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ABSTRACT: Cross-coupling polymerizations have fundamentally
changed the field of conjugated polymers (CPs) by expanding the
scope of accessible materials. Despite the prevalence of cross-
coupling in CP synthesis, almost all polymerizations rely on
mononuclear Ni or Pd catalysts. Here, we report a systematic
exploration of mono- and dinuclear Fe and Ni precatalysts with a
pyridine diimine ligand scaffold for Kumada cross-coupling
polymerization of a donor thiophene and an acceptor benzotriazole
monomers. We observe that variation of the metal identity from Ni
to Fe produces contrasting polymerization mechanisms, while
complex nuclearity has a minimal impact on reactivity. Specifically,
Fe complexes appear to catalyze step-growth Kumada polymer-
izations and can readily access both Csp2−Csp3 and Csp2−Csp2

cross-couplings, while Ni complexes catalyze chain-growth polymerizations and predominantly Csp2−Csp2 cross-couplings. Thus,
our work sheds light on important design parameters for transition metal complexes used in cross-coupling polymerizations,
demonstrates the viability of iron catalysis in Kumada polymerization, and opens the door to novel polymer compositions.
KEYWORDS: dinuclear, transition metal, Kumada cross-coupling, polymerization, mechanism

■ INTRODUCTION
Since their conception in the early 19th century, conjugated
polymers (CPs) have been investigated for their unique
combinations of mechanical and optoelectronic properties
desirable in modern photonics, bioelectronics, and sensor
applications.1 Historically, broader utilization of CPs was
accelerated by the development of cross-coupling�e.g.,
Kumada, Suzuki, Stille, and Negishi�polycondensation
reactions, which granted access to a broader scope of CP
compositions (e.g., Kumada in Figure 1A).2 However, major
drawbacks remain for the more commonly utilized methods�
Suzuki, Stille, and Kumada cross-coupling, namely, boron-
based substituents of the “Suzuki monomers” require multistep
installations frequently accompanied by challenging purifica-
tions.3−5 In the case of Stille cross-coupling, stoichiometric
toxic tin compounds are consumed and generated.6 Lastly, for
Kumada cross-coupling, catalysts generally suffer from narrow
monomer scopes.7,8 Virtually all of these cross-coupling
transformations rely on mononuclear transition metal (TM)
complexes as catalysts, which limits the scope of the accessible
reactivity. Alternatively, complexes with multiple metal centers
can unlock new forms of reactivity and effectively expand the

“toolbox” for chemical transformations�as evidenced by
examples in both synthetic and biological systems.9−12
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Figure 1. (A) Generic reaction scheme for Kumada cross-coupling
polymerization. (B) Assortment of TM complex features explored in
our investigation of Kumada cross-coupling polymerization. C4H8O =
tetrahydrofuran.
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However, to date, only a handful of examples of dinuclear
complexes have been explored for CP synthesis;13−16 more-
over, numerous unknowns remain about the fundamental
reactivity of dinuclear complexes in cross-coupling trans-
formations. Additionally, while previous work has shown the
influence of metal identity within a group (e.g., Ni vs Pd),17

the influence of metal identity across a period (e.g., Ni vs Fe)
has not been systematically studied in the context of cross-
coupling polymerization of conjugated monomers. Thus, we
sought to elucidate for a class of TM complexes with the same
core ligand the broad-stroke relationships between Kumada
cross-coupling polymerization reactivity and the identity,
nuclearity, and oxidation state of the TM, as well as the
effects of other ligands (Figure 1A,B).

Based on the findings from our previous work,16 we sought a
catalyst scaffold that (1) had a redox-active ligand, (2) placed
the metals in proximity of each other, (3) formed complexes
with multiple different first-row metals, and (4) could be
readily compared to mononuclear analogs. We selected the
bis(pyridine diimine) scaffold pioneered in the Tomson group
because it fits these criteria and allowed us to investigate both

nickel and iron complexes.18−25 Notably, iron complexes are
widely used for small molecule Kumada cross-coupling but, to
our knowledge, had not been reported for Kumada cross-
coupling polymerization.26,27

■ RESULTS AND DISCUSSION
With a ligand scaffold selected, we began our investigation of
the reactivity of dinuclear and mononuclear Ni and Fe
complexes with structurally cognate bis- and mono(pyridine
diimine) ligands (Figure 2A,B, SI Table S1, and SI Figures S1−
S27). As our monomers, we selected prototypical donor and
acceptor ones�3HT and BTZ, respectively (Figure 2A,B)�
to explore the effect of monomer electronics on the
polymerization metrics: specifically, % monomer conversion
and polymer (P3HT and PBTZ, Figure 2A,B) number-average
molecular weight (Mn), degree of polymerization (DP), and
molecular weight dispersity (Đ). Additionally, to provide
insight into the ability to control Mn, we conducted
polymerizations with both a low and a high monomer/
precatalyst ratio ([M]/[precat]).

Figure 2. (A, B) Number-average molecular weights (Mn) vs % conversion for polymerizations of 3HT (A) and BTZ (B). For BTZ
polymerizations, bimodal distributions of molecular weights were observed, so the Mn-s of both modes are reported, the Mn-s are connected by a
dashed line, and the % weight fraction of the higher Mn mode is given. “Control” refers to no complex being added, and [M] and [precat] refer to
the concentrations of monomer and TM precatalyst.
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Mn versus % monomer conversion for each polymerization is
plotted in Figure 2A,B (SI Tables S2, S3 and SI Figures S28−
S57). Note that consumption of monomer was tracked using
1H nuclear magnetic resonance (NMR) spectroscopy with an
internal standard, and absolute Mn-s were determined using gel
permeation chromatography (GPC) with a multiangle light
scattering detector (GPC-MALS). Analysis of these data
revealed several general trends. First, compared to analogous
Ni complexes, both mononuclear and dinuclear Fe complexes
exhibit substantially higher (in some cases, nearly complete)
consumption of monomers and produce oligomers and
polymers of substantially lower Mn-s. Specifically, with the
exception of Fe2−Cl22+, the Fe precatalysts oligomerize 3HT
(Mn = 1.12−2.68 kg/mol; DP = 6−15; Đ = 1.1−2.1) and BTZ
(Mn = 1.39−2.80 kg/mol; DP = 3−7; Đ = 1.3−1.6); the
product identity was characterized by a combination of 1H
NMR spectroscopy and matrix-assisted laser desorption/
ionization time-of-flight mass spectrometry (MALDI-TOF/
MS) (SI Figures S58 and S59). Notably, Fe2−Cl22+ afforded
P3HT with Mn = 4.43 kg/mol (DP = 26; Đ = 1.43) for [M]/
[precat] = 93:1, which underscores the potential of Fe-based
complexes in Kumada cross-coupling polymerizations. Increas-
ing [M]/[precat] has little effect on Mn for both 3HT and
BTZ for all Fe complexes tested.

In contrast to Fe, the tested Ni complexes generally exhibit a
lower consumption of monomer but produce polymers with
much higher DPs (Figure 2B). Specifically, [18 ± 1]:[1]
polymerizations of 3HT and BTZ with Ni2−Cl22+, Ni2−Cl-
PPh3+, and Ni(PPh3)2Cl2 yielded P3HT with Mn = 6.41−6.64
kg/mol (DP = 38−39; Đ = 1.3−2.2), and PBTZ with Mn =
17.4−22.2 kg/mol (DP = 43−55; Đ = 1.3−1.5). Increasing
[M]/[precat] to [89 ± 4]:[1] yields higher-DP polymers for
both 3HT (Mn = 6.84−12.5 kg/mol; DP = 40−74; Đ = 1.2−
1.6) and BTZ (Mn = 31.1−39.5 kg/mol; DP = 78−99; Đ =
1.5−1.6), though the increase is lower than expected based on
the change in [M]/[precat]. Notably, polymerizations of BTZ
produced PBTZ characterized by bimodal distributions of
molecular weights (SI Figure S43 and S44), with mononuclear
Ni precatalysts producing larger weight fractions of the high-
Mn species compared to dinuclear complexes. We hypothesize
that the bimodal distributions are an outcome of catalyst
speciation in the polymerization reactions.28−30 Our data also
revealed that both mono- and dinuclear Ni complexes with
PMe3 as an ancillary ligand consumed less monomer and
produced lower-Mn polymers compared to those with PPh3.
The diminished reactivity of complexes with stronger-binding
PMe3 suggests that phosphine ligand dissociation may gate
polymerization in those cases, particularly in the dinuclear
systems.31

Taken together, these data paint a picture of contrasting
polymerization mechanisms for Fe and Ni precatalysts.
Specifically, the high conversions and low DPs in the majority
of Fe-catalyzed polymerizations are suggestive of step-growth
polymerization, while the low conversions and high DP for Ni-
catalyzed reactions are indicative of chain-growth. The
contrasting reactivity of Fe and Ni complexes is likely due to
the ability of Ni complexes to suppress chain-transfer by
remaining associated with a single growing polymer chain,
while Fe complexes are unable to do this, which results in
rampant chain-transfer and decreased Mn. In the case of the
polymerization of 3HT with Fe2−Cl22+, the observation of
higher MW P3HT prompted additional kinetic investigation.
Analysis of monomer consumption vs time in an 18:1

polymerization revealed an induction period of ∼40 min
followed by monomer consumption over the next 80 min (SI
Table S4 and SI Figures S60, S61). Furthermore, Mn increases
rapidly at low monomer consumption, which suggests a chain-
growth mechanism is operative (SI Table S4 and SI Figures
S60−S62).32,33 Mechanistically, this suggests that the active
catalyst formed in the reaction of Fe2−Cl22+ with 3HT is able
to prevent rampant chain transfer and thereby achieve a higher
MW of P3HT, compared to the other Fe complexes studied.

To further probe the reaction mechanisms, we conducted
Kumada cross-coupling reactions of nonpolymerizable model
substrates with select dinuclear and mononuclear Fe and Ni
complexes that performed well in the polymerizations (Fe2−
Cl22+, Ni2−Cl22+, Fe(PDI)Cl2, and Ni(PDI)Br2) (Table 1).

Cross-coupling of 2-bromo-3-methylthiophene (Ar1−Br) with
a thiophene Grignard (Ar2−MgBr) yields stoichiometric
(relative to precatalyst) amounts of the Grignard homocou-
pling product (Ar2−Ar2) in all cases; however, no cross-
coupling product (Ar1−Ar2) analogous to the corresponding
polymerizations was observed for any of the complexes under
reaction conditions (SI Table S5 and SI Figure S63).

In the case of Ni complexes, we hypothesize the lack of
catalytic turnover arises from kinetic competition between the
productive oxidative addition reaction of Ni(0)�formed from
Ni(II) after two sequential transmetalations and reductive
elimination�with the aryl halide, and the off-cycle compro-
portionation reaction of Ni(0) and Ni(II), which generates
catalytically inactive Ni(I). Support for this mechanistic
proposal was gained from cyclic voltammetry (CV) experi-

Table 1. Small Molecule Cross-Coupling with Selected
Nickel and Iron Complexes

a% consumption and % yields determined via 1H NMR.
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ments and stoichiometric investigations. CV of the Grignard
monomers revealed irreversible oxidations at +0.1 V and −0.3
V vs Fc+/Fc for BTZ and 3HT, respectively (SI Figure S64).
These reduction potentials revealed the need for more
cathodic potentials to effect outersphere electron transfer
with the metal complexes (SI Figures S65−68). The reduction
of Ni(PDI)Br2, for example, requires a potential of −1.6 V vs
Fc+/Fc, suggesting that either an inner-sphere electron transfer
or a reductive elimination process is providing access to the
active catalyst.

Treatment of Ni(PDI)Br2 with 1 equiv of 3HT resulted in
the formation of a mono-PDI Ni(I) bromide species,
Ni(PDI)Br. Based on the crystallographic and X-ray
absorption near edge structure (XANES) data for both this
complex and Ni(PDI)Br2 (SI Table S1 and SI Figures S4,
S69−S71), the reduction appears to be centered at Ni instead
of the redox-active ligand. On treatment of Ni(PDI)Br2 with 1
equiv of Ar2−MgBr, 2,2′-bithiophene was generated, as
determined by gas chromatography mass spectroscopy (GC-
MS) and NMR spectroscopic analysis (SI Figures S72−S74).
These results suggest that a double ligand exchange reaction
occurs in solution to yield 0.5 equiv of NiII(PDI)(C4H3S)2,
which reductively eliminates 2,2′-bithiophene and forms a
Ni(0) product. This product then comproportionated with the
remaining 0.5 equiv of Ni(PDI)Br2 to afford Ni(PDI)Br. To
test this hypothesis, we generated a “Ni(0)” material
[Ni(PDI)] in situ via chemical reduction of Ni(PDI)Br2
with 2 equiv of KC8. This procedure resulted in a rapid
color change from orange to brown. Upon treatment of this
mixture with 1 equiv of Ni(PDI)Br2, another rapid color

change from brown to purple was observed. UV−vis and 1H
NMR spectroscopic analyses of the resulting mixture were
consistent with the formation of Ni(PDI)Br (SI Figures S75
and S76), indicative of the comproportionation reaction. As
expected, no reaction was observed on the treatment of
Ni(PDI)Br with 3HT or BTZ under the polymerization
reaction conditions, but the treatment of Ni(PDI) with one
equivalent of 2-bromothiophene led to gradual consumption of
the aryl halide and formation of a new set of diamagnetic 1H
NMR features (SI Figure S77). In analogous polymerizations,
these competitive reactions are not problematic for a chain-
growth mechanism because the product of reductive
elimination contains an aryl−halide bond, so intramolecular
oxidative addition can occur rapidly before comproportiona-
tion.

For Fe-catalyzed cross-couplings, the lack of formation of
Ar1−Ar2 in the model reactions is difficult to rationalize by
comproportionation side-reactions because it should affect the
polymerization in the same manner due to its step-growth
nature. Thus, we hypothesize that either the presence of both
the Grignard and halide moieties in 3HT activates the latter for
polymerization or the presence of 2-iodopropane�a by-
product of forming 3HT but not Ar2−MgBr�facilitates
catalyst turnover. Analysis of the polymerization of 3HT
with Fe2−Cl22+ using MALDI-TOF/MS reveals some i-Pr/Br
terminated chains and confirms that 2-iodopropane is involved
in the polymerization (SI Figure S58). However, when Ar2−
MgBr is formed analogously to 3HT�via Grignard metathesis
that generates 2-iodopropane�the outcome of the model
cross-coupling reaction with Ar1−Br is virtually unchanged (SI

Scheme 1. Proposed Mechanisms for Chain- and Step-Growth Polymerizations/Oligomerizations of 3HT and BTZ with
Mononuclear and Dinuclear Fe and Ni Complexes

ACS Polymers Au pubs.acs.org/polymerau Article

https://doi.org/10.1021/acspolymersau.3c00022
ACS Polym. Au 2023, 3, 475−481

478

https://pubs.acs.org/doi/suppl/10.1021/acspolymersau.3c00022/suppl_file/lg3c00022_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acspolymersau.3c00022/suppl_file/lg3c00022_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acspolymersau.3c00022/suppl_file/lg3c00022_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acspolymersau.3c00022/suppl_file/lg3c00022_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acspolymersau.3c00022/suppl_file/lg3c00022_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acspolymersau.3c00022/suppl_file/lg3c00022_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acspolymersau.3c00022/suppl_file/lg3c00022_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acspolymersau.3c00022/suppl_file/lg3c00022_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acspolymersau.3c00022/suppl_file/lg3c00022_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acspolymersau.3c00022/suppl_file/lg3c00022_si_001.pdf
https://pubs.acs.org/doi/10.1021/acspolymersau.3c00022?fig=sch1&ref=pdf
https://pubs.acs.org/doi/10.1021/acspolymersau.3c00022?fig=sch1&ref=pdf
pubs.acs.org/polymerau?ref=pdf
https://doi.org/10.1021/acspolymersau.3c00022?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Table S6 and SI Figure S78). Therefore, our working
hypothesis is that the presence of both Grignard and halide
moieties in the substrate is the critical factor that enables aryl−
aryl cross-coupling catalyzed by these Fe complexes.

For cross-coupling of benzotriazole-based small molecules
Ar3−Br and Ar3−MgBr, whether dinuclear or mononuclear,
the Fe and Ni complexes produce Ar3−Ar3 in 37−41% and
12−18% yield, respectively (Table 1, SI Table S7, and SI
Figures S79−S85). Note that we distinguish homo- and cross-
coupling in this case by monitoring the consumption of Ar3−
Br (Table 1). Higher Ar3−Ar3 yields�mostly through cross-
coupling (Table 1)�for the Fe complexes in these reactions
are consistent with the higher conversions observed for [18 ±
1]:[1] polymerizations of BTZ with the same Fe and Ni
precatalysts (88−99 and 13−19%, respectively). Furthermore,
in these Fe-catalyzed model reactions, we observed higher
conversions of Ar3−MgBr (69−81%) than Ar3−Br (37−41%),
which pointed to side-product formation. Indeed, 1H NMR
analysis of the reaction mixtures revealed formation of 4-n-
butyl-2-(2-octyldodecyl)-2H-benzo[d][1,2,3]triazole (4-Bu-
BTZ) in 27−31% yield, which accounts for the “excess”
consumption of Ar3−MgBr (SI Table S7 and SI Figures S86−
S88). Fe complexes are well-known to catalyze Csp2−Csp3

cross-coupling, so we attributed the formation of this product
to cross-coupling of Ar3−MgBr with 1-bromobutane, a
byproduct of Ar3−MgBr formation (see SI section on
“Procedure to prepare stock solution with benzotriazole
Grignard”). In Ni complexes, Csp2−Csp3 cross-coupling was
much less prominent, with at most 7% yield of 4-Bu-BTZ. The
observed Csp2−Csp3 cross-coupling for both Fe and Ni is
expected to limit Mn-s in the polymerization reactions through
“end-capping” growing chains, which is exactly what we
observe for Fe (Scheme 1 and Figure 2B). Additionally,
MALDI-TOF/MS for the polymerization of BTZ with Fe2−
Cl22+ reveals several chain-end combinations, including Br/Br,
Br/H, n-Bu/Br, n-Bu/H, and n-Bu/n-Bu (SI Figure S59).
Despite constraining the polymer molecular weights, these
results represent rare examples of Csp2−Csp3 and Csp2−Csp2

Kumada cross-coupling for dinuclear complexes.
To mitigate the end-capping with 1-bromobutane, we

eliminated it from our polymerization mixtures by using two
equiv of t-BuLi for the lithium-halogen exchange step in the
preparation of BTZ. Polymerizations with an 88:1 [M]/
[precat] ratio were performed with the Fe complexes and
select Ni complexes. Analysis of conversion and Mn revealed
only minor differences in these metrics between reactions with
and without 1-bromobutane (SI Table S8 and SI Figures S89−
S91). In the case of the Ni complexes, these results are
consistent with inherently low levels of Csp2−Csp3 cross-
coupling observed in the model studies. Furthermore, the
formation of high-Mn polymers at low-to-moderate con-
versions indicates that chain-growth polymerization is
operative for both mono- and dinuclear Ni complexes (Scheme
1). In the case of Fe complexes, the inability to increase the
polymer Mn despite the absence of 1-bromobutane points to
another source of stoichiometric imbalance of Grignard and
halide moieties, which would limit Mn in a step-growth
mechanism (Scheme 1).32 In our system, functional group
imbalance results from a small amount of quenched Grignard
and residual starting material as well as an initiation event that
consumes two Grignard functionalities to make a biaryl
species. As demonstrated in the modified Carother’s
equation,34 10% of stoichiometric imbalance is sufficient to

dramatically reduce the theoretical MW for step-growth
polymerizations, even at nearly quantitative conversions of
the limiting reagent. Such imbalances are challenging to
eliminate for a number of reasons, including an inability to
purify the Grignard monomer after its formation. Thus,
alternative types of monomers (e.g., aryl-zinc species) could
be better suited for iron-catalyzed cross-coupling polymer-
izations.35−38

Collectively, these mechanistic investigations reveal con-
trasting reactivity of the Ni and Fe complexes, regardless of
their nuclearity�both in their polymerization mechanisms
(Scheme 1) and selectivity for Csp2−Csp3 vs Csp2−Csp2 cross-
coupling. In the pyridine diimine-ligated complexes inves-
tigated here, precatalyst nuclearity has a subtle effect on the
outcome of cross-coupling reactivity. That said, further
investigations are needed to discern whether this trend stems
from the dissociation of dinuclear species into mononuclear
species, an association of mononuclear species into dinuclear
ones, or similar reactivity of both.

■ CONCLUSIONS
This study advances the interface between CP synthesis and
organometallic chemistry in several key ways. To begin, this
work reports the first examples of Fe-catalyzed Kumada cross-
coupling polymerizations of conjugated monomers in general
as well as the use of diiron complexes in this context,
specifically. We also establish reactivity trends for analogous
mono- and dinuclear Fe and Ni complexes for both donor and
acceptor CP synthesis. Substantial differences in polymer-
ization reactivity are observed for Fe and Ni complexes�we
observe step-growth for the former and chain-growth for the
latter�with more subtle effects arising from complex
nuclearity. Two dinuclear complexes in particular�Fe2−
Cl22+ and Ni2−Cl22+�stand out as “high performers” among
their peers and present opportunities for further investigation
in the context of cross-coupling. Additionally, we illuminate
Csp2−Csp3 cross-coupling side-reactions that can, on the one
hand complicate polymerization of conjugated monomers but,
on the other, can enable the synthesis of novel nonconjugated
materials. Although this work does not take a deeper dive into
the polymerization mechanisms of individual precatalysts, the
strategic focus on broad-stroke trend elucidation enabled us to
explore a broad complex space, which we believe is most
helpful at this stage to grow the young field of dinuclear
catalysis for CP synthesis.

■ EXPERIMENTAL SECTION
Detailed synthetic procedures for monomers, precatalysts, and
compounds used for cross-coupling reactions along with procedures
and characterization data for polymerizations, cross-coupling
reactions, and mechanistic studies of cross-coupling are covered in
the Supporting Information.

Specifics for NMR spectroscopy, MALDI-TOF spectroscopy, GPC,
high resolution mass spectrometry (HRMS), GC-MS, CV, elemental
analysis, X-ray crystallography, UV−vis spectroscopy, and X-ray
absorption spectroscopy are also contained in the Supporting
Information.
General Procedure for Polymerization
To a vial equipped with a Teflon-coated stir bar was added 0.25 mL of
a 3.0 mM solution of the precatalyst in anhydrous tetrahydrofuran
(THF; to target 19:1 polymerizations) or 0.050 mL of a 3.0 mM
solution of the precatalyst in anhydrous THF, which was diluted with
0.20 mL anhydrous THF (to target 95:1 polymerizations). To this
solution was added 0.25 mL of a 60 mM stock solution of BTZ or
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3HT. Polymerizations were quenched with 50 μL of a 1 M HCl
solution prepared by the dilution of concentrated HCl(aq) with
methanol after 6 h for ∼19:1 polymerizations and after 24 h for ∼95:1
polymerizations. Then, the conversion was analyzed by 1H NMR
spectroscopy in C6D6, followed by analysis using GPC-MALS to
determine Mn, Mw, and Đ.
General Procedure for Cross-Coupling Reactions
To a 1-dram vial equipped with a Teflon-coated stir bar was added
0.90 mL of a stock solution with Ar−X (∼33 mM) and Ar′−MgX.
Then, 0.10 mL of a 14.9 mM solution of the precatalyst was added to
give a 5% precatalyst loading. Reactions were stirred at RT and
aliquots were quenched with proteomethanol; the solvent was
removed under the flow of air, and the crude residue was dissolved
in 0.5 mL of C6D6 for analysis with 1H NMR spectroscopy.
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