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INTRODUCTION 

Catalyst-transfer polymerization (CTP) is a 
chain-growth method for synthesizing π-
conjugated polymers with control over both the 
polymer length and sequence.1,2 Though limited 
in scope, these methods have substantially 
impacted the field by enabling unprecedented 
access to materials such as gradient sequence 
copolymers3 and a cyclic 

polymer.4Nevertheless, many challenges 
remain, including broadening the scope to 
include electron-deficient monomers, 
narrowing the polymer dispersities, and 
reducing the air- and moisture-sensitivities of 
the reagents. Broad dispersities in a chain-
growth polymerization reflect underlying 
problems, including chain-transfer and chain-
termination pathways, as well as slow initiation. 

ABSTRACT 

Synthesizing conjugated polymers via catalyst-transfer polymerization (CTP) has led to 

unprecedented control over polymer sequence and molecular weight. Yet many challenges remain, 

including broadening the monomer scope and narrowing the molecular weight dispersities. Broad 

polymer dispersities can arise from nonliving pathways as well as slow initiation. Previously, slow 

initiation was observed in Ni-mediated CTP of phenylene monomers. Although precatalysts with 

faster initiation rateshave been reported, the rates still do not exceed propagation. Herein a second- 

and third-generation of reactive ligands are described, along with a simple method for measuring 

initiation rates. A precatalyst with an initiation rate that exceeds propagation is now reported, 

however, the resulting polymer samples still exhibit broad dispersities, suggesting that slow initiation 

is not the most significant contributing factor in Ni-mediated phenylene polymerizations. In addition, 

initiation rates measured under authentic polymerization conditions revealed that both exogenous 

triphenylphosphine and an ortho-trifluoroethoxy substituenton the reactive ligand have a strong 

influence. 
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 Conventional CTP catalyst design has 
largely focused on the ancillary ligand and metal 
identity.2a In contrast, the mechanistic impact of 
reactive ligands has remained largely 
unexplored.5 Most studies focus on altering the 
reactive ligand for other purposes, such as 
growing polymers off surfaces6 and synthesizing 
block7 or cyclic polymers.4 We recently 
demonstrated that reactive ligands substantially 
impact the precatalyst initiation rate in 
phenylene CTP (Scheme 1).5 For example, the 
initiation rate was 132-fold faster with a para-
dimethylaminobenzene as the reactive ligand 
compared to the otherwise analogous para-
fluorobenzene. To rationalize these results, the 
initiation rates were evaluated computationally, 
wherein a correlation between the activation 
barrier for reductive elimination was found with 
the change in charge on the reactive ligands (as 
computed by Natural Population Analysis) en 
route to the rate-limiting transition state. 
Although the theoretical model identified 
potential reactive ligands with higher reactivity, 
their functional groups were incompatible with 
the Grignard-based polymerization (e.g., NO2). 
As a consequence, we describe herein a second 
and third generation of reactive ligands and 
their initiation rates. At the same time, we 
report an improved method for measuring 
initiation rates using in situ infrared (IR) 
spectroscopy. 

 

SCHEME 1.First-generation reactive ligands for 
phenylene polymerization.5,8 

 Herein, we describe how this combined 
theoretical/experimental approach led to a 

new, fast-initiating precatalyst for CTP of 
monomer 1. We anticipated that this 
precatalyst would lead to polymer samples with 
narrower dispersities (Đ) because most polymer 
chains would initiate before any significant 
propagation occurred. Instead, the dispersities 
were on par with commonly utilized 
precatalysts (e.g., (dppe)NiCl2 where dppe is 
1,2-bis(diphenylphosphino)ethane).9 End-
groups analysis revealedsimilar ratios 
ofliving/non-living chains, whichsuggests that 
other factors (e.g., chain-transfer) are currently 
more significant contributors to the dispersity. 
Last, we found that small differences between 
the original model system and the authentic 
polymerization conditions led to 
significantlydifferent initiation rates. Combined, 
these studies provide useful insight into the 
effect of reactive ligands on initiation, many of 
which should be generalizable to CTP of other 
monomers. 

EXPERIMENTAL 

Synthesis of Precatalyst 2f  

 In the glovebox, Ni(cod)2 (138 mg, 0.502 
mmol, 1.0 equiv), and triphenyl phosphine 
(Ph3P) (262 mg, 1.00 mmol, 2.0 equiv) were 
dissolved in THF (3 mL) in a 20 mL vial with 
stirring. In a separate 4 mL vial, 1-chloro-2-
methoxy-4-phenyl-benzene (142 mg, 0.650 
mmol, 1.3 equiv) was dissolved in THF (2 mL). 
This solution was then added to the vial 
containing the Ni/Ph3P and stirred at rt for 4 h, 
during which time a yellow precipitate formed. 
The solvent was removed under vacuum until 
approx. 0.5 mL remained. Hexanes (approx. 15 
mL) were then added, and the yellow 
precipitate was collected by vacuum filtration, 
giving 157 mg (79% yield). In a 20 mL vial, the 
isolated yellow powder (157 mg, 0.196 mmol, 
1.0 equiv) and 1,2-
bis(diphenylphosphino)ethane (94 mg, 0.24 
mmol, 1.2 equiv) were dissolved in THF (2.5 mL) 
andstirred at rt for 1 h. (Note: A yellow 
precipitate was observed after 5 min.) After 1 h, 
hexanes (approx. 15 mL) were added, and the 
solution was placed in a -30 °C freezer 

This article is protected by copyright. All rights reserved.



A
cc

ep
te

d 
A

rt
ic

le
 

overnight. The product was collected by 
vacuum filtration, giving 100 mg of 2f asa yellow 
powder (59% yield). 1H NMR (500 MHz, CD2Cl2) 
δ 8.41 (br, 2H) 8.27 (at, J = 9.0 Hz, 2H), 7.71 (at, 
J = 8.5 Hz, 2H), 7.61–7.40 (m, 11H), 7.34 (at, J = 
7.5 Hz, 2H), 7.27–7.22 (m, 2H), 7.17 (at, J = 7.0 
Hz, 2H), 7.07 (at, J = 6.6, 2 H) 6.85 (at, J = 9.1 Hz, 
2H), 6.77 (dt, J = 6.1 Hz, 1.5 Hz, 1H), 6.15 (at, J = 
2.1 Hz, 1 H), 3.37 (s, 3H), 2.39–2.21 (m, 3H), 
1.63–1.62 (m, 1H). 31P NMR (202 MHz, CD2Cl2) δ 
59.85 (d, J = 27.5 Hz), 38.37 (d, J = 27.5 Hz). 

Representative Procedure for Generating 
Monomer 1  

In a glovebox,a 20 mL vial was charged with 1,4-
dibromo-2,6-bishexyloxybenzene (1.09 g, 2.50 
mmol, 1 equiv) and THF (2.5 mL). Then, 
isopropylmagnesium chloride (1.7 M in THF, 
1.32 mL, 2.25 mmol, 0.9 equiv)10 was added and 
the solution stirred at rt for 19 h. The 
concentration of 1 was determined by titration 
with salicylaldehyde phenylhydrazone.11 

General Procedure for Polymerizations 
Monitored via In Situ IR Spectroscopy 

The IR probe was inserted through an O-ring-
sealed 14/20 ground-glass adapter (custom-
made) into an oven-dried 50 mL 2-neck flask 
equipped with a stir bar. The other neck was 
fitted with a three-way flow-control adapter 
with a septum for injections/aliquot sampling 
and an N2 line. The oven-dried flask was cooled 
under vacuum, then filled with N2. The flask was 
re-evacuated and filled for two additional 
cycles. The flask was charged with THF (6.7 mL) 
and cooled to 0 °C for 15 min. After recording a 
background spectrum, monomer 1 (2.3 mL, 0.44 
M in THF, 1.0 equiv) was added by syringe and 
equilibrated at 0 °C for at least 5 min. Then the 
precatalyst solution (1.0 mL, 0.015 M, 0.015 
equiv) was injected and spectra were recorded 
every 15 s. To account for mixing and 
temperature equilibration, spectra recorded in 
the first 60 s were not analyzed. 

 Aliquots (approx. 0.5 mL) were taken 
via syringe and immediately quenched with aq. 

HCl (approx. 1 mL, 12 M). The resulting solution 
was then extracted with CH2Cl2 (2 x 1.5 mL) 
(with mild heating if polymer had precipitated), 
dried over MgSO4, filtered, and then 
concentrated. At approximately 80% 
conversion, the polymerization was poured into 
aq. HCl (20 mL, 12 M), extracted with CH2Cl2 (3 x 
25 mL), washed with H2O (1 x 25 mL), brine (1 x 
25 mL), dried over MgSO4, filtered, and 
concentrated. The samples (both aliquots and 
the final reaction mixture) were each dissolved 
in THF (with heating), and passed through a 0.2 
μm poly(tetrafluoroethylene) filter for analysis 
by gel permeation chromatography (GPC). The 
monomer conversion versus time data was 
calculated from the IR spectra using a 
calibration curve.  

General Procedure for Polymerizations 
Analyzed by MALDI-TOF-MS 

In a glovebox, a precatalyst stock solution was 
made by combining 2f (11.2 mg,0.0165 mmol) 
with THF (3.3 mL) in a 4 mL vial. (Note: For 
Ni(dppe)Cl2, a pre-initiation protocol was 
followed wherein monomer 1 (0.23 mL, 5 equiv) 
was added to the precatalyst and stirred until 
homogeneous). The precatalyst solution (3.0 
mL, 0.015 mmol, 1 equiv) and THF (3.8 mL) 
were combined in a 50 mL Schlenk tube, sealed 
with a Teflon stopper, and then removed from 
the glovebox and put under N2 pressure.The 
solution was cooled to 0 °C for 20 min. Then 
monomer solution (3.2 mL, 1.0 mmol, 66 equiv) 
was added. After 30 min, an aliquot was 
removed by syringe, then quenched with aq. 
HCl (approx. 1.0 mL, 12 M), extracted with 
CH2Cl2 (2 x 1 mL), dried over MgSO4, filtered, 
concentrated, and then analyzed by MALDI-TOF 
MS analysis (SI). After 4 h, the polymerization 
was poured in aq. HCl (20 mL, 12 M), extracted 
with CH2Cl2 (3 x 25 mL), washed with water (1 x 
25 mL), brine (1 x 25 mL), dried over MgSO4, 
filtered, and concentrated. Both the aliquot and 
the bulk polymerization were analyzed by GPC.  

Computational Methods 
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Computations were performed with the BP86 
DFT functional12 paired with the 6-311+G(d) 
basis set13 was used for all non-metal atoms and 
the SDB-cc-pVTZ basis set with the small core, 
fully relativistic effective core potential14 was 
used for Ni.  All computations were performed 
using Gaussian09. 

RESULTS AND DISCUSSION 

Influence of Reactive Ligand Structure on 
Activation Barriers and Rates 

We focused on reactive ligands with a carbon-
metal bond (Chart 1) because C–C reductive 
eliminations (i.e., the rate-limiting step) are 
reported to be faster than the analogous C–Y 
(where Y = N, O, S) reductive eliminations.15 In 
addition, we focused on sp2–sp2 

reductiveeliminations because they are known 
to be faster than both sp2–sp and sp2–sp3 
reductive eliminations.16 Our theoretical model 
predicted that alkenyl reactive ligands (e.g., 2a) 
would exhibit the lowest barrier (and thus 
fastest rates) for reductive elimination 
(Supporting Information, SI). Unfortunately, 
alkenyl-substituted precatalysts decomposed 
during synthesis, presumably via 
disproportionation (SI).17 A biphenyl-based 
reactive ligand (2b) was prepared based on the 
rationale that its structural similarity to the 
polymer would lead to an initiation rate that is 
similar to propagation. In addition, heteroaryl 
groups were investigated, including thiophene 
(2c) and benzothiophene (2d). 

 

CHART 1. Second-generation reactive ligands.18 

In situ IR spectroscopy was used to measure 
initiation rates under authentic polymerization 
conditions using monomer 1 (Figure 1A). When 
precatalyst initiation is slower than 
propagation, the initiation rate constant (ki) can 

be extracted from the overall rate constant 
(kobs) at low monomer conversions (i.e., 0–10%, 
equation 1 and SI).19 This analysis requires 
accurately measuring the propagation rate 
constant (kp), which can be obtained by 
monitoring monomer consumption rates at 
later conversions (e.g., 15–25% conversion) or 
in a separate experiment (Figure 1B and SI). 
Precatalysts 2b–d exhibited initiation rate 
constants (ki) on par with our previous best 
precatalyst (c.f., Scheme 1).5 On the basis of 
these studies, it appeared that the potentially 
more reactive precatalysts (e.g., 2a) are too 
unstable to isolate while the more stable 
precatalysts (2b–d) cannot initiate faster than 
propagation (kp = 10(2) x 10-3 s-1). 

 

FIGURE 1.(A) Time-dependent in situ IR spectra 
when polymerizing monomer 1 (0.08 M) with 
precatalyst 2f (0.015 M) in THF at 0 ˚C. (B) Plot 
of monomer concentration versus time for the 
same reaction. 
 

 

Comparing Initiation Rates Under Authentic 
Conditions versus the Model System 

 With the ability to measure initiation 
rates under the authentic polymerization 
conditions using in situ IR spectroscopy, the 
question arose as to whether the original model 
system (which used 19F NMR 
spectroscopy)measured the true initiation 
rates. Second-generation precatalyst 2b was 
used as the test case, and it was modified and 
evaluated in the same manner as the first-
generation reactive ligands.5 As highlighted in 
Scheme 2, there were three substantial changes 
made to the authentic system. First, the 
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bromine atom on the monomer was replaced 
with a chlorine atom, effectively preventing a 
second catalyst turnover. Isolating just 
thismodification, a 2.5x slower initiation rate 
was observed.20 This modest rate difference 
reflects the minor impact of switching a Cl to a 
Br on the monomer’s charge density during the 
reductive elimination. 

 

SCHEME 2. Structural differences between the 
model system (in blue) and the authentic 
polymerization and their impact on initiation 
rates (in red). 

Next, the influence of Ph3P was examined, 
which was added in the model system to 
scavenge Ni(0) generated from the first 
turnover. These studies revealed a surprising 5x 
initiation rate enhancement with added Ph3P.21 
One possible explanation is that a five-
coordinate square pyramidal species is 
generated via Ph3P coordination prior to or 
during reductive elimination.22 Five-coordinate 
metal complexes are known to undergo faster 
reductive eliminations than their four-
coordinate counterparts.15 Related 
intermediates have been invoked to explain the 
accelerating effect of added arenes23 and 
alkenes24 on Ni(II)- and Pd(II)-based reductive 
eliminations. Overall, this Ph3P-based rate 
acceleration has broader implications for CTP: 
For example,it may already be accelerating 
initiation with precatalysts that are generated in 
situ from Ph3P-based precursors (e.g., 
(PPh3)2NiX2 followed by ancillary ligand 
exchange).25Alternatively, adding exogenous 
Ph3P may be a simple method to accelerate 
initiation.21 

 The final difference was the ortho-
trifluoroethoxy (CF3CH2O) substituent, which 
was added to provide an NMR spectroscopic 
handle. The relatively short CH2O linker 
between the CF3 tag and the reactive arene was 
a compromise between minimizing the 
electronic perturbation of the fluorine on 
reductive elimination while maximizing the 
likelihood of observing unique 19F signals for 
each intermediate in the NMR spectrum. The 
initiation rates with precatalyst 2e were >17x 
slower than precatalyst 2f, suggesting that the 
fluorine-based inductive effect on reductive 
elimination is significant(Chart 2). Indeed, our 
computational model found a lower activation 
barrier when the CF3 was removed. Such a large 
inductive effect is reasonable considering the 
significant difference in pKa values for CF3CH2OH 
(12.5) versus CH3OH (15.5).26 

 

CHART 2.Third-generation reactive ligands. 

Combined, these studies provide a cautionary 
tale about model systems: that is,they can 

become “talking lions”,
27

 which report only on 
the model system and do not reflect the 
authentic system.28 In many cases, including the 
one described herein, it is only when new 
methods become available that one can probe 
the differences between model and authentic 
systems. 

Slow Initiation is Just One Contributor to Broad 
Dispersities 

When comparing the model system versus 
authentic conditions, we serendipitously 
discovered that precatalyst 2f has the fastest 
initiation rate measured to date. Our 
computational model supported this 
experimental result, wherein the precatalyst 2f 
exhibited a 1 kcal/mol lower activation barrier 
than precatalyst 2b. This result is consistent 
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with our earlier observations5 that resonance-
based substituents lead to smaller changes in 
charge on the reactive ligands during reductive 
elimination, leading to lower activation barriers 
and faster rates. 

 Once this fast initiating precatalyst was 
identified, we anticipated that the resulting 
polymer samples would exhibit the narrowest 
dispersities reported for polymer P1. Instead, 
the dispersities for soluble precatalyst 2f (Đ = 
1.45) were on par with another soluble 
precatalyst that is widely used ((dppe)Ni(o-
tolyl)Br, Đ = 1.54)  and commercially available 
insoluble precatalyst (dppe)NiCl2 (Đ = 1.41). 
Importantly, these polymerization results were 
obtained using the same monomer batch on the 
same day and were reproducible. The resulting 
polymers were analyzed by matrix-assisted 
laser-desorption ionization time-of-flight mass 
spectrometry (MALDI-TOF-MS) to identifythe 
polymer end-groups (Figure 2).29Regardless of 
which precatalyst was used,30 themajority of 
polymer chains exhibited end-groups consistent 
with a living, chain-growth polymerization. The 
other polymer chains had undergone 
unproductive pathways such as early 
termination or chain-transfer. Combined, these 
results suggest that the ancillary ligand – dppe – 
needs to be replaced to achieve lower 
dispersities. Previous studies suggest that a 
more electron-rich analogue, such as 1,2-
bis(diethylphosphino)ethane (depe), would be 
better due to its stronger metal-polymer 
associative complex and/or increased reactivity 
in the subsequent oxidative addition. In 
practice, however, these air-unstable Ni 
precatalysts are more difficult to prepare 
because their synthesis requires 
transmetalation with (depe)NiCl2 (rather than 
ligand exchange from (PPh3)2NiArBr), leading to 
challenging purifications to remove both 
unreacted starting material and multiple by-
products. 

 

Figure 2. MALDI-TOF-MS data when 
polymerizing monomer 1 (0.10 M) with various 
(dppe)Ni(RL)X catalysts (1.5 mM; RL is shown) in 
THF at 0 ˚C.  The major peak corresponds to 
polymer P1 with 23 repeat units. 

CONCLUSIONS 

Using a combined theoretical and experimental 
approach, as well as a new method for 
measuring initiation,a precatalyst with an 
initiation rate comparable to propagation was 
discovered. This faster initiating 
precatalystcontains a reactive ligand (o-
methoxybiphenyl) that closely resembles the 
polymer structure. These results suggests that 
more broadly, one may be able to engineer a 
faster initiating precatalyst by simply focusing 
on a reactive ligand that is structurally similar to 
the polymer.Unexpectedly, the polymer 
dispersities remained quite broad, suggesting 
that chain-transfer events (e.g., catalyst 
dissociation) may be prevalent in these 
polymerizations. This conclusion is supported by 
theobserved 20% ofpolymer chains that were 
nonliving.These unproductive events obscurred 
the impact of slow initiation on the dispersities. 
Nevertheless, we anticipate that these fast-
initiating precatalysts will lead to narrower 
polymer dispersities in phenylene 
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polymerizationwhen alternative ancillary 
ligands that provide living conditions are used. 
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Slow initiation can lead to broadened polymer dispersities and variable sequences in chain-growth 
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