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Chapter 11 

Introduction: New Conjugated Polymers and Synthetic Methods 

Introduction 

Organic !-conjugated polymers have unique optical, electrical and redox 

properties that result from !-electron delocalization along the polymer chain. 

Consequently, they are being explored for diverse applications, including light-

emitting diodes,1 solar cells,2 and transistors.3 Though promising, limitations of 

the current materials have prevented their widespread application. For example, 

homopolymers are the most synthetically accessible, however, they often lack 

one or more of the properties necessary for a functional device (e.g., efficient 

absorption, exciton dissociation, and charge conduction for solar cells). 

Accessing more complex polymer architectures has been difficult due to the 

limitations of current synthetic methods. Typical syntheses of !-conjugated 

polymers include electrochemical, oxidative, cross-coupling, and metathesis 

routes. The predominant cross-coupling-based polymerization methods (e.g., 

Sonogashira,4 Kumada,5 Stille,6 and Suzuki7) usually proceed through step-

growth mechanisms, where the monomers couple in a random fashion to form 

oligomers. High molecular weight polymers can only be obtained at high 

conversions, which are difficult to achieve with these methods. As a result, the 

polymers typically have low molecular weights with broad molecular weight 

distributions, and there is limited control over copolymer structure. To advance 

this field, synthetic methods for accessing a larger variety of well-defined 

materials are needed. 

A major breakthrough occurred in 2004 when Yokozawa8,9and 

McCullough10,11 simultaneously reported chain-growth syntheses of poly(3-

hexylthiophene) utilizing nickel-catalyzed Kumada  and Negishi  cross-couplings 

(eq 1)12. In chain-growth polymerizations, an initiator reacts with a monomer to 

start polymerization and subsequent monomer additions occur at the chain end. 

                                                
1Excerpted from the manuscript version of McNeil, A. J.; Lanni, E. L. “New Conjugated Polymers 
and Synthetic Methods.”  In Synthesis of Polymers;  Hawker, C.; Junji, S.; Schlüter, D., Eds. 
Wiley-VCH: Weinheim Germany. In press. Copyright Wiley-VCH Verlag GmbH & Co. KGaA. 
Reproduced with permission. 
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If termination pathways are minimal or absent, this method produces polymers 

with precise molecular weights and narrow molecular weight distributions. 

Moreover, copolymer microstructure can be controlled by the relative reactivity of 

the monomers and their order of addition. This chain-growth method has since 

been modified to polymerize a limited set of monomers, including thiophene 

derivatives,13 (2,5-bishexyloxy)phenylene,14 9,9-dioctylfluorene,15 N-

octylcarbazole,15b (2,3-dihexyl)thienopyrazine,16 and N-hexylpyrrole.17 Although 

each monomer has required empirical development of chain-growth conditions, 

this method has provided access to !-conjugated polymers which were 

previously unobtainable.  

 
New Polymers Prepared via Chain-Growth Method 

 End-Functionalized Polymers. End-functionalized polymers are now 

accessible with the Ni-catalyzed chain-growth method. These polymers are used 

as linkers for grafting polymers onto surfaces18 and as directing groups for self-

assembly.19 In addition, end-functionalized polymers are used as macroinitiators 

for synthesizing block copolymers. McCullough was the first to demonstrate that 

poly(3-hexylthiophene) can be selectively functionalized at one chain end by 

adding a vinyl Grignard reagent post-polymerization (eq 2).20 Since then, a 

number of researchers have utilized this method to prepare block copolymers of 

conjugated polymers with poly(acrylates),21 polystyrene,22 polyisoprene,23 

polylactide,24 and others.25 These block copolymers formed nanostructured thin-

films, and exhibited improved solubilities and film-forming properties compared to 

their homopolymers. Alternatively, functionalized Ni(II) initiators26 can be used to 

graft polymers from surfaces27 and synthesize block copolymers (eq 3).28 

Although both methods provide access to new materials, competing termination 

and re-initiation pathways currently result in variable quantities of 
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unfunctionalized polymers. Consequently, more work is needed to identify robust 

chain-growth conditions. 

 

 
 All-Conjugated Block Copolymers. All-conjugated block copolymers can 

provide access to self-organized, three-dimensional structures in the solid-state 

(e.g., lamellar), which could lead to improved exciton migration and electron/hole 

conduction. Most successful copolymerizations employing this chain-growth 

method have utilized thiophene-based monomers in both blocks.29 

Copolymerizations using structurally different monomers have been 

demonstrated, but successful formation of block copolymers depended on the 

order of monomer addition. For example, Yokozawa found that polymerization of 

2,5-(bishexyloxy)phenylene must precede the N-hexylpyrrole (eq 4); he 

hypothesized that the extra equiv of dppe necessary for chain-growth 
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polymerization of pyrrole interferred in the phenylene polymerization.17 Even 

when optimized conditions were similar, the order of monomer addition was 

found to influence copolymer polydispersity; for example, during the 

polymerization of 3-hexylthiophene with 9,9-dioctylfluorene30 and 2,5-

(bishexyloxy)phenylene.31 Overall these results suggest inefficient cross-

propagation between the two monomers. To rationally expand this methodology 

to other block copolymers and alternative microstructures, the influence of ligand, 

monomer, and additive on the reaction mechanism must be understood. 

 
Mechanism 

 Initial Observations and Mechanistic Proposal. For over two decades 

the Kumada polymerization of thiophene32 was assumed to be step-growth 

based on conventional cross-coupling mechanisms. In 2004, both Yokozawa8 

and McCullough10 unexpectedly observed hallmarks of a living, chain-growth 

mechanism. Most significantly, they observed early formation of high molecular 

weight polymers, controlled molecular weights based on the ratio of monomer to 

nickel, and linear increases in molecular weight with conversion. Yokozawa 

confirmed that the polymerization was living by adding a second batch of 

monomer to the polymerization and observing that the molecular weight 

increased while the PDI remained constant. Based on these preliminary results, 

both McCullough and Yokozawa proposed a new mechanistic pathway for the 

polymerization where the key difference from conventional cross-coupling 

mechanisms is formation of an associated Ni(0)-polymer !-complex (I, Scheme 

1). Subsequent intracomplex oxidative addition is suggested to occur faster than 

dissociation, leading to successive monomer additions at the chain end. Although 

Ni(0)-arene !-complexes have precedent, their role in the polymerization 

mechanism remains uncertain.  
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Scheme 1.1 Proposed Chain-Growth Mechanism. 

 
Subsequent Mechanistic Studies  

 End-Group Analysis. End-group analysis via MALDI-TOF mass 

spectrometry can provide compelling evidence for a proposed polymerization 

mechanism. Polymers that result from a living, chain-growth mechanism should 

exhibit end-groups reflecting the initiating and propagating species. Yokozawa 

first demonstrated that polymers with a single set of end-groups (H/Br) are 

obtained in the Ni(dppp)Cl2-catalyzed polymerization of 3-hexylthiophene (eq 

5).33a These end-groups are consistent with the proposed catalytic cycle since 

the reaction should stall at complex II once monomer is completely consumed. 

Subsequent hydrolysis protonates the nickel chain end. Following these early 

studies, many researchers have employed end-group analysis to determine 

chain-growth conditions for each polymerization. 
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 Rate and Spectroscopic Studies. A combination of rate and 

spectroscopic studies can be used to identify the resting state and rate-

determining step of a catalytic cycle. In 2005, McCullough reported limited rate 

studies which supported a rate-determining transmetallation for Ni(dppp)Cl2-

catalyzed polymerization of 3-hexylthiophene.Error! Bookmark not defined.i More 

recently, he reported similar rate profiles for Ni(dppp)Cl2-catalyzed polymerization 

of 9,9-dioctylfluorene.30 In 2009, we demonstrated that reductive elimination is 

the rate-determining step for the synthesis of both poly(3-hexylthiophene) and 

poly(p-(2,5-bishexyloxy)phenylene) when using Ni(dppe)Cl2 – a frequent 

alternative to Ni(dppp)Cl234. 31P NMR spectroscopic studies confirmed that the 

resting state during polymerization was a Ni(II)-bithiophene (IV), and after 

polymerization, the catalytic cycle stalled at a Ni(II) thienyl halide (V). We also 

investigated Ni(dppp)Cl2-catalyzed polymerization of 3-hexylthiophene and 2,5-

(bishexyloxy)phenylene using rate and spectroscopic studies.35 We observed 

rate-limiting transmetallation in both cases, consistent with McCullough’s 

preliminary observations. In addition, we characterized the catalyst resting state 

as the Ni(II) thienyl halide (II), consistent with Yokozawa’s observation of H/Br 

end-groups.33a Overall, this concomitant change in rate-determining step with 

catalyst structure indicated that the ligand (dppp versus dppe) has a strong 

influence over the mechanism. Additionally, the observation of a rate-determining 

reductive elimination with Ni(dppe)Cl2 and rate-determining transmetallation with 

Ni(dppp)Cl2 suggests that the Ni(0)-polymer !-complex, if formed, is only a 

fleeting intermediate. As a result, further studies are necessary to probe both the 

existence and catalytic relevance of Ni(0)-polymer !-complexes in the 

polymerization. Moreover, additional studies are needed to understand the 

influence of the ligand on this proposed intermediate. 
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Indirect Support for an Intermediate Ni(0)-polymer !-Complex. Although 

Ni(0)-arene !-complexes have been characterized36 and implicated as 

intermediates in oxidative addition37 and cross-coupling,38 currently, there is no 

direct evidence of its intermediacy in the Ni-catalyzed chain-growth 

polymerization. Kiriy indirectly probed the existence of a !-complex by examining 

whether the chain-growth mechanism is affected by monomer length.26e He 

observed a decrease in chain-growth behavior for terthiophene compared to 

bithiophene and thiophene, suggesting that detrimental chain-transfer and 

termination processes become more prevalent with larger distances between the 

C-C bond forming site and reactive end-group. In 2010, Kiriy provided evidence 

that Ni(0) does not stay associated with the chain end but instead performs a 

near random walk along the polymer backbone via !-bound intermediates (eq 

6).39 This data is consistent with McCullough’s observation of end-

functionalization at both chain ends when non-vinyl or -alkenyl Grignard reagents 

were added post-polymerization.20b Overall, these results suggest that 

propagation can occur by oxidative addition into either chain end during the 

conventional Ni(dppp)Cl2-catalyzed conditions (c.f., complex I, Scheme 1).  

 
Competition experiments have also provided indirect support for Ni(0) 

association with a single polymer chain throughout the polymerization. For 

example, Yokozawa added 18 mol% of an aryl halide to a thiophene 

polymerization and observed that most of the aryl halide remained unreacted.9c 

This result suggests that reactive, unassociated Ni(0) was not generated. 
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Recognizing that aryl halides are less reactive than thiophenes, Kiriy performed a 

competition experiment where an end-labeled oligothiophene was added to the 

polymerization.26e He saw no evidence of high molecular weight polythiophenes 

with those end-groups, consistent with Ni(0) remaining associated with a single 

polymer chain (eq 7).40 

 
Conclusion  

 This dissertation details my work in the McNeil group towards 

elucidation of the polymerization mechanism. In particular, it describes our 

group's efforts to improve the method through mechanistic studies and rational 

ligand design. While we have found that the rate-determining step of the 

polymerization is strongly influenced by the phosphine bite-angle, alternative 

structural modifications of the ligand have been shown to enhance or disrupt 

chain-growth polymerization. The work presented provides a foundation for future 

investigations into the mechanistic influence of monomers, catalysts, and 

additives in copolymerizations. 
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Chapter 21 

Evidence for Rate-Determining Reductive Elimination in Ni(dppe)Cl2-catalyzed 

Chain-Growth Polymerizations. 

Introduction 

 Organic !-conjugated polymers are the active components of numerous 

emerging technologies, including thin-film solar cells1 and light-emitting diodes.2 

The predominant cross-coupling-based polymerization methods3 used to 

synthesize these materials (e.g., Sonogashira,4 Kumada,5 Stille,6 Suzuki,7 Heck,8 

and Negishi9 couplings) typically proceed through step-growth mechanisms, 

leading to broad molecular weight distributions and limited control over 

copolymer microstructure. In 2004, Yokozawa10 and McCullough11 

simultaneously reported chain-growth syntheses of poly(3-hexylthiophene) 

utilizing Ni-catalyzed cross-coupling reactions. Yokozawa12 and McCullough13 

independently proposed a novel mechanistic pathway for this polymerization, 

where the key step is formation of an associated Ni0-arene !-complex after 

reductive elimination. Subsequent intra-complex oxidative addition is suggested 

to occur faster than dissociation, leading to successive monomer additions at the 

chain end. Although Ni0-arene !-complexes are known,14 this mechanistic 

hypothesis remains speculative.  

If broadly applicable, this chain growth method has the potential to provide 

access to polymers with controlled molecular weights,15 narrow molecular weight 

distributions, and well-defined microstructures.16 This method has since been 

modified to polymerize a small set of other monomers in solution17 and on 

surfaces,18 including (2,5-bishexyloxy)phenylene,19 9,9-dioctylfluorene,20 (2,3-

dihexyl)thienopyrazine,21 N-octylcarbazole,20b 3-alkoxythiophene,22 and N-

hexylpyrrole.23 However, without mechanistic data, each monomer has required 

empirical development of unique reaction conditions to achieve chain growth. 

Preliminary attempts at preparing simple block copolymers have highlighted the 

                                                
1Reproduced with permission from Lanni, E. L.; McNeil, A. J. "Mechanistic Studies on 
Ni(dppe)Cl2-catalyzed Polymerizations: Evidence for Rate-Determining Reductive Elimination." J. 
Am. Chem. Soc. 2009, 131, 16573-16579. Copyright 2009 American Chemical Society. 
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challenges involved when each monomer requires highly specific conditions.23,24 

For example, Yokozawa reported that the order of polymerization had a 

significant effect on the molecular weight distribution in the synthesis of poly(2,5-

bishexyloxybenzene-b-N-hexylpyrrole).23 He suggested that the excess dppe 

ligand, which is required for chain-growth polymerization of the pyrrole, interfered 

with the phenylene polymerization. However, the mechanistic influences of the 

ligand and other additives that are reported to promote chain-growth have not 

been explored. In order to rationally expand this methodology to other monomers 

and copolymerizations, and to develop improved catalysts with a broader 

substrate scope, a detailed understanding of the reaction mechanism - 

particularly the role of ligand, monomer and additives - is essential.  

To date, the few mechanistic studies that have been performed on these Ni-

catalyzed chain growth polymerizations have focused solely on 

thiophenes.12,13,25,26 Most notably, rate studies by McCullough on the 

Ni(dppp)Cl2-catalyzed polymerization of thiophene found the reaction was first-

order in monomer, suggesting rate-determining transmetallation.13a Given the 

narrow substrate scope, we sought to elucidate the mechanistic influences of 

both monomer and ligand structure. Herein we report the results of rate and 

spectroscopic studies for polymerization (2,5-bishexyloxy)phenylene and 3-

hexylthiophene, using Ni(dppe)Cl2 – a frequent alternative to Ni(dppp)Cl2.12b,19,23 

We provide strong evidence for rate-determining reductive elimination and 

identify NiII-biaryl and NiII-bithiophene complexes as the catalyst resting states. 

Further, we show that an additive (LiCl) reported to be beneficial in controlled 

polymerizations of (2,5-bishexyloxy)phenylene19 has no effect on the rate-

determining step or on the molecular weight distribution under our reaction 

conditions. These results, combined with the rate data previously reported by 

McCullough for Ni(dppp)Cl2-catalyzed polymerization,13a suggest that the ligand 

structure has a strong influence on the polymerization mechanism. 

Results  
Grignard Metathesis. Monomer 2a was generated in situ from 1 via Grignard 

metathesis (GRIM) with i-PrMgCl (eq 1).27 In the presence of 1 equiv LiCl, rate 
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studies demonstrated that the reaction is four times faster than in the absence of 

salt (Appendix 1). Furthermore, a peak shift is observed in the aromatic region of 

the product’s no-D NMR spectrum depending on the presence and absence of 

LiCl (Figure 2.1A). These results suggest that a mixed aggregate (2b) is formed 

between LiCl and the ArMgCl.28 The aggregation state (e.g., 1:1 mixed dimer 

versus 2:2 mixed tetramer) for this species was not determined, however 

Knochel has suggested that related aryl Grignards form 1:1 mixed dimers with 

LiCl in THF.27f Though 2a or 2b are the major products, several minor products 

(< 5%) were frequently observed in the aromatic region of the no-D 1H NMR 

spectrum (Figure 2.1B). These products were identified by independent synthesis 

and co-injection into the NMR sample (Appendix 1). THF-adducts 3 and 4 were 

unexpected; however, a related coupling reaction between electron-rich aryl 

Grignards and THF has previously been reported and was suggested to proceed 

through a radical pathway.29 Importantly, these by-products are not consumed 

during the polymerization; however, monomers 2a and 2b were titrated 

immediately prior to each kinetic run to account for their formation (Appendix 1).  

 

 
 

 
Figure 2.1 1H NMR Spectra of (A) 2a and 2b and (B) 2b with by-products 
(*quenched monomer, ☐ 1,4-bishexyloxybenzene).  
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Monomer 6 was generated in situ from 5 via GRIM with i-PrMgCl (eq 2). 1H 

NMR spectroscopic analysis revealed an 80:20 ratio of regioisomers. Unlike 

monomers 2a or 2b, no by-products were observed after the GRIM reaction. 

 
Rate Studies. Rate studies were carried out to ascertain the rate-determining 

step (RDS) in the Ni(dppe)Cl2-catalyzed chain-growth polymerization of 2a and 6 

(eqs 3-4). Polymerization of 2a was monitored by in situ IR spectroscopy, while 

GC analysis of aliquots was used to monitor the polymerization of 6 relative to an 

internal standard. Due to the insolubility of Ni(dppe)Cl2 we found it convenient to 

initiate this pre-catalyst with 5-7 equiv of monomer before starting the rate 

studies (see Appendix 1 for details);30 pre-initiation also avoided any potential 

complications resulting from sluggish Ni(dppe)Cl2 reduction.  

For polymerization of monomer 2a with Ni(dppe)Cl2, a plot of the initial rate 

versus [monomer] showed a zero-order dependence while a plot of initial rate 

versus [catalyst] displayed a first-order dependence (Figure 2.2A-B). Similarly, 

for the polymerization of 6 by Ni(dppe)Cl2, the reaction was zero-order in 

monomer and first-order in catalyst (Figure 2.3A-B). These data eliminate 

transmetallation as a plausible RDS because it would exhibit a first-order 

dependence on [monomer]. However, these rate studies are not able to 

distinguish between rate-limiting reductive elimination and intra-complex 

oxidative addition because both cases would exhibit zero- and first-order 

dependencies on [monomer] and [catalyst], respectively. We used NMR 
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spectroscopic studies to characterize the catalyst structure at the resting state to 

differentiate between these two steps. 

 

 
 

 
Figure 2.2 (A) Plot of initial rate versus [monomer] for the polymerization of 2a in 
THF at 0 oC ([Ni(dppe)Cl2] = 0.0015 M). The curve depicts an unweighted least-
squares fit to initial rate = a[monomer]n, where a = 22 ± 1 and n = 0.06 ± 0.04. (B) 
Plot of initial rate versus [catalyst] for the polymerization of 2a in THF at 0 oC 
([2a] = 0.20 M). The curve depicts an unweighted least-squares fit to initial rate = 
a[catalyst]n, where a = 1.3 ± 0.1 x 104 and n = 1.01 ± 0.01. 
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Figure 2.3 (A) Plot of initial rate versus [monomer] for the polymerization of 6 in 
THF at 0 oC ([Ni(dppe)Cl2] = 0.00025 M). The curve depicts an unweighted least-
squares fit to initial rate = a[monomer]n, where a = 10 ± 3 and n = 0.05 ± 0.09. (B) 
Plot of initial rate versus [catalyst] for the polymerization of 6 in THF at 0 oC ([6] = 
0.10 M). The curve depicts an unweighted least-squares fit to initial rate = 
a[catalyst]n, where a = 4.9 ± 0.8 x 104 and n = 1.02 ± 0.02. 
 

Spectroscopic Studies. 31P NMR spectroscopic studies were used to identify 

the catalyst resting state in the chain-growth polymerization of 2a and 6. These 

studies were performed on samples with higher [catalyst] than in the 

polymerization to obtain sufficient signal. According to the proposed catalytic 

cycles, the resting states would be complexes I and IV if oxidative addition were 

rate-limiting, and complexes III and VI if reductive elimination were rate-limiting 

(Scheme 2.1).  

During the polymerization of 2a, the 31P NMR spectrum revealed two 

proximate, broad doublets (JPP = 11 Hz, Figure 2.4A). The coupling constant is 

consistent with a NiII species14d and the small !" is suggestive of complex III 

(with two similar phosphorus nuclei). We synthesized a model Ni0-anthracene #-

complex (7) for comparison (Figure 2.4B). This #-complex exhibited a relatively 

large coupling constant (JPP = 68 Hz) when compared to the observed resting 

state. Based on this data we assigned the catalyst resting state as complex III.  

During the polymerization of 6, the 31P NMR spectrum also revealed two 

proximate signals (JPP = 24 Hz, Figure 2.4C), which we assigned as complex VI 

based on analogy to 2a. However, the spectrum clearly shows additional, related 

species. Since both regioisomers of 6 are consumed under these low 
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[monomer]/[catalyst] ratios (see Appendix I), we tentatively attribute these peaks 

as resulting from regioisomeric Ni0-bithiophene complexes. These results, 

combined with the first-order rate dependence on [catalyst] and zero-order rate 

dependence on [monomer], support reductive elimination as the rate-determining 

step for the chain-growth polymerization of both 2a and 6. 

 
Figure 2.4 31P NMR Spectra for (A) the resting state during polymerization of 2a, 
(B) Ni0-anthracene complex 7, and (C) the resting state during polymerization of 
6. *We tentatively assign this species as Ni(dppe)2X2.31 
 

Interestingly, different Ni complexes are observed in the 31P NMR spectra 

when polymerization of 2a and 6 are complete. After 2a is consumed, two 

doublets appear, which we hypothesized was complex II (JPP = 25 Hz, Figure 

2.5A). We synthesized a related NiII model complex (8), which showed a similar 

spectrum (JPP = 15 Hz, Figure 2.5B), supporting this assignment. After 6 was 

consumed, the 31P NMR spectrum also showed two new doublets (JPP = 36 Hz, 

Figure 2.5C), which we hypothesized was complex V. The proximate, lower 

intensity doublets were again attributed to regioisomeric NiII-complexes since 

both regioisomers of 6 were consumed under these conditions. These results are 

consistent with the proposed catalytic cycle since the reaction should stall at 

complexes II and V when the monomers are consumed. Note that complexes III 

and VI cannot be isolated because of this facile conversion to II and V once 

polymerization is complete.32 
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Figure 2.5 31P NMR Spectra for (A) after consumption of 2a, (B) complex 8, and 
(C) after consumption of 6. 
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Scheme 2.1 Proposed Mechanism for Chain-Growth Polymerization of 2 and 6. 

 
 

Role of LiCl. Yokozawa reported that LiCl accelerated the Ni(dppe)Cl2-

catalyzed polymerization of 2b (eq 5) and led to a narrower molecular weight 

distribution (PDI).19 We anticipated that to produce such a rate acceleration, the 

LiCl must not only aggregate with the monomer but also change the rate-

determining step since (1) the polymerization rate was shown to be independent 

of [monomer] for 2a, and (2) transmetallation with either 2a or aggregate 2b 

should result in the same NiII-biaryl complex. Instead, initial rate measurements 

on the polymerization of 2b gave zero- and first-order dependencies in 
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[monomer] and [catalyst], respectively (Figure 2.6A-B). Moreover, the absolute 

initial rates were nearly identical to the rates without LiCl (c.f., Figure 2.2A-B), 

indicating that LiCl has no effect on the rate. Initial rates were also measured for 

polymerizations with excess LiCl to determine if a rate acceleration could be 

caused by non-aggregated salt. As evident in Figure 2.7A, the rate remains 

unchanged with greater than 1 equiv LiCl. Further evidence came from 

temperature-dependent rate data, which provided nearly identical activation 

parameters (Figure 2.7B). In the presence of LiCl the activation enthalpy and 

entropy were 18.4 ± 0.7 kcal/mol and 0 ± 3 cal/mol·K, respectively, while in the 

absence of LiCl the activation enthalpy and entropy were 18 ± 1 kcal/mol and -3 

± 5 cal/mol·K. Last, the 31P NMR spectroscopic studies on the catalyst resting 

state showed two proximate doublets (JPP = 9 Hz, Figure 2.8A), consistent with 

complex III and rate-limiting reductive elimination. Complex II is observed once 

conversion of monomer (2b) is complete (Figure 2.8B). Altogether these data 

imply that there is no substantive effect of LiCl on the absolute rate and the rate-

determining step.  
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Figure 2.6 (A) Plot of initial rate versus [monomer] for the polymerization of 2b in 
THF at 0 oC ([Ni(dppe)Cl2] = 0.0015 M). The curve depicts an unweighted least-
squares fit to initial rate = a[monomer]n, where a = 14.2 ± 0.5 and n = -0.19 ± 
0.02.  (B) Plot of initial rate versus [catalyst] for the polymerization of 2b in THF 
at 0 oC ([2b] = 0.20 M). The curve depicts an unweighted least-squares fit to 
initial rate = a[catalyst]n, where a = 1.3 ± 0.2 x 104 and n = 1.01 ± 0.03. 
 

 
Figure 2.7 (A) Plot of initial rates versus [LiCl] for the Ni(dppe)Cl2-catalyzed 
polymerization of 2b in THF at 0 oC ([2b] = 0.20 M, [Ni(dppe)Cl2] = 0.0015 M). 
The curve depicts an unweighted least-squares fit to initial rate = a[LiCl]n, where 
a = 20 ± 1 and n = 0.02 ± 0.05. (B) Plot of ln(kh/kbT) versus 1/T for the 
polymerization of 2a and 2b  in THF ([2a] = [2b] = 0.20 M,  [Ni(dppe)Cl2] = 0.001 
M). The curves depict unweighted least squares fits to ln(kh/kbT) = -(!H‡/RT) + 
!S‡/R, providing a !H‡ of 18 ± 1 kcal/mol and a !S‡ of -3 ± 5 cal·mol-1·K-1 for 2a 
and a !H‡ of 18.4 ± 0.7 kcal/mol and a !S‡ of 0 ± 3 cal·mol-1·K-1 for 2b. 
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Figure 2.8 31P NMR Spectra for (A) the resting state during polymerization of 2b, 
(B) after consumption of 2b. *We tentatively assign this species as Ni(dppe)2X2.31 

 

 Comparing plots of the number average molecular weight and PDI versus 

conversion for the polymerization of 2a and 2b revealed that, in contrast to the 

report by Yokozawa,19 LiCl also had no effect on the PDI (Figure 2.9A-B). In this 

case, however, a subtle difference between the two reports may be playing an 

important role. In chain-growth polymerizations, the relative rate of initiation 

versus propagation will influence the molecular weight distribution.33 We avoided 

this relative rate issue by pre-initiating the Ni(dppe)Cl2 with 5-7 equiv of monomer 

before beginning the rate studies. In contrast, Yokozawa initiated his catalyst in 

situ, where the influence of LiCl on the initiation rate may be significant. This 

hypothesis is supported by the identification of a monomer-LiCl mixed aggregate 

(2b) which would be involved in initiation.  
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Figure 2.9 Mn and PDI versus conversion for the Ni(dppe)Cl2-catalyzed 
polymerization of (A) 2a and (B) 2b in THF at 0 oC ([2a] = 0.10 M; [2b] = 0.20 M; 
[Ni(dppe)Cl2] = 0.0015 M). 

 

Discussion 

Despite the general utility of Ni-catalyzed cross-coupling reactions34 in both 

small molecule35 and polymer syntheses,3,5,9,36 the operative mechanisms are 

still highly debated.37 Moreover, the extrapolation of small molecule-based 

mechanistic studies to the polymerization is not straightforward. Yokozawa12 and 

McCullough13 independently proposed a new mechanistic pathway for this 

polymerization where the key step is formation of an associated Ni0-thiophene !-

complex (e.g., complexes I and IV). Subsequent intra-complex oxidative addition 

leads to chain growth. Although Ni0-arene !-complexes have precedent,14 their 

role in the polymerization mechanism remains uncertain. Both the potential of 

this method to provide access to novel well-defined polymers as well as its 

current limitations motivated us to explore the mechanism in more detail, 

particularly the influence of the ligand, monomer and additives, with the aim of 

generating improved catalysts.  

Mechanism. Through a combination of rate and spectroscopic studies, we 

found evidence supporting a rate-determining reductive elimination for the 

polymerization of monomers 2a, 2b and 6 using Ni(dppe)Cl2. Interestingly, the 

monomer structure (arene versus thiophene) had no influence on the rate-

determining step of the catalytic cycle. Notably, McCullough found evidence for a 

rate-determining transmetallation for polymerization of 6 using a different catalyst 
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– Ni(dppp)Cl2.13a Combined, these results point to a significant mechanistic 

influence of the ligand on the polymerization, and suggest that alternative ligand 

structures may lead to catalysts with improved reactivities.38,39 Finally, though 

LiCl formed a mixed aggregate with the arene monomer, our rate and 

spectroscopic studies showed that this additive has no effect on either the 

polymerization rate or mechanism. Nevertheless, the role of LiCl on the initiation 

step may be significant and future studies are needed to address this issue.   

Chain-Growth via Ni0 !-complexes? The structure40 and reactivity41 of Ni0-

olefin !-complexes has been widely documented. For example, van der Boom 

recently demonstrated that alkene coordination to Ni0 is kinetically preferred over 

the oxidative addition of an aryl-I and aryl-Br bond.42 In addition, they only 

observed products resulting from intra-complex oxidation addition after alkene 

coordination. Far fewer studies have been reported for Ni0-arene !-complexes. 

Moreover, evidence of an intermediate Ni0 !-complex in the chain-growth 

polymerization has only been circumstantial: (1) Kiriy indirectly probed the 

existence of a !-complex by examining whether the chain-growth mechanism 

depends on monomer size.25 They observed a decrease in chain-growth 

behavior for terthiophene compared to thiophene, suggesting that detrimental 

chain-transfer and termination processes become more prevalent with larger 

distances between the C-C bond forming site and the reactive end-group. (2) 

McCullough observed an unexpected double substitution reaction to generate 

thiophene trimers when using a 2:1 ratio of monomer to catalyst.11 Such 

preferential double substitutions have also been observed in Pd-catalyzed cross-

coupling reactions of small molecules43 and polymers.44 Interestingly, Kumada 

observed a similar preferential Ni-catalyzed double alkylation in 1976 when using 

bifunctional arenes (e.g., 1,4-dichlorobenzene) despite having a 2-fold excess of 

the arene reagent compared to the alkyl Grignard.34c He suggested that such 

substrates undergo a “mechanistically different” reaction but provided no further 

explanation. 

Our observation of a rate-determining reductive elimination and McCullough’s 

observation of a rate-determining transmetallation indicate that the Ni0 !-
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complex, if formed, is only a fleeting, post-rate-limiting intermediate. Moreover, 

our extensive spectroscopic studies identified the catalyst species both during 

and after polymerization and neither was consistent with a Ni0 !-complex. This 

result was further supported by our synthesis and characterization of a model Ni0 

!-complex with anthracene. As a result, further studies are necessary to probe 

both the existence and catalytic relevance of Ni0 !-complexes in the 

polymerization. 

Conclusion  

Rate and spectroscopic studies support a rate-limiting reductive elimination for 

the Ni(dppe)Cl2-catalyzed syntheses of poly(p-(2,5-bishexyloxy)phenylene) and 

poly(3-hexylthiophene). These results, combined with the data from 

McCullough13a using Ni(dppp)Cl2, suggest that the ligand has a strong influence 

over the rate-determining step. NiII-biaryl and NiII-bithiophene complexes, though 

unstable to isolation, were identified as the active catalyst resting states. These 

studies also revealed that the role of LiCl is complex and may be unnecessary 

under certain reaction conditions. By addressing the mechanistic influences of 

monomer and catalyst structure as well as the role of additives, these results 

provide a strong foundation for future studies aimed at preparing novel polymers 

and developing improved catalysts. In addition, we are now in a position to 

explore the more complex, yet intriguing copolymerization mechanisms.  
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Chapter 31 

Evidence for Ligand-Dependent Mechanistic Changes in Nickel-Catalyzed Chain-

Growth Polymerizations 

Introduction 

Organic !-conjugated polymers are promising materials for thin-film solar 

cells,1 light-emitting diodes,2 and transistors3 because they exhibit tunable optical 

and electrical properties and can be solution-processed onto large, flexible 

substrates. However, these materials have several limitations that prevent their 

widespread application. For example, homopolymers are the most synthetically 

accessible but often lack one or more properties that are necessary for device 

operation. To advance the field, synthetic methods that provide access to new 

polymers are needed. In 2004, Yokozawa4 and McCullough5 reported the first 

chain-growth synthesis of poly(3-hexylthiophene). This initial result garnered 

much interest6,7 because living, chain-growth methods can be used to synthesize 

polymers with sequence-control8 and end-functionalization.9 However, efforts 

toward expanding the scope and utility of this method have been hindered by the 

highly monomer-specific reaction conditions necessary to achieve chain-growth. 

As a result, even simple block copolymers have been difficult to synthesize.10 To 

develop a general synthetic method, a mechanistic understanding of the role of 

monomer, ligand, and additives on the chain-growth pathway is needed. 

Yokozawa4,11,12 and McCullough5,13,14 independently proposed a new 

mechanism to account for the unexpected chain-growth behavior wherein the key 

difference from conventional cross-coupling mechanisms is formation of a !-

complex15,16 between the polymer chain and Ni0 following reductive elimination.17 

Subsequent intramolecular oxidative addition leads to chain-growth. Indirect 

evidence supporting this mechanism has been provided.18 Most significantly, 

MALDI-TOF MS data on polymer samples revealed end-groups consistent with 

the structure of the initiating and propagating species, which is characteristic of 
                                                
1Reproduced with permission from Lanni, E. L.; McNeil, A. J. “Evidence for Ligand-Dependent 
Mechanistic Changes in Nickel-Catalyzed Chain-Growth Polymerizations.” Macromolecules 
2010, 43, 8039-8044. Copyright 2010 American Chemical Society. 
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chain-growth polymerizations.11 In addition, aryl and thienyl halides that can 

undergo competitive oxidative addition with Ni0 were shown to be unreactive 

during polymerization, consistent with Ni0-polymer !-complex formation and 

intramolecular oxidative addition.12b,18b Nevertheless, the sensitivity of this 

synthetic method to changes in monomer, ligand, and additives suggests that the 

chain-growth mechanism is competing with other reaction pathways like chain-

transfer and termination. As a result, a detailed mechanistic understanding of 

each reaction pathway will be necessary to guide the rational development of an 

improved synthetic method.  

In 2009, we reported the influence of monomer structure and additives on 

the mechanism of Ni(dppe)Cl2-catalyzed syntheses of poly(p-(2,5-

bishexyloxy)phenylene) and poly(3-hexylthiophene).19 Rate and spectroscopic 

studies were consistent with rate-limiting reductive elimination for both 

monomers. Further studies showed that although LiCl forms a mixed aggregate 

with the arene monomer, the salt did not affect the propagation rate or 

mechanism. Because McCullough reported that an alternative catalyst 

(Ni(dppp)Cl2) lead to different rate behavior,10a,13 we anticipated that the ligand 

might be a key mechanistic determinant. In this report, we provide detailed rate 

and spectroscopic evidence for a ligand-dependent change in rate-determining 

step. Specifically, we demonstrate that Ni(dppp)Cl2-catalyzed syntheses of both 

poly(p-(2,5-bishexyloxy)phenylene) and poly(3-hexylthiophene) proceed through 

a rate-determining transmetallation. Moreover, we show that LiCl influences the 

reaction order in monomer and, consequently, the polymerization rate. Given the 

important mechanistic influence of ligand, these results suggest that modifying 

the ligand structure may lead to new catalysts that are effective for a broader 

range of monomers.  

Results and Discussion 

Rate Studies. Monomers 2a and 4 were generated in situ from 1 and 3 

via Grignard metathesis (GRIM) with i-PrMgCl (eqs 1-2).20 Although 4 is an 

approximately 80:20 mixture of regioisomers, the minor regioisomer is not 

significantly consumed during polymerization (see Figure S18 in Appendix 2). To 
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generate a soluble catalyst species, the Ni(dppp)Cl2 was pre-initiated with 5-7 

equiv of monomer prior to starting the rate studies. Initial rates of polymerization 

were measured by in situ IR spectroscopy21 or GC analysis of aliquots at varying 

concentrations of monomer and catalyst (Appendix 2). For the Ni(dppp)Cl2-

catalyzed polymerization of both 2a and 4, an approximate first-order 

dependence of the initial rate on both [catalyst] and [monomer] was observed 

(Figures 3.1-2).22 These monomer reaction orders are different than those 

obtained with Ni(dppe)Cl2,19 suggesting a ligand-dependent change in rate-

determining step. Indeed, the rate data obtained with Ni(dppp)Cl2 are consistent 

with either rate-determining transmetallation or intermolecular oxidative addition 

because both steps involve the monomer and catalyst. To distinguish between 

these two scenarios, in situ NMR spectroscopic studies were used to 

characterize the catalyst resting state during polymerization. 
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Figure 3.1. (A) Plot of initial rate versus [catalyst] for the polymerization of 2a in 
THF at 0 °C ([2a] = 0.20 M). The curve depicts an unweighted least-squares fit to 
the expression initial rate = a[catalyst]n that gave a = 8 ± 2 x 103 and n = 0.89 ± 
0.05. (B) Plot of initial rate versus [monomer] for the polymerization of 2a in THF 
at 0 °C ([Ni(dppp)Cl2] = 0.0015 M). The curve depicts an unweighted least-
squares fit to the expression initial rate = a[monomer]n that gave a = 1.3 ± 0.1 x 
102 and n = 1.24 ± 0.07.   

 
Figure 3.2. (A) Plot of initial rate versus [catalyst] for the polymerization of 4 in 
THF at 0 °C ([4] = 0.05 M). The curve depicts an unweighted least-squares fit to 
the expression initial rate = a[catalyst]n that gave a = 4 ± 2 x 103 and n = 0.78 ± 
0.07. (B) Plot of initial rate versus [monomer] for the polymerization of 4 in THF at 
0 °C ([Ni(dppp)Cl2] = 0.00025 M). The curve depicts an unweighted least-squares 
fit to the expression initial rate = a[monomer]n that gave a = 12 ± 1 x 101 and n = 
0.79 ± 0.04. 
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NMR Spectroscopic Studies. The polymerizations were followed by 1H 

and 31P NMR spectroscopy to identify the catalyst resting states. During the 

polymerization of both 2a and 4, two doublets with similar intensities were 

observed in each 31P NMR spectrum (2a: JPP = 52 Hz, 4: JPP = 66 Hz, Figure 

3.3A,B). This result, coupled with the relatively large !", is consistent with 

complexes II and V as the polymerization resting states (Scheme 3.1). Because 

the catalytic cycle will stall at complexes II and V when the monomer is depleted, 

further support for this assignment was provided by the fact that the spectra 

remain unchanged even after the monomer was consumed (see Figures S26 and 

S28 in Appendix 2). However, the coupling constants for these dppp-based NiII 

complexes were significantly larger than those observed for the related dppe-

based NiII complexes.19 Therefore, two model complexes (5 and 6) were 

synthesized and characterized by 31P NMR spectroscopy. Complexes 5 and 6 

exhibited similar chemical shifts and coupling constants to the polymerization 

resting states (5: JPP = 59 Hz, 6: JPP = 64 Hz, see Figures S6 and S7 in Appendix 

2), supporting these assignments. These resting-states are different than those 

observed with Ni(dppe)Cl2,19 consistent with a ligand-dependent change in rate-

determining step. Overall, the observed first-order rate dependence on both 

[catalyst] and [monomer], and the identification of complexes II and V as the 

catalyst resting states, support transmetallation as the rate-determining step in 

the Ni(dppp)Cl2-catalyzed polymerization of 2a and 4.  
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Figure 3.3. 31P NMR spectra for the resting state during polymerization of (A) 2a 
and (B) 4. 
 

Role of Ligand. The change in rate-determining step from reductive 

elimination (dppe) to transmetallation (dppp) points to a significant mechanistic 

role of the ligand in the polymerization. The principle differences between the two 

ligands are the bite angle, with dppp (91°) exhibiting a larger bite angle than dppe 

(85°), and the conformation of the chelate rings. As a result, differences in 

reactivity may be observed due to changes in the sterics, electronics and 

geometry of the nickel complex. These ligand effects are well documented in the 

small-molecule cross-coupling literature.23 For example, Yamamoto observed 

faster rates for reductive elimination from (P-P)NiMe2 when using dppp versus 

dppe.24 Similarly, the chain-growth polymerizations are known to be highly 

sensitive to ligand structure.25 However, the interpretation of these effects is often 

ambiguous because the elementary steps in the catalytic cycle can be affected 

differently by changes in the ligand. For example, in the Ni-catalyzed 

polymerizations reported herein, it is difficult to pinpoint the affect of ligand on 

either the rate of transmetallation or reductive elimination because the rate-

determining step changes with the different ligands. Therefore, future studies are 

needed to elucidate the affect of ligand structure on the elementary steps of both 

the chain-growth and competing reaction pathways. 
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Scheme 3.1. Proposed Mechanism for the Chain-Growth Polymerizations of (A) 

2 and (B) 4. 

 
 

Role of LiCl. In our previous studies with Ni(dppe)Cl2, LiCl had no effect 

on the polymerization rate of 2 even though 1H NMR spectroscopic studies 

revealed that LiCl aggregates with the monomer.19 These results are consistent 

with the observed rate-determining reductive elimination since the monomer is 

not involved in this step. In contrast, because transmetallation involves the 

monomer, a rate-dependence on LiCl was anticipated in the Ni(dppp)Cl2-
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catalyzed polymerization of 2b. Indeed, rate studies in the presence of one equiv 

LiCl revealed an approximate first-order dependence on [catalyst] and half-order 

dependence on [monomer] (eq 3 and Figure 3.4). Non-integer reaction orders 

are common for aggregated species and a half-order dependence suggests a 

higher order aggregate (e.g., a mixed tetramer, (ArMgCl)2(LiCl)2). However, 1H 

NMR spectroscopic studies provided evidence that multiple aggregates may be 

equilibrating in solution; the aromatic protons of monomer 2 shifted downfield 

with increasing either [LiCl] or [2b] (see Figures S31 and S32 in Appendix 2). 

Polymerization rate studies performed with excess LiCl revealed slower rates 

with higher [LiCl], consistent with [LiCl]-dependent changes in aggregate 

structure (see Figure S23 in Appendix 3). Because solution-based 

characterization techniques for Grignard reagents remain limited,26,27 no further 

insight into the structure of 2b was obtained. One interesting consequence of the 

change in monomer reaction order is that the rate effect of LiCl will depend on 

[monomer] (Figure 3.5). For example, the polymerization of 2b will be faster than 

2a at low monomer concentrations (< 0.4 M), and slower at high monomer 

concentrations (> 0.4 M).  
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Figure 3.4. (A) Plot of initial rate versus [catalyst] for the polymerization of 2b in 
THF at 0 °C ([2b] = 0.20 M). The curve depicts an unweighted least-squares fit to 
the expression initial rate = a[catalyst]n that gave a = 1.0 ± 0.7 x 104 and n = 0.9 
± 0.1. (B) Plot of initial rate versus [monomer] for the polymerization of 2b in THF 
at 0 °C ([Ni(dppp)Cl2] = 0.0015 M). The curve depicts an unweighted least-
squares fit to the expression initial rate = a[monomer]n that gave a = 66 ± 4 and n 
= 0.59 ± 0.05. 

 
Figure 3.5. Plot of initial rate versus [monomer] for the polymerization of 2a (!) 
and 2b (") in THF at 0 °C ([Ni(dppp)Cl2] = 0.0015 M). 
 

In contrast to data reported by Yokozawa,7e plots of the Mn and PDI versus 

conversion revealed that adding one equiv of LiCl resulted in small changes to 

the Mn and PDI (see Table S1 in Appendix 2). We previously reported a similar 

result with Ni(dppe)Cl2,19 and ascribed this discrepancy to differences in catalyst 

preparation: Yokozawa used Ni(dppp)Cl2 and Ni(dppe)Cl2 as initiators, which are 
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both insoluble in THF and must react with the monomer to enter the catalytic 

cycle. The relative rates of these heterogeneous initiation reactions28 to 

propagation may depend on LiCl since it is aggregated with the monomer. We 

avoided this relative rate issue by pre-initiating these insoluble complexes with 5-

7 equiv of monomer before beginning the polymerizations.  

Conclusion 

Our finding that the rate-determining step changes from reductive 

elimination to transmetallation when the ligand is varied from dppe to dppp points 

to a strong mechanistic influence of the ligand on the polymerization. As a result, 

substantial improvements in the synthetic method may be possible through 

advances in ligand design. However, to rationally select new ligands, it will be 

necessary to understand the influence of ligand structure on the rate-determining 

steps, the stability and reactivity of key intermediates – including the 

hypothesized Ni0-polymer !-complexes29 – and the competing reaction 

pathways. Future studies are aimed at addressing these issues. 
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Chapter 41 

Preliminary Results for Ligand-based Steric Effects in Ni-catalyzed Chain-growth 

Polymerizations using Bis(dialkylphosphino)ethanes 

Introduction 

In 2004, McCullough1 and Yokozawa2 reported a chain-growth method for 

synthesizing !-conjugated polymers that gained attention because previously 

inaccessible materials, like all-conjugated block3 and gradient4 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.5,6 Furthermore, the mechanistic 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;7 these 

results also lack a clear mechanistic explanation.8,9 To advance this field, a 

mechanistic understanding of the key factors controlling the competition between 

the desired chain-growth pathway10,11,12 and the detrimental side-reactions is 

needed. We recently reported that the ligand scaffold had a substantial influence 

on the chain-growth polymerization mechanism.11,12 Specifically, we showed that 

the syntheses of both poly(p-(2,5-bishexyloxy)phenylene) and poly(3-

hexylthiophene) proceed through different rate-limiting steps when different 

ligands (diphenylphosphinoethane (dppe)11 and diphenylphosphinopropane 

(dppp))12 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 Ni0-arene !-complex13 (III in Scheme 4.2) has been proposed 

as a key intermediate.10,11,12 We further postulated that the detrimental, 

competing reaction pathways stem from a breakdown of this key intermediate. 

Therefore, we selected bis(dialkylphosphino)ethane ligands for this study 
                                                 
1 Reproduced in part with permission from Lanni, E. L.; Locke, J. R.; Gleave, C. 
M.; McNeil, A. J. manuscript in preparation, 2011 
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because we anticipated that their increased electron-donating ability (relative to 

dppe and dppp)14 would increase the polymer-binding affinities to nickel 

(intermediate III)15 and minimize the competing reaction pathways. To probe the 

influence of steric effects on the polymerization we selected a series of 

bis(dialkylphosphino)ethane ligands with different alkyl substituents.16  

Herein, we report that poly(p-(2,5-bishexyloxy)phenylene) can be 

prepared via chain-growth polymerization using one of these catalysts, 

Ni(depe)Cl2. 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 significant amounts of 

decomposition. In addition, we identified previously uncharacterized 

intermediates in the initiation process. Ni(depe)Cl2 was also an effective chain-

growth catalyst for synthesizing poly(3-hexylthiophene). Overall, these results 

highlight the important mechanistic role of ligands in Ni-catalyzed chain-growth 

polymerizations11,12 and indicate that future studies should continue to focus on 

optimizing the ligand scaffold. 

 

Results and Discussion 

Catalyst Design and Synthesis. Nickel complexes 1-3 were synthesized 

from commercially available NiCl2•(H2O)6 and the corresponding 

bis(dialkylphosphino)ethane.17 With the exception of 1, the ligand complexation 

reactions resulted in quantitative conversion in one step. The resulting Ni 

complexes were precipitated from EtOH to give analytically pure compounds 

(Appendix 3).  
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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,19 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-workers20 

recently reported an extension of this model by performing a comprehensive 

analysis of 900 crystal structures of Pt complexes with bidendate 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 angle21 is another 

parameter that can influence the steric properties.22 The bite angle refers to the 

preferred chelation angle (P-M-P) and is determined by the ligand backbone. 

Because we previously showed that changes in ligand bite angles altered the 

polymerization mechanism,11,12 we intentionally selected three phosphine ligands 

with similar bite angles (~85°) for this study. Overall, these ligands provide large 

variation in the steric crowding near the metal center and thus the influence of 

steric properties on the polymerization can be elucidated.  

Catalyst Screening: Polymerization of Monomer 4a. Monomer 4a23 

was selected for catalyst screening because it is known to undergo a robust 

chain-growth polymerization with both Ni(dppp)Cl2 and Ni(dppe)Cl2.6e,11,12 Thus, 

polymerization of 4a using catalysts 1-3 was first attempted at room temperature 

(eq 1). The results were quite surprising; complex 2 was the only catalyst 

capable of producing polymer at room temperature (Appendix 3). At elevated 

temperatures (60 °C), all three catalysts were active in the polymerization of 4a 

(Table 4.1). Under these reaction conditions, Ni(depe)Cl2 (2) provided polymer 

samples with narrower distributions of molecular weights than the conventional 

catalysts, Ni(dppe)Cl2 and Ni(dppp)Cl2. In contrast, the more hindered 

Ni(dcpe)Cl2 (3) and the less hindered Ni(dmpe)Cl2 (1) were largely unreactive, 
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and provided low molecular weight oligomers. Despite the relatively narrow 

polydispersity index obtained with catalyst 2 (1.18), a close inspection of the gel 

permeation chromatogram revealed a predominant polymer peak with broader 

polydispersity and a “tail” in the low molecular weight region (Appendix 3).24 

Additionally, when other lab members repeated these reactions, they obtained 

broader PDIs, albeit inconsistently (Appendix 3). These results suggested that 

the polymerization might be predominantly chain-growth, with either a slow 

initiation process or an early termination reaction being responsible for the low 

molecular weight oligomers. Therefore, 31P 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. 

 
Table 4.1. Polymerization Results for Monomer 4a using Selected Ni Catalysts at 
60 °C.a 

Nickel Complex % Conversion Mn (kDa) PDI 

Ni(dmpe)Cl2 (1) 97 23 1.19 

Ni(depe)Cl2 (2) 97 23 1.13 

Ni(dcpe)Cl2 (3) 22 3 16 

Ni(dppe)Cl2 97 28 1.43 

Ni(dppp)Cl2 97 12 1.52 

 

a. The conversions were measured by gas chromatography relative to an 

internal standard. Number-average molecular weights (Mn) and polydispersity 

indices (PDIs) were determined by gel permeation chromatography relative to PS 
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standards. The polymerizations were quenched with 5 M HCl/MeOH after 6-7 h 

([Ni] = 0.0015 M; [4a] = 0.10 M). 

 

 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 temperature. Initiation is believed to occur through two consecutive 

transmetalation reactions,25 followed by reductive elimination (Scheme 4.1). The 

resulting Ni species enters the catalytic cycle shown in Scheme 2, presumably 

via intermediate III. It is important to note that this sequence of intermediates has 

not yet been observed with either Ni(dppe)Cl2 or Ni(dppp)Cl2 due to their high 

reactivities.26,27  
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Scheme 4.1. Proposed mechanism for catalyst initiation. 

 

Scheme 4.2. Proposed mechanism for chain-growth polymerization. 

 
Spectroscopic Studies with Ni(depe)Cl2 (2) and Monomer 4a. Adding 

several equivalents of monomer 4a to Ni(depe)Cl2 at room temperature resulted 

in the immediate, quantitative formation of a new species with a single resonance 

(55.3 ppm) in the 31P NMR spectrum (Figure 4.1A). This species was tentatively 

assigned as symmetric NiII biaryl complex IIdepe. A structurally related complex, 

Ni(depe)(CH2C6H4-o-CH3)2, was reported to have a similar chemical shift (54.8 
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ppm).28,29 With additional turnovers, this complex gradually converted to a new 

species with two doublets (JPP = 14.5 Hz) in the 31P NMR spectrum (Figure 

4.1B). Based on our previous studies with Ni(dppe)Cl211 and the proximity of this 

species to complex IIdepe, we assigned this species as unsymmetrical biaryl 

complex Vdepe. As the monomer concentration decreases with polymerization, a 

new species appeared with two distal doublets (JPP = 30.6 Hz) in the 31P NMR 

spectrum (Figure 1C). We hypothesized that this species is complex IVdepe 

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). 

Interestingly, the identity of the halide ligand had a dramatic effect on the 

downfield resonance, with bromine-substituted complex 6b showing a 3 ppm 

downfield shift relative to chlorine-substituted complex 6a (Appendix 3). Complex 

6b gave a similar chemical shift difference (!" = 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 IVdepe (Figure 4.1D).  

It is notable that, at room temperature, complex IIdepe persisted even after 

polymerization is complete. This result indicates that reductive elimination from 

the symmetric biaryl species (IIdepe) is significantly slower than the unsymmetric 

biaryl species (Vdepe). In other words, initiation is slower than propagation with 

Ni(depe)Cl2; this result could account for the low molecular weight species 

observed in the gel permeation chromatogram. We previously11 hypothesized 

that a slow initiation process might explain the improvements in Mn and PDI with 

adding LiCl, as reported by Yokozawa and co-workers6e in the polymerization of 

4a with Ni(dppp)Cl2 and Ni(dppe)Cl2.  
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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 (Appendix 3). The predominant species 

observed during polymerization at 60 °C is complex Vdepe, which we assigned as 

the catalyst resting-state for the polymerization. This assignment was supported 

by the 1H NMR spectrum that simultaneously shows signals corresponding to the 

polymer and monomer (Appendix 3). Once polymerization was complete, the 

resulting complex (IVdepe) was unstable and decomposes over 24 h at room 

temperature and 3 h at 60 °C. During decomposition, the solution became 

green/black and precipitation occurred. A new peak (82.6 ppm) is observed in the 
31P NMR spectrum, which was assigned as Ni(depe)Br2.30 These results were 

consistent with a transarylation reaction between two equivalents of complex 

IVdepe to generate Ni(depe)Br2 and Ni(depe)(polymer)2, which, after reductive 

elimination, produced polymer and Ni0.31 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.32  

In summary, initiation of catalyst 2 with monomer 4a produced complex 

IIdepe, during propagation the catalyst resting-state was complex Vdepe, and once 

polymerization was complete the catalyst resting-state was complex IVdepe 

(Scheme 4.3). 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. 
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Figure 4.1. 31P 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. *Indicates Ni(depe)Br2. 

Scheme 4.3. Ni complexes observed during the reaction of monomer 4 with 
Ni(depe)Cl2. 

 

 

Spectroscopic Studies with Ni(dcpe)Cl2 (3) and Monomer 4a. Adding 

several equivalents of monomer 4a to Ni(dcpe)Cl2 at room temperature led to the 

formation of two Ni complexes, each displaying a pair of doublets in the 31P NMR 
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spectrum (Figure 4.2A). The minor species was assigned as complex Iadcpe, the 

product resulting from transmetalation of one equivalent of 4a with Ni(dcpe)Cl2. 

The major species observed was assigned as complex Ibdcpe. We hypothesized 

that this complex formed through a halide exchange with a bromide salt (e.g., 

MgBr2) present in the reaction mixture. To support these assignments, model 

complexes 6c and 6d were synthesized in situ by adding dcpe to complex 5a and 
5b, 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 31P NMR spectrum (Figure 4.2D). Note that no 

polymer was observed in the corresponding 1H NMR spectra during this time 

(Appendix 3). We tentatively assigned this complex as IVdcpe. Heating the sample 

to 60 °C for 24 h resulted in polymerization, as evidenced by 1H NMR 

spectroscopy. Notably, complex Ibdcpe never completely disappeared. This result 

indicated that Ibdcpe was either being regenerated during the reaction (through 

competing reaction pathways) or its reactivity was lower than IVdcpe. During 

polymerization, the predominant species was assigned as complex IVdcpe. Similar 

spectra were obtained if the experiment is repeated at 60 °C (Appendix 3).33  

In summary, initiation of catalyst 3 with monomer 4a led to complexes 

Iadcpe and Ibdcpe, followed by their slow conversion to complex IVdcpe at room 

temperature (Scheme 4.4). Once the reaction was heated to 60 °C and 

polymerization began, complex IVdcpe remained the dominant species. These 

results suggested 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 elimination34 and decelerate 

transmetalation.35 Moreover, the continued presence of complex Ibdcpe 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 

Ni0-polymer !-complex.  
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Figure 4.2. 31P NMR Spectra for the reaction of monomer 4a with catalyst 3 
showing (A) the first two complexes observed during initiation, (B) complex 6c, 
(C) complex 6d, and (D) the species observed during initiation and propagation. 
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Scheme 4.4. Ni complexes observed during the reaction of monomer 4 with 
Ni(dcpe)Cl2. 

 

Spectroscopic Studies with Ni(dmpe)Cl2 (1) and Monomer 4a. Adding 

several equivalents of monomer 4a to Ni(dmpe)Cl2 at room temperature led to 

the immediate formation of green solid in the NMR sample tube, indicating 

decomposition.31 The 31P NMR spectrum of the species remaining in solution 

showed a single new peak at 34.2 ppm (Figure 4.3A). We tentatively assigned 

this species as complex IIdmpe based on similarities to catalyst 2. In addition, a 

structurally related complex, Ni(dmpe)(CH2C6H4-o-CH3)2, was reported to have a 

similar chemical shift (29.7 ppm).28 Nevertheless, we wanted to further 

characterize this new complex because a bischelated complex (Ni(dmpe)2Cl2) 

was preferentially formed during the synthesis of catalyst 1. Specifically, the 

dmpe-to-arene stoichiometry was determined by 1H NMR spectroscopy. To avoid 

overlap in the alkyl region, both d8-THF and monomer 4b were used in this 

experiment. Integrating the appropriate regions of the 1H NMR spectrum 

provided a dmpe:monomer ratio of 1:2, which is consistent with the assignment 

of complex IIdmpe (Figure 4.3B). 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 doublets and a 

narrow coupling constant (JPP = 14.8 Hz) appeared (Figure 4.3C). We assigned 

this as complex Vdmpe based on analogy to catalyst 2. Notably, complex IIdmpe 

persisted, which is consistent with an initiation process that is slower than 

propagation. Once polymerization was complete, several species with general 
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structure Ni(dmpe)ArBr (IVdmpe) were observed (Figure 3D), along with 

decomposition products (e.g., Ni(dmpe)Cl2 and Ni(dmpe)Br2). Based on the 

apparent decomposition reactions occurring both in the initial and final stages of 

polymerization, Ni(dmpe)Cl2 is a less suitable polymerization catalyst than 

Ni(depe)Cl2.  

In summary, initiation of catalyst 1 led to formation of symmetric biaryl 

complex IIdmpe, which is inactive for polymerization at room temperature (Scheme 

4.5). The lower reactivity of complex IIdmpe relative to IIdepe is consistent with the 

notion that increased steric crowding accelerates reductive elimination with 

depe.34 Heating this complex initiated polymerization, with concomitant formation 

of complex Vdmpe (Scheme 4). These results suggest that the rate-limiting step 

for both initiation and propagation is reductive elimination, similar to Ni(depe)Cl2. 

The lower reactivity of catalyst 1 can also be explained by the irreversible loss of 

soluble Ni via precipitation during initiation. 
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Figure 4.3. (A) 31P NMR Spectrum for the reaction of monomer 4a with catalyst 1 

showing the complex observed during initiation. (B) Selected portions of the 1H 

NMR spectrum for the reaction of monomer 4b with catalyst 1. (C) 31P NMR 

Spectra for the catalyst resting state during polymerization, and (D) the catalyst 

resting states after polymerization. # and * refer to Ni(dmpe)Br2 and Ni(dmpe)Cl2, 

respectively. 
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Scheme 4.5. Ni complexes observed during the reaction of monomer 4 with 

Ni(dmpe)Cl2. 

 

Spectroscopic Studies: Summary. Combined, the 31P NMR 

spectroscopic studies described above provide evidence for each intermediate 

depicted in the initiation sequence (Scheme 4.1) as well as two of the three 

intermediates in the chain-growth polymerization (Scheme 4.2). 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)Cl2 apparently stem from a slow 

initiation process relative to propagation. 
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Table 4.2.  Results of Spectroscopic Studies for Reaction of Monomer 4a with 
Selected Ni Catalysts.a 

 Initiation Propagation 

Catalyst Resting-State 
Proposed 

RDS 

Resting-

State 

Proposed 

RDS 

Ni(dmpe)Cl2 IIdmpe 
reductive 

elimination 
Vdmpe 

reductive 

elimination 

Ni(depe)Cl2 IIdepe 
reductive 

elimination 
Vdepe 

reductive 

elimination 

Ni(dcpe)Cl2 Iadcpe  +  Ibdcpe transmetalation 
IVdcpe + 

Ibdcpe 
transmetalation 

Ni(dppe)Cl211 n/a n/a Vdppe 
reductive 

elimination 

Ni(dppp)Cl212 n/a n/a IVdppp transmetalation 

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

Evidence for Chain-Growth Polymerization of Monomer 4a with 

Ni(depe)Cl2 (2). Additional studies were undertaken to determine whether the 

polymerization of monomer 4a using catalyst 2 was indeed chain-growth. As 

seen in Figure 4A, the number-average molecular weight (Mn) 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, consistent with a chain-growth 

polymerization (Figure 4.4B and Appendix 3). Combined, these data suggest that 
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depe is an effective ligand and leads to 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.   

 

Figure 4.4. (A) Plot of Mn (!) and PDIpolymer (") versus conversion for the 
polymerization of 4a using complex 2 at 60 °C ([Ni] = 0.0015 M; [4a] = 0.10 M). 
(B) MALDI-TOF-MS data obtained from the polymerization of 4a using complex 
6a at 60 °C ([Ni] = 0.0015 M; [4a] = 0.010 M).   

  

Rate Studies for Polymerization of Monomer 4a with Ni(depe)Cl2 (2). 

To determine the influence of depe ligand on the polymerization mechanism, rate 

studies were performed for the Ni(depe)Cl2-catalyzed polymerization of 4a. The 

initial rates of polymerization were monitored by in situ IR analysis (see Appendix 

3). As seen in Figure 5, the Ni(depe)Cl2-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 
31P NMR spectroscopic studies discussed above indicate that the catalyst resting 

state was complex Vdepe, also consistent with a rate-limiting reductive elimination.  
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Figure 4.5. (A) Plot of the initial rate versus [monomer] for the polymerization of 
4a in THF at 50 °C ([2] = 0.0015 M). The curve depicts an unweighted least-
squares fit to the expression initial rate = a[monomer]n that gave a = 18 ± 3and n 
= -0.02 ± 0.01. (B) Plot of the initial rate versus [catalyst] for the polymerization of 
4a in THF at 50 °C ([4a] = 0.30 M). The curve depicts an unweighted least-
squares fit to the expression initial rate = a[catalyst]n that gave a = (3 ± 1) x 103 
and n = 0.82 ± 0.09. 

Rate Studies: Comparison of dppe versus depe. Previous mechanistic 

studies11,12 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) exhibited the same rate-

determining steps for polymerization.22c,36 However, the rate of polymerization 

was significantly slower with depe. Because the generalized cone angles37 and 

bite angles22c,36 are similar, this result cannot be attributed to steric effects. 

Instead, the deceleration is likely due to the increased electron-donating ability of 

depe,14 as previous studies have shown that reductive eliminations were faster 

from electron-poor metal centers.38,39 

Monomer Scope for Ni(depe)Cl2 (2). To determine whether Ni(depe)Cl2 

shows improved reactivity toward other monomers, the polymerization of 

monomers 7 was attempted. Complex 2 was an effective initiator for 7, providing 

high molecular weight polymers (19.3 kDa) with modest polydispersities (1.20). It 

is notable that the gel permeation chromatograms revealed low molecular weight 

“tailing,” consistent with a slow initiation in other hands (Appendix 3).  
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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 diphenylphosphinoferrocene (dppf) and 

diphenylphosphinobutane (dppb) ligands without much success.40 Herein, the 

scope of ligands investigated 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)Cl2) or competing reaction pathways (Ni(dcpe)Cl2). In contrast, 

Ni(depe)Cl2 provided narrower PDI samples than the other catalysts for poly(2,5-

bis(hexyloxy)phenylene). For polymerization of monomer 4a, a chain-growth 

mechanism was evident and the rate-limiting step was reductive elimination. 

Though the mechanism is similar to dppe,11 the relative rates of polymerization 

were quite different. Because dppe and depe have similar generalized cone 

angles37 and bite angles,22c,36 these results suggest that ligand-based electronic 

properties are also important; these effects are relatively unexplored and our 

current efforts are elucidating their role. Ni(depe)Cl2 is also found to be an 

effective catalyst for chain-growth polymerization of 3-hexylthiophene. Overall, 

these results provide a foundation for development of alternative ligand scaffolds 
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by elucidating the dependence of the chain-growth mechanism on the steric 

properties of the ligand. 
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Chapter 51 

Conclusion and Future Directions 

 The discovery of a chain-growth method represents a major advance in 

the synthesis of !-conjugated polymers, but highly specific conditions have 

limited its scope and utility. Because the mechanistic influence of each reagent 

remains unclear, it has become common practice to screen a variety of reaction 

conditions. As ligands and additives are optimized independently for each 

monomer, the synthesis of even simple block copolymers becomes challenging. 

The requirement for specialized reaction conditions suggests that the desired 

chain-growth pathway is competing with others, including chain-transfer and 

termination. Catalyst decomposition is also a concern; Luscombe1 and Kiriy2 

independently reported that monomers lacking substituents ortho to the halogen 

are less effective for chain-growth. Kiriy hypothesized that the substituent 

stabilizes the Ni(II)aryl halide species from undergoing bimolecular 

disproportionation. Major advances in this field will only be obtained when all 

competing pathways are identified and the role of each reagent in determining 

the reaction outcome is understood. Some progress toward this goal has been 

made; for example, our group demonstrated that LiCl, an additive reported to be 

essential for the Ni(dppe)Cl2-catalyzed chain-growth polymerization of (2,5-

bishexyloxy)phenylene,3 was unnecessary if the catalyst is pre-initiated with 5-7 

equiv of monomer. These results suggest that LiCl plays a role in initiation but 

not propagation.4 On the other hand, our group showed that LiCl can have a rate-

accelerating or rate-decelerating effect depending on its concentration in the 

Ni(dppp)Cl2-catalyzed polymerizations.5 Thus, the role of additives is not 

                                                 
1 Excerpted from the manuscript version of McNeil, A. J.; Lanni, E. L. “New 
Conjugated Polymers and Synthetic Methods.”  In Synthesis of Polymers;  
Hawker, C.; Junji, S.; Schlüter, D., Eds. Wiley-VCH: Weinheim Germany. In 
press. Copyright Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with 
permission. 
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universal but instead depends on the catalyst structure and rate-determining step 

of the reaction. As a result, more rate and spectroscopic studies are needed to 

obtain a complete mechanistic understanding of the Ni-catalyzed chain-growth 

polymerization. To that end, future work in our group is focused on understanding 

the electronic effect of different substituent’s on the phosphine ligand in each 

elementary step of the reaction. We are also continuing to look for firm evidence 

of the postulated nickel-aryl !-complex through competition experiments. Finally, 

members of the group have begun to explore the ability of other ligand scaffolds, 

such as N-heterocyclic carbenes, and metals to successfully synthesize 

conjugated polymers. 

Conclusion and Outlook 

The remarkable discovery of a chain-growth method for preparing !-

conjugated polymers has sparked renewed interest in their synthesis and 

application, as well as provided access to new polymers and composite 

materials. Even the simplest new materials – all-conjugated thiophene block 

copolymers – have shown unique solubilities6 optical properties,7 solution 

aggregates,8 and phase separation behavior in thin films.9 However, work in this 

area has been hindered by the difficulties in obtaining chain-growth conditions for 

each specific copolymer system. Therefore, the primary focus over the next 

decade should be in three main directions: (1) Gaining a mechanistic 

understanding and improving the synthetic method. (2) Applying the chain-growth 

method to prepare polymers with more complex architectures (e.g., graft, star, 

and hyperbranched copolymers). (3) Preparing well-defined materials to probe 

structure-property relationships. The results reported herein suggest that this 

method is poised to produce new, well-defined materials that will have a 

significant impact on future applications of !-conjugated polymers. 
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Appendix 1

Appendix to Chapter 2: Mechanistic Studies on Ni(dppe)Cl2-

catalyzed Chain-Growth Polymerizations: Evidence for Rate-

Determining Reductive Elimination.

I. Materials

Flash chromatography was performed on SiliCycle silica gel (40-63 !m) and thin 

layer chromatography was  performed on Merck TLC plates pre-coated with silica 

gel 60 F254. i-PrMgCl (2M in THF) was purchased in 100 mL quantities  from 

Aldrich and Ni(dppe)Cl2 was purchased from Strem. All other reagent grade 

materials  and solvents were purchased from Aldrich, Acros, EMD, or Fisher and 

used without further purification unless otherwise noted. THF was dried and 

deoxygenated using an Innovative Technology (IT) solvent purification system 

composed of activated alumina, copper catalyst, and molecular sieves. N-

bromosuccinimide was recrystallized from hot water and dried over P2O5. 

Tridecane was distilled from sodium/benzophenone. Benzene was distilled from 

calcium hydride.  Compounds 1, 2a, 2b, S2, S6 and S7 were prepared from 

modified procedures reported by Yokozawa et al.1,2  Mg-anthracene,3  and 

compounds 4,4  5,5 6,5 7,6 8,7 S1,8 S3,9  S4,10 S5,11 and S812 were prepared from 

modified literature procedures (see Synthetic Procedures for full details).

II. General Experimental

NMR Spectroscopy: Unless otherwise noted, 1H, 13C, and 31P NMR spectra for all 

compounds were acquired in CDCl3 on a Varian MR400 or a Varian Inova 400 

Spectrometer operating at 400, 100, and 161 MHz, respectively. For 1H and 13C 

NMR spectra the chemical shift data are reported in units of " (ppm) relative to 

tetramethylsilane (TMS) and referenced with residual solvent. 31P NMR spectra 

were referenced to external H3PO4 (85% aq). Multiplicities are reported as 

follows: singlet (s), doublet (d), doublet of doublets (dd), multiplet (m), and broad 

resonance (br). Unless otherwise indicated, the 1H, 31P and 13C NMR spectra 

were recorded at room temperature. Note that integrations for protons on the 

alkyl chains of some compounds are high due to insufficient relaxation time. 
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IR Spectroscopy: Samples were recorded using a Mettler Toledo ReactIR iC10 

fitted with a Mercury Cadmium Telluride (MCT) detector, and AgX 9.5 mm x 1.5 

mm probe with a SiComp tip. Unless otherwise indicated, spectra were 

processed using icIR 4.0 software and raw absorbances were exported into 

Microsoft Excel or Sigma Plot 10 for analysis.

Mass Spectrometry: HRMS data were obtained on a Micromass AutoSpec Ultima 

Magnetic Sector mass spectrometer.

Gel-Permeation Chromatography: Polymer molecular weights were determined 

by comparison with polystyrene standards (Varian, EasiCal PS-2 MW 

580-377,400) on a Waters  1515 HPLC instrument equipped with Waters 

Styragel® (7.8 x 300 mm) THF HR 0.5, THF HR 1, and THF HR 4 type columns 

in sequence and analyzed with Waters 2487 dual absorbance detector (254 and 

350 nm).  Samples were dissolved in THF (with mild heating), and passed 

through a 0.2 !m PTFE filter prior to analysis.

Gas Chromatography: Gas chromatography was carried out using a Shimadzu 

GC 2010 using a Shimadzu SHRX5 (crossbound 5% diphenyl – 95% dimethyl 

polysiloxane; 15 m, 0.25 mmID, 0.25 µm df ) column.

Titrations: For 2a and 2b: an accurately weighed sample of salicylaldehyde 

phenylhydrazone13 (typically between 290 - 310 mg) was dissolved in 5.00 mL of 

THF. A 0.20 mL aliquot of this solution was stirred at rt while ArMgCl was  added 

dropwise using a 250 µL syringe. The initial solution is  yellow and turns bright 

orange at the end-point. For 6: a solution of 25 µL of tridecane in 1.0 mL of the 

Grignard solution was quenched with methanol. An aliquot of this solution was 

withdrawn, diluted with CHCl3, analyzed by GC and the concentration determined 

using a calibration curve (see page S36).
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Statistical Analysis: Reported quantitative data represents the average of 2-3 

experiments and the error bars represent the standard deviation in these 

measurements. In cases where the error bars were greater than 10% of the 

average value, the experiments  were repeated an additional 2-3 times and these 

values were included in the average and standard deviation calculations. 
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III. Synthetic Procedures

________________________________________________________________

OC6H13

C6H13O

OH

HO

C6H13Br
K2CO3

DMF, 80 oC
N2, 5d S1

________________________________________________________________

S1. A 500 mL flask was equipped with a stir bar. Sequentially, hydroquinone (20 

g, 0.2 mol, 1.0 equiv), anhydrous DMF (120 mL), potassium carbonate (63 g, 

0.45 mol, 2.5 equiv), and 1-bromohexane (63 mL, 0.45 mol, 2.5 equiv) were 

added to the flask. The reaction mixture was stirred vigorously under N2 at 80 oC 

for 5 d. After cooling to rt, the reaction mixture was poured into water (400 mL). 

The mixture was extracted with hexanes (3 x 200 mL). The organic layer was 

washed with water (2 x 200 mL) and brine (1 x 200 mL), then dried over 

anhydrous MgSO4, filtered, and concentrated in vacuo. The resulting oil was 

passed through silica gel using neat CH2Cl2 as the eluent. Finally, 

recrystallization from hot methanol gave 44 g of S1 as  a white, crystalline solid 

(88% yield). HRMS (EI): Calcd. for C18H30O2, 278.2246 [M+]; found, 278.2251. 

________________________________________________________________

________________________________________________________________

1. A 500 mL flask was equipped with a stir bar. Sequentially, S1 (22 g, 0.79 mol, 

1.0 equiv) and CCl4 (90 mL) were added to the flask. The reaction mixture was 

cooled to 0 oC in an ice/water bath and fitted with an addition funnel. Bromine (10 

mL, 0.20 mol, 2.5 equiv) was  added dropwise under N2 and the pressure was 

vented through an aq solution of 10% Na2SO3 (~150 mL). After 3 h, the reaction 

was quenched with an aq saturated solution of Na2SO3 and vigorously stirred 

until colorless. The aqueous mixture was extracted with CH2Cl2 (3 x 100 mL) and 

OC6H13

C6H13O C6H13O

OC6H13Br

Br

Br2

CCl4, 0 oC
3h

S1 1
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the combined organic layers were washed with water (2 x 100 mL) and brine (1 x 

100 mL), then dried over MgSO4, filtered, and concentrated in vacuo. The 

residue was recrystallized from CH2Cl2-ethanol to give 27 g (80% yield) of 1 as 

white crystals. HRMS (EI): Calcd. for C18H28Br2O2, 434.0456 [M+]; found, 

434.0451. 

________________________________________________________________

________________________________________________________________

2a. All actions were performed in a glovebox under N2 atmosphere. A 200 mL 

flask was equipped with a stir bar. Sequentially, 1 (14.4 g, 33.0 mmol, 1.00 

equiv), THF (35 mL), and i-PrMgCl (15 mL, 30 mmol, 0.9 equiv)  were added to 

the flask. The reaction mixture was stirred at rt overnight.

________________________________________________________________

________________________________________________________________

2b. All actions were performed in a glovebox under N2 atmosphere. A 200 mL 

flask was equipped with a stir bar. Sequentially, 1 (14.4 g, 33.0 mmol, 1.00 

equiv), THF (35 mL), LiCl (1.3 g, 30 mmol, 0.90 equiv) and i-PrMgCl (15 mL, 30 

mmol, 0.90 equiv) were added to the flask. The reaction mixture was stirred at rt 

overnight.

C6H13O

OC6H13Br

Br

1

i-PrMgCl

THF C6H13O

OC6H13Br

MgCl

2a

C6H13O

OC6H13Br

Br

1

i-PrMgCl, LiCl

THF C6H13O

OC6H13Br

MgCl   LiCl

2b

75



________________________________________________________________

________________________________________________________________

S2. In the glovebox an oven-dried 50 mL Schlenk flask containing a stir bar was 

charged with THF (6.6 mL) and 2b (2.4 mL, 0.96 mmol, 0.40 M solution, 1.0 

equiv). The flask was removed from the box, placed under N2 and cooled to 0 oC. 

After 5 min, the pre-initiated catalyst solution (1 mL, 0.015 mmol, 0.015 M 

solution, 0.015 equiv) was injected. After 3 h the reaction was quenched with HCl 

(5 mL, 5 M) then extracted with CHCl3 (3 x 5 mL). The combined organic layers 

were washed with water (2 x 5 mL) and brine (1 x 5 mL), dried over MgSO4, 

filtered, and concentrated in vacuo. The resulting solid was washed with 

methanol to give 162 mg of S2 as a white solid (60% yield)

________________________________________________________________

________________________________________________________________

S3. A 4 mL vial was equipped with a stir bar. Sequentially, S1 (0.50 g, 1.8 mmol, 

1.0 equiv), acetonitrile (2.0 mL), CCl4 (0.25 mL), N-bromosuccinimide (0.32 g, 1.8 

mmol, 1.0 equiv), and NH4NO3 (14 mg, 0.2 mmol, 0.2 equiv) were added and the 

mixture allowed to stir at rt. After ~18 h, the reaction mixture was poured into 

water (10 mL). The aqueous mixture was extracted with EtOAc (3 x 10 mL) and 

the combined organic layers were washed with water (2 x 10 mL) and brine (1 x 

10 mL), then dried over MgSO4, filtered, and concentrated in vacuo.  The 

resulting oil was purified on silica gel, using 10-20% toluene in hexanes as the 

eluent to give 225 mg of S3 as  a clear colorless oil (35% yield). HRMS (EI): 

Calcd. for C18H29BrO2, 356.1351 [M+]; found 356.1346.

Ni(dppe)Cl2

THF
C6H13O

OC6H13Br

MgCl   LiCl

2b

C6H13O

OC6H13

S2

OC6H13

C6H13O C6H13O

OC6H13

Br

NBS, NH4NO3

CH3CN/ CCl4

S1 S3
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________________________________________________________________

________________________________________________________________

S4. A 100 mL flask was equipped with a stir bar. Sequentially, S1 (0.55 g, 2.0 

mmol, 1.0 equiv), methanol (9 mL), dichloromethane (2 mL), ammonium iodide 

(0.32 g, 2.2 mmol, 1.1 equiv) and Oxone® (1.3 g, 2.2 mmol, 1.1 equiv) were 

added to the flask. The dark orange reaction mixture was stirred vigorously under 

N2 at rt until complete conversion was  observed by GC analysis and the mixture 

had turned pale orange (~ 36 h). The remaining Oxone® was quenched with 

10% aq Na2SO3. The aqueous mixture was extracted with CH2Cl2 (3 x 20 mL) 

and the combined organic layers were washed with water (2 x 20 mL) and brine 

(1 x 20 mL), then dried over MgSO4, filtered, and concentrated in vacuo. The 

resulting oil was purified on silica gel, using 10-20% toluene in hexanes as the 

eluent to give 350 mg S4 as a clear colorless oil (48% yield). HRMS (EI): Calcd. 

for C18H29IO2, 404.1212 [M+]; found, 404.1210.

________________________________________________________________

________________________________________________________________

S5. An oven-dried 25 mL Schlenk tube was cooled under N2 atmosphere and 

equipped with a stir bar. Sequentially, Pd(OAc)2 (4 mg, 0.02 mmol, 0.04 equiv), 

tetrabutylammonium chloride (0.17 g, 0.76 mmol, 1.5 equiv), potassium acetate 

(0.22 g, 2.3 mmol, 4.6 equiv), and triphenyl phosphine (5 mg, 0.02 mmol, 0.04 

equiv) were added to the tube. The tube was placed under vacuum and then 

refilled with N2. After two additional cycles, S4 (0.20 g, 0.50 mmol, 1.0 equiv), 

DMF (1.5 mL) and 2,3-dihydrofuran (0.29 mL, 3.8 mmol, 7.6 equiv) were added 

OC6H13

C6H13O C6H13O

OC6H13

I

NH4I, Oxone

MeOH / CH2Cl2

S1 S4

O OC6H13

C6H13O
O

OC6H13

C6H13O
O+

C6H13O

OC6H13

I  Pd(OAc)2, PPh3, 
KOAc, NBu4Cl, DMF

S4 S5a S5b
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by syringe. The tube was sealed and the reaction mixture was stirred vigorously 

overnight at 80 oC. After cooling to rt, the reaction mixture was washed with 

saturated aq NH4Cl (2 x 10 mL) and water (1 x 10 mL). The aqueous  mixture was 

extracted with Et2O (3 x 10 mL) and the combined organic layers were washed 

with brine (1 x 10 mL) then dried over anhydrous MgSO4, filtered, and 

concentrated in vacuo. The resulting oil was purified on silica gel using 5% ether 

in hexanes as the eluent to give 64 mg S5a (24% yield) and 63 mg S5b (24% 

yield) as clear colorless oils. S5a: HRMS (ESI): Calcd. for C22H24O3, 369.2406 [M

+Na]+; found, 369.2394. S5b: HRMS (ESI): Calcd. for C22H24O3, 369.2406 [M

+Na]+; found, 369.2394. 

________________________________________________________________

________________________________________________________________

4. A 50 mL oven-dried flask was cooled under N2 atmosphere and equipped with 

a stir bar. Sequentially, S5a and S5b (0.21 mg combined, 0.6 mmol, 1 equiv) and 

10% Pd/C (63 mg, 0.06 mmol Pd, 0.05 equiv) were added to the flask. Initially, H2 

from a balloon was bubbled through the mixture (10 min), and then the reaction 

was allowed to stir under H2 atmosphere. After 1 h, the reaction mixture was 

filtered through Celite and concentrated in vacuo to give 0.2 g of 4 (quant.) as a 

clear colorless oil. HRMS (ESI): Calcd. for C22H36O3, 371.2562 [M+Na]+; found, 

371.2547. 

________________________________________________________________

________________________________________________________________

3. A 10 mL flask was equipped with a stir bar and an ice bath. Sequentially, 4 (60 

mg, 0.16 mmol, 1 equiv), CCl4 (1 mL) and Br2 (10 µL, 0.16 mmol, 1 equiv) were 

OC6H13

C6H13O O

OC6H13

C6H13O O

OC6H13

C6H13O O+
H2, Pd/C

EtOAc

4S5a S5b

OC6H13

C6H13O O

Br2

CCl4, 0 oC
1h

OC6H13

C6H13O O

Br

4 3
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added to the flask which was then sealed. After 1h the reaction was  quenched 

with aq saturated Na2SO3 (5 mL). The aqueous mixture was extracted with 

CH2Cl2 (3 x 5 mL) and the combined organic layers were washed with water (2 x 

5 mL) and brine (1 x 5 mL), then dried over MgSO4, filtered, and concentrated in 

vacuo. The resulting oil was purified on silica gel using 5% ether in hexanes as 

the eluent to give 3 as a white solid. HRMS (ESI): Calcd. for C22H35BrO3, 

449.1667 [M+Na]+; found, 449.1663.

________________________________________________________________

________________________________________________________________

5. A 100 mL flask was equipped with a stir bar and an ice bath. Sequentially, 3-

hexylthiophene (5.0 g, 30 mmol, 1.0 equiv), THF (60 mL) and N-

bromosuccinimide (13.2 g, 74.3 mmol, 2.50 equiv) were added to the flask. The 

flask was  then then placed under N2. After 2h the reaction was quenched with 

aq saturated sodium carbonate (25 mL). The aqueous mixture was extracted 

with hexanes (3 x 25 mL) and the combined organic layers were washed with 

water (2 x 25 mL) and brine (1 x 25 mL), then dried over MgSO4, filtered, and 

concentrated in vacuo. The resulting oil was purified by distillation (85 oC, 0.03 

torr) followed by filtration through silica gel using hexanes as the eluent to give 

7.9 g 5 as a clear oil (80% yield). HRMS (EI): Calcd. for C10H14Br2S [M+] 

323.9183; found, 323.9176.

 NBS

THF, 0 oC
2h

S

C6H13

S

C6H13

Br

5

Br
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________________________________________________________________

________________________________________________________________

6. All actions were performed in a glovebox under N2 atmosphere. A 25 mL 

Schlenk tube was equipped with a stir bar. Sequentially, 5 (2.4 g, 7.4 mmol, 1.0 

equiv), THF (21 mL), and i-PrMgCl (3.7 mL, 7.4 mmol, 1.0 equiv) were added to 

the tube. The reaction mixture was stirred for 1h. 

________________________________________________________________

________________________________________________________________

S6. A 100 mL flask was equipped with a stir bar and an ice bath. Sequentially, 3-

hexylthiophene (0.30 g, 1.8 mmol, 1.0 equiv), THF (10 mL) and N-

bromosuccinimide (0.32 g, 1.8 mmol, 1.0 equiv) were added to the flask which 

was then placed under N2. After 2h the reaction was quenched with aq saturated 

sodium carbonate (10 mL). The aqueous mixture was extracted with hexanes (3 

x 10 mL) and the combined organic layers  were washed with water (2 x 10 mL) 

and brine (1 x 10 mL), then dried over MgSO4, filtered, and concentrated in 

vacuo. The resulting oil was purified by distillation (65 oC, 0.02 torr) followed by 

filtration through silica gel using hexanes as the eluent to give 5.2 g S6 as a clear 

oil (70% yield). HRMS (EI): Calcd. for C10H15BrS [M+] 246.0078; found, 

246.0081.

S

C6H13

S

C6H13

Br

5

BrBr i-PrMgCl

THF

ClMg S

C6H13

MgClBr

6

+

(80 : 20)

NBS

THF, 0 oC
2h

S

C6H13

S

C6H13

Br

S6

80



________________________________________________________________

________________________________________________________________

S7. In the glovebox an oven-dried 20 mL vial was equipped with a stir bar and 

charged with 6 (1.0 mL, 0.20 mmol, 1.0 equiv) and THF (3.5 mL). The pre-

initiated catalyst solution (0.50 mL, 0.0013 mmol, 0.0063 equiv) was added. After 

1 h the reaction was quenched with HCl (5 mL, 5 M) then extracted with CHCl3 (3 

x 5 mL). The combined organic layers were washed with water (2 x 5 mL) and 

brine (1 x 5 mL) and concentrated in vacuo. The resulting solid was washed with 

methanol to give 30 mg of S7 as a dark purple solid (quant.).

________________________________________________________________

________________________________________________________________

S8. In the glovebox an oven-dried 25 mL Schlenk flask was equipped with a stir 

bar and charged with Ni(PPh3)2Br2 (0.44 g, 0.60 mmol, 1.0 equiv) and benzene 

(5 mL). The flask was removed from the box, placed under N2 and cooled in a 

brine/ice bath over ~5 min. A solution of mesitylmagnesium bromide (1.1 mL, 

0.82 mmol, 1.4 equiv) was added by syringe and the mixture was allowed to stir 

at -15 oC for 20 min. The mixture was warmed to rt and quenched with water (5 

mL) then extracted with benzene (3 x 10 mL). The combined organic layers were 

washed with water (2 x 10 mL) and brine (1 x 10 mL), dried over MgSO4, filtered, 

and concentrated in vacuo. The resulting solid was recrystallized from toluene/

hexanes to give 0.30 g of S8 as an orange solid (65% yield). The product is air 

stable.
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8. In the glovebox an oven-dried 20 mL vial was equipped with a stir bar and 

charged with S8 (0.10 g, 0.13 mmol, 1.0 equiv) and THF (5 mL). Dppe (51 mg, 

0.13 mmol, 1.0 equiv) was added and the mixture stirred at room temperature for 

5 min. The THF was removed under vacuuum and the resulting solid was 

recrystallized twice from toluene/hexanes to give 30 mg of 8 as an red-orange 

solid (35% yield). The product is  air stable. HRMS (EI): Calcd. for C35H35BrNiP2 

[M+] 654.0751; found, 654.0748.

________________________________________________________________

________________________________________________________________

7. In the glovebox an oven-dried 8 mL vial was  equipped with a stir bar and 

charged with Ni(dcpe)Cl2 (75 mg, 0.14 mmol, 1.0 equiv) and THF (3 mL). A 

separate vial was charged with (thf)3Mg-anthracene3 (57 mg, 0.14 mmol, 1.0 

equiv) and THF (3 mL). Both vials were cooled to -40 oC in the glovebox freezer. 

The vials were removed from the freezer and the (thf)3Mg-anthracene solution 

was added to the Ni(dcpe)Cl2 suspension with stirring. The brick red suspension 

became a homogenous dark red-purple solution. The solvent was removed 

under vacuum, the solids were extracted with hexanes and the solution was 

filtered. Removal of the hexanes under vacuum gave 30 mg 7 as a dark purple 

solid (30% yield, crude). The product is air sensitive.
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IV. NMR Spectra

Figure S1. 1H and 13C NMR Spectra of S1. 
1H NMR (400 MHz, CDCl3) ! 6.81 (s, 4H), 3.89 (t, J = 6.8 Hz, 4H), 1.75 (m, 4H), 
1.44 (m, 4H), 1.33 (m, 8H), 0.90 (m, 6H). 13C NMR (100 MHz, CDCl3) ! 153.41, 
115.57, 68.84, 31.84, 29.60, 25.96, 22.83, 14.24.
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Figure S2. 1H and 13C NMR Spectra of 1.
1H NMR (400 MHz, CDCl3) ! 7.06 (s, 2H), 3.91 (t,  J = 6.4 Hz, 4H), 1.77 (m, 4H), 
1.45 (m, 4H), 1.33 (m, 8H) 0.89 (m, 6H). 13C NMR (100 MHz, CDCl3) ! 150.20, 
118.51, 111.24, 70.36, 31.65, 29.25, 25.78, 22.74, 14.17.
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Figure S3. 1H NMR Spectrum of S2.
1H NMR (400 MHz, CDCl3) ! 7.1 (br s, 2H), 3.9 (br m, 4H), 1.7 (br m, 4H), 
1.35-1.25 (br m, 12 H), 0.90 (br m, 6H).

85



Figure S4. 1H and 13C NMR Spectra of S3. 
1H NMR (400 MHz, CDCl3) ! 7.10 (d, J = 2 Hz, 1H), 6.80 (d, J = 8 Hz, 1H), 6.76 
(dd, J = 2, 8 Hz, 1H), 3.93 (t, J = 6.8 Hz, 2H), 3.86 (t, J = 6.8 Hz, 2H), 1.82-1.64 
(m, 4H), 1.52-1.29 (m, 12H), 0.93-0.91 (m, 6H). 13C NMR (100 MHz, CDCl3) ! 
153.73, 149.92, 119.63, 114.78, 114.42, 112.915, 70.29, 68.89, 31.75, 31.73, 
29.41, 25.85, 22.77, 14.18.*
* Some carbons on the hexyl chains are unresolved.
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Figure S5. 1H and 13C NMR Spectra of S4.
1H NMR (400 MHz, CDCl3) ! 7.30 (d, J = 4 Hz, 1H), 6.81 (dd, J = 4, 12 Hz, 1H), 
6.70 (d, J = 12 Hz, 1H), 3.92 (t, J = 8.8 Hz, 2H), 3.86 (t, J = 9.2 Hz, 2H), 
1.82-1.67 (m, 4H), 1.51-1.42 (m, 12H), 0.91 (m, 6H). 13C NMR (100 MHz, CDCl3) 
! 153.77, 152.13, 125.31, 115.40, 113.09, 86.97, 70.16, 68.82, 31.55, 31.51, 
29.24, 29.22, 25.76, 25.66, 22.57, 14.02, 14.01.* 
*Some carbons on the hexyl chains are unresolved.

87



Figure S6. 1H and 13C NMR Spectra of S5a.
1H NMR (400 MHz, CDCl3) ! 6.96 (d, J = 3 Hz, 1H), 6.77 (d, J = 9 Hz, 1H), 6.73 
(dd, J = 3, 9 Hz, 1H), 6.11 (m, 1H), 6.00 (m, 1H), 5.92 (m, 1H), 4.92-4.77 (m, 2H), 
3.99-3.86 (m, 4H), 1.82-1.71 (m, 4H), 1.58-1.27 (m, 12H), 0.91 (m, 6H).  13C 
NMR (100 MHz, CDCl3) ! 153.31, 149.54, 132.03, 129.76, 125.46, 113.31, 
113.03, 112.19, 82.76, 75.59, 68.66, 68.53, 31.61, 31.56, 29.40, 29.39, 25.85, 
25.74, 22.60, 14.04.*
* Some carbons on the hexyl chains are unresolved.
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Figure S7. 1H and 13C NMR Spectra of S5b.
1H NMR (400 MHz, CDCl3) ! 6.99 (d, J = 3 Hz, 1H), 6.78 (d, J = 9 Hz, 1H), 6.74 
(dd, J = 3, 9 Hz, 1H), 6.47 (dd, J = 2, 4.8 Hz, 1H), 5.76 (dd, J = 8.0, 10.4 Hz, 1H), 
4.93 (dd, J = 2, 4.8 Hz, 1H), 3.97-3.88 (m, 4H), 3.12 (m, 1H), 2.44 (m, 1H), 
1.80-1.72 (m, 4H), 1.50-1.26 (m, 12H), 0.91 (m, 6H). 13C NMR (100 MHz, CDCl3) 
! 153.09, 149.28, 145.02, 132.85, 113.02, 112.25, 111.98, 99.16, 76.68, 68.42, 
68.39, 37.23, 31.57, 31.50, 29.35, 25.78, 25.71, 22.55, 13.96.* 
*Some carbons on the hexyl chains are unresolved.
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Figure S8. 1H and 13C NMR Spectra of 4.
1H NMR (400 MHz, CDCl3) ! 7.01 (d, J = 3 Hz, 1H), 6.72 (d, J = 9 Hz, 1H), 6.68 
(dd, J = 3, 9 Hz, 1H), 5.13 (m, 1H), 4.09 (m, 1H), 3.94-3.84 (m, 5H), 2.47 (m, 1H), 
1.93 (m, 2H), 1.74-1.64 (m, 5H), 1.47-1.40 (m, 4H), 1.37-1.28 (m, 8H), 0.90 (m, 
6H). 13C NMR (100 MHz, CDCl3) ! 153.24, 149.82, 133.94, 112.82, 112.57, 
112.05, 76.21, 68.74, 68.72, 68.6, 33.54, 31.75, 31.54, 29.61, 26.06, 26.04, 
25.95, 22.82, 22.80, 14.24, 14.22.
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Figure S9. 1H and 13C NMR Spectra of 3. 
1H NMR (400 MHz, CDCl3) ! 7.06 (s, 1H), 6.99 (s, 1H), 5.07 (m, 1H), 4.10 (m, 
1H), 3.95-3.85 (m, 5H), 2.40 (m, 1H), 2.02-1.88 (m, 2H), 1.84-1.73 (m, 4H), 
1.69-1.60 (m, 1H), 1.53-1.29 (m, 12H), 0.92 (m, 6H). 13C NMR (100 MHz, CDCl3) 
! 149.82, 149.47, 132.86, 116.09, 111.73, 109.94, 75.89, 70.22, 68.61, 68.53, 
33.26, 31.53, 31.47, 29.28, 29.23, 25.80, 25.76, 25.66, 22.58, 22.56, 14.01, 
14.00.
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Figure S10. 1H and 13C NMR Spectra of 5.
1H NMR (400 MHz, CDCl3) ! 6.79 (s, 1H), 2.51 (t, J = 7.6 Hz, 2H), 1.55 (m, 2H), 
1.33 (m, 6H), 0.90 (m, 3H). 13C NMR (100 MHz, CDCl3) ! 142.97, 130.93, 
110.28, 107.90, 31.55, 29.54, 29.46, 28.77, 22.56, 14.07.
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Figure S11. 1H and 13C NMR Spectra of S6.
1H NMR (400 MHz, CDCl3) ! 7.19 (d, J = 5.6 Hz, 1H), 6.80 (d, J = 5.6 Hz, 1H), 
2.57 (t, J = 7.6 Hz, 2H), 1.58 (m, 2H), 1.32 (m, 6H), 0.90 (m, 3H). 13C NMR (100 
MHz, CDCl3) ! 141.96, 128.22, 125.11, 108.76, 31.61, 29.69, 29.38, 28.88, 
22.58, 14.07.
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Figure S12. 1H Spectra of S7.
1H NMR (400 MHz, CDCl3) ! 7.00 (s, 1H), 2.82 (br m, 2H), 1.73 (br m, 2H), 
1.45-1.37 (br m, 6 H), 0.93 (br m, 3H).

94



Figure S13. 1H Spectra of S8.
1H NMR (500 MHz, C6D6) ! 7.8 (br s, 12H), 6.98 (m, 18H), 5.95 (s, 2H), 2.69 (s, 
6H), 2.04 (s, 3H). 31P NMR (161 MHz, C6D6) ! 20.32.
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Figure S14. 1H and 13C NMR Spectra of 8
1H NMR (300 MHz, C6D6) ! 8.15 (m, 4H), 7.29-6.34 (m, 16H), 6.45 (br s, 2H), 
2.74 (br s, 6H), 2.19 (br s, 3H), 1.84-1.55 (m, 4H). 13C NMR (100 MHz, acetone-
d6) ! 141.57 (t, JC-P = 3 Hz), 133.11 (t, JC-P = 10 Hz), 131.93 (t, JC-P = 34 Hz), 
130.91 (dd, JC-P = 30.4, 2 Hz), 130.45 (dd, JC-P = 16.3, 3 Hz), 128.19 (dd, JC-P =9, 
72 Hz), 126.51 (dd, JC-P = 2, 7 Hz ), 25.50, 21.88 (d, JC-P = 11 Hz), 21.62 (d, JC-P 
= 11 Hz), 19.48.31P NMR (161 MHz, THF) ! 54.0 (d, J = 15 Hz), 31.7 (d, J = 15 
Hz).
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Figure S15. 1H and 31P NMR Spectra of 7.
1H NMR (400 MHz, THF) ! 7.40 (br s, 2H), 7.24 (br s, 2H), 6.99 (br s, 2H), 
5.49-5.41 (br m, 4H). 31P NMR (161 MHz, THF) ! 60.35 (d, J = 68 Hz), 52.44 (d, 
J = 68 Hz).
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V. Determination of GRIM Reaction By-Products

Each potential by-product was independently synthesized (see Synthetic 

Procedures), individually spiked into a sample of 2b and analyzed by 1H NMR 

spectroscopy. The figures below show representative examples.

Figure S16. (A)1H NMR spectrum showing 2b. (B) 1H NMR spectrum showing 
2b spiked with 4. (C) 1H NMR spectrum showing 2b. (D) 1H NMR spectrum 
showing 2b spiked with 3.
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Figure S17. (A) Overlaid 1H NMR spectra of 2a and 2b. (B) 1H NMR spectrum 
showing a summary of the spiking experiment results.

VI. Representative IR spectrum and GC Chromatogram.

Figure S18. IR spectral overlay of 2b, S2 and S3.
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Figure S19. Representative GC trace.

VII. GRIM rate studies

General procedure for GRIM rate studies

All preparative manipulations were performed under N2 atmosphere in a 

glovebox. Glassware was dried in a 130 oC oven for a minimum of 1 h prior to 

use and i-PrMgCl was titrated using the method of Love and Jones.13 Standard 

solutions in THF of 1 (0.5 M), i-PrMgCl (1.0 M) and i-PrMgCl⦁LiCl (1.0 M) were 

used to facilitate consistent addition of reagents. For each reaction: 200 µL of 1 

(0.1 mmol) and 700 µL of THF were combined in an NMR tube, 100 µL of i-

PrMgCl solution (0.1 mmol) was added for a total volume of 1 mL (0.1 M). 

Consumption of starting material over 10% conversion was followed by 1H NMR 

spectroscopy at 25 oC.
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Figure S20. Plot of initial conversion versus time for the Grignard metathesis of 1 
in the presence (squares) and absence (circles) of 1 equiv LiCl.

Table S1. Data from the plot in Figure S20.

Conditions  Initial rate ( s-1)

without LiCl (2a) 5.1  ±  0.2 x 10-3

with LiCl (2b) 21 ±  2 x 10-3
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VIII. Calibration Curves

General procedure for generating a calibration curve utilizing the ReactIR: 

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 containing a stir bar. The 

other neck was equipped with a three-way adapter fitted with a septum for 

injections and an N2 line. The oven-dried flask was cooled under vacuum and 

then refilled with N2. Following two more cycles of evacuation and refilling, the 

flask was charged with THF and cooled to 0 oC over ~5 min. After recording a 

background spectrum, 2a or 2b was added by syringe and allowed to equilibrate 

for at least 5 min and then the spectra were recorded.
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Figure S21.  Plot of absorbance versus [2a] fitted to y = mx + b where m = 0.42 ± 
0.02 and b = -0.004 ± 0.004.

Table S2. Data for the plot in Figure S21.

[2a] (M) Absorbance (au)

0.1 4.2  ± 0.5 x 10-2

0.15 5.5 ± 0.7 x 10-2

0.2 7.6 ± 0.5 x 10-2

0.3 12 ± 1 x 10-2

0.4 16 ± 1 x 10-2
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Figure S22. Plot of absorbance versus [2b] fitted to y = mx + b where m = 0.396 
± 0.002 and b = 0.001 ± 0.002.

Table S3. Data for the plot in Figure S22.

[2b] (M) Absorbance (au)

0.1 4.1 ± 0.1 x 10-2

0.15 6.1 ± 0.5 x 10-2

0.2 8.3 ± 0.5 x 10-2

0.3 11.8 ± 0.5 x 10-2

0.4 16 ±  1 x 10-2
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Procedure for generating a calibration curve utilizing the GC:

Solutions containing a constant concentration of tridecane (0.00257 M) and 

varying concentrations of 2-bromo-3-hexylthiophene (0.00581, 0.00348, 0.00232, 

0.00116, and 0.000581 M)  were prepared in chloroform. Each was analyzed by 

GC and the response factor F calculated by fitting the data to the following 

equation:

Area of thiophene signal

Concentration of thiophene
=

Area of tridecane signal

Concentration of tridecaneF
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Figure S23. Plot of analyte area versus (std area x [S6]) / [std] fitted to y = mx + 
b where m = 0.803 ± 0.006 and b = -9.1 x 103 ± 2.3 x 103.

Table S4. Data for the plot in Figure S23.

[S6] area S6 
(analyte)

area tridecane (std) (std area x [S6]) / [std]

5.80 x 10-4 4.74 x 105 2.91 x 105 6.59 x 104

1.16 x 10-3 9.59 x 105 2.94 x 105 1.33 x 105

2.23 x 10-3 2.02 x 105 2.95 x 105 2.66 x 105

3.48 x 10-3
3.14 x 105 2.97 x 105 4.03 x 105

5.80 x 10-3 5.24 x 105 2.93 x 105 6.62 x 105
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IX. Representative Procedure for Preparing the Catalyst Solution.

All actions were performed in a glovebox under N2 atmosphere. A 20 mL vial was 

equipped with a stir bar. Sequentially, Ni(dppe)Cl2 (55 mg, 0.11 mmol, 1.0 equiv) 

THF (6 mL), and 2b (1.0 mL, 0.52 M, 5 equiv) were added to the flask. The 

reaction mixture was stirred for 10 min until homogeneous.

X. Mn and PDI versus conversion

Representative procedure for obtaining plots of Mn and PDI versus conversion 

utilizing the ReactIR: 

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 containing a stir bar. The 

other neck was equipped with a three-way adapter fitted with a septum for 

injections and an N2 line. The oven-dried flask was cooled under vacuum and 

then refilled with N2. Following two more cycles of evacuation and refilling, the 

flask was charged with THF (1.0 mL) and cooled at 0 oC over ~ 5 min. After 

recording a background spectrum, 2b (8.0 mL, 0.23 M, 1.0 equiv) was added by 

syringe and allowed to equilibrate for at least 5 min to 0 oC. After 5 min, the pre-

initiated catalyst solution (1.0 mL, 0.015 M, 0.0075 equiv) was injected and 

spectra were recorded every 30 s over the entire reaction. To account for mixing 

and temperature equilibration, spectra recorded in the first 30 s of the reaction 

were discarded. Aliquots (~ 0.5 mL) were withdrawn through the three way 

adapter via syringe and immediately quenched with 5 M HCl (~ 1 mL). Each 

aliquot was then extracted with CH2Cl2 (with mild heating if polymer had 

precipitated), dried over MgSO4 and filtered, then concentrated. The samples 

were dissolved in THF (with heating), and passed through a 0.2 !m PTFE filter 

for GPC analysis.
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Figure S24. Plot of Mn and PDI versus conversion for 2a (temp = 0 oC, [Ni(dppe)
Cl2] = 0.0015 M, [2a] = 0.1 M). Note that 0% conversion corresponds to the 
quenched pre-initiated catalyst solution. 

Table S5. Data for the plot in Figure S24.

% Conversion (2a) Mn (kDa) PDI

15 6.3 1.18

24 8.2 1.16

36 10 1.18

45 12 1.19

57 14 1.21

75 19 1.11

86 21 1.18

108



Figure S25. Plot of Mn and PDI versus conversion for 2b (temp = 0 oC, [Ni(dppe)
Cl2] = 0.0015 M, [2b] = 0.2 M) Note that 0% conversion corresponds to the 
quenched pre-initiated catalyst solution. 

Table S6. Data for the plot in Figure S25.

% Conversion (2b) Mn (kDa) PDI

11 4.3 1.13

29 6.6 1.15

41 7.8 1.15

66 11 1.27

81 12 1.37

94 16 1.24
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Representative procedure for obtaining plots of Mn and PDI versus conversion 

utilizing GC: 

An oven-dried 10 mL flask equipped with a stir bar and a rubber septum was 

cooled under vacuum and then refilled with N2. Following two more cycles of 

evacuation and refilling the flask was charged with tridecane (0.1 mL), THF (7.0) 

and 6 (2.0 mL, 0.25 M, 1.0 equiv) and cooled to 0 oC over 2 min. After 2 min the 

pre-initiated catalyst solution (1.0 mL, 0.0025 M, 0.0050 equiv) was injected. 

Aliquots (~ 0.5 mL) were withdrawn through the septum and immediately 

quenched with 5 M HCl (~ 1 mL). Each aliquot was then extracted with CHCl3 

(with mild heating if polymer had precipitated) and a portion analyzed by GC. The 

remainder was dried over MgSO4, filtered, and then concentrated. The samples 

were dissolved in THF (with heating) and passed through a 0.2 !m PTFE filter for 

GPC analysis.
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Figure S26. Plot of Mn and PDI versus conversion for 6 (temp = 0 oC, [6] = 0.05 
M, [Ni(dppe)Cl2] = 0.00025 M). Note that 0% conversion corresponds to an 
aliquot taken immediately after the catalyst was added. 

Table S7. Data for the plot in Figure S26.

% Conversion (6) Mn (kDa) PDI

0 4.3 1.08

4 6.9 1.16

9 10 1.15

22 17 1.17

29 24 1.13

42 34 1.17

50 33 1.22

58 45 1.14

79 38 1.37

82 41 1.35

81 41 1.38
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XI. Polymerization Rate Studies

General procedure for polymerization rate studies utilizing the ReactIR:

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 containing a Teflon 

magnetic stir bar. The other neck was equipped with a three-way adapter fitted 

with a septum for injections and an N2 line. The flask was cooled under vacuum 

and then refilled with N2. Following two more cycles of evacuation and refilling, 

the flask was charged with THF and cooled to 0 oC over ~5 min. After recording a 

background spectrum, ArMgCl (see Synthetic Procedures) was added by syringe 

and allowed to equilibrate for at least 5 min to 0 oC. After 5 min, the pre-initiated 

catalyst solution was  injected and spectra were recorded every 30 s over the first 

10% conversion. To account for mixing and temperature equilibration, spectra 

recorded in the first 60 s of the reaction were discarded. The data were 

converted to concentrations using the appropriate calibration curves (see above).
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Figure S27. Plot of initial rate versus [monomer] for the polymerization of 2a. 

(temp = 0 oC, [Ni(dppe)Cl2] = 0.0015 M) fitted to y = axb, where a = 22 ± 1 and b 

= 0.06 ± 0.04.

Table S8. Table of data for the plot in Figure S27.

[2a] (M) initial rate (M s-1)

0.1 20 ± 1 x 10-6

0.2 19.9 ± 0.1 x 10-6

0.3 21.1 ± 0.1 x 10-6

0.4 19 ± 2 x 10-6
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Figure S28. Plot of initial rate versus [catalyst] for the polymerization of 2a (temp 

= 0 oC, [2a] = 0.20 M), fitted to y = axb, where a = 1.3 ± 0.1 x 104 and b = 1.01 ± 

0.01.

Table S9. Table of data for the plot in Figure S28.

[Cat.] (M) initial rate (M s-1)

0.0015 19.4 ± 0.9 x 10-6

0.003 41 ± 2 x 10-6

0.0045 52 ± 5 x 10-6

0.006 78 ± 2 x 10-6
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Figure S29. Plot of ln(kh/kbT) versus 1/T for the polymerization of 2a (temp= 0 
oC, [2a] = 0.20 M,  [Ni(dppe)Cl2] = 0.001M ) fitted to y =mx + b, where m = -8.9 ± 

6 x 103  and b = -1 ±  2, providing an !H‡ of 18 ± 1 kcal/mol and a !S‡ of -3 ± 5 

cal·mol-1·K-1.

Table S10. Data for the plot in Figure S29.

Temp (oC) initial rate (M s-1) k ln(kh/kBT)

25 16.4  ±  0.3 x 10-5 16.4  ±  0.3 x 10-2 -31.26 ± 0.02

15 4.7 ±  0.7 x 10-5 4.7 ±  0.7 x 10-2 -32.4 ± 0.2

5 12 ± 1 x 10-6 12 ± 1 x 10-3 -33.72 ± 0.08

-5 53 ± 2 x 10-7 53 ± 2 x 10-4 -34.60 ± 0.04
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Figure S30. Plot of initial rate versus [monomer] for the polymerization of 2b 

(temp = 0 oC, [Ni(dppe)Cl2] = 0.0015 M) fitted to y = axb, where a = 14.2 ± 0.5 

and b = -0.19 ± 0.02.

Table S11. Data for the plot in Figure S30.

[2b] (M) initial rate (M s-1)

0.1 22 ± 2 x 10-6

0.15 21 ± 1 x 10-6

0.19 19.2 + 0.3 x 10-6

0.29 18.0 ± 0.6 x 10-6

0.37 17 ± 2 x 10-6
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Figure S31. Plot of initial rate versus [catalyst] for the polymerization of 2b (temp 

= 0 oC, [2b] = 0.20 M) fitted to y = axb, where a = 1.3 ± 0.2 x 104 and b = 1.01 ± 

0.03

Table S12. Data for the plot in Figure S31.

[Cat.] (M) initial rate (M s-1)

0.0006 7  ± 1 x 10-6

0.0015 19 ± 3 x 10-6

0.003 36 ± 3 x 10-6

0.0045 55 ± 10 x 10-6

0.006 75 ±  8 x 10-6
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Changes to the general procedure to determine the order in LiCl:

A solution of 2a was prepared and titrated as described above. After titration 1.0 

equiv LiCl was added and the solution stirred until homogeneous. Separately a 

0.6 M solution of LiCl in THF was prepared in the glovebox. A 2-neck flask was 

cooled under vacuum and then refilled with N2. Following two more cycles of 

evacuation and refilling, the flask was  charged with THF and the appropriate 

amount of LiCl solution and cooled to 0 oC over ~5 min. After recording a 

background spectrum, ArMgCl (see Synthetic Procedures) was added by syringe 

and allowed to equilibrate for at least 5 min. 
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Figure S32. Plot of initial rate versus [LiCl] for the polymerization of 2b (temp = 0 
oC, [2b] = 0.20 M, [Ni(dppe)Cl2] = 0.0015 M) fitted to y = axb, where a = 20 ± 1 
and b = 0.02 ± 0.05.

Table S13. Table of data for the plot in Figure S32.

[LiCl] (M) initial rate (M s-1)

0.1 19.0 ±  0.2 x 10-6

0.2 21 ±  2 x 10-6

0.3 21 ± 1 x 10-6

0.4 19 ± 2 x 10-6

0.5 19 ± 2 x 10-6
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Figure S33. Plot of ln(kh/kBT) versus 1/T for the polymerization of 2b ([2b] = 0.20 
M, [Ni(dppe)Cl2] = 0.001 M) fitted to y = mx + b where m = -9.0 ± 0.4 x 103 and b 
= 0 ± 1, providing a !H‡ of 18.4 ± 0.7 kcal/mol and a !S‡ of -0 ± 3 cal·mol-1·K-1.

Table S14. Data for the plot in Figure S33.

Temp (oC) initial rate (M s-1) k ln(kh/kBT)

25 19  ±  2 x 10-5 19 ± 2 x 10-2 -31.6 ± 0.1

15 6 ±  1 x 10-5 6 ± 1 x 10-2 -32.2 ± 0.2

5 16 ± 2 x 10-6 16 ± 2 x 10-3 -33.5 ± 0.2

-5 56 ± 7 x 10-7 56 ± 7 x 10-4 -34.5 ± 0.1
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General procedure for polymerization rate studies utilizing GC: 

An oven-dried 10 mL flask equipped with a stir bar and a rubber septum was 

cooled under vacuum and then refilled with N2. Following two more cycles of 

evacuation and refilling the flask was charged with tridecane (25 µL), THF and 6 

and cooled to 0 oC over 2 min. After 2 min the pre-initiated catalyst solution was 

injected. Aliquots (~ 0.025 mL) were withdrawn through the septum and 

immediately quenched with methanol (~ 0.5 mL). Each aliquot was then diluted 

with CHCl3 and analyzed by GC.
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Figure S34. Plot of initial rate versus [monomer] for the polymerization of 6 (temp 
= 0 oC, [Ni(dppe)Cl2] = 0.00025 M) fitted to y = axb, where a = 10 ± 3 and b = 
0.05 ± 0.09.

Table S15. Table of data for the plot in Figure S34.

[6] (M) initial rate (M s-1)

0.015 7 ± 1 x 10-6

0.046 10 ± 1 x 10-6

0.071 10 ± 2 x 10-6

0.099 9 ± 2 x 10-6

0.16 7.9 ± 0.5 x 10-6
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Figure S35. Plot of initial rate versus [catalyst] for the polymerization of 6 (temp = 
0 oC, [6] = 0.10 M) fitted to y = axb, where a = 4.9 ± 0.8 x 104 and b = 1.02 ± 0.02

Table S16. Data for the plot in Figure S35.

[Cat.] (M) initial rate (M s-1)

0.0001 4.5  ± 0.8 x 10-6

0.00025 10.1 ± 0.7 x 10-6

0.0005 21 ± 3 x 10-6

0.00075 31 ± 6 x 10-6

0.001 42 ±  4 x 10-6
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XII. Spectroscopic Studies 

General Procedure for Performing Spectroscopic Studies 

Complexes IIa, IIb and V

All actions were performed in a glovebox under N2 atmosphere. A 20 mL vial was 

equipped with a stir bar. Sequentially, Ni(dppe)Cl2 (1 equiv), THF, and 2 or 6 

(0.15-0.2 M, 15 equiv) were added to the vial to prepare a ~0.015 M solution of 

the Ni species. The reaction mixture was stirred for 10 min until homogeneous.

Figure S36. 31P NMR (161 MHz, THF) ! 56.6 (d, J = 25 Hz), 39.7 (d, J = 25 Hz).

Figure S37. 31P NMR (161 MHz, THF) ! 56.5 (d, J = 24 Hz), 39.6 (d, J = 24 Hz).
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Figure S38. 31P NMR (161 MHz, THF) ! 59.8 (d, J = 36 Hz), 44.4 (d, J = 36 Hz).

Figure S39. 31P NMR (161 MHz, THF) ! 54.0 (d, J = 15 Hz), 31.7 (d, J = 15 Hz)

Complexes IIIa, IIIb, and VI

All actions were performed in a glovebox under N2 atmosphere. A 20 mL vial was 

equipped with a stir bar. Sequentially, Ni(dppe)Cl2 (1 equiv), THF, and 2 or 6 

(0.15-0.2 M, 10 equiv) were added to the vial to prepare an ~0.03 M solution of 

the Ni species. The reaction mixture was stirred for 10 min until homogeneous. 

The Ni solution was loaded into a 1 mL syringe. Separately, 0.5-1 mL of a 

0.15-0.2 M solution of 2 or 6 was loaded into a NMR tube sealed with a rubber 

septum. The NMR tube was removed from the glovebox and cooled in a brine-ice 

solution. Immediately before acquiring the spectrum the Ni solution (0.25-0.5 mL) 
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was injected into the NMR tube which was then rapidly inverted. The sample was 

loaded into the NMR spectrometer cooled to the appropriate temperature.

Figure S40. 31P NMR (161 MHz, THF, -15 oC) ! 48.3 (Ni(dppe)2X2), 47.7 (d, J = 
11 Hz), 47.0 (d, J = 11 Hz). 

Figure S41. 31P NMR (161 MHz, THF) ! 48.3 (Ni(dppe)2X2), 47.7 (d, J = 9 Hz), 
47.0 (d, J = 9 Hz).
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Figure S42 31P NMR (161 MHz, THF, -20 oC) ! 49.4 (d, J = 24 Hz), 49.4 (Ni
(dppe)2X2), 48.8 (d, J = 24 Hz).
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Note that for monomer 6 both regioisomers are consumed under these 

conditions as demonstrated by the following GC experiment.

Figure S43. GC chromatograms showing consumption of both thiophene 
regioisomers.
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Figure S44.

Interconversion of the catalyst based on presence or absence of 2b. Loss of 
signal to noise over time is caused by polymer precipitation at the concentration 
and temperature required to observe the biaryl nickel species by 31P NMR 
spectroscopy. Asymmetry and broadening of peaks is believed to be due to the 
averaging of different sized oligomers on the metal center.
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