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ABSTRACT: An organometallic homopolymer containing three different met-

als per repeating unit was synthesized from an air- and moisture-stable second-
ary phosphine bearing ethylferrocene and ethylruthenocene groups. Hydro-
phosphination yielded a tertiary phosphine bearing an alcohol, which was then \_\
used to introduce a polymerizable styrene group via DCC coupling. Free-

radical polymerization, followed by post-polymerization coordination to photo-
generated W(CO)s units yielded the title polymer, which showed thermal, spec-
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troscopic, and electrochemical properties associated with each of the transition

metals involved.

Metallopolymers have long received interest due to the
combination of traits they possess, including the ther-
mal/solution processability traditionally associated with poly-
mers and the functionality (e.g., redox activity, magnetism,
catalysis) associated with transition metals.” The complexity
of metallopolymer structures has increased as the field has
evolved, and metallopolymers bearing multiple transition met-
als per repeating unit are now being targeted. Several strate-
gies for the production of heterobimetallic polymers exist,
including: post-polymerization functionalization,”” polymeri-
zation of heterobimetallic monomers,®**® and copolymeriza-
tion of monomers containing different metals.***

While advances in synthetic protocols have been wide-
spread, heterotrimetallic polymers that take advantage of the
properties of three different metals remain scarce.”® In this
brief communication, we report the synthesis, characterization,
and electrochemistry of a rare example of a metallopolymer
bearing three different transition metals per repeating unit. In
doing so, we have also exganded the subclass of phosphorus-
based metallopolymers.*"

The synthetic strategy employed in this study is outlined in
Scheme 1. The radical-catalyzed hydrophosphination of 3-
buten-1-ol starting from secondary phosphine 1,” which bears
ethylruthenocene and ethylferrocene substituents, resulted in
the formation of tertiary phosphine 2 in 93% yield. DCC cou-
pling (DCC = N,N’-dicyclohexylcarbodiimide) in the presence
of dimethylaminopyridine (DMAP) yielded monomer 3 in
94% yield. These molecular species were characterized by 'H,
¢, and *'P NMR spectroscopy, FT-IR and UV-Vis absorp-
tion spectroscopy, mass spectrometry and elemental analysis
(Table S1, Figures S1-S8). The free-radical polymerization of
phosphines and related sulfides/oxides dates back to the
1960s.”* In this case, free-radical polymerization of monomer

n

3 resulted in the formation of heterobimetallic polymer 4
(60%), with a polystyrene backbone. The pendant phosphine
moieties in polymer 4 were coordinated to W(CO)s units,
which were generated via photolysis of W(CO)s in THF, to
yield heterotrimetallic polymer 4¢W(CO); in 87% vyield. The
polymers described are soluble in halogenated CH,CI, and
CHCI; and sparingly soluble in THF. They were characterized
by 'H and *'P NMR spectroscopy, FT-IR and UV-Vis absorp-
tion spectroscopy, and gel permeation chromatography (GPC)
(Tables S1 and S2, Figures 1 and S9-S12).
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Scheme 1. Synthesis of heterometallic polymers 4, 4sS, and
4¢W(CO)s . Rc = ruthenocene, Fc = ferrocene.
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Figure 1. **P{*H} NMR spectra (a) and FT-IR spectra (b) for
polymers 4 (black lines) and 4sW(CO)s (red lines). The dashed
box highlights the region of the IR spectra associated with car-
bonyl stretching frequencies.

The free-radical polymerization of monomer 3 was accom-
panied by the disappearance of the "H NMR signals associated
with the mono-substituted alkene [6.76 ppm (d of d), 5.87 ppm
(d), and 5.39 ppm (d)] group and the appearance of broad sig-
nals (1-2 ppm) associated with the saturated polystyrene
backbone of polymer 4. Upon coordination of each of the
phosphine groups present in polymer 4 to W(CO)s, the singlet
observed in the *P NMR spectrum of polymer 4 (&: —29.2
ppm) disappeared. Polymer 4¢W(CO)s gave rise to a new P
NMR signal (8: —6.1 ppm) upfield of that of the free phos-
phine polymer. The shifted signal was accompanied by satel-
lites associated with **P-"**W coupling ("Jpw = 233 Hz), con-
firming that each pendant phosphine group had been coordi-
nated to tungsten (Figure 1a). FT-IR spectroscopy was also
used to monitor the post-polymerization coordination chemis-
try. As demonstrated in Figure 1b, three different CO stretches
[v(CO): 1909, 1974, and 2066 cm '] were observed in the
spectrum of 4sW(CO)s, which was otherwise very similar to
that of polymer 4. These data are consistent with those of
closely related molecular species,”® and support our previous
conclusion that the pendant phosphine groups have been quan-
titatively converted to the corresponding R;P—W(CO)s com-
plexes (Figure 1b).

GPC analysis of polymers 4 and 4sW(CO)s proved chal-
lenging. The polymers are poorly soluble in common GPC
solvents, including H,O and DMF, and had limited solubility
in THF. Furthermore, the direct analysis of polymer 4 was not
possible due to significant polymer-column interactions, re-
quiring conversion to 4S through oxidation with elemental
sulfur. The GPC data collected for the soluble portions 4S
and 4sW(CO)s in THF represent minimum estimates of their
molecular weight, and confirm their high polymer character
(Table S2, Figure S13, 4¢S: M, = 9,700 g mol™, B = 1.46;
4sW(CO)s: M, = 11,600 g mol™, £ = 2.41). It must be noted
that the GPC trace collected for 4eW(CO)s also contained
evidence of aggregate formation, potentially caused by inter-
molecular reactions involving the relatively polar carbonyl
groups. Prolonged stirring in warm THF, even in dilute solu-
tion, did not result in the removal of the aggregate species in
solution.

The differential scanning calorimetry (DSC) data collected
for 4 and 4+W(CO); are consistent with the hypothesis that the
W(CO)s groups enhance intermolecular interactions. This
behavior is manifested as an increase in glass transition tem-
perature (Ty) from 52 °C for 4 to 92 °C for 4eW(CO); (Figure
S14). Thermal gravimetric analysis (TGA) also revealed
marked differences for polymers 4 and 4W(CO)s. The onset
of decomposition was ca. 220 °C for both polymers, and sig-
nificantly, the char yields at 1000 °C of 24.0% (4) and 32.1%
[4sW(CO)s] were consistent with the metal content for the
respective polymers (22.2% and 32.0%) (Figure S15).

The UV-Vis absorption spectra for each of the molecular
and polymeric species described contain features associated
with formally forbidden d—d transitions arising from ferro-
cene (ca. 440 nm) and ruthenocene (ca. 320 nm) that were
consistent with those observed for related phosphines and
metal complexes (Figure $16).*%

The electrochemical properties of compounds 1-3 and pol-
ymers 4 and 4*W/(CO); were explored using cyclic voltamme-
try (Table S1, Figures 2, S17-S18). The supporting electrolyte
chosen for these studies was [n-Buy,N][OTf], as the triflate
anion enhances the solubility of the electrogenerated poly-
cations implicated in these studies. The voltammogram rec-
orded for 4 was comprised of several distinct features, includ-
ing: an irreversible wave at —150 mV (relative to the ferro-
cene/ferrocenium redox couple) associated with the oxidation
of ferrocene in species adsorbed to the working electrode sur-
face,”®***" a ferrocene oxidation wave with reversible charac-
ter at =15 mV, and an irreversible oxidation associated with
ruthenocene at 400 mV. The current response of the wave
centered at —150 mV was less than that expected for a one
electron process, ruling out the possibility that it results from
phosphine oxidation. Furthermore, the adsorption behavior
observed has been previously explored in detail for closely
related phosphines.”*?** The electrochemical properties of
ruthenocene are far more complex than those of ferrocene, due
to the extremely Lewis acidic character of ruthenocenium that
often leads to the formation of acid/base adducts and/or dis-
proportionation and dimerization reactions.??*% This behav-
ior is responsible for the irreversible character of the rutheno-
cene oxidation wave, and also effects the shape and symmetry
of the ferrocene wave mentioned above. Upon coordination to
tungsten, the electrochemical properties of 4¢W(CO); changed
dramatically, revealing independent electrochemical features
associated with each of the transition metals present. Firstly,
as has been observed for related
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Figure 2. Cyclic voltammograms of polymers 4 (black line) and
4\W(CO); (red line) recorded at 250 mV s in solutions of 1 mM
solutions in THF containing 0.1 M [n-BuyN][OTf] as supporting
electrolyte.

molecular species,” the irrreversible wave associated with
phosphine adsorption at the working electrode disappeared.
The ferrocene oxidation (0 mV) became less symmetric and
was shifted slightly to more positive potentials. The irreversi-
ble oxidation of the ruthenocene moieties, observed at a poten-
tial of 350 mV, was once again observed for 4sW(CO)s and
was essentially unchanged. Finally, an irreversible wave cor-
responding to the oxidation of tungsten was observed at a po-
tential of 750 mV. This behavior was consistent with that ob-
served for related halopentacarbonyltungsten complexes.®*

In this work, we have described the synthesis and character-
ization of polymers bearing two and three different metals per
repeating unit. The polymers display thermal, spectroscopic,
and electrochemical properties associated with each transition
metal. We feel that the synthetic strategy described has the
potential to open up a new area of metallopolymer chemistry,
and our future work in this area will focus on expanding the
scope of the chemistry of heterotrimetallic polymers.
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