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ABSTRACT: The unsaturated aryl-substituted ferrocenophanes 1,1'-(1-phenylbuta-1,3-diene-1,4-diyl)-
ferrocene and 1,1'-(1-mesitylbuta-1,3-diene-1,4-diyl)ferrocene were synthesized and used to prepare high
molecular weight conjugated polymers by ring-opening metathesis polymerization. X-ray crystal structures
of the phenyl- and mesityl-substituted monomers showed substantial bond angle strain in the butadiene
bridge. The monomers were readily polymerized upon exposure to a tungsten-based initiator to give high
molecular weight polymers that were soluble in common organic solvents. UV/vis spectral analysis
indicated that the aryl moieties gave rise to enhanced conjugation when compared to related alkyl-
substituted ferrocene-containing polymers. The enhanced conjugation was further supported by electro-
chemical analysis. The thermal stability of the new ferrocene-containing polymers was similar to that of
oligomeric poly(ferrocenylene), and the conductivities upon doping were on the order of 107> S em™.

Introduction

Transition-metal-containing polymeric systems have
been the subject of extensive study due to their unique
electrical, magnetic, and optical properties.!=® In par-
ticular, conjugated polymers that contain transition-
metal backbones have received a great deal of interest
because of their potential to combine the attractive
electrical properties of metals with the strength, flex-
ibility, and processability of organic polymers.2 Among
this class of materials, conjugated ferrocene-containing
polymers are of considerable interest due to ferro-
cene’s excellent thermal, redox, and spectroscopic prop-
erties.’0712 Previous efforts to synthesize these types of
materials, however, have afforded insoluble oligomers
or polymers that are poorly conducting and/or display
electrochemical behavior similar to that of ferro-
cene.1013-21 Furthermore, the insolubility of conjugated
polymers with ferrocene-containing backbones has lim-
ited both their characterization and their capacity to be
processed into useful device structures.® The develop-
ment, therefore, of a new strategy to tailor the micro-
structures of ferrocene-based polymers is critical to the
development and use of these materials in device
applications.

Poly(ferrocenylenes) with 7-conjugated organic bridges
are of particular interest because of the promising
electronic, optical, and magnetic properties afforded by
potential interactions of the iron centers through the
m-network. To this end, many studies have targeted
electron-delocalized polymers containing ferrocenylene
groups linked directly together?? or linked by sz-conju-
gated organic spacers such as vinylene,26725 divi-
nylene,?! phenylenevinylene,?® phenyleneacetylene,?’
p-phenylene,?8 naphthylene,?’ heteroatomic thienylene,30
and [2.2]paracyclophane.?! Unfortunately, most syn-
thetic routes to these materials have typically afforded
conjugated polymers with poor solubilities and low
molecular weights.21:23-25 Grubbs and co-workers, for
example, explored the ring-opening metathesis polym-
erization (ROMP) of 1,1'-(1,3-butadienylene)ferrocene
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(1) (Figure 1), which gave marginally soluble low
molecular weight oligomers.?! Similarly, Buretea and
Tilley explored the ROMP of ansa-(vinylene)ferrocene
(2) (Figure 1), which gave insoluble oligomers.?> The
poor solubility of both types of materials inhibited not
only their characterization but also the ability to
prepare them in high molecular weight form. Overcom-
ing solubility limitations is thus essential before these
and related materials can be widely studied and used.

Our more recent efforts utilizing the ROMP of stra-
tegically functionalized derivatives of 1 have provided
a unique route to the synthesis of high molecular weight
conjugated polymers with ferrocene units in the
backbone.32734 Specifically, the synthesis of 1,1'-((1-tert-
butyl)-1,3-butadienylene)ferrocene (3) (Figure 1) fol-
lowed by ROMP afforded poly(ferrocenylene-tert-bu-
tyldivinylene) having high molecular weights (e.g., My,
> 300000) and solubilities in many common organic
solvents.?273¢ The successful polymerization and the
solubility of the resultant polymer are unprecedented
for conjugated organometallic polymers having high mo-
lecular weights. While characterization of these materi-
als by UV/vis spectroscopy showed extended conjugation
upon polymerization,32-34 and electrochemical measure-
ments showed electronic interactions between neighbor-
ing metal centers,?* the electrical conductivities upon
doping by I, were disappointing (~107% S em™1).34

In the present study, we have targeted the synthesis
of derivatives of 3 (and the corresponding polymers) in
which the tert-butyl group is replaced by an aromatic
group (4 and 5 in Figure 1). We wished to incorporate
aromatic moieties because we felt that these substitu-
ents might ultimately be used to enhance the electrical
conductivity of the polymers by affording electrical
tunability through selective substitution on the aromatic
ring (e.g., by incorporating electron-donating substitu-
ents on the ring).3* In this paper, we demonstrate that
the aromatic groups phenyl and mesityl can be success-
fully attached to the 1-position of the 1,3-butadienyl
bridge of 1,4-(1,1'-ferrocenediyl)-1,3-butadiene (1). More-
over, ROMP of the aryl-substituted monomers 4 and 5
affords high molecular weight polymeric materials that
are soluble in organic solvents.
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Figure 1. Ferrocenophanes used in ROMP trials.
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Experimental Section

General Prodecures. All chemical transformations were
performed in Schlenk flasks under an inert atmosphere (Ng
or Ar) or in a nitrogen-filled Innovative Technologies glovebox,
unless specified otherwise. Hydrocarbon solvents were dried
by passage through alumina and then deoxygenated with a
Cu-based catalyst (Q-5, Englehard) before use. A column of
activated alumina was also used to dry ethereal and haloge-
nated solvents. Degassing for all solvents was performed using
freeze—pump—thaw cycles before use. Phenylmagnesium bro-
mide (1.0 M solution in diethyl ether) and mesitylmagnesium
bromide (1.0 M solution in THF) were purchased from Aldrich
Chemicals, and packaged under nitrogen in Sure/Seal bottles.
The tungsten-based initiator used in these studies, W(=NPh)-
[=CHPh(2-OMe)][OC(CF3)o(CHs)]o(THF), was prepared as re-
ported by Grubbs and co-workers.3®

Monomer Syntheses. The monomers used in these stud-
ies, 1,1'-(1-phenylbuta-1,3-diene-1,4-diyl)ferrocene (4) and 1,1'-
(1-mesitylbuta-1,3-diene-1,4-diyl)ferrocene (5), were synthe-
sized via the key intermediate 1,1'-(4-oxobut-1-ene-1,4-diyD)fer-
rocene (6) (see Scheme 1), which was prepared using a route
developed by Pudelski and Callstrom.3¢

Synthesis of 1,1'-(4-Hydroxy-4-phenylbut-1-ene-1,4-
diyDferrocene (7). A sublimated aliquot (0.50 g, 2.0 mmol)
of 6 and a magnetic stirring bar were placed in a 100 mL
Schlenk flask that was thoroughly dried under argon before
use. After 60 mL of dry diethyl ether was transferred to this
flask, 4.0 mL (4.0 mmol) of a solution of phenylmagnesium
bromide (1.0 M in THF) was added dropwise via syringe at 0
°C. Upon addition, the solution turned noticeably darker. The
reaction mixture was slowly allowed to warm to room tem-
perature and stirred for an additional 2 h. After the mixture
was washed with saturated NH4Cl and brine, the organic
phase was concentrated to afford a crude oily product, 7. The
crude products were purified by column chromatography on
silica gel using 5% Et;O in hexanes (R = 0.13) to give
fine yellow crystals of 7 (0.40 g, 60% yield). 'H NMR (300
MHz, C¢Dg): 6 7.60 (d, J = 7.8 Hz, 2 H), 7.15 (t, J = 7.8 Hz,
2 H), 7.01 (t,J =78 Hz, 1 H), 6.18 (d, J = 7.8 Hz, 1 H),
5.564—5.63 (m, 1 H), 3.71—4.32 (m, 8 H), 3.01 (dd, J = 6.9, 13.2
Hz, 1 H), 2.77 (dd, J = 9.0, 13.2 Hz, 1 H), 2.08 (s, 1 H). 13C
NMR (75 MHz, C¢Dg): 6 150.2, 129.5, 128.2, 127.2, 126.6,
125.6, 95.7, 81.2, 70.7, 69.2, 69.1, 68.9, 68.7, 68.3, 67.5, 66.8,
41.0.

Synthesis of 1,1'-(1-Phenylbuta-1,3-diene-1,4-diyl)fer-
rocene (4). 10-Camphorsulfonic acid (0.23 g, 1.0 mmol) was
dissolved in 150 mL of benzene in a 200 mL round-bottomed
flask equipped with a magnetic stirring bar and a reflux
condenser. To this mixture was added dropwise a solution of
recrystallized 7 (0.30 g, 0.90 mmol) in 30 mL of benzene. After
the addition, the mixture was heated under reflux for 2 h,
concentrated to 50 mL under reduced pressure, and dissolved
in 100 mL of hexanes. The solution was washed with saturated
NH,CI and brine, and removal of the volatiles afforded a dark
solid material. The crude products were purified by column
chromatography on silica gel using hexanes (R;= 0.42) to give
fine red needles of 4 (0.19 g, 68% yield). 'TH NMR (300 MHz,
CeDe): 0 7.28 (d,J =5.7Hz, 2 H), 7.15 (s, 1 H), 7.07 (d, J =
5.7Hz,2H), 6.21(d,J =12.3 Hz, 1 H),5.81(d,J = 5.7 Hz, 1
H),5.59 (dd,J =5.7,12.3 Hz, 1 H), 4.38 (d, J = 27.3 Hz, 4 H),
4.06 (d, J = 27.3 Hz, 4 H). ®*C NMR (75 MHz, C¢D¢): ¢ 145.1,
142.8,129.5, 128.1, 127.6, 127.5, 127.3, 124.3, 81.1, 78.6, 70.6,
70.4, 69.6, 68.2.
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Synthesis of 1,1'-(4-Hydroxy-4-mesitylbut-1-ene-1,4-
diyDferrocene (8). An aliquot (0.50 g, 2.0 mmol) of 6 and a
magnetic stirring bar were placed in a 100 mL Schlenk flask
that was thoroughly dried under argon before use. After 70
mL of dry diethyl ether was transferred to this flask, the
mixture was cooled to 0 °C. To the reaction mixture stirred at
0 °C was transferred dropwise 4.0 mL (4.0 mmol) of a solution
of 2-mesitylmagnesium bromide (1.0 M in THF). Upon addi-
tion, the solution turned noticeably darker. The reaction
mixture was slowly warmed to room temperature and stirred
for an additional 2 h. The organic layer was washed with
saturated NH,Cl, and removal of the volatiles under vacuum
afforded the crude oily product 8. Chromatography on silica
gel using 5% Et,0 in hexanes (R = 0.13) as the eluant afforded
fine yellow crystals of 8 (0.40 g, 54% yield). 'TH NMR (300 MHz,
CeDg): 0 6.75 (s, 2 H), 6.26 (dd, J = 1.5, 11.1 Hz, 1 H), 5.56—
5.65 (m, 1 H), 4.41 (dd, J = 1.5, 3.3 Hz, 1 H), 3.87—4.02 (m, 7
H), 3.41 (ddd, J = 1.5, 8.4, 12.3 Hz, 1 H), 3.03 (dd, J = 8.4,
12.3 Hz, 1 H), 2.52 (s, 6 H), 2.10 (s, 3 H), 1.81 (s, 1 H). 13C
NMR (75 MHz, C¢Ds): 6 143.2, 136.7, 135.4, 132.4, 129.5, 95.7,
81.2, 72.5, 70.2, 69.7, 69.6, 69.3, 69.2, 68.7, 67.8, 67.7, 43.4,
25.5, 20.4.

Synthesis of 1,1'-(1-Mesitylbuta-1,3-diene-1,4-diyl)fer-
rocene (5). A solution of 10-camphorsulfonic acid (0.23 g, 1.0
mmol) in 100 mL of benzene was prepared in a 200 mL round-
bottomed flask equipped with a magnetic stirring bar and a
reflux condenser. To this round-bottomed flask was added
dropwise a solution of 8 (0.35 g, 0.94 mmol) in 20 mL of
benzene. After the addition was completed, the reaction
mixture was stirred under reflux for 2 h. The mixture was
concentrated to 50 mL under reduced pressure and then
dissolved in 100 mL of hexanes. The solution was washed with
saturated NH4Cl and brine, and the volatiles were removed
under vacuum to afford a dark solid material. The crude
product was purified by column chromatography on silica gel
using hexanes (R; = 0.40) to give fine red needles of 5 (0.21 g,
59% yield). 'TH NMR (300 MHz, C¢Dg): 0 6.76 (s, 2 H), 6.22 (d,
J =12.6 Hz, 1 H), 5.44 (dd, J = 12.6, 6.9 Hz, 1 H), 5.35 (d, J
=6.9 Hz, 1 H), 4.61 (t, J = 1.8 Hz, 2H), 4.41 (t, J = 1.8 Hz,
2H), 4.05 (t, J = 1.8 Hz, 2H), 4.00 (t, J = 1.8 Hz, 2H), 2.38 (s,
6 H), 2.14 (s, 3 H). 13C NMR (75 MHz, C¢Dg): 6 141.8, 136.1,
135.1, 129.3, 128.8, 127.2, 126.6, 81.4, 78.2, 70.2, 70.0, 68.0,
67.8, 21.0, 20.7.

X-ray Crystallography. All measurements were made
with a Siemens SMART platform diffractometer equipped with
a 1K CCD area detector. A hemisphere of data (1271 frames
at a 5 cm detector distance) was collected using a narrow-frame
method with scan widths of 0.30° in w and an exposure time
of 20 s/frame. The first 50 frames were measured at the end
of data collection to monitor instrument and crystal stability,
and the maximum correction on I was <1%. The data were
integrated using the Siemens SAINT program, with the
intensities corrected for Lorentz factor, polarization, air ab-
sorption, and absorption due to variation in the path length
through the detector faceplate. A ¢ scan absorption correction
was applied based on the entire data set. Redundant reflec-
tions were averaged. Final cell constants were refined using
5774 reflections having I > 100(I), and these, along with other
information pertinent to data collection and refinement, are
listed in Table 1. The Laue symmetry was determined to be
2/m, and from the systematic absences noted the space group
was shown unambiguously to be P2(1)/c.

Polymer Synthesis and Purification. Polymerizations
of 4 and 5 were conducted in 1 dram vials by dissolving the
monomer (~10—200 equiv) and the catalyst (3—10 mg) sepa-
rately in ~1—2 mL of either dried CH2Cl; or benzene. The vials
were capped to prevent solvent evaporation and stirred gently
with a magnetic stirring bar. The progress of the polymeriza-
tion was monitored by color and viscosity changes in the
solution. The polymerizations were terminated by the addition
of a few drops of benzaldehyde.?! Experimental details of a
typical polymerization are provided. To a 1 dram vial equipped
with a miniature stirring bar were added 3.0 mg (3.6 x 1076
mol) of the tungsten initiator W(=NPh)[=CHPh(2-OMe)][OC-
(CF3)2(CH3)]o(THF)?® and ~1 mL of CHyCls. To this solution
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Scheme 1
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Table 1. X-ray Crystallographic Data and Structure
Refinement for 1,1'-(1-Phenylbuta-1,3-diene-1,4-
diyl)ferrocene (4) and 1,1'-(1-Mesitylbuta-1,3-diene-
1,4-diyD)ferrocene (5)

4 5
empirical formula CooH1gFe CosHooFe
fw 312.18 354.26
dimensions (mm) 0.35 x 0.18 x 0.10 0.40 x 0.24 x 0.22
cryst syst monoclinic monoclinic
temp (K) 223(2) 223(2)
space group P2(1)/c P2(1)/c
a 8.968(1) 14.1201(6)
b 5.734(1) 15.7190(6)
c 28.003(3) 8.0672(3)

b 91.61(1) 105.144(1)
vol (A3) 1439.4(3) 1728.36(12)
Z 4 4
density(caled) (g/cm3) 1.441 1.361

abs coeff (mm™1) 1.037 0.872

R1 0.028 0.024

wR2 0.065 0.065

was added 0.13 g (3.6 x 107* mol) of 5 dissolved in CH:Cl;
(~2.5 mL). This mixture was sealed with a Teflon-lined cap
to prevent solvent loss, and allowed to stir under nitrogen for
24 h. Benzaldehyde was added to terminate the polymeriza-
tion.?! The solution was then added dropwise to a stirred
solution of methanol (~30 mL), which afforded a red precipi-
tate. After centrifugation and decanting of the supernatant,
the precipitate was dissolved in CH3Cly (~5 mL), and then
repeatedly precipitated into hexanes (~30 mL) until the
supernatant became clear (typically four precipitations into
hexanes). Removal of the volatiles afforded a dark powdery
substance (0.06 g, 1.6 x 10~* mol, 47% yield), identified as 10.
H NMR (300 MHz, C¢Dg): 6 6.2—7.8 (br, 5 H), 3.8—4.6 (br, 8
H), 2.0—2.5 (br, 9 H). 1*C NMR (75 MHz, C¢Dg): 6 141.8,136.1,
135.8, 135.6, 135.1, 129.3, 128.8, 127.2, 126.6, 124.4, 85.5, 85.3,
85.2, 84.1, 83.4, 82.7, 78.6, 71.8, 71.9, 71.3, 70.2, 70.0, 68.0,
67.8, 20.9, 20.8, 20.7. Similarly, polymer 9 was obtained. 'H
NMR (300 MHz, C¢Dg): 6 6.9—7.6 (br, 5 H), 6.0—6.4 (br, 3 H),
4.0—4.6 (br, 8 H). 3C NMR (75 MHz, C¢Dg): 0 br 140—145,
128.8, 127.8, br 80—90, br 68—74.

Analytical Measurements. 'H and 3C NMR spectra were
recorded on a General Electric QE-300 spectrometer at 300.2
and 75.5 MHz, respectively. All chemical shifts are reported
relative to the residual proton or carbon signal of the deuter-
ated solvents. A Varian Cary 3-Bio UV/vis spectrophotometer
was used to collect ultraviolet/visible absorption spectra. The
compounds were dissolved in THF or CH,Cl; in a standard
quartz cell, 1 x 1 x 4 cm® The thermal stability of the
polymers was evaluated using a TA Instrument Auto Hi-Res
TGA 2950 thermogravimetric analyzer with a Thermal Solu-
tions V 2.5 for Windows NT program for data manipulation.
An aliquot of the polymer sample (~10 mg) was heated at 2.0
°C/min under a flow of Ny gas, and the percent weight loss of
the sample vs temperature was recorded. The differential
scanning calorimetry (DSC) data were measured using a TA
Instrument DSC 2010 in a sealed aluminum pan. The sample
was heated from 50 to 250 °C at a rate of 10 °C/min under a
flow of nitrogen. Conventional heat flow vs temperature was
obtained using a Universal V2.5H TA Instruments program.
Molecular weight analysis was performed using gel permeation

chromatography (GPC) on a Waters GPC system equipped
with a Waters 510 pump, a 410 differential refractometer, and
two Waters Styragel HR columns. THF was used as the eluant
at a flow rate of 1.0 mL/min. Molecular weights were obtained
using a calibration curve generated from narrow molecular
weight polystyrene standards purchased from Polysciences.
Polymer solutions (3—5 mg/mL) were filtered through 0.45 ym
Millipore, Millex FH 13 mm filters before injection. Electrical
conductivity was measured with a homemade four-point probe
system, which has been described separately.3*
Spin-Casting and Doping of Thin Polymer Films.
Polymer samples (20 mg) dissolved in benzene (1 mL) were
filtered through 0.45 ym Millipore, Millex FH 13 mm filters
before use. A glass substrate was placed on Headway Research
spin-coater, and the polymer solution was cast dropwise onto
the glass substrate. The films were spun dry and then further
dried under vacuum. The polymer films were exposed to iodine
vapor (200 mmHg) in an evacuated Schlenk flask for selected
intervals of time (typically 2—5 h). Upon doping, the initially
translucent red films became black. To ensure complete
removal of any excess iodine, the sample was placed under
vacuum for 30 min before measurements were taken.

Results and Discussion

Synthesis of 1,1'-(1-Phenylbuta-1,3-diene-1,4-
diylDferrocene (4) and 1,1'-(1-Mesitylbuta-1,3-di-
ene-1,4-diyl)ferrocene (5). The key intermediate in
our strategy for synthesizing unsaturated aryl-substi-
tuted ferrocenophanes is the butenone-bridged ferro-
cenophane 6, which was first reported by Pudelski and
Callstrom.36 As in our previous synthetic strategy to
synthesize tert-butyl-substituted ferrocenophane 3,32734
we targeted carbon-1 (C-1) on the bridge of 6 as the site
for the attachment of the pendant aryl group (see
Scheme 1). Successful arylation of 6 was achieved by
the use of the commercially available Grignard reagents
phenylmagnesium bromide and mesitylmagnesium bro-
mide to afford after dehydration ferrocenophanes 4 and
5 in 36% and 32% overall yield, respectively. After
purification by column chromatography followed by
recrystallization from ethanol/hexane, the resulting fine
red needles of 4 and 5 were stable in air and soluble in
common organic solvents, including hexane, benzene,
methylene chloride, and tetrahydrofuran (THF). Crys-
tals of 4 and 5 are dark red in color, while crystals of
tert-butyl-substituted ferrocenophane 3 have an orange
color, similar to that of ferrocene.32

Single-Crystal X-ray Diffraction Analysis of 4
and 5. Compounds 4 and 5 were obtained as clear, dark
red crystals, which were characterized by single-crystal
X-ray diffraction (see Figure 2 and the Supporting
Information). While the structures of 4 and 5 are similar
to each other and to those of 1,1’-(1-methoxy-1,3-
butadienylene)ferrocene?® and the parent unsubstituted
1,1'-(1,3-butadienylene)ferrocene (1),>7 the structures
are markedly different from that of 1,1'-((1-tert-butyl)-
1,3-butadienylene)ferrocene (3).32 Table 2 gives selected
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Figure 2. Thermal ellipsoid plots (40% probability level) of
4 and 5.

Table 2. Selected Bond Distances (A) and Bond Angles
(deg) for Monomers 1, 3, 4, and 5

1@ 30 4 5
Selected Bond Distances (A)
C11-C12 1.314 1.331 1.333 1.337
C12—-C13 1.450 1.475 1.467 1.460
C13-C14 1.323 1.325 1.345 1.341
Selected Bond Angles (deg)
C6—C14—C13 129.0 126.8 125.4 127.6

C12-C13-C14 130.7 136.8 132.9 131.9
C11-C12-C13 130.9 136.2 131.7 133.0
C1-C11-C12 128.5 131.6 128.1 125.2

@ From ref 37. ® From ref 32.

bond angles for 1,37 3,32 4, and 5. We note that, in 1, 4,
5, and the methoxy-substituted monomer,3 the cyclo-
pentadienyl (Cp) rings are staggered and tilted with
respect to each other. The dihedral angles between the
Cp rings (i.e., the Cp-ring tilt angles) are 6.7°, 8.2°,
10.2°, and 7.2° and 11.1° for 1, 4, 5, and the two
independent molecules of 1,1'-(1-methoxy-1,3-butadi-
enylene)ferrocene, respectively. In the tert-butyl-sub-
stituted monomer 3, however, the Cp rings lie in a
nearly eclipsed conformation and are roughly parallel,
as indicated by a small 3.8° dihedral angle. Accordingly,
the torsion angles of the butadiene bridges in monomers
4 and 5 are ca. 41.0° and ca. 40.1°, respectively, while
that for monomer 1 is ca. 42° and that for the methoxy-
substituted monomer ranges between 35° and 40°.
These values are significantly larger than that found
for the tert-butyl-substituted monomer 3 (ca. 2°).

It is important to evaluate the strain in unsaturated
ferrocenophanes, given that ring strain is known to
influence ROMP reactivity.?! Strain in ferrocenophanes
can be evaluated on the basis of the Cp-ring tilt angle
and/or the bond angle distortion in the butadiene
bridge.?8 Table 2 shows the bond angle distortion of the
heteroannular bridges of monomers 1, 3, 4, and 5.
Importantly, the data show that there is considerable
deviation from the ideal sp2-hybridized angle of 120°
in both 4 and 5. In particular, the interior pair of
angles C(11)—C(12)—C(13) and C(12)—C(13)—C(14) are
distorted to a greater extent than the exterior pair
C(1)—C(11)—C(12) and C(6)—C(14)—C(13). This feature
is also true for the parent unsubstituted ferrocenophane
137 and the tert-butyl-substituted monomer 3.32 The
latter monomer, however, exhibits the largest distortion
of all (the average C—C—C bond angle is 130° for 1,
133° for 3, 130° for 4, and 129° for 5). The larger bond
angle distortion for 3 suggests that the tert-butyl-sub-
stituted monomer 3 is more strained than the unsub-
stituted monomer 1 and the aryl-substituted monomers
4 and 5. On the other hand, monomer 3 exhibits a
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smaller Cp-ring tilt angle than monomers 1, 4, and 5,
suggesting less strain for 3. As a whole, the structural
distinctness of 3 likely arises from the steric bulk of the
tert-butyl group, which limits the torsion of the Cp rings,
giving rise to small ring tilt strain but substantial bond
angle strain in the bridge.

The distinct torsion angles of butadiene-bridged fer-
rocenophanes are reflected by the color of their crystals.
For example, the unsubstituted monomer 1, the meth-
oxy-substituted monomer, and the aryl-substituted
monomers 4 and 5 are all red in appearance. These
monomers possess relatively large Cp-ring tilt angles
and butadiene-bridge torsion angles, corresponding to
an enhanced flexibility that allows the butadiene bridge
to orient in a manner in which the z-orbitals of the
bridge partially overlap with those of the Cp rings. This
overlap gives rise to a bathochromic shift in the UV
spectrum (vide infra) and contributes to the increased
intensity of color for these monomers. In contrast, the
tert-butyl-substituted monomer 3, which possesses a
small Cp-ring tilt angle (3.8°) and a small butadiene-
bridge torsion angle (ca. 2°), is orange in appearance,
perhaps even lighter in color than ferrocene. The rela-
tively light color of 3 probably arises from an orthogonal
orientation that the butadiene bridge is forced to adopt
due to steric constraints imposed by the bulky tert-butyl
group. This sterically constrained geometry permits
little or no m-overlap between the butadiene bridge and
the Cp rings.

The aryl substituents also uniquely influence the color
of the monomer crystals. Monomer 4 is darker than both
monomer 5 and the unsubstituted parent monomer 1.
We attribute this difference to 7-conjugation between
the phenyl substituent and the butadiene bridge. While
the phenyl ring in monomer 4 is oriented to permit such
m-conjugation, the methyl groups on the mesityl sub-
stituent in monomer 5 hinder the aryl group from
orienting in such a manner to optimize overlap (see
Figure 2). Similarly, no m-enhancement would be ex-
pected for the parent monomer 1, given the absence of
an aryl substituent.

Polymerization of 4 and 5. The strain in 4 and 5
apparent from the crystallographic data suggested to
us that 4 and 5 are viable candidates for ROMP (see
Scheme 2). Moreover, we anticipated that the solubility
afforded by the aryl substituents3® would facilitate the
generation of high molecular weight polymers.32 Indeed,
exposure of ferrocenophanes 4 and 5 to the highly
reactive tungsten-based metathesis initiator W(=NPh)-
[=CHPh(2-OMe)][OC(CF3)2(CH3)]2(THF)3® shown in
Scheme 2 afforded soluble conjugated polymers 9 and
10, respectively. We monitored the polymerizations
visually by noting that the initially red monomeric
solutions turned deep red and became more viscous and
opaque as the reaction proceeded. The polymerizations
could be followed quantitatively by 'H NMR spectros-
copy (vide infra).

We terminated the polymerizations by adding ben-
zaldehyde, which cleaves the polymer chain from the
metal center.21:39 The polymers were precipitated into
methanol and then repeatedly into hexanes and/or
n-pentane from CHyCly. Unlike the polymer derived
from the tert-butyl-substituted monomer 3,32 polymers
9 and 10 were slightly soluble in hexanes and even
n-pentane, which hindered their isolation from low
molecular weight impurities.
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Scheme 2
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Table 3. Molecular Weight as a Function of the nonbridged 1,1'-divinylferrocene, for example, the dif-
Monomer:Catalyst Ratio for Polymer 10 ference between these chemical shifts is 0.18 ppm.%3 In
monomer: monomer: contrast, for the highly tilted ansa-(vinylene)ferrocene
catalyst catalyst (2), the difference is 0.79 ppm.?®> By using this marker,
ratio My PDI* ratio My PDI we analyzed the chemical shifts of the Cp hydrogens in
50:1 62000  1.73 150:1 74000 1.44 the 'H NMR spectra of 4 and 5 (Figure 3) to provide an
75:1 46000  1.87 200:1 70000  2.03 indirect measure of the ring tilt strain. We found that
100:1 51000 2.16

@ Polydispersity index.

Gel Permeation Chromatography (GPC). GPC
analysis of polymers 9 and 10 revealed moderate
molecular weights with relatively narrow weight dis-
tributions. To our surprise, the molecular weights failed
to vary with the ratio of monomer to catalyst for both
polymerizations (see, for example, the data in Table 3
for polymer 10). Although we varied the amount of
excess monomer added to a fixed quantity of catalyst,
the molecular weights (M) for both polymers were
always less than 100000. The observed molecular
weights were lower than those that we obtained in
analogous side-by-side trials using the tert-butyl-
substituted monomer 3, for which the molecular weights
can be controlled by varying the monomer-to-catalyst
ratio.3273¢ For the aryl-substituted analogues, the lower
molecular weights and the inability to vary the molec-
ular weight by varying the monomer-to-catalyst ratio
might arise from the fact that the strain in 4 and 5 is
less than that in 3 (i.e., the difference in bond angle
strain might be more important than the difference in
ring tilt strain).3234 Nevertheless, although the molec-
ular weights of the polymers derived from 4 and 5 were
routinely lower than those of the polymer derived
similarly from 3, the molecular weights reported here
are still greater than those found for structurally similar
m-conjugated organometallic polymers.21,23-30

IH and 13C Nuclear Magnetic Resonance (NMR)
Spectroscopy. The 'H NMR spectra of monomers 4
and 5 and the corresponding polymers 9 and 10 exhib-
ited changes consistent with conversion of the mono-
mers to polymers (Figure 3). After polymerization, for
example, the TH NMR resonances broadened and shifted
downfield. The downfield shift can be rationalized by
an increase in electron delocalization for the polymer
relative to that of the monomer.40

The chemical shift difference between the H, and Hy
protons attached to the Cp rings of ferrocenophanes can
be used to predict qualitatively the relative tilt of the
Cp-ring planes with respect to each other.4::42 For the

the chemical shift difference between the H, and Hg
protons in monomers 4 and 5 is 0.32 and 0.47 ppm,
respectively, which is consistent with moderate ring
tilt.#142 Analysis of the monomers by X-ray crystal-
lography (vide supra) provides firm support for this
conclusion.

The 13C NMR spectra of monomers 4 and 5 and those
of the corresponding polymers 9 and 10 exhibited
resonances consistent with their proposed structures
(see Figure 4). We assign the resonances between 65
and 75 ppm to the carbons of the Cp rings, and the
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Flgure 3. 'H NMR spectra in CGDG of (a) monomer 4, (b)
polymer 9 in which traces of monomer 4 remain, (c) monomer
5, and (d) polymer 10 in which traces of monomer 5 remain.
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Figure 4. 13C NMR spectra in C¢Dg of (a) monomer 4, (b)
polymer 9, (¢) monomer 5, and (d) polymer 10.

resonances between 125 and 130 ppm to the olefinic
carbons of the butadiene bridge and the aryl carbons.?!
The resonances for the polymers were generally broader
than those of the corresponding monomers. Moreover,
the olefinic resonances were shifted slightly downfield
for the polymers relative to the monomers, which is
consistent with extended conjugation for the polymers
relative to the monomers. The appearance of new peaks
in the 132 ppm region of the spectra for polymers 9 and
10 indicates that there are repeat units other than
butadienes, perhaps suggesting a random combination
of head-to-tail and head-to-head/tail-to-tail polymeriza-
tion of monomer units. Given that metathesis likely
takes place preferentially at the unsubstituted double
bonds of monomers 4 and 5,3%%* the head-to-head
polymerization would give a polymer in which the
ferrocene units are separated by one unsubstituted
olefin (Fc—CH=CH—Fc) and the tail-to-tail polymeri-
zation would give a polymer in which the ferrocene units
are separated by a triolefin (Fc—CAr=CH—CH=CH—
CH=CAr—Fo).

Ultraviolet/Visible Spectroscopy. The UV/vis spec-
tra of monomers 4 and 5 and their respective polymers
9 and 10 were recorded in CH2Cls over the range of
300—600 nm to examine the degree of electron delocal-
ization. Analysis of the UV/vis spectra for the monomers
and polymers revealed bathochromic shifts of 1,,x and
increased absorption intensities upon polymerization.
For example, comparison of monomer 4 and polymer 9
(M, = 46000, PDI = 1.2) in Figure 5 shows that Aya.x =
476 nm for 4 and 485 nm for 9. Monomer 4 exhibited
moderately intense absorptions (e =2.3 x 102 M~ 1cecm™1,
¢ =6.7 x 107* M), whereas polymer 9 exhibited stronger
absorptions (e =1.6 x 103 M1em™1, ¢ =6.3 x 1075 M).
These observations are consistent with our previous
studies of the analogous tert-butyl-substituted sys-
tem,3234 where the value of Ay.y for the polymer was
red-shifted relative to that of the monomer. The ob-
served bathochromic shifts can be attributed to a
moderate increase in conjugation upon polymerization,
where the coplanarity of the olefinic bonds and the
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Figure 5. UV/vis spectra of monomer 4 (—, 6.7 x 107* M)
and polymer 9 (---, 6.3 x 1075 M).
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Figure 6. UV/vis spectra of monomer 5 (—, 6.4 x 107* M)
and polymer 10 (---, 7.1 x 107% M).

adjacent Cp rings becomes more feasible. As noted
above, visual inspection revealed that the initial solution
of 4 exhibited a progressively deeper red color during
polymerization, which is again consistent with an
increase in conjugation.*’

Similar comparison of the mesityl-substituted mono-
mer5(=25x102M1tcecm 1, ¢ =64 x 107* M) and
the corresponding polymer 10 (M, = 74000, PDI = 1.4)
(e=2.6x10M1lcm™1,¢c="7.1x 107> M) also revealed
an increase in absorption intensity upon polymerization.
Moreover, the Anax of monomer 5 at 466 nm exhibited
an even larger bathochromic shift to 480 nm upon
polymerization (Figure 6), which is again consistent
with enhanced conjugation for the polymer relative to
the monomer.*?

The Cp-ring tilt can also be evaluated by examining
the Amax values of the individual monomers; specifically,
Amax Values typically undergo bathochromic shifts with
increasing Cp-ring tilt.#346 For example, Tilley’s highly
tilted 2 exhibits a Amax value at 470 nm,?5 while
ferrocene and 1,1'-dimethylferrocene show An.x at 440
and 437 nm, respectively.#1*7 Similarly, the slightly
ring-tilted monomer 3 exhibits a Anyax at 444 nm,3¢ which
is slightly red-shifted from those of ferrocene and 1,1'-
dimethylferrocene but blue-shifted from that of Tilley’s
monomer 2. From these data, one can infer that
monomer 3 possesses some degree of ring tilt strain but
less than that of 2, which is consistent with the X-ray
data.3?

By comparison, monomers 4 and 5 show An.x values
of 476 and 466 nm, respectively. The Anax value of the
mesityl-substituted monomer 5 is clearly red-shifted
from those of ferrocene, 1,1'-dimethylferrocene, and
monomer 3 but only slightly blue-shifted from that of
2, which can be interpreted to indicate that monomer 5
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possesses more ring tilt strain than monomer 3 but less
than 2. In contrast, the An.x value of monomer 4 is the
most red-shifted of all. Given that the X-ray data show
that the Cp rings of 2 are clearly more tilted than that
of monomer 4 (vide supra), we can conclude that the
ring tilt is not the only factor influencing the position
of Amax. In particular, contributing z-orbital overlap from
bridge substituents must be considered.

Comparison of the UV/vis spectra of monomers 3 (Anax
= 444 nm),** 4 (Apax = 476 nm), and 5 (Apax = 466 nm)
illustrates the effects of the substituent on orbital
overlap. The tert-butyl-substituted monomer 3 exhibits
the lowest value of Apmax, which probably arises from the
orthogonal orientation caused by the tert-butyl group
and the lack of any n-interactions between the Cp rings
and the butadiene bridge. However, the less bulky
phenyl-substituted monomer 4 is sufficiently flexible to
adopt an orientation that allows the phenyl group to
lie in conjugation with the butadiene bridge, which leads
to a large red shift in the value of Anyax. In contrast, the
mesityl-substituted monomer 5 is red-shifted relative
to 3 but blue-shifted relative to 4. For 5, the methyl
groups apparently hinder m-overlap between the aryl
group and the butadiene bridge—a conclusion consistent
with the crystallographic data (vide supra).

Comparison of the UV/vis spectra of the tert-butyl-
substituted polymer (Apn.x = 472 nm),3* polymer 9 (Anax
= 485 nm), and polymer 10 (1y.x = 480 nm) illustrates
the effects of the substituents on the degree of conjuga-
tion of the polymers. The phenyl-substituted 9 and
mesityl-substituted 10 exhibit slightly larger values of
Amax than does the tert-butyl-substituted polymer. The
aryl substituents can plausibly enhance the degree of
conjugation relative to the fert-butyl substituent in one
of two ways. First, the phenyl substituents might align
themselves with the 7 cloud of the polymer backbone
and thereby increase the degree of conjugation. Alter-
natively, the bulky tert-butyl group might lower the
degree of conjugation by sterically inducing a twist in
the polymer backbone. The fact that the value of Ayax
for the mesityl-substituted polymer falls between that
of the other two suggests that perhaps both factors
influence the degree of conjugation in polymer 10.

Thermal Gravimetric Analysis (TGA) of Poly-
mers 9 and 10. Examination of polymers 9 (M,, =
46000, PDI = 1.2) and 10 (M, = 74000, PDI = 1.4) by
TGA showed an onset of degradation at >350 °C for both
polymers (Figure 7). Polymer 9 exhibited an onset of
degradation at 360 °C with a relative residual weight
of ~50% at 460 °C, reflecting its relatively high thermal
stability. Similarly, polymer 10 exhibited an onset of
degradation at 390 °C, which is slightly higher than that
found for polymer 9. Polymer 10 exhibited a relative
residual weight of ~40% at 400 °C. The thermal
decomposition behavior observed for these polymers is
consistent with that reported for the structurally similar
oligomeric poly(ferrocenylene).?1:25.28 However, the en-
hanced thermal stability of polymers 9 and 10 compared
to that of poly(tert-butyl-ferrocenylenedivinylene)3* high-
lights the influence of substituents on the thermal
stability of ferrocene-based conjugated polymers. A
possible interpretation is that the aryl substituents
stabilize the polymers via z-stacking interactions, es-
pecially at temperatures <350 °C.

Differential Scanning Calorimetry (DSC) of Poly-

mers 9 and 10. Examination of polymers 9 (M,, =
46000, PDI = 1.2) and 10 (M, = 74000, PDI = 1.4) by
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Figure 7. TGA plot obtained under nitrogen for polymers 9
and 10.
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Figure 8. DSC plot obtained under nitrogen for polymers 9
and 10.

DSC revealed no discernible endothermic transitions
(Figure 8). Instead, both of these polymers exhibited
distinct exothermic transitions in the range of 30—70
°C. Studies of the thermal phase behavior of structurally
related aryl-linked poly(ferrocenylenes)?® suggest that
the exothermic transitions might be related to a recrys-
tallization of the polymers. By comparison, the unsub-
stituted oligomeric poly(ferrocenylenebutenylene) ex-
hibited no heat flow change until 385 °C,2! while
structurally related derivatives of poly(1,1'-ferroce-
nylene-alt-p-oligophenylene) showed strong endothermic
transitions at either 65 or 110 °C, depending on the
length of the side chains.2® Given these widely varying
observations and the fact that the thermal phase
behavior of polymers can be strongly influenced by the
degree of crystallinity, minor differences in structure,
and molecular weight, we conclude that the DSC data
obtained here cannot be reliably compared to those
obtained for other structurally related polymers.

Cyclic Voltammetry. We examined the electrochem-
istry of 1 mM solutions of monomers 4 and 5 and the
corresponding polymers 9 and 10 in CHyCls (Figure 9).
Tetrabutylammonium hexafluorophosphate (TBAHFP)
was used as the electrolyte in our experiments. The data
were collected at a scan rate of 200 mV s~!. Using
solutions of ferrocene for reference, cyclic voltammo-
grams of 4 and 5 showed single redox waves with peak-
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Figure 9. Cyclic voltammograms of 1 mM solutions of various samples in 0.1 M TBAHFP—CH.Cls: (from top to bottom) 1,1'-
(1-phenylbuta-1,3-diene-1,4-diyDferrocene (4), 1,1'-(1-mesitylbuta-1,3-diene-1,4-diyDferrocene (5), poly(1,1'-((1-phenyl)-1,3-buta-
dienylene)ferrocene) (9), and poly(1,1'-((1-mesityl)-1,3-butadienylene)ferrocene) (10).

to-peak separations of ~85 mV (Figure 9). The electro-
chemistry of 4 and 5 was observed to be completely
reversible between potentials of 0.00 and +1.00 V vs
the standard calomel electrode (SCE) at a scan rate of
200 mV s™1. Monomer 4 exhibited an electrochemical
potential of E° = 0.48 V, while mesityl-substituted 5
exhibited an electrochemical potential of E° = 0.46 V.
For comparison, the electrochemical potential of fer-
rocene was found to be E° = 0.44 V, and those for the
unsubstituted parent ferrocenylenebutadiene 1 and the
tert-butyl-substituted analogue 3 were found to be E°
= 0.45 V.2134 Thus, the electrochemical potentials of the
monomers were found to be similar to each other and
to that of ferrocene. These measurements suggest that
the butadiene bridge of the ferrocenophanes exerts no
strong influence on the electrochemical potentials of the
ferrocene center. This hypothesis is further supported
by analysis of the ratio of the anodic peak current to
the cathodic peak current of the molecules. At a scan
rate of 200 mV s~1, the ratio of the anodic peak current
to the cathodic peak current was measured to be 0.99,
1.00, and 0.99 for ferrocene, monomer 4, and monomer
5, respectively.21:34

Electrochemical methods were further used to probe
the potential interactions between neighboring iron

centers in polymers 9 and 10 (see Figure 9). The cyclic
voltammogram of polymer 9 (M, = 46000, PDI = 1.2)
shows two reversible redox waves with a separation of
260 mV. Similarly, the cyclic voltammogram of polymer
10 (M, = 74000, PDI = 1.4) shows two reversible redox
waves with a separation of 210 mV. These values along
with the two-wave pattern are consistent with a chain
possessing interacting metal centers.*®53 Polymers of
noninteracting centers would show a single wave, as do
the monomers described above.!®20 The separation
between the two redox potentials (AE) is qualitatively
representative of the magnitude of the interaction (as
long as the relevant materials are closely related). For
comparison, the polymer reported by Tilley?® exhibits a
AE value of 250 mV, and polymers reported by Man-
ners*? exhibit AE values of 210—290 mV. These poly-
meric systems are all believed to possess interacting
ferrocene nuclei.

The larger value of AE found for polymer 9 (AE =
260 mV) compared to that found for polymer 10 (AE =
210 mV) suggests that the electronic communication in
polymer 9 is stronger than that in polymer 10. Simi-
larly, electrochemical studies of poly(tert-butylferroce-
nylenedivinylene) revealed a completely reversible two-
wave potential with a separation AE of 230 mV.3* The
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Figure 10. Vacuum conductivity of 9 and 10 as a function of
the duration of exposure to I vapor.

observed differences might arise from the ability of the
phenyl-substituted polymer to adopt a favorable geom-
etry that allows the greatest electronic communication
(please see the above discussion regarding the UV/vis
data).

Doping and Conductivity. Spin-coated samples of
polymers 9 and 10 were dried under vacuum on a
Schlenk line equipped with an attachment for introduc-
ing Iy vapor. After drying, the highly resistive samples
(1011 Q) were treated with ca. 200 mmHg of Iy at
ambient temperature. Instantly, the red translucent
films became black. The conductivities were measured
with respect to the doping time as described in the
Experimental Section. Films of polymers 9 (M, = 46000,
PDI = 1.2) and 10 (M, = 74000, PDI = 1.4) that were
treated in this manner exhibited maximum conductivi-
ties on the order of 10° S em™! (Figure 10). The
measured conductivities are lower than those reported
for either poly(ferrocenylenevinylene) (1072 S em~1)1° or
poly(ferrocenylenedivinylene) (1074 S ¢cm™1).20

It was our belief that incorporation of the aryl
substituents would enhance the conductivity of 9 and
10 compared to that of the tert-butyl-substituted poly-
mer by increasing the effective conjugation lengths of
the polymers.? If, however, the major contributing
mechanism of electronic conduction in these polymers
is due to interchain hopping rather than intrachain
conduction via the polymer backbone, incorporation of
the aryl groups would be expected to have little or no
effect upon the conducting properties. Since the UV/vis
and electrochemical measurements suggest a greater
conjugation length for polymer 9 than for either the tert-
butyl-substituted polymer or polymer 10, but the con-
ductivity values are indistinguishable, the results ob-
tained here suggest an interchain hopping mechanism
of electrical conduction in these materials. We also note
that the conductivities of the polymers failed to vary
with changes in molecular weight (data not shown).
These results further support the interchain hopping
mechanism as the major mode of electron transport in
these polymeric systems.

As a whole, however, the data reported here provide
additional support that conjugated polymers with 7-elec-
tron delocalization through ferrocenyl units are poorer
electrical conductors than structurally related conju-
gated organic polymers.®7 Recently, we described ex-
tended Hiickel calculations that found an increased
energy gap between the valence band and the lowest
unoccupied band of poly(ferrocenylenedivinylene) when
compared to polyacetylene.?4%* Thus, conjugated poly-
mers having ferrocene units in the backbone should
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exhibit lower conductivities than polyacetylene. This
theoretical treatment and the experimental work de-
scribed here, however, suggest that analogues of the
aryl-substituted polymer 9 in which strong donor groups
(e.g., dialkylamino) are substituted in the para position
should possess a smaller band gap and thus an en-
hanced conductivity compared to polymer 9. We are
currently exploring the synthesis and study of these
materials.

Conclusions

Polymers 9 and 10 were prepared via ROMP of
monomers 4 and 5, respectively. Even though the
highest molecular weights of polymers 9 and 10 were
lower than those of their tert-butyl-substituted cousin,
the molecular weights were still higher than those of
other previously studied poly(ferrocenylenes) with con-
jugated organic spacers. Bathochromic shifts in the
UV/vis spectra of monomers 4 and 5 and polymers 9
and 10 compared to the tert-butyl-substituted analogues
demonstrate enhanced conjugation due to overlap with
the aromatic rings. Electrochemical studies of the
polymers qualitatively support the UV/vis data by
showing increased electronic interaction associated
particularly with the phenyl-substituted polymer. For
both 9 and 10, cyclic voltammetry revealed two revers-
ible oxidation waves. The presence of dual redox waves
at distinct potentials (AE = 210—260 mV) suggests
electronic communication between neighboring iron
nuclei in the backbones of these polymers. The data
further indicate slightly greater electronic communica-
tion in polymer 9 than in polymer 10, which illustrates
the important roles that both sterics and electronics play
in dictating the electrochemical properties of these
conducting polymers. The measured conductivities of
iodine-doped samples of 9 and 10 failed to vary with
molecular weight and fell within the semiconducting
range (1075 S cm™1). These data are consistent with a
model in which interchain hopping is the dominant
mechanism of electrical transport. The data are further
consistent with previous extended Hiickel calculations,
which indicate that the ferrocene unit itself gives rise
to the low conductivity by increasing the energy gap
between the valence band and the conduction band.3454
To decrease the band gap, future investigations will
target the preparation and study of aryl-substituted
poly(ferrocenylenedivinylenes) that incorporate strong
donor groups on the aryl rings.
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