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ABSTRACT: Bipyridine-ligated nickel(I) and nickel(0) intermedi- | isoiatle tpyNi precursor — | common catalytic infermediate |

ates are widely proposed in Ni-catalyzed cross-coupling reactions. oo

However, few isolable Ni' and Ni’ complexes with catalytically Phe o O
ST . o s g tBu \_ 7 Ph o By N

relevant bipyridine ligands are known, limiting our understanding of AN ) Y

these complexes’ speciation and reactivity. In this work, we identify \\N\N\. o : \N",“Ni—Br D)

and investigate well-defined, isolable (**"bpy)Ni' and ("*"bpy)Ni° oL N' T N D

complexes to characterize their behavior in catalytic systems. ~ph

Employing spectroscopic and stoichiometric studies, we identified a
solvent dependence on rates of the irreversible dimerization of  °kineficstudies  « solventeffects

e comparisons to
NI reactivity

© application to
cross-coupling mechanism

(*P"bpy)NiBr, measured rates for the activation of aryl halides and
alkyl halides by (***bpy)Ni' and (***bpy)Ni’, and found that the reduction of (*®bpy)NiBr to Ni’ is inefficient with common
heterogeneous metal reductants. Taken together, these studies enable us to propose a general mechanism for cross-electrophile

coupling reactions.

1. INTRODUCTION

Recent developments in nickel catalysis have enabled new
strategies for the formation of C—X and C—C bonds and
expanded the compatibility of sought-after C(sp®)-hybridized
substrates in cross-coupling.' > These modern nickel-catalyzed
cross-coupling reactions often leverage Ni’s propensity to form
open-shell species (e.g., Ni' and Ni'") to generate and react
with carbon-centered radicals. Facile access to these odd-
electron Ni species allows for the combination of one- and
two-electron elementary steps within a catalytic cycle,
underpinning the success of Ni/photoredox, Ni/electro-
catalysis, and cross-electrophile coupling (XEC) method-
ologies.

Despite many advances in reaction development, the
mechanisms by which these reactions proceed remain
contested. For example, for an established reaction class,
C(sp?)—C(sp®) coupling, and the prevalent 2,2-bipyridine
(bpy) ligand scaffold, product formation is well-understood to
occur following alkyl radical addition to a (bpy)Ni"(Ar)X
species (Figure 1A).”~° However, the reactivity of the resulting
(bpy)Ni'X species is poorly understood: it is commonly
proposed that these Ni' species are reduced to Ni’, but recent
studies suggest that (bpy)Ni'X complexes can react with
common substrates or irreversibly aggregate (Figure 1B).7_10
Further studies on the reactivity of catalytically relevant low-
valent Ni complexes are necessary to better understand the
elementary steps that are key to modern Ni-catalyzed cross-
coupling reactions, which will enable practitioners to boost
reaction efficiency and selectivity, aid in the development of
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new methods, and improve the performance of data-driven
modeling in this area."’

Efforts to study (bpy)Ni'X complexes directly have yielded
conflicting results, with data obtained from well-defined,
isolable complexes contrasting with observations of (bpy)Ni'X
species generated in situ. These discrepancies are likely due to
the same properties that confer catalytic activity: (bpy)Ni'X
intermediates are highly reactive and thus prone to
deactivation pathways (e.g, aggregation) and redox events
(e.g., comproportionation and disproportionation) that
complicate their direct study. For one of the most widely
used ligands in Ni-catalyzed cross-coupling, 4,4’-di-tert-butyl-
2,2"-bipyridine (*®bpy), Hazari and co-workers isolated and
structurally characterized [ (*®*bpy)NiCl],, which was found to
remain dimeric in solution and was unreactive toward aryl
iodides.” By contrast, monomeric (*®bpy)NiCl generated in
situ by Hadt and co-workers was shown to activate much less
reactive aryl chlorides (Figure 1C)." The lack of a well-defined
and isolable (bpy)Ni'X complex with properties consistent
with catalytic reactivity has prevented a full understanding of
these species’ speciation and reactivity in cross-coupling.
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A. Bond-formation in Ni-catalyzed C(sp?)-C(sp®) coupling
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Figure 1. Prevalence of (bpy)Ni'X species in modern Ni-catalyzed
cross-coupling reactions and investigations of their speciation and
reactivity. n.s. = not studied.

In XEC reactions, in the absence of a cocatalyst, low-valent
Ni species are also proposed to react with alkyl halides to
generate alkyl radicals. Studies on alkyl halide activation by
Ni'X species ligated by bisphosphines,'” tridentate nitrogen
ligands,"”'* and bisoxazoline ligands'> have proposed that
activation proceeds via a halogen atom abstraction mechanism.
However, little is known about the kinetics of this reaction
from (bpy)Ni'X or (bpy)Ni” species. Notably, the activation of
alkyl halides via reduced species derived from (bpy)Ni"(aryl)X
species proposed as either (bpy® )Ni'(aryl)X or (bpy)-
Ni'(aryl) has been demonstrated by Diao and co-workers to
prolcéeed in DMF at catalytically relevant rates even at —60
°C.

Despite valuable organometallic studies and the many
methodologies invoking their intermediacy in catalysis, the
reactivity profile of the (bpy)Ni'X species is not well-

understood due to challenges associated with their isolation.
Herein, we conduct reactivity studies that are relevant to a
variety of catalytic reactions on a well-defined, isolable “**bpy-
ligated Ni' complex and a Ni® analog (Figure 1D). We identify
a previously unknown solvent dependence on the rate of
dimerization of (**'bpy)NiBr to give [(**bpy)NiBr],,
elucidate rates and mechanism for aryl halide and alkyl halide
activation, study the reduction of Ni' to Ni’ with common
XEC reductants, and propose a general mechanism for
C(sp*)—C(sp®) XEC reactions that is most consistent with
our findings.

2. RESULTS AND DISCUSSION

2.1. Synthesis, Characterization, and Speciation of
the Ni-Bipyridine Complexes. In a recent synthetic
organometallic study, we structurally characterized a four-
coordinate monomeric Ni' olefin complex (1**) bound by
“Bubpy.'” 1% is unique among reported (bpy)Ni'X complexes:
all other structurally characterized examples are aggregated as
dimers or tetramers,”’ contain an additional catal ically
relevant ancillary ligand (e.g, a phosphine or NHC), ”'® or
utilize bipyridine ligands with bulky 6,6’ substituents, which
prevent aggregation but drastically affect reactivity at Ni.'”*’
Consistent with observations for other monomeric (bpy)Ni'X
species (Figure 1C),”~”*" we observed oxidative addition of
aryl halides to 1°* stoichiometrically.

Previously, we synthesized 1°* via oxidative addition of 1-
bromo-4-fluorobenzene to a Ni’ precursor bound by (E)-
stilbene (stb), (“'bpy)Ni(stb) (2). This synthesis was
proposed to proceed via an oxidative addition, Ni-to-Ni
transmetalation, reductive elimination, and comproportiona-
tion sequence, as previously proposed by Vicic, Hazari, and
others (Figure 2A).”"> However, our studies suggest that a

A. Previously reported synthesis of 15t +Bu
tBu t-Bu Br +Bu =
7 N (T @ O
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Figure 2. (A) Previously reported synthesis of 1°*. (B) Improved
route to 1* via reaction of in situ-generated 3 with phenyllithium.

radical chain mechanism may be operative instead (vide infra,
section 2.2). To bypass the need for prior synthesis of 2, we
aimed to generate the requisite Ni' aryl intermediates by
treating in situ-generated ("®"bpy)NiBr, (3) with phenyl-
lithium. Following the concentration and removal of LiBr, 1
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A. NMR titration of (E)-stilbene to 1 in THF-dg

B. NMR titration of (E)-stilbene to 2 in CgDg

C. UV-vis characterization of 1

" stb .
2 equiv stb added ") “ ” H‘ 2 equiv stb added ® — 1 MeCN THF
2 5] - -
1 I L ‘ ‘\ stb § --2+3 — DMF  — toluene
N :
. - O P ‘ J \/ \ o é J i
. : ke A 528 nm 654 nm
1 equiv stb added stb ” : 2 H JH\ 5 1equiv stb added g \ 629nm / 685nm
1 I ‘\‘ Eo M [ stb g
_ ese AN - BVAVAG : y JU L~ T 7
H €
0 equiv stb added : 2 Stnb | h 2  0equiv stb added '26 =
1 stby L) LM sto N S
S — L L — 400 600 800 400 600 800
%% @ s @ @ 15 §s 90 85 80 75 70 65 60 : 90 85 80 75 70 65 60 55 50 45 40 Wavelength (nm) Wavelength (nm)

small bound olefin population

data consistent with stilbene dissociation

D. Solvent-dependent dimerization of 1 and additive effects
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Figure 3. (A, B) '"H NMR titration experiments evaluating (E)-stilbene binding for 1 and 2. UV—Vis characterization of 1 recorded at 23 °C. Left:

overlay of a THF solution of 1*® and a 1:1 mixture of 2 and 3 in THF. Right: overlaid spectra of 1 in several organic solvents. A,

values of the

lowest-energy transitions are provided for each solvent. (D) Reaction scheme and evaluation of dimerization of 1 to give 4 across catalytically
relevant solvent systems and additive effects. Rate constants measured at 23 °C. Reported standard errors are propagated from the linear least-

squares analysis. DIPP = 2,6-diisopropylphenyl.

was isolated as black crystals from a THF/pentane solution in
46% isolated yield (Figure 2B).

Room-temperature EPR spectroscopy of 1** in THF affords
an observed ;,, value of 2.211, consistent with the complex’s
unpaired electron being metal-centered rather than ligand-
centered.”””* The 'H NMR spectrum of 1** in THF-dg is
characterized by broad resonances, also consistent with the
system’s unpaired electron. Two resonances appear far
downfield at 25.4 and 22.6 ppm  which we assign as the
arene protons of the "Pbpy ligand. Notably, no resonances
consistent with 2 are present, which has been previously
observed for a (bpy)Nl X complex that is in redox equilibrium
with Ni® and Ni" species.”

To investigate (E)-stilbene binding, we first performed 'H
NMR titration experiments (Figure 3A,B).”>** When addi-
tional equivalents of (E)-stilbene were added to a THF-d
solution of 1*®, no shifts were observed in the (E)-stilbene
protons’ resonances, suggesting a large population of unbound
(E)-stilbene at equilibrium when 1°* is dissolved. In contrast,
significant chemical shift changes were observed when (E)-
stilbene was titrated into a C4Dy solution of 2, consistent with
a low population of free (E)-stilbene and rapid exchange on
the NMR time scale.

We next employed UV—vis spectroscopy to further
characterize a dark green THF solution of 1t (Figure 3C).
The resulting spectrum features two characteristic bands in the
visible region (A, values of 388 and 654 nm). Consistent with
our observations by "H NMR titration, these bands overlap
closely with literature spectra for (*®'bpy)NiBr (1) generated
in situ.””"* Indeed, an identical spectrum was obtained by the
comproportionation reaction of 2 with 3, demonstrating that
the same species is formed when the (E)-stilbene:Ni ratio is
<1. We were excited by this result, as the ability to employ 1°*
as an isolable source of 1 enabled solvent-dependent and
stoichiometric studies that were previously inaccessible via in
situ generation.

We began by evaluating the speciation of 1** in various

solvents. UV—vis spectra of 1 in solvents of differing polarity
revealed negative solvatochromic behavior (Figure 3C). These
shifts are similar to those observed in other bipyridine-ligated
metal complexes and are consistent with the previous
assignment of these bands as Ni'-to-bpy metal-to-ligand charge
transfer (MLCT) states.”*”” In all solvents studied, the MLCT
bands of 1 were observed to decay over time, with a
particularly rapid decay observed in MeCN.

To assess the species formed, we analyzed a solution of
in CD,CN by "H NMR. Within 15 min, conversion to dimeric
[(**"bpy)NiBr], (4) was observed. Returning to UV—vis
analysis, we fit the loss of absorbance at the A, of the low-
energy band over time in various solvents to determme second-
order rate constants for the dimerization of 1 (Figure 3C).**
Notably, the rate at which 1 dimerizes spans multiple orders of
magnitude depending on solvent identity, with the fastest rate
observed in MeCN (6 + 2 X 107> M~! s7!) and the slowest in
THF (3 £ 2 X 107> M~ s7'). The latter value is in good
agreement with a previously reported rate constant obtained by
Hadt and co—workers following in situ generation of 1 in THF
36x 105 M )8

The wide range of observed rates and the 10-fold
discrepancy between DMF and DMA solutions suggest that
solvent coordination influences dimerization kinetics. We
therefore evaluated the effect of potentially coordinating
additives on the dimerization of 1. Strong O-donor ligands
P(t-Bu); and the N-heterocyclic carbene IPr (N,N’-1,3-
bis(2,6-diisopropylphenyl)imidazol-2-ylidene) rapidly formed
4-coordinate complexes of the type (“®'bpy)(L)NiBr in
THE,"”'® which were more stable in solution than 1. Previous
studies have proposed that the dimerization of (bpy)Ni'X
intermediates in catalysis can also be attenuated by weakly
coordinating additives, such as phthalimide and halide
additives.”>”” In MeCN, we observed no attenuation in the
dimerization of 1 in the presence of excess bromide, iodide,
neutral phthalimide, or potassium phthalimide, suggesting that

1 stb
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additive binding must be substantial to prevent the formation
of 4.

We have established that the major species in solutions of
1*® at equilibrium is three-coordinate monomer 1. In the
absence of strong donor ligands, we observe the dimerization
of 1 to give 4, which is most rapid in MeCN. Given the
reported recalcitrance of 4 to disaggregation and catalytically
relevant reactivity,7 we anticipate that our observations will
help inform solvent and additive selection for catalytic
reactions to prevent formation of deactivated 4.

2.2, Reactivity with Aryl Halides. With a better
understanding of the speciation of 1°* in solution, we turned
our attention to studying its reactivity with catalytically
relevant substrates. The oxidative addition of aryl halides to
3-coordinate (bpy)Ni'X species is invoked as an elementary
step in various catalytic reactions, and we have previously
observed the oxidative addition of an aryl bromide and an aryl
chloride to 1°* stoichiometrically. The product distribution of
this stoichiometric reaction gives a 1:1 ratio of (***bpy)NiX,
and (*®"bpy)Ni(Ar)X, which is widely proposed to arise via
rapid comproportionation of a putative (bpy)Ni'™(Ar)X,
species with remaining (bpy)Ni'X.”*"~%*

To further interrogate the kinetic profile of this reaction,
UV—vis spectroscopy was used to monitor the consumption of
1 by the decrease in absorbance at 654 nm (Figure 4A). The
reaction of 1 with chloroarenes produced reaction profiles with
a first-order dependence on [1], and the obtained K, values
varied linearly with [ArCl] indicating a first-order depend-
ence on aryl chloride as well. Consistent with our findings on
the solution-phase speciation of 1°®, no inhibition was
observed upon the addition of excess (E)-stilbene.

For chlorobenzene, UV—vis analysis gave a second-order
rate constant of 0.50 + 0.01 M~ s™', in good agreement with
the value reported by Hadt and co-workers for 1 generated in
situ (0.41 + 0.01 M~" s7").® Attempts to collect rate data for
the reaction of 1 with bromobenzene were hindered by
practical limitations, as the reaction was complete within
seconds (Figure SA). We estimate a lower bound of 10> M™
s! for the rate of bromobenzene oxidative addition to 1, in
accord with Bird and MacMillan et al’s report that
iodobenzene reacts with radiolytically generated 1 with a
second-order rate constant of 2.2 X 10* M~ s™! in DMF.”!

To further investigate the mechanism of oxidative addition
to 1, we varied the electronic and steric properties of the aryl
chloride substrates. A Hammett study using a series of 4-
substituted chlorobenzenes yielded a linear plot against 0,
indicating that the mechanism of oxidative addition was
conserved across the chloroarenes studied (Figure 4B). The
observed p value of +2.2 is most consistent with a concerted
oxidative addition or halogen atom abstraction mechanism for
activation of the C—Cl bond.”** This modest electronic
dependence is less consistent with electron transfer or an SyAr-
type oxidative addition, which has previously been pro;)osed
for the reaction between 1 and aryl chlorides in THE.***

The steric profile of the chloroarene was also found to
influence reactivity. Introduction of ortho-methyl groups to the
chloroarene resulted in a ~S-fold and ~30-fold reduction in
rate for 2-chlorotoluene and 2-chloro-m-xylene, respectively.
Notably, a change in the rate law was observed for 2,6-
disubstituted haloarenes (both aryl chlorides and aryl
bromides). For these substrates, the reaction became second-
order in [1], which we attribute to a change in mechanism
possibly involving aryl radical generation, as previously

A. UV-Vis kinetics workflow
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B. Hammett analysis for chloroarenes by UV-Vis
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Figure 4. (A) Representative workflow for determining rate constants
for oxidative addition to 1. Reactions were run under pseudo-first-
order conditions with respect to [ArCl]. (B) Resulting Hammett plot
for a series of chloroarenes. Reported standard errors are propagated
from least-squares analysis (Figures S17—S24). (C) Hammett plots
generated via competition experiments in different solvents. Error bars
are one standard deviation of two trials. (D) Products observed
following stoichiometric oxidative addition reactions of radical trap
substrate S. n.o. = not observed.
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A. Kinetics of oxidative addition to 2 and effect of phenoxide addtive
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B. Added stilbene inhibits oxidative addition to 2
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Figure 5. (A) Reactivity comparison between 1 and Ni’ analog 2
toward PhBr. The sodium phenoxide additive induces disproportio-
nation away from the Ni' species. (B) Observed rate constants for
increasing loading of (E)-stilbene in the reaction between 2 and
bromobenzene.

observed by Weix and co-workers for hindered aryl iodides
(see SI section 5.2 for more discussion).*

We also examined the solvent dependence of aryl halide
oxidative addition. Due to the more competitive dimerization
pathways in MeCN and DMF, extensive UV—vis studies with
aryl chlorides were not conducted in these solvents. Instead,
we evaluated product distributions from competition experi-
ments for aryl bromide oxidative addition to 1 to perform a
Hammett analysis in DMF, MeCN, and THE.’**’ The
observed p values in the more polar solvents (p = +1.0 in
DMF and p = +0.84 in MeCN) were smaller in magnitude
than the value observed in THF (p = +1.9). Previously, values
of p ~ +1 for haloarene activation have been attributed to a
halogen atom abstraction (XAA) mechanism.*®

To probe for this change in mechanism, we prepared an aryl
bromide with a pendant olefin (5), which was recently shown
by Hartwig and co-workers to rapidly cyclize (K. = 5.8 X 10°
s™!) following XAA of the C(sp®)—Br bond.”” In both THF
and DMF, we observed the exclusive formation of the
uncyclized product 6 (Figure 4D). While these results are
most consistent with a concerted oxidative addition pathway
that is independent of solvent, we cannot rule out XAA-type
activation followed by rapid in-cage radical recombination with
Ni.

Since (bpy)Ni’ intermediates are also commonly proposed
in catalysis, we also evaluated the reactivity of this substrate
class with complex 2. Our first-principles expectation was that
the more electron-rich metal center in 2 in which the olefin
ligand undergoes rapid exchange would undergo oxidative
addition with electrophiles more rapidly than 1. However,
treatment of 2 with five equivalents of bromobenzene afforded
a reaction profile characterized by a brief induction period
followed by a maximum rate slower than that observed for the
analogous oxidative addition to 1 (Figure SA).

We hypothesized that the induction period in the reaction
between bromobenzene and 2 may be related to tight binding
of the T-system of (E)-stilbene. Indeed, the addition of (E)-
stilbene to the reaction was found to extend the induction
period. Furthermore, we postulated that bromobenzene

oxidative addition to 2 may proceed via the intermediacy of
1, which we demonstrated to undergo this reaction rapidly. To
test this hypothesis, we evaluated a sodium phenoxide additive,
which is reported to induce disproportionation of (bpy)Ni'X
species due to the thermodynamic stability of (bpy)-
Ni"(OPh),.*" In the presence of this additive, we no longer
observed an induction period, and reaction profiles became
first order in [2] (Figure SA).

Unlike the case of aryl halide oxidative addition to 1, (E)-
stilbene was found to inhibit the reaction of 2 with
bromobenzene (Figure SB). The rate of reaction with 2 is
also several orders of magnitude slower than oxidative addition
to 1, requiring a large excess of bromobenzene to observe the
reaction’s profile on the order of minutes. Together, these data
suggest that (E)-stilbene must dissociate prior to oxidative
addition to 2, limiting the relevance of this complex as a Ni’
analog of 1 in studies of aryl halide reactivity.

However, these findings have interesting mechanistic
implications. Clearly, Ni' species play an important role in
the oxidative addition of bromobenzene to 2 in the absence of
specific additives. We propose that this reaction proceeds
through a radical chain mechanism in which a small amount of
Ni' (likely 1) formed from 2 reacts with bromobenzene to
form a Ni"" intermediate, which then comproportionates with
2 to regenerate Ni' and propagate the chain (Figure SA). This
mechanism is likely to be more accurate than the sequence
described above for the synthesis of 1 from 2 (Figure 2A).
Similar mechanisms are likely operative in reactions that
invoke (bpy)Ni’ intermediates in the presence of olefins
either from Ni precursors (e.g, 1,5-cyclooctadiene (COD)
from Ni(COD),) or substrates (e.g., an alkene in a
dicarbofunctionalization reaction).”"** The apparent gener-
ation of 1 from (bpy)Ni’(olefin) complexes may also inform
precatalyst design: a suitably tuned (bpy)Ni’(olefin) precursor
could generate 1 in low concentrations, disfavoring off-cycle
comproportionation and dimerization pathways that diminish
catalytic efficiency.””*

2.3. Reactivity with Alkyl Halides. With an improved
understanding of the reactivity of 1 and 2 with aryl halides in
hand, we turned our attention to the activation of C(sp*)—X
electrophiles by these complexes. The generation of alkyl
radicals from alkyl halides by low-valent Ni complexes is
thought to play an important role in a variety of cross-coupling
reactions, most prominently in XECs."” It is more frequently
proposed that alkyl halide activation occurs from a putative
(bpy)Ni'(Ar) species rather than (bpy)Ni'X, which is based on
observations for bisphosphine-bound Ni' complexes."> How-
ever, XAA of benzylic chlorides mediated by a (bisoxazoline)-
Ni'X complex has been studied by Reisman and co-workers,
suggesting that Ni'X complexes bearing nitrogen ligands are
capable of activating alkyl halides.'

First, the product distributions resulting from the reaction of
a primary alkyl iodide 1-iodo-3-phenylpropane with 1 and
2, respectively, were studied (Figure 6A). For both reactions,
we observe a mixture of products consistent with the
generation of freely diffusing alkyl radicals, with 1,6-
diphenylhexane (via radical-radical coupling), N-propylben-
zene, and 3-phenylpropene observed in both cases. The latter
two products are postulated to arise following radical addition
to a Ni center, after which protodemetalation in workup would
furnish n-propylbenzene or B-hydride elimination would give
3-phenylpropene.'>** Only 50% conversion of alkyl halide was
observed in the reaction with 1, similar to observations in the

https://doi.org/10.1021/jacs.5c11247
J. Am. Chem. Soc. XXXX, XXX, XXX—XXX


https://pubs.acs.org/doi/suppl/10.1021/jacs.5c11247/suppl_file/ja5c11247_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacs.5c11247?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.5c11247?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.5c11247?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.5c11247?fig=fig5&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.5c11247?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of the American Chemical Society

pubs.acs.org/JACS

A. Stoichiometric reactivity of 1-iodo-3-phenylpropane with 1 and 2

Ni + ppN~"N —— > R-Br + R-R + R-H
i THF (12.5 mM)
23 °C, 30 min

(1.0 equiv) H* quench

Nilsource % remaining % yield % yield % yield % yield

R-1 R-Br R-R R-H R=CH,
1stb 42% 7% 21% 18% 8%
2 4% 0% 28% 32% 26%

B. Kinetic profile for the reaction of 1 and 2-bromo-2-methylpropane

1.0 0.0
2.2 mM t-BuBr
l s 3.3mM t-BuBr
3 l —_ v 4.4 mM t-BuBr
c -~
3 [1] =230 uM = 059
i 057 e
[%] =
e [ =
2 £
-1.0+
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C. Rate constants for the halogen-atom abstraction of alkyl halides by 1 and 2

Kxaa ) )
1or2 + RX —— > |[Ni'species] + R-R + R-H
THF, 23 °C
Kxaa (M s7)
alkyl X
1 2
t-butyl Br 1.1+03 14+04
2-butyl Br 0.20 +0.01 0.47 +0.01
Cl 0.007 +0.001 0.006 +0.001
3-phenylpropyl Br 0.21 £0.01 0.25 +0.01
| 12.1 £0.1 19+2

Figure 6. (A) Stoichiometric reactivity of 1-iodo-3-phenylpropane
with 1 and 2. Yields were determined by GC. (B) Kinetic profile of
the reaction between 1 and 2-bromo-2-methylpropane. (C)
Bimolecular rate constants for the halogen atom abstraction of alkyl
halides of various substitution by 1 and 2. Reported standard errors
are propagated from least-squares analysis (Figures $25—534).

reaction of 1 with equimolar amounts of aryl halide. In this
case, we attribute this additional consumption of 1 to the
radical addition pathways. Furthermore, some alkyl iodide is
converted to alkyl bromide, suggesting that pathways exist
along which alkyl halide activation is reversible.

To compare rates with those of the other reactions studied,
we next examined the kinetics of alkyl halide activation by 1
(Figure 6B). In most cases, it was observed that reactions were
first order in [1] and first order in [alkyl-X],* allowing for
determination of second-order rate constants (Figure 6C).
Both halide identity and substitution of the alkyl chain were
found to affect rates of activation, with rates for the series of 3-
phenylpropyl halides spanning 4 orders of magnitude (I > Br >
Cl). Alkyl substitution had a smaller effect on rates of
activation, with increasing substitution generally resulting in
faster activation (3° > 2° ~ 1°). These observations are
consistent with previous studies which invoke a concerted
halogen atom abstraction mechanism for alkyl halide activation
by low-valent Ni.'>'® Interestingly, the rates of halogen atom
abstraction (Ky,4) observed for alkyl bromides are comparable

in rate with the Ky, values reported above for aryl chloride
oxidative addition, demonstrating that 1 is better poised to
activate C(sp*)—X electrophiles relative to C(sp*)—X electro-
philes.

The reactions of alkyl halides with Ni° analog 2 were also
investigated. Unlike for the reaction between 2 and aryl
halides, no induction period was observed. In all reactions
between 2 and alkyl bromides, formation of 1 could be
observed at intermediate reaction times, with overlap of
absorbance bands complicating UV—vis analysis. In order to
track [2], we employed spectral deconvolution by fitting linear
combinations of reference spectra of 1 and 2, affording
reaction profiles that were first order in [2] (see SI section 8.2
for more details). These observed rate constants for activation
at 2 were faster than those for 1 but were of the same order of
magnitude in all cases. Similar trends in halide identity and
alkyl substitution were observed (I > Br > Cl, 3° > 2° > 1°),
consistent with a concerted halogen atom abstraction pathway
for alkyl halide activation from 2.

2.4. Reduction of Ni' to Ni°. The reduction of 1 or similar
(bpy)Ni'X species to give (bpy)Ni’ intermediates has been
proposed in many catalytic reactions, particularly in XECs and
metallaphotoredox catalysis.”* These proposals likely originate
from hypotheses that Ni’ species are responsible for the
activation of various substrate classes in these couplings.
However, as demonstrated above, (bpy)Ni'X species are
kinetically competent in reactions with C(sp?)—X and
C(sp®)—X electrophiles, which prompted us to assess the
feasibility of the reduction of 1 versus its reactivity with
electrophiles. Thermodynamic reduction potentials generally
support that bipyridine-bound Ni'/Ni’ redox couples are
within range of common catalytic reductants,**® but the
inaccessibility of (bpy)Ni'X complexes has prevented the
direct study of these reductions.

With access to 1 upon the dissolution of 1°, we were able to
evaluate reduction reactions with metallic zinc and manganese
under XEC-like conditions (Table 1). After heating at 60 °C

1 stb

Table 1. Reduction of 1 to 2 with Common Heterogeneous
Metal Reductants

MO (60 equiv)
LiBr (40 equiv)
st T s 2 4+ 12MX,
solvent, 60 °C
1h

reducing % of active Ni®
solvent  reductant potential
(V vs. Fc/Fc*)? 1 2
THF Zn -1.61V 92% 8%
THF Mn —-1.64V 69% 31%
DMF Zn -1.53V 100% 0%
DMF Mn -1.63V 100% 0%

aReducing potentials of Zn/LiBr and Mn/LiBr in THF and DMF
from ref 46. PFormation of dimer 4 was observed in entries 2—4.

for 1 h, reactions were filtered to remove the reductant and
analyzed by UV—Vis spectroscopy to determine the identity of
remaining Ni. For Zn or Mn in THF, some formation of 2 was
observed, which we attribute to reduction and trapping by free
(E)-stilbene. Notably, in DMF a common solvent for XEC
reactions no formation of 2 could be observed for either
reductant. These observations demonstrate that the reduction
of (bpy)Ni'X species to (bpy)Ni’ by Zn and Mn is inefficient

https://doi.org/10.1021/jacs.5c11247
J. Am. Chem. Soc. XXXX, XXX, XXX—XXX


https://pubs.acs.org/doi/suppl/10.1021/jacs.5c11247/suppl_file/ja5c11247_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacs.5c11247?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.5c11247?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.5c11247?fig=fig6&ref=pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.5c11247/suppl_file/ja5c11247_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacs.5c11247?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.5c11247?fig=tbl1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.5c11247?fig=tbl1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.5c11247?fig=tbl1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.5c11247?fig=tbl1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.5c11247?fig=tbl1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.5c11247?fig=tbl1&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.5c11247?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of the American Chemical Society

pubs.acs.org/JACS

A. Cross-electrophile coupling studies and rate matching data

! B. Proposed catalytic cycle

X (bpy)Ni'X
3 (10 mol%) Ph Ar-alkyl . Ar=X  + or
O YT —————— /©/\/\ (bpy)NI'X 0.52n
R LiBr (1 equiv) R \(
Zn (2 equiv) te 1 i
solvent (0.2 M) R=F (8) : EUE (bpy)Ni"'X,
Reaction I. R=F, Y = Br, vary X 60 °C, 48 h R =CF; (9) : \ or
Reaction Il. R = CFg, X = Cl, vary Y % yield g 0.5 20X,
: (bpy)Ni"'(Ar)(alky)X (bpy)Ni"(Ar)X
entry X Y rate matched? solvent 8or9 aryl-aryl? alkyl-alkyl® .
: 2 opyni
i Cl Br matched THF 52% 23% 13% £
2 Br Br mismatched THF 4% 91% 53% [(bpy)Ni']
: Proposed identity
3 cl Br matched DMF 24% 71% 57% of [(bpy)Ni'T "~ alkyle <— rate2 — alkyl-Y
4 Br Br mismatched DMF 21% 78% 56% in THE: (py)NIX i
5 cl | matched THF 69% 6% 3% in DMF: (bpy)NI'Ar © | Forrate 1= rate 2, selectivity obtained |
6 cl Br mismatched THF 31% 70% 32% - Py per the persistent radical effect
7 Cl | matched DMF 14% 89% TB% ettt
8 Cl Br mismatched DMF 80% 16% 6% C. Redox potentials of the cathodic peak for Ni species relevant to
: XEC studies
Reaction | Reaction Il :
X al : solvent Ni species Epct (V vs. Fe/Fe*)
O Br”""Ph /©/ X" ph : THF (+Bubpy)NiBr, 160V
F F3C :
DMF (*Bubpy)NiBr, -1.92V
—Cl -1g-1 _Br 1g-1
X =Cl:0.30 M's 021 M 9.4 Mg X=Br:0.21 M''s T (Bubpy Ni(o-Tol)Br 01V
X =Br:>102 Ms"! X=1:12.1 Ms!
rate of reaction with 1 at 23 °C (THF) DMF (*BUppy)Ni(o-Tol)Br -1.80V

Figure 7. (A) Cross-electrophile coupling studies varying substrate and solvent identity to probe matched/mismatched XECs. (B) Proposed
catalytic cycle most consistent with our experimental data. (C) Redox potentials of Ni species relevant to the XEC studies. Yields were determined
using F NMR or GC. 4,4 -difluorobiphenyl for Reaction 1, 4,4 -bis(trifluoromethyl)biphenyl for Reaction II. °1,6-diphenylhexane.

under XEC conditions relative to reactions of (bpy)Ni'X with
electrophiles.

2.5. Using Observed Reactivity to Investigate the
Cross-Electrophile Coupling Mechanism. With an im-
proved reactivity profile of 1 in hand, we hypothesized that our
findings would allow for an investigation of the mechanism and
origin of cross-selectivity in C(sp?)—C(sp®) XEC reactions.
Our observations that reactions between 1 and XEC
electrophiles proceed much more rapidly than reduction of 1
by common XEC reductants provide evidence against a
mechanism in which (bpy)Ni’ intermediates activate electro-
philes. Another contested mechanistic proposal in XEC
reactions is the origin of cross-selectivity for C(spz)—C(sp3)
products over C(sp?)—C(sp*) or C(sp*)—C(sp’) coupling.
Two major proposals on the origin of cross-selectivity have
been made: (1) orthogonal activation of C(sp*)—X and
C(sp®)—X electrophiles by (bpy)Ni'X or (bpy)Ni'(Ar),
respectively, imparts selectivity on products,'®" and (2)
substrate activation need not be mediated by distinct Ni
complexes, but product selectivity arises per the persistent
radical effect, in which the rates at which (bpy)Ni'(Ar)X (a
persistent “metalloradical”) and alkyl radical (a transient
radical) are generated must be matched.”**

In order to assess these proposals, we evaluated several
C(sp*)—C(sp®) cross-couplings between an aryl halide and a
primary alkyl halide for which we had gathered kinetic data on
substrate activation by 1 in THF (Figure 7A). Based on our
kinetic data, we designed two sets of XEC reactions in which
the halide identity of one substrate was varied to give rate-
matched and rate-mismatched cases. Furthermore, reactions
were run in both THF and DMF to investigate solvent-
dependent variations in the mechanism. In the first set of
reactions studied (Reaction I), the halide identity of the

C(sp*)—X partner was varied. For the rate-matched substrate
pairing  1-chloro-4-fluorobenzene and 1-bromo-3-phenylpro-
pane we observed cross-selectivity for the desired C(sp?)—
C(sp®) cross-coupled product (8) in THF (entry 1). However,
when switching the halide identity of the C(sp®)—X partner
from chloride to bromide (a > 100-fold increase in activation
rate by 1), we observed only trace amounts of 8 and C(sp?)—
C(sp*) homocoupling became the major pathway (entry 2).
For the same XEC reactions in DMF, a more common solvent
for XEC reactions,” we observed an erosion in cross-selectivity
for the aryl chloride coupling (entry 3) and a S-fold
improvement in cross-selectivity for the bromoarene coupling
(entry 4).

In the second set of reactions studied (Reaction II), the
halide identity of the C(sp®)—X partner was varied. In this
case, the coupling between 4-chlorobenzotrifluoride and 1-
iodo-3-phenylpropane is rate matched, and we observed
excellent cross-selectivity for the desired C(sp*)—C(sp®)
cross-coupled product (9) in THF (entry S). In line with
our kinetic data, the mismatched coupling with 1-bromo-3-
phenylpropane afforded 9 in a decreased yield with poor cross-
selectivity in THF (entry 6). However as was observed in
Reaction I rate-matching based on kinetic observations in
THEF was no longer predictive for the yield of 9 for XECs in
DMF (entries 7 and 8). In this case, the yield of 9 in the
“mismatched” case in DMF even exceeds that in the matched
case in THF.

We attribute the observed solvent-dependent reactivity to a
change in the identity of the species activating the alkyl halide
partner. In THF, we propose that 1 activates both electro-
philes, with the persistent radical effect affording cross-
selectivity (Figure 7B). Thus, kinetic data for substrate
activation by 1 is predictive of XEC rate-matching in THF.
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In DMEF, 1 may activate the alkyl halide partner to some extent,
but we propose that reduced species derived from (bpy)-
Ni"'(Ar)X (herein, (bpy)Ni'(Ar)) are also formed and react
with the alkyl bromide partner to generate alkyl radicals, as
previously studied by Diao and co-workers.'® Indeed, these
observations are consistent with the reduction potentials for
relevant ("®"bpy)Ni" species: the relative favorability for
reduction of 3 and (*P'bpy)Ni(0-Tol)Br are reversed in
THF and DMF (Figure 7C).

Literature values indicate that XAA by (bpy)Ni'(Ar) should
proceed with larger rate constants than XAA by 1,'° which
helps account for the S-fold increase in formation of 8 between
entries 2 and 4 and the reversal of the expected cross-selectivity
for 9 in entries 7 and 8. However, the data for Reaction I
suggest that the more selective electrophile activation in DMF
(ie., ArBr is activated by 1, alkyl bromide is activated by
(bpy)Ni'(Ar)) is not sufficient for obtaining cross-selectivity.
We attempted to generate (bpy)Ni'(Ar) species through
transmetalation for in situ studies of activation rates, but we
observed rapid disproportionation to 2 and (bpy)Ni"(Ar),
that prevented further studies (see SI section 5.6 for further
discussion).*

Given these observations, we can propose a catalytic cycle
for bpy/Ni-catalyzed XEC reactions that is consistent with our
data (Figure 7B). Oxidative addition of the C(sp*)—X
electrophile to a (bpy)Ni'X species affords a (bpy)Ni"(Ar)X
intermediate after rapid comproportionation or reduction from
a Ni"" oxidative adduct. Addition of an alkyl radical to this
(bpy)Ni"(Ar)X intermediate affords the C(sp*)—C(sp®)
coupled product following reductive elimination from Ni'.>°
The aforementioned alkyl radical can be generated by either a
(bpy)Ni'X species or a (bpy)Ni'(Ar) species, depending on
solvent identity (and perhaps other factors, such as the
reducing agent). To achieve cross-selectivity, it is possible to
have unselective electrophilic activation (e.g, 1 activating both
substrates) if the rates of substrate activation are sufficiently
matched. Furthermore, even for scenarios in which electrophile
activation is mediated by distinct Ni species, rate matching of
substrate activation still appears to be necessary to obtain
cross-selectivity.

3. CONCLUSIONS

Catalytically relevant reactivity studies have been conducted on
(*B*bpy)Ni' complex 1 and ("*bpy)Ni’ complex 2. Overall,
the large rate constants for C(sp?)—X oxidative addition to 1,
particularly for aryl bromides and iodides, relative to the other
reactions studied suggest that (bpy)Ni'X species are likely to
react with aryl halides when they are substrates in catalytic
reactions instead of other pathways. We also implicate the
intermediacy of 1 in the reactions of aryl halides with 2, which
is likely a general phenomenon for (bpy)Ni’(olefin) species.
We also demonstrate that (bpy)Ni'X species are kinetically
competent toward XAA of alkyl halides, complementing
previous proposals based on the reactivity of (bisphosphine)-
Ni'X species.'” Based on the observed rate constants,
dimerization of 1 to give 4 does not appear to be competitive
with reactions of 1 with substrates in a catalytic reaction.
However, due to the low solubility of 4 and the irreversible
nature of the dimerization, formation of 4 may occur in
catalytic reactions depending on substrate and solvent identity.
Our findings provide insights into additive and solvent
selection that can be employed if catalyst deactivation due to
aggregation is suspected.

Taken together, these data allow for an analysis of the
mechanism and the origin of cross-selectivity in XEC reactions.
We find that reduction of 1 to 2 with common metal
reductants for XEC reactions is more ineflicient than reactions
between 1 and common electrophiles, suggesting that
(bpy)Ni® species are not easily generated under XEC
conditions. Our data suggest that both (bpy)Ni'X species
and (bpy)Ni'(Ar) species are capable of mediating XAA for
XEC reactions, with solvent identity dictating which is the
major pathway. In THF solution, where reduction of
(bpy)Ni"(Ar)X species is unfavorable, cross-selectivity could
be achieved despite unselective activation by (bpy)Ni'X for
suitably rate-matched substrates. In DMF solution, where we
propose substrate activation is more selective due to the
increased favorability of (bpy)Ni"(Ar)X reduction, the data
indicate that rate matching of substrate activation remains
necessary for obtaining satisfactory cross-selectivity.

We anticipate that these findings will inform mechanistic
proposals, solvent and additive selections, and reaction design
for future Ni-catalyzed cross-coupling reactions. Further
investigations in this area should evaluate complexes bearing
other nitrogen ligands (particularly chiral variants), mecha-
nism-informed modeling, and precatalyst design.
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