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Pentamethylcyclopentadienylrhodium(l)
Complexes Incorporated into Porous
Polysiloxanes Prepared by a Sol-gel Process:
Catalysts for Hydrogenation of Crotonic Acid

in Water
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Pentamethylcyclopentadiene-functionalized
polysiloxanes were prepared by a sol-gel pro-
cess from tetraethoxysilane and (pentamethyl-
cyclopentadienylmethyl)methyldiethoxysilane
without a catalyst. The polysiloxanes are micro-
porous—mesoporous solids, of which the BET
surface areas and micropore volumes are
inversely proportional to the concentration of
the functionalizing agent (5—-21 mol%) in the
starting mixture of alkoxysilanes. The polysilox-
anes were also characterized by CP MAS>C
NMR spectroscopy, revealing essentially the
same structure of organofunctional ligand as
that in particulate materials with low surface
areas prepared earlier in a sol-gel process
catalyzed by dibutyltin diacetate. Novel alkoxy-
silyl-substituted  pentamethylcyclopentadienyl
(1,5-cyclo-octadiene)rhodium(l) complexes were
synthesized from the corresponding cyclopenta-
dienes by deprotonation followed by reaction
with [(cod)RhCI], (cod = cyclo-octadiene). Poly-
siloxane-bound rhodium complexes were pre-
pared by a sol-gel reaction analogous to the one
mentioned above and were found to catalyze the
hydrogenation of crotonic acid in water; to the
best of our knowledge, this constitutes the first
example of catalysis by a well-defined polysilox-
ane-bound transition metal complex in an
agueous system. Copyright®) 2000 John Wiley
& Sons, Ltd.
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INTRODUCTION

Organofunctional ligands and transition-metal
complexes heterogenized by formation of a cova-
lent bond to polysiloxanes prepared by a sol—gel
method, and the use of such materials in catalysis,
have attracted considerable interest recehfiyhe
usefulness of this approach to heterogenization of
molecularly well-defined transition-metal catalysts
was demonstrated in syntheses of polysiloxane-
bound phosphine$? ether phosphings® and an
aminophosphiné. Hydrogenatiof®® and N,N-di-
methylformamide syntheéid® were carried out
under catalysis by these materials, in the latter case
with turnover numbers exceeding 100 000. Poly-
siloxane-bound cyclopentadienylmetal complexes
made by the sol-gel method were reported only in
one case of a polysiloxane-bound ferrocéhe,
despite the great importance of cyclopentadienyl
metal complexes in organometallic chemisthyt
the same time polysiloxane-bound cyclopentadie-
nyls® and their utilization for surface-supported
titanium hydrogenation catalyfs have been
reported.

Sol-gel-entrapped hydrophilic ruthenium-, rho-
dium-, and iridium-phosphine complexes were
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catalysis in aqueous (usually biphasic) systems is
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currently a fast developingbranch of catalytic
research® 9 thereforeit seemedf interestto us

to study the sol—gel preparationand catalytic
propertiesof a polysiloxane-boundayclopentadie-
nylmetal complexin water. The rhodium(l) com-

plex was chosenbecauseof the simplicity of its

preparatiorand known catalytic activity in hydro-

genation. Hydrogenation of water-soluble com-

poundsin an aqueoussystemcan be usedas a

modelreactionfor biological systems?2

EXPERIMENTAL

Materials and methods

All  the manipulationswere carried out in an
atmospheref dry argonor nitrogen,exceptwhen
stated. The benzene,hexaneand THF used in
synthesisof rhodium complexeswere dried by
standardprocedures.Tetraethoxysilaneg(Aldrich)
and methanol(Lachema)were used as received.
[(cod)RhCIL?? and tetramethylcyclopentadigi
methylalkoxysilaneg(mixtures of two isomersj*
were preparedaccordingto reportedprocedures.

Solution NMR spectrawere takenon a Varian
Unity 200 spectrometer at 200.1, 50.3 and
39.7MHz for *H, *3C and?°si, respecnvely

The CP MAS solid-state**C NMR spectravere
recordedon a Bruker DSX 200 spectrometeusing
double-bearing7 mm bore ZrO, rotors with a
Teflon cap.Spinningspeedn all experimentsvas

Copyright© 2000JohnWiley & Sons,Ltd.

4500Hz, contacttime 4 ms andrecycledelay6s.

3C NMR spectrawere externally referencedto
glycine (176.03ppm). Specificsurfaceareay SzeT)

and volumes of micropores(Vmicro) Were deter-
minedfrom nitrogenphysisorptionat 77K usinga
Micromeritics ASAP 2010M instrument. Before
measurementswere made, the samples were
degassedo 0.1 Paat 378K.

Chromatographic analyses of hydrogenation
products were carried out using an HP 1090M
instrumenton a 250mm x 8 mm stainlesssteel
column (Nucleosil C18 7 pm  particles) with
methanol(0.6ml min—*) asthe mobile phaseand
crotonic acid, butyric acid, butyraldehyde and
crotyl alcohol(all Aldrich) asstandards.

Sol-gel preparation of
pentamethylcyclopentadiene-
functionalized polysiloxanes

The preparationwas carried out in air. Distilled
water (1.6ml), methanol (2.3ml) and Si(OEt),
(2.5ml) were stirred for 4h, then left to stand
overnightat ambienttemperature The calculated
amountof [(tetramethylcyclopentadigtymethyl]-
methyldiethoxysilane)was added with stirring,
which was continued until the mixture reached
gelationpoint. The gel wasleft to standovernight,
thendriedat40 °Cto constantveight. Theresulting
material was crushedand dried at 80°C for 5h,
thenthe specificsurfaceareawas measured.

Synthesis of functionalized
rhodium complexes 1 and 2
(Scheme 1)

[(Tetramethylcyclopentadienyt)ethyl]triethoxysi-
lane (1.5g, 5mmol) was dissolved in 15ml
benzenein a Schlenk tube and 0.4g (0.1mol)
potassium metal was added. The mixture was
stirredfor 5h at 55°C. The very viscoussolution
was filtered, and on standing overnight a white
precipitate separatedrom the solution. The pre-
cipitatewasfilteredanddriedin vacuq giving 1.3g
(76%) of an air-sensitivewhite powder.

The compoundwasdissolvedin 20ml THF and
thesolutionwasaddeddropwise(overthe courseof
about 20min) to a suspensionof [(cod)RhCIL
(0.95¢g, 1.9mmol) in 10ml THF. The mixture was
stirred for 5h, during which time it turned red—
brown anda fine precipitateseparatedAfter three
daysof standingthe precipitatewasfiltered off, the
solventevaporatedndthe productdriedin vacug
yielding 1.7g (87%) of a red-brownoil 1. #°Si

Appl. OrganometalChem.14, 164-169(2000)



166

J.CERMAK, M. KVi CALOVA AND V. BLECHTA

NMR (CDCl): §=—51.9ppm (®3Jgn_si= 1.1Hz);
1HNMR (CDCly): § =1.17(t, J = 7.0Hz, 9H), 1.65
(s,2H),1.75(s,6H), 1.8(s,6H), 1.89(m, 4H), 2.12
(b, 4H), 2.85(b, 4H), 3.75ppm(q, J = 7.0Hz, 6H);
13C{*H} NMR (CDCly): 6 =8.49(s, SiCH,), 9.50
(s,CHg), 9.82(s,CHy), 18.16(s, OCH,CH), 32.72
(s, CH,), 58.40 (s, OCH,), 70.27 (d, “Jrnc
=14.2Hz, CH=), 95.43 (d, >C=, Jrn-c
=4.4Hz), 95.73 (d, >C=, Jgrn.c=4.4Hz),
96.64ppm (d, > C=, *Jgn_c=3.9H2).
Thesameprocedurevasusedfor thesynthesiof
rhodium complex 2 (yield 69%). The starting
potassiumsalt was preparedin hexanein 57%
yield, sincefiltration of the supersaturateddenzene
solution was not possiblein this case.For 2, 2°Si
NMR: § = —9.50ppm ((Jrp_si= 0.9Hz); *H NMR
(CDCly): §=0.14(s, 3H), 1.19(t, J= 7.0Hz, 6H),
1.65(s, 2H), 1.76 (s, 6H), 1.78(s, 6H), 1.82-1.95
(m, 4H), 2.05-2.2(m, 4H), 2.85(b, 4H), 3.72ppm
(q, J=7.0Hz, 4H); 2C{*H} NMR (CDCly):
6=-4.81 (s, SiCHg), 9.45 (s, CHg), 9.91 (s,
CHz), 11.82 (s, SiCH,), 18.25 (s, OCH,CHs),
32.65(s, CH,), 58.03(s, OCH,), 70.30(d, “Jrn_c
=14.2Hz, CH=), 95.04 (d, >C=, %Jrnc
=3.9Hz), 9571 (d, >C=, Yrnc=4.4Hz),
97.34ppm(d, > C=, *Jrn_c=3.9Hz).

Sol-gel preparation of polysiloxane-
bound complexes

The mixture of distilled water (7.3ml), methanol
(20.5ml) andSi(OEt) (11.5ml) wasstirredfor 4 h
and then left to stand overnight at ambient
temperature. A solution of the functionalized
rhodiumcomplex1 (1.4g) in 1.9ml of THF was
addedwith stirring from a Schlenktubewhich was
subsequentlyinsedwith another0.6 ml portion of
THF and the rinsing addedto the mixture. The
mixture was stirred until it reachedgelation point
andthenleft to standovernight.The gel wasdried
undera moderatestreamof nitrogenat 45-55°C to
constantweight. The resultingpolysiloxane-bound
complex3 (Schemel) wasquickly groundto afine
powder in air and stored under nitrogen (yield
3.79g). Complex4 (Schemel) waspreparedoy the
sameprocedurerom 18.3ml of Si(OEt), and2.1g
of 2 (yield 5.29).

Beforethe hydrogenatiorof crotonicacid, both
polysiloxane-boundcomplexes were repeatedly
extractedwith anaqueousolutionof crotonicacid
of the sameconcentratiorasthatto be usedin the
hydrogenatiorexperimentg0.25m) at 60 °C until
leachingof rhodiumin anyonerun waslower than
3% of the original content.During this procedure

Copyright© 2000JohnWiley & Sons,Ltd.

the rhodium content of the polysiloxane-bound
complexesdecreasedonsiderably.The materials
werethenwashedhoroughlywith wateranddried

in vacuum. (The leachateswere not catalytically

active.)

Hydrogenation experiments

The polysiloxane-boud rhodium catalyst was
placedin the flask of a hydrogenatiorapparat
kept at 60°C, and the argon atmospherewas
replaced by hydrogen. Then 12ml of water
containing 3mmol of crotonic acid was added
slowly and the mixture was stirred vigorously.
Consumptiorof hydrogengasstartedmmediately.
Completeconversiorwasreachedn everycaseas
indicatedby hydrogenconsumptionThe solutions
obtainedby filtration of the reactionmixtureswere
analyzedby reverse-phaselPLC. Turnovernum-
ber (TON) and frequency data (TOF) were
calculatedfrom the valuesof hydrogenconsump-
tion andtime on reachingl00%conversion.

RESULTS AND DISCUSSION

Preparation of
pentamethylcyclopentadiene-
functionalized polysiloxanes

Acid or basecatalysisis usually employedin the
sol—gelpreparatiorof silica-like materialsto speed
up the processof alkoxysilane hydrolysis and
condensatiod? However, in order to adapt the
conditions of a sol-gel processto the planned
incorporationof an acid-andair-sensitiverhodium
complex, new protocol had to be devised. It
consistedof a simple prehydrolysisof tetraeth-
oxysilanein methanol(without any catalyst)in an
inert atmospherefollowed by the addition of an
organofunctionalkoxysilane Forcomparisonthe
protocol was first tested on the synthesis of
pentamethylcyclopentiene-functionalized poly-
siloxanes,since those materials were previously
prepared by a sol-gel reaction catalyzed by
dibutyltin diacetate®* Polymeric gels obtained
Withoutacatalystgave(afterdrging)functionalized
polysiloxanesThe CP MAS *°C NMR spectraof
thesepolysiloxanegFig. 1) confirmedthe presence
of the pentamethylcyclopentikenerings. In con-
trast to polysiloxanes preparedby the sol—gel
method with catalysis by dibutyltin diacetate’
the new materialswere porouswith surfaceareas

Appl. OrganometalChem.14, 164-169(2000)
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Figure 1 CP MAS *C NMR spectrumof a Cp*-containing
polysiloxane (Sser = 402m? g2, 8mol% of [(tetramethylcy-
clopentadienyl)methyljmétyldiethoxysilane).

dependingn theamountof alkoxysilyl-substituted
pentamethylcyclopentadie.

Control of the surface area

It was found (Fig. 2) that the surfaceareasSger
of the—pentamethylcycloperdgene-functionalized
polysiloxaneswere in the range 135-465m? g2,
and were inversely proportionalto the amountof
functionalizing agent(5-21mol%) in the starting
mixture of alkoxysilanes. Our results are in
agreementwith the earlier resultsof Schubertet
al.! obtainedwith sol-gelsystemswith catalysisby
phosphoricacid, and show that the inverse de-
pendencef the specificsurfaceareaof functiona-
lized gels on the amount of organofunctional
alkoxysilaneis a generalfeature independentof
the presenceof the catalystof a sol-gel process.
The polysiloxanesare microporous—mesopous
solids with the adsorptionisotherm (e.g. Fig. 3)
betweentypes| and IV accordingto the IUPAC
nomenclature. The pore-size distribution was
determinedby the Barret, Joyner and Halenda
(BJH) method (Fig. 4). Since it is known that
measuremenbf Szt of such materials by the
standargroceduraes influencedby condensatioof
liquid in micropores?® we havealsodeterminedhe
volumeof microporesrom at-plot.2° It wasfound

Copyright© 2000JohnWiley & Sons,Ltd.
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Figure 2 Dependenceof specific surface area (Sget) of
pentamethylcyclopgtadiene-functionalizedpolysiloxanes on
the amount of [(tetramethylcyclopentadienyl)methyllmethyl-
diethoxysilaneYTMCPDES)in the sol-gelmixture.

that the volume of micropores was inversely
proportionalto the amountof the functionalizing
agent (Fig. 5). Thereforelow amountsof func-
tionalizing agentlead to also a higher volume of
microporespesidesa higher Sse.

Synthesis and characterization of
alkoxysilyl-substituted rhodium
complexes

Alkoxysilyl-substituted rhodium(l) complexes
wereprepareddy the reactionof the potassiunsalt
of the correspondinglkoxysilyl-substitutecdoenta-
methylcyclopentadien&ith chloro(1,5-cyclo-octa-
diene)rhodium dimer in THF at ambient
temperaturdSchemel). The products,jn theform
of red—-brownmoderatelyair-sensitiveoils, were
characterizecby *H, *3C and ?°Si NMR spectro-
scopy.Although the complexescould be prepared
in higher yield in a one-pot reaction from the
alkoxysilyl-substituted  pentamethylcyclopenta-
dieneswithout the isolation of the potassiunsalt,
preparationof analytically pure productsrequired
useof the intermediatein a strictly stoichiometric
ratio.

Incorporation of alkoxysilyl-
substituted rhodium complexes into
polysiloxanes

The complexeswerethenincludedascomponents
in the sol-gelpreparationf polysiloxanesunder
the sameconditionsasthoseusedfor the synthesis

Appl. OrganometalChem.14, 164-169(2000)
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Figure 3 Adsorption isotherm of pentamethylcyclopenta-
diene-functionalizecholysiloxanewith Sser=465m?g = O,
adsorption;@, desorptionx = p/py.

of pentamethylcyclopgtadiene-functionalized
polysiloxanes.The amountof alkoxysilyl-substi-
tuted rhodium complex used is a compromise
betweenhigh surfaceareaandlow metal loading.
Since the solubility of the complexesin small
amountsof methanolwaslow, THF was addedto
dissolvethe complexedeforemixing with the pre-
hydrolyzed sol—-gel mixture. After drying, the
productswerebrown, easily pulverizablematerials
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Figure 4 BJHdesorptiomporedistributionof pentamethylcy-
clopentadiene-functionalizegolysiloxanewith Sger=465m?
g% r = poreradius.
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Figure 5 Dependencef the volume of micropores(Vmicro)
on the amount of [(tetramethylcyclopentadienyl)ntieyl]-
methyldiethoxysilanef TMCPDES)in the sol—-gelmixture.

with specific surface areas (BET) of 360 and
305m?g~*. CP MAS *°C NMR measuremenof
the polysiloxane-boud rhodiumcomplex4(Fig. 6)
confirmed the presenceof intact Cp*~Rh bonds
(signal at 98.7ppm) as well as the presenceof
coordinated 1,5-cyclo-octadieneg(signals at 31.6
and70.1ppm).
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Figure 6 CP MAS *C NMR spectrumof a polysiloxane-
boundrhodiumcompkex 4.
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Table 1 Hydrogenationof crotonic acid in water
catalyzedby polysiloxane-boundhodiumcomplexed

TOF TON
Catalyst/ [mol H, (mol [mol H,
substrataatio Rhy *min} (mol RhY ]
0.017 1.61 65
0.014 1.55 62
0.025 0.23 13
0.050 0.14 14
0.075 0.14 10
0.09¢ 0.14 9

2 Reactionconditions: substrateconcentration0.25M, 60°C,
2 = 127.7kPa.
Polysiloxane3 (1.0% Rh).

¢ Polysiloxane4 (1.8% Rh).

Hydrogenation of crotonic acid

Crotonicacid(trans-2-butenoicacid)waschoseras
a substratefor hydrogenatiorin aqueousmedium
owing to its good solubility in water and usein
previous model studies?® To avoid catalysis of
hydrogenationby a soluble rhodium coumpound
leachedinto the aqueoussolutionof crotonicacid,
the polysiloxane-boud complexeswere first sub-
jectedto thoroughwashingwith the crotonic acid
solution (0.25Mm) at the hydrogenatiortemperature
until less than 3% of the original rhodium was
leaching.This conditionalsoappliedto hydrogena-
tion experimentsthe supernatantseinginactiveas
hydrogenatiorcatalysts.

The results of the hydrogenationexperiments
(Table 1) show that both polysiloxane-bound
rhodium complexescatalyze hydrogenationwith
moderateactivity up to TOF 1.6mol (molRhy*
min~1. The TOFsdo not changedramaticallywith
thesubstrate/catalysatio, indicatingthefirst-order
dependencenthecatalystconcentrationTurnover
numbersincreasewith increasingthe substrate/
catalystratio, since the experimentswere carried
out at constantsubstrateconcentrationThe maxi-
mumTON of 65 wasachievedwith polysiloxane3
preparedirom the triethoxysilyl-sulstituted penta-
methylcyclopentadieny¢omplex,which wasmore
activethanpolysiloxane4. Reactionmixturesfrom
hydrogenationwere analyzed by reverse-phase
HPLC to detect possible hydrogenationof acid
functionality. However,butyric acid wasfound as
the sole productof the hydrogenation.
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