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Abstract

The reaction between 1,1'-dilithioferrocene and 2,5-bis( chlorodimethylsilyl)thiophene (1), leads to a series of cyclic oligomers of basic
formulation [Fc-SiMe,-TH-SIMe,],, (I1); Fc= (1*>CsH,),Fe, TH=C,H,S. The material n=2, Ila, has been completely characterized by
spectroscopic and single crystal X-ray diffraction. Cyclic voltammetric analysis of | la illustrates two reversible redox processes, indicating a
significant interaction between the two ferrocenylene units despite the 5 atom bridge. By comparison, the monomeric analog Fc-SiMe,-TH-
SiMe,-Fc (111), Fc= (°-CsHs) Fe(n®CsH,), prepared from the reaction of mono-lithioferrocene with I, exhibits a single redox process,

even though there is the same bridge between the two Fe centers.
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1. Introduction

Theinteresting properties of polythiophenesarewell stud-
ied [1] and recently the synthesis and study of thiophene-
substituted derivatives of the Group 14 elements has also
received attention dueto their potential aselectroactivemate-
rials [2-5]. We have an interest in similar ferrocenyl-substi-
tuted Group 14 materials [6-17], and now report studies
aimed at the introduction of both the ferrocene and thiophene
units into a silicon-containing molecular structure. We hope
to produce monomers, oligomers and polymers with inter-
esting structural and electrical properties. As a general pro-
cedure for the synthesis of such systems we have used the
chemistry outlined in Egs. (1) and (2) in which either
monolithioferroceneor dilithioferroceneisreactedwitha2,5-
(chlorosilyl)thiophene (laR=Meg; Ib R=Ph).

Whereas the reaction of dilithioferrocene with | would, in
theory, yield polymeric materials, the use of monoalithiofer-
rocene, [Fc] "Li™", was to provide monomers from which
the basic optical and electrochemical propertiesof thesystem
2,5-bis(ferrocenylsilyl) thiophene could be obtained.
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2. Resultsand discussion

The reaction between 2,5-bis(chlorodimethylsilyl)thio-
phene, |a, and dilithioferrocene, EQ. (1), resulted in thefor-
mation of a series of low molecular weight cyclic oligomers.
We attempted to separate these materials by column chro-
matography and were able to obtain the first of this series,
Ila, n=2, aspurered crystals. The spectroscopic datafor I1a
are recorded in Table 1 and its structure is presented in Fig.
1, and selected bond angles and lengthsin Table 2.
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Tablel
NMR & UV-Vis, and analytical properties of the new compounds

2,5-bis( hydrodimethylsilyl) thiophene

H 0.26 (d, SiMe,); 4.76 (sept. SiH); 7.30 (thiophene)

3c —2.64 (SiMe,); 136.7 (thiophenyl Cs,4); 142.8 (thiophenyl C, )

25 —233

IR (CCl,, cm™1) 2128.7

2,5-bis( hydrodiphenylsilyl)thiophene

H 5.66 (SiH Jgi =206 Hz); 7.40-7.68 (phenyl, thiophene)

BC 128.1, 130.1, 132.9 (ipso), 135.5 (phenyl); 138.9 (thiophene C;,); 140.0 (thiophene C, )
IR (hexane, cm™1) 2136

2,5-bis(chlorodimethylsilyl)thiophene (1a)

H 0.76 (SiMe,); 7.52 (thiophene)

3c 3.36 (SiMe,); 136.7 (thiophenyl Cs4); 143.3 (thiophenyl C,5)

25 15.2

2,5-bis(chlorodiphenylsilyl)thiophene (1b)

H 7.42-7.72 (phenyl, thiophene)

BCc 128.2, 131.1, 132.4 (ipso), 134.9 (phenyl); 139.4 (thiophene Cs,); 141.5 (thiophene C,5)

[ (ferrocenylenedimethylsilyl)thiophenylene], (l1a)

Analysis Calc.: C, 56.5; H, 5.80. Found: C, 55.9; H, 5.88

H 0.27 (SiMe,); 3.93, 4.08 (ferrocenylene); 6.91 (thiophene)

BC 0.43 (SiMe,); 70.3, 72.2, 74.2 (ferrocenylene); 136.1 (thiophene C;,); 144.4 (thiophene Cy5)
25 —-9.7

UV-Vis (THF) (nm) 279, 449
[ (ferrocenylenedimethylsilyl)thiophenylene],, (11n)

H 0.27,0.40, 0.54 (SiMe,); 4.08, 4.17 (ferrocenylene); 7.34 (thiophene)
Bc —0.1,2.1 (SiMey); 68.7, 70.2, 72.1, 73.8 (ferrocenylene); 135.8 (thiophene C;,); 145.2 (thiophene C,5)
25 —4.85, —9.7, —10.4, —10.6, —15.2

UV—Vis (THF) (nm) 279, 449
2,5-bis(ferrocenyldimethylsilyl)thiophene (111)

Analysis Calc.: C, 59.2; H, 5.67. Found: C, 58.4; H, 5.85

H 0.57 (SiMe,); 4.01 (CsHs), 4.13, 4.19 (CsH,), 7.43 (thiophene)

N —0.1 (SiMe,); 68.7 (CsHs), 69.7 (ipso), 71.5, 73.6 (ferrocenyl); 136.0 (thiophene C;4); 145.3 (thiophene C,5)
2g —10.6

UV-Vis (THF) (nm) 271, 448
2,5-bis(ferrocenyldiphenylsilyl)thiophene (1V)

Analysis Calc.: C, 70.6; H, 4.93. Found: C, 69.9; H, 5.50

H 3.95 (CgHs); 4.22, 4.41 (CsH,); 7.30-7.60 (phenyl, thiophene)

B3c 65.8, 68.8, 71.4, 74.9 (ferrocenyl); 127.7, 129.6, 135.6 (phenyl), 138.7 (thiophene Cs4); 141.9 (thiophene C, )
25 —16.9

a Spectrawere recorded in C¢Dg with the exception of 1V which was recorded in CDCl .

The structure of |la possesses norma bond lengths and
angles and the cycle shows no structural sign of ring strain.
The two ferrocene groups are completely eclipsed, as noted
in Fig. 1(b), and the two thiophene groups are positioned in
opposition to each other.

At the present time we have been unable to characterize
completely the remainder of the product obtained from the
reaction described in Eq. (1). Fast atom bombardment MS
indicated the presence of trimeric (m/e=1147) and tetra-
meric (m/e=1529) analogs of lla and the NMR data
recordedin Table 1 are consistent with thisobservation. How-
ever, other materialsare al so present, witnessfor examplethe
25 NMR signalsat — 15.2 and — 4.85 ppm. We continueto
study this system.

The reaction outlined in Eq. (2) was satisfactory for the
formation of monomeric 2,5-bis(ferrocenyldimethylsilyl)-
thiophene, 111, and the diphenylsilyl analog 1V, ingoodyield.
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The spectroscopic datafor |11 and |V arein accord with their
proposed structures and are recorded in Table 1. The single
crystal structureof |11 isrecordedin Fig. 2, and representative
bond lengths and angles are presented in Table 2. This com-
plex was synthesized to provide baseline datato facilitatethe
analysis of polymeric and oligomeric analogs.

Therelated bond lengthsand anglesof | 1a can becompared
to those of 111 and it is immediately clear that there are no
truly significant differences between the two sets. Thesingle
exception to this generality are the possibly shorter silicon—
thiophene—carbon bond qugths inlla (Si1-C1=1.861(3)
and Si2—C4a=1.864(2) A) compared with Ehose in Il
(SiI1-C1=1.874(3) and Si2—C1=1.872(5) A). In both
structures there are essentialy no dihedral angles between
the two cyclopentadienyl ringsin the ferrocene units, and the
thiophene rings are planar with normal bond lengths and
angles. Thekey distinction between thetwo structuresarethe
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Fig. 1. Crystal structureof 11a: (a) regular view, (b) view to show eclipsed
ferrocenylene units.

Table2
Selected bond lengths (A) and angles (°) for Ilaand 111

Ila 11

Co-si1 1.857(3) c5-Si1 1.843(5)
Cl11-Si2 1.856(3) C15-Si2 1.856(4)
Si1-C1 1.861(3) Si1-c4 1.874(5)
Si2-Cda 1.864(2) Si2—C1 1.872(5)
C9-Si1-C1 109.3(1) C4-Si1-C5 107.7(2)
Cl1-Si2-C4a 109.1(1) C1-Si2-C15 111.4(2)
C16-Si1-C15 109.5(1) C25-Si1-C26 112.0(2)
C18-Si2-C17 111.5(1) C27-Si2-C28 110.3(2)

two intramolecular Fe---Fe distances. For I la thisdistanceis
7.57 A, whereas for I 11 it is significantly longer at 11.28 A,
and thiswill impact many properties, vide infra.

One of the diagnostic features of polyferrocenyl and fer-
rocenylene complexes and materias is their capacity to
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Fig. 2. Crysta structure of 111.

exhibit more than a single redox process even though the
iron containing groups are nominally identical. We have
previously noted that in the o, o diferrocenyl oligosilanes,
Fc(SiMe,) Fc, when the bridging chain is equal or greater
than 4, the two ferrocenyl groups do not interact and only a
singleredox processisobservedviacyclicvoltammetry [ 11].
Shorter chains result in two distinct processes. aninitial step
involving oxidation of aternate Fc groups, and asecond step
where the presence of a neighboring ferrocenium ion raises
the oxidation potential of the remaining ferrocenylene
groups. The transmission of the electronic effects from a
ferrocenium ion to a neighboring unoxidized Fe center can
be a through bond inductive effect, or through space. Silicon
atom bridgesand acetylenic bridgeseffectively facilitatesuch
through bond interactions [ 11,18]. The degree to which the
ferrocene groups in Ila and |11 can interact in this manner
wasinvestigated by cyclic voltammetry. Complex | | aexhib-
ited two discrete redox processes when the experiment was
performed in CH,Cl,; E,,=051 V and E,,=0.56 V,
Ea=0.48 V and E,q=0.41V (relative to Ag/Ag™). In
acetonitrile, asuperior coordinating solvent in which the pos-
itive charge is better delocalized, only a single process was
observed, E,,=0.56V, E,=0.48 V. By contrast, regardless
of the solvent, only a single process was observable when
complex 111 was examined, E,,=0.56 V, E,4=0.46 V.
These results clearly show that the capacity for interaction
between the ferrocenium ion and the unoxidized ferroceny-
lene group can occur through space as well as viaan atomic
backbone. It is not surprising that in 111, where the two Fe
atoms are separated by > 11 A, the two redox processes are
equivalent.

3. Experimental

All reactionswere performed with dry oxygen freesolvents
in N, or Ar atmospheres. Analyses were perfromed by Gal-
braith Laboratories Inc.; NMR were recorded on a Bruker
250 MHz instrument. LRM Swasobtained from the Nebraska
Center for Mass Spectrometry. Electrochemical analysiswas
performed as previously reported, with tetraethylammonium
tetrafluoroborate as supporting electrolyte [11].

3.1. Synthesis of 2,5-bis(hydridodimethylsilyl)thiophene[ 2]

Ina250 ml flask, equipped with areflux condenser, rubber
septum and dropping funnel was added 13.3 g (55 mmol) of
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2,5-dibromothiophene in 20 ml of THF to 2.90 g (119 mol)
of Mgand 0.4 g I, in 100 ml of dry THF. The formation of
the Grignard was initiated by mild external heating with a
hair dryer and then an exothermic reaction occurred. After
complete addition, 3 h, the flask was cooled on an ice bath
and 10.4 g (110 mmol) of Me,SiIHCI in 20 ml of THF was
added over 20 min. The reaction mixture was stirred over-
night and then the solvent removed in vacuo. The crude prod-
uct was extracted into hexane and filtered. Distillation of the
liquid residue after removal of the hexaneyielded 6.1 g (30
mmol, 55%) of the title compound, b.p. 90°C/8 mm Hg.

3.2. Chlorination of 2,5-bis(hydridodimethylsilyl)thiophene
[2]

In a 100 ml side-arm flask, 3 g (15 mmol) of 2,5-
bis( hydridodimethylsilyl)thiophene was added slowly to a
catalytic amount of PdCl, (0.2 g) in 40 ml of carbon tetra-
chloride. Thereaction wasmonitored by IR spectroscopy and
after 30 min the Si—H stretching frequency at ~2128 cm™*
had disappeared. The solvent was removed in vacuo and the
liquid product was distilled to yield 2,5-bis(chlorodi-
methylsilyl)thiophene, (b.p. 125-130°C/14 mmHg, 2.12 g,
7.8 mmol, 52%) .

Table3
Crystal and refinement data

3.3. Reaction of 2,5-bis(chlorodimethylsilyl)thiophenewith
dilithioferrocene

To a40 ml hexane slurry of 1,1'-dilithioferrocene- tmeda
(prepared from ferrocene (3.0 g, 16 mmol), n-butyllithium
(24.4 ml of a1.6 M solution) and 5.8 ml of freshly distilled
TMEDA in 150 ml of hexane) [19] was added dropwise 2.7
g (10 mmol) of bis-2,5(chlorodimethylsilyl)thiophene at
— 78°C. The mixture was stirred for 1 h at this temperature
and then permitted to warm to room temperature and stirred
overnight. After filtration the solvent was removed in vacuo
to produce a brown oily material which was dissolved in the
minimum of hexane and placed upon a 2x 25 cm silica gel
column (60-200 mesh) . Devel opment with hexane produced
two distinct bands. Theinitial yellow band was collected and
after removal of solventsproduced 50 mg (0.07 mmol, 14%)
of I1a asared powder which was further purified by recrys-
tallization from hexane, m.p. 230-234°C. A second band
eluted with hexane yielded an orange—red ail, I1n.

3.4. Synthesis of 2,5-bis(ferrocenyl dimethylsilyl)thiophene
(e

A solution of ferrocenyllithium (prepared from the reac-
tionof 9.28 ml of 1.6 M n-butyllithiumwith 1.0g (2.4 mmol)

lla

Empirical formula C,gH,,Si,SFe CygHs, - SiLSFe
Color, habit orange prism orange-yellow fragment
Crystal size (mm) 0.320.440.80 0.60 0.60< 0.40
Crystal system monoclinic monoclinic
Space group P2,/¢ P2,/c
Unit cell dimensions
a(A) 11.734(2) 21.429(5)
b (A) 11.999(2) 8.775(2)
¢ (A) 13.444(2) 14.824(4)
a(®) 90.00 90.00
B(°) 99.14(1) 106.95(2)
v (°) 90.00 90.00
Volume (,&3) 1868.8(5) 2666.4(11)
Z 4 4
260 range (°) 3.5-45 4.0-45
Scan type ® 9}
Scan speed (° min~ 1) 3-20 3-15
Scanrangew (°) 1.40 1.20
Standard reflections 3 measured every 97 reflections 3 measured every 97 reflections
Index ranges
h Oto12 —23t022
k —-2to12 —-9to2
l —14t0 14 —3to 15
Reflections collected 3189 3794
Independent reflections 2462 3476
Observed reflections 2286 (F>3.00(F)) 3195 (F>3.00(F))
Absorption correction Semi-empirical N/A
Min./max. transmission 0.221/0.254 N/A

Final R indices (observed data)

R=3.07%, wR="5.07%

R=4.75%, wR =7.32%
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of FcHgCl) was added dropwiseto 1.0 g (3.7 mmoal) of 2,5-
bis(chlorodimethylsilyl)thiophene in 30 ml of THF at
—78°C. The mixture was stirred overnight and then the sol -
vent was removed in vacuo. The product was extracted with
hexane, and the solution filtered. After removal of the solvent
di-n-butylmercury was distilled to leave a gummy residue.
This was dissolved in the minimum of hexane and placed
uponal0x 2cmsilicagel column (60-200 mesh) and eluted
with hexane. An orange band developed and was collected,
the solvent removed and the final residue recrystallized from
hexanetoyield 111, 1.2 g (2.1 mmol, 57%), m.p. 77°C.

Also prepared by the same genera route, in 65% yield,
was 2,5-bis(ferrocenyldiphenylsilyl)thiophene (1V) from
the reaction of ferrocenyllithium and 2,5-bis(chlorodi-
phenylsilyl)thiophene.

3.5. Sructural analysisof laand 111

An orange crysta of approximate dimensions
0.32X0.44x0.80 mm (lla) and an orange-yellow crystal
approximately 0.60x0.60x0.40 mm in size (I11) were
mounted on glass fibers in a random orientation. Intensity
datawere collected at room temperaturefor I laand — 100°C
for 111, which decayed under the X-ray beam at room tem-
perature, using a Siemens/Bruker four circle diffractometer
with graphite-monochromated Mo Ka radiation, A = 0.71073
A. Unit cell parametersand standard deviationswereobtained
by least-squares fit of 25 reflections randomly distributed in
reciprocal space in the 26 range of 15-30°. The w-scan tech-
nique was used for intensity measurements in both cases. A
range of 1.4° in w and variable speed of 3.00t0 20.00° min~*
was used for Ila and a 1.2° w-range and a 3.00 to 15.00°
min~* speed for I11. Background counts were taken with
stationary crystal and total background timeto scantimeratio
of 0.5. Three standard reflections were monitored in both
cases every 97 reflections and showed no significant decay
for Ila and an average intensity decay of 8.2% for |11 even
at —100°C. The data were corrected for Lorentz and polari-
zation effectsbut only |l awas corrected semi-empirically for
absorption giving a min./max. transmission ratio of 0.221/
0.254.

Both structures were solved by direct methods and refined
using the PC-version of the SHELXTL PLUS crystallo-
graphic software by Siemens. Full-matrix least-squares
refinement minimizing Yw(F,— F.)? was carried out with
anisotropic thermal parametersfor non-hydrogen atoms. The
hydrogen atoms were placed at calculated positions (C—H
0.96 A; U,=0.08) during refinements. The weighing
scheme has the form w™*= ¢®(F) + gF? and the final R fac-
tors the form R=Y |F,— F.|/LF, and R, = [w|F,—F.|?/
YWF 212, Relevant crystal and refinement dataare provided
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in Table 3 and selected bond lengths and angles are provided
in Table 2. The structures of Ila and 111 are illustrated in
Figs. 1 and 2, respectively.

4. Supplementary data

Crystallographic data for structuresla and 111 are avail-
able from the Cambridge Crystallographic Data Centre, 12
Union Road, Cambridge CB2 1EZ, UK (fax: +44-1223-
336033; e-mail: deposit@ccdc.cam.ac.uk or www: http://
www.ccdc.cam.ac.uk), quoting the deposition numbers
CCDC 140477 (ll1a) and CCDC 140478 (I11).
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