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ABSTRACT: Ni-catalyzed cross-coupling is a powerful strategy to
forge C(sp’)—C(sp’) bonds. Typically, to do so requires
overcoming a challenging C—C bond-forming reductive elimi-
nation, often enabled by the intermediacy of highly oxidized Ni ... . G—C Bond-Forming Mechanism------------cx-x-scsssesesssrers
species or outer-sphere processes. While direct C(sp*)—C(sp®) £ :
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induced C(sp®)—C(sp®) bond formation from dialkyl bipyridine
Ni" complexes through a variety of organometallic, spectroscopic,
and computational studies. Wavelength-dependent quantum yields,
ligand electronics—reactivity relationships, excited-state lifetimes, computed barriers, and product distributions from crossover
studies support a photolysis/radical rebound mechanism. This reactivity paradigm complements existing strategies in the literature
to promote reductive elimination from Ni", such as the use of destabilizing, sterically hindered ligands and reduction of electron
density at Ni through the binding of electron-deficient olefins. Hence, we envision that light-induced reductive elimination may
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enable the development of challenging C(sp*)—C(sp*) couplings.

B INTRODUCTION

The integration of photochemistry with first-row transition
metal catalysis has offered powerful strategies for the
development of novel cross-coupling reactions." Ni has
emerged as a privileged catalyst for such applications due to
its ability to access a range of oxidation states, enabling both
one- and two-electron processes, and relative reluctance to
undergo decomposition pathways, such as B-hydride elimi-
nation from catalytic intermediates bearing alkyl fragments.”
While the past decade has seen substantial development in
methods that employ a separate photocatalyst to mediate
redox or energy transfer events within a formally light-
independent Ni catalytic system,” recent developments high-
light that Ni itself possesses unique photochemical reactivity
that enables catalysis.*

Independent reports from our two laboratories demon-
strated that exposure of (bipyridine)Ni"(aryl)(halide) com-
plexes to blue/violet light leads to Ni"—C(sp*) homolysis,
yielding Ni' and *C(sp*), via repulsive triplet ligand-to-metal
charge transfer (LMCT) states (Figure 1A).° Analogous
reactivity has been reported from (bipyridine)Ni"(X),
complexes (X = Cl, Br) (Figure 1A).° This photolysis from
thermodynamically stable Ni" intermediates has been
hypothesized as a key process in accessing catalytically active
Ni' species for productive Ni'/Ni'! catalytic cycles.” Moreover,
in the case of Ni'}(X), complexes (X = CI, Br), the liberated
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halogen atom (X*) can serve to activate a substrate, such as the
generation of alkyl radicals from halogen atom-mediated
C(sp®)—H hydrogen atom transfer (HAT).®

In addition to catalyst or substrate activation, irradiation of
Ni" complexes has been demonstrated to promote bond
formation. Park and co-workers found that irradiation of
(bpy)Ni"(Me)(SPh) (1) leads to the evolution of ethane in
62% yield, likely through the liberation of methyl radical (Me*®)
(Figure 1B).” Irradiation of metalacyclic complex 2 affords
exclusively intramolecular C—S bond formation in quantitative
yield.

Light-induced bond formation has been proposed to occur
via canonical reductive elimination transition states from triplet
metal-to-ligand charge transfer (*MLCT) electronic states
(Figure 1C). Following experimental studies by MacMillan and
co-workers, = computational investigations by Chen and Guan
offered support for such a mechanism in the C—O bond
formation from bipyridine Ni'' aryl carboxylate complexes.''
Recently, calculations by Rueping and Cavallo also highlight
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Figure 1. Photochemical reactivity of Ni" complexes relevant to catalysis.

the possibility of such a step for C(sp®)—C(sp®) bond
formation from a proposed Ni' bis-alkyl intermediate in a
Ni-catalyzed photochemical C(sp*)—H alkylation.'” In a
related system, in the context of C(sp?)—C(sp®) bond
formation, our group sought to experimentally evaluate this
hypothesis through organometallic synthesis and stoichiomet-
ric photochemical studies on isolated (“*bpy)Ni"(o-Tol)-
(CH,SiMe,).** Indeed, 427 nm irradiation dramatically
increased the rate of C(sp*)—C(sp®) bond formation, affording
the cross-coupled organic product in 32% yield after 60 min.
The high selectivity for C(sp?)—C(sp®) coupling led us to
postulate a concerted reductive elimination from a *MLCT
state; however, the contrast in product distribution from that
of 1 was intriguing.

Given the importance of Ni-catalyzed C—C cross-coupling
reactions, and the inherent challenge of forging C(sp*)—
C(sp®) bonds from the Ni'" oxidation state,'”'* we sought to
further interrogate the nuclear and electronic mechanisms,
scope, and reactivity trends of light-promoted C(sp*)—C(sp?)
bond formation from Ni" dialkyl complexes (Figure 1D).
Here, we present our spectroscopic, photochemical, computa-
tional, and organometallic studies to differentiate between
several plausible mechanistic hypotheses for light-promoted
bond formation from Ni. Our investigations support a
unimolecular C—C bond formation involving a solvent-caged
radical rebound mechanism, initiated by homolysis of the Ni—
C bond via repulsive >LMCT excited states. Lastly, we find that
light-activation is complementary to prior strategies in the
literature in promoting C(sp®>)—C(sp®) reductive elimination
from a Ni" center, proceeding without the need for designer
ligands or introduction of strong 7-accepting ancillary ligands.
This expansion of fundamental understanding of Ni photo-
chemistry reactivity principles offers opportunities for the
development of new catalytic transformations involving

C(sp®)—C(sp®) cross-coupling

B RESULTS AND DISCUSSION

In our prior investigation of the mechanism of Ni-catalyzed
photochemical halogen atom-mediated C(sp*)—H arylation of
alkyl ethers, we observed the ability for blue light irradiation to
promote C(sp?)—C(sp®) reductive elimination from the model
complex (t'Bubpy)NiH(o—Tol)(CHZSiMeS).83 Despite ultimately
finding that reductive elimination in this particular reaction
likely occurs from a different catalytic species, the ability for
visible light irradiation to promote C—C coupling from Ni"

was intriguing. Preliminary investigations showed this reac-
tivity paradigm could be extended to C(sp*)—C(sp®) bond
formation as well, with 427 nm blue LED irradiation of the
dialkyl complex (“*bpy)Ni"(CH,SiMe;), (3), forging 1,2-
bis(trimethylsilyl)ethane (4) (Figure 2). While recent efforts
by our group and others highlight the role of bipyridine Ni
photochemistry as a means of catalyst or substrate activation,
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Figure 2. Initial findings and potential mechanisms for the C(sp®)—
C(sp*) bond formation. (a)'H NMR yield based on a toluene internal
standard.
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A. Overlayed experimental and computed UV-vis spectrum of 3.
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Figure 3. (A) UV—vis absorption spectrum of 3 in benzene (S0 mM), showing low- and high-energy MLCT bands, and bpy 7 — 7* transitions at
663, 411, and 308 nm, respectively. Overlayed TD-DFT calculated spectrum (TPSSh-D4/def2-TZVPP/CPCM/(benzene)//PBE-D4/def2-
TZVP(Ni),def2-SV(P)/CPCM(benzene)) (Supporting Information, Section 7). (B) Qualtitative molecular orbital diagram and relevant orbital
isosurfaces and electronic transitions are depicted. (C) Wavelength-dependent photochemistry of 3. () '"H NMR yield based on toluene internal
standard. (b) Rate constant and quantum yield for conversion of 3 were derived from UV—vis kinetics (Supporting Information, Section 9). Note
that mass balance is generally well preserved, and 4 and § are formed in 1:1 stoichiometry. (D) Photolysis in the presence of COD affords
("Pbpy)Ni’(COD) (9) as the Ni photoproduct. (c) "H NMR yield based on toluene internal standard.

the ability to employ light to promote C(sp®)—C(sp®) bond
formation from Ni represents an exciting development in our
understanding of Ni photochemistry. Hence, we sought to
explore the mechanism and scope of this reactivity paradigm.

Building upon prior studies and literature insights, there are
several reasonable mechanisms for photoexcited bond
formation. For example, studies by Diao and co-workers
demonstrate that single-electron oxidation of N,N-ligated
dialkyl Ni" complexes to their cationic Ni'' counterparts
enables facile reductive elimination to forge C(sp*)—C(sp*)
bonds."> Considering the redox noninnocent nature of the
bipyridine ligands,'® an analogous Ni'' configuration can be
transiently achieved via light-induced metal-to-ligand charge
transfer (MLCT) (Figure 2I). A three-centered reductive
elimination (*TS1) would then ensue from this MLCT excited
state.'!

Prior studies by our groups® and Park and co-workers” have
demonstrated that bipyridine aryl halide complexes undergo
Ni—C(sp*) homolysis upon irradiation with high-energy light
(<427 nm). Hence, we envisioned an alternative mechanism in
which irradiation promotes Ni—CH,SiMe; homolysis (to §),

followed by rapid radical rebound and C—C bond formation
via an Sy2-like process (TS2) (Figure 211)."” The nature of
this process may range from a highly asynchronous three-
centered reductive elimination to a stepwise radical ejection/
outer-sphere C—C bond formation, but wherein both Ni' and
organic radical remain in the solvent cage.18

Alternatively, if the Sy2-like bond formation is slow, then
cage escape can prevail (Figure 2III). The freely diffusing
neosilyl radical (6) may add to another equivalent of 3 to forge
("P'bpy)Ni"'(CH,SiMe;); (7), which undergoes reductive
elimination (TS3) to yield organic product 4 and Ni' (8). A
mechanism featuring an outer-sphere Sy2-like bond formation
(via TS4) is also possible.

Mechanistic Studies. The key to uncovering the reductive
elimination mechanism is understanding the underlying
photophysical processes that are accessible to these complexes.
Thus, we sought to examine the electronic transitions available
to 3. The UV—vis spectrum of 3 in benzene features two broad
absorbances with A, at 411 nm (¢ = 4.7 x 10* M™' cm™)
and 663 nm (e = 4.9 X 10° M™! cm™") (Figure 3A). Time-
dependent density functional theory (TD-DFT) calculations

https://doi.org/10.1021/jacs.5c09925
J. Am. Chem. Soc. XXXX, XXX, XXX—XXX


https://pubs.acs.org/doi/10.1021/jacs.5c09925?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.5c09925?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.5c09925?fig=fig3&ref=pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.5c09925/suppl_file/ja5c09925_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.5c09925/suppl_file/ja5c09925_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacs.5c09925?fig=fig3&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.5c09925?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of the American Chemical Society

pubs.acs.org/JACS

A. Photophysical mechanism for formation of 4
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Figure 4. (A) Generalized photophysical mechanisms for C—C bond formation from dialkyl Ni" complexes. The nature of the repulsive triplet
surface leading to $ is either *(MLCT+LMCT) or *LMCT depending on whether the states were accessed from 'MLCT or '(d-d) manifolds,
respectively.Sb Note that MLCT refers to Ni to bipyridine CT, whereas LMCT refers to Ni—Co to Ni CT. Transient absorption spectra of (B) 3
and (C) 3“°?®* at longer time scales following 700 and 800 nm photoexcitation, respectively, likely showing relaxation to the ground state from a

relaxed MLCT state.

suggest that the low-energy absorption corresponds primarily
to a metal-to-ligand charge transfer (MLCT) from the metal-
based d(yz) donor to the bipyridine 7;* acceptor (Figure 3B).
Other MLCT transitions to the bipyridine m;* acceptor are
similar in energy but are characterized by significantly lower
oscillator strengths (Supporting Information, Section 7). The
largest of the MLCT oscillator strengths belongs to the d(xz)
to bipyridine m3*, which is the major contributor to the
absorbance feature at 411 nm. The '(d-d) ligand-field
transitions are computed at 341—364 nm and are slightly
mixed with MLCT character. Bipyridine-based n to #*
transitions are observed at 308 nm (¢ = 1.6 x 10* M™
cm™"). Hence, the 427 nm LED that was shown to promote
bond formation may access both high-energy MLCT states
and ligand-field transitions, albeit with a smaller absorbance
cross section for the latter.

Considering our initial hypothesis of bond formation from
an MLCT state (Figure 2I), we envision a mechanism
involving blue light (427 nm) promotion to a high-energy
MLCT state, followed by intersystem crossing (ISC) and
internal conversion (IC) to a low-lying *MLCT state. The
lowest energy triplet state is of MLCT character (d(z*) — bpy
7,*) with vertical and adiabatic excitation energies computed
to be 30.0 and 15.0 kcal/mol, respectively (Supporting
Information, Section 7).'” Hence, irradiation at longer
wavelengths (~600—700 nm) targeting the low-energy
MLCT manifold should also intercept this mechanism and
affect C—C bond formation. However, negligible reactivity was
observed upon exposure to 467—640 nm light (Figure 3C).
Conversely, irradiation at shorter wavelengths (370 and 390
nm) roughly doubled conversion, affording 60—62% yield of 4
after 1 h. As described above, unreacted 3 represents the
remaining mass balance. Reaction progress was also followed
by UV—Vis spectroscopy to determine wavelength-dependent
rate constants and quantum yields for the consumption of 3. In
accord with shorter wavelength irradiation (390 and 370 nm)
leading to an increased yield of 4, the quantum vyield for

consumption of 3 also increased with decreasing wavelength
(Figure 3C).

Introduction of 1,5-cyclooctadiene (COD) allows for
quantification of (“®*bpy)Ni’(COD) (9) as a soluble, well-
defined organometallic photoproduct (Figure 3D). Irradiation
of 3 in the presence of COD at 390 nm affords a nearly 1:1
ratio of organic product 4 and ("*"bpy)Ni’(COD) (9) in 79%
and 82% yield, respectively, as determined by "H NMR (Figure
3D).”° Across all wavelengths evaluated, 9 is formed in
essentially a 1:1 stoichiometric ratio with the organic product
4.

These results are not consistent with a Kasha process
involving reductive elimination from a low-energy *MLCT
state (red pathway, Figure 4A). Moreover, a thermal barrier of
19.4 kcal/mol is computed along the lowest energy adiabatic
triplet potential energy surface (3 *MLCT, to *TS1, Figure
4A). From the ground vibrational state, 3 *MLCT, would
likely have an insufficient lifetime to undergo reductive
elimination via >TS1. We postulated that the population of a
vibronic state of 3 *MLCT,, more closely matched in energy
to 3TS1 (ie., via IC from *MLCT,, orange path in Figure 4),
may enable bond formation. However, irradiation at excitation
wavelengths above this energetic cutoff (within the entirety of
the low-energy MLCT band) fails to afford the product.

To better understand the excited-state dynamics of the
system, transient absorption studies were carried out on
complexes 3 and (“O*'bpy)Ni(CH,SiMe;), (3°°**) (Figure
4B-C). With both 400 and 700 nm pump wavelengths, two
components in the excited-state dynamics are observed, with
~2 and ~19 ps (Figure 4B). We attribute these processes to
IC/ISC to a relaxed MLCT state and subsequent recovery
back to the ground state, respectively. The latter process is
shown in Figure 4B, where the excited-state absorption is
indicative of a reduced bpy species that decays at the same rate
as the recovery of the ground state bleach. Complex 30
presents excited-state dynamics similar to that of 3, with
corresponding time constants of ~3 and ~11 ps across 800

https://doi.org/10.1021/jacs.5c09925
J. Am. Chem. Soc. XXXX, XXX, XXX—XXX


https://pubs.acs.org/doi/suppl/10.1021/jacs.5c09925/suppl_file/ja5c09925_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.5c09925/suppl_file/ja5c09925_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.5c09925/suppl_file/ja5c09925_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacs.5c09925?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.5c09925?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.5c09925?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.5c09925?fig=fig4&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.5c09925?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of the American Chemical Society

pubs.acs.org/JACS

A. Wavelength-dependent reactivity from various Ni'' complexes.
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Figure S. (A) Light-induced C—C bond formation as a function of ligand electronics and the irradiation wavelength. Photolysis reactions were run
at 25 °C in C¢Dg (1 mM) for 60 min. "H NMR yield based on the toluene internal standard. (B) Plots of wavelength-dependent quantum yields for

3 and 3992,

and 530 nm pump wavelengths (Supporting Information,
Section 10). This behavior is distinct from that of bipyridine
Ni"(aryl) (halide) complexes, which decay through a long-lived
(r ~ ns) 3(d-d) state.’® Given the short lifetimes of the
MLCT, states of 3, an anti-Kasha reductive elimination (blue
pathway, Figure 4A) is also unlikely.

While the absorption profile of 3 between 320—500 nm is
characterized by bright, high-energy MLCT transitions, '(d-d)
states are also present in this portion of the excited-state
manifold. To determine which states ultimately give rise to
productive bond formation, we sought to perturb the ancillary
bpy ligand framework to energetically separate the various
classes of electronic transitions. To this end, we prepared a
library of dialkyl Ni"" complexes varying the electronics of the
bpy ligand (R = OMe, t-Bu, H, CF;, and CO,Et) (Figure SA).
Electron-withdrawing groups on the bipyridine backbone serve
to stabilize the ligand-based radical anion character of the
MLCT states.'® This is reflected in the red-shift of both high-
and low-energy MLCT bands in the UV—vis spectra of
(COZEtbPY)NiH(CHZSiMe3)2 (3C02Et) and (CF}be)_
Ni"(CH,SiMe;), (3°¥*). Meanwhile, our calculations suggest
the energies of the ligand-field transitions are only minimally
perturbed by these ligand substitutions (Supporting Informa-
tion, Section 7). As an additional point of comparison,
phenanthroline complex 3P™" was also prepared, as it offers a
large absorbance cross section between 500 and 700 nm, while
featuring an otherwise similar ligand framework and thermal

stability.

Complexes 3°M¢, 3%, and 37" show comparable reactivity
to 3 (3"®"), with C—C bond formation occurring upon <427
nm irradiation. Analogously, 3°°** and 3" both demonstrate
wavelength-dependent reactivity; however, substantial reac-
tivity persists even at 467 nm irradiation, affording 4 in 53 and
58% vyield, respectively. Interestingly, compared to 3, the
wavelength-dependent quantum yields from 3“9*** reveal that
maximum quantum yield does not follow the red-shift in the
high-energy MLCT band (411 — 511 nm), with the highest
quantum vyields still obtained at 370—390 nm irradiation
(Figure SB). This observation is also inconsistent with the
aforementioned hypothesis, in which reductive elimination
occurs from a vibronically excited MLCT, state that is the
direct product of internal conversion from a higher-energy
MLCT, state (orange pathway, Figure 4A). As a mechanism
involving reductive elimination directly from an MLCT state is
thus far inconsistent with experimental evidence, we sought to
evaluate whether productive reactivity could be initiated from
non-MLCT states.

To independently probe reactivity from the initial
population of a ligand-field manifold, we prepared the
tetramethylethylenediamine complex (TMEDA)-
Ni"(CH,SiMe;), (3™EP4), whose bidentate N,N-ligand offers
no accessible MLCT transitions. The '(d-d) transitions of
3TMEDA are computed at 424—473 nm (Table S6),
corresponding well to the experimental UV—vis spectrum
with A, at 453 nm (& = 4.3 X 10* M~ cm™"') (Figure S21).
Interestingly, irradiation of 3™FPA with 427 nm light does
afford cross-coupled product 4 in 36% yield after 1 h.
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Irradiation at 390 and 467 nm also affords the product in 22
and 10% yield, respectively. These results suggest that '(d-d)
excitations also lead to C—C bond formation.

Wavelength-dependent photochemical reactivity of Ni'
organometallics from both MLCT and ligand-field states is
reminiscent of findings from prior studies by our group
exploring the mechanism of Ni—C(sp?) photolysis from
("bpy)Ni'!(aryl) (halide) complexes.”® In these studies, we
showed that the population of high-energy MLCT and '(d-d)
states can feed to triplet LMCT (or MLCT + LMCT) states
that are repulsive with respect to the Ni—C(sp®) bond.””
These findings were in accord with studies by Park and co-
workers that also find '(d-d) states responsible for Ni—C(sp®)
homolysis from a variety of metallacyclic and acyclic Ni"
complexes, with redox active (bpy) and inactive (TMEDA,
1,2-bis(dimethylphosphineo )ethane (dmpe)) ligands.”*'

Due to this established photochemistry from Ni", we
considered an alternative mechanism featuring Ni—C(sp*)
photolysis to form Ni' and *C(sp®) intermediates. However,
after this initial step, two distinct mechanistic pathways can
evolve based on the fate of the organic radical intermediate.
First, the *C(sp®) radical (6) may remain within the primary
solvent cage and rapidly undergo an outer-sphere Sy;2-like C—
C bond formation with Ni'(alkyl) intermediate $ (Figure 2II).
We refer to this process as a “radical rebound” process, given
its analogy to the oxygen radical rebound mechanism in Fe-oxo
C—H oxidation.”> Alternatively, the *C(sp®) radical (6) may
freely diffuse, either adding to unreacted 3, affording a Ni'!
intermediate 7 from which reductive elimination occurs (TS3),
or directly yield product 4 via an outer-sphere Sy2 mechanism
(TS4) (Figure 2III).

Park and co-workers find that 390 nm irradiation of
(bpy)Ni"(Me)(SPh) and (dmpe)Ni"(Me)(SPh) liberates
Me*, affording ethane in 67 and 37% vyield, respectively, yet
thioanisol (MeSPh) was not detected.” These results are
suggestive of the latter mechanism, involving a freely diffusing
organic radical. However, in our prior study, we found
irradiation of a differentially substituted alkyl/aryl complex
("P*bpy)Ni"(0-Tol) (CH,SiMe;) led exclusively to C(sp®)—
C(sp®) bond formation. In this system, generation of a freely
diffusing organic radical is improbable, as recombination with
("®"bpy)Ni"(0-Tol)(CH,SiMe;) and reductive elimination
would likely lead to a mixture of C(sp*)— C(spz) C(sp®)—
C(sp?), and C(sp®)—C(sp®)-coupled products.'’

To further probe the competition between radical rebound
and diffusion, photolysis experiments were carried out in the
presence of a second dialkyl Ni"" complex bearing different
alkyl groups (Figure 6). ("®bpy)Ni"(Me), (10) and (""bpy)-
Ni''(n-Bu), (11) were paired with 3 in these crossover studies
as their rates of photolysis are comparable to that of 3 at 390
nm. Irradiation of a 1:1 mixture of 3 and 10 affords
predominantly direct coupling, with a 17% yield of ethyl-
trimethylsilane (12). The analogous reaction with 3 and 11
affords only 7% yield of the crossed product (14).”> These
results suggest the majority of photolysis events lead to C—C
bond formation via rebound rather than cage escape, which
would afford a more statistical mixture of products.

Moreover, it is also possible that radical diffusion may not
directly lead to the formation of cross-products (Figure 2, Box
III) but rather enables alkyl ligand exchange to reach mixed
bis(alkyl) Ni" intermediates. Prior studies demonstrate that
C(sp®)—C(sp®) reductive elimination from five-coordinate

Ni'! presents a sufficient barrier to observe the intermediacy

A. Crossover experiment between 3 and 10.7 4
- A-SiMeg 74% yield

SiMeg Me,Si
Now N., «Me  hv(390 nm) 12
C it o Cunl — T Me_SiMes 175 yield
N N Me  CgDg (1 mM)
3 SiMe; 10 25°C,2h Me—Me 13
(1 equiv) (1 equiv) observed

B. Crossover experiment between 3 and 11.7 4
Me,si” S Mes 7% yield

SiMeg
( o N.., ”“«H-BU hv (390 nm) 14
ZNil + ZNi — » nBu_SiMe; :
- NS ~ 7% yield
NN N7 SnBu e, (1 mM) ¢
; %
3 SiMeg L 25°C,2h n-Bu—n-Bu 15
(1 equiv) (1 equiv) 74% yield

Figure 6. Crossover experiments under standard photolysis
conditions (25 °C, overall 1 mM in C¢Dg4) with two distinct dialkyl
Ni complexes (both 0.5 mM in C¢Dg). (a) 'H NMR yield based on
toluene internal standard.

of such species.”* Hence, a tris(alkyl) Ni'! intermediate that is
the product of free radical capture by a dialkyl Ni"! complex
may have sufficient lifetime to engage in comproportionation
with photogenerated monoalkyl Ni!, featuring the transfer of
an alkyl ligand. From a mixed bis(alkyl) Ni" species, a
productive C—C bond formation via photolysis/radical
rebound affords cross-products 12 and 14.

Regardless, the productive radical rebound mechanism
would quantitatively afford a Ni° product, whereas the direct
product from the radical diffusion and capture mechanisms
leading to C—C bond formation is Ni'. As mentioned above,
the introduction of COD to stabilize a low valent Ni
photoproduct affords ("*"bpy)Ni’(COD) (9) in a 1:1
stoichiometric ratio with organic product 4 (Figure 3C).
While it is possible that a (“*bpy)Ni'(CH,SiMe;) (8)
photoproduct could be disproportionate to Ni'" and Ni’, the
putative Ni'(alkyl) intermediates would likely be highly
unstable. Given the clean reaction profile and nearly
quantitative mass balance, we suspect such a process is
improbable for the major fraction of product formation.
Indeed, the light-induced C—C bond-forming process likely
directly affords a Ni’ photoproduct alongside 4.

Lastly, to address the possibility of a bimolecular
mechanism,” we examined the dependence of the rate of
bond formation on the concentration of 3“°**. We find a first-
order rate dependence on the concentration of 3“0
suggesting a mechanism with a unimolecular rate-limiting
step (Supporting Information, Section 9).

In summary, we evaluated a number of mechanistic
hypotheses for light-induced C(sp®)—C(sp®) bond formation
from (*bpy)Ni(CH,SiMe;), complexes (Figure 2). Ultimately,
cross-coupled product 4 is formed through a radical rebound
mechanism, involving Ni—C(sp®) photolysis (green path,
Figure 4A) and subsequent Sy2-like C—C bond formation
(Figure 211).

Comparing Light-Induced Bond Formation to Alter-
native Reductive Elimination Strategies. The ability to
forge C(sp*)—C(sp*) bonds via reductive elimination from Ni"
is an enabling elementary step for a variety of catalytic
transformations. Thus, we examined the capabilities of this
light-promoted bond formation in comparlson to existing
strategies in the literature to promote N1 reductive
elimination, namely strategic ligand design®® and use of
electron-deficient olefins (EDOs) as added ancillary li-
gands.' "’
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Martin and co-workers demonstrated that modification of
the steric properties of an ancillary ligand is a viable strategy to
enable C(sp*)—C(sp®) reductive elimination from dialkyl Ni"
complexes.”® While phenanthroline-ligated complex (phen)-
Ni"'(CH,SiMe;), (3P'*") is unreactive even upon heating to
100 °C for 24 h, introduction of 2,9-disubstitution on the
ligand affords a complex (16, Figure 7) that readily evolves

MeO~~Me SiMeg SiM
I iMe
2,9-substituted N""Ni““‘l CeDs H
phenanthrolines <N~ °4>
(Martin'5) MeO (= \\ : 60°C,2h SiMeg

100% conv. 4
16

Light-promoted reactivity?

SiMes ~ SiMe, SiMeg
100 °C LN, 390 nm
-~ LNl S
SiMe, 24h NN W SiMe,

A gonen MO 67% (1h) 4
Figure 7. Comparison of ligand steric- and light-promoted reactivity
from dialkyl Ni"" phenanthroline complexes. (a) '"H NMR yield (25
°C, 1 mM in C¢Dy) based on the toluene internal standard.

cross-coupled product (4) at 60 °C. Martin found that the 2,9-
disubstitution leads to significant distortion from square
planarity, destabilizing 1, enabling a more facile reductive
elimination. However, given our findings with bipyridine
ligands, we hypothesized that bond formation from 3Phen could
also be directly achieved by irradiation. Indeed, 390 nm
irradiation of 37" for 1 h at 25 °C evolves 4 in 67% yield
(Figure 7). Hence, light-induced reductive elimination is an
exciting alternative strategy to synthetically designed ligands
for fashioning C(sp*)—C(sp®) bonds.

Reducing the electron density at Ni through the binding of
an electron-deficient olefin (EDO) is another strategy to
enable C(sp*)—C(sp®) reductive elimination. Seminal studies
by Yamamoto and co-workers find that treatment of dialkyl
bipyridine Ni" complexes (bpy)Ni"(R), (R = Me, Et, etc.)
with a variety of a,f-unsaturated carbonyl EDOs (acrolein,
methyl vinyl ketone, etc.) readily promotes reductive
elimination."* To our surprise, exposure of our model complex,
("P"bpy)Ni"(CH,SiMe,), (3), to a variety of EDOs resulted in
negligible reactivity, even at elevated temperatures (Figure
8A). While initially perplexing, we note that Yamamoto found
that even small EDOs such as acrolein have highly unfavorable
steric interactions with sterically hindered alkyl ligands such as
i-Bu. Knochel has also reported the complement to be true,
wherein large EDOs are hypothesized to fail to bind to even
sterically unencumbered Ni complexes.”® Thus, we suspected
that the lack of EDO-promoted reductive elimination may
arise from a disfavorable binding to 3 due to the imposing
sterics of the neosilyl ligands. Indeed, '"H NMR titration
experiments with dimethylfumarate (19) as a representative
EDO do not indicate any interaction with Ni (Figure 8B). For
comparison, we prepared metallacycle 20 as a sterically
accessible analog that is amenable to titration studies, as the
cyclic structure prevents reductive elimination due to ring
strain. Indeed, 20 binds to EDO 19, suggesting that the lack of
EDO-promoted reactivity of 3 is due to the steric profile of the
neosilyl ligand. These results highlight the potential utility of
light-promoted processes to achieve C(sp’)—C(sp®) bond
formation within sterically demanding environments.

We then compared the efficiency of light-promoted bond
formation to that of EDO-induced reductive elimination in

A. Lack of EDO-promoted reactivity from 3.

tBu ~ SiMe;
Nl
N~ \\
|
+Bu =

EDO (1 equiv)
dark, CgDg (1 mM)
—_—

Me3Si \/\SiMe3

25 °C, 60 min 4
3 SiMe;
EDOs evaluated
EDO Yield 4 (%)? PR X CO:Me
none 0 17 18
styrene (17) 0 A COzMe
X
methyl acrylate (18) 2 MeO,C 19
dimethyl fumarate (19) 0

B. 'H NMR titrations EDO 19 with complexes 3 and 20.

tBu ~ SiMe;

- tBu
(=N W ! \N .
TNl g :’Ni”;:l
| /N \ ] \/N
tBu 3 SiMe; +-Bu 20

"H NMR titration of 19 with 3 "H NMR titration of 19 with 20

0 equiv3 19 0 equiv 20 19

(olefin) v (olefin)
0.2 equiv3 j@ L\—JL—AV
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T A T ey
7.574737271706.96.86.76.66.5 7.574737271706.9 6.8 6.7 6.6 6.5
ppm ppm

Olefin binds to 20

No olefin binding to 3

C. Comparison of light- and EDO-induced reductive elimination.?

+Bu | \N = 390 nm, 60 min, CgDg, 25 °C
> S or R—R
s N’ ~ R . . o
L EDO (1 equiv), 15 min, CgDg, 25 °C

tBu
15 min 60 min
conversion (%) conversion (%)
R dark hv EDO hv EDO
Me (10) 0 23 18 100 100

Et (21) 4 98 100 100 100
n-Bu (11) 0 76 100 100 100
CH,SiMeg (3) 0 33 0 72 0

Figure 8. (A) Treatment of 3 with a variety of 7-accepting electron-
deficient olefins (EDOs). (a) '"H NMR yield based on the toluene
internal standard. (B) Comparative 'H NMR titration study (in
CeDg) of 19 with 3 and 20 highlighting binding to 20 but not 3. (C)
Comparison of the activation of various dialkyl Ni"! complexes with
EDOs and light. (b) Percent conversion at 15 and 60 min determined
by '"H NMR with toluene as an internal standard.

scenarios where both strategies are applicable. To this end, we
prepared a library of dialkyl Ni" complexes featuring alkyl
groups of varying steric encumbrance. After 15 min, both
("P"bpy)Ni"(Me), (10) and (“®"bpy)Ni"(Et), (21) afford
similar conversion at 15 and 60 min, whether treated with 390
nm light or 1 equiv of dimethylfumarate (19) (Figure 8C).
However, photolysis experiments carried out without gaseous
headspace highlight that the irradiation of 21 also leads to the
formation of ethylene (Supporting Information, Section $).
Interestingly, as was also observed by Yamamoto and co-
workers, 10 is less reactive than 18. For ("®*bpy)Ni"(n-Bu),
(11), n-octane was formed nearly quantitatively in 15 min with
the addition of 19, whereas photolysis affords 76% and 100%
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conversion after 15 and 60 min, respectively. As stated above,
("P"bpy)Ni"(CH,SiMe,), is unreactive with 19, but bond
formation is still achieved upon irradiation. In summary, while
both photochemical- and EDO-induced reductive elimination
are C(sp®)—C(sp®) bond formation strategies applicable when
coupling sterically unencumbered alkyl fragments, the photo-
chemical approach is advantageous in sterically challenging
systems wherein EDO binding is unfavorable.

B CONCLUSIONS

In summary, we report a thorough investigation into a
photochemical reductive elimination from bpy-ligated Ni"
dialkyl complexes, overcoming the typically insurmountable
thermal barriers for such transformations. Through a detailed
mechanistic investigation, we identified a photolysis/radical
rebound mechanism to be operative. This mechanism is
supported by a wavelength-dependent reactivity cutoff,
quantitative formation of a Ni’ photoproduct, and product
distributions in crossover studies. This direct means of forming
challenging C—C bonds offers a complementary reactivity
paradigm to established ligand-focused strategies. In particular,
the photochemical approach can circumvent steric hindrances
that limit EDO binding, providing an alternative to bond
formation from sterically crowded metal centers. By leveraging
photochemistry, we hope to open new opportunities to expand
the scope of Ni-catalyzed cross-couplings in systems where
challenging C(sp®)—C(sp®) bond formation is otherwise

inaccessible
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