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these catalysts (Ni(depe)Cl,) outperformed the others for this

polymerization. The polymer characterization data were consistent with a chain-growth mechanism. Rate and spectroscopic studies
revealed a rate-limiting reductive elimination for both initiation and propagation with Ni(depe)CL,. In contrast, less hindered
Ni(dmpe)Cl, and more hindered Ni(dcpe)Cl, were ineffective polymerization catalysts; NMR spectroscopic studies indicated that
competing decomposition and uncontrolled pathways intervene. For other monomers, Ni(depe)Cl, performed similar to the
conventional catalysts. Copolymerization studies revealed that block copolymers could be effectively prepared. Overall, these
studies indicate that altering the ligand-based steric properties can have a significant impact on the chain-growth polymerization.

B INTRODUCTION

In 2004, McCullough' and Yokozawa” reported a chain-
growth method for synthesizing 77-conjugated polymers that
gained attention because previouslzr inaccessible materials, like
all-conjugated block® and gradient” copolymers, could now be
prepared. In the intervening years, however, it has become
evident that the original chain-growth method is limited to a
relatively narrow scope of monomers.”® Furthermore, the me-
chanistic underpinnings of this limitation remain unclear today.
In addition, only a limited number of copolymers have been
prepared because of inefficiencies in the cross-propagation step;’
these results also lack a clear mechanistic explanation.™ To
advance this field, a mechanistic understanding of the key factors
controlling the competition between the desired chain-growth
pathway'®'* and the detrimental side-reactions is needed. We
recently reported that the ligand scaffold had a substantial
influence on the chain-growth polymerization mechanism.'""?
Specifically, we showed that the syntheses of both poly(p-(2,5-
bishexyloxy)phenylene) and poly(3-hexylthiophene) proceed
through different rate-limiting steIps when different ligands
(diphenylphosphinoethane (dppe)'' and diphenylphosphino-
propane (dppp))'> were used. Therefore, we hypothesized that
alternative ligand scaffolds might provide catalysts with a broader
substrate scope and facile cross-propagation abilities.

To account for the unexpected chain-growth nature of the
cross-coupling polymerization, a Ni’—arene 77-complex'® (III in
Scheme 2) has been proposed as a key intermediate.'®”'* We
further postulated that the detrimental, competing reaction path-
ways stem from a breakdown of this key intermediate. Therefore,
we selected bis(dialkylphosphino)ethane ligands for this study

because we anticipated that their increased electron-donating
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ability (relative to dppe and dppp)'* would increase the polymer-
binding affinities to nickel (intermediate III) !> and minimize the
competing reaction pathways. To probe the influence of steric
effects on the polymerization, we selected a series of bis(dialkyl-
phosphino)ethane ligands with different alkyl substituents.'®

Herein, we report that poly(p-(2,5-bishexyloxy)phenylene)
can be prepared via chain-growth polymerization using one of
these catalysts, Ni(depe)Cl,. Mechanistic studies were consistent
with a rate-determining reductive elimination. Steric effects
played a significant role in the polymerization, with the most
hindered phosphine leading to low molecular weight oligomers.
On the other hand, the least hindered phosphine led to sig-
nificant amounts of decomposition. In addition, we identified
previously uncharacterized intermediates in the initiation pro-
cess. Ni(depe)Cl, was also an effective chain-growth catalyst for
synthesizing poly(3-hexylthiophene) and poly(N-hexylpyrrole).
Despite the improved polymerization behavior for certain mono-
mers, the copolymerization abilities were similar to the conven-
tional catalysts. Overall, these results highlight the important
mechanistic role of ligands in Ni-catalyzed chain-growth poly-
merizations' > and indicate that future studies should con-
tinue to focus on optimizing the ligand scaffold.

B RESULTS AND DISCUSSION

Catalyst Design and Synthesis. Nickel complexes 1—3 were
synthesized from commercially available NiCl, - (H,0O)4 and the
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Table 1. Polymerization Results for Monomer 4a Using
Selected Ni Catalysts at 60 °C*

catalyst conv (%) M, (kDa) PDI
Ni(dmpe)Cl, (1) 2 16 1.51
Ni(depe)Cl, (2) 94 9.5 2.12
Ni(depe)Cl, (3) 25 0.8 1.02
Ni(dppe)Cl, 95 8.6 242
Ni(dppp)Cl, 94 5.0 3.59

“The conversions were measured by gas chromatography relative to an
internal standard. Number-average molecular weights (M,) and poly-
dispersity indices (PDIs) were determined by gel permeation chromato-
graphy relative to PS standards. The polymerizations were quenched
with 5 M HCI/MeOH after 1 h ([Ni] = 0.0015 M; [4a] = 0.10 M).

corresponding bis(dialkylphosphino ) ethane.'” With the exception
of 1, the ligand complexation reactions resulted in quantitative
conversion in one step. The resulting Ni complexes were pre-
cipitated from EtOH to give analytically pure compounds
(Supporting Information).

Me, Et, Cy,

P. _Cl P. _Cl P. _Cl

P Cl P Cl P Cl
M92 Etz CY2

Ni(dmpe)Cl, Ni(depe)Cl, Ni(dcpe)Cl,
1 2 3

The steric properties of ligands are generally defined by the
Tolman cone angle,18 which is based on molecular models and
describes the opening of a cone that encompasses the metal and
the outermost atoms of a ligand. An alternative measure of steric
properties is the solid angle,' which is based on experimental
data and describes the size of a shadow that the ligand creates
on a sphere if the metal is a point-source of light. Weigand and
co-workers® recently reported an extension of this model by
performing a comprehensive analysis of 900 crystal structures of
Pt complexes with bidentate phosphines. In this work they
calculated a “generalized equivalent cone angle” which we will
use in this paper. The generalized equivalent cone angles for the
ligands used in this study are bis(dimethylphosphino)ethane
(dmpe, 155°), bis(diethylphosphino)ethane (depe, 175°), and
bis(dicyclohexylphosphino)ethane (dcpe, 191°). For chelating
phosphines, the natural bite an§le21 is another parameter that can
influence the steric properties.”> We intentionally selected three
phosphine ligands with similar bite angles (~85°) for this study
because we previously showed that chan%es in ligand bite angles
altered the polymerization mechanism."""? Overall, these ligands
provide large variation in the steric crowding near the metal
center, and thus the influence of steric properties on the poly-
merization can be elucidated.

Catalyst Screening: Polymerization of Monomer 4a.
Monomer 4a>> was selected for catalyst screening because it is
known to undergo a robust chain-growth golymerization with
both Ni(dppp)Cl, and Ni(dppe)CL,.**'"!* Thus, polymeriza-
tion of 4a using catalysts 1—3 was first attempted at room tem-
perature (eq 1). The results were quite surprising; complex 2 was
the only catalyst capable of producing polymer at room tempera-
ture (Supporting Information, Table S3). At elevated tempera-
tures (60 °C), all three catalysts were active in the polymerization
of 4a (Table 1). Under these reaction conditions, Ni(depe)Cl,
(2) provided polymer samples with narrower distributions of

molecular weights than the conventional catalysts, Ni(dppe)Cl,
and Ni(dppp)ClL. In contrast, the more hindered Ni(dcpe)Cl,
(3) and the less hindered Ni(dmpe)Cl, (1) were largely un-
reactive and provided low molecular weight oligomers. Despite
the relatively broad polydispersity index obtained with catalyst 2
(2.12), a close inspection of the gel permeation chromatogram
revealed a predominant polymer peak with narrow polydispersity
(~1.18) and a “tail” in the low molecular weight region
(Supporting Information, Figure $13).** These results suggested
that the polymerization might be predominantly chain growth,
with either a slow initiation or an early termination reaction being
responsible for the low molecular weight oligomers. Therefore,
*'P NMR spectroscopic studies were conducted to understand
the origin of the minor amount of low molecular weight species
with catalyst 2 and the limited reactivity of catalysts 1 and 3.

OR' OR'
Ni catalyst
Br MgCl —— (1)
THF
R'O R'O
4a; R'=CgHq3 P1; R'=CgHy3
4b; R'=CHj3 P2;R'=CHgy

Spectroscopic Studies: General Considerations. Although
the primary goal of these spectroscopic studies was to explain the
reactivity trends in the polymerizations, we anticipated that these
experiments might also reveal information about the initiation
sequence because of the low catalyst reactivities at room tem-
perature. Initiation is believed to occur through two consecutive
transmetalation reactions,” followed by reductive elimination
(Scheme 1). The resulting Ni species enters the catalytic cycle
shown in Scheme 2, presumably via intermediate III. Although
this sequence of intermediates has been observed the polymer-
ization of 3-hexylthiophene,'® they have not yet been observed
in the polymerization of 2,5-(bishexyloxy)phenylenes.”**’

Spectroscopic Studies with Ni(depe)Cl, (2) and Monomer
4a. Adding several equivalents of monomer 4a to Ni(depe)Cl, at
room temperature resulted in the immediate, quantitative for-
mation of a new species with a single resonance (55.3 ppm) in the
*'P NMR spectrum (Figure 1A). This species was tentatively
assigned as symmetric Ni I—biaryl complex I gepe. A structurally
related complex, Ni(depe)(CH,CgH,-0-CHs),, was reported to
have a similar chemical shift (54.8 ppm).**** With additional
turnovers, this complex gradually converted to a new species with
two doublets (Jpp = 14.5 Hz) in the *'P NMR spectrum (Figure 1B).
On the basis of our previous studies with Ni(dppe)Cl,"" and
the proximity of this species to complex I gepe, we assigned this
species as unsymmetrical biaryl complex Vgepe. As the monomer
concentration decreases with polymerization, a new species
appeared with two distal doublets (Jpp = 30.6 Hz) in the >'P
NMR spectrum (Figure 1C). We hypothesized that this species is
complex IVgepe because the polymerization should stall at this
complex in the absence of monomer. To provide support for this
assignment, model complexes 6a/6b were prepared via ligand
exchange between complexes 5a/5b and depe (eq 2). Interest-
ingly, the identity of the halide ligand had a dramatic effect on the
downfield resonance, with bromine-substituted complex 6b show-
ing a 3 ppm downfield shift relative to chlorine-substituted com-
plex 6a (Supporting Information, Figures S30 and S31). Com-
plex 6b gave a similar chemical shift difference (A0 = 6.7 ppm)
and coupling constant (Jpp = 24.3 Hz) to the species present at
the end of the polymerization, supporting the assignment of
complex IVgepe (Figure 1D).
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Scheme 1. Proposed Mechanism for Catalyst Initiation
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Scheme 2. Proposed Mechanism for Chain-Growth
Polymerization
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It is notable that, at room temperature, complex Ilgepe
persisted even after the monomer is completely consumed. This
result indicates that reductive elimination from the symmetric
biaryl species (Ilgepe) is significantly slower than the unsymmetric
biaryl species (Vdepe). 0 In other words, initiation is slower than
propagation with Ni(depe)Cl,; this result could account for the
low molecular weight oligomers observed in the gel permeation
chromatogram. We previously'' hypothesized that a slow initia-
tion process might explain the improvements in M,, and PDI with
adding LiCl, as reported by Yokozawa and co-workers®® in the
polymerization of 4a with Ni(dppp)Cl, and Ni(dppe)CL.

Ry
PhgP_ X ligand P .
Nppp, —> _Ni + 2PPhg @)
Gl T
Me Me
5a; X =Cl 6a; R=Et, X=ClI
5b; X = Br 6b; R=Et, X=Br

6¢c; R=Cy, X=ClI
6d; R=Cy, X=Br

Similar spectra were observed when these experiments were
repeated at 60 °C, consistent with the fact that catalyst 2 was
active for polymerization of monomer 4a at both temperatures
(Supporting Information, Figure $39). The predominant species
observed during polymerization at 60 °C is complex Vgepe, which
we assigned as the catalyst resting state for the polymerization.
This assignment was supported by the "H NMR spectrum that
simultaneously shows signals corresponding to the polymer and
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monomer (Supporting Information, Figure $39). Once polymer-
ization was complete, the resulting complex (IVgepe) was unstable
and decomposes over 24 h at room temperature and 3 hat 60 °C.
During decomposition, the solution became green/black and
grecipitation occurred. A new peak (82.6 ppm) is observed in the

'P NMR spectrum, which was assigned as Ni(depe)Br,.>' These
results were consistent with a transarylation reaction between 2
equiv of complex IV gep. to generate Ni(depe)Br, and Ni(depe)-
(polymer),, which, after reductive elimination, produced polymer
and Ni’** These decomposition reactions, which are second-
order in catalyst, are expected to be less prevalent under the
standard polymerization conditions due to the significantly lower
nickel concentrations used.*®

In summary, initiation of catalyst 2 with monomer 4a produced
complex Ilgep., during propagation the catalyst resting state was
complex Vgepe, and once polymerization was complete the
catalyst resting state was complex IVg.,. (Scheme 3). These
results suggest that reductive elimination is rate-limiting for both
initiation and propagation with catalyst 2. The rate studies
described in more detail below further support this assignment.

Spectroscopic Studies with Ni(dcpe)Cl, (3) and Monomer
4a. Adding several equivalents of monomer 4a to Ni(dcpe)Cl, at
room temperature led to the formation of two Ni complexes,
each displaying a pair of doublets in the *'P NMR spectrum
(Figure 2A). The minor species was assigned as complex Tagepes
the product resulting from transmetalation of 1 equiv of 4a with
Ni(dcpe)Cl,. The major species observed was assigned as
complex Ibgepe. We hypothesized that this complex formed
through a halide exchange with a bromide salt (e.g., MgBr,)
present in the reaction mixture. To support these assignments,
model complexes 6¢ and 6d were synthesized in situ by adding
dcpe to complex Sa and Sb, respectively (eq 2). As seen in
Figure 2B,C, the similarities in both the chemical shift differences
and coupling constants are consistent with these assignments.

After several hours at room temperature, a new species
appeared, again with a pair of doublets in the *'P NMR spectrum
(Supporting Information, Figure S40). We tentatively assigned
this complex as TV4c,.. Heating the sample to 60 °C for 24 h
resulted in polymerization, as evidenced by '"H NMR spectro-
scopy. Notably, complex Ibgc,. never completely disappeared
(Figure 2D). This result indicated that either Ibgc,. was being
regenerated during the reaction (through competing reaction
pathways) or its reactivity was lower than that of IVgcpe. During
polymerization, the predominant species was assigned as com-
plex IV4c,e. Similar spectra were obtained if the experiment is
repeated at 60 °C (Supporting Information, Figure $41).>*

In summary, initiation of catalyst 3 with monomer 4a led to
complexes Iagcpe and Ibgcpe, followed by their slow conversion to
complex IVype at room temperature (Scheme 4). Once the
reaction was heated to 60 °C and polymerization began, complex
IV4cpe remained the dominant species. These results suggested
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Figure 1. >'P NMR spectra for the reaction of monomer 4a with catalyst 2 showing (A) the complex formed during initiation, (B) the catalyst resting
state during polymerization, (C) the catalyst resting state after polymerization, and (D) complex 6b. The asterisk () indicates Ni(depe)Br,.

Scheme 3. Ni Complexes Observed during the Reaction of Monomer 4 with Ni(depe)Cl,

initiation
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that transmetalation is rate-limiting for both initiation and
propagation. The change in rate-determining step from catalyst
2 was not surprising given the significant increase in steric
crowding near the Ni center, which is expected to both accelerate
reductive elimination® and decelerate transmetalation.*® In
addition, these results are consistent with Kiriy et al, who
demonstrated that transmetalation is highly sensitive to the steric
properties of the monomer.'®* Moreover, the continued pre-
sence of complex Ibgcp. suggests that an uncontrolled pathway
was intervening; we speculate that the increased steric properties
of the ligand may be facilitating the breakdown of the postulated
Ni’—polymer 7-complex.

Spectroscopic Studies with Ni(dmpe)Cl, (1) and Monomer
4a. Adding several equivalents of monomer 4a to Ni(dmpe)Cl,
at room temperature led to the immediate formation of green

solid in the NMR sample tube, indicating decomposition.>*
The *'P NMR spectrum of the species remaining in solution
showed a single new peak at 34.2 ppm (Figure 3A). We tenta-
tively assigned this species as complex Il4yp. based on simila-
rities to catalyst 2. In addition, a structurally related complex,
Ni(dmpe)(CH,CgH,-0-CHj3),, was reported to have a similar
chemical shift (29.7 ppm).*® Nevertheless, we wanted to further
characterize this new complex because a bischelated complex
(Ni(dmpe),Cl,) was preferentially formed during the synthesis
of catalyst 1. Specifically, the dmpe-to-arene stoichiometry was
determined by "H NMR spectroscopy. To avoid overlap in the
alkyl region, both dg-THF and monomer 4b were used in this
experiment. Integrating the appropriate regions of the '"H NMR
spectrum provided a dmpe:monomer ratio of 1:2, which is
consistent with the assignment of complex Igppe (Figure 3B).

5139 dx.doi.org/10.1021/ma200976f |[Macromolecules 2011, 44, 5136-5145



Macromolecules

Ib dcpe Ib dcpe

dcpe

L

6c

71 70 69 68 67 66 65 64 63

C

6d 6d

62 61 60 59 58ppm

71 70 69 68 67 66 65 64 63 62 61 60 59 58ppm

|Vdcpe

Ibdcpe

e

71 70 69 68 67 66 65 64 63 62 61 60 59 58ppm

71 70 69 68 67 66 65 64 63 62 61 60 59 58ppm

Figure 2. >'P NMR spectra for the reaction of monomer 4a with catalyst 3 showing (A) the first two complexes observed during initiation, (B) complex

6¢, (C) complex 6d, and (D) the species observed during propagation.

Scheme 4. Ni Complexes Observed during the Reaction of Monomer 4 with Ni(dcpe)Cl,
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Although no polymer was observed at room temperature, heating
this complex to 60 °C initiated polymerization. Coincident with
the onset of polymerization, a new species with proximal doub-
lets and a narrow coupling constant (Jpp = 14.8 Hz) appeared
(Figure 3C). We assigned this as complex Vampe based on
analogy to catalyst 2. Notably, complex Igppe persisted, which
is consistent with an initiation process that is slower than pro-
pagation. Once polymerization was complete, several species
with general structure Ni(dmpe)ArBr (IVgmpe) were observed
(Figure 3D), along with decomposition products (e.g, Ni-
(dmpe)Cl, and Ni(dmpe)Br,). On the basis of the apparent
decomposition reactions occurring both in the initial and final
stages of polymerization, Ni(dmpe)Cl, is a less suitable poly-
merization catalyst than Ni(depe)CL,.

In summary, initiation of catalyst 1 led to formation of
symmetric biaryl complex Igmpe, which is inactive for polymer-
ization at room temperature (Scheme S). The lower reactivity of
complex Igpmpe relative to ey is consistent with the notion that
increased steric crowding accelerates reductive elimination with
depe.*® Heating this complex initiated polymerization, with
concomitant formation of complex Vympe. These results suggest
that the rate-limiting step for both initiation and propagation is
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reductive elimination, similar to Ni(depe)Cl,. The lower reac-
tivity of catalyst 1 can also be explained by the irreversible loss of
soluble Ni via precipitation during initiation.

Spectroscopic Studies: Summary. Combined, the *'P NMR
spectroscopic studies described above provide evidence for each
intermediate depicted in the initiation sequence (Scheme 1) as
well as two of the three intermediates in the chain-growth
polymerization (Scheme 2). A summary of the results is provided
in Table 2. The lower reactivity of catalyst 1 compared to catalyst
2 can be explained by its decomposition as well as decreased
steric properties. On the other hand, the lower reactivity of
catalyst 3 compared to catalyst 2 can be explained by a change in
rate-determining step to transmetalation and a corresponding
reduction in rate due to the increased steric crowding at the metal
center. Furthermore, the spectroscopic studies implicated an
uncontrolled mechanism for catalyst 3. Finally, the low molecular
weight tail observed in the polymerizations with Ni(depe)Cl,
apparently stem from a slow initiation process relative to
propaga\tion.30

Evidence for Chain-Growth Polymerization of Monomer
4a with Ni(depe)Cl; (2). Additional studies were undertaken to
determine whether the polymerization of monomer 4a using

dx.doi.org/10.1021/ma200976f |Macromolecules 2011, 44, 5136-5145
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Figure 3. (A) >'P NMR spectrum for the reaction of monomer 4a with catalyst 1 showing the complex observed during initiation. (B) 'H NMR
spectrum for the reaction of monomer 4b with catalyst 1. (C) *'P NMR spectrum for the catalyst resting state during polymerization.
(D) *'P NMR spectrum for the catalyst resting states after polymerization. # and * refer to Ni(dmpe)Br, and Ni(dmpe)CL, respectively.

Scheme 5. Ni Complexes Observed during the Reaction of Monomer 4 with Ni(dmpe)Cl,

initiation propagation end of polymerization
PO R~ Br (dmpe)NiBr,
Me; A Me, | 4 Me; [* ] . Me,
P, .-Cl Po /X P A P:55.8 ppm (s) P_ - X (multiple
I: NI — _Ni — E _Ni — ) I: _Ni N species)
P cl P P N (dmpe)NiCl, P
Me, Me, || Me, |l _ Me, I/ _
R e e 31P: 42.8 ppm (s) R Br
"dmpe Vdmpe IVl:impe
31P: 34.2 ppm (s) 31P: 35.1 (d), 33.8 ppm (d) 31P: 44.4 (d), 33.9 ppm (d)
J=148Hz J=34.5Hz
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Table 2. Results of Spectroscopic Studies for Reaction of Monomer 4a with Selected Ni Catalysts”
initiation propagation
catalyst resting state proposed RDS resting state proposed RDS
Ni(dmpe)Cl, Mampe reductive elimination Vdmpe reductive elimination
Ni(depe)Cl, Mgepe reductive elimination Viepe reductive elimination
Ni(dcpe)Cl, Tagepe + Ibgcpe transmetalation Wacpe + bacpe transmetalation
Ni(dppe)ClL," n/a n/a Vappe reductive elimination
Ni(dppp)ClL," n/a n/a WVappp transmetalation

“RDS is the rate-determining step of the reaction.

catalyst 2 was indeed chain growth. As seen in Figure 4A, the
number-average molecular weight (M,,) increased linearly with
conversion, which is consistent with a chain-growth mechanism.
To provide further support, complex 6a was synthesized and
used as an initiator for the polymerization of monomer 4a. A

chain-growth polymerization using initiator 6a should lead to
polymers with tolyl/H end-groups. Indeed, the MALDI-TOF-
MS analysis of the crude polymer sample showed that nearly all
of the polymer chains contained the tolyl/H end-groups, con-
sistent with a chain-growth polymerization (Figure 4B and
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Supporting Information Figures S42—S44). Combined, these
data suggest that depe is an effective ligand and leads to living,
chain-growth polymerizations of monomer 4a. Nevertheless, the
spectroscopic studies indicated that the resulting chain end is not
stable indefinitely. Thus, polymerizations must be intentionally
terminated (i.e., quenched) to obtain specific molecular weights.

Rate Studies for Polymerization of Monomer 4a with
Ni(depe)Cl;, (2). To determine the influence of depe ligand on
the polymerization mechanism, rate studies were performed for
the Ni(depe)Cl,-catalyzed polymerization of 4a. The initial rates
of polymerization were monitored by in situ IR analysis. As seen
in Figure S, the Ni(depe)Cl,-catalyzed polymerization of 4a
showed a zero-order dependence on [monomer] and a first-
order dependence on [catalyst]. These results were consistent
with reductive elimination as the rate-determining step because
this reaction does not involve the monomer (see Scheme 2). The
*'P NMR spectroscopic studies discussed above indicate that the
catalyst resting state was complex Vgepe, also consistent with a
rate-limiting reductive elimination.

Rate Studies: Comparison of dppe versus depe. Previous
mechanistic studies'"'* revealed that ligands with different
bite angles exhibited different rate-determining steps for the
polymerization of monomer 4a. We now report that ligands with
the same bite angles (dppe and depe) exhibit the same rate-
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determining steps for polymerization. 2253 However, the rate of

polymerization was s1gn1ﬁcantly slower with depe Because the
generalized cone angles and bite angles 237 are similar, this
result cannot be attributed to steric effects. Instead, the decelera-
tion is likely due to the increased electron-donating ability of
depe,'* as previous studies have shown that reductive elimina-
tions were faster from electron-poor metal centers.>”*°

Monomer Scope for Ni(depe)Cl; (2). To determine whether
Ni(depe)Cl, shows improved reactivity toward other monomers,
the polymerization of monomers 7 and 8 were attempted. As seen in
Table 3, complex 2 was an effective initiator for both monomers.
Though the PDI was narrow for the poly(N-hexylpyrrole), the gel
permeation chromatogram for the poly(3-hexylthiophene) revealed
low molecular weight “tailing”, consistent with a slow initiation.
Ni(depe)Cl, outperformed both Ni(dppe)Cl, or Ni(dppp)Cl,
under these reaction conditions.*'

C6H13

CiMg Q/ UMQCI

CeHia
7

Copolymerization with Ni(depe)Cl,. Block copolymeriza-
tion of monomers 4a and 7 were attempted because they both
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Table 3. Polymerization Results for Monomers 7 and 8 Using
Selected Ni Catalysts”

monomer catalyst M, (kDa) PDIoa
7 Ni(depe)Cl, 7.6 226
Ni(dppe)Cl, 6.5 229
Ni(dppp)Cl, 11 1.77
8 Ni(depe)Cl, 6.6 1.21
Ni(dppe)Cl, 14 247
Ni(dppp)Cl, 21 2.64

* Number-average molecular weights (M,) and polydispersity indices
(PDIs) were determined by GPC relative to PS standards. The poly-
merizations were quenched after 1 h (7) and 3 h (8) at 60 °C ([Ni] =
0.0015 M; [monomer] = 0.10 M). An equivalent of LiCl was added for
polymerization of monomer 8 ([LiCl] = 0.10 M).

underwent a chain-growth homopolymerization with catalyst 2.
Consistent with previous studies,” the order of monomer addi-
tion influenced the molecular weight distributions. For example,
polymerizing 4a followed by 7 led to an increase in molecular
weight (from S to 14 kDa) while the PDI remained narrow (from
149 to 1.15). In contrast, polymerizing in the reverse order
(7 followed by 4a) led to an increase in molecular weight (from 6
to 17 kDa) but with substantial broadening of the PDI (from 1.23
to 2.05). These results suggest that inefficiences in cross-propa-
gation, likely through termination and reinitiation reactions, were
occurring. Consequently, more complex copolymerizations (e.g.,
gradient copolymerization*), which require multiple cross-pro-
pagation steps, will be problematic.

Il CONCLUSION

Because the ligand can tune catalyst reactivity through both
steric and electronic effects, developing improved catalysts
requires modifications to both aspects of the ligand scaffold.
It is therefore surprising that the majority of research on these
Ni-catalyzed chain-growth polymerizations has centered on two
ligands (dppe and dppp). A limited number of studies have
broadened the search to the structurally related diphenylphos-
phinoferrocene (dppf) and dlghenylphosphlnobutane (dppb)
ligands without much success.” Herein, the scope of ligands in-
vestigated was broadened to include the bis(diakylphosphino)
ethane-based ligands. These phosphines were chosen because of
their increased electron-donating ability (relative to dppp and
dppe) and variable steric properties.

Polymerization studies indicate that ligand steric properties
were critical, with the least and most hindered ligands performing
poorly. Spectroscopic studies revealed that these ligands are
susceptible to either decomposition (Ni(dmpe)CL,) or compet-
ing reaction pathways (Ni(dcpe)Cl,). In contrast, Ni(depe)Cl,
provided narrower PDI samples than the other catalysts for
poly(2,5-bis(hexyloxy)phenylene). For polymerization of mono-
mer 4a, a chain-growth mechanism was evident and the rate-
limiting step was reductlve elimination. Though the mechanism
is similar to dppe,'' the relative rates of polymerization were
quite dlfferent Because dppe and depe have similar generalized
cone angles and bite angles,zzc’ these results suggest that
ligand-based electronic properties are also important; these
effects are relatively unexplored, and our current efforts are
elucidating their role. At this time, it remains unclear whether
the increased electron donating ability of depe was effective in
stabilizing the Ni’—polymer s-complex and suppressing the

competing reaction pathways because the comparison, which
relies on accurate PDIs, is complicated by the slow initiation.
Ni(depe)Cl, is found to be an effective catalyst for chain-growth
polymerization of 3-hexylthiophene and N-hexylpyrrole, and
although block copolymerizations were successful, evidence of
competing side reactions was observed. Overall, these results
provide a foundation for development of alternative ligand
scaffolds by elucidating the dependence of the chain-growth
mechanism on the steric properties of the ligand.
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