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Abstract

Cobalt/nickel-dual catalyzed hydroarylation of terminal olefins with iodoarenes builds complexity 

from readily available materials, with a high preference for the Markovnikov (branched) product. 

Here, we advance a mechanistic model of this reaction through the use of reaction progress kinetic 

analysis (RPKA), radical clock experiments, and stoichiometric studies. Through exclusion of 

competing hypotheses, we conclude that the reaction proceeds through an unprecedented 

alkylcobalt to nickel direct transmetalation. Demonstration of catalytic alkene 

prefunctionalization, via spectroscopic observation of an organocobalt species, distinguishes this 

Csp2–Csp3 cross-coupling method from a conventional transmetalation process, which employs a 

stoichiometric organometallic nucleophile, and from a bimetallic oxidative addition of an 

organohalide across nickel, described by radical scission and subsequent alkyl radical capture at a 

second nickel center. A refined understanding of the reaction leads to an optimized hydroarylation 

procedure that excludes exogenous oxidant, demonstrating that the transmetalation is net redox 

neutral. Catalytic alkene prefunctionalization by cobalt and engagement with nickel catalytic 

cycles through direct transmetalation provides a new platform to merge these two rich areas of 

chemistry in preparatively useful ways.

INTRODUCTION

Transition-metal-catalyzed cross-coupling is an indispensable tool for constructing carbon

−carbon bonds. Seminal examples, such as the Stille, Suzuki−Miyaura, Kumada−Corriu, and 

Negishi reactions, use stoichiometric organometallic nucleophiles (M = Sn, B, Mg, Zn) to 

transfer an organic ligand to a catalytically generated metal species (such as Pd or Ni) in a 

transmetalation step.1 Formation of an organometallic (or metalloid) complex serves to 

prefunctionalize the substrate, enabling the predictable formation of new carbon−carbon 

bonds catalyzed at a single metal site. A complementary approach to classical cross-

coupling methods is dual catalysis, in which a nucleophile, which is catalytically generated 

in situ, undergoes transmetalation to a second metal catalyst, which undergoes a canonical 
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catalytic cycle (Figure 1A).2,3 Dual catalysis addresses some of the practical limitations of 

single-site catalysis using stoichiometric nucleophiles, including requisite substrate 

prefunctionalization, potential air and water sensitivity, and substrate functional group 

incompatibility. While dual catalysis can directly address these drawbacks, the rational 

design of novel dual catalytic systems is limited by our identification and understanding of 

efficient and selective transmetalations.

Our group recently described a cobalt/nickel-dual catalyzed iodoarene-olefin cross-coupling 

that results in highly branch-selective (Markovnikov) hydroarylation (Figure 1B).4 This 

reaction originated from our prior interest in Drago− Mukaiyama-type radical 

hydrofunctionalization methods.5

To adapt these reactions to a cross-coupling platform, we envisaged that the intermediate 

carbon-centered radical could be intercepted by a catalytically generated organonickel 

species,6 whereas past iterations of Drago−Mukaiyama reactions used stoichiometric, classic 

radical electrophiles. Merging these metal−hydride hydrogen atom transfer (MHAT) 

reactions with nickel catalysis would benefit from improved atom economy as compared to 

existing nickel-catalyzed radical cross-coupling reactions, which rely on cleavage of a high-

formula weight radical precursor and ablation of stereochemical information. In contrast, 

MHAT/ nickel dual catalysis forms two new bonds from a pro-chiral alkene via sequential C

−H and C−C bond formation in one step.

In our initial report, mechanistic details of the reaction were absent, especially regarding 

intersection of the two catalytic cycles. Two separate experiments, small ring opening and 

cyclization onto an alkene, indicated that an alkyl radical was generated in the reaction, but 

the kinetically relevant reaction pathway of that radical remained unknown.

Initial insights were drawn from our recent connection between Drago−Mukaiyama 

hydrofunctionalization reactions catalyzed by cobalt, manganese, and iron hydrides to the 

paradigm of MHAT explored by Simandi and Nagy,7 Kwiatek,8 Jackman,9 Halpern,10 

Norton,11 and others.12

The MHAT mechanism postulates the reversible formation of a caged carbon-radical/metal 

pair. Subsequent reactivity proceeds via three available pathways: (1) alkyl radical solvent 

cage escape and interception by a suitable radical trap; (2) isomerization via M• abstraction 

of an adjacent C−H bond; or (3) cage collapse to form an organometallic complex (Scheme 

1).13 The intermediacy of a carbon-centered radical leads to the high Markovnikov 

selectivity observed for olefin hydro-functionalizations on account of increased stabilization 

of 3° > 2° > 1° carbon radicals. The metal center, ligand, and substrate can influence the 

preference for pathways 1−3 by altering the relative stabilities of organic, metallic, and 

organometallic intermediates.11f,g In our bimetallic system, it was unclear which Co−H HAT 

pathway, formation of a solvent-separated radical (Scheme 1, pathway 1) or discrete 

organometallic (Scheme 1, pathway 3), was relevant to the catalytic cycle and could interact 

productively with a catalytically generated nickel species.

Through a combination of reaction kinetics, radical clock experiments, and stoichiometric 

reactions, the mechanism not excluded by our data describes a rate-determining organo-
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cobalt to nickel transmetalation. Furthermore, we propose that the mechanism proceeds 

through a “cage rebound” process described by an electron-transfer/ligand-transfer step 

between a Co(III)/Ni(III) organometallic pair within a solvent cage, supporting the redox 

neutrality of both cycles.

RESULTS

The following hypotheses, formulated by analogy to established reactivity, guided our 

inquiry into the mechanism of this reaction (Scheme 2A–D):

(A) A nickel-catalyzed reductive Heck was suggested by a referee of our initial 

communication and evaluated here for completeness. The rate is expected to be first order in 

nickel and zero order in cobalt.

(B) Another possibility is generation of a radical caged pair via Co−H HAT reaction with the 

alkene. Radical cage escape (Scheme 1, pathway 1) would generate a low concentration of a 

short-lived radical that could be captured by a much larger concentration of an arylnickel(II) 

intermediate. The resultant dioorganonickel(III) intermediate would undergo reductive 

elimination to form coupled product and nickel(I).14 Excess 1-fluoro-2,4,6-

trimethylpyridinium tetrafluoroborate (NFTPB) would reoxidize cobalt(II) to cobalt(III) to 

turn over the cobalt cycle.15 In this mechanistic scenario, the rate is expected to be first order 

in cobalt and zero order in nickel.

(C) An alternative mechanism would involve collapse of the alkyl radical to a discrete 

organocobalt(III) species (Scheme 1, pathway 3). A nickel(I) species could reduce the 

organocobalt-(III) complex to an unstable organocobalt(II) anionic intermediate,16,17 which 

would homolyze to release an alkyl radical and cobalt(I) anion. A separate arylnickel(II) 

species would capture the alkyl radical, and the resultant dioorganonickel(III) species would 

reductively eliminate product and regenerate nickel(I). The cobalt(I) species could be 

oxidized to the active cobalt(III) catalyst by excess NFTPB or adventitious molecular 

oxygen. The radical capture step would occur at a nickel center different from that of radical 

initiation, constituting a radical chain process in which Ni(I) serves as a chain carrier in the 

propagation step; similar mechanisms have been described by Weix’s cross-electrophile 

coupling18 or the bimetallic oxidative addition processes detailed by Hu19 and Fu.20

(D) A final possibility is the direct transfer of an alkyl ligand from cobalt to nickel. In this 

mechanism, the cobalt−carbon and nickel−carbon bonds are broken and formed in the same 

step, reminiscent of a conventional transmetalation found in traditional cross-coupling 

methods. Few literature precedents exist for this type of transformation between cobalt and 

nickel, and so our understanding of this potential process was limited at the beginning of this 

study. Various oxidation states for both metals were considered and will be discussed (vide 

infra).

Exclusion of a Cage Escape Mechanism.

Our first foray into mechanistic inquiry involved reaction progress kinetic analysis (RPKA) 

of the Co/Ni-catalyzed cross-coupling between 4-phenyl-1-butene and 4-

Shevick et al. Page 3

J Am Chem Soc. Author manuscript; available in PMC 2019 September 26.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



iodobenzotrifluoride (Scheme 3). RPKA provides a unique advantage of gaining kinetic 

information by monitoring a reaction under relevant reaction conditions, rather than 

artificially high excesses of reagents to mimic pseudoconstant concentrations.21

Although the principles of RPKA are derived algebraically from rate laws, the use of a 

graphical rate equation makes interpretation of the data straightforward. Different excess 

experiments were used to establish any dependence of the reaction rate on reagents and 

reactants (see the Supporting Information).

Different initial concentrations of silane, iodoarene, and olefin produced no variation in the 

rate as observed by the overlay of product concentration versus time (Figure 2).

Because of the large excess of these stoichiometric reactants relative to the catalysts (at 5 

and 20 mol %), saturation kinetics does not exclude these substrates from participating in 

steps prior to formation of the catalyst resting states of cobalt and nickel. The same excess 

experiments were performed to corroborate the use of RPKA analysis (see the Supporting 

Information). Catalyst deactivation did not occur until high conversions of starting material, 

and there was no apparent product inhibition.

At different initial concentrations of cobalt or nickel, the graphs no longer overlay when 

plotted directly as a function of time, but instead displayed a direct relationship between rate 

and catalyst loading. We decided to use a normalized time scale to plot the concentration of 

product directly against t•[cat]n, in which n is the order of the catalyst, in accordance with 

Bureś ’ graphical rate law analysis (Figure 3).22 For both catalysts, the three different 

catalyst loadings overlay when n = 1, indicating that the reaction is first order in cobalt and 

nickel, and a mixed second-order reaction overall.23 Different excess experiments with 1-

fluoro-2,4,6-trimethyl-pyridinium tetrafluoroborate (NFTPB) led us to conclude the oxidant 

is not involved in the rate-determining step (Figure 4).

In the design of this catalyst system, NFTPB was chosen, in accordance with the literature, 

as a compatible oxidant in cobalt(III)−hydride-mediated alkene hydrofunctionalization 

reactions.24 After initial oxidization of the cobalt(II) precatalyst to the cobalt(III) oxidation 

state,25 subsequent reaction with Ph(i-PrO)SiH2 forms the cobalt(III)−hydride catalyst.26 

Because the oxidant is involved in formation of the active cobalt(III)−hydride catalyst, the 

presence of an induction period was unsur prising at a lower oxidant loading (20 mol %). 

However, after the induction period, it appears that the rates of both the 20 and 50 mol % 

loading of NFTPB are equivalent (line has been added as a visual aid). Therefore, it was 

reasonable to conclude that NFTPB was not involved in the rate-determining step. 

Interestingly, increasing the oxidant loading (75 mol %) led to a deleterious effect on the 

reaction yield and rate. This result indicated that the oxidant could exhibit off-pathway 

reactivity with the nickel catalyst, which would inhibit the cross-coupling. At this point, the 

kinetic profile of NFTPB offered no definitive answers for its role in the reaction, although 

we speculated that at 50 mol % loading or lower, it was not involved in the reaction beyond 

initial cobalt(II) precatalyst oxidation. Further experimentation would provide a clear answer 

on the role of the oxidant, which we will explore in a later section.
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Taken together, these graphical rate analyses showed a rate law that included both transition 

metal catalysts, but not their substrates. The oxidant was implicated in the initial cobalt(II) to 

cobalt(III) oxidation, but not in the rate-determining step. The observed rate law excluded a 

nickel-only-catalyzed reductive Heck (Scheme 2A), and a cage escape mechanism (Scheme 

2B), and were consistent with, but did not differentiate between, a radical chain (Scheme 

2C) or direct transmetalation mechanism (Scheme 2D).

Evidence for the Formation of an Organocobalt Species.

The potential intermediacy of an organocobalt complex in the hydroarylation also informed 

our initial reaction design.4 Previously explored olefin hydrofunctionalization reactions 

utilizing a cobalt salen catalyst, hydrosilane, and oxidant have explicitly suggested the 

intermediacy of an organocobalt complex,24,26,27 although its presence in a catalytic reaction 

could not be confirmed spectroscopically.27a

During our previous studies of olefin isomerization, also employing a cobalt salen catalyst 

and phenylsilane, we hypothesized the off-cycle formation of an organocobalt species during 

the isomerization of terminal olefins.5d Whereas 1,1-disubstituted alkenes isomerized 

rapidly at room temperature, monosubstituted alkenes required elevated temperatures 

(>60 °C). A competition experiment between a 1,1-disubstituted alkene and monosubstituted 

alkene led to isomerization only upon heating; the room temperature isomerization was 

completely suppressed (Figure 5A). This observation was consistent with our hypothesis that 

reactivity was arrested by catalyst sequestration through secondary organocobalt formation, 

rather than a higher kinetic barrier of MHAT to monosubstituted alkenes as compared to 1,1-

disubstituted alkenes. Even gentle heating leads to homolysis of the cobalt−carbon bond, 

followed by M• abstraction of the internal C−H bond and subsequent isomerization to the 

more thermodynamically stable internal alkene.28

The stability of organocobalt complexes (Scheme 1, pathway 3) is largely influenced by 

steric interaction between the cobalt ligand and the carbon substituent, as well as the identity 

of the trans-axial ligand.29 The synthesis and characterization of secondary organocobalt 

complexes has precedent in the literature, while the isolation of tertiary alkyl cobalt species 

has not been possible, lending further support to our hypothesis for organocobalt formation 

in the isomerization reaction of monosubstituted olefins.30 Despite the lack of spectroscopic 

characterization of sec-alkyl cobalt salen complexes, we set out to observe the formation of 

an organocobalt in the related isomerization reaction explored by our lab5d via 1H NMR 

spectroscopy, because it appeared relevant to the rate-determining step in the hydroarylation. 

When 4-phenyl-1-butene was subjected to MHAT isomerization conditions in d6-benzene, 

no isomerization took place at room temperature, as observed previously, but a new 

diamagnetic alkylcobalt complex could be observed by 1H NMR in d6-DMSO. The identity 

of this organocobalt complex was confirmed by independent synthesis from NaCo(I)salen 

and (3-bromobutyl)benzene (Figure 5B). Both reaction products showed identical peaks in 

the far-upfield region of their 1H NMR spectra: a distinctive pair of doublets at δ −0.43 and 

−0.54 ppm corresponding to diastereotopic methyls.31 The methine proton could also be 

visualized as a multiplet at δ 5.33 ppm. The observation of an organocobalt complex was 

consistent with the observed rate law of the catalytic hydroarylation in which an 
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organocobalt complex described the cobalt catalyst resting state and could act as either a 

stable reservoir of alkyl radicals or a reactive intermediate.

Although we had spectroscopic evidence suggesting formation of an organocobalt complex 

under relevant isomerization conditions, we wondered if its formation was reversible and 

more accurately described as an equilibrium favoring starting alkene and cobalt(III)−hydride 

(“back HAT”). A rapid, reversible MHAT equilibrium would be kinetically indistinguishable 

from a stable organometallic catalyst resting state as it comes before the rate-determining 

step in the hydroarylation. We therefore ran the hydroarylation reaction with a d2-alkene 

isomer to probe reversibility through isotopic exchange. The hydroarylation product was 

isolated from the catalytic reaction with a slight increase in hydrogen incorporation at the 

terminal methyl group (13% increase in hydrogen incorporation as compared to that 

expected) (Figure 6). This experiment agreed with cage-pair formation followed by collapse 

to a metastable organocobalt complex: the cobalt resting state before rate-determining 

transmetalation.

We then began to consider how alkyl ligand transfer between an organocobalt and nickel 

could proceed. The most relevant literature stems from studies of the bacterial Wood− 

Ljungdahl pathway32 for conversion of CO2 to acetyl-CoA via transmetalation of 

methylcobalamine(III) to a multimeric cysteine−nickel complex.33

This transmetalation has been recapitulated using MeCo(dmgBF2)2L, which reacts with 

inorganic Ni(I) and Ni(0) complexes by radical and SN2 pathways, respectively (Scheme 4).
34 There are additional examples of alkylcobalt transmetalation to other metals (i.e., Cr, Pd) 

in the literature, which have suggested both radical chain processes or direct group transfer 

mechanisms.35 These previously explored mechanisms informed our evaluation of two 

potential mechanisms, a radical chain mechanism (Scheme 2C) and a direct transmetalation 

(Scheme 2D).

Exclusion of Radical Chain Mechanism via Radical Clock Cyclization Experiments.

Mechanisms C and D both involve generation of carbon-centered radicals, implicated by 

ring formation and ring cleavage in our original report,4 but are distinct in whether the nickel 

species that affects cobalt−carbon bond homolysis and captures that radical are different 

(radical chain) or the same (cage rebound) (Scheme 5). Recent mechanistic studies of 

similar nickel-catalyzed reactions answered this same question with a “radical clock” 

substrate under catalytic conditions to distinguish both mechanisms.18–20,36 These studies 

identified a radical chain mechanism in which a nickel(I) complex initiates carbon radical 

formation via reduction of an alkyl halide. A second arylnickel(II) intermediate then 

captures this radical to form an unstable dioorganonickel(III) species, which reductively 

eliminates coupled product, thereby regenerating Ni(I), and propagating the chain. This 

radical chain, in which one nickel species effects radical formation and a second captures the 

radical, was reflected in the effect of nickel concentration on the ratio of unrearranged and 

rearranged products from either 5-hexenyl iodide18 or 3-(2-bromoethoxy)prop-1-ene.19 The 

alkene-tethered radicals in these studies were formed from C− X bonds. Our study required 

radical formation from an alkene in the presence of another alkene. Fortunately, the steric 
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demand of the Salt-Bu,t-Bu ligand differentiates between substituted alkenes: monosubstituted 

alkenes undergo hydroarylation, but 1,2-disubtituted alkenes do not.4,5d

The simplest substrate to fulfill these criteria, (E)-1,6-octadiene,37 was subjected to our 

standard catalytic hydroarylation conditions (Figure 7A). The presence of four rearranged 

diastereomeric products eliminated the possibility that cyclized products arose from a 

nickel-only coordinated Heck-type pathway, which would yield only two diastereomers.38

After alkyl radical formation, two reaction pathways are available: the alkyl radical can react 

(1) intramolecularly and generate a different, rearranged alkyl radical species, according to a 

fast, unimolecular rate constant (k1), or (2) bimolecularly with a suitable radical trap, 

described in this experiment by k2[Ni]. These competitive pathways will give rise to two 

products, the rearranged hydroarylation product (R) and the unrearranged hydroarylation 

product (U), respectively. The rearranged alkyl radical intermediate also reacts 

bimolecularly (k2[Ni]), but this rate would have no impact on the ratio of products.

If a radical chain mechanism were operative, the ratio of unrearranged to rearranged 

products would be reflected by k2[Ni]/k1, the relative rates of the competitive pathways after 

the initial alkyl radical formation. Because this ratio is directly proportional to nickel 

concentration, there should be a direct, linear relationship between concentration of nickel 

precatalyst and unrearranged to rearranged (U/R) ratio.

To our surprise, the ratio of rearranged and unrearranged isomers was insensitive to changes 

in nickel precatalyst concentration across five concentrations (Figure 7B). Correlation of 

isomer ratios (0.8−1.1) to nickel concentration (15−45 mM) generated a best-fit line slope of 

only 0.0093 (R2 = 0.91), far from the directly proportional relationship we would expect if a 

radical chain were present. In comparison, nickel catalytic cycles that separate radical 

generation from radical capture have yielded non-normalized slopes of 0.4218 and 0.519 (see 

the Supporting Information).

The independence of the U/R ratio on nickel concentration is inconsistent with a radical 

chain mechanism (Scheme 2C), leaving a cage rebound mechanism (Scheme 2D) as a 

plausible mechanistic scenario.39 How then would the rearranged hydroarylation product 

arise?

Whereas radical cyclization in a radical chain mechanism18,19 is easy to understand, 

rearrangement in a cage rebound mechanism is not. Running the same experiment, but 

varying cobalt precatalyst concentration, provided some insight.

Unlike the nickel variation experiment, a positive correlation between cobalt(II) precatalyst 

loading and U/R ratio is present (Figure 8A). Whereas a 200% increase in nickel 

concentration led to only a 37% increase in product ratio, the same increase in cobalt 

concentration led to a 383% increase. At the outset of this experiment, we had assumed that 

nickel was acting as a radical trap, but we had not accounted for the high propensity for 

cobalt(II)40 and alkylcobalt(III)41 complexes to trap alkyl radicals.
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Therefore, the direct relationship between cobalt(II) precatalyst loading and U/R ratio could 

reflect the following scenario. Initiation of a radical chain can occur by (a) cage escape after 

initial HAT; (b) homolysis of the carbon−cobalt bond at ambient temperature; or (c) 

competitive cage escape in the cage rebound mechanism. Option (b) seems unlikely given 

the extremely low rate of isomerization at room temperature (trace isomerization observed 

after 14 h in DMPU) as compared to the hydroarylation reaction rate (>70% after 3 h).

Options (a) and (c), however, merely require an imperfect carbon radical−metal collapse to 

allow solvent cage escape and a radical chain initiation. We considered that NFTPB could be 

initiating the alkyl radical chain by alkylcobalt(III) oxidation, but this was subsequently 

ruled out after further experimentation (see the Supporting Information).

Radical capture by cobalt(II) inhibits a radical chain, while SH2 at another alkylcobalt(III) 

center propagates alkyl radical formation. This alkyl radical chain capture/propagation 

proposal is consistent with Kochi’s previous work on the molecular rearrangement of 1-

hexenyl Co(salen) to cyclopentylmethyl Co(salen) complexes (Figure 8B).42 At higher 

cobalt loadings, there is a higher concentration of cobalt(II) (likely due to incomplete 

cobalt(II) precatalyst oxidation), and we observe a higher U/R ratio. Both unrearranged and 

rearranged alkylcobalt(III) complexes directly engage nickel in an alkyl ligand transfer step 

(Figure 8A), giving rise to both unrearranged and rearranged products, while still consistent 

with a cage rebound mechanism (Scheme 2D).

At this point, a mechanism that could explain the presence of all four diastereomers of the 

rearranged product became apparent. An alkyl radical formed by any of the pathways 

mentioned above could rearrange and/or propagate alkyl radical formation by SH2 at another 

organocobalt(III) center. The cyclization arises via a radical pathway but is captured by an 

alkylcobalt(III) or a cobalt(II) species, not a nickel intermediate. A radical chain was, in fact, 

present, but did not describe the transfer of an alkyl ligand from cobalt to nickel.

Stoichiometric Experiments.

We decided that probing a direct transmetalation with stoichiometric experiments between 

an alkylcobalt complex and an isolable nickel(II) oxidative addition intermediate could 

provide additional mechanistic insights into the reaction.43 We had shown that sec-

alkylcobalt complexes could be observed spectroscopically (Figure 5B), giving credibility to 

their preparative synthesis.

As mentioned in a previous section, extensive literature precedent details the synthesis and 

characterization of primary alkyl organocobalt complexes, but fewer examples were found 

describing the synthesis of secondary alkyl organocobalt species.30 In certain cases, 

instability was attributed to air- and moisture-sensitivity.44 Moreover, a representative 

example, (i-C3H7)Co(salen), with an ethylene backbone, was reported to possess a much 

lower bond dissociation energy (BDE) relative to an analogous primary alkylcobalt, 

C2H5Co(salen) (19 vs 30 kcal/mol).44a To circumvent potential problems due to instability, 

we synthesized i-Pr-Co(Salt-Bu,t-Bu)(pyr) (1) in a glovebox as a solution in tetrahydrofuran. 

To our knowledge, this is the first example of a spectroscopically (1H NMR) characterized 

sec-alkyl cobalt salen species.
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When 1 and dtbbpyNi(o-Tol)I (2) were allowed to stir for 18 h in THF:DMPU (1:1), the 

expected cross-coupled product, o-cymene, was observed in 10% yield (Scheme 6). The low 

yield in the stoichiometric reaction suggested that a nickel(II) aryl species was not the 

transmetalating species. The formation of 2-iodotoluene and 2,2′-dimethyl-1-1′-biphenyl 

indicated that low-valent nickel was present over the course of the stoichiometric 

experiment, but clearly did not initiate quantitative radical formation and capture; this 

observation provides additional evidence against a radical chain mechanism.45 At this point, 

we began to further interrogate the role of the oxidant, NFTPB. During our initial RPKA 

studies, we had observed a deleterious effect on the reaction yield and rate when a high 

excess of NFTPB was present. This observation led us to question the effect of the oxidant 

on the nickel catalytic cycle in addition to its role in the initial oxidation of the cobalt(II) 

precatalyst.

To test the potential role of NFTPB in the transmetalation, we returned to the stoichiometric 

experiment. Stirring 1 equiv of NFTPB with 2 led to an immediate color change from red to 

green. After 3 h at room temperature, a solution of 1 was added and the reaction was stirred 

for 18 h. We observed mostly 2-iodotoluene (78% yield), and a slightly higher yield of o-

cymene (17%) (Table 1, entry 2). We reasoned that the high yield of 2-iodotoluene stemmed 

from reductive elimination from a Ni(III) or Ni(IV) intermediate formed by oxidation of 2, 

consistent with similar observations for C−C bond formation using nickel(II) organometallic 

complexes and NFTPT (1-fluoro-2,4–6-trimethylpyridinium triflate) in the literature.46

The high yield of 2-iodotoluene observed argued against the kinetic relevance of an 

arylnickel(II) intermediate in the catalytic reaction, as it would be competitively consumed 

by excess NFTPB present under our catalytic reaction conditions. Furthermore, the slight 

increase in o-cymene (7% increase) was interesting but did not convince us that NFTPB was 

required for the transmetalation by oxidation of an arylnickel(II) intermediate. Altogether, 

the stoichiometric studies and the kinetic profile of the oxidant (vide supra) indicated that an 

arylnickel(II) intermediate was not participating in the rate-determining transmetalation 

within the catalytic reaction.

However, we wondered if the slight increase in o-cymene yield (Table 1, entry 2) meant that 

a high-valent (Ni(III) or Ni(IV)) arylnickel species, accessible by oxidative addition of the 

aryl halide across a Ni(I), or possibly, Ni(II) intermediate, did describe the nickel 

transmetalating species. To test this question, we ran the stoichiometric reaction between 1 

and 2 in the presence of acetylferrocenium tetrafluoroborate (AcFcBF4), an established one-

electron outer-sphere oxidant for organometallic nickel(II) species.47 Repeating the reaction 

using 1 equiv of AcFcBF4 led to similar yields in coupled product (18%) and 2-iodotoluene 

(18%) (Table 1, entry 3). Two equivalents of AcFcBF4 led to an increase in coupled product 

(41%), along with 2-iodotoluene (44%) (Table 1, entry 4). While we do not presume to 

know the identity of a higher-valent arylnickel species that could be formed in this 

experiment, the result led us to consider that an arylnickel(III) or arylnickel(IV) species may 

participate in the transmetalation under catalytic conditions. To be clear, this species did not 

have to be formed by the oxidation of an arylnickel(II) intermediate by NFTPB.

Shevick et al. Page 9

J Am Chem Soc. Author manuscript; available in PMC 2019 September 26.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Role of NFTPB Oxidant in the Catalytic Reaction.

Both the kinetic profile of the oxidant and the stoichiometric transmetalation experiments 

indicated that NFTPB may only serve to oxidize Co(II) to the requisite Co(III) oxidation 

state for catalysis. While the NFTPB oxidant has been used with similar catalytic systems 

(CoSalen/phenylsilane), the product of the cobalt(II) oxidation has only been speculated.24

We decided to characterize the product of oxidation through X-ray crystallography and 

NMR studies. We were unable to obtain an adequate crystal structure of the oxidized 

cobalt(III) complex when using NFTPB (tetrafluoroborate counterion). Fortunately, when 

repeating the reaction with NFTPT (triflate counterion), also a competent oxidant in the 

catalytic reaction, albeit lower yielding (47% yield), we obtained a suitable crystal. The 

crystal structure of the cobalt(III) oxidized product shows two water molecules coordinated 

to a cationic cobalt(III) center, with an outer-sphere triflate counteranion (Figure 9). No 

cobalt−fluoride bond was observed in the X-ray crystal structure, and only one signal was 

observed in the 19F NMR (δ −76.48 ppm) corresponding to the triflate counteranion.48 The 

observed crystal structure is consistent with observed structures of other cobalt(III) salen 

complexes with outer-sphere counteranions. These complexes have been demonstrated to 

contain significant spin delocalization through the salen ligands, which may facilitate 

through-ligand single electron transfer.56a,b

In an effort to further identify the role of NFTPB in the reaction, we decided to synthesize 

the CoIII(Salt-Bu,t-Bu)BF4 (Co(III)BF4) complex directly and use it as the precatalyst in the 

catalytic reaction.49 When the catalytic reaction was run using Co(III)BF4 as the precatalyst 

with no added oxidant, the product was observed in 55% yield (Table 2, entry 1), indicating 

that the oxidant was not required for turnover of the cobalt catalytic cycle. Switching to a 

4,4′-dimethoxy-2,2′-bipyridyl nickel ligand provided slightly higher yields (Table 2, entry 

2). When the reaction was run in the glovebox with degassed reagents, the yield was 

unaffected, indicating that turnover of the cobalt catalyst is not dependent on adventitious 

oxygen (Table 2, entry 3). Interestingly, we found that using the analogous Co(III)Cl 
precatalyst resulted in lower yields in all cases.

While the yield is lower with Co(III)BF4, we attributed the decrease in yield to potential 

formation of inactive cobalt and/ or nickel catalysts via oxidation or reduction to 

catalytically inactive species. Nickel degradation could be oxidative (Ni(II) as an off-

pathway intermediate), and thereby rescued by reductants such as Mn0 (Table 2, entry 4), 

whereas cobalt degradation could be reductive (Co(II) as an inactive MHAT catalyst) and 

rescued by excess NFTPB oxidant added (Table 2, entry 5). One decomposition pathway for 

the cobalt catalyst could be reduction to an inactive Co(II) species (by nickel(I)) or via 

disproportionation of two cobalt(III)−hydride species and H2 loss). Excess oxidant may 

serve to reoxidize Co(II) to the active Co(III) oxidation state. Taken together, there is no 

essential role of the NFTPB oxidant, except that it is required for precatalyst oxidation when 

using a Co(II) precatalyst or oxidation of inactive Co(II) formed in the reaction.

Using dtbbpyNi(o-Tol)I (2) as the nickel pre-catalyst in the catalytic reaction with 

Co(III)BF4, under otherwise standard catalytic conditions, led to a similar yield of 

hydroarylation product (49%) (Table 2, entry 6). The only products we observed from the 
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“pre-catalyst” were 2-iodotoluene (5% yield) and the o-tolyl hydroarylation product (1-

methyl-2-(4-phenylbutan-2-yl)benzene), present in 0.3% yield (theoretical yield is 10%) 

(Figure 10).50 We did not observe biaryl byproducts (mixed or 2,2′-dimethyl-1,1′-biphenyl), 

although those products have been invoked in the in situ generation of Ni(0) from similar 

Ni(II)(aryl)chloride pre-catalysts.51 The low yield of the o-tolyl hydroarylation product was 

consistent with the stoichiometric experiments (vide supra) in which we ruled out an 

arylnickel(II) species as the active transmetalating species.

DISCUSSION

The results of our mechanistic study systematically excluded competing mechanistic 

hypotheses (Scheme 2) described by (A) a nickel-catalyzed reductive Heck; (B) a radical 

cage escape mechanism; and (C) a radical chain mechanism analogous to previously 

explored nickel-catalyzed radical cross-coupling methods in the literature.18–20 At this point, 

the only mechanistic hypothesis not excluded by data describes a direct alkyl ligand transfer 

from an organocobalt to the nickel catalyst (Figure 11).

We hypothesize that the transmetalation proceeds by a “cage rebound” mechanism. Mainly 

four observations led us to consider that the transmetalation could be described by sequential 

SET/alkyl ligand transfer steps within the solvent cage, according to eq 1 and eq 2:

(1)

(2)

These observations are as follows: (1) an increase in yield when oxidant was added to the 

stoichiometric nickel(II) aryl transmetalation experiment (Table 1); (2) the presence of a 

radical chain dependent on cobalt concentration only, reminiscent of Kochi’s organocobalt 

radical chain (Figure 8A);42 (3) the ability to use Co(III)BF4 as a suitable cobalt precatalyst 

with no exogenous oxidant added; and (4) the extremely high rate of carbon radical capture 

by aryl nickel(II) species, which has a bimolecular rate constant on the order of 108 mol−1 s
−1 according to Weix’s radical clock data.53 Any carbon radical formed in close proximity 

should be captured immediately.

The transmetalation proposed is redox neutral, akin to a conventional polar transmetalation, 

but is dependent on the ability of both metals to participate in single-electron transfer 

processes (Figure 12). Both cobalt(III)salen and diimine nickel species are paramagnetic 

complexes, which exhibit ligand participation in spin delocalization, making a single-

electron transfer between both metals plausible.17c,d,54 Electron transfer could be described 

by oxidation of Co-INT1 by Ni-INT1 to the unstable Co-INT2. Homolysis of the cobalt− 
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carbon of Co-INT2 bond generates Co-INT3 and an alkyl radical that is immediately 

captured by the resultant Ni-INT2 species. The ensuing Ni-INT3 complex reductively 

eliminates product and regenerates a nickel(I) species, turning over the catalytic cycle. Co-
INT3 may form a cobalt(III) hydride upon reaction with isopropoxy(phenyl)silane to turn 

over the cobalt cycle.

Although the proposed mechanism has no direct mechanistic precedent, the concept of a 

“cage rebound” mechanism is rooted in the literature. Isolated organocobalt species have 

been shown to be susceptible to single-electron oxidation by outer-sphere chemical oxidants, 

followed by subsequent cobalt−carbon bond cleavage.55 A high-valent nickel species, such 

as Ni-INT1, could be invoked as a suitable outer-sphere oxidant of a metastable 

organocobalt species. While we cannot directly observe an aryl nickel(III) intermediate 

under our reaction conditions, analogies to the literature provided a frame of reference from 

which to consider Ni-INT1 as an oxidant and transmetalating species.

Kochi has implicated transiently formed arylnickel(III) intermediates as reactive 

paramagnetic species in the nickel-catalyzed biaryl formation from aryl halides. These 

nickel(III)-(aryl)halide intermediates, accessible via aryl halide oxidative addition across 

Ni(I), form the requisite diorganonickel(III) species through group transfer of a bridging 

halide or aryl ligand to an aryl nickel(II) species.56 In these studies, the isolation of a 

paramagnetic nickel(III) intermediate for stoichiometric studies is precluded by the 

instability of such a species, as is the case for our system.

Electrochemical oxidations of nickel(II)(aryl)halide complexes result in irreversible 

oxidation waves ranging from +0.18 to +0.8 V (vs SCE),43d,58 making it difficult to directly 

compare redox potentials to the reported oxidation potentials of organocobalt(III) complexes 

in the literature (+0.49 V vs SCE).55f Studies of isolated nickel(III)aryl organometallic 

complexes require stabilization with electron-rich amine ligands, resulting in quasi-

reversible redox Ni(III)/Ni(II) redox waves ranging from onset potentials of −1.1 to −0.40 V 

(vs Fc/Fc+) in the literature.47,58 Arguably, these electron-rich complexes are harder to 

reduce than Ni-INT1 due to the electron-donating character of the ligands. Perhaps more 

informative is looking at the study of (bpy)3Ni(III) inorganic complexes, which are stronger 

one-electron chemical oxidants (E = 1.6 V vs SCE) than analogous Fe(III) complexes and 

similar in redox potential to Ce(IV).59 As organocobalt complexes can be chemically 

oxidized by Fe(III) and Ce(IV) complexes,55 it is conceivable that a nickel(III)(aryl)halide 

could oxidize an organocobalt(III) intermediate. However, further study and characterization 

of organometallic complexes similar to our proposed intermediates could help elucidate the 

feasibility of this proposal.

The aforementioned studies of nickel(III) organometallic complexes highlight the propensity 

for nickel to undergo single electron transfer reactions without necessarily decomposing via 

unproductive pathways. In fact, this single electron transfer activity may underlie the 

catalytic activity of certain nickel-catalyzed reactions. In nickel-catalyzed Kharasch 

reactions using diaminoarylnickel(II) “pincer” complexes, it is proposed that concomitant 

electron transfer/halide ligand transfer from a Ni(III) species to a caged alkyl radical 

generates monomeric atom-transfer radical addition (ATRA) products and regenerates the 
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Ni(II) catalyst.60 Complexes that did not exhibit a reversible Ni(II)/Ni(III) redox potential 

did not display any catalytic activity.61 In an entirely separate account of an alkyl− aryl 

Kumada coupling catalyzed by a two-coordinate nickel-(II)-bis(amido) complex, Ni(III) 

mono alkyl species are proposed to react only as single electron transfer reagents, by 

oxidation of nickel(I) anionic species generated after reductive elimination from 

dioorganonickel(III) intermediates, and not participate in any bond-forming or -breaking 

steps.62 These studies link the ability of nickel(III) organometallic species to act as single 

electron oxidants in catalytic reactions. While nickel(I) diimine complexes have been 

evaluated and implicated as single electron reductants in many catalytic reactions,17 the 

comparative ability for nickel(III) organometallic species to react as single electron oxidants 

in catalytic reactions warrants greater investigation.

Analogies to more recent cross-coupling literature also implicate formation of Ni-INT1 
under our reaction conditions. For example, exclusion of an arylnickel(II) species as a 

kinetically relevant intermediate strengthens the argument that a Ni(I)/Ni(III) cycle is 

operative.57,63 In computational studies, Molander and co-workers found that oxidative 

addition was more energetically favorable across a diimine nickel(I) alkyl species, generated 

via alkyl radical capture by Ni(0), as compared to the oxidative addition across Ni(0) 

followed by alkyl radical capture.64 In a different study by Schoenebeck and co-workers, 

nickel diimine catalysts were shown to favor Ni(I)/Ni(III) catalytic cycles due to the lower 

calculated barrier of iodoarene oxidative addition to Ni(I) intermediates.65 While the former 

study evaluates dual nickel/ photoredox catalysis and the latter reaction concerns the 

trifluoromethylthiolation of aryl halides, the use of similar bipyridine ligands implies a 

lower barrier in our system for oxidative addition of iodoarenes to a Ni(I) intermediate. This 

reasoning would be consistent with the higher yields exhibited in the catalytic reaction when 

using electron-withdrawn aryl iodides, as well as the decrease in yields when using aryl 

bromides and even more significantly when using aryl chlorides (see the Supporting 

Information).

Within this mechanistic proposal, an analogy can be drawn to the radical cross-couplings in 

which an arylnickel(II) species traps an alkyl radical, generating a dioorganonickel(III) 

species that reductively eliminates coupled product.6,18–20 However, a major distinction lies 

in that an arylnickel(II) intermediate is not the resting state of the nickel catalyst that accepts 

a distally generated radical. Instead, generation of the alkyl radical by Ni-INT1 leads to 

formation of Ni-INT2, which can accept the radical generated by homolysis of the cobalt

−carbon bond, all within the solvent cage. Overall, the transmetalation is redox neutral; yet 

electron transfer is necessary to spur radical formation and subsequent capture at the same 

nickel center.

We cannot, at this time, definitively rule out a mechanism in which a transmetalation 

between an organocobalt and nickel(I) species occurs before oxidative addition of the aryl 

iodide. As this process would also have to be redox neutral, a possible mechanism could 

involve σ bond metathesis to form an alkylnickel(I) species and reform cobalt(III). However, 

we can find no analogous transformations in the literature. The effect of oxidant on the 

stoichiometric transmetalation experiments argues against this inorganic Ni(I) mechanism 

(Table 1). While studies to replicate stoichiometric transmetalation with an isolable aryl 
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nickel(III) complex would be useful, significant changes to the ligand set would be required 

to stabilize a Ni(III) complex relevant to the catalytic system at hand.

CONCLUSION

We have demonstrated that the cobalt-/nickel-catalyzed hydroarylation of terminal olefins 

proceeds via a direct and unprecedented organocobalt to nickel transmetalation. Reaction 

progress kinetic analysis (RPKA) and variable catalyst concentration radical clock 

experiments differentiate this transmetalation from the cage-escape/nickel-capture 

mechanism demonstrated by Riordan to occur with MeCo-(dmgBF2)2L,34a as well as the 

bimetallic oxidative addition mechanisms elucidated in other nickel-catalyzed radical cross-

coupling reactions.18–20 Stoichiometric experiments and removal of exogenous oxidant 

(NFTPB) from the reaction indicate a net redox-neutral transmetalation. Such a process 

could be reasonably depicted as a cage-rebound process, in which a single electron transfer 

from cobalt to nickel and alkyl radical ligand transfer occurs within the solvent cage, by 

analogy to related complexes.61 To our knowledge, this is the only example of a redox-

neutral alkylcobalt to nickel transmetalation. A better understanding of this dual-catalytic 

system has streamlined Co/Ni-dual catalyzed branch-selective hydroarylation, and we hope 

will aid in the refinement of related reactions. Furthermore, we hope that an understanding 

of this novel transmetalation mechanism will provide a template from which to rationally 

design new catalytic reactions that can only be achieved through dual-catalysis.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Electron-neutral alkenes and electron-deficient aryl iodides couple efficiently in Co/Ni-

catalyzed cross-coupling.
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Figure 2. 
Different excess experiments varying initial concentrations of iodoarenes, olefin, and silane. 

Standard condition concentrations are [ArI]0 = 0.32 M, [olefin]0 = 0.42 M, and [silane]0 = 

0.64 M.
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Figure 3. 
Burés graphical rate analysis for (A) cobalt and (B) nickel.
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Figure 4. 
Different excess experiments with NFTPB. An induction period is observed at 20 mol % 

loading, but the rate is parallel to the standard conditions (a line has been added as a visual 

aid). Higher loadings of oxidant led to deleterious effects on the yield and rate, possibly due 

to off-pathway reactions with the nickel catalyst.
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Figure 5. 
(A) Evidence for stability of sec-alkyl-Co(Salt-Bu,t-Bu) organometallic complexes at room 

temperature: the active catalyst appears to be sequestered;5d and (B) observation of two 

diastereotopic methyls at –0.4 and –0.5 ppm from Co(I) SN2 and Co(III)/PhSiH3/alkene 

combination.
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Figure 6. 
Hydroarylation with d2-alkene indicates an irreversible HAT under catalytic conditions.
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Figure 7. 
(A) The coupling reaction with radical clock substrate (E)-1,6-octadiene and varying 

concentrations of nickel can indicate whether a radical chain mechanism is operative. (B) A 

comparative graph of relative U/R increase as a function of relative nickel precatalyst 

loading in nickel-radical cross-coupling mechanistic studies (see refs 18 and 19). The lack of 

a direct relationship in our work effectively excludes a radical chian mechanism (mechanism 

C).
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Figure 8. 
(A) An alkyl radical is generated and captured by cobalt, not nickel, in the reaction. The 

unrearranged and rearranged alkyl cobalt species directly transfer an alkyl ligand to nickel. 

The ratio of product displays a positive, albeit nonlinear, relationship to the concentration of 

salenCo(II) precatalyst. (B) Alkyl radical chain mechanisms using primary hexenyl-

Co(salen) complexes elucidated by Kochi and coworkers.42
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Figure 9. 
(A) Oxidation of CoII(Salt-Bu,t-Bu) by NFTPT. (B) X-ray crystal structure of oxidized 

cobalt(III) product shown with 50% thermal ellipsoids. Two molecules of DMPU stabilize a 

coordinated water molecule.
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Figure 10. 
Low yield of o-tolyl hydroarylation product observed in catalytic reaction when using 2 as 

the nickel precatalyst.
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Figure 11. 
Dual catalytic cycles of cobalt/nickel-catalyzed branch-selective hydroarylation.

52
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Figure 12. 
Proposed mechanism of direct transmetalation between an alkyl cobalt and aryl nickel 

species (L = DMPU).
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Scheme 1. 
Observed Reactivity of Metal–Hydrides (M = Co, Mn, Fe) with Unactivated Olefins
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Scheme 2. 
Possible Mechanisms of the Cobalt/Nickel-Dual Catalyzed Hydroarylation

Shevick et al. Page 32

J Am Chem Soc. Author manuscript; available in PMC 2019 September 26.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Scheme 3. 
Standard Hydroarylation Conditions
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Scheme 4. 
Literature Precedent for Alkyl Ligand Transfer from Organocobalt to Nickel Chelates 

Relevant to the Wood–Ljungdahl Pathway
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Scheme 5. 
Coupling Reaction with a Radical Clock Substrate to Differentiate Mechanisms C and D
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Scheme 6. Stoichiometric Transmetalation Experiments
a The reaction of i-Pr-Co(Salt-Bu,tBu)(pyr) (1) and dtbbpyNi(o-Tol)I (2) led to coupled 

product, o-cymene, in only 10% yield. 2-iodotoluene and biaryl (2,2’-dimethyl-1,1’-

biphenyl) were also observed
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Table 1.

Stoichiometric Cross-Coupling Studies
a

entry
a oxidant o-cymene (%) 2-iodotoluene (%)

1
c none 10 25

2
b NFTPB (1 equiv) 17 78

3
c AcFcBF4 (1 equiv)

18 18

4 AcFcBF4 (2 equiv) 41 44

a
Reactions run on 10 μmol scale. Average of two trials. Yield determined by GC-FID with internal standard.

b
No fluorinated products observed.

c
2,2’-Dimethyl-1,1’-biphenyl also observed.
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Table 2.

Oxidant Not Necessary for Cobalt Turnovera
a

entry
a variations from above Co(ll)+NFTPB Co(III) BF4 Co(III) CI

1 LI 79 55 44

2 L2 82 56 42

3 L2, in the glovebox 82 56 41

4 L2, 2 equiv of Mn° 76 57

5 L2, NFTPB (0.3 equiv) 70 53

6
b dtbbpyNi(o-ToI)l (2) as 68 49

a
Reactions run on 50 μmol scale. Yield determined by GC-FID with internal standard. A1-Methyl-2-(4-phenylbutan-2-yl)benzene observed in <1% 

overall yield (maximum yield is 10%).

b
1-Methyl-2-(4-phenylbutan-2-yl)benzene observed in <1% overall yield (maximum yield is 10%).
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