
Rhodium- and ruthenium-complex-catalyzed
condensation of ferrocene-containing dithiols
and diols with diarylsilanes to give
silaferrocenophanes and ferrocene polymers
Isao Yamaguchi, Hidetake Ishii, Tatsuaki Sakano, Kohtaro Osakada* and
Takakazu Yamamoto
Chemical Resources Laboratory, Tokyo Institute of Technology, 4259 Nagatsuta, Midori-ku, Yokohama
226-8503, Japan

1,1'-Ferrocenedithiol reacts with di(4-methoxy-
phenyl)silane, diphenylsilane, and di(4-fluoro-
phenyl)silane in the presence of RhCl(PPh3)3
catalyst to give mixtures of 2,2-diaryl-1,3-dithia-
2-sila[3]ferrocenophanes (1a–3a) and —(Fc—
S—SiAr2—S)n— (Fc = 1,1'-ferrocenylene; 1b:
Ar = C 6H4OMe-4; 2b: Ar = Ph; 3b:
Ar = C 6H4F-4). The products are isolated and
characterized by NMR spectroscopy and ele-
mental analyses. The polymers 1b–3b, obtained
from a toluene-soluble fraction of the products,
show GPC elution patterns corresponding toMn
values of 2700–4600 (polystyrene standards).
The UV–vis spectra of the ferrocenophanes and
polymers exhibit a d–d transition peak at about
440 nm, while the polymers show a p–p*
transition peak at 320–330 nm. The cyclic
voltammograms of 3a (Ar = C6H4Fÿ 4) and 3b
show a reversible redox of the iron center at 0.27
V and 0.35 V (Ag�/Ag) respectively. Reaction of
1,1'-ferrocenedimethanol with diphenylsilane in
the presence of RuCl2(PPh3)3 catalyst results in
selective formation of 3,3-diphenyl-2,4-dioxa-3-
sila[5]ferrocenophane (4), whose structure was
determined by X-ray crystallography. Copy-
right # 2001 John Wiley & Sons, Ltd.
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INTRODUCTION

Transition-metal complex-catalyzed silicon–het-
eroatom bond-forming reactions are used for
preparation of polymers or oligomers containing
these bonds in the main chain. For example,
transition metal complexes catalyze reactions of
Si—H-containing organosilanes with amines and
those of cyclic oligosilanes with benzoquinone to
afford poly(silazane)s1–5 and poly(siloxane)s poly-
mers,6 respectively. In contrast to many reports on
polymers having Si—O or Si—N bonds in the main
chain, preparation of polymers containing Si—S
bonds is limited due to instability of the bond
against moisture and to a smaller number of Si—S
bond-forming reactions. Since RhCl(PPh3)3-cata-
lyzed dehydrocoupling of hydrosilanes with thiols
to give (thiolato)silanes takes place without addi-
tion of base, which promotes undesired hydrolysis
of the product,7 it was applied to polycondensation
of diarylsilanes with benzenedithiols to give the
polymers containing Si—S bonds in the main
chain.8

Based on our recent studies on preparation of
ferrocene-containing polymers9 and ferroceno-
phanes,10 we have planned condensation of ferro-
cene dithiol with diorganosilane with expectation
of formation of new ferrocene polymers whose
monomer units are bonded with Si—S bonds and/or
ferrocenophanes containing Si—S bonds in the side
arm. The ferrocene polymers have been regarded as
potential materials for electrochemical and optical
uses, and strained ferrocenophanes are converted to
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the ferrocene-containingpolymers via thermally
inducedring-openingpolymerization.11

Herewe reportrhodium-or ruthenium-complex-
catalyzed reactions of 1,1'-ferrocenedithiol and
1,1'-ferrocenedimethanol with diarylsilanes. The
structuresandphysicalpropertiesof the ferroceno-
phanesandpolymersobtainedarealsomentioned.

RESULTS AND DISCUSSION

Reactions of 1,1'-ferrocenedithiol with diaryl-
silanesin the presenceof RhCl(PPh3)3 catalystin
toluene give mixtures of 2,2-diaryl-1,3-dithia-2-
sila[3]ferrocenophanes (1a–3a) and polymers
—(Fc—S—SiAr2—S)n— (Fc= 1,1'-ferrocenylene;
1b: Ar = C6H4OMe-4; 2b: Ar = Ph; 3b:
Ar = C6H4F-4) as shownin Eqn [1]. The ferroce-
nophanesareseparatedasa toluene-insolublesolid
from the reactionmixture, whereasthe polymers
areobtainedfrom a toluene-solublefraction of the
products.Table1 summarizesyieldsandanalytical
dataof theproductsisolated.

�1�

The ferrocenophanes1a–3a are characterizedby
NMR spectroscopy.For example, the 1H NMR
spectrumof 1a exhibitspeaksdueto thehydrogen
atomsof phenyleneand the cyclopentadieyl(Cp)
groupsareobservedat reasonablepositions(d 7.72
and 6.98, andd 4.13 and 3.93 respectively)in an
equalintensity.The 13C{1H} NMR spectrumalso
givesthesignalsat thepositionsexpectedfrom the
proposedstructure.TheseNMR dataare included
in Table2.

Thepolymers1b–3baresolublein CHCl3, THF,
andtolueneandhaveMn valuesof 2700–4600,in
GPCanalyses,asshownin Table1. The polymers
show essentially the same IR spectra as the
correspondingferrocenophanesandgivenoabsorp-
tion peaksassignableto n(S—H) andn(Si—H) of
thestartingmaterials.Exposureof thepolymers1b
and3b to air for 1 monthdoesnot changetheir IR
spectra,indicating high stability of the polymers
towardsair andmoisture.This is in contrastto most
of the already reported Si—S-bond-containing
organiccompoundsand polymers,which undergo
partial hydrolysisat room temperaturein air in a

few days.Figure1 depictsthe1H NMR spectrumof
1b, which exhibits the signalsof phenylenegroup
hydrogenatoms(d 7.72and6.80)andCphydrogen
atoms(d 4.19and4.01)at differentpositionsfrom
1a. Multiplicity of the OCH3 hydrogenatomscan
be ascribedto the presenceof a different con-
formationaboutthe —S—Si—S—linkagewithin
thepolymerchain.Smallsignalsat d 2.74andat d
7.54 and 6.85 are due to the SH hydrogenand
phenylenegroup hydrogenatomsof the terminal
groupof the polymer.Polymer2b alsoshowsthe
Cp andphenylhydrogensignals,aswell astheSH
hydrogenpeakof theterminalgroup(d � 2.8).The
peakarearatio betweenthe SH hydrogenand the
Cp hydrogenatomsof 2b is consistentwith the
molecularweight determinedby GPC,Mn = 3500
(polystyrenestandard).

Scheme1 illustratesaplausiblereactionpathway
for formationof theferrocenophanesandpolymers.
The rhodium complex promotesinitial dehydro-
genative coupling of a thiol group of 1,1'-
ferrocenedithiolwith diarylsilane to produce an
intermediatecompound,A, havingbothSi—H and
S—H groups in the molecule. The subsequent
intramolecularandintermoleculardehydrogenative
coupling of intermediateA gives the ferroceno-
phanesandferrocene-containingpolymersrespec-
tively. The mechanismof the dehydrogenative
condensationwasstudiedin detail by usingPMe3-
coordinatedsilyl(thiolato)rhodiumcomplexesasa
model of the intermediate.12 Another route to the
polymervia a ferrocenophaneintermediatemaybe
considered,becausestrainedferrocenophaneswere
reportedto undergothermally inducedring-open-
ing polymerization to give ferrocene-containing
polymers.11 However, toluene solutions of the
isolated ferrocenophanes,1a–3a, did not cause
anyring-openingreactionunderthepolymerization
conditions.So the productratiosin the reactionin
Eqn [1] depend on the relative reactivity of
intermediateA toward intermolecularand intra-
molecular condensationof the Si—H and S—H
groups.

Scheme1 A plausible reaction mechanismfor the present
reaction.
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Physical propertiesof the products, including
resultsof theopticalandelectrochemicalmeasure-
ments,arementionedbelow.Figure2 comparesthe
UV–vis spectraof ferrocenophane3a andpolymer
3b. Bothcompoundsshowapeakassignableto ad–
d transitionin the ferroceneunit at about440nm
whoseposition is similar to that of ferrocene(438
nm).13 In addition, the polymer exhibited an
absorption peak due to a p–p* transition at
330nm, whereasthe correspondingpeakof ferro-
cenophanesis not observed,possibly due to the
transition in a higher-energyregion. Figure 3
depictsa cyclic voltammogramof ferrocenophane
3a in a DMSOsolutionandof polymer3b in a cast
film on a platinum surface. They show E1/2
potentials at 0.27 V and 0.35 V respectively,
whereasthe differencebetweenEpa andEpc of 3b
(0.25V) is significantlylargerthanthatof 3a (0.14
V). Thermogravimetricanalysis(TGA) indicates
that polymers1b–3b show thermal lossesof the
sampleof 10 wt% at 260°C, 240°C, and270°C,
respectively.

Reaction of 1,1'-ferrocenedimethanol with di-
phenylsilane in the presenceof RuCl2(PPh3)3
catalyst gives 3,3-diphenyl-2,4-dioxa-3-sila[5]fer-
rocenophane(4) in 67% yield (Eqn [2]). Although
RuCl2(PPh3)3 catalyzesreactionof 1,1'-ferrocene-
dimethanolwith primary aminesto give aza[3]fer-
rocenophanes,10 similardehydrationdoesnotoccur
in thepresentreaction.

�2�

Figure 4 shows the molecular structure of 4
determinedby X-ray crystallography.Si—O bond
lengths of 4 are 1.627 and 1.632Å, which are
similar to thoseof the previouslyreportedSi—O-
bond-containingcompounds.14 The two five-mem-
beredCp rings are at staggeredpositionsdue to
flexible CH2OSiOCH2 linkage, whereasthe more
strained[3] and [4]ferrocenophanesusually have
two eclipsedCpligands.10,151H and13C{1H} NMR
spectraand analytical data agreewith the above
formula.

The presentstudyprovidednew organometallic
polymerscontainingferrocenyleneunitsandSi—S

Table 2 1H NMR dataof ferrocenophanesandpolymersin CDCl3

Benzenering Cp ring Me

1a 6.98(d, J = 8 Hz), 7.72(d, J = 8 Hz) 3.93(t, J = 2 Hz), 4.13(t, J = 2 Hz) 3.85(s)
1b 6.80(br), 7.72(br) 4.01(br), 4.19(br) 3.78(s)
2a 7.19–7.82(m) 3.96(t, J = 2 Hz), 4.14(t, J = 2 Hz)
2b 7.11–7.68(m) 3.95(br), 4.13(br)
3a 7.16(t, J = 8 Hz), 7.78(t, J = 8 Hz) 3.92(t, J = 2 Hz), 4.16(t, J = 2 Hz)
3b 6.95–7.52(m) 3.92(br), 4.16(br)
4 7.81(d, J = 7 Hz), 7.45(d, J = 7 Hz) 4.16(s), 4.26(s)

Figure 1 1H (400MHz) NMR spectrumof 1b in CDCl3.
Figure 2 UV–vis spectra of 3a (in acetone)and 3b (in
CHCl3).
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linkages in the main chain. They are easily
separatedfrom concomitantlyformed silaferroce-
nophane.The ferrocenylenegroupof the products
seemsto stabilize the Si—S bond and to make
hydrolysisof the compoundsslower.The ferroce-
nophaneswith thesiloxanegrouparealsoobtained
from the ruthenium-complex-catalyzedcondensa-
tion, which doesnot causepolycondensationat all.

EXPERIMENTAL

General, measurements and
materials

All the manipulations were performed under
nitrogen using standardSchlenktechniques.Sol-
ventsweredistilled by theusualmethodandstored
under nitrogen. RhCl(PPh3)3, RuCl2(PPh3)3 and

1,1'-ferrocenedimethanolwerepreparedaccording
to literature procedures,16,17 and other organic
chemicalswere purchasedand usedas received.
IR spectrawere recordedon a JASCO-IR 810
spectrophotometer.NMR spectrawereobtainedon
a JEOL EX-400 spectrometer.Elementalanalyses
werecarriedoutby aYanagimotoTypeMT-2 CHN
autocorder.GPC analyseswere performed by a
Shimadzuliquid chromatographysystem with a
Shodex80M column and a 6A refractive index
detectorusingCHCl3 astheeluentandpolystyrene
as the standard. TGA was undertaken on a
ShimadzuTGA-50undernitrogenatmospherewith
a heatingratio of 10°C minÿ1. X-ray data were
collectedat 23°C on a RigakuAFC-5Rautomated
diffractometerand monochromatedMo Ka radia-
tion (� = 0.710 73 Å). Cyclic voltammetry was
carriedout in solutioncontaining0.1 M [Et4N]BF4
with a Hokuto Denko HA-501 galvanostat/poten-
tiostat and a Hokuto Denko KB-104 function
generator.

Reaction of di(4-
methoxyphenyl)silane with 1,1'-
ferrocenedithiol catalyzed by
RhCl(PPh3)3
To a toluene(2 ml) solutionof RhCl(PPh3)3 (9 mg,

Figure 3 Cyclic voltammogramof (a) 3a in DMSO solution
containing0.1 M [Et4N]BF4 and (b) 3b in a cast film on a
platinum plate using acetonitrile solution containing 0.1 M

[Et4N]BF4. Scanratewas100mV sÿ1.

Figure 4 Molecularstructureof 4. Selectedbondlengths(Å)
andangles(deg):Si(1)—O(1)1.632(2),Si(1)—O(2)1.627(2),
Si(1)—C(13) 1.842(3), Si(1)—C(19) 1.858(3), O(1)—C(11)
1.426(4),O(2)—C(12)1.426(4),C(1)—C(11)1.485(5),C(6)—
C(12) 1.530(4), O(1)—Si(1)—O(2) 113.4(1), O(1)—Si(1)—
C(13) 103.5(1),O(1)—Si(1)—C(19)117.1(1),O(2)—Si(1)—
C(13)110.4(1),O(2)—Si(1)—C(19)105.4(1),C(13)—Si(1)—
C(19) 112.6(1),C(1)—C(11)—O(1) 112.6(3),C(6)—C(12)—
O(2) 111.9(3), Si(1)—O(1)—C(11)124.2(2), Si(1)—O(2)—
C(12)122.4(2).
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0.010mmol)wasaddeddi(4-methoxyphenyl)silane
(190mg, 0.80mmol) and 1,1'-ferrocenedithiol
(200mg, 0.80mmol) at roomtemperature.Stirring
of the reaction mixture at 100°C for 6 h under
nitrogen causedprecipitation of a yellow–brown
solid, which was collected by filtration, washed
with hexaneto give1aasanorangecrystallinesolid
(190mg,49%).Thefiltratewaspouredinto hexane
(ca 200ml) and the resulting precipitate was
collected and dried in vacuo to give 1b as an
orange solid (160mg, 39%). 13C{1H} NMR
(100MHz, CDCl3) data of 1a: d 161.9, 137.2,
123.9,113.9(Ph),81.8,76.7,69.0(Cp), 55.1.

Reactionsof 1,1'-ferrocenthiolwith di(4-meth-
oxyphenyl)silaneandwith di(4-fluorophenyl)silane
werecarriedout in a similar manner.

Reaction of diphenylsilane with 1,1'-
ferrocenedimethanol catalyzed by
RuCl2(PPh3)3

To a 1-methyl-2-pyrrolidinone(5 ml) solution of
RuCl2(PPh3)3 (66mg,0.070mmol)wasadded1,1'-
ferrocenedimethanol(490mg, 2.0mmol) and di-
phenylsilane(380mg,2.0mmol) at roomtempera-
ture. After the reaction mixture was stirred at
100°C for 24h under nitrogen, the solvent was
removedby evaporationunderhigh vacuum.The
resulting brown paste was purified by column
chromatography(silicagel;eluent:ethylacetate)to
give 4 asa yellow solid (590mg, 67%,Rf = 0.84).
13C{1H} NMR (100MHz, CDCl3): d 134.4,132.7,
130.4,128.0(Ph),90.0,67.6,65.8(Cp),61.3(CH2).
Anal. Calc. for C24H2Fe2O2Si: C, 67.61;H, 5.20.
Found:C, 67.85;H, 4.84%.

X-ray structure determination of 4

Crystal data: C24H22O2SiFe, Mr = 426.37, mono-
clinic, P21/c (no. 14), a = 8.892(4),b = 17.136(1),
c = 13.908(3)Å, V = 2013(1) Å3, b = 108.14(2)°,
Z = 4, � = 8.24cmÿ1, F(000)= 888, Dcalcd= 1.406
Mg mÿ3; no. of unique reflections:4785; no. of
reflectionsused(I > 3�(I)): 2996;no. of variables:
253.Thefinal R(Fo) andRw(Fo) valueswere0.041
and0.033respectively;R =

PkFok ÿ jFoj /
PjFoj;

Rw = [
P

wjFoÿ Fcj2/
P

wjFoj2]1/2; weighting
scheme w = [{ �(Fo)

2]ÿ1. Crystallographic data
(excludingstructuralfactors)havebeendeposited
with the CambridgeCrystallographicData Centre
as supplementalpublication no. CCDC 149318.
Copiesof this informationmaybeobtainedfreeof
chargefrom TheDirector,CCDC,12 Union Road,
Cambridge,CB2 1EZ, UK (fax: �44-1223-336-

033; e-mail: deposit@ccdc.cam.ac.uk or www:
http://www.ccdc.cam.ac.uk).
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