela-
tive content as in the supported catalyst), and supported
catalyst (1)/HMS(Si/Al = 40). The XRD diffraction pat-
tern of the carrier material shows a very intense peak at
20 = 3° assigned to (100) reflection of the hexagonal mes-
ostructure, and an additional broad, less intense signal
within the 20 region of 15-33° corresponding to amor-
phous silica. The XRD pattern for the physical mixture
shows some peaks other than that of porous material
HMS(Si/Al = 40), and they can be identified as those of
the hexafluorophosphate salt of (1). On the other hand,
the XRD pattern of supported catalyst is identical with
that of parent material what proves that the structure of
HMS(Si/Al = 40) is retained upon immobilization of (1).

180
160
140
120
100

—e— HMS(Si/Al=40)

Volume [em?/g]

—&— (1)/HMS(Si/A1=40)

T T
0 0.2 0.4 0.6 0.8 1
Relative pressure p/p,

Fig. 2. N, adsorption/desorption isotherms of HMS(Si/Al = 40) and (1)/
HMS(Si/Al = 40).

Table 1
Comparison of textural properties

Compound Surface area® (m*/g) Pore volume® (cm*/g)
HMS(Si/Al = 40) 647 0.269
(1/HMS(Si/Al =40) 407 0.186

# Calculated according to NLDFT Method.

3.3. Thermogravimetric studies

Thermogravimetric (TG) and differential thermogravi-
metric (DTG) analyses have been used to characterize ther-
mal stability of ruthenium immobilized species (Fig. 4).
Both analyzed samples, i.e. carrier material HMS(Si/
Al=40), and supported catalyst (1)/HMS(Si/Al = 40)
show the weight loss at 80 °C that is attributed to the
release of adsorbed water [7]. The further mass loss at
390 °C, observed only for HMS(Si/Al = 40) containing
the immobilized cationic ruthenium(II) complex, is due to
the decomposition and combustion of the organometallic
component.

3.4. UV=Vis spectroscopy

The spectrum of the hexafluorophosphate salt of (1) dis-
solved in dichloromethane is dominated by a strong
absorption with A, =233 nm, presumably due to the
intraligand n—n" transitions (Fig. 5a) [12]. The sample
obtained by cation exchange of hexafluorophosphate salt
of (1) with HMS(Si/Al = 40) support shows a UV-Vis
band with the same A,,,,, which confirms that immobiliza-
tion of the cationic ruthenium(II) complex (1) does occur
(Fig. 5b). Small differences in the local environment of
the deposited organometallic species are the most likely
reason for the observed band broadening.

3.5. FTIR spectroscopy

Fourier transform IR spectra of the hexafluorophos-
phate salt of (1), carrier material HMS(Si/Al = 40),
mechanical mixture of the hexafluorophosphate salt of
(1) and the carrier material (1) - PF¢ + HMS(Si/Al = 40)
(relative content as in the supported catalyst), and
supported catalyst (1)/HMS(Si/Al =40), are shown in
Fig. 6. In the IR spectrum of the hexafluorophosphate salt
of (1) a strong band at 840 cm ™! for v(P-F) in PFg counter-
ion can clearly be seen. Although this band becomes very
weak in the mechanical mixture it is still observed, thus
showing that the structure of hexafluorophosphate salt of
(1) is retained. On the other hand, this band completely dis-
appears under immobilization procedure. This clearly
proves that heterogenization of the hexafluorophosphate
salt of (1) involves ion exchange mechanism, in which
PFg anions are left behind and only [(n°-MeCsH,)Ru-
(n*-PPh,CHCH,)(n'-PPh,CHCH,)]" cations are retained
by the support.
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Fig. 3. XRD profiles of HMS(Si/Al =40), (1) - PF, (1) - PFs + HMS(Si/Al =40) and its expansion in the region between 5 and 20 26, (1)/HMS

(Si/Al = 40) and its expansion in the region between 5 and 20 20.

3.6. X-ray photoelectron spectroscopy

There is very little information regarding reliable refer-
ence values of binding energies (BE) for ruthenium com-
pounds [13]. Moreover the value of BE is very sensitive
to changes in the nearest environment (e.g. types of
ligands) and even commercially available Ru complexes
are the mixtures of different species [13b]. In this work
we studied Ru 3ds/, level because of the overlapping of
more intensive 3d;/, level with the C 1s peak. The binding
energies [eV] and the contributions [%] of the deconvoluted
Ru 3ds/; level components of the hexafluorophosphate salt
of (1) and supported system (1)/HMS(Si/Al = 40) are pre-
sented in Table 2. The hexafluorophosphate salt of (1)
exhibits three different Ru states at binding energies of
280.1 eV (12.3%), 281.7eV (65.7%) and 283.4eV (22%).
In the case of supported catalyst two different Ru states
are observed, major one at 281.7 (62.7%) and minor at
283.4 (37.3%) eV. These results indicate that the nature of
ruthenium species do not change upon heterogenization

since the values of BE of major components remain
unchanged. The relative intensities of the component at
281.7 eV and that at 283.4 eV indicate that the former cor-
responds to the exo and the latter to the endo isomer of
complex (1) - PF4, whose content in the starting compound
was determined by *'P{"H} NMR spectroscopy. The signal
at 280.1 eV is most likely due to the presence of neutral
[(n>-MeCsH,),Ru] in the starting material. The binding
energies of analogous ruthenocenes [(n’-CsHs)>Ru] and
[(m°-MesCs),Ru] were established as 280.7e¢V and
279.0 eV, respectively [13a]. As expected, this neutral spe-
cies does not undergo ionic exchange and is absent in the
spectrum of immobilized complex.

3.7. NMR spectroscopy

In order to find out whether the structure of the carrier
material HMS(Si/Al = 40) is affected by the immobiliza-
tion, we recorded *Si- and ?’Al MAS NMR spectra (Figs.
7 and 8, respectively). The 2°Si spectrum of pure carrier
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Fig. 4. Thermogravimetric analysis (TG) (top) and differential thermo-
gravimetric analysis (DTG) (bottom) of HMS(Si/Al =40), and (1)/
HMS(Si/Al = 40).

HMS(Si/Al = 40) shows an absorption whose major com-
ponents appear at —110 ppm and —100 ppm (Fig. 7). The
former can be attributed to Q4 sites constituting of Si(OSi)4
tetrahedra, the latter to Qs structural units of Si(OSi);(OH)
and Si(OSi)3(OAl) type [14]. Additionally, a slight down-
field broadening of the spectrum points to a small contribu-
tion from resonance around —90 ppm, characteristic of Q,
sites such as Si(OSi),(OH),, Si(OSi),(OAl), and/or Si-
(OSi)»(OH)(OAl) units. The *Si spectrum of HMS(Si/
Al = 40) containing the immobilized cationic ruthenium(II)
complex is very similar to that of a pure support, the only
minor difference consisting in a slightly larger relative con-
tribution of the Q3 line. This may be taken as an indication
that, while essentially the bulk of the solid remains intact, a
certain degree of hydrolysis of surface Si—O bonds occurs
during the exchange carried out in the aqueous medium.
27A1 MAS NMR spectrum of the HMS(Si/Al = 40) mate-
rial (Fig. 8) exhibits two resonance lines. Signal at 50
ppm can be assigned to tetrahedral aluminum species
substituting for silicon in the mesoporous lattice. The peak
at 0 ppm is due to extra framework six-coordinated alumi-
num sites. The narrow linewidth of this signal suggests that
the responsible species possess some degree of rotational
freedom, hence it is likely that the line is due chiefly to

Arbitrary units

200 800
Wavelength [nm]

Fig. 5. The UV-Vis spectra of (a) (1) - PFg in CH,Cl, solution, (b) (1)/
HMS(Si/Al = 40) before catalysis, and (c) (1)/HMS(Si/Al = 40) after
catalysis.

(1)*PF,

( 1)*PF+HMS(Si/Al=40)

%

900 850 800 750

Wavenumber [cm™!]

Fig. 6. FTIR spectra of (1)-PFq, (1)- PFg-+ HMS(Si/Al =40), (1)/
HMS(Si/Al = 40) and HMS(Si/Al = 40) in 750-900 cm ™' region.

hydrated AI*" cations. The spectrum of (1)/HMS(Si/Al =
40) sample shows that immobilization does not affect the
signal of tetrahedral Al species, but the narrow signal at
0 ppm disappears. Apparently, the hydrated AI’* com-
plexes take part in cationic exchange and are removed
from the sample during immobilization procedure. Indeed,
in the sample subjected to cationic exchange the Si/Al
ratio increases to 43. Additional confirmation comes from
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Table 2
Binding energies (BE) and the contributions (%) of individual Ru 3ds/,
level components

Sample BE (eV) Contributions (%)
(1) - PFg 280.1 12.3

281.7 65.7

283.4 22.0
(1)/HMS(Si/Al = 40) 281.7 62.7

283.4 373

HMS(Si/Al=40)

(1)/HMS(Si/A1=40)

ppm

Fig. 7. ?Si MAS NMR spectra of HMS(Si/Al =40) (top), and (1)/
HMS(Si/Al = 40) (bottom).

experiment in which the HMS(Si/Al = 40) support under-
goes a similar treatment as during exchange procedure
but in the solution free of hexafluorophosphate salt of
(1). In the material treated this way the narrow signal at
0 ppm remains unchanged.

3.8. Catalytic activity

(1)/HMS(Si/Al = 40) was tested in the catalytic hydro-
genation of phenylacetylene (Scheme 2). Literature data
showed that phosphine-ruthenium complexes used in
homogeneous systems were found to be catalytically active
in this reaction [11]. For most complexes, this activity was
observed under high pressure of hydrogen (30-80 atm)
and/or high temperature (up to 90 °C), and/or required
longer reaction time (15-24 h). Only two Ru-phosphine
complexes, [Ru(y'-OCMe,)(CO),(PPr),]BF, [lle] and
[(PP3)Ru(H)(H,)]BPhy [11f] (PPs=P(CH,CH,PPh,)3) were
active catalysts in the hydrogenation of phenylacetylene

HMS(Si/Al=40)

150 100 50 0 -50 -100
ppm

(1)/HMS(Si/Al=40)

150 100 50 0 -50 -100
ppm

Fig. 8. ??Al MAS NMR spectra of HMS(Si/Al =40) (top), and (1)/
HMS(Si/Al = 40) (bottom).

under mild conditions. However, in both cases the catalytic
set up required the use of Schlenk line technique, in order
to ensure oxygen-free and moisture-free atmosphere. The
phosphaallyl complex (1) - PFs used in the present work
is air-stable both in the solid state and in a solution.

The supported catalyst (1)/HMS(Si/Al = 40) containing
5.9 wt% of cationic ruthenium(II) complex (1) exhibited
catalytic activity under mild condition: temperature 40 °C
and H, pressure of 1 atm. GC-MS analysis showed that
styrene and ethylbenzene were the only products formed
in these conditions. The change of reagents content against
reaction time in the presence of (1)/HMS(Si/Al = 40) is
reported in Fig. 9. The major reaction pathway is the
hydrogenation of the triple bond of phenylacetylene to
yield styrene. The consecutive hydrogenation of styrene
to ethylbenzene occurs as well, but due to its relatively
low contribution, the selectivity to styrene as high as
86.5% is attained at 90% of phenylacetylene conversion.
The activity of the supported catalyst, calculated as the ini-
tial rate of phenylacetylene conversion per 1 g of immobi-
lized ruthenium species [Molppac g;;t minfl], is equal to
5.5 x 107, Comparison of these values with the appropri-
ate data for the hexafluorophosphate salt of (1) (Table 3)
shows that the activity of the heterogenized system, is by
1/3 lower than that of the homogeneous catalyst. A possi-
ble explanation of this effect maybe a limited accessibility
of some of the encapsulated cationic ruthenium(Il) com-
plexes, resulting in a lower turnover frequency of catalytic
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Fig. 9. Hydrogenation of phenylacetylene in the presence of 5.9 wt% (1)/
HMS(Si/Al = 40).

Table 3

Catalytic activity (expressed as the initial rate of phenylacetylene
conversion per 1 g of complex (1) - PF¢ and selectivity to styrene at 90%
phenylacetylene conversion in the conditions of homogeneous and
heterogeneous catalysis)

Catalyst Activity rate of Selectivity to ST
phenylacetylene calculated at 90%
hydrogenation phenylacetylene
(mOlppae min ! goohy) conversion (%)

(1) - PFs

homogeneous 83 x 1074 86.9

(1)/HMS(Si/Al = 40)

heterogeneous 55x%x 1074 86.5

sites buried deep within the mesopore system. Immobiliza-
tion has no adverse influence on the selectivity to styrene,
which is equally high in both systems. Recent studies
showed [15] that the decrease of catalytic activity of heter-
ogenized catalysts compared to homogeneous catalysts is
likely due to the change in the catalyst surface area avail-
able for the catalytic reaction. This possibility implies that
the catalytically active zone is limited to the area near the
pore mouth, where an efficient transport of substrates
and products in and out of the pore may take place. In such
a case for pores not differing significantly in size, the cata-
Iytic activity would depend primarily on the surface density
of catalytic species. On the other hand, for the samples dif-
fering in the pore size the greater catalytic activity is
observed for catalyst immobilized on supports with bigger
pore sizes. The increased pore size allows for a larger frac-
tion of the catalyst surface to participate in the catalytic
reaction.

In order to check whether the reaction catalyzed by (1)/
HMS(Si/Al = 40) is of truly heterogeneous nature, the reac-
tion medium was analyzed for the presence of leached metal
complex. The UV-Vis spectrum of solution separated from
supported catalyst after the completion of hydrogenation
showed no presence of absorption at A, = 233 nm, char-
acteristic of the hexafluorophosphate salt of (1), thus prov-

ing that the immobilized ruthenium species remain
anchored at the support. On the other hand, the UV-Vis
spectra of the catalyst before and after hydrogenation reac-
tion (see Figs. 5b and c, respectively) are identical, which
shows that the immobilized cationic complex (1) not only
stay bound to the carrier but also retain their electronic
structure under the reaction conditions, a factor important
from the point of view of a potential application.

Recently, Tschan et al. [11d] reported that a ruthenium
dinuclear complex, when used as a homogeneous catalyst
in the hydrogenation of phenylacetylene, underwent reac-
tion with the substrate to give a new organometallic complex
containing a styrenyl ligand. In view of the fact that earlier
studies of the phosphaallyl [(n°-MeCsH4)Ru(n*-PPh,CH-
CH,)(n'-PPh,CHCH,)]PF¢ have shown that the compound
may react with phenylacetylene to form a carbonyl com-
pound [(m°>-MeCsH4)Ru(PPh,CHCH,),(CO)JPF, [5], we
have decided to check whether such a complex was formed
in the conditions of homogeneous hydrogenation of phenyl-
acetylene. For this purpose the homogeneous catalyst was
recovered after the reaction and subjected to IR analysis.
Its spectrum was identical with that of complex [(n’-
MeCsH,)Ru(n’*-PPh,CHCH,)(n'-PPh,CHCH,)PF,. In
particular, no band at 1983 cm™!, characteristic for vco of
the carbonyl compound [5], appeared in the recovered mate-
rial, which excludes the formation of carbonyl complex dur-
ing catalytic reaction.

We would like to emphasize that the catalytic data pre-
sented in this paper are preliminary and the reaction condi-
tions are not optimized. The experiments are under
progress to find the correlation between the loading of cat-
alytic active ruthenium species and catalytic activity of (1)/
carrier system in the phenylacetylene hydrogenation.

4. Conclusions

Heterogenized catalyst was obtained by immobilization
of cationic ruthenium(II) complex [(n’-MeCsH,)Ru(n’-
PPh,CHCH,)(n'-PPh,CHCH,)]" (1) onto aluminated hexa-
gonal mesoporous silica HMS(Si/Al = 40) by direct ion
exchange method. Physicochemical characterization con-
firms that the ruthenium(II) cations are trapped by the sup-
port, and that the immobilized complex retains its essential
characteristics. The catalytic test of phenylacetylene hydro-
genation shows that the activity of the supported catalyst
represents ca. 2/3 of that observed for the homogeneous
catalyst, with the selectivity to styrene remaining at the
same, very high level (87% at 90% phenylacetylene conver-
sion). The lower activity of supported catalyst compared to
that of the hexafluorophosphate salt of (1) is tentatively
assigned to limited accessibility of some of the active ruthe-
nium(II) sites localized within the mesopore system. Sup-
ported catalyst (1)/HMS(Si/Al=40) is stable under
catalytic conditions and shows no leaching into the reac-
tion medium, which renders the material ready for recy-
cling and reuse.
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