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ABSTRACT: Kumada catalyst-transfer polycondensation
(KCTP) is an effective method for the controlled polymerization
of conjugated polymers. Nevertheless, side reactions leading to
early termination and unwanted chain coupling cause deviations
from the target molecular weight, along with increasing
polydispersity and end group variation. The departure from the
KCTP cycle stems from a disproportionation reaction that leads to
experimentally observed side products. The disproportionation
energies for a series of nickel-based initiators containing bidentate
phosphino attendant ligands were computed using density
functional theory at the B3LYP/DZP level. The initiator was
found to be less favorable toward disproportionation by 0.5 kcal mol−1 when ligated by 1,3-bis(diphenylphosphino)propane
(dppp) rather than 1,2-bis(diphenylphosphino)ethane (dppe). Trends in disproportionation energy (Edisp) with a variety of
bidentate phosphine ligands match experimental observations of decreased polymerization control. Theoretical Edisp values can
thus be used to predict the likelihood of disproportionation in cross-coupling reactions and, therefore, aid in catalyst design.

Kumada catalyst-transfer polycondensation (KCTP) has
been shown to undergo a chain-growth polymerization

mechanism affording polymers with controlled molecular
weight, narrow polydispersity (PDI), and uniform chain-
ends.1−3 KCTP, which employs a nickel-based initiating
complex, deviates from living polymerization due to premature
termination, as evidenced by both high and low molecular
weight components in the reaction mixture displaying nonuni-
form chain-ends.4,5 A major contributor to the loss of living
character stems from a disproportionation reaction in which
two (aryl)Ni(II)−Br complexes exchange ligands, forming an
(aryl)2Ni(II) intermediate along with Ni(II)Br2 (Scheme 1a).
After subsequent reductive elimination and carbon−carbon
coupling of the activated complex (1a), the nickel(0) remains
η-bound to the biaryl product (2a) before undergoing
intramolecular insertion into the carbon−halogen bond (2b)
(Scheme 1b).6

In KCTP, the desired polymerization route involves a
Grignard AB-type monomer, which undergoes a repeated cycle
of transmetalation (TM), reductive elimination (RE), and
oxidative addition (OA) (Scheme 2). After the polymerization
is quenched by aqueous acid, resulting chains are of uniform
length and contain H/Br end groups. In addition to the ideal
cycle, disproportionation can occur whenever an (aryl)Ni(II)Br
is present (i.e., prior to initiation and transmetalation). During
the initiation phase, two initiator complexes can exchange
ligands through disproportionation, releasing free Ni(II)Br2
into solution, which has been spectroscopically observed during
polymerization.5 The Ni(II)Br2 is reactivated by a double
transmetalation reaction with excess monomer and taken
through a separate KCTP cycle, which results in an increased
polydispersity due to varying chain lengths. Disproportionation
can also occur after the initiation phase but prior to
transmetalation in the ideal cycle, yielding polymers of double
molecular weight as well as Ni(II)Br2. The Ni(II)Br2 is released
into solution, reactivated, and undergoes another separate
KCTP cycle to further increase polydispersity.
Disproportionation is often seen in the Kumada coupling of

small-molecule biaryls, which is the parent reaction of
KCTP.7−11 Due to the nature of polymerizations, however,
the direct observation of disproportionation in situ is difficult.
For this reason, we have modeled disproportionation through a
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Scheme 1. Disproportionation Reaction of Ni(dhpe)ThBr
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series of computational experiments. The tendency for an
initiating complex to disproportionate can be quantified by the
relative disproportionation energy (Edisp), which is a thermody-
namic quantity. A positive value represents lower energy in the
reactants resulting in a decreased likelihood of disproportiona-
tion. Conversely, negative energies correspond to an increased
likelihood of disproportionation.
Because the living characteristics of the polymerization are

known to differ according to the choice of attendant ligand, we
have examined a series of commonly employed bidentate
phosphino ligands differing in either the carbon spacer or
phosphorus substituent (Figure 1), which influence the bite and
cone angle parameters of the catalysts.4,5 In this report, we have
observed that the polymerization character is highly influenced

by the ability of the initiator to undergo disproportionation and
not by trends in either bite angle or cone angle. Deviations in
polymerization control can be inferred by the polydispersity
index (PDI) and resultant end groups. Herein, we match trends
in computed disproportionation energies to PDIs from several
literature reports4,5 and conclude that the loss of polymer-
ization control follows the trend of increased disproportiona-
tion.
The bite angle involving the attendant ligand (P−Ni−P angle

here) has been speculated to strongly influence polymerization
control.4,12 Adding units to the carbon spacer of the ligand has
the effect of increasing the bite angle about the nickel center.
Once the spacer exceeds three carbons, polymerization
becomes less controlled and undergoes intermolecular catalyst
transfer, resulting in increased polydispersity and varying end
groups.4

In the investigation of bite angle, hydrogen atoms were
substituted for phenyl groups on the phosphino ligands to keep
steric crowding at a minimum and improve computational
efficiency. This is a common simplification shown to be valid in
previous reports.13,14 The order of experimentally averaged P−
Ni−P bite angles (obtained from a large number of X-ray
crystallographic structures from the Cambridge Structural

Scheme 2. General Reaction Cycle for KCTPa

aDisproportionation is the cause of increased polydispersity, resulting in chains with H/Br end groups and coupled-chains with Br/Br end groups.
TM = transmetallation, RE = reductive elimination, OA = oxidative addition, and disp = disproportionation.

Figure 1. Ligands studied in this report, abbreviated as follows: (a) n =
2: dhpe, n = 3: dhpp, n = 4: dhpb, (b) R = H: dhpe, R = methyl: dmpe,
R = ethyl: depe, R = phenyl: dppe, (c) dhpf.

ACS Macro Letters Letter

dx.doi.org/10.1021/mz3002929 | ACS Macro Lett. 2012, 1, 995−1000996



Database) is consistent with the structures computed in this
report for various spacers: ethyl < propyl < ferrocenyl < butyl.15

To examine the role of bite angle, disproportionation
energies were computed for a series of initiating species
differing only in backbone of the attendant ligand (Table 1).

Thiophene (Th) units were used as the aryl species. Reported
Edisp energies are referenced to Ni(dhpe)BrTh to single out the
trends. Total electronic energies are given in the Supporting
Information (ESI, Table 1).
The relative disproportionation energies of 1,2-bis-

(d ihydrophosph ino)ethane (dhpe; 0 .0) , 1 ,3 -b i s -
(dihydrophosphino)propane (dhpp; 6.2) , 1 ,4-bis-
(dihydrophosphino)butane (dhpb; −4.3), and 1,1′-bis-
(dihydrophosphino)ferrocene (dhpf; 1.0) predict that the
trend in polymerization control is dhpb < dhpe < dhpf <
dhpp. This is in sharp contrast to the order of bite angle: dhpe
< dhpp < dhpf < dhpb. Comparing previous PDI measure-
ments for poly(3-hexylthiophene) (P3HT) by Miyakoshi et al.4

which indicate a trend in control of dhpb < dhpf < dhpe <
dhpp, it is clear that the experimental trend is best matched by
our predictions based on disproportionation energies.
A discrepancy does exist between the reduced control in

polymerization of P3HT with the ferrocenyl-based ligand and
the computed positive disproportionation energy. A primary
difference between dhpf and the other ligands studied is the
different electronic properties associated with the ferrocenyl
backbone compared to a simple alkyl spacer. Using the
ferrocenyl ligand, Miyakoshi et al.4 synthesized low molecular
weight polymer with high polydispersity and diverse end
groups. This result is in contrast to what is expected based on
our disproportionation energy computations. When LiCl was
added to the polymerization in an effort to increase the rate of
transmetalation to bypass side reactions such as disproportio-
nation, a polymer with higher molecular weight and smaller
PDI was achieved when dppe or dppp was the attendant ligand.
The LiCl addition did not increase polymerization control
when dppf was the attendant ligand; a polymer of low
molecular weight, high PDI (2.78), and varying end groups
resulted. These observations indicate that an alternative
reaction which does not compete with transmetalation is the
cause of lessened control. The reaction rate of oxidative
addition has been shown to be slow for dppf.16,17 Slow
oxidative addition may allow for dissociation of Ni(0) from the
growing chain resulting in uncontrolled polymerization.
Relative disproportionation energies were also computed for

complexes with 3-methylthiophene rather than thiophene as
the aryl group. The same trend is followed with values of 0.4

kcal mol−1 for dhpe, 6.4 kcal mol−1 for dhpp, −4.6 kcal mol−1

for dhpb, and 1.5 kcal mol−1 for dhpf. All values are in reference
to complexes ligated by dhpe with thiophene as the aryl group.
In most of the cases, the addition of an ortho substituent
lessens disproportionation reactions, as Edisp is slightly raised for
dhpe, dhpp, and dhpf. For dhpb, however, a greater amount of
disproportionation is expected. An increase in side chain length
was not expected to change trends in thermodynamics of the
system, and substituting a hexyl chain did not affect the trend
for disproportionation (ESI Table 1). In fact, when dhpe was
the attendant ligand, the disproportionation energy increased
by 2.4 kcal mol−1 with a hexyl substituent relative to
unsubstituted thiophene; therefore disproportionation is less
likely with the hexyl substituent present.
Interestingly, the polymerization of poly(2,5-dihexyloxyben-

zene) (PPP)4 also broadly follows the trend of higher PDI with
decreasing Edisp found with thiophene as the aryl group.
Therefore, the disproportionation trends seem to be based on
attendant ligand characteristics more so than the electron
donating/withdrawing abilities of the monomer itself.
Another geometric feature of the initiating complex is steric

crowding of the nickel center, which can be approximately
gauged by the cone angle occupied by the ligand molecules.18

Following Lanni et al.,5 we have studied a set of ligands with
similar bite angles ranging from 87.3° to 92.2° and widely
varying cone angles (Table 2). All reported Edisp energies are in
reference to Ni(dppe)BrTh. Total electronic energies can be
found in ESI Table 1.

As found for the bite angle, trends in polymerization
characteristics do not follow that of increasing or decreasing
cone angle, which are 156°, 176°, 178°, and 183° for 1,2-
b i s (d ime thy lphosph ino)e thane (dmpe) , 1 , 2 -b i s -
(diethylphosphino)ethane (depe), 1,2-bis(diphenylphosphino)-
ethane (dppe), and 1,3-bis(diphenylphosphino)propane
(dppp), respectively, as reported in a survey of crystallographic
structures from the Cambridge Structural Database.18 Dis-
proportionation energies show depe to have the highest
tendency toward disproportionation with a value of −5.6 kcal
mol−1. The dppp ligand, with a value of 0.5 kcal mol−1 is
slightly less likely than dppe to undergo disproportionation.
Surprisingly, dmpe has a relatively high disproportionation
energy of 1.2 kcal mol−1 and as such should not undergo
disproportionation as readily. This forms the predicted trend in
polymerization control of depe < dppe < dppp < dmpe.
Recently, Lanni et al.5 investigated ligand-based steric effects

using the four ligands in Table 2 to polymerize both 4-bromo-

Table 1. Comparison of Ni(II) Initiators Differing in
Attendant Ligand Bite Angle

attendant
ligand Edisp

a
mean X-ray bite

angleb
computed bite

anglec
PDId

P3HT
PDId

PPP

dhpe 0.0 85.0 88.3 1.50 2.66
dhpp 6.2 91.1 97.4 1.12 1.74
dhpf 1.0 95.6 101.5 1.83 2.40
dhpb −4.3 97.7 104.4 2.40

aRelative values given in kcal mol−1. bAveraged crystallographic bite
angles for an array of phenyl substituted species.15 cFor isolated
complexes at the B3LYP/DZP level of theory. dReported poly-
dispersitites of poly(3-hexylthiophene) (P3HT) and poly(2,5-dihex-
yloxyphenylene) (PPP) synthesized from catalysts with phenyl
substituents on the phosphorus atoms.4

Table 2. Comparison of Ni(II) Initiators Differing in
Attendant Ligand Cone Angle

attendant
ligand Edisp

a
bite

angleb
cone
anglec

PDId

PPP
PDId

P3HT
PDIe

P3HT

dmpe 1.2 88.3 156 1.51
depe −5.6 87.4 176 2.12 2.26
dppe 0.0 87.3 178 2.42f 2.29f 1.50
dppp 0.5 92.2 183 3.59f 1.77f 1.12

aRelative values given in kcal mol−1. bCalculated from optimized
B3LYP/DZP geometries. cFrom ref 18. dReported polydispersities of
poly(2,5-dihexyloxyphenylene)(PPP) and poly(3-hexylthiophene)-
(P3HT) from ref 5. eReported polydispersities of poly(2,5-
dihexyloxyphenylene)(PPP) and poly(3-hexylthiophene)(P3HT)
from ref 4. fPolymerization conditions were not optimized.
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2,5-bis(hexyloxy)phenylenemagnesium chloride and 2-bromo-
3-hexyl-5-thienylmagnesium chloride. Although correlations
from disproportionation energy anticipate dmpe to minimize
disproportionation, it is kinetically unstable and decomposes in
solution under the conditions of these polymerizations (60
°C).5 In the polymerization of P3HT using depe as the
attendant ligand, Lanni et al.5 observed a broad polydispersity
index (2.26). They attributed this to slow initiation (compared
to dppp and dppe), which the authors also observed when
investigating the initiation rate of the phenylene monomer.
With the two competing reactions, the slowing of this key step
(initiation) could increase the likelihood of disproportionation.
Disproportionation at the initiation stage only increases
polydispersity by the formation of Ni(II)Br2, which initiates a
new polymerization cycle and does not change the nature of
resultant chain ends (Scheme 2). In fact, with the use of depe,
free Ni(II)Br2 was observed by 31P NMR during polymer-
ization, which the authors ascribed to disproportionation.5

Following the trend in disproportionation energy, polymer-
ization with depe as the attendant ligand should exhibit less
control than polymerization with dppe or dppp. In the
aforementioned study, however, polydispersities for dppe and
dppp were higher than expected for a controlled chain-growth
polymerization. This is likely due to high reaction temperatures
as all polymerizations were carried out at 60 °C for a direct
comparison of polymerization rate-determining steps. The
increased reaction temperature was used to overcome the slow
initiation present with depe. At reduced polymerization
temperatures (25 °C), Miyakoshi et al.4 observed a low PDI
in the polymerization of P3HT for both dppe (1.50) and dppp
(1.12), consistent with the trend in disproportionation energies.
As such, dppp is shown to minimize disproportionation, but the
reaction is not completely suppressed. Smeets et al.19 observed
10% of P3HT synthesized with initiator ligated by dppp to
contain various unexpected end groups (Br/Br, H/H, etc.),
which shows that disproportionation as well as other side
reactions still occur.
Excluding dmpe due to lack of stability, experiments have

shown dppp to be the best performing ligand for KCTP
followed by dppe, while polymerizations with depe display a
high polydispersity.4,19 This matches our predicted trend in
disproportionation energy of depe < dppe < dppp. Although
depe and dppe have similar cone angles (∼177°), dppe has
been shown to have greater polymerization control and a
decreased tendency toward disproportionation.
An alternative factor that potentially causes loss of polymer-

ization control is Ni(0) diffusion after the reductive elimination
step, which results in early termination as well as unwanted
reinitiation. While the exact mechanism is still unclear, Kiriy et
al. have convincingly argued that a single nickel complex
polymerizes one chain.20 Early mechanistic work came from the
groups of McCullough and Yokozawa. McCullough et al.21

stated that the nickel complex and growing chain generate an
associated pair in which Ni(0) does not diffuse away. Following
that, Yokozawa et al.22 suggested intramolecular transfer of the
nickel complex into the terminal C−Br bond of the polymer,
which implies some sort of association. Intramolecular transfer
was demonstrated by examination of the initiator (aryl)Ni(II)
Br formed in situ during the polymerization process.4 Two
thiophene units were coupled together to analyze end groups of
the newly formed bithiophene. Polymer with H/Br end groups
indicate intramolecular transfer, while Br/Br end groups
indicate Ni(0) diffusion. Even at extremely high concentrations

of catalyst (50 mol %), only bithiophene with Br/H end groups
were observed, meaning that nickel diffusion does not occur.
Additionally, experimental and computational work has

shown that Ni(0) can remain η-bound with a conjugated ring
and “walk” along the π-framework until insertion into a C−Br
bond is possible.23 Komber et al.24 have recently observed
disproportionated products concomitant with strong Ni(0)
binding and decreased ring-walking ability due to electron-
deficient aromatic monomer units. These arguments strongly
suggest that free nickel diffusion after the reductive elimination
step is unlikely. Therefore, disproportionation must be a major
termination pathway that accounts for large molecular weight
deviations and end group discrepancy.
A lone report by Achord and Rawlins25 argues in favor of

nickel diffusion, but with a high rate of reassociation. A key
argument in their case was the observation of Br/Br end
groups, which do not result from the proposed KCTP chain-
growth mechanism, and which the authors claim is due to
diffusion of free Ni(0). The authors did not consider other
possible modes of termination or reinitiation, such as
disproportionation, which can form a polymer with Br/Br
end groups (Scheme 2). Additionally, the authors observed that
an increase in reaction time at high conversion leads to an
increase in the percentage of undesired, double molecular
weight Br/Br terminated polymer. We argue that the extended
time period allowed for disproportionation as the monomer
concentration decreased, and thus nickel complexes had an
increased probability of reacting with one another to undergo
disproportionation.
In addition to Ni(0) dissociation, it is possible that

magnesium halogen exchange can increase polydispersity.19,26

In this reaction a bromine atom at the terminal end of the
polymer chain exchanges with the magnesium chloride group of
the monomer. This exchange places the Grignard reagent at the
end of the chain, which can transmetallate with another
(aryl)Ni(II)Br, causing further polymerization from both ends.
Quenching results in H/H end groups which are distinctive
from disproportionation and Ni(0) dissociation since both
reactions only form polymer with H/Br and Br/Br end groups.
Two studies have observed P3HT with H/H end groups and
attributed this to a combination of magnesium-halogen
exchange reactions and impure monomer.19,26

This report has indicated that loss of polymerization control
in nickel-catalyzed cross-coupling reactions is not solely the
effect of ligand geometry but stems from a competing
termination reaction: disproportionation. This process explains
the decrease in control observed by some initiating species and
is accomplished without nickel diffusion from the polymer
chain after the reductive elimination step. If disproportionation
happens late in the polymerization, the polydispersity index can
be directly compared to the amount of unwanted side reactions
by the appearance of a shoulder of double molecular weight in
the gel permeation chromatogram.4,5 PDI as well as analysis of
end groups can be compared to theoretically computed
disproportionation energies to provide trends arising from
different ligands.
Scheme 2 shows the two stages during the polymerization

cycle where disproportionation is a competing reaction:
initiation and transmetalation. Disproportionation at the
initiation stage releases free Ni(II)Br2 into solution, which is
reactivated by a double transmetalation reaction with two
equivalents of monomer to start a separate polymerization
cycle. Likewise, disproportionation in lieu of the trans-
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metalation step results in chain-coupling to form higher
molecular weight chains with Br/Br end groups. Free Ni(II)Br2
is formed as well, which is once again reactivated to undergo
further KCTP cycles, increasing polydispersity.
Numerous experiments have confirmed improved control of

KCTP by use of lithium chloride, which speeds both initiation
and transmetalation steps.5,27,28 As the rate of precatalyst
initiation is increased, subsequent competing reaction pathways
are outpaced, resulting in polymers of highly uniform molecular
weight.29 These results suggest avoidance of the disproportio-
nation pathway by accelerating the initiation step. Similarly, the
rate of transmetalation is increased by forming a highly active
“turbo-Grignard”.30 Reactions with turbo-Grignard allow trans-
metalation to proceed at a faster rate than disproportionation,
removing the bimodal molecular weight distribution.
Miyakoshi et al.4 observed a narrowing of molecular weight

distribution and the disappearance of a high molecular weight
shoulder at reduced reaction temperatures. The decreasing
temperature must slow the rate of disproportionation such that
the reaction is no longer competitive with the rate of
transmetalation. This result, in conjunction with our computed
trends, shows that polymerization control is strongly influenced
by disproportionation energy, more so than ligand geometry.
Computed Edisp values can be used to predict the presence of
disproportionation in cross-coupling reactions and, therefore,
aid in catalyst design. Further computational studies are
currently underway to investigate additional details of other
transition-metal mediated cross-coupling polymerizations.

■ THEORETICAL METHODS
The energetics of all species were computed with zero-point
vibrational energy (ZPE) corrections using density functional theory
with the QChem3.2 package.31 Reported values were computed with
the B3LYP functional,32,33 which has been shown to properly model
organometallic transition metal complexes.34−37 Three other func-
tionals, M06, B97, and PBE, were also shown to give matching trends
(ESI Table 2).38,39Benchmarking our DFT methods with coupled-
cluster singles and doubles (CCSD)40 computations on a small model
system shows B3LYP to give disproportionation energies very close to
rigorous electron-correlated values (ESI Table 2). For all atoms except
halogens and transition metals, the Dunning standard double-ζ
contraction of Huzinaga primitive sets was used in accord with a
previous work.41,42 Halogens were treated using effective core
potentials of the Stuttgart-Bonn type with complementary basis
sets.43 Following Schaefer et al.,44,45 nickel and iron employed the
Wachters primitive sets in a loosely contracted DZP fashion,
augmented with two sets of p and one set of d functions, giving the
total contraction scheme (14s11p6d/10s8p3d). All complexes were
confirmed to be local minima by the absence of imaginary vibrational
frequencies. A radial, angular (75, 302) grid was accurate enough for
most complexes; in some cases a (99, 590) grid was used to eliminate
small imaginary frequencies. Several stable geometric orientations are
possible for the phenyl moieties; we have used the lowest energy
conformation described in previous reports.46
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Total electronic energies along with optimized Cartesian
coordinates of all stationary points, comparison and bench-
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