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ABSTRACT: Soluble poly(ferrocenylenevinylene) (PF\6) was synthesized via ring-opening metathesis
polymerization (ROMP) ofansa(vinylene)ferrocene F@fCsH3'Bu),C,H, (5) with ‘Bu substituents on the
cyclopentadienyl (Cp) ligands. Monomé&rwas obtained through intramolecular dicarbonyl coupling of the
corresponding ferrocene-dicarbaldehyde, -ilj-butyl-3,3-dicarbaldehyde, Fg¢CsH3Bu)(CHO), (4) in the
presence of the McMurry reagent. Both monomer precutsord monomeb were structurally characterized by

IH and3C NMR spectroscopy, X-ray crystallography, mass spectrometry, and elemental analysis. RBMP of
was investigated using molybdenum-based (Schrock-type) and ruthenium-based (Grubbs-type) initiators under
various conditions and was monitored #y NMR spectroscopy. Soluble polymers with low or high molecular
weight were obtained and completely characterized. Photolytic and thermal ring-opening polymerizaBons of
were also attempted, but only unreacted monomer was isolated under these conditions. The electronic structure
of polymer6 was explored using U¥vis spectroscopy, and evidence for moderate rather than extensive electron
delocalization was revealed. Redox reversibility was probed by cyclic voltammetry (CV) for both moBomer
and polymer6. The electron-donating effect of tfigu groups substituted to the Cp ligands was signaled by the
negative shift of the oxidation potentials, and the electronic interaction between the iron centers in the polymer
backbone was also evaluated using CV.

Introduction The main synthetic protocols used to prepare conjugated

Since the discovery of the electrical conductivity of poly- Polymers containing metal centers in a polymer backbone are
acetylene films upon chemical doping with oxidizing or reducing €ither step-growth polycondensatibahain-growth ring-opening
agents, conjugated polymers have been extensively studied in Polymerization (ROPJ? or electropolymerizatioh While con-
both academic and industrial settings. These materials have sdensation routes generally lead to low molecular weight
vast number of areas of application such as organic light- materials and electropolymerization is restricted to a certain class
emitting diodes, nonlinear optics, or charge dissipation fims. of monomers, ROP has been proven to be a versatile method
More recently, driven by the possibility of coupling the permitting the access to well-characterized high molecular
characteristics of metal centers with those of delocalized organicweight polymers with skeletal metal atoms. ROP of strained
materials and, consequently, providing additional functionality metallocenophanes has been most intensively studied. This
such as luminescence, redox, or catalytic activity, an important research area initially involved studies of silicon-bridged [1]-
class of new materials has been developed by introducing metalsferrocenophane monomers in the early 199@sd later was
into conjugated polymers. A considerable number of metal- further expanded to monomers containing other bridging ele-
containing conjugated polymers has been synthesized andments, transition metals, ar-hydrocarbon rings® as well as
reported to date, and they can be classified on the basis of theto controlled polymerization methodologies such as living
possible arrangements of metal centers relative to the polymeranioni@ and transition metal-catalyzed RGP
bac_kbqne. Thus, the metal centers can pe located i_n the s_ide Transition metal-catalyzed ROMP generates polymers in
chain linked to the polymer backbone or integrated directly in yhich the double bonds present in the monomer are formally
the main chaird.Although side chain metal-containing polymers  , eqerved upon conversion into macromolecular chains. Also,
are suff_|C|ent for some _apphcgtlons, incorporation of the metal ropp permits the synthesis of polymers with controlled
atoms in polymer main chain leads to the most profound qecylar weights and the preparation of well-defined block

mf_lugnc;e on prlopenlgs gnd affo_r ds mbatenals WEh charalctenstlcs copolymers as well as the incorporation of chemical function-
arising from electronic interactions between the metal centers jiioc12 |0 an effort to develop conjugated organometallic

and the conjugated organic spager. polymers by ROMP, unsaturated ferrocenophanes are attractive
. . _ targetdt13 due to the convenient air and thermal stability of
* Corresponding author. E-mail: lan.Manners@Bris.ac.uk. L
t University of Toronto. ferrocene derivativé$ that would be expected to make the
* University of Bristol. resultant materials easy to handle. In addition, ferrocene can
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from 1,1-di-t-butyl-3,3-dilithioferrocene chelated witN,N,N',N'-
tetramethylethylenediamine (TMEDA), EeCsHs'BuLi),:

To date, several examples of conjugated ferrocene-based2 TMEDA (3) in a reaction withiN,N-dimethylformamide (DMF)

polymers synthesized by ROMP of vinylene-bridged [2]ferro-

in diethyl ether followed by hydrolysis and extraction with

cenophanes and diene-bridged [4]ferrocenophanes have beeflichloromethane. The pure product was obtained as a red solid

reported, but only in the case of the latter were soluble polymers
with high molecular weight obtained®1” Early work using

this synthetic approach involved the preparation of poly(ferro-
cenylenedivinylene) (PFDV}a that was either insoluble or
impossible to characterize due to the hydrolysis of the vinyl
ether groug® The first soluble high molecular weight conjugated
polymer-containing ferrocene units in the main chain were
reported by Lee et &l2when 1,1-(1-t-butyl-1,3-butadienylene)-

in 75% yield after drying the organic phase resulting from
extraction over MgS@and crystallization from cyclohexane
(Scheme 1).

We usedH and!3C NMR spectroscopy, mass spectrometry,
and elemental analysis to confirm the chemical structuré. of
The H NMR spectrum displayed CpBu, and carbaldehyde
protons at expected chemical shifts in correct integration ratios.
The 13C NMR spectrum showed the characteristic downfield

ferrocene was polymerized in the presence of a tungsten-basedesonance for the carbonyl group at 192.2 ppm, five distinct

metathesis initiator. To enhance the electrical conductivity of

resonances for Cp ligands, and two other resonance8tor

this class of polymers, the same group successfully preparedcarbons. A typical downfield resonanceip$o-Cp carbon atoms

other high molecular weight soluble PFDV derivatives in which
the solubilizingt-butyl group was replaced by aromatic sub-
stituents such as phenyl or mesitybj.1” However, the groups

on the bridging elements do not affect the redox properties of
ferrocene units. ROMP of a vinylene-bridged [2]ferrocenophane
in the presence of a molybdenum-based initiator gave poly-
(ferrocenylenevinylene) (PF\®as an insoluble orange powdét.
Moderate solubility was achieved by incorporatimmsa
(vinylene)ferrocene as a second block in a block copolymer with
norbornene, allowing characterization by NMR spectroscopy,
GPC, and cyclic voltammetry (C\H}? However, studies of high
molecular weight PFV were limited by the poor solubility.

Fe

n
1a, X = H, OCHj
1b, X = Bu, Ph, Mes

In the present work, we report on the synthesis and charac-
terization of an analogous soluble electron-rich PFV. We have
addressed the solubility limitations of PFV by introductraptyl
groups on the Cp ligands ahsa(vinylene)ferrocene followed
by ROMP. At the same time, the presence of the electron-
donatingt-butyl groups on the Cp rings was expected to affect
the electrochemical properties of both monomer and polymer.
Therefore, to probe the electron delocalization and electron-
donating effect of the-butyl groups, we also report on the
properties of both the monomer and resulting polymer inves-
tigated by UV~vis spectroscopy and CV.

Results and Discussion

Synthesis and Characterization of Fef-CsH3'Bu),CoHo.
The synthesis of aansa(vinylene)ferrocene witfBu substi-
tutents on Cp ligands5§ was achieved through a titanium-
induced dicarbonyl coupling reactitof the correspondinBu
substituted ferrocene-dicarbaldehyde. Thereforé;di;tbutyl-
3,3-dicarbaldehyde4) was first prepared following a similar
procedure to that reported by Balavoine ealnd was obtained

attached to théBu group3! relative to the conventional values
of chemical shifts for Cp carbons (60 ppm) appeared at
107.8 ppm.

The molecular structure @dfwas also confirmed by a single-
crystal X-ray analysis (Figure 1). In contrast to the non-alkylated
analogue, 1/3errocene-dicarbaldehyde, which adopts two
conformations with different torsional angi&sa single geom-
etry was found fod having parallel eclipsed Cp rings with an
anti arrangement for thH8u substituents (torsional angle T30
and a syn arrangement for the CHO groups (torsional angle
68.3) so that the steric hindrance was minimized. Bond
parameters were found in the expected ranges. One molecule
of cyclohexane per two molecules4fvas found in the crystal
lattice representing the difference in the molecular weight found
by mass spectrometry (see Experimental Procedures) and that
reported by X-ray analysis (Table 3).

The 'Bu substitutecansa(vinylene)ferrocen& was synthe-
sized by intramolecular coupling of carbonyl groups4oin
the presence of the McMurry reag&hiScheme 2) following a
similar procedure to that reported by Tilley and Buret@aAs
the intermolecular dicarbonyl coupling leading to formation of
oligomers is a competitive reactidfhigh dilution was essential
to maximize the yield of the intramolecular coupling product.
Both intra- and intermolecular coupling products were isolated.
When the reaction was completed, the solvent was removed
under vacuum, and the dark brown solid material was redis-
persed in hexane. The product was separated from the coupling
reagent by filtration through a Florisil column and further
purified by sublimation under vacuum at450 °C. Theansa
(vinylene)ferrocen® was obtained in moderate yields varying
from 35 to 47% as air-stable red crystals.

The oligomeric byproduct resulted from competitive inter-
molecular titanium-induced coupling was isolated by dissolving
the red-brown involatile residue remaining from the vacuum
sublimation of 5 in CH,Cl, followed by precipitation in
methanol. The resulting red solid was characterized by NMR
spectroscopy and GPC. These results are discussed in the next
section.

The presence of the olefin bridge in ferrocenoph&neas
confirmed by'H and 13C NMR spectroscopy. In addition to
resonances attributed to Cp af8u protons, the'H NMR
spectrum showed a singlet at 6.13 ppm characteristic of olefinic
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Figure 1. Side (A) and top (B) ORTEP views of with thermal ellipsoids drawn at the 30% probability level. Hydrogen atoms have
ellipsoids drawn at the 30% probability level. Hydrogen atoms have been omitted for clarity.
been omitted for clarity.
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i . . - experiments indicated a rapid weight loss with the onset point
protons. The'3C NMR spectrum consisted of eight distinct around 150°C leading to zero residue at 22%. Since

signals, and the olefin carbons gave rise to a peak at 135.7 ppm : . -
Similar to the case of the ferrocene-dicarbaldehyde precursor,.Terrocene based materials generate ceramics upon h&zfiig,

the downfield resonance at 101.7 ppm was attributed to the CpIS mcﬁca’uve of an eva.porauo'n. process .rather t'han a pyroly SIS
. . - reaction. No exothermic transition associated with thermal ring-
carbons substituted witBu groups. As compared to the typical - L .
opening polymerization was observed up to this temperature
Cp carbons resonances (680 ppm), the resonance for theso- by DSC
Cp carbons attached to the bridge was slightly shifted downfield y T o
to 88.4 ppm. Synthesis and Characterization of Soluble Poly(ferroce-
An X-ray crystallographic analysis confirmed the bent- Nylenevinylene). Ring-(_)penir;g Metathesis Polymerization
sandwich geometry with expected atom connectivity (Figure Of 5. As reported previousl¥i® ROMP of ansa(vinylene)-
2). No significant changes were observed in the structural férrocene leads to an insoluble polymer. In contrast, ROMP of
features ob as compared to the non-alkylated homologue. The 5 generates a polyme6) with a good solubility in organic
dihedral angle between the Cp ligands (tilt anglpwas found ~ Solvents such as toluene, THF, benzene, dichloromethane, and
to be 23.4 (0.31), which is close to the values previously chloroform imparted by the presence of el groups in the
reported by Aggarwal et al. (22)82 and Tilley and Buretea ~ Polymer chain (Scheme 3).
(23°)11b for the analogous unsaturated ferrocenophane without  All reactions were carried out at room temperature and were
Bu substituents on the Cp ligands. This indicates considerablemonitored by*H NMR spectroscopy, and the resulting polymers
ring strain in5 and, therefore, suggests a driving force for were analyzed by GPC. Molybdenum-based (Schrock-type) and
ROMP?2* In Figure 2B, the top view Oak Ridge Thermal ruthenium-based (Grubbs-type) initiators were used in ROMP
Ellipsoid Plot (ORTEP) shows a partially eclipsed syn arrange- of 5 (Figure 3). The polymers were isolated as a-rechnge
ment of'Bu groups (torsional angle 74)1 powder by precipitation into methanol after termination with
When 5 was heated under an inert atmosphere) (&t a benzaldehyde when a molybdenum-based initiator was used or
rate of 10°C min~1, the DSC trace showed a melting transition with ethyl vinyl ether when a ruthenium-based initiator was
at 65 °C represented by a sharp endothermic peak. TGA involved. For comparison purposes, the oligomers resulting as
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Figure 3. Initiators used in ROMP 05.

Table 1. Ring-Opening Metathesis Polymerization of 5

run initiator concn o6 (mol L™1) solvent M/l Mn,caled Mn,expti PDI observations

a | 0.04 ds-benzene 10:1 3220 no reaction
b Il 0.10 ds-benzene 10:1 3220 5940 1.30 after4 h

c Il 0.10 ds-benzene 10:1 3220 7100 1.43 after 4 days
d 1] 0.10 toluene 10:1 3220 5700 2.40 after4 h

e 1] 0.20 toluene 20:1 6440 7700 2.34 after4 h

f Il 0.10 THF 50:1 6440 no reaction

g Il 0.06 ds-benzene 20:1 6440 102000 1.81 after4 h

h Il 0.12 DCM 20:1 6440 91400 2.23 after2 h

i 1} 0.12 DCM 100:1 32200 109000 2.17 after2 h

aEnd groups are not included.

byproducts from the synthesis 6f which would be expected  conditions (runs gi). Much higher molecular weights than
to have the same structure as poly@awere also investigated.  calculated values and large PDIs were found in all cases and
The possibility to synthesize polymémwith controlled molec- suggest that a slow initiation step is followed by very fast
ular weight and a low polydispersity index (PDI) was explored propagation.
in a series of experiments where the monomer to initiator ratio 1y 5ng 3¢ NMR Spectroscopy. Since the molybdenum
(M/1), type of initiator, monomer concentration, and solventwere .,mpjex| is known to be inactive in the metathesis of acyclic
varied. The non-living nature of the ROMP Bfis supported  |efins and is able to produce a living system in the case of the
by both GPC analysis and NMR spectroscopic data. ROMP of norbornene and other cyclic oleffighe first attempt
GPC. GPC data for polyme6 synthesized under various g optain polymes involved polymerization o5 in the presence
conditions are listed in Table 1. No polymer was isolated from ¢ this initiator. Unfortunately, no reaction was observedHy
the reaction initiated by (run a), but soluble polymers with @ - VR spectroscopy over 2 days. Instead, the initiator alkylidene
low or high molecular weight were obtained from ROMP proton (H,) at 11.33 ppm was considerably diminished presum-

initiated byl andlll . Apparently, the activity of the initiator ably due to decomposition in a reductive proc&ss.
Il depends on the nature of the solvent (runs b, d, and f), but

the monomer concentration does not affect the polymerizability
of 5 (runs d and e), which is expected for strained cyclic
monomerg2a|n addition, while no polymerization occurred in
the presence of complex a high molecular weight polymer
was isolated for a similar initial concentration of the monomer
5 when complexl! | was used as the initiator (run a vs run g).
ROMP of 5 usingll as the initiator in deuterated benzene
(runs b and c) yielded polymers with experimental molecular
weights Mnexp) higher than calculated molecular weights
(Mn.caicd and a large PDI indicating the non-living character of
the ROMP of monomeb. In addition, polydispersity increased
with longer reaction times (run c vs run b), presumably due to
side reactions such as eians isomerization or chain transfer.
Nevertheless, this behavior is not surprising for ROMP in
presence of compled, which is also active for the metathesis . ) i '
of acyclic olefins. In addition, a slow initiation may be a Il is less reactive than the first insertion prodéet(Scheme
contributing factor to the non-living character of ROMP %f 4)3
The PDI values are even higher when toluene is used as a The olefin protons in polymes appeared as two new broad
solvent (run b vs runs d and e). As previously demonstrated multiplets slightly shifted downfield relative to those of
for norbornene, the kinetics of the ROMP varied considerably monomer5, and they are ascribed to trans (6.59 ppm) and cis
with solvent?® and the rate of propagation was drastically (6.33 ppm) protons of the double bofdThe trans content
reduced in coordinating solvents such as THF. Thus, in the increases to 24% during the fird h of reaction and to a
attempt to lower thé/k; ratio in ROMP of5, THF was also maximum of 40% over the next days (Figure 4A) as a
used as a solvent, but the activitylbfwas completely inhibited consequence of secondary metathesis &fCCbonds in the
(run f). polymer backbone catalyzed Hy.2” Consequently, a slight
GPC analysis of polymers prepared by ROMP udihgas increase in the molecular weight and PDI values was observed
the initiator indicated that the molecular weights were not for polymer isolated after 4 days of reaction (run c vs run b in
controlled by the M/l ratio under any of the experimental Table 1).

Further investigations were performed on the NMR scale with
10 equiv of 5 added to the molybdenum compldk in
deuterated benzene, and the reaction progress was monitored
by IH NMR spectroscopy over 4 days (runs b and c in Table
1). Within the first 30 min, in addition to the initiator alkylidene
proton resonance (i at 12.13 ppm, a new signal appeared as
a doublet at 13.13 ppm characteristic of alkylidene protons at
the end of the growing chain (.22 Moreover, the presence
of the growing chain was confirmed by the appearance of new
broad'H NMR resonances, and after 4 h, monongewas
completely converted into the polymer. At the end of reaction,
He appeared as a doublet of multiplétsand the initial
alkylidene signal was still present in a ratig:-HH,, of 2:1. This
is an indicative of a higher rate of propagatidg)(than the
rate of initiation k) and suggests that the molybdenum complex
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Figure 5. 3C NMR spectra in CBCl, acquired for polymers obtained
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Figure 4. *H NMR spectra in GDg acquired for polymers obtained
by ROMP of 5 using initiator Il (A) and Ill (B). For comparison
purposes, the spectrum of the oligomeric byproduct resulting from the
titanium-induced intermolecular dicarbonyl coupling reaction is also
given (C).

by ROMP of 5 using initiatorll (A) and Ill (B). For comparison
purposes, the spectrum of the oligomeric byproduct resulting from the
titanium-induced intermolecular dicarbonyl coupling reaction is also
given (C).
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of ferrocenophanes with an unsaturated bridge when the first
generation of Grubbs catalyst was employed as the initiator in
the polymerization of 1,3(1-propane-1,3-diyl)-ferrocene as
reported by Barlow et & In the case of ferrocenopharte
ROMP was initiated by compleXl and monitored by NMR
spectroscopy in deuterated benzener@ve (run gin Table 1).  \eight polymers, only one broad signal for each of these types
The monomer was consumed in less than 2 h, but, similar t0 o carhon nuclei is detected in the high molecular weight
the case of the ROMP initiated Y, unreacted initiator was polymer (Figure 5A,B, respectively). In addition, pairs of
detected at the end of reaction. The polymeric olefin protons asonances for olefiipso-Cp, andBu substituted Cp carbons
gave rise to two broad multiple resonances at 6.58 and 6.39,,ere present in thé3C NMR spectrum of the oligomeric
ppm, indicating that both trans and cis double bond conforma- pyroduct isolated from the titanium-induced dicarbonyl cou-
tions are adopted in the polymer chain with a trans content of pling reaction (Figure 5C). These pairs of signals are ascribed
65% (Figure 4B). to cis and trans conformations of the double bond further
The 'H NMR spectrum of the oligomeric byprodudilf = affected by the position of the neighboring ferrocene units.
3500; PDI= 2.53) resulting from the titanium-induced inter-  Similar to the case of the polymers obtained by ROMP of the
molecular dicarbonyl coupling reaction used for the synthesis 2 3-difunctional norbornadierf,four primary structures are
of 5 was found to be identical to that observed for polyrier  possible for the repeat units in polyméras schematically
obtained by ROMP, except for the trans content, which was represented in Figure 6. TH&l and 13C NMR spectroscopy
85% (Figure 4C). data indicate that none of the investigated polymerizations was
The 13C NMR spectra of polymer§ isolated from ROMP stereoselective.
reactions were acquired in GOl to avoid possible overlapping Thermal Analysis. Thermal analysis of polyme6 was
of olefin or end group signals with solvent resonances. Both performed under inert atmosphere;JNvith a heating rate of
low molecular weight polymerMn 7100) from ROMP 10 °C min~1. DSC experiments were performed for polymers
initiated by Il and high molecular weight polymeMg = 6 with low and high molecular weight$4, = 7100 and 102 000,
102 000) obtained usindil gave rise to broad resonances respectively), and different values of glass transition temperature
consistent with their proposed structure, and their spectra arewere found. The low molecular weight polymer displayet,a
almost identical. However, notable differences were found in at 165°C, whereas the high molecular weight polymer had a
the!3C NMR spectra: while pairs of broad signals are observed Ty at 223 °C. Independent of the molecular weight, TGA
for the olefin carbons, trans (126.4 ppm) and cis (124.9 ppm) analysis indicated that polyméris stable to weight loss up to
carbons®? ipso-Cp carbons (84.0 and 82.1 ppm), aHsl 370°C. Above this temperature, weight loss is observed in two
substituted Cp carbons (103.4 and 102.6 ppm) in low molecular stages: a fast degradation up to 5™with a weight change

trans conformations

Figure 6. Four possible primary structures for the monomer repeating
units in PFV6.
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2 - Table 2. Uv—vis Data for Monomer 5 and Polymer 6
l_| : —monomer 5
il — - oligomeric byprod. oligomeric
Wwh — —polymer 6 low Mn
15 ll“ - polymer & high Mn monomer 8) byproduct 6)2 polymer @)
] N DPy 10 2% 340
] i trans content (%) 85 40 65
IR Amax (NM) 465 477 470 478
§ e (L~ mol cnrY) 600 820 1200 1600
05 1 aFormed as a byproduct in the synthesis of monomérSynthesized
’ with complexlIl (run e, Table 1)¢ Synthesized with complekl (run i,
. Table 1).
0 e .
350 400 450 500 550 600 650 resistant glass tube and heated at 3®&) only unreacted
Wavelength (nm) monomer was detected Bid NMR spectroscopy after 4 h. As
Figure 7. UV—vis spectra of monomes (solid line) and polyme6 indicated by thermal analysis, polymé& is stable up to

with low molecular weight (dashed line) and high molecular weight 370 °C, and for this reason, 350C was chosen as an upper
(dotted line) in THF. The spectrum of the oligomeric byproduct |imit temperature for whicts was expected to undergo ROP
(interrupted line) resulting from the titanium-induced intermolecular . . .
dicarbonyl coupling reaction is also given. without degradation of any ring-opened polymer product. As
compared to [2]ferrocenophanes with a saturated hydrocarbon
(A) bridge (e.g., Fef-CsH4)2.C,Hy4) that undergo polymerization at
300 °C 3* monomer5 seems to be more thermally robust. One
explanation may consider the differences in the dissociation
i enthalpy of a &C double bond (612 kJ mol) and a CG-C
110 pA single bond (348 kJ mo}).3% This tentatively suggests that
ROP of hydrocarbon-bridged [2]ferrocenophanes may occur
via cleavage of the €C bond in the hydrocarbon bridge
rather than the cleavage ofCips, bond, in contrast to

060 -040 -020 000 020 040 sila-[1]ferrocenophanes for which the thermal ROP proceeds
E (V) through Si-Cipso bond cleavagé®
UV —vis Analysis of Monomer 5 and Polymer 6 The UV—
(B) vis spectra of ferrocene and its derivatives have been studied

extensively’ and have led to the detection of six low energy

bands. Most studies of ferrocene-containing species have

i focused on the spin-allowed but Laporte forbidder-dd

10 pA HOMO-LUMO transition with almax at 440 nm because it is

the most intense band in the visible region and is well-resolved.

In order to explore the degree of electron delocalization in
' ' ' T polymer6, UV—vis spectra were acquired for mononteand

-060 -040 020 000 020 040 polymer 6 with low and high molecular weightsv, = 7700

E V) and 109 000, respectively) and the oligomeric byprodcthat
Figure 8. Cyclic voltammogram of monomes (A) and polymer6 resulted from the synthesis &f(Figure 7). All measurements

(1%)0in \(/:/HZCIZ vs ferrocene/ferrocenium ion couple at a scan rate of \yere performed in THF solution with a concentration of %.8
mvis. 104 M in a monomer or a monomer repeating unit. Jvis
analysis of5 in THF solution revealed a maximum absorption

$L68% foII(_)we_dI(tj)y ?E)L(J)(g;; slower delgsr;dation up to 78D at 465 nm with a moderate intensity £ 600 L~ mol cn?)
€ ceramic yield a _ ' W‘_'J‘S C‘?" o _ but significantly higher than that of ferrocene, sila-[1]ferro-
Attempted Photolytic Anionic Ring-Opening Polymeri- cenophanes, and their derivatisWhen strained sila-[1]-

zation of 5. Recently, our group reported a new living ROP  ferrocenophanes are polymerized, a hypsochromic shift (blue
mechanism for sila-[1]ferrocenophanes that proceeds throughshift) to values closer to that of ferrocene is observed for the
nucleophilic attack of initiators such as M{gsR] (where M low energy @-d band of the resulting polymers. In contrast to
= Li or Na and R= 'Bu, Me, or H) at the iron center of  this, but similar to butadiene-bridged ferrocenoph&iédupon
photoexcited monomers followed by selective—&p bond ROMP, a bathochromic shift (red shift) of the maximum of this
cleavageé” This approach might represent an alternative to band with a hyperchromic effect was observed wisewas

ROMP of5 to afford monodisperse polymér Unfortunately, converted into6 to values consistent with a small degree of
as indicated by"H NMR spectroscopy, no reaction occurred conjugation for the corresponding polymers (see Table 2).
by irradiation with UV light of a THF solution ob in the Comparing the UV-vis spectra of polymeric samples, stronger
presence of either CpNa or the more basic nucleoffil€pLi. absorptions were observed for high&P, values whereaémax
Similar results have been previously reported in our group for was red shifted with an increasing trans content up to a limiting
an electron-rich sila-[1]ferrocenophane, F&sHz'Bu),Php.2! value.

Therefore, on the basis of all these considerations, it is consistent c\v/ of Monomer 5 and Polymer 6. The electrochemical

with our initial assertion that the increased electron density on properties of monomes and polymei6 were probed using CV.

Cp ligands endowed by th®u substituents strengthens the  The yoltammogram obtained in a @, solution of5 at a scan

Fe—Cp bond and is also less favorable for an anionic mechanism rate of 100 mV/s showed a reversible one-electron redox wave

that involves a buildup of negative charge on the Cp rthgs.  \yith a half-wave potentiaEy, of —0.25 V versus the ferrocene/
Attempted Thermal Ring-Opening Polymerization of 5. ferrocenium ion couple withediox = 0.99. The more negative

When ferrocenophanewas sealed in an evacuated, thermally value of the half oxidation potential as compared to that of
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Table 3. Crystal Data and Structure Refinement for 4 and 5

4 5
empirical formula GsH3202 CooHaeFe
Fw 396.34 322.26
temp (K) 150(1) 150(1)
wavelength (A) 0.71073 0.71073
cryst syst monoclinic orthorhombic
space group P21/c Pbca
a(A) 10.9521(2) 17.7080(8)
b (A) 22.8780(8) 6.990(3)
c(R) 8.1682(3) 27.097(3)
o (deg) 90 90
B (deg) 109.4230(18) 90
y (deg) 20 20
Z 4 8
pealcd (g CNTY) 1.364 1.276
u (Mo Ka) (mm™1) 0.796 0.891
F(000) 848 1376
cryst size (mrd) 0.30x 0.20x 0.10 0.22x 0.06 x 0.02
0 range (deg) 2.7927.46 2.7525.33
reflns collected 13037 12433

independent reflns
abs correction

441 R, = 0.0390)
semiempirical
from equivalents

3025Rin = 0.1566)
semiempirical
from equivalents

max and min 0.925 and 0.784 1.031 and 0.431
trans coeff

GOF onF2 1.073 0.989

R12 (1 > 20(1)) 0.0391 0.0613

wR2 (all data) 0.0928 0.1541

peak and hole (e 23) 0.426 and-0.481 0.500 and-0.548

aR1= X||Fo| — |Foll/Z|Fol. PWR2 = {Z[W(F? — FA/Z[W(FA)Z} 2.

ferrocene or other non-alkylated ferrocenophanes is a conse
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synthesis of monodisperse, well-defined polymers by ROMP
of 5 could not be achieved. By introducinigbutyl groups on

the Cp ligands, we not only addressed the insolubility problem
for this class of organometallic polymers but also altered their
electrochemical properties. CV experiments revealed a negative
shift of the first oxidation potential of polymes relative to

that of ferrocene, which is a consequence of the electron-
donating effect of thd-butyl groups transmitted to the iron
center. Also, the presence of appreciable-fe interactions
along the polymer backbone was demonstrated by a two-wave
CV pattern with a separatio\E;,, of 0.26 V. UV—vis analysis

of monomer5 and polymer6 indicated a bathochromic shift
accompanied by a hyperchromic effect for the HOMQJMO
transition upon polymerization consistent with a moderate degree
of conjugation in polymes.

Experimental Procedures

Materials. All reactions were carried out under an atmosphere
of prepurified nitrogen gas (BOC) using common Schlenk tech-
niques or an inert atmosphere glove box (M-Braun). Solvents were
dried using a Grubbs-type solvent systémr standard methods
followed by distillation! The materials were purchased from
Aldrich except molybdenum-based catalysts purchased from Strem
Chemicals Inc. Zn/Cu alldy2 and Feff-CsH3'BuLi),»2TMEDA?L
were prepared as previously reported.

Equipment and Procedures.'H (300 MHz), and!3C (75.4
MHz) NMR spectra were recorded on a Mercury 300 spectrometer.
IH and®3C resonances were referenced internally to the deuterated
solvent resonances. Mass spectra were obtained with the use of a

VG 70-250S mass spectrometer operating in electron impact (El)

: - ST mode. Elemental analysis (EA) was performed on a PerkinElmer
transmitted to the iron centétMoreover, these results signifi- 2400 series C/H/IN Analyzer. Photolysis was performed with a

carlltly differ from those reported by Lee and co-workéteor Philips 125 W high pressure mercury arc lamp. A Pyrex filter was
1,1-(1,3-butadienylene)ferrocenes of which the oxidation po- placed inside the quartz immersion wall to filter out wavelengths
tential is very close to that of ferrocene, indicating that the below 310 nm. Molecular weights were determined by gel
presence of 8u group on the divinylene bridge does not affect permeation chromatography (GPC) using a Viscotek GPC MAX

guence of the electron-donating effect of tHgu groups

the electrochemical properties of the metal center.

The CV of polymer6 revealed two reversible waves with
oxidation potentiald3E;, = —0.24 V and’Ey, = 0.02 V relative
to the ferrocene/ferrocenium ion couple (Figure 8). The two-
wave cyclic voltammogram is characteristic of chains possessing
interacting metal centers with a magnitude given by the
separation of the waveAE;, = 2Eyp — 1E12.16739As is the
case of monomebs, the presence of the electron-donatiBg
groups on the Cp ligands determines the negative shift of the
first oxidation potential observed for polym@&when compared
to that of ferrocene or ferrocene-containing polymers with non-
alkylated Cp ligands. However, the redox couplindsy,, of
0.26 V indicates a smaller extent of interaction between the
iron centers than that exhibited in polyferrocenylsilane With
Bu substituents on the Cp ligands reported recently by our group
(AEy, = 0.33 VP! but is close to that reported by Tilley and
Buretea for the block copolymer of ferrocenylenevinylene with
norbornene AE;, = 0.25 V)10 For further comparison, the
AE;, value in the ferrocenylenedivinylene-based polymers
reported by Lee et dF varies from 0.21 to 0.26 V depending
on the side group attached to the divinylene bridge.

Conclusion

The ansa(vinylene)ferrocene withBu substituents on Cp
ligands, Feg-CsH3'Bu),C,H; (5), was successfully synthesized
and characterized. ROMP 6fin the presence of molybdenum-
or ruthenium-based initiators yielded highly soluble poly-
(ferrocenylenevinylene) 6] with low and high molecular
weights. On the basis of GPC ald NMR spectroscopy data,
it was found that under the studied reaction conditions, the

liquid chromatograph equipped with a Viscotek triple detector array.
The triple detector array consists of a deflection refractometer, a
four-capillary differential viscometer, and a right angle laser light
scattering detectorlf = 670 nm). GPC columns were calibrated
versus polystyrene standards (American Polymer Standards). A flow
rate of 1.0 mL/min was used with ACS grade THF as the eluent.
UV —vis spectra were recorded using a PerkinElmer Lambda 900
UV —vis-NIR spectrometer. Polymer molar absorptivity was quoted
per monomer repeating unit and was determined from analysis of
at least three different concentrations. Thermal analysis was
performed on a TA Instruments simultaneous DSC-TGA Q600 at
a heating/cooling rate of 18 min~! under N. CV was performed
using an Epsilon EC instrument equipped with an Au electrode
and an Ag/AgCI reference electrode. The working electrode, Au,
was used in conjunction with a Pt wire as a counter electrode. Data
were obtained by analysis at 2Z of CH,CI, solutions with a
concentration of 5< 10°2 M in monomer or monomer repeating
unit and 0.1 M in [NBU][PF¢] at a scan rate of 100 mV/s. In each
case, the CV data were acquired for two independent samples, and
no significant changes were observed in the reversible pattern of
CV curves or the ratio of the peak currents upon multiple sweeps
of the same sample in a single-cycle method.,Clklwas dried
over CaH and distilled prior to use. [NB{J{PFg] was previously
recrystallized from ethanol and vacuum-dried. Ferrocene, purified
by sublimation, was used as internal standard, and potentials were
reported versus the ferrocene/ferroceniliEn< 0.00 V) couple.
Synthesis of 4.This procedure was adapted from that of
Balavoine et af® To a suspension of 5.70 g of FeCsHz'BuLi),-
2TMEDA (10.5 mmol) in ca. 200 mL of dry diethyl ether, a solution
of distilled DMF (1.80 mL, 23.2 mmol, 2.2 equiv) in 20.0 mL of
dry ether was added via syringe a{/8 °C. The reaction was
continued fo 2 h and then hydrolyzed at78 °C. The organic
phase was extracted with GEl, and dried over MgS@for 24 h.



546 Masson et al.

Macromolecules, Vol. 41, No. 3, 2008

Then, the solution was decanted, and the solvent was removed undealiquot and GPC data were acquired. Ethyl vinyl ether was used to

vacuum. A total of 2.80 g of highly pure product was obtained by
repeated crystallization from cyclohexane as red crystals in 75%
yield.

IH NMR (CgDs, 300 MHz, 25°C) 6 9.79 (s, 2 H, -Gi0), 4.49
(m, 2H, CpH), 4.33 (m, 2H, CpH), 4.87 (m, 2H, CpH), 1.03 (s,
18H, CQHs); 13C{1H} NMR (75.4 MHz, GDs, 25°C) 0 192.2 (s,
CpCHO), 107.8 CpBu), 78.8 CpCHO), 70.1, 70.1, 68.3QpH),
30.9 (QCH3), 30.4 (CCH3); MS (70 eV, El)mVz (%): 356 (6) [M
+ 2]*, 355 (31) [M+ 1], 354 (100) [M], 339 (5) [M — CHg3]*;
Anal. calcd for GgH,60,°%Fe: C, 67.80; H, 7.34, Found: C, 67.63;
H, 7.37; mp 109C (by DSC).

Synthesis of 5 and Oligomers 6This synthesis follows the
procedure reported by Tilley and Buret®awith a few modifica-
tions. High dilution is essential to maximize the yield of the
intramolecular dicarbonyl coupling product. Therefore, ca. 250 mL
of dimethoxyethane was added via cannula to a mixture of;TiCl
(3.50 g, 22.7 mmol) and Zn/Cu alloy (3.42 g, 51.6 mmol) and
resulted in a suspension heated to reflux for 12 h. To the refluxing
dark-green suspension, a solutiord0.73 g, 2.06 mmol) in 20.0
mL of dimethoxyethane was added via syringe driven by a

quench the polymerization reaction initiated Ibly.

Polymer 5 from ROMP Initiated by 1l. *H NMR (C¢Dg, 300
MHz, 25°C) 6 7.43-7.31 (br m, 10H, Ph, end groups), 6.59 (br
m, 2 H, CH=CH trans), 6.33 (br m, 2 H, B=CH cis), 4.48-3.86
(br m, 6H, CpH), 1.38-1.25 (br m, 18H, CE&ls); 13C{H} NMR
(75.4 MHz, CBCl,, 25°C) 6 128.2, 126.5 (sPh end groups),
126.4 (br m,CH=CH trans), 124.9 (br mCH=CH cis), 103.4,
102.6 (br mCp'Bu), 84.0, 82.1 (br mipso-Cp), 69.9-69.2, 66.6-
65.8 (br m,CpH), 34.8 (s,C(CHjg).Ph, end group), 31.8 (br m,
CCHa), 30.7 (br m,CCHs), 25.4 (s, CCH3),Ph, end group); trans
content: 40%. GPC (polystyrene standards): first fraction, after 4
h of reaction: M, = 5940, PDI= 1.30; second fraction, after 4
days: M,, = 7100, PDI= 1.43; UV—vis (25°C, THF): Amax =
470 nm,e = 1200 L™t mol cm L.

Polymer 6 from ROMP Initiated by Ill. *H NMR (CgDg, 300
MHz, 25 °C) 6.52 (br m, 2 H, &=CH trans), 6.39 (br m, 2 H,
CH=CH cis), 4.48-3.91 (br m, 6H, CpH), 1.37—1.28 (br m, 18H,
CCHy); 13C{*H} NMR (75.4 MHz, CDQCly, 25°C) 6 124.0 (br m,
CH=CH), 102.8 (br m,Cp'Bu), 83.5 (br m,jpso-Cp), 67.2-65.3
(br m, CpH), 31.6 (br m, @©Hs3), 30.5 (br m, CCHjy); trans

mechanical pump through a septum at the top of the condenser atcontent: 65%. GPC (polystyrene standards; = 102 000, PDI

a delivery rate of 1.0 mL/h (0.1 mmol/h). When the addition was
completed, the reaction mixture was refluxed for another 12 h. The

= 1.81; UV—vis (25°C, THF): Anax = 478 nm,e = 1600 L
mol cnrl.

red—brown suspension was cooled to room temperature, and the Attempted Photolytic Ring-Opening Polymerization of 5.A

solvent was removed under vacuum. The remaining solid was
redispersed in hexane and filtered through-86&m column of
100—200 mesh Florisil. The dark-red oily product resulting from
solvent removal was warmed to 450 °C under vacuum (0.01
mmHg), and a red solid was collected on a cold finger at the
temperature of the cold tap water. The viscous-edwn material
remaining from vacuum sublimation was investigatedtNMR.

If the monomer was still present, a second filtration through Florisil
was performed and, after solvent removaiyvas separated under

the same conditions as described previously. The combined fractions

gave 0.30 g of purés (45% vyield). The reetbrown material
remaining from vacuum sublimation, free of monomngrwas
redissolved in CHCly, and an oligomeric byproduct resulting from
intermolecular titanium-induced coupling was separated by pre-
cipitation in methanol and isolated as a red powder (0.33 g; 50%
yield). This was further investigated by NMR and GPC.

Monomer 5. 'H NMR (CgDg, 300 MHz, 25°C) 6 6.13 (s, 2 H,
CH=CH), 4.63, 4.62 (m, 4H, Cjpt), 3.74 (m, 2H, CpH), 1.20 (s,
18H, CMHy); BC{*H} NMR (75.4 MHz, GDs, 25 °C) 6 135.7
(CH=CH), 101.7 CpBu), 88.5 {pso-Cp), 73.9, 73.3, 65.4QpH),

32.1 (QCH3), 29.7 CCHs); MS (70 eV, El)m/z (%) 323 (23) [M
+ 1]*, 322 (100) [M]", 307 (48) [M — CHg]™, 250 (42) [M —
CHsz — C(CHg)3]™; Anal. calcd for GoHpe*®Fe: C, 74.53; H, 8.07,
Found: C, 74.45; H, 8.36; mp 6% (by DSC); UV~vis (25°C,
THF): Amax = 465 nm,e = 600 L~ mol cnT2,

Oligomeric Byproduct 6. IH NMR (C¢Ds, 300 MHz, 25°C) 6
6.53 (br m, 2 H, Gi=CH trans), 6.27 (br m, 2 H, B=CH cis),
4.43-3.93 (br m, 6H, CpH), 1.40-1.23 (br m, 18H, CEly); 13C-
{H} NMR (75.4 MHz, CQCly, 25°C) 6 126.5 (br m,CH=CH
trans), 124.2 (br mMCH=CH cis), 103.2, 102.6 (br nCpBu), 83.9,
82.0 (br m,ipso-Cp), 69.9-68.9, 67.5-65.9 (br m,CpH), 31.8 (br
m, CCHy), 30.7 (br m,CCHjy); trans content: 85%. GPC (poly-
styrene standards)M, = 3500, PDI= 2.53; UV—vis (25 °C,
THF): Amax = 475 nm,e = 820 L1 mol cnmr ™.

Ring-Opening Metathesis Polymerization of 5The following
NMR scale procedure is typical. A solution of 0.033 g (0.10 mmol,
10 equiv) of monomeb in 0.75 mL of GDs was added to a solution
of 0.008 g (0.01 mmol; 1 equiv) of molybdenum-based initidtor
in 0.25 mL of GDg under vigorous stirring. The reaction was carried
out at room temperature and monitored By NMR until the
monomer was completely consumed. After the monomer was
completely converted in the polymer, an aliquot was taken, and
after quenching with benzaldehyde, the polymer was isolated by
precipitation into methanol, dried under vacuum, and analyzed by
GPC. The reaction mixture was further monitored*byNMR for
the next 4 days. The polymer was isolated as described for an

total of 5uL of 2.0 M CpNa in THF was added under vigorous
stirring to 0.033 g (0.10 mmol, 10 equiv) &fin 1 mL of THF in

the absence of light. The reaction mixture was irradiated for 4 h
with UV light at 5 °C under stirring and quenched with few drops

of degassed methanol. After solvent removal ‘H&MR spectrum

of the isolated red solid indicated that no reaction occurred since
only resonances of unreacted monomer were observed. The same
results were obtained for reactions carried out in the presence of
‘BuCplLi as the initiator.

Attempted Thermal Ring-Opening Polymerization of 5.
Monomer5 (0.070 g, 0.22 mmol) was sealed in an evacuated
thermal resistant glass tube and heated 4oh at 350°C. As
indicated by!H NMR spectrometry no polymerization reaction
occurred as only unreacted monomer was detected.

X-ray Crystallography. Single-crystal X-ray diffraction data
were collected using a Nonius Kappa-CCD diffractometer and
monochromated Mo ¥ radiation ¢ = 0.71073 A) and were
measured using a combinationg$cans ane scans withe offsets,
to fill the Ewald sphere. The data were processed using the Denzo-
SMN packagé? The structure was solved and refined using
SHELXTL V6.1#3 for full-matrix least-squares refinement that was
based orF2. All H atoms were included in calculated positions
and allowed to refine in riding-motion approximation. Selected data
for investigated compoundsand5 are given in Table 3.
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