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The capture of carbon-centered radicals at a nickel(II) center is commonly featured

in recent cross-coupling and metallaphotoredox catalytic reactions. Despite its

widespread application in catalysis, this fundamental step lacks experimental

characterization. This report discloses the electron paramagnetic resonance (EPR)

evidence for the formation of a nickel(III) intermediate, calibrates the capture rates

to be on the scale of 107 and 106 M�1s�1 for primary and secondary radicals,

respectively, and verifies the diastereoselectivity and enantioselectivity conferred

by ligand effects.
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Carbon-centered radical capture
at nickel(II) complexes:
Spectroscopic evidence, rates, and selectivity

Qiao Lin,1 Ethan H. Spielvogel,1 and Tianning Diao1,2,*
THE BIGGER PICTURE

First-row transition-metal

complexes represent sustainable

and affordable catalysts for

organic synthesis. Because of their

stable radical states, first-row

metal catalysts can mediate

radical pathways in catalysis by

initiating radical formation via

redox processes and capturing a

radical at the metal center.

Nickel(II) complexes are proposed

to trap carbon radicals and

engage in subsequent C–C bond

formation from the nickel(III)

intermediate. This fundamental

step has broadened the scope of

cross-coupling partners, enabled

stereoconvergent synthesis, and
SUMMARY

The capture of carbon-centered radicals at a nickel(II) center is
commonly featured in recent cross-coupling and metallaphotore-
dox catalytic reactions. Despite its widespread application in catal-
ysis, this fundamental step lacks experimental characterization. This
report portrays radical capture at catalytically relevant nickel(II) cen-
ters from several aspects, including the structure-activity relation-
ships of the ligands, the mechanism, the kinetics, and the stereose-
lectivity. Spectroscopic data provide evidence for the formation of
a nickel(III) intermediate. Strikingly different reactivity between
nickel-aryl and nickel-alkyl complexes implies different rate-deter-
mining steps for C(sp3)–C(sp3) and C(sp2)–C(sp3) bond formation.
Kinetic data benchmark the capture rates on the scale of
107 M�1s�1 and 106 M�1s�1 for primary and secondary radicals,
respectively. Overall, the activation energy is higher than that of
previous computational estimations. Finally, stoichiometric experi-
ments with well-defined chiral nickel complexes demonstrate that
the radical trapping step can confer diastereoselectivity and enan-
tioselectivity with a drastic ligand effect.
controlled stereo- and

chemoselectivity. Yet, there is a

lack of experimental

characterization of this critical

step. This report provides

spectroscopic evidence for radical

capture, calibrates the rates, and

demonstrates ligand-controlled

stereoselectivity. These results

help form hypotheses on reaction

design with radical capture as an

intermediate step and inform

reaction optimization to achieve a

broad scope.
INTRODUCTION

Recent advancements in cross-coupling reactions and metallaphotoredox catalysis

exploit the reactivity of nickel catalysts to initiate and propagate radical reactions.1–5

A commonly proposed intermediate step involved in these catalytic cycles features

the capture of a carbon-centered radical at the nickel(II) center, generating a

nickel(III) intermediate that can readily undergo reductive elimination (Figure 1A).6

This pathway differs from traditional two-electron processes, frequently mediated

by palladium and other noble metals, and provides novel synthetic opportunities

for forming C–C bonds. For example, cross-coupling reactions catalyzed by nickel

allow for stereo-convergent synthesis.7 The ability of nickel to capture radical inter-

mediates and engage them in cross-coupling reactions has broadened the scope of

cross-coupling partners. Although radicals can be generated from halogen-atom

abstraction by a low-valent nickel species,8 abundant photoredox and electrocata-

lytic approaches have been developed for the formation of radicals from a wide

range of precursors, including carboxylic acids, C–H bonds, boronates, and redox

auxiliaries.5,9–11 Moreover, the formation of a high-valent nickel(III) intermediate

upon radical capture could promote C–C bond-forming reductive elimination

both kinetically and thermodynamically.12,13 Finally, the trapping of radicals at the

nickel center can determine the chemoselectivity in cross-electrophile coupling re-

actions14 and control stereoselectivity in diastereoselective and enantioselective

coupling reactions.15,16
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Radical capture at a nickel complex formally increases its oxidation state by +1 and

has been observed and characterized in several systems, including the transforma-

tions of Ni(I) to Ni(II),17 Ni(II) to Ni(III),18–20 and Ni(III) to Ni(IV).20,21 The most cata-

lytically relevant system is N-ligand coordinated Ni(II)-aryl complexes, such as (bpy)

Ni(Ar)(Br) (bpy = bipyridine), which have been investigated computationally. Two

possible pathways are generally considered: the first is an inner-sphere mechanism

that involves the formation of a discrete Ni(III) intermediate, and the second is an

outer-sphere mechanism in which C–C bonds are directly formed without an inter-

action between the entering radical and the nickel center (Figure 1B). The former

has been proposed for primary and secondary radicals,22–31 whereas the latter

proved plausible for tertiary radicals.24 Calculated kinetic barriers (DGz) vary

among different studies (Figure 1C).32 The capture of benzyl radical has been

calculated to be almost barrierless,22,25 whereas the activation energy for the

slower secondary and tertiary radicals spreads across a range of values.23,24,27

The estimated fast radical capture has precluded the consideration of this step

as rate-limiting relative to the following reductive elimination in these computa-

tional studies. There is generally a lack of experimental characterization of radical

capture at catalytically competent nickel(II) complexes to benchmark computa-

tional results, and previous studies seldom compared the effect of actor ligands

on nickel radical capture.31

Herein, we address the knowledge gap with a comprehensive experimental study on

radical capture at nickel(II)-aryl and nickel(II)-alkyl complexes bearing ligands

commonly applied in catalytic reactions, such as bpy and phen (phen = 1,10-phe-

nanthroline). The study sheds light on several key mechanistic aspects of radical

capture at these nickel centers and reaches unforeseen conclusions: (1) experimental

data distinguish inner-sphere and outer-sphere pathways and provide spectro-

scopic evidence for a nickel(III) intermediate; (2) experimental characterization of

rate constants reveals that previous density functional theory (DFT) calculations

generally underestimated the kinetic barrier and that radical capture at the nickel(II)

could be rate limiting in relation to fast reductive elimination; (3) contrasting reac-

tivity between nickel-aryl and alkyl complexes unveils different rate-determining

steps, which accounts for synthetic challenges in forming C(sp3)–C(sp3) bonds and

prompts reconsideration of the mechanism; and (4) investigations of the stereo-

chemistry at the radical capture step elucidate the impact of the substrates and

the chiral ligands on the stereochemical outcome. These results help form hypothe-

ses on reaction design with radical capture as an intermediate step and inform

reaction optimization to achieve a broad scope.
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RESULTS AND DISCUSSION

Effect of actor and auxiliary ligands on nickel

We conducted a survey of various phen-, pyrox-, pybox-, and bpy-nickel complexes

to establish the effects of the auxiliary and actor ligands on radical capture. Benzyl

dihydropyridine 1 (Bn–DHP) has been shown to eject benzyl radical upon photoex-

citation, driven by the formation of the resulting Hantzsch pyridine.33 When we

irradiated 1 with 390 nm light in the presence of (phen)Ni(Ar)(Br) complex 2, we

observed the formation of the cross-coupling product Ar-Bn in quantitative yields

(Figure 2A, entry 1). Monitoring the reaction with UV-visible spectroscopy and

comparing the spectra with that of (phen)NiBr 3 verified the concomitant formation

of (phen)NiBr 3 (Figure S6). Control experiments revealed that 2 is stable under

photo-irradiation and ruled out possible transformations of 2 induced by direct

photoexcitation.34 The yield of the cross-coupling product was substantially
2 Chem 9, 1–14, May 11, 2023
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Figure 1. Radical capture at the nickel(II) center as a key step in nickel-catalyzed cross-coupling and metallaphotoredox catalytic reactions
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reduced to 10%with the bulky complex 4 (entry 2). Ni-alkyl complexes 5 and 6 lacked

reactivity and generated cross-coupling and homo-coupling products in low yields

(entries 3 and 4).35 The fate of the benzyl radical in these cases was toluene, whereas

the remaining nickel complexes and 1 stayed intact. Complex 7 afforded biaryl

coupling as the major product, consistent with previous reports of the complexes’

instability (entry 5).36

We then examined nickel complexes bearing different N-ligands, including bpy,
tBubpy (tBubpy = di-tert-butyl-bipyridine), CF3bpy (CF3bpy = di-trifluoromethyl-bipyr-

idine), pyrox (pyrox = pyridine-oxazoline), and pybox (pybox = pyridine-bis-oxazo-

line)7 (Figure 2A, entries 6–12). Good yields of the C(sp2)–C(sp3) cross-coupling

products were observed across a range of ligand classes. tBubpy is more commonly

applied in catalysis than bpy, primarily for better solubilization of nickel complexes in

organic solvents. Both tBubpy and bpy gave similar yields of the cross-coupling prod-

uct (entries 6 and 7). The electron-deficient complex 10 (entry 8) led to a slightly

lower yield than 8 and 9. The yield of cross-coupling product formed from (iPrpy-

box)Ni complex 14 was noticeably lower than the yield of those formed with biden-

tate ligands. We attribute this decrease in reactivity to the steric bulk of the isopropyl

groups on pybox. When subjected to reaction conditions in Figure 2A, the corre-

sponding bpy and pyrox-ligated nickel-alkyl complexes only yielded trace amounts

of the C(sp3)–C(sp3) cross-coupling products (entries 9 and 11). This trend is consis-

tent with the hybridization effect observed for the (phen)Ni analogs: (phen)Ni-aryl

complexes are efficient in mediating C(sp2)–C(sp3) bond formation after accepting
Chem 9, 1–14, May 11, 2023 3
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Figure 2. Nickel(II)-mediated radical capture and C–C bond formation

Stoichiometrically (A) and catalytically (B).
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the benzyl radical, but (phen)Ni-alkyl complexes gave little C(sp3)–C(sp3) cross-

coupling products.
Different catalytic reactivity between C(sp2) and C(sp3) electrophiles

The strikingly different reactivity between 2 and 6 prompted us to probe the

different catalytic reactivity between C(sp2) and C(sp3) electrophiles. We carried

out catalytic reactions between DHP substrate 15 and bromide electrophiles under

the conditions reported by Melchiorre and co-workers (Figure 2B, equation 1).33

Although aryl bromide underwent smooth conversion to the cross-coupling product

16, consistent with the report,33 n-propyl bromide led to no C(sp3)–C(sp3) coupling

products 17.
4 Chem 9, 1–14, May 11, 2023
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Figure 3. EPR study of radical capture by 2 and 11

Radical capture by (A) 2 at 77 K and (B) 11 at 5 K in THF under light irradiation (390 nm). [1] = 50 mM; [2] or [11] = 10 mM. The spectral data were collected

with the following spectrometer settings: microwave power = 0.5 mW, modulation frequency = 100 KHz, modulation amplitude = (A) 10 G and (B) 4 G.

The simulated spectra used the following parameters: (A) g = 2.0038; (B) a mixture of two species, 18 and 19 (18: S = 1/2, g = [2.2201, 2.1105, 2.0139],

AH,H = [95, 10, 90; 0, 25, 0] G; 19: S = 1, g = [2.2205, 2.1350, 2.0135], D = 0.061 cm�1, AN,N = [40, 60, 0; 40, 60, 0] G).
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Spectroscopic evidence for the formation of a nickel(III) intermediate upon

capture

Subsequently, we performed photo-electron paramagnetic resonance (EPR) exper-

iments to verify the formation of the Ni(III) species resulting from radical capture by

phen and (tBubpy)Ni(II) complexes. Irradiation of Bn-DHP without any nickel species

present afforded benzyl radical with a giso value of 2.0035 (Figure S7).33 The rate of

this photo-excited radical generation was determined to be slow (k = 9.53 10�6 s�1)

(Figure S5). We then gathered EPR spectra of 1 in the presence of nickel complexes

2, 9, and 11 under 390 nm irradiation.37 With 2 and 9, we observed the accumulation

of an isotropic signal at 77 K, which was assigned to benzyl radical, evident by the

giso value of 2.0038 (Figures 3A and S10). The EPR spectrum displayed no signal cor-

responding to a nickel species. After irradiation for three hours, analysis of the

reaction mixture of 2 by GC revealed the formation of the cross-coupling product

in 28% yield. The rest of 1 and 2 remained unreacted.

Conducting the photo-EPR experiment on complex 11 resulted in the observation of

no signal at 77 K but a metal-centered EPR signal at 5 K (Figure 3B), suggesting fast
Chem 9, 1–14, May 11, 2023 5
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temperature-dependent relaxation.38 The signal, spanning between 240 and

400 mT, exhibited gz turning points at g = 2.52 and g = 1.67, which correspond to

the transition from m = +1 and m = �1 to m = 0 in the z direction, respectively.39

This signal range is broader than that of a common S = 1/2 Ni(III) complex, usually

between 300 and 340 mT.40 The fast temperature-dependent relaxation and the

multiple line shapes suggest a S = 1 species, the zero-field splitting (ZFS) of which

accounts for the observed gz turning points. We could thus calculate the magnitude

of the D tensor to be 0.061 cm�1,41 a ZFS parameter that implies a strong dipolar-

dipolar interaction and a short distance between the two spins.42 Simulation of

the spectrum resulted in a mixture of a S = 1/2 and S =1 species with similar g values

of [2.2201, 2.1105, 2.0139] and [2.2205, 2.1350, 2.0135], respectively (Figure S9).

The resemblance of the g values to those reported for Ni(III) complexes prompted

us to assign this signal to the monomeric and dimeric nickel(III) species, 18 and

19.12,13,42,43 The isotropic giso of 2.1148 and the small Dg = 0.11 falls into the range

of expected values for nickel(III) complexes. DFT calculations performed with the

ORCA package revealed that both 18 and the putative Ni(III) 20 are nickel-centered

radicals (Figure S11).

Kinetics of radical capture by nickel(II) complexes

Direct kinetic measurements of the radical capture step were complicated by the

slow generation of the benzyl radical and the fast reductive elimination from the

(phen) and (tBubpy)Ni(III)-aryl intermediates. To circumvent this, we employed

radical clock methods to determine rate constants for the radical capture at com-

plexes 2 and 9. The reduction of primary bromide 21 by Bu3SnH under irradiation

(365 nm) gave 23 and 25. A seven-membered product from 7-endo cyclization of

27 was also observed in small quantity (Scheme S1). The reaction proceeds through

the generation of Bu3Sn
, upon irradiation of Bu3SnH, which abstracts the bromine

atom from 21 to generate 27. Hydrogen-atom transfer (HAT) from Bu3SnH to radical

27 (k1) accounts for the formation of 23. Competing with this pathway, 6-exo cycliza-

tion of 27 (k2) is followed by HAT of 29 to generate 25. The conversion of 27 to 23 is a

bimolecular process depending on [Bu3SnH], whereas 6-exo cyclization of 27 is un-

imolecular. Thus, the ratio of [23]/[25] is expected to display a linear dependence on

[Bu3SnH], under the assumption that radical cyclization to afford 29 and the subse-

quent HAT to form 25 are irreversible. We conducted parallel reactions by varying

the concentrations of Bu3SnH and recorded the ratios of [23]/[25] for each

reaction at 10% conversion, when the consumption of Bu3SnH was negligible rela-

tive to the large excess of initial [Bu3SnH] (Figure 4A). The ratios of [23]/[25] dis-

played a linear relationship on [Bu3SnH], the slope of which corresponds to the ratio

of k1/k2. Given that k1 was reported to be (2.7 G 0.1) 3 106 M�1s�1,44 we solved for

the unimolecular rate constant of 6-exo cyclization to be k2 = (2.8 G 0.1) 3 105 s�1

(Figure 4A).

The rate of HAT for secondary radical 28 with Bu3SnH has been reported to be k3 =

(1.5 G 0.1) 3 106 M�1s�1.44 Applying the same method as described above for

the analogous secondary bromide substrate, wemeasured 6-exo cyclization rate of sec-

ondary radical28 tobek4= (3.8G0.3)3105 s�1 (Figure4A).The ratesofHAT forprimary

(k1) and secondary (k3) radicals are comparable, which reflects a minimal steric effect on

cyclization. The cyclization rates of primary and secondary radicals, k2 and k4, are similar

because the activation energy for radical cyclization is governedby the reorganizationof

the molecule to the proper geometry for cyclization rather than by sterics.45,46

The cyclization rate constants k2 and k4 for radicals 27 and 28 equipped us

to determine the capture rates of 27 and 28 at nickel(II) complex 2
6 Chem 9, 1–14, May 11, 2023
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Figure 4. Determination of the primary and secondary radical capture rate with radical clock substrates

(A) Calibration of primary and secondary radical cyclization rates k2 and k4.

(B) Determination of the rates of primary and secondary radical capture at nickel(II) 2 k5 and k6.

(C) Determination of the rates of radical capture at nickel(II) 9 k7 and k8.
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(Figure 4B). The DHP analog 31 was readily activated under 390 nm irradiation to

generate 27; this was followed by trapping by 2 and reductive elimination to

afford cross-coupling products 33 and 35 (Figure 4B).47 Analogous to the reduction

of 21 by Bu3SnH, the ratio of [33]/[35] is proportional to [2], and the slope of the

linear fitting reflects the ratio of the rate constants of the competing pathways.
Chem 9, 1–14, May 11, 2023 7
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By varying [2], we determined the rate constant for the trapping of the primary

radical 27 at (phen)Ni(Ar)(Br) to be k5 = (2.7 G 0.3) 3 107 M�1s�1, which corre-

sponds to a kinetic barrier DGz of 7.5 kcal/mol at 30�C. Analyzing the product

distribution of radical clock 32 under irradiation and in the presence of nickel(II)

2 revealed the second-order rate constant for radical capture of 28 by 2 to be

k6 = (3.7 G 0.4) 3 106 M�1s�1 (DGz = 8.7 kcal/mol at 30�C), which is nearly an

order of magnitude slower than that of the primary radical capture rate k5
(Figure 4B).

Another commonly applied ligand in nickel catalysis is di-tert-butyl-bipyridine.

Replacing complex 2 with complex 9 in this study revealed the rates of primary

and secondary radical capture by 9 to be k7 = (5.9 G 0.9) 3 107 M�1s�1 (DGz =
7.0 kcal/mol at 30�C) and k8 = (1.4 G 0.3) 3 107 M�1s�1 (DGz = 9.2 kcal/mol at

30�C) (Figure 4C). Compared with k7 and k6, the higher rate of primary radical

capture could be attributed to the lower oxidation potential of 9, whereas the lower

rate of secondary radical capture could result from the steric hindrance of the tert-

butyl group on the bpy ligand.

An inner-sphere mechanism and rationale for the contrasting reactivity

between Ni-C(sp2) and Ni-C(sp3) complexes

Collectively, the structure-activity relationship of ligands and the entering radical (Fig-

ure 2A), in combination with the EPR data (Figure 3), provide an experimental basis

for distinguishing between inner- and outer-sphere mechanisms for radical capture at

the nickel(II) center. The more hindered nickel center undergoes slower radical capture

(Figure 2A, entry 2). This significant steric effect lends the initial support for an inner-

sphere pathway. The formation of a nickel(III) intermediate would be hindered by the

methyl groups of 4 oriented toward nickel in an inner-sphere mechanism, whereas

such a steric effect would be insignificant if the benzyl radical approaches the aryl group

in an outer-sphere pathway. The EPR signal of Ni(III) species 18 and 19 provides unam-

biguous evidence for radical capture at the (tBubpy)nickel(II)-alkyl center. The inner-

sphere mechanism is consistent with previous DFT studies.22–24 Nevertheless, the

lack of a Ni(III) signal with complex 2 suggests that an outer-sphere mechanism cannot

be fully ruled out at this point for nickel-aryl complexes.

Radical clock experiments elucidated the kinetic barriers for radical trapping at com-

plexes 2 and 9 to be 7.5 and 7.0 kcal/mol for the primary radical and 8.7 and 9.2 kcal/

mol for the secondary radical, respectively (Figure 4). The primary radical capture

rates of (2.7 G 0.3) and (5.9 G 0.9) 3 107 M�1s�1 are slower than the diffusion

controlled bimolecular reaction rate of 2 3 1010 M�1s�1 (25�C)44 and comparable

to that measured for a macrocyclic nickel(I) complex (63 107 M�1s�1).17 The barriers

for primary radicals are noticeably higher than previous computational results.22,25

The activation energy for secondary radicals is in line with some DFT results,23,28

whereas it is higher than the others.26,29,30 Admittedly, different ligands could

vary the rates, as evident by the higher k7 than k5. The higher experimental activation

energy compared with the computational data suggests that there is generally an

underestimation of the activation energy for radical reactions, possibly because of

the common limitation of current DFT methods.48 The nearly 10-fold decrease in

the rate with the secondary radical (k6) relative to the primary radical (k5) indicates

that a bulkier entering radical could hinder radical capture.

The most striking result is the difference in reactivity between nickel-C(sp2) com-

plex 2 and nickel-C(sp3) complex 6 (Figure 2A, entries 1 and 4). We considered

two hypotheses to account for the lack of cross-coupling reactivity of 6. In the first
8 Chem 9, 1–14, May 11, 2023



Figure 5. Proposed energy profile based on experimental findings that accounts for the different reactivity between nickel-aryl and alkyl complexes
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scenario, radical capture was favorable at 2 but unfavorable at 6. In the second

scenario, both 2 and 6 could trap the radical, but reductive elimination from the

nickel(III) intermediate was slower in forming C(sp3)–C(sp3) bonds relative to

C(sp2)–C(sp3) bonds. The observation of nickel(III) species 18 and 19 by EPR spec-

troscopy (Figure 3B) suggests that a nickel-alkyl species, such as 6 and 11, can

readily trap benzyl radical, and the resulting nickel(III) intermediate might be

stabilized by aggregating into a dimeric structure. Nickel(III) 18 and 19 afforded

no reductive elimination product, which is consistent with the latter hypothesis

that C(sp3)–C(sp3) bond-forming reductive elimination is difficult. In sharp

contrast, complex 2 generated no nickel(III) signal that could be detected by

EPR spectrometer, but efficiently furnished the cross-coupling product. The lack

of a nickel-centered EPR signal suggests that the steady-state concentration of

nickel(III) species from 2 is lower than the detection limit of 0.07 mM of the

SHQE resonator. The low steady-state concentration of nickel(III) is consistent

with fast reductive elimination to form C(sp2)–C(sp3) bonds. The energy profile

for these pathways is summarized in Figure 5. Such a scenario was not widely

considered in the previous computational results.

Rates of reductive elimination from the nickel(III) center follow the trend previously

established in palladium and platinum-mediated C–C bond formation: C(sp2)–

C(sp2) > C(sp2)–C(sp3) > C(sp3)–C(sp3).49,50 A similar trend was also observed with

well-defined nickel(III) complexes,12,13 in DFT calculations,31 and in the study of nickel(II)

complexes.51 Fast reductive elimination of nickel-aryl complexes could be attributed to

the participation of the aryl p-orbitals that are in the proper orientation for forming new

C–Cbonds. In contrast, thes-orbitals in a nickel-alkylmolecule requires reorientation to

form new C–C bonds. A related but different phenomenon was observed when

the reductive elimination rates of M(H)2, M(H)(Me), and M(Me)2 complexes were

compared.52 The relative stability of nickel(III) intermediates could also contribute to

their different reactivity in reductive elimination. Alkyl groups are stronger s-donors

than aryl groups and can thus better stabilize the nickel(III)-alkyl species.

The different reactivity between 2 and 6 is aligned with the catalytical reactivity (Fig-

ure 2B, equation 1). Although aryl bromides proceeded to afford the cross-coupling
Chem 9, 1–14, May 11, 2023 9
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Figure 6. Radical capture at the nickel(II) center

Diastereoselectively (A) and enantioselectively (B).
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product 16, alkyl bromide did not generate the target product 17. Nevertheless,

facile C(sp3)–C(sp3) bond formation has been observed both catalytically2,53–55

and stoichiometrically under optimized conditions.56 Although the reactivity is sub-

ject to various ligand effects, the low reactivity of C(sp3)–C(sp3) bond-forming reduc-

tive elimination that was observed in this study implies that previous proposals for

catalytic reactions might necessitate reconsideration, and our ongoing research

seeks to resolve this question.
Diastereoselectivity and enantioselectivity

An eminent accomplishment of nickel-catalyzed cross-coupling reactions is the

control of diastereoselectivity and enantioselectivity.15,16 Although different ste-

reo-determining steps could be proposed for various reactions, the observation of

stereoselectivity from well-defined organonickel intermediates is critical for identi-

fying factors that contribute to the stereoselectivity.7 There have been limited exam-

ples of organometallic studies on the diastereo- and enantioselectivity of the radical

capture step mediated by well-defined nickel intermediates.

Nickel-catalyzed diastereoselective coupling has been applied to a series of C-

glycosylation reactions, which leverage the formation of glycosyl radicals that can

then be added to nickel(II) intermediates and proceed to cross-coupling with high

diastereoselectivity.57–59 For example, photoredox coupling of glycosyl DHP 37

with 4-bromobenzenecarbonitrile furnished the a-glycosyl arene product 38 in

high yield with an excellent diastereomeric ratio (d.r.) (Figure 6A).57 To probe

whether diastereoselectivity could be attained from the addition of glycosyl radical

to nickel(II) intermediates, we performed the stoichiometric experiments and

observed the resulting product distribution (Figure 6B). Irradiation of 37 in the pres-

ence of 1 equiv of 2 afforded glycosyl arene product 41 in 24% yield with a d.r. of
10 Chem 9, 1–14, May 11, 2023
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46:1. The low conversion is attributed to the slow activation of 37 in the absence of a

photocatalyst.

Two mechanistic scenarios could be considered to account for the high diastereose-

lectivity. If the capture of 39 by 2 were irreversible, the high d.r. could be attributed

to the preference of 2 to approach from the a-face of 39. If reversible, the reaction

would be under Curtin-Hammett control, where the d.r. would be dictated by faster

reductive elimination of the a-glycosyl nickel intermediate 40 relative to the

b-anomer. Studies to distinguish these two scenarios are underway. Nevertheless,

the diastereoselectivity in the isolated step of glycosyl radical capture at the nickel

center is comparable to catalytic reactions, indicating that radical capture could

be the diastereoselective determining step and should be considered in future

reaction design.

Radical capture at a chiral nickel complex has been exploited in enantioselective

cross-coupling reactions.15,16 In light of recent advancements in the asymmetric

functionalization of proline and pyrrolidine derivatives,60 we probed the enantiose-

lectivity in the capture of a-amino radical 43 by nickel(II) complexes 44 and 47

bearing chiral pyrox and bis(imidazoline) ligands, respectively. Both 44 and 47 are

diamagnetic complexes, which fits the general profile of square planar nickel(II)-

aryl complexes. Upon irradiation, DHP derivative 42 underwent bond homolysis

to eject radical 43. In the presence of 44, the radical proceeded to generate

cross-coupling product (S)-46 in 35% enantiomeric excess (ee). In contrast, complex

47 trapped 43 to furnish the opposite enantiomer of (R)-46 in �94% ee.

The low yields were associated with inefficient radical generation and decomposi-

tion side pathways of the nickel complexes. It is conceivable that radical 43 was

trapped by 44 and 47 to afford Ni(III) intermediates 45 and 48, respectively. The

C1 symmetric pyrox ligand and the C2 symmetric bis(imidazoline) ligands favor

two different enantiomers. The high ee delivered by bis(imidazoline) is corroborated

by the optimized catalytic conditions.60 Although the reversibility of radical trapping

at 44 and 47 is uncertain at this point, these results highlight the impact of ligand

frameworks on enantioselectivity.

Conclusion

In summary, we have established the structure-activity relationship of radical capture

at catalytically relevant nickel(II) complexes supported on bpy, phen, pyrox, and py-

box ligands. The significant steric effect of the actor ligand and the observation of

homo-coupling products, along with the EPR characterization of a resulting nickel(III)

intermediate, provide experimental evidence for an inner-sphere mechanism for

radical capture and C–C bond formation. Radical addition to nickel-aryl complexes

led to fast and clean formation of the cross-coupling product, whereas nickel-alkyl

complexes proved inefficient at mediating C(sp3)–C(sp3) bond formation. This

remarkable difference in reactivity between nickel-aryl and nickel-alkyl complexes

with the same ancillary ligand was attributed to different rate-determining steps

and highlights challenges in cross-coupling reactions to form C(sp3)–C(sp3) bonds.

This result has important implications in envisioning the scope of catalytic reactions

involving radical capture by nickel. Kinetic characterization reveals higher activation

energy (7.0–7.5 kcal/mol for primary radicals and 8.7–9.2 kcal/mol for secondary

radicals) than previous DFT results, which resolves inconsistencies among different

computational studies and suggests that radical trapping could be slower than

reductive elimination. Primary radicals are trapped faster than secondary radicals

by over an order of magnitude. Finally, stoichiometric studies demonstrate that
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the radical capture step can confer diastereoselectivity and enantioselectivity in

mediating cross-coupling reactions.

EXPERIMENTAL PROCEDURES

Lead contact

Information regarding experimental procedures and requests for resources,

data, and reagents should be directed to the lead contact, Tianning Diao (diao@

nyu.edu).

Materials availability

Full experimental details, including complex synthesis, spectroscopic measurements,

rate data, and 1H NMR, 13C NMR, mass spectrometry, and EPR data, are available in

the supplemental information for all unique compounds. There are restrictions to the

availability of all reagents and products because of limitations on our capacity to store

compounds. Raw data are available from the lead contact upon request.

Data and code availability

All data supporting this study are available in the manuscript and

supplemental information. Additional information is available from the lead contact

upon request.
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