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Rhodium- and ruthenium-complex-catalyzed
condensation of ferrocene-containing dithiols
and diols with diarylsilanes to give
silaferrocenophanes and ferrocene polymers
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1,1-Ferrocenedithiol reacts with di(4-methoxy-
phenyl)silane, diphenylsilane, and di(4-fluoro-
phenyl)silane in the presence of RhCI(PP))3
catalyst to give mixtures of 2,2-diaryl-1,3-dithia-
2-sila[3]ferrocenophanes (la—-3a) and —(Fc—
S—SiAr—S),— (Fc =1,1-ferrocenylene; 1b:
Ar = CgH,OMe-4; 2b: Ar=Ph; 3b:
Ar=CgH4F-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 tavi,

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@—w*
transition peak at 320-330nm. The cyclic
voltammograms of 3a (Ar=CH4F — 4) and 3b
show areversible 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 RuGJ(PPhg); catalyst results in
selective formation of 3,3-diphenyl-2,4-dioxa-3-
sila[5]ferrocenophane @), 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)s® and poly(siloxane)s poly-
mers? 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 RhCI(Pfcata-
lyzed dehydrocoupling of hydrosilanes with thiols
to give (thiolato)silanes takes place without addi-
tion of base, which promotes undesired hydrolysis
of the product, it was applied to polycondensation
of diarylsilanes with benzenedithiols to give the
polymers containing Si—S bonds in the main
chain®

Based on our recent studies on preparation of
ferrocene-containing polymétsand ferroceno-
phanes’® we have planned condensation of ferro-
cene dithiol with diorganosilane with expectation
of formation of new ferrocene polymers whose
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the ferrocene-containingpolymers via thermally
inducedring-openingpolymerization**

Herewe reportrhodium-or ruthenium-complex-
catalyzed reactions of 1,1-ferrocenedithiol and
1,1-ferrocenedimethasi with diarylsilanes. The
structuresandphysicalpropertiesof the ferroceno-
phanesandpolymersobtainedare alsomentioned.

RESULTS AND DISCUSSION

Reactions of 1,1-ferrocenedithiol with diaryl-
silanesin the presenceof RhCI(PPh); catalystin
toluene give mixtures of 2,2-diaryl-1,3-dithia-2-
sila[3]ferrocenophare (1la—39 and polymers
—(Fc—S—SiAp—S)— (Fc=1,1-ferrocenylene;
1b:  Ar=CgH,OMe-4; 2b: Ar=Ph; 3b:
Ar = CgH4F-4) as shownin Egn [1]. The ferroce-
nophanesreseparatedsatoluene-insolublesolid
from the reaction mixture, whereasthe polymers
are obtainedfrom a toluene-solubldraction of the
products.Tablel summarizeyieldsandanalytical
dataof the productsisolated.

Ar
LN
SH LAt RhCI(PPhgg s AT s 'SII%—
Fe + Hy=Si _— Fe S + Fe Ar/n
N Ar
= W = = 1
Ar=CgHy-p-OCHz 1a 1b [ ]

Ar=CgHs 2a 2
Ar = CgHa-p-F 3a 3b

The ferrocenophaneda—3a are characterizedoy

NMR spectroscopyFor example, the *H NMR

spectrumof 1a exhibits peaksdueto the hydrogen
atomsof phenyleneand the cyclopentadieyl(Cp)

groupsareobservedt reasonabl@ositions(o 7.72
and 6.98,and ¢ 4.13 and 3.93 respectively)in an
equalintensity. The *C{*H} NMR spectrumalso
givesthe signalsat the positionsexpectedrom the
proposedstructure.TheseNMR dataare included
in Table2.

Thepolymerslb—3baresolublein CHCI;, THF,
andtolueneand have M, valuesof 2700-4600jn
GPCanalysesasshownin Table 1. The polymers
show essentially the same IR spectra as the
correspondinderrocenophanesndgive noabsorp-
tion peaksassignableo v(S—H) and v(Si—H) of
the startingmaterials Exposureof the polymerslb
and3b to air for 1 monthdoesnot changetheir IR
spectra,indicating high stability of the polymers
towardsair andmoisture.Thisis in contrasto most
of the already reported Si—S-bond-containing
organiccompoundsand polymers,which undergo
partial hydrolysisat room temperaturdn air in a

Copyright© 2001JohnWiley & Sons,Ltd.

few days.Figurel depictsthe'H NMR spectrunof

1b, which exhibitsthe signalsof phenylenegroup
hydrogeratoms(é 7.72and6.80)andCp hydrogen
atoms(o 4.19and4.01) at different positionsfrom

la Multiplicity of the OCHs; hydrogenatomscan
be ascribedto the presenceof a different con-
formationaboutthe —S—Si—S—Iinkagewithin

the polymerchain.Smallsignalsat 6 2.74andat o

7.54 and 6.85 are due to the SH hydrogenand
phenylenegroup hydrogenatomsof the terminal
group of the polymer. Polymer2b also showsthe
Cp andphenylhydrogensignals,aswell asthe SH
hydrogerpeakof theterminalgroup(o = 2.8).The
peakarearatio betweenthe SH hydrogenand the
Cp hydrogenatomsof 2b is consistentwith the
molecularweight determinedby GPC, M,, = 3500
(polystyrenestandard).

Schemel illustratesa plausiblereactionpathway
for formationof theferrocenophaneandpolymers.
The rhodium complex promotesinitial dehydro-
genative coupling of a thiol group of 1,1-
ferrocenedithiolwith diarylsilane to produce an
intermediatecompoundA, havingboth Si—H and
S—H groups in the molecule. The subsequent
intramoleculamandintermoleculardehydrogenative
coupling of intermediateA gives the ferroceno-
phanesandferrocene-containingolymersrespec-
tively. The mechanismof the dehydrogenative
condensationwvasstudiedin detail by usingPMes-
coordinatedsilyl(thiolato)rhodiumcomplexesas a
model of the intermediate’? Another route to the
polymervia aferrocenophanatermediatemay be
consideredbecausetrainedferrocenophanesere
reportedto undergothermally inducedring-open-
ing polymerizationto give ferrocene-containing
polymers™* However, toluene solutions of the
isolated ferrocenophanesla—3a did not cause
anyring-openingeactionunderthe polymerization
conditions.Sothe productratiosin the reactionin
Eqgn [1] depend on the relative reactivity of
intermediateA toward intermolecularand intra-
molecular condensatiorof the Si—H and S—H
groups.

Intramolecular - S>S(A'
dehydrogenation s ‘Ar
Qr @
s _ meat. &S S-§i-Ar
Fe + HpSiAr, —  Fe H

o = Ar
Intermolecular @—S—é%

A " T
dehydrogenation Fe Ar’n

="

Schemel A plausiblereaction mechanismfor the present
reaction.
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Table 2 'H NMR dataof ferrocenophaneandpolymersin CDCl;

Benzeneaing Cpring Me
la 6.98(d,J=8Hz),7.72(d,J=8Hz) 3.93(t, J=2Hz),4.13(t, J=2Hz) 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=2Hz),4.14(t, J=2Hz)
2b  7.11-7.68m) 3.95(br), 4.13(br)
3a 7.16(t, J=8Hz),7.78(t, J=8Hz) 3.92(t, J=2Hz),4.16(t, J=2Hz)
3b 6.95-7.52(m) 3.92(br), 4.16(br)
4 7.81(d,J=7Hz),7.45(d,J=7Hz) 4.16(s),4.26(S)

Physical propertiesof the products,including
resultsof the optical andelectrochemicameasure-
mentsarementionedoelow. Figure2 compareshe
UV-vis spectreof ferrocenophan8a andpolymer
3b. Bothcompoundshowapeakassignabléo ad—
d transitionin the ferroceneunit at about440nm
whosepositionis similar to that of ferrocene(438
nm)*3 In addition, the polymer exhibited an
absorption peak due to a n—=n* transition at
330nm, whereaghe correspondingpeakof ferro-
cenophaness not observed,possibly due to the
transition in a higher-energyregion. Figure 3
depictsa cyclic voltammogramof ferrocenophane
3ain aDMSO solutionandof polymer3bin a cast
film on a platinum surface. They show Ei,
potentials at 0.27 V and 0.35 V respectively,
whereaghe differencebetweenE,, and E,. of 3b
(0.25V) is significantlylargerthanthatof 3a(0.14
V). Thermogravimetricanalysis(TGA) indicates
that polymers 1b—3b show thermal lossesof the
sampleof 10 wt% at 260°C, 240°C, and 270°C,
respectively.

solv.

Me
benzene E._p_\
ring
—tA—
terminal
whm
]I‘IIlIIIIIIIII'II'Il‘IIIIIj
7 6 5 4 3 8

Figure 1 H (400MHz) NMR spectrumof 1b in CDCls.

Copyright© 2001JohnWiley & Sons,Ltd.

Reaction of 1,1-ferrocenedimethani with di-
phenylsilane in the presenceof RuCL(PPh)s
catalyst gives 3,3-diphenyl-2,4-dioxa-3-&i[5]fer-
rocenophané4) in 67%yield (Eqn[2]). Although
RuChL(PPh); catalyzesreactionof 1,1-ferrocene-
dimethanolwith primary aminesto give aza[3]fer-
rocenophane¥’ similar dehydratiordoesnotoccur
in the presentreaction.

C—
@‘CHzOH Ph  RuCly(PPhg)3 @ O\ /Ph [2}
Fe + Hs{ ————  Fe q
=y CH:0H Ph -0 Ph

Figure 4 shows the molecular structure of 4
determinedby X-ray crystallography Si—O bond
lengths of 4 are 1.627 and 1.632A, which are
similar to thoseof the previouslyreportedSi—O-
bond-containinggompounds:? The two five-mem-
bered Cp rings are at staggeredoositionsdue to
flexible CH,OSIOCH, linkage, whereasthe more
strained[3] and [4]ferrocenophanesisually have
two eclipsedCp ligands*®***H and**C{*H} NMR
spectraand analytical data agreewith the above
formula.

The presentstudy providednew organometallic
polymerscontainingferrocenylenainitsandSi—S

0.20

0.151

Absorbance

0.10;— 3b
[ v

oosf

400 500
Wavelength/ nm

300 600

Figure 2 UV-vis spectraof 3a (in acetone)and 3b (in
CHCly).
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110 pA

(b)
11 mA

1.0

0 0.5
E/V vs Ag'/Ag

Figure 3 Cyclic voltammogranof (a) 3ain DMSO solution
containing0.1 M [Et4N]BF4 and (b) 3b in a castfilm on a
platinum plate using acetonitrile solution containing 0.1 m
[Et,N]BF,. Scanratewas100mV s .

linkages in the main chain. They are easily
separatedrom concomitantlyformed silaferroce-
nophaneThe ferrocenylenegroup of the products
seemsto stabilize the Si—S bond and to make
hydrolysisof the compoundsslower. The ferroce-
nophanesvith the siloxanegrouparealsoobtained
from the ruthenium-complexcatalyzedcondensa-
tion, which doesnot causepolycondensatiomt all.

EXPERIMENTAL

General, measurements and
materials

All  the manipulations were performed under
nitrogen using standardSchlenktechniques.Sol-
ventsweredistilled by the usualmethodandstored
under nitrogen. RhCI(PPRh);, RuChL(PPh); and

Copyright© 2001JohnWiley & Sons,Ltd.

C(6) C(12)

1)

Figure 4 Molecularstructureof 4. Selectecbondlengths(,&)
andangles(deg): Si(1)—0(1)1.632(2),Si(1)—0(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),0(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),0(1)—Si(1)—C(19)117.1(1),0(2)—Si(1)—
C(13)110.4(1),0(2)—Si(1)—C(19)105.4(1),C(13)—Si(1)—
C(19) 112.6(1),C(1)—C(1)—O0O(1) 112.6(3),C(6)—C(12)—
0(2) 111.9(3), Si(1)—0O(1)—C(11)124.2(2), Si(1)—O(2)—
C(12)122.4(2).

1,I-ferrocenedimethanalere preparedaccording
to literature procedures®!’ and other organic
chemicalswere purchasedand used as received.
IR spectrawere recordedon a JASCO-IR 810
spectrophotometeNMR spectravereobtainedon
a JEOL EX-400 spectrometerElementalanalyses
werecarriedoutby aYanagimotolypeMT-2 CHN
autocorder.GPC analyseswere performedby a
Shimadzuliquid chromatographysystemwith a
Shodex80M column and a 6A refractive index
detectorusingCHClI; asthe eluentandpolystyrene
as the standard. TGA was undertakenon a
Shimadzul GA-50 undernitrogenatmospherevith
a heatingratio of 10°C min~*. X-ray datawere
collectedat 23 °C on a RigakuAFC-5R automated
diffractometerand monochromatedo Ko radia-
tion (A\=0.710 73 A). Cyclic voltammetry was
carriedout in solutioncontaining0.1 ™ [Et;N]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
RhCI(PPhs3);

To atoluene(2 ml) solutionof RhCI(PPh)3 (9 mg,

Appl. Organometal Chem.2001;15: 197-203
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0.010mmol) wasaddeddi(4-methoxyphenyl)séne
(190mg, 0.80mmol) and 1,1-ferrocenedithiol
(200mg, 0.80mmol) at roomtemperatureStirring
of the reaction mixture at 100°C for 6h under
nitrogen causedprecipitation of a yellow—brown
solid, which was collected by filtration, washed
with hexaneo give 1aasanorangecrystallinesolid
(190mg, 49%). Thefiltrate waspouredinto hexane
(ca 200ml) and the resulting precipitate was
collected and dried in vacuo to glve 1b as an
orange solid (160mg, 39%). “C{*H} NMR
(100MHz, CDCls) data of la 0 1619 137.2,
123.9,113.9(Ph),81.8,76.7,69.0(Cp), 55.1.
Reactionsof 1,1-ferrocenthiolwith di(4-meth-
oxyphenyl)silanendwith di(4-fluoropheni)silane
werecarriedout in a similar manner.

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

To a 1-methyl-2-pyrrolidinone(5 ml) solution of
RuCL(PPh)s (66 mg,0.070mmol) wasaddedL,1-
ferrocenedimethano{490mg, 2.0mmol) and di-
phenylsilang380mg, 2.0mmol) atroomtempera-
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
chromatographysilicagel; eluent:ethyl acetate}o
gI:lee 4 asa yellow solid (590mg, 67%, R; = 0.84).

3C{*H} NMR (100MHz, CDCly): 6 134.4,132.7,
130.4,128.0(Ph),90.0,67.6,65.8(Cp),61.3(CH,).
Anal. Calc. for C,,H-Fe,0,Si: C, 67.61;H, 5.20.
Found:C, 67.85;H, 4.84%.

X-ray structure determination of 4

Crystal data: C,4H»50,SiFe, M, =426.37, mono-
clinic, P2,/c (no. 14), a= 889,2(4) b=17.136(1),
c=13.908(3A, V= 2013(1) A3 [=108.14(2),

Z=4, ;,=8.24cm™*, F(000)= 888 Dcaicqa=1.406
Mg m*3; no. of unlque reflections:4785; no. of
reflectionsused(l > 30(1)): 2996;no. of variables:
253.Thefinal R(F,) andRy,(F,) valueswere0.041
ando. 033respect|verR ZH u |Fol /> IFol;

Rw=[>_wlFo— F¢ 2l 12\,\,| oY% weighting
scheme w=[{o(Fo)?]~ Crystallographlc data
(excluding structuralfactors) havebeendeposited
with the CambridgeCrystallographicData Centre
as supplementalpublication no. CCDC 149318.
Copiesof this informationmay be obtainedfree of
chargefrom The Director, CCDC, 12 Union Road,
Cambridge,CB2 1EZ, UK (fax: +44-1223-336-

Copyright© 2001JohnWiley & Sons,Ltd.

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