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In nickel-catalyzed alkyl-alkyl cross-coupling reactions, paramagnetic Ni(l) and
Ni(lll) species are proposed to be the active intermediates. This study provides
unambiguous evidence for the involvement of both Ni(lll) and Ni(l) organometallic
species in such cross-coupling reactions. In addition, the presence of acetonitrile
or other alkyl nitriles improves the product yield in a multifaceted fashion,
suggesting that the presence of a coordinating solvent and a weak w-acceptor,
such as acetonitrile, could have a beneficial effect for a range of Ni-mediated
organometallic transformations.

GOOD HEALTH

AND WELL-BEING X

Griego et al., Chem 10, 867-881
March 14, 2024 © 2023 Elsevier Inc.

https://doi.org/10.1016/j.chempr.2023.11.008



mailto:mirica@illinois.edu
https://doi.org/10.1016/j.chempr.2023.11.008
http://crossmark.crossref.org/dialog/?doi=10.1016/j.chempr.2023.11.008&domain=pdf

Chem

¢? CellPress

A bulky 1,4,7-triazacyclononane and acetomtnle
a Golohlocks system for probing the role of Ni""
and Ni' centers in cross-coupling catalysis

Leonel Griego,’? Ju Byeong Chae,"? and Liviu M. Mirica'**

SUMMARY

In nickel-catalyzed cross-coupling reactions involving alkyl sub-
strates, catalysts supported by N-donor ligands are proposed to
involve paramagnetic Ni(l) and Ni(lll) species as key intermediates.
Herein, we report the use of a bulky ligand, 1,4,7-triisopropyl-
1,4,7-triazacyclononane (iPr3TACN), that facilitated the detection
or isolation of uncommon organometallic Ni(lI) and Ni(lll) complexes
involved in well-defined oxidative addition, transmetalation, and
reductive elimination steps. Moreover, (iPr3TACN)Ni(ll) complexes
were shown to be efficient catalysts for alkyl-alkyl Kumada cross-
coupling. The presence of acetonitrile and other alkyl nitriles led
to an increased yield of cross-coupled products, and the multifac-
eted beneficial role of the nitrile additive during catalysis was thor-
oughly investigated. Overall, these studies provide unambiguous
evidence for the involvement of both Ni(lll) and Ni(l) organometallic
species in Ni-catalyzed alkyl-alkyl cross-coupling reactions and sug-
gest the presence of a coordinating solvent and a weak m-acceptor,
such as acetonitrile, could have a beneficial effect for a range of Ni-
mediated organometallic transformations.

INTRODUCTION

Cross-coupling reactions catalyzed by nickel complexes have become indispensable
for the synthesis of new molecules with more complex structures and improved
> By comparison to the extensively developed
Pd-catalyzed reactions, the Ni catalysts have the increased ability to employ alkyl

chemical and biological properties.’

electrophiles and nucleophiles and promote stereoselective transformations. For
such alkyl-alkyl cross-coupling reactions, Ni complexes stabilized by bidentate
and tridentate N-donor ligands have been shown to be the most efficient. For
example, Fu, Hu, and Vicic groups have independently studied various organome-
tallic Ni complexes supported by tridentate N-based ligand frameworks such as pyr-
idinebisoxazolines, NNN pincer ligands, and terpyridine ligands, respectively (Fig-
".dialkyl species is proposed to be an active

intermediate in the C-C coupling of alkyl electrophiles with various alkyl nucleo-
i

ure 1).°7'? In all these cases, a Ni
philes, yet no system has allowed the direct observation of any Ni"-dialkyl species.
Scorpionate tridentate ligands, such as HCPy; and HBPz3™ (Tp), have been used by
Bour et al. to stabilize LNi"'RR’ species (where R/R’ = CF3, biphenyl, Ar/CFs, cyclo-
neophyl, C4Fg), yet no Ni" 13215
Our group has previously isolated high-valent organometallic Ni species by using

-dialkyl species were isolated in those cases either.

tetradentate pyridinophane ligands and ancillary CF3 or cycloneophyl ligands to sta-
bilize the Ni"" centers'®?%; however, Ni"-dialkyl complexes bearing a tridentate

ligand have remained elusive to date.

THE BIGGER PICTURE

The last two decades have led to a
dramatic development of nickel-
catalyzed cross-coupling
reactions involving alkyl
substrates, including a wide range
of stereoselective
transformations. In these
reactions, nickel complexes
supported by N-donor ligands
have been proposed to involve
paramagnetic Ni(l) and Ni(lll)
species as the active
intermediates during catalysis.
Herein, we employed a bulky
tridentate ligand to provide
unambiguous evidence for the
involvement of both Ni(lll) and
Ni(l) organometallic species in the
three elementary steps of the
proposed catalytic cycle:
oxidative addition,
transmetalation, and reductive
elimination. In addition, the
presence of acetonitrile and other
alkyl nitriles led to an increased
product yield, and this surprising
effect was investigated in detail.
Overall, these studies suggest the
presence of a coordinating
solvent and a weak m-acceptor,
such as acetonitrile, could have a
beneficial effect for a range of Ni-
mediated organometallic
transformations.
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A Ni-catalyzed Csp3—Csp3 cross-coupling reactions
R—=X+R'-M ——( Ni j—/> R—R’
Commonly proposed to involve a Ni%Ni" or Ni/Ni'" catalytic cycle

B Selected examples of tridentate ligands used to study alkyl-alkyl cross-couplings
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Ni"-dialkyl species supported by tridentate ligands are still elusive

C This work: Detection of reactive intermediates in Csp3-Csp® cross-coupling
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o All reaction steps studied by EPR and electrochemistry
e Probe the beneficial effect of MeCN in key catalytic steps

Figure 1. An overview of Ni-catalyzed Csp>-Csp® cross-coupling reactions supported by
tridentate ligands

(A) Depiction of a general Kumada cross-coupling reaction.

(B) Previously reported tridentate ligands used to study Csp>-Csp? cross-couplings.

(C) Key findings reported herein.

Tridentate ligands based on the 1,4,7-triazacyclononane (TACN) azamacrocycle
have been extensively used in bioinorganic chemistry to generate Fe and Cu com-
plexes,”’** but only a few (TACN)Ni complexes have been reported to date.”* 2
We have previously reported the use of 1,4,7-trimethyl-TACN (Me3TACN) to stabi-
lize high-valent, organometallic Pd-dialkyl”’-*® and Ni-cycloneophyl'” complexes.
Attempts at making the Ni-dimethyl complex bearing this ligand framework re-
mained elusive due to the tendency of its Ni-dihalide precursor to form a INi"(p-
ChsNi"* dinuclear species that inhibits transmetalation, which is essential for the

"Department of Chemistry, University of lllinois at

synthesis of the dimethyl complex.?* The steric effect of the N-substituents on Urbana-Champaign, 600 S. Mathews Avenue,
the TACN system has been probed previously by using 1,4,7-triisopropyl-TACN Urbana, IL 61801, USA

(iPrsTACN)?? for the isolation and characterization of a mononuclear NiCl, com- ?These authors contributed equally

plex. Recently, our group has reported the isolation of a Ni' complex supported 3Lead contact

by iPrsTACN and tert-butylisocyanide, [(iPrsTACN)NI'(CN'Bu),l(PFs); however, its *Correspondence: mirica@illinois.edu
organometallic reactivity has not been mvestlgated.30 https://doi.org/10.1016/j.chempr.2023.11.008
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Figure 2. Synthesis and structural characterization of Ni complexes

(A) Synthesis of (iPrsTACN)Ni complexes.

(B) Solid-state structure of 1 with 50% probability ellipsoids (hydrogen atoms omitted for clarity);
selected bond lengths (A): Ni1-N1 2.1879(9), Ni1-N2 2.0773(9), Ni1-N3 2.0965(9), Ni1-Cl1
2.2972(3), and Ni1-ClI2 2.3969(3).

(C) Solid-state structure of 2 with 50% probability ellipsoids (hydrogen atoms omitted for clarity);
selected bond lengths (A): Ni1-C11.933(4), Ni1-C2 1.937(4), Ni1-N1 2.089(4), and Ni1-N2 2.074(3).
(D) Solid-state structure of 4 with 50% probability ellipsoids (hydrogen atoms and counteranion
omitted for clarity); selected bond lengths (A) and angles (°): Ni1-N1 2.0764(14), Ni1-N2 2.0557(14),
Ni1-N3 2.0534(14), Ni1-N4 1.9383(14), Ni1-C16 1.9153(17), N4-C16 1.206(2), and C17-C16-N4
142.35(13).

Herein, we report the synthesis, characterization, and reactivity studies of organo-
metallic Ni', Ni", and Ni" complexes supported by iPrsTACN (Figure 2A). These
complexes are involved in well-defined oxidative addition, transmetalation, and
reductive elimination steps that are essential to the cross-coupling catalytic cycle.
Mechanistic studies involving electron paramagnetic-resonance (EPR) spectroscopy,
electrochemical methods, and radical clock substrates provide unambiguous evi-

"to Ni', oxidative addi-
1

dence for a direct Csp>-Csp? reductive elimination from Ni
tion of an alkyl halide via a radical mechanism from Ni' and Ni", transmetalation at
Ni", and the reduction of a Ni" precatalyst to an active Ni' species by the Grignard
reagent. Moreover, (iPrsTACN)Ni" complexes were shown to be efficient catalysts
for the alkyl-alkyl Kumada cross-coupling, and the presence of acetonitrile and other
alkyl nitriles led to an increased yield of cross-coupled product. Although the bene-
ficial role of nitriles (mostly aryl nitriles) in Ni catalysis has been reported previously,
such a role was proposed to be due to the formation of Ni%nitrile adducts.?’~**
Herein, detailed spectroscopic, electrochemical, and mechanistic studies suggest
that a weaker m-acceptor, such as acetonitrile, is able to slightly stabilize a Ni' spe-
cies while also preventing B-hydride elimination and promoting transmetalation

and rapid reductive elimination from the Ni" species. Overall, these studies provide

""'and Ni' organometallic spe-

cies in Ni-catalyzed alkyl-alkyl cross-coupling reactions and also suggest that the

unambiguous evidence for the involvement of both Ni
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presence of a coordinating solvent and a weak m-acceptor, such as acetonitrile,
could have a beneficial effect for a range of Ni-mediated organometallic transforma-
tions involving Ni' intermediates.

RESULTS AND DISCUSSION

Synthesis and characterization of (iPr;TACN)Ni complexes

The (iPrsTACN)Ni"Cl, complex (1) was synthesized upon the metalation of iPr; TACN
with NiCI,(DME) in 91% yield (Figure 2A).%>° Yellow X-ray quality crystals were ob-
tained, and the solid-state structure revealed a five-coordinate Ni' center (Fig-
ure 2B). A closer look reveals two Ni-N bonds with similar bond lengths of 2.077
and 2.096 A, whereas the third N atom is positioned at 2.188 A from the Ni center.
The geometry index of 15 = 0.48 indicates that the Ni center adopts a geometry be-
tween square pyramidal and trigonal bipyramidal, giving rise to inequivalent Ni-Cl
bond lengths that differ by ~0.1 A. The disparity between these two Ni—-Cl bond
lengths is intriguing, since it is indicative of a potentially labile halide. Moreover,
the cyclic voltammogram (CV) reveals an oxidation event at Eq,, = +0.68 V vs. Fc*/
Fc, presumably corresponding to a Ni'/Ni""" redox couple (Figure $17).

The mononuclear nature of complex 1 allowed for its reaction with 2 equiv CH3MgCl
to afford (iPrsTACN)Ni"(CHs), (2, Figure 2A). Extraction with pentane and concentra-
tion of the solution at —35°C afforded X-ray quality yellow crystals of 2 in 61% yield.
The solid-state structure reveals a square planar Ni" center, with the iPrsTACN ligand
binding in a bidentate fashion with Ni-N bond lengths of 2.089 and 2.074 A, and two
ancillary methyl groups with Ni—C bond lengths of 1.933 and 1.937 A(Figure 2C). As
expected, the CV of the dimethyl complex 2 reveals more accessible oxidation
events than those observed for the dihalide complex 1 (Figure S18). Two irreversible
oxidation events, presumably corresponding to the Ni'/Ni"' and Ni"'/Ni"¥ redox cou-
ples, are observed at Ep, = —0.62 V and +0.01 V vs. Fc*/Fc, respectively.

We then tested the oxidative reactivity of 2 by monitoring the formation of ethane
upon oxidation with various one-electron and two-electron oxidants (Figures 3A
and S25-530). Reaction of 2 with 1 equiv FcPF, generated ethane cleanly in 88%
yield after 20 min at —20°C in CD3CN. In addition, when 2 was reacted with 2 equiv
of the milder oxidant Fc*PF (Eq,2 = —0.59 V vs. Fc*/Fc), a similar yield of 89% ethane
was obtained (Figure 3A), suggesting that the generation of a Ni"V intermediate is
not needed for efficient C-C bond formation, whereas a second equivalent of this
mild oxidant is not needed to oxidize the resulting Ni' product in order to alleviate
unwanted side reactions, as employed previously.'? The same reaction performed
in tetrahydrofuran-dg (THF-dg) afforded ethane in 79% yield and methane in 19%,
suggesting a cleaner reductive elimination of ethane in the presence of MeCN.
Excitingly, the oxidation of 2 with the O-based oxidants H,O,, urea-H,O,, and
even O; led to a rapid formation of ethane in ~90% yield (Figures 3A and S30). Over-
all, the observed fast and selective oxidatively induced C-C bond formation in the
presence of O-based oxidants suggests that such oxidation processes could be em-
ployed in catalytic transformations.

We then investigated the mechanism of C-C bond formation product using com-
plexes 2 and its CD3 analog 2-CD3 to perform crossover experiments (Figures 3B
and S31). Interestingly, oxidation of a 1:1 mixture of 2 and 2-CDj3 with various
one- and two-electron oxidants generated only ethane and d-ethane, with no
CH3-CD3 being observed. This is in contrast to previous results obtained for a
(MeN4)NiMe, complex supported by a tetradentate pyridinophane ligand, in which
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Figure 3. C-C bond formation reactivity studies

(A) Yields of ethane formed upon the oxidation of 2 with various oxidants, obtained by "H NMR with
trimethoxybenzene as an internal standard.

(B) Yields of ethane isotopologs formed upon the oxidation of 2 with various oxidants, obtained by
"H and ?H NMR with trimethoxybenzene or toluene-dg as an internal standard, respectively.

the CH3-CDj3 crossover product was formed via a proposed methyl group transfer
mechanism involving a (MeN4)NiVMejs intermediate.’® In a later study, the use of a
pseudo-tridentate pyridinophane ligand M*™*N4 did not generate the CH3-CD;
crossover product upon oxidation of the corresponding MeTsN4)NiMe, complex,
and a transient 5-coordinate Ni''"Me, intermediate was proposed to undergo rapid
reductive elimination of ethane and formation of a Ni' complex.?® For these pyridi-
nophane systems, the generated Ni' species are unstable and undergo rapid dispro-
portionation to Ni°, free ligand, and a Ni"-solvento complex, precluding any appre-
ciable alkyl-alkyl cross-coupling catalysis.'®'®? In the case of 2, we propose the
formation of a 5-coordinate Ni"'Me, species that undergoes rapid C-C bond forma-
tion to eliminate ethane. Importantly, in the current system, no Ni° formation or
further decomposition was observed upon ethane formation in MeCN.

Given the rapid oxidatively induced reactivity of 2, we then sought to detect any
transient high-valent Ni intermediates. Gratifyingly, when 2 was reacted with 1 equiv
FcPF, at —94°C in THF:2-MeTHF, a rhombic EPR spectrum was observed and as-
signed to the [(iPrsTACN)Ni""Me,]* (3) species. The EPR spectrum is representative
of a square pyramidal d’ Ni"" center and was simulated using g values of 2.379,
2.271, and 2.009 (Figure 4A, black), along with superhyperfine coupling in the g,

¢? CellPress
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Figure 4. EPR characterization of Ni"' and Ni' species

(A) Stacked EPR spectra (1:5 THF:2-MeTHF glass, 77 K) of NI species formed upon the oxidation of
the Ni"" precursors with FcPFg at —94°C. Simulation parameters for 3: 9x =2.378, 9, =2.269, g, =
2.010 (AN = 16.0 G).

(B) DFT-calculated Mulliken spin density for 3, shown as a 0.05 isodensity contour plot.

(C) EPR spectra (1:5 MeCN:PrCN glass, 77 K) at different time points at —20°C, monitoring the
conversion of 3 to 4 upon reductive elimination of ethane.

(D) DFT-calculated Mulliken spin density for 4, shown as a 0.05 isodensity contour plot.

direction corresponding to one N atom ([ = 1, Ay = 16 G), likely due to the axial N
donor from the iPrsTACN ligand."®"%?° To provide further evidence that the methyl
groups are still bound to the Ni center, we synthesized the '*C-labeled complex
(iPrsTACNINI"(*3CH3), (2-13CHs), along with 2 and 2-CD3 (Figure 4A). Oxidation of
these three isotopologs generated Ni" species exhibiting EPR spectra that are
significantly different, especially in the g, region, as the superhyperfine coupling
pattern either gets broadened or narrowed for 3-'3CH3 and 3-CD3, respectively (Fig-
ure 4A). For 3-"®CHs, an appropriate simulation of the EPR spectrum required
additional superhyperfine coupling to 3C (A13¢ = 10 G) in the g, direction
(Figures S32-S34). A similar trend has previously been observed by Manesis et al.
for a protein-based M121A AzNi"-methyl system, for which superhyperfine coupling
broadening was observed for the '*CHs isotopolog, whereas a narrowing effect of
the coupling pattern was observed for the CDj isotopolog, due to the significantly
smaller gyromagnetic ratio of 2H (D) vs. "H.?”*% In our case, density functional theory
(DFT) calculations further support the electronic properties and the simulation of the
EPR spectrum of 3, with the calculated Mulliken spin density revealing that the un-
paired electron resides mainly on the Ni center, with an appreciable contribution
from the axial N atom (Figure 4B).

Multiple attempts to isolate complex 3 were unsuccessful due to its quick thermal
decomposition. In a fortuitous attempt to crystallize the Ni complex with MeCN as
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the solvent, we obtained an X-ray quality crystal corresponding to the [(iPr3sTACN)
Ni'(m3-MeCN)J* complex (4, Figure 2A). This rare five-coordinate Ni' complex is
supported by three N-donor atoms of iPrsTACN and one MeCN molecule that is
bound in a side-on m? coordination mode.>” The iPrsTACN-Ni interactions in 4
were elongated compared with those in 3, with Ni-N bond distances 2.076,
2.056, and 2.053 A (Figures 2A-2D), consistent with a more electron-rich
metal center.®? Importantly, to the best of our knowledge, no Ni'(n2-MeCN) com-
plex has been reported to date. Although several Ni® complexes with n2-bound

d,31:33:40-43 the very few isolated Nio(nz—alkylnitrile)

45

aryl nitriles have been reporte
complexes are either dinuclear®” or multinuclear metal clusters,”> or the alkyl
nitrile is rendered more electron deficient via interaction with a Lewis acid.***’
For example, in the Ni°(m?Z?-acetonitrile)(BEts) complex reported by Atesin
et al.,”® the n%-MeCN ligand displays a bent structure with a bond angle of
137.99° and an elongated nitrile C=N bond of 1.234 A, whereas for 4, a nitrile
C=N bond of 1.206 A and a N=C-C bond angle of 142.35° is observed, consis-
tent with a less electron-rich Ni' metal center that exhibits a lesser degree of ©
back-bonding.

Interestingly, monitoring by EPR of the oxidation of complex 2 with FcPF, in the pres-
ence of a nitrile solvent allowed for the direct observation of the reductive elimination
of ethane from 3 to generate 4. The short-lived complex 3 was observed by lowering
the temperature of the oxidation of 2 with FcPF, to —94°C in 1:3 MeCN:PrCN. Impor-
tantly, warming up the reaction mixture to —20°C and freeze quenching at various
time points allowed for the complete formation of 4 after 20 min (Figure 4C), and
this direct two-electron transformation from 3 to 4 correlated with the formation of
ethane, as quantified by "H NMR (Figure S35). By contrast, the oxidation reaction in
the absence of nitrile solvents (THF:2-MeTHF) at —94°C and subsequent warmups
at —20°C resulted in the decomposition of 3, without formation of 4 (Figure S36);
instead, the formation of Ni° as a black powder was observed. Importantly, this result
highlights the importance of a nitrile solvent to form a stabilized Ni' complex. In several
reports, benzonitrile and nitrile additives®’*“% or nitrile-containing ligands®>*?>°
were shown to stabilize Ni° species during catalysis and favor reductive elimination
and disfavor B-hydride elimination,?® whereas acetonitrile was proposed to destabilize
a Ni¥ intermediate in one case and lead to increased catalytic activity and a broader
substrate scope.™

We then sought to confirm the formation of the Ni'(n%-MeCN) complex 4 by direct
synthesis via the reduction of the isolable Ni" precursor [(iPrTACN)Ni'(MeCN)],*
(5), which can be obtained by halide abstraction from 1 with 2 equiv TIPF,.%° The
CV of 5 shows a Ni"/Ni' reduction couple at Eq/ = —1.30 V vs. Fc™/Fc (Figure $19),
and reduction of 5 with KCg or CoCp, generates an identical EPR signal to that of
4, observed upon the oxidatively induced ethane elimination from 2 (Figure S37).
The EPR spectrum was simulated with g values of g, = 2.44, g, = 2.24,and g, =
2.01 (AN = 12 G, Figures S38 and S39), comparable with the DFT-calculated g values
of2.428,2.201, and 2.035 for 4 (Table S1), whereas the calculated Mulliken spin den-
sity for 4 suggests the unpaired electron resides in a Ni-based d,? orbital (Figure 4D;
Tables S10 and S11). Notably, the rhombic EPR spectrum of 4 is different from the
axial EPR spectra observed recently for a TACN-supported Ni' species that does
contain an acetonitrile ligand.>"*?

Kumada Csp®-Csp? cross-coupling reactions
Nickel catalysts are commonly used for Csp3-Csp® cross-coupling reactions, and Ni'
and Ni" species are usually proposed as the key intermediates during the catalytic
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Table 1. Stoichiometric cross-coupling reactions

[Ni'] or [Ni"]
R-l +R-MgCl ———> R-R'
solvent
R-X R’-MgCl [Ni]? Solvent R-R yieldb
Me-| n-octyl-MgCl 4 (Ni") 1:9 MeCN:THF 50 %
Me-I n-octyl-MgCl 5 (Ni'") 1:9 MeCN:THF 47 %
Me-| n-octyl-MgCl 5 (Ni") THF 15 %
n-Heptyl-I n-octyl-MgCl 4 (Ni") 1:9 MeCN:THF 39 %
n-Heptyl-| n-octyl-MgCl 5 (Ni'") 1:9 MeCN:THF 42 %
n-Heptyl-I n-octyl-MgCl 5 (Ni") THF 14 %

2[Ni] = [(PrsTACN)Ni'(n*MeCN)]* (4) or [(iPrsTACN)Ni"(MeCN),]** (5). 4 was prepared in situ by reacting
5 with 1 equiv of KCg at —35°C, followed by removal of insoluble byproducts through filtration.

®The Grignard (1.5 equiv) and alkyl electrophile were added simultaneously at —35°C, and the reaction
was allowed to stir to room temperature (RT) for 1 h. Yields were determined using GC-mass spectrometry
(MS) with dodecane as the internal standard and represent average values of at least three independent
measurements, and the homocoupled products tetradecane and hexadecane were formed in less than
5% yield.

cycle.??® Although either organometallic Ni' or Ni'"

species have been observed as
intermediates in catalytic processes, to the best of our knowledge, no system that
" species in the same cata-

lytic process has been reported to date. In this context, we first probed the stoichio-

can allow the detection of both organometallic Ni' or Ni

metric cross-coupling reactivity of the Ni' complex 4. From the EPR studies, we
learned that the presence of acetonitrile was essential for the stabilization of 4,
and thus, a 1:9 MeCN:THF solvent mixture was employed in the reaction of 4 with
either Mel or n-heptyl-iodide (I) and 1.5 equiv of n-octyIMgCl to generate nonane
or pentadecane in 50% and 39% yields, respectively (Table 1, entries 1 and 4). In
addition, the reaction of the Ni'-solvento complex 5 with either Mel or n-heptyl-I
and 1.5 equiv of n-octylMgCl also generated nonane or pentadecane in 47% and
42% yields, respectively (Table 1, entries 2 and 5), suggesting that reduction to a
Ni' species in the presence of a Grignard can occur in situ (see below). Surprisingly,
performing the reactions in neat THF led to a significant decrease in the yields of
nonane and pentadecane to 15% and 14%, respectively (Table 1, entries 3 and 6),
suggestive of a beneficial role of MeCN in promoting efficient C-C bond formation.

Intrigued by the beneficial effect of acetonitrile during the stoichiometric cross-coupling
studies, we then probed the catalytic Kumada Csp>-Csp? cross-coupling using the Ni'-
solvento complex 5 as the precatalyst and optimized the reaction conditions (Table 2).
All product yields were corrected with calibration curves and experimentally determined
response factors, using dodecane as an internal standard (see section GC method con-
ditions for cross-coupling reactions of the supplemental information; Figures S43-548).
The calibration of the product yields has proved to be essential as the alkane products
seem to consistently exhibit reduced response factors, and thus, without calibration, the
product yields are significantly overestimated.>? Interestingly, 5 showed a strong depen-
dence on the amount of MeCN present in the solvent mixture. Compared with the neat
THF conditions, the addition of MeCN up to a 1:1 MeCN:THF ratio (i.e., 200 equiv
MeCN) produced up to 85% yield of pentadecane, whereas higher amounts of MeCN
lowered the product yield (Table 2, entries 4-8; Figure 5A). Notably, the byproduct
1-decanone, generated from the reaction between MeCN and n-octylMgCl and subse-
quent aqueous workup, was not observed during the catalytic runs.” The use of (iPrs.
TACN)Ni"Cl, or (iPrsTACN)Ni"Br, as catalysts led to slightly lower product yields (Ta-
ble 2, entries 9 and 10), which plateaued at a lower MeCN:THF ratio (Figure 5A).
Importantly, use of the in situ-generated Ni' species 4 as the catalyst generated a similar
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Table 2. Reaction optimization for the Csp®-Csp® Kumada cross-coupling catalyzed by
[(iPrsTACN)Ni'(MeCN).1** (5)

10 mol% [Ni]

n-Heptyl-l + n-Octyl-MgCl
Py yi-va 1:1 THF/MeCN

n-Heptyl—-n-Octyl

0.05 M

Entry Variation from the standard conditions® Yield (%)°
1 none 85 + 4
2 without Ni catalyst 0

3 THF (no MeCN) 28 + 2
4 1 equiv MeCN 34+3
5 10 equiv MeCN 46 + 3
6 7:1 THF/MeCN (50 equiv MeCN) 62 + 4
7 3:1 THF/MeCN (100 equiv MeCN) 82 + 3
8 1:3 THF/MeCN (300 equiv MeCN) 52 +4
9 (iPrsTACN)Ni''CI instead of 5° 66+ 3
10 (iPrsTACN)Ni'"Br; instead of 5° 65+ 2
1 4 instead of 5° 83 £ 3

®Standard conditions: n-heptyl iodide (0.1 mmol, 1.0 equiv), 5 (10 mol %), MeCN (1.0 mL, 200 equiv), n-
octylIMgClI (0.15 mmol, 1.5 equiv), 0.5 mL THF, 2 h, RT.

BYields were obtained by GC-MS and were corrected using calibration curves, using dodecane as an in-
ternal standard, and represent average values of at least three independent measurements.

“Optimal yields were obtained in 7:1 THF/MeCN (50 equiv MeCN).

94 was prepared in situ by reacting 5 with 1 equiv of KCg at —35°C, followed by removal of insoluble by-
products through filtration.

product yield vs. when complex 5 was used (Table 2, entry 11). Finally, when an alkyl bro-
mide was used as the electrophile, a lower product yield was observed (Table S2, entries
12 and 13), whereas the Ni complexes formed in situ with a series of other Ni
salts generated the cross-coupled product in acceptable yields (Table S4).To test the
generality of the beneficial effect of MeCN in Ni-mediated Csp®-Csp® Kumada cross-
coupling, we screened a range of N-based ligands with different denticities and steric
bulk under identical reaction conditions (Table S5). In our optimized conditions, we
found that tridentate ligands having medium steric bulk such as iPrsTACN (L1),
Me3TACN (L2), terpyridine (L15), and iPr-Box (L16) showed an increase in the desired
product in the presence of MeCN, whereas structurally crowded tridentate ligands

30
® [(iPr,;TACN)Ni"(MeCN),]** —— [(iPr;TACN)Ni"(MeCN),](PF), (5) in THF

1w (Pr,TACN)NI"CI ——5 in THF:MeCN = 10:1 i
(PrTACNINECI, 5 in THF:MeCN = 1:1 E. X131V

-
=3
t=3

3
1=

-3

o
om
-

Product yield (%)
L 3
Current (uA)

ipclipa = 40

20 4

N
<
ETOE

Toclipa = 2
E,=-1.13V

0 5 100 150 200 250 300 0.5 0.0 05 1.0 15
Equiv MeCN Vvs. Fc*?

Figure 5. Effect of MeCN on catalytic and electrochemical properties of Ni complexes

(A) Plots of coupled product yields vs. amount of MeCN present in solution for the catalysts
(iPrsTACN)NI"'Cl; (1, black squares) and 5 (red circles). Error bars are shown as 90% confidence
intervals based on the average of 3 trials.

(B) Cyclic voltammograms (100 mV/s scan rate) of 1 mM 5 in 0.1 M n-BusNPF4 in THF (black), 10:1
THF:MeCN (red), and 1:1 THF:MeCN (blue). Note: complex 5 is only slightly soluble in THF.
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(L3, L7, L8, and L14), bidentate, and tetradentate ligands'“*°>>~% showed similar or
lower cross-coupled product yield in the presence of MeCN (Table S5). Overall, these
reactivity studies suggest a range of Ni cross-coupling catalysts supported by tridentate
ligands could benefit from the presence of MeCN to generate improved product yields.

Probing the role of nitrile additives

To get a better understanding of the MeCN effect, we performed CV experiments in
different solvent mixtures and different scan rates (Figures 5B, S21, and S22). The CV
of 5in n-BusNPF¢/THF shows a quasi-reversible reduction wave at E1,, = —1.42 V vs.
Fc*/Fc (AE = 220 mV), and a peak current ratio (ipc/ipa) of 40 suggests that the
reduced species is not stable enough on the CV time scale to be re-oxidized. Inter-
estingly, the io/ipa ratio significantly decreases with increasing amounts of MeCN,
up to a ratio of ~2 in 1:1 THF/MeCN (Figure 5B), suggesting that the reduced Ni'
species is stabilized by MeCN. Moreover, the reductive peak is shifted to less-nega-
tive potentials from —1.54 to —1.33 V, supporting that Ni' is more accessible in the
presence of MeCN, whereas variable scan rate CV studies of 5 suggest a homoge-
neous process in solution that follows a non-Nernstian electrochemical-chemical
(EC) mechanism (Figures S21 and S22). The same trend was observed for the dichlor-
ide complex 2, although a higher amount of MeCN was needed to get a lower igc/ipa
ratio (Figures S20, S23, and S24), as expected, given the presence of chloride anions
that compete with MeCN in binding to the Ni center.

Inaddition to stabilizing a reactive Ni' species, the improved product yield in the presence
of MeCN might be due also to the prevention of side reactions such as B-hydride elimi-
nation. Indeed, the amounts of B-hydride eliminated products heptene and octene were
significantly reduced as the amount of MeCN increased (Figure S49). This mightbe due to
the binding of MeCN into an open coordination site of the Ni center, thus preventing an
agosticinteraction with a C-H bond of the alkyl group thatis necessary for B-hydride elim-
ination. Since MeCN is a weak ligand, solvent amounts seem to be necessary to increase
the effective concentration of the nitrile-bound Ni species. Based on these results, the
presence of MeCN may lead to an increased cross-coupled product yield not only due
to the slight stabilization of the Ni' species in the presence of MeCN*'""**% but also
due to the MeCN prevention of B-hydride elimination and promotion of a faster reductive
elimination from the Ni" species (Figures 3A, 526, and 527).

Finally, we postulated that other m-acid additives capable of stabilizing the Ni' species
could potentially promote product formation. First, the addition of alkyl nitriles such as
butyronitrile (PrCN) and pivalonitrile (tBuCN) also improved the product yields vs. the
reaction conducted in THF (Table S3, entries 3 and 4). Surprisingly, different benzoni-
triles reduced the product yield, and the electrophile was not fully consumed during
the reaction, implying that the stronger m-accepting nature of benzonitrile may stabi-
lize too much the Ni' species and thus significantly slow down the oxidative addition
step (Table S3, entries 5-7). Other m-acids such as styrenes and dimethyl fumarate
completely suppressed the reaction when present in excess amounts (Table S3, entries
8-10). Inspired by a recent report,”” we also tested whether dinitriles could improve
the product yields. Malononitrile, a geminal dinitrile, completely quenched the reac-
tion, suggesting that both nitrile groups might bind to the Ni' center to generate a
catalytically inactive species, whereas succinonitrile slightly improved the product for-
mation (Table S3, entries 11 and 12).

Mechanistic studies

Considering that both stoichiometric and catalytic reactivity studies reveal the Ni"
species 5 and the Ni' species 4 yield similar amounts of cross-coupled product—
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| 1.5 eq n-Octyl-MgCl 86%
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Figure 6. Mechanistic studies of the Kumada Csp>-Csp? cross-coupling reaction

(A) EPR spectrum of [(iPrsTACN)Ni"(MeCN),J?* (5) + 1 equiv n-octyIMgClin 1:3MeCN:PrCN at 77 K,
generating 4.

(B) EPR spectrum of [(iPrsTACN)Ni'(n2-MeCN)]* (4) + 1 equiv n-octylIMgCl in 1:3 MeCN:PrCN at
77 K.

(C) EPR spectrum of 4 + 10 equiv CHsl in 1:3 MeCN:PrCN at 77 K.

(D) EPR spectrum of 4 + 10 equiv CH3l + 1 equiv CH3Mgl in 1:3 MeCN:PrCN at 77 K.

(E) Radical clock experiment (yields were measured by gas chromatography (GC)).

(F) Proposed mechanism for the Csp>-Csp® Kumada cross-coupling for the (iPrsTACN)Ni" system.
with a slightly faster product formation observed for 4 (Figure S50)—and a range of
Ni" precatalysts are competent in the Kumada cross-coupling reaction, we proposed
that the catalytically active Ni' species could be generated in situ via the reduction of
the Ni" precursor by the Grignard reagent. Indeed, the addition of either 1 equiv n-
OctMgCl or 1 equiv CH3MgCl to 5 led to the formation of the Ni' complex 4, as
observed by EPR spectroscopy, suggesting that the Grignard reagent can reduce
Ni" to Ni' in situ (Figure 6A). Moreover, both the Ni"-solvento complex 5 and the
Ni"-dihalide complex 1 can be reduced in situ upon the addition of 1 equiv of n-
OctMgCl to generate the same Ni' species 4 (Figure S40), although to a lower extent
for 1, which may explain why 1 generates lower yields of the coupled product (Ta-
ble 2, entry 9). One of the possible mechanisms for Ni" reduction by the Grignard
reagent could be double transmetalation and reductive elimination to generate
the homocoupled product (hexadecane), followed by comproportionation of the
generated Ni® with Ni" to generate the Ni' catalyst (Figure S51). Since Ni' species
does not undergo transmetalation, we hypothesized that the amount of hexadecane
will only depend on the catalyst loading. Indeed, more hexadecane is formed as the
catalyst loading is increased (Figure S52), where the yield of hexadecane formed is
about half of the catalyst loading used in the reaction (especially if the equivalents of
Grignard are increased proportionally to the catalyst loading), providing strong sup-
port for this proposed mechanism of Ni' species generation.

We then probed the transmetalation and oxidative addition reactivity of 4 with either
a Grignard reagent or an alkyl halide, respectively. Although the addition of
n-OctMgCl to 4 led to no spectral changes (Figure 6B), the reaction of 4 with CH3l
generated a new EPR spectrum that is different from those of the independently
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prepared complexes 3 and 4. We propose that the new Ni" species is a é-coordinate

[(iPrsTACN)Ni"(Me)(I)(MeCN)]* complex generated by the oxidative addition of
CHsl to 4. The EPR spectrum was simulated using g values of 2.398, 2.274, and
2.001 along with superhyperfine coupling in the g, direction corresponding to two
N atoms (Figures 6C and S41). This oxidative addition step is similar to what was
observed previously by Lipschutz et al.°® and Manesis et al.?” Subsequently, 1 equiv
CH3Mgl was added to the resulting solution, leading to the generation of an EPR
spectrum that is identical to the spectrum of the Ni""Me, species 3 (Figures 6D
and S42). Overall, these results strongly suggest that in this system, the Ni' species
undergoes oxidative addition with the alkyl halide first,®" followed by transmetala-

' Combined with the direct observation of

tion with the Grignard reagent at Ni
reductive elimination from a Ni'"-dialkyl species to generate a detectable Ni' species
and the C-C coupled product (Figures 2 and S35), this is, to the best of our knowl-
edge, the first study in which all reactive intermediates involved in a Kumada
cross-coupling mediated by a Ni'/Ni"' catalytic cycle have been observed

spectroscopically.

To probe whether alkyl radical species are formed during catalysis, the radical clock
iodomethylcyclopropane was employed as the electrophile substrate, along with
n-octylMgCl. This catalytic reaction led to the formation of the ring-opened cross-
coupled product 1-dodecene in 86% yield and without the formation of any cyclic
product (Figure 4E), supporting a radical mechanism. Moreover, performing the cat-
alytic reaction in the presence of radical trap 2,2,6,6-tetramethylpiperidine-1-oxyl
(TEMPO) led to almost complete ablation of productive cross-coupling, along with
the formation of alkyl-TEMPO adducts (Table Sé). The reaction of Ni species 4
with n-heptyl-l in the presence of TEMPO generated the n-heptyl-TEMPO adduct,
suggesting the formation of alkyl radicals during the oxidative addition process.
Overall, these results further support the formation of alkyl radicals during the Ni-
catalyzed Csp*-Csp® Kumada cross-coupling reaction.

Based on the mechanistic studies described above, the mechanism for the catalytic
Kumada cross-coupling reaction is proposed to begin with the generation of the
catalytically active Ni'(MeCN) species (A) via the reduction of the Ni" precursor by
the Grignard reagent (Figure 6F). Oxidative addition of the alkyl halide to the Ni'
center can occur to generate a Ni”'(alkyl)halide(MeCN) species (B), either via a single
electron transfer (SET) process or a concerted oxidative addition—although the
generated Ni"' species B can undergo reversible homolytic cleavage of the Ni-
alkyl bond. This generated Ni"" intermediate can then undergo transmetalation

with the Grignard reagent to form the Ni"

-dialkyl species (C), followed by rapid
reductive elimination of the C-C coupled product and regeneration of the Ni' spe-

cies to close the catalytic cycle.

Conclusions

In summary, herein, we report the synthesis, characterization, and reactivity studies of
organometallic Ni complexes supported by the bulky tridentate ligand iPrsTACN. These
complexes are involved in well-defined oxidative addition, transmetalation, and reduc-
tive elimination steps that are essential to the cross-coupling catalytic cycle. Mechanistic
studies involving EPR spectroscopy, electrochemical methods, and radical trap studies

provide unambiguous evidence for a direct Csp>-Csp? reductive elimination from Ni"

to Ni', oxidative addition of an alkyl halide via a radical mechanism from Ni' and Ni"

,trans-
metalation at Ni", and the reduction of a Ni" precatalyst to an active Ni' species by the
Grignard reagent. Moreover, (iPrsTACN)Ni" complexes were shown to be efficient cata-

lysts for the Csp>-Csp® Kumada cross-coupling reaction. A surprising beneficial effect of
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acetonitrile on the yield of the cross-coupled product was observed during the Ni-medi-
ated coupling, either when iPrsTACN or a range of other tridentate ligands were em-
ployed. Although the beneficial role of nitriles (mostly aryl nitriles) in Ni catalysis has
been reported previously, such a role was proposed to be due to the formation of Ni°-
nitrile interactions.’’** Herein, detailed spectroscopic, electrochemical, and mecha-
nistic studies suggest that weaker w-acceptors, such as acetonitrile and otheralkyl nitriles,
are able to slightly stabilize a Ni' species while also preventing B-hydride elimination and
promoting transmetalation and rapid reductive elimination from the Ni" species. By
contrast, in this system, the use of aryl nitriles or other w-acids has a significant detrimental
effect on the cross-coupled product yield. Overall, these studies suggest that the pres-
ence of a coordinating solvent and a weak T-acceptor, such as acetonitrile, could have
a beneficial effect for a range of Ni-mediated organometallic transformations involving
Ni' intermediates.

EXPERIMENTAL PROCEDURES

Resource availability
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Information regarding experimental procedures and requests for resources, data,
and reagents should be directed to the lead contact, Liviu M. Mirica (mirica@
illinois.edu).

Materials availability

Full experimental details, including complex synthesis, spectroscopic characteriza-
tion, NMR, high-resolution MS (HR-MS), EPR, and X-ray diffraction data, are avail-
able in the supplemental information for all unique compounds. All reagents in
this study are either commercially available or can be prepared as indicated in the
supplemental information.
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