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Abstract

Ni'l(IB) dihalide [IB = (3aR,3a'R,8a$,8a'S)-2,2'-(cyclopropane-1,1-diyl)bis(3a,8a-dihydro-8 H-
indeno[1,2-d]-oxazole)] complexes are representative of a growing class of first-row transition
metal catalysts for the enantioselective reductive cross-coupling of C(sp?) and C(sp®) electrophiles.
Recent mechanistic studies highlight the complexity of these ground state cross-couplings, but also
illuminate new reactivity pathways stemming from one-electron redox and their significant
sensitivities to reaction conditions. For the first time, a diverse array of spectroscopic methods

coupled to electrochemistry has been applied to Ni'-based pre-catalysts to evaluate specific ligand
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field effects governing key Ni-based redox potentials. We also experimentally demonstrate DMA
solvent coordination to catalytically-relevant Ni complexes. Coordination is shown to favorably
influence key redox-based reaction steps and prevent other deleterious Ni-based equilibria.
Combined with electronic structure calculations, we further provide a direct correlation between
reaction intermediate frontier molecular orbital energies and cross-coupling yields. Considerations
developed herein demonstrate the use of synergic spectroscopic and electrochemical methods to

provide concepts for catalyst ligand design and rationalization of reaction condition optimization.

1. Introduction

The number of accessible oxidation states and the possibility of both one- and two-electron redox
reactions make nickel a well-suited alternative to precious metals such as iridium and platinum for
cross-coupling catalysis. Since the first report of reductive coupling of aryl halides to biaryl
products by bis(1,5-cyclooctadiene)nickel® in 1971,' numerous reports of coupling reactions,
including enantioselective cross-coupling, have appeared.? Early studies used electrochemistry to
render these reactions catalytic in nickel,> and in 2007 Durandetti et al. demonstrated that
elemental manganese could be used as the terminal reductant for the Ni(bipyridine)Br;-catalyzed
reductive cross-coupling of iodobenzene with a-chloroesters in up to 87% yield.* The first highly
selective enantioconvergent reductive cross-coupling was reported by one of our groups in 2013.°
Using bis(4-phenyloxazoline) (PhBOX), elemental manganese, and a 30% DMA/THF solvent
mixture, high yields and enantioselectivity were obtained for cross-coupling of acyl chlorides and
benzyl chlorides. Following this, a variety of chiral ligand frameworks were shown to be effective
for the reductive cross-coupling of different electrophile pairs.? For example, bis(indanyloxazoline)
(Scheme 1, bottom, IB) Ni complexes catalyze a variety of reductive alkenylation reactions,
including formation of enantioenriched allylic silanes and alkenes with aryl-substituted tertiary
stereogenic centers (Scheme 1, bottom).%” More recently, one of our groups has also demonstrated

electrocatalytic competency of these Ni! complexes for cross-coupling reactions.?
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Scheme 1. Outline of key findings from this comprehensive spectroscopic, electrochemical, and
computational study of Ni! precatalysts for enantioselective reductive alkenylation. FMO =
frontier molecular orbital.

A fundamental and detailed description of both the ground- and excited-state electronic
properties of transition metal complexes can help infer catalytic operativity and competency. For
example, one of our groups has recently provided detailed electronic structural and mechanistic
studies of the ground- and excited-state properties of low-spin Ni' bipyridine aryl halide
complexes and their Ni' photogenerated intermediates. These studies identified key structure-
function relationships relevant for excited state bond homolysis and oxidative addition reactivity,
which allowed for the mechanistic analysis of Ni'-mediated activation of strong C(sp?)-Cl

bonds.”!® Our groups also recently participated in collaborative work that utilized cyclic
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voltammetry under catalytic conditions and UV-vis-NIR spectroelectrochemistry to better
understand the interplay of Ni and Cr oxidation states for Nozaki-Hiyama-Kishi coupling.!!
Another study by Neidig et al. utilized a combination of Mdssbauer spectroscopy, magnetic
circular dichroism, and computations to demonstrate that the kinetic competency of four-
coordinate organoiron toward halogen abstraction is dependent on the accessibility and relative
energy of iron-based orbitals.!?

Despite the rapidly growing number of Ni-catalyzed reductive cross-coupling reactions
being developed, there have been relatively few detailed mechanistic studies, particularly of
bis(oxazoline) Ni complexes. Additionally, although solvent typically has a profound influence on
the yield and selectivity of these reactions,!3"'® the influence of solvent coordination to the active
catalyst has not been thoroughly studied. A previous study has crystallographically characterized
a five-coordinate, DMSO-bound Ni' phenanthroline complex, also suggesting the potential
influence of solvent in the catalytic cycle.!” A recent study by Diao ef al. has suggested a Ni"!
redox cycle and radical formation and capture are pertinent for catalysis by (biOx)Ni"ArX

VIl oxidation states.?® In general,

catalysts, which revised previous suggestions of involvement of Ni
uncertainty still exists regarding how the specific ligand, as well as the potential role of solvent
coordination, influence both low-spin and high-spin Ni!! cross-coupling catalysis.

To this end, we provide the first comprehensive spectroscopic and electrochemical
investigation of two reductive cross-coupling catalysts, Ni''(IB)Cl, and Ni''(IB)Br; [IB =
(3aR,3a'R,8aS,8a'S)-2,2'-(cyclopropane-1,1-diyl)bis(3a,8a-dihydro-8 H-indeno[ 1,2-d]-oxazole)],
to provide broad insight into the complex conditions and mechanism (Scheme 1). Although studies
related to these complexes by one of our groups were primarily in the context of developing
reductive alkenylation, we note that these and similar complexes have also been reported for a
number of other reactions, including reductive arylation, 1,2-alkynylboration, and 1,2-
vinylboration, further motivating their detailed experimental and computational investigation.?! !
Here we use variable-temperature (VT) UV-vis-NIR absorption, circular dichroism (CD),
vibrational CD (VCD), and magnetic CD (MCD) spectroscopies, coupled with cyclic
voltammetry, spectroelectrochemistry, and DFT/TDDFT and multi-reference
(CASSCF/CASPT2) calculations to elucidate specific electronic structure contributions to

reactivity, as well as the influence of solvent on the efficacy of catalytic transformations (Scheme

1). Quantifying halide-dependent spectral features directly connects ligand field strength and redox
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potentials. Similarly, studying three solvents with different donor numbers (DNs) provides a route
toward understanding previously reported empirical solvent optimization studies. We demonstrate
that DMA solvent can coordinate to catalytically-relevant Ni species and evaluate the potential
role of solvent coordination in their reactivity. Based on previously reported yields and findings
reported here, we suggest solvent coordination and low temperature can favorably influence
driving forces and kinetic barriers of key reaction steps leading to cross-coupled product. These
studies provide new insights relevant to the catalytic reactivity of chiral bis(oxazoline) Ni catalysts
that have been recently popularized for a variety of asymmetric Ni-catalyzed cross-coupling

reactions (Scheme 1).

2. Results and Analysis

2.1 Room-Temperature UV-Vis-NIR, CD, and MCD Characterization of Ni''(IB)Cl, and
Ni''(IB)Br; in a Non-Coordinating Solvent

Due to the absence of low-energy charge transfer bands in the UV-vis-NIR, electronic absorption
spectra of Ni''(IB)Cl; and Ni''(IB)Br; in DCM (donor number, DN = 1.0)*>33 (Figures 1A-C and
1D-F, respectively) provide rich insights into the Ni'! ligand field through observation of numerous
spin-allowed and spin-forbidden ligand field transitions (Table 1). These transitions arise from the
orbital triplet ground state (i.e., Ti(F) in an idealized Ty geometry) of the S = 1 &® Ni'' complexes
and exhibit correspondingly weak molar absorptivities at 294 K. CD and MCD spectroscopies
provide complementary, signed, spectroscopic methods to resolve overlapping ligand field
transitions. Due to the presence of the chiral IB ligand, the Ni'-based ligand field transitions
exhibit CD intensity (Figures 1B and 1E), and both complexes exhibit room temperature MCD
signals at 1.4 T (Figures 1C and 1F, respectively). A detailed discussion of band assignments can

be found in Supporting Information Section S3.
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Figure 1. Spectroscopic characterization of the Ni complexes. Room temperature (A, D) UV-vis-
NIR absorption, (B, E) CD, and (C, F) MCD spectra of Ni''(IB)Cl; and Ni'/(IB)Br; in DCM with
Gaussian resolutions of individual transitions (orange). Overall fit to each spectrum given in
dashed blue.
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Table 1. Band maxima and full widths at half maxima (FWHM) for Ni''(IB)Cl, and Ni"'(IB)Br;
in DCM obtained from simultaneous Gaussian resolution of UV-vis-NIR, CD, MCD, and
vibrational CD spectra. Numbered states correspond to spin-allowed ligand field transitions.

Ni'l(IB)Cl,

Absorption (cm™) CD (ecm™) MCD (cm™) Assignment
# | Band max. | FWHM Ba(“s‘iig‘:l‘;"“ FWHM Ba(“s‘:g‘:l‘)‘”" FWHM Ts: Cs, Geometry
1 2170 (+) 730 3Ti(F): *Bi(F) — Ay(F)
2 6640 2160 3Ty: *Bi(F) — *Bi/*B;
3 8240 1680 8820 (-) 1480 8010 (-) 2000 3Ty: 3Bi(F)— 3A,
4| 10270 2110 | 10750 (+) 1500 10 030 (-) 2110 | 3Ax(F): 3Bi(F)— 3As(F)
i 12 100 400 | 12020 (+) 330 12 030 (-) 250 3By(F)— 'To/'E

12120 (-) 180 12 100 (+) 170 3By(F)— 'To/'E
i | 12400 1630 | 12200 (+) 1150 Spin-forbidden LF
51 14940 1430 14 610 (+) 1000 | 3Tu(P): 3Bi(F)— 3B(P)
ii | 15890 1910 | 15500 (-) 1950 15 530 (+) 1570
6| 18210 1220 | 18000 (-) 1250 18 320 (+) 1280 | 3Tu(P): 3Bi(F)— 3By(P)
iv 19 050 (-) 1250
71 20130 2800 | 20130 (+) 2300 20270 (-) 2330 | 3Ti(P): 3Bi(F)— *A(P)
v -—- - 23 740 (-) 1600 - - LF of Trimer
Ni'l(IB)Br;

Absorption (cm™) CD (ecm™) MCD (cm™) Assignment
# | Band max. | FWHM Ba(“s‘iig‘:l‘;"“ FWHM B"(“S‘:g‘:l‘)‘”" FWHM Ts: Cs, Geometry
1 2210 (+) 970 *Ti(F): *Bi(F) — *Ax(F)
2 6150 2000 3T2: *Bi(F) — *Bi/*B;
3 7980 1670 8670 (-) 1450 7980 (-) 2150 3Ty: 3Bi(F)— 3A,
4| 10150 2080 | 10460 (+) 1280 10 060 (-) 1930 | 3Ax(F): Bi(F)— 3As(F)

11 500 (-) 180 ’Bi(F)— 'T2/'E
i 11 670 500 | 11660 (+) 500 11750 (+) 500 3By(F)— 'To/'E
i [ 12380 1750 | 12000 (+) 1830 Spin-forbidden LF
5 14460 1450 | 14900 (-) 1530 14210 (+) 1280 | 3Tu(P): 3Bi(F)— 3B(P)
ii | 15600 1330 15 290 (+) 970
6| 17500 2000 | 17560 (-) 1650 17 920 (+) 1500 | 3Tu(P): 3Bi(F)— 3By(P)
iv 18 500 (-) 1030
71 19410 2660 | 19200 (+) 1670 19 420 (-) 2500 | 3Ti(P): 3Bi(F)— *As(P)
v — 211304 1030 | BB IT;;; T, At
vi 25100 (+) 2400 LMCT
7
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The ligand field transitions of Ni'/(IB)Cl, relative to Ni''(IB)Br; are blueshifted by ~120
— 710 cm™ in DCM (overlaps in Figure S17), consistent with stronger donation from chloride
relative to bromide. To estimate the relative ligand field strengths, we average the assigned spin-
allowed transitions (bands 1 — 7). Doing so provides relative ligand field strengths of ~12 365 cm-
"and ~11 975 cm™' (A = ~390 cm™) for Ni"'(IB)Cl, and Ni"'(IB)Br, respectively, in accord with
the greater ligand field strength in the chloride complex relative to bromide. As will be shown
below, the ligand field bands and ligand field strengths can be directly related to the energies of
the Ni'l-based redox active molecular orbitals (RAMOSs) and, thus, complex redox potentials (vide
infra, Section 3.3). To the best of our knowledge, this provides the first experimental connection
between ligand field spectroscopy and the electrochemical potentials of Ni''-based enantioselective

cross-coupling catalysts.

2.2 Vibrational CD Spectroscopy of Ni''(IB)Cl; and Ni''(IB)Br:

Pseudo-T4 Ni(IT)/Co(II) and pseudo-O,, V(III) complexes can exhibit large splittings of their orbital
triplet ground states. These splittings can be observed using techniques such as electronic Raman
or VCD. The latter is the infrared analogue of electronic CD spectroscopy and provides a means
to determine absolute stereochemical configurations or probe low-energy electronic transitions in
chiral transition metal complexes.’**3 VCD signals are observed for both Ni''(IB)Cl; and
Ni''(IB)Br; complexes dissolved in d°-DCM (Figure 2). Note high sample concentrations are
necessary for VCD measurements. Despite substantial trimerization of Ni''(IB)Cl, at these
concentrations (vide infra, Section 2.4), the observed VCD transition is still assigned to the four-
coordinate species, as evidenced by calculations (Figure S121) and spectral consistency with the
Ni''(IB)Br; analogue, which does not undergo trimerization at high concentrations in DCM.
Furthermore, to confirm the observed VCD spectral intensity for Ni''(IB)X: complexes
corresponds to a ligand field transition, the d'° complex, Zn"(IB)Cl,, was synthesized in a manner
analogous to the Ni'' complexes. The VCD spectrum of Zn"(IB)Cl; in ¢>-DCM does not exhibit
electronic absorption in the region of 1800 — 3200 cm™! (Figure 2). Ni'"(IB)Cl, exhibits a
moderately sharp (FWHM = ~440 cm ™) ligand field transition at ~2170 cm ™', while Ni''(IB)Br;
exhibits a transition (FWHM = ~580 cm™!) at ~2210 cm™'. For both complexes, this band (band 1,

3B1(F) — 3Ax transition in C»,) arises from a transition within the orbital triplet ground state (*T1(F)
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in Ty), which is split by low symmetry distortions and spin-orbit coupling. Note the positive sign
of the VCD band is consistent with the other 3A; states observed with CD (Figure 1B and 1E).
While the relative ground state splittings are quite similar between the two complexes, the small
increase in splitting for Ni''(IB)Br is likely due to the greater spin-orbit coupling constant for Br
relative to CL

This application of VCD determines electronic excited state energies of the low-symmetry
split orbital triplet ground state of transition metal-based enantioselective cross-coupling catalysts
for the first time. These data, combined with the UV-vis-NIR, electronic CD, and MCD data, have
allowed for the experimental determination of a complete ligand field energy level diagram for the
Ni''(IB)X> complexes. All transitions to individual excited states in Ty and C», symmetry are

assigned in the correlation diagram in Figure 3.

0.3 _ —Ni'B)cl, - Ni"(B)Br, Fit
s Ni'(B)C1, Fit —— zn"(IB)CI,
0.2 [ — Ni'(IB)Br,

300 2500 2000

-1
Energy / cm
Figure 2. Background-corrected vibrational CD spectra of 160.0 mM Ni''(IB)Clz, 139.0 mM
Ni''(IB)Br2, and 115.2 mM Zn"(IB)Cl; in &>-DCM.
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Figure 3. Descent in symmetry state diagram for Ni''(IB)Cl,. Starred states are derived from
CASSCF/CASPT?2 calculations and shifted by the average ratio of the seven experimental spin-
allowed transitions vs. seven calculated ligand field energies. Numbered states given in Table 1.

2.3 Room Temperature UV-Vis-NIR, CD, and MCD Characterization of Ni''(IB)Cl, and
Ni''(IB)Br; in Coordinating Solvents
To complement data obtained in DCM (poor ¢ and © donor) and to assess the solvent-dependent
behavior of Ni''(IB)X: complexes, room temperature UV-vis-NIR absorption, CD, and 1.4 T MCD
spectra were also acquired in MeCN (moderate ¢ donor and moderate © acceptor) and DMA (very
strong 6 donor and moderate m acceptor). These solvents were selected for their relative differences
in dielectric constant and Lewis basicity/acidity to assess the effects of solvent environment on
geometric and electronic structure, which can subsequently be correlated with catalytic activity
and selectivity.

UV-vis-NIR spectra of Ni''(IB)Cl; and Ni''(IB)Br; exhibit significant solvent dependence
(Figures S9 and S10). In addition to decreased overall intensities compared to transitions observed
in DCM, new spectral intensity grows in at ~23 000 cm™', with weak intensity in MeCN and

greatest intensity in DMA. These spectral changes are also manifested in the solvent-dependent

10
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CD and MCD spectra (Figures S44-S47), with the new spectral intensity at ~23 000 cm!
corresponding to a new negative band in CD and MCD. As demonstrated in Section 2.4 below,
this new band reflects an equilibrium between the four- and five-coordinate, solvent coordinated
species. Thus, electronic spectroscopies provide a direct handle on DMA coordination to Ni'!

dihalide complexes relevant to catalysis.

2.4 Variable-Concentration and Variable-Temperature UV-Vis-NIR Spectroscopy of
Ni''(IB)Cl; and Ni''(IB)Br;
Solvent and additive evaluation are necessary steps in the optimization of transition metal-
catalyzed organic reactions. However, these steps can be somewhat arbitrary and rely on a large
empirical screening matrix. Previous studies of Ni''(IB)X: demonstrated catalytic yields are
maximized in DMA and when the reaction is cooled to 0-5 °C.*® By obtaining VT UV-vis-NIR
spectra for both Ni''(IB)Cl, and Ni''(IB)Br; in DCM and DMA, we aimed to provide insight into
precatalyst speciation and, in turn, to provide experimental thermodynamic data for rational
catalyst and condition design.

As the concentration of Ni''(IB)C, is increased in DCM, a noticeable color change from
pink to orange is observed. Correspondingly, new electronic absorption bands are observed at 13
100 cm™ and 22 840 cm™! with increasing concentration (Figure S16). These additional absorption
bands are ascribed to the formation of a [Ni''(IB)Cl,]3 p-Cl trimer. A previously obtained crystal
structure of this species shows it possesses both five- and six-coordinate formal Ni' centers.3

The UV-vis-NIR spectra of Ni''(IB)Cl; in DCM (4.3 mM) and DMA (3.6 mM) also depend
on temperature (Figure 4A and 4B). Because of the number of overlapping transitions present in
each spectrum, the VT spectra were resolved using global modeling of the temperature dependence
through nonlinear regression at multiple wavelengths and bootstrapping (Figures S13-S15).3738
In DMA, the VT UV-vis-NIR spectra reflect an equilibrium between the four- and five-coordinate,
DMA coordinated species for Ni''(IB)Cl; (five-coordinate absorption maximum at 22 840 cm™")
and Ni''(IB)Br: (five-coordinate absorption maximum at 23 230 cm™!). In DCM, the VT UV-vis-
NIR spectra reflect an equilibrium between a monomeric and trimeric form (trimer absorption
maxima at 22 840 cm ' and 20 160 cm™'). We note the excellent agreement between the resolved

spectra of the four-coordinate species and the spectra of isolated Ni''(IB)Cl, and Ni''(IB)Br:

11

https://doi.org/10.26434/chemrxiv-2023-bkh36 ORCID: https://orcid.org/0000-0001-6026-1358 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://doi.org/10.26434/chemrxiv-2023-bkh36
https://orcid.org/0000-0001-6026-1358
https://creativecommons.org/licenses/by-nc-nd/4.0/

obtained in DCM (Figure 4 and S12). In contrast to Ni''(IB)Cl,, Ni'/(IB)Br; exhibited no
trimerization up to 152.1 mM or in VT studies down to —85 °C (Figures S18-S19).

0.7
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o 05F —-85°C —-67.5°C o 5°C —20°C
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Figure 4. VT studies of Ni'' precatalysts. VT UV-vis-NIR spectra of (A) 4.3 mM Ni''(IB)Cl, in
DCM and (B) 3.6 mM Ni''(IB)Cl; in DMA, as well as corresponding resolved spectra from global
nonlinear regression for (C) Ni''(IB)Cl, monomer and trimer and (D) four- and five-coordinate
Ni''(IB)Cl> monomer. Note analogous spectra for Ni''(IB)Br; are presented in Figures S11-12.

In addition to resolving the spectra for four-coordinate, five-coordinate, and trimeric
species, these fits provide thermodynamic parameters based on the two equilibrium expressions,

[(Ni(IB)X)s3] [Ni(Solv.)(IB)X,]

Kea = INiamx,p Mo = NiaB)x;] W)

Keq values for DMA coordination to Ni''(IB)Cl, and Ni''(IB)Br; are similar (0.58 and 0.97,

respectively, Table 2). Furthermore, Keq = 16.7 is calculated at 294 K for formation of the
[Ni''(IB)Cl]3 p-Cl trimer in DCM. Despite the exergonicity of this process (Table 2), the extent
of reaction is only 0.09% at 4.3 mM, which is why essentially no trimer is observed at room
temperature at low Ni'! concentrations. As expected for associative reactions, all entropy values
for solvent coordination and trimerization are negative. Note that the extent of temperature-
dependent reaction is primarily sensitive to the ratio of the enthalpy to entropy, and the global

fitting can extract this value with <1% uncertainty. However, global fitting can additionally extract

12

https://doi.org/10.26434/chemrxiv-2023-bkh36 ORCID: https://orcid.org/0000-0001-6026-1358 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://doi.org/10.26434/chemrxiv-2023-bkh36
https://orcid.org/0000-0001-6026-1358
https://creativecommons.org/licenses/by-nc-nd/4.0/

the absolute standard enthalpies and entropies, albeit with higher uncertainty. From Keq values, we
estimate concentrations of ~37% and ~49% for DMA-coordinated Ni''(IB)Cl: (3.6 mM) and
Ni''(IB)Br; (3.5 mM), respectively, at 294 K. Upon cooling to 273 K, these values increase
significantly to ~53% and ~69%, respectively.

Table 2. Thermodynamic reaction parameters for transition metal oligomers and solvent adducts
of Ni''(IB)X: species. 95% confidence intervals of global fitting given in brackets.

Complex Standard Enthalpy [Range] | Standard Entropy [Range] Free Energy Keq
(294 K) (294 K)
Ni'(IB)(DMA)Cl, | —5.0 kcal mol™! [-4.3,-7.1] | —18.1 calmol ' K™! [-15.4,-25.1] | 0.3 kcal mol™! 0.58
Ni(IB)(DMA)Br; | —6.1 kcal mol™! [-4.2, —8.3] | —20.8 cal mol ' K™! [-13.4,-28.9] | 0.02 kcal mol™! | 0.97
[Ni"(IB)CL,]3 —8.2 kcal mol™ [4.1, -12.5] | —22.3 cal mol ' K™! [-1.5,—43.7] | —1.6 kcal mol™! | 16.7

@— @’ High Temp.
Low Conc. o o Low Temp. )
— \ _ \- qu High € </N| i High Donicity NN
\ \ —— & Ni-,,
—N’-\ - ‘\ - M= Low Temp. Voo High Temp. X/'l X

High Conc. X Low Donicity o Om»,
@ Low € 7\

Figure 5. Equilibrium behavior of Ni''(IB)X; based on solvent conditions and concentration. Note
while trimerization is not observed for Ni''(IB)Br», it may form at higher concentrations or lower
temperatures accessed herein.

Xa 2
AN
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As depicted in Figure 5, the preceding analysis provides the first detailed view of the
effects of dielectric constant, concentration, and solvent donicity on the speciation equilibria of
Ni'! precatalyst solutions. With high solvent donicity, the equilibrium shifts toward a five-
coordinate, solvent coordinated species for both Ni''(IB)Cl; and Ni''(IB)Br:. Increasing
concentration and low dielectric constant shifts the equilibrium toward a trimeric species for
Ni''(IB)Cl,. Thus, solvent coordination, temperature, and catalyst concentration are important
effects that contribute to catalyst speciation and activity under reaction conditions (vide infra,
Discussion). VT spectroscopies provide a direct handle on the speciation and the associated

thermodynamics.

2.5 Cyclic Voltammetry of Ni''(IB)Cl, and Ni''(IB)Br; in DCM, MeCN, and DMA

To assess the effects of solvent donicity and dielectric constant on the electrochemical properties
of Ni''(IB)X; complexes, scan rate-dependent cyclic voltammetry data were acquired in DCM,
MeCN, and DMA (Figure 6 and Figures S48-S59). Table 3 provides peak and formal potentials
for initial redox events, while Table S1 provides peak and formal potentials for unique re-
oxidation and re-reduction events that result from chemical reactions following initial electron

transfers. Additional details and discussions are provided in Supporting Information Section SS.

| —DCM A 1.5x10° [
5x10*L| — DMA -5x10 I
: —— MeCN

1x10° [

5x10* [

jC-1 D1/2/A mol1 s1/2
o
jC1 D1IZIAm°|1s1IZ

-5x10* s

5x10% Lt

18 16 14 12 1 08 -06 -04 -0.2 1 05 0 05 1 15

Potential / V vs. Fc*’ Potential / V vs. Fc“0

Figure 6. Solvent-dependent, diffusion- and concentration-normalized voltammetry of
Ni''(IB)Br; (details of normalization are provided in Section S5 in the Supporting Information).
All electrochemistry acquired in 0.1 M TBAPF; solution at a scan rate of 100 mV s,
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Table 3. Electrochemical parameters for Ni' (IB)Cl, and Ni''(IB)Br; in 0.1 M TBAPF; electrolyte
solution using a glassy carbon working electrode, 0.01 M Ag*° non-aqueous reference electrode,
and platinum wire counter electrode. All peak and formal potentials are given in volts, obtained
using a 100 mV s™! scan rate (unless otherwise stated), and referenced to Fc™°.

Complex Solvent | Eyai | Epaz | Epe Epp,. EY? EY»? Dy (cm? s71)®
Ni""(IB)Cl, DCM 1.51¢ - -1.58 —1.44 -1.47 1.38¢ 9.25x107°¢
Ni''(IB)Br; DCM 0.94 - —1.46 -1.26 -1.26 0.85 9.25x107°¢
Ni""(IB)Cl, MeCN 0.96 - -1.46 -1.25 -1.32 0.81 1.05x 107
Ni''(IB)Br; MeCN 0.36 0.75 -1.21 -1.07 —-1.05 0.30/0.67 9.55x107°¢
Ni""(IB)Cl, DMA 0.67¢ - -1.54 -1.42 -1.47 0.48 281x10°
Ni''(IB)Br; DMA 0.22 - -1.37 -1.23 -1.23 0.15 3.06x 10°¢

Ni"'(“B"biOx)Br;* 1,2-DFB - - -1.90 —1.55 - - -
Ni"(*rbiOx)Br¢ 12DFB | - | — | —164 | -146 | -
Ni"(@MehiOx)(Dipp)Br | THF e | = =239 | 212 | -

aFrom the inflection potential of the redox process at 100 mV s™!, which approximates the formal

potential. "Derived from mass transport-controlled current at a disk microelectrode. *See reference
39 dEstimated from the local minimum of dj/dV at 25 mV s™!. °Estimated from the local minimum
of dj/dV at 100 mV s™!. Epp, . is the potential at half of the peak current.

Previous studies have provided formal potentials for both aromatic and non-aromatic Ni'!
diimine systems, with many reports providing kinetic analyses with substrate present.*>?° However,
to our knowledge, this is the first example of detailed solvent-dependent electroanalytical
chemistry for non-aromatic Ni'! cross-coupling catalysts. In general, precatalyst electrochemical
responses are remarkably solvent dependent. In all three solvents, Ni''(IB)Cl, and Ni''/(IB)Br;
both exhibit single, electrochemically irreversible reduction events with significantly shifted
oxidative waves (Figures 6, and S50, S54, S58). The general irreversibility required use of peak
potentials (Ep. or Epc), potentials at half of the peak current value (£,2), and inflection potentials
(accurate estimate of formal potential, E°) for analysis.*! Our measured Fc formal potentials in
DMA and MeCN are 85 and 91 mV vs 0.01 M Ag™°, respectively, indicating accurate conclusions
can be drawn regarding solvent effects on measured formal potentials of the Ni complexes in these
solvents. In DCM, the measured Fc formal potential is 215 mV. Therefore, measured formal

potentials in DCM will appear negatively shifted relative to values in DMA and MeCN.
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Based on shifts in peak potential as a function of scan rate and scan rate normalized
voltammetry (current function) in all three solvents (Figures S48-S58), as well as differential pulse
voltammetry and variable temperature voltammetry in DMA for Ni''(IB)Cl, (Figure S58), we can
draw some insightful conclusions regarding the reduction mechanism, as the current function and
shift in peak potential are dictated by the particular chemical and electrochemical mechanism.
These conclusions also apply to Ni''(IB)Br,. We ascribe the reduction of both complexes to a
concerted EqC; (in DMA and MeCN, solvent coordination and/or halide loss occur in concert) or
step-wise EiCi mechanism (DCM), where slow electron transfer is followed by rapid halide loss.
In DCM, three-coordinate Ni'(IB)X will be generated upon reduction, with no subsequent solvent
coordination. The lack of return current, shift in peak potential as a function of the logarithm of
the scan rate near 29.6 mV, with ~33 mV observed here, and decrease in the current function
toward a limiting value as the scan rate is increased supports a kinetically-controlled, stepwise
reduction followed by rapid halide loss (Figures S48 and S50). Activation of DCM by other nickel
complexes supported by naphthyridine-diimine ligands has been observed previously.*> However,
spectroelectrochemical data obtained in DCM do not support reactivity of the Ni'(IB)X with
solvent (Figures S73 - S75). Overall, this analysis featuring electron transfer coupled to rapid
halide loss is consistent with halide dissociation observed previously using extended X-ray
absorption fine structure (EXAFS) for a low-spin Ni! biOx aryl halide complex upon reduction
with potassium graphite.?°

Experimental formal potentials for chemically-coupled reduction of Ni''(IB)Cl; and
Ni''(IB)Br; to Ni'(IB)Cl and Ni'(IB)Br in DCM are —1.47 V and —1.26 V vs. Fc¢™°, respectively
(Table 3). It is therefore ~0.21 V (~1695 cm™!) harder to reduce Ni"'(IB)Cl; relative to Ni''(IB)Br;.
This observation is consistent with the energetic shifts in the spin-allowed ligand field bands in
DCM in experiment (vide supra, Section 2.1) and calculations (vide infra, Section 3.2 and 3.3).
In MeCN and DMA, Ni''(IB)Cl, (Figures S54 and S58) and Ni''(IB)Br; (Figure 6, left) both
exhibit superficially quasi-reversible voltammetry for the reduction. Experimental formal
potentials for chemically-coupled reduction in MeCN/DMA of Ni''(IB)Cl, and Ni''(IB)Br; are
—1.32/-1.47 V and —1.05/-1.23 V vs. Fc"°, respectively (A = ~0.27/~0.24 V (~2180/1935 cm™")).
Thus, for all solvents used here, it is harder to reduce Ni''(IB)CI; relative to Ni''(IB)Br.

Based on the VT UV-vis-NIR data in DMA (vide supra, Section 2.4), both the Ni"! four-

coordinate and five-coordinate solvent adducts exist in equilibrium, and this can potentially
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influence the electrochemistry measured in this solvent. One possibility for the reduction
mechanism for these species is reduction followed by halide loss and, for the four-coordinate
portion of the complex, coordination of DMA to the Ni! center, which could occur in a concerted
or stepwise fashion. For a concerted mechanism, the anticipated shift in peak potential as a function
of log(v) is 29.6/a mV, where « is the transfer coefficient for electron transfer.*! Based on the
observation of only one differential pulsed voltammetry wave on the forward scan and the shift in
peak potential with log(v) (~77-104 mV), we propose that the reduction and chemical follow up
reaction in both MeCN and DMA (i.e., solvent coordination at Ni') is a concerted process. The two
return waves observed scanning oxidatively suggest generation of a halide-dissociated species that
is re-oxidized at more positive potentials. This conclusion is supported by VT differential pulse
voltammetry (Figure S58), where the differential current at the more positive wave decreases as
temperature is decreased, while the differential current at the wave ascribed to re-oxidation of five-
coordinate Ni' increases. Based on behavior previously observed for these systems and our
computed formal potentials,?® the more positive re-oxidation could arise from re-oxidation of a
Ni!/Ni! dimer that forms after the initial reduction. However, we favor the interpretation featuring
re-oxidation of the halide-dissociated species based on computed formal potentials (Table 5) and
lack of return oxidation near the reduction event in DCM, where Ni' is anticipated to dimerize
rapidly. Further supporting our hypothesis, an additional wave near where three-coordinate Ni' is
predicted to oxidize is present in MeCN, but not in DMA (Figures S52 and S54), supporting the
weaker coordination affinity of MeCN and our assignment of the species generated upon reduction.

Potentials for chemically-coupled reductions in DMA are more negative relative to MeCN
by ~200 mV for both complexes. As discussed further in Section 3.3, this difference is ascribed to
DMA being a higher donicity solvent and coordinating to the Ni' center. Note that solvent
coordination is not observed in DCM and only weakly so in MeCN. It is further interesting to note
that the reduction potential for Ni'"(IB)Cl, in both DCM and DMA is —1.47 V vs. Fc™",
respectively; for Ni''(IB)Br», these are —1.26 V and —1.23 V vs. Fc™°, respectively. The similarity
in reduction potentials in DCM and DMA is ascribed to the relative Fc formal potentials in DCM
vs. DMA and the role of solvent in facilitating the Ni—X bond rupture upon one-electron reduction,
with the anionic halide loss more facile in DMA relative to DCM. Because of these considerations
and the electronic structure calculations presented in Section 3.3, the more quantitative

comparison of potentials for the reduction with and without coordinated solvent is that between
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MeCN and DMA. Furthermore, the temperature-dependent cyclic voltammetry demonstrates a
negatively shifted reduction potential as the temperature is lowered, which may be due to
increasing the relative amount of five-coordinate species. Thus, overall, solvent coordination
results in a harder to reduce Ni' center. By extension, this can be further translated to a more
reducing Ni' species, which, under catalytic conditions, can facilitate oxidative addition (vide infra,
Discussion).*

Ligand field and bonding effects on Ni'-based redox potentials can be further elucidated
using electronic structure calculations (vide infra, Section 3.3) and through correlations to
electronic spectroscopy, as transitions to the RAMO are also observed experimentally. Differences
in measured redox potentials correlate directly with specific structural influences on the energy of
the RAMO.

Finally, based on the measured formal potentials, proposed electrochemical mechanisms,
and additional electronic structure calculations of redox potentials (vide infra, Section 3.3), we do
not believe Ni’(IB)X: (or Ni° in any form) is thermodynamically accessible in the electrochemical

window of common electrochemistry solvents, which supports a Ni’/!!

catalytic cycle for reductive
alkenylation and potentially related reactions involving bis(oxazoline)-Ni complexes.?’ No
additional reduction beyond Ni' is required for oxidative addition of substrates for which this
catalyst has been previously demonstrated to be competent, and this finding has important

mechanistic implications for bis(oxazoline)-Ni-catalyzed reactions more generally.
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2.6 Spectroelectrochemistry of Ni''(IB)Cl; and Ni''(IB)Br; in DCM and DMA

To rationalize the noticeable difference in electrochemical response of Ni''(IB)X; in DCM vs.
DMA and to further understand the solvent-dependent -catalytic activity, time-based
spectroelectrochemical measurements were performed for both negative and positive polarizations.
These measurements are the first comprehensive solvent-dependent spectroelectrochemistry for
Ni'l cross-coupling catalysts. All experimental plots are shown in Figures S61-S87. In conjunction
with calculations (vide infra, Figures S133-S140), we can assign transient spectra to possible
species generated under polarized conditions. In DCM, polarization negative of the first reduction
generates a spectrum with a slightly blue-shifted, higher-energy ligand field transition, consistent
with calculated spectra for Ni'(IB)X (Figures S133 and S135).

Reduction of both Ni''(IB)Br; and Ni''(IB)Cl, in DMA generates spectra consistent with
calculated spectra corresponding to a solvent-coordinated Ni' species, Ni'(IB)(DMA)X (Figures
S134 and S136). All ligand field bands decay in intensity upon oxidation, which is ascribed to
oxidative degradation or oligomerization. Spectra obtained after positive polarization of

Ni''(IB)Br; are consistent with bromide speciation.*

3. Computational Results

In this section, we sought to gain further insights into the electronic structures of the precatalysts
by comparing experimental spectra and redox potentials with computed ground- and excited-state
properties obtained from a combination of DFT, time-dependent DFT (TDDFT), and
multireference CASSCF/CASPT2 calculations. TDDFT and multireference methods predict
electronic transitions below ~25 000 cm™! are ligand field excitations, and differences between
computed electronic spectra of Ni''(IB)X; complexes arise from differences in ligand field strength.
Generally, increased ligand field strength destabilizes the B lowest unoccupied molecular orbitals
(B-LUMOs), which negatively shifts the reduction potential of Ni''/(IB)Cl, relative to Ni''(IB)Br;.
DFT calculations also corroborate that, depending on reaction conditions (such as the choice of
coordinating/non-coordinating solvent or Ni'l concentration), precatalysts can exist in complex
equilibria featuring four-coordinate Ni''(IB)X:, five-coordinate Ni''(IB)(solv.)Xz, or trimeric
[Ni''(IB)X:]3 p-X species. Finally, we demonstrate the role of ligand—-metal covalency in tuning
the relative reactivity of the catalyst resting state; the bonding of this species further manifests in

a correlation between reaction yield and its oxidation potential relative to those of C(sp®) radicals.
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3.1 DFT and TDDFT Calculated Thermodynamics and Spectra of Ni''(IB)Cl, and
Ni''(IB)Br; Precatalysts

Using a TPSSh functional with a conductor-like polarizable continuum model (CPCM) (see
Computational Details in Section S8 of the Supporting Information), the ground state wave
functions of Ni''(IB)Cl, and Ni''(IB)Br; are high-spin (S = 1) Ni''. TDDFT was used to calculate
the electronic transition energies (Table 4). The intensities of the lower-energy ligand field bands
are underestimated relative to experiment and do not contribute significantly to the overall
predicted spectra (Figures S92-S93). Additionally, two-electron excitations and spin-flip
transitions are inaccessible through conventional TDDFT and, thus, are not observed in the spectral
predictions (e.g., *A2(F), band 4 and 'T»/'E, band i excited states in 7). For & Ni'!, there are only
six spin-allowed ligand field transitions accessible using TDDFT (Table 4). Therefore, full
assignment of all absorption bands from Section 2.1 cannot be achieved using this approach. A
more detailed analysis must be obtained from the multi-reference CASSCF/CASPT?2 calculations
(vide infra, Section 3.2). Nonetheless, qualitative correlations can be made by comparing to
assignments in the parent 7, point group (Table 4). While the absolute calculated energies of the
ligand field transitions are not well-reproduced with TDDFT, the average energies agree well with
the experimentally determined relative ligand field strengths (vide supra, Section 2.1). For
example, experimental values of ~12 365 cm™ and ~11 975 cm ™' (A =~390 cm™") were determined
for Ni''(IB)Cl; and Ni''(IB)Br;, respectively, and are computationally estimated to be ~13 780
cm!and ~13 370 cm? (A =~410cm™) .
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Table 4. Experimental (UV-vis-NIR absorption) and predicted electronic transition energies for
Ni''(IB)CI; and Ni''(IB)Br:.

Predicted transition energies (cm™)
Ni(IB)Cl, Ni(IB)Br; Assignment, (#)°
Experiment | DFT | CASPT2 | Experiment | DFT | CASPT2
2170* 7629 2009 2210* 7242 1824 STi(F): *Bi(F) — Ax(F), (1)

- 10 056 3318 - 9730 2974 Ty: °Bi(F) — °B1/°B2

6640 14 393 7443 6150 13924 7229 Ta: °Bi(F) — °B1/°Ba, (2)
8240 14 991 9786 7980 14972 9322 ’Ta: °Bi(F) — A1, (3)

-—- - 10 810 - - 10 244 Ty: °Bi(F) — °B1/°B2
10270 --- 12 709 10 150 -—- 12382 | *Ax(F): °Bi(F) — *Ax(F), (4)
14 940 18 462 16 354 14 460 17529 | 16112 | *Tu(P): °Bi(F) — *Bi(P), (5)
18210 - 20 607 17 500 -—- 19514 | *Tu(P): *Bi(F) — *Ba(P), (6)
20 130 17166 | 21586 19 410 16834 | 19561 | °Ti(P): *Bi(F) — *Ax(P), (7)

“Experimental energies for the *B;(F) — Ax(F) band were taken from the VCD spectroscopy. "Numbered
states correspond to spin-allowed ligand field transitions observed in experiments.

Energy

Ni(IB)Cl,

Figure 7. Comparison between 3d B-orbital manifolds of Ni''(IB)X: precatalysts demonstrating
the destabilization of the B-LUMOs due to differences in Cl vs. Br ligand field strength.

In addition to correlating TDDFT calculations to experimental precatalyst spectra, they can
be further utilized to understand the equilibria discussed in Section 2.4 (see Supporting
Information Section S8.1). The calculations corroborate that precatalysts can exist in complex
equilibria featuring four-coordinate Ni''(IB)X:, five-coordinate Ni''(IB)(solv.)Xz, or trimeric

[Ni''(IB)X:]3 n-X species. Consistent with experiment, the calculated spectra for five-coordinate

21

https://doi.org/10.26434/chemrxiv-2023-bkh36 ORCID: https://orcid.org/0000-0001-6026-1358 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://doi.org/10.26434/chemrxiv-2023-bkh36
https://orcid.org/0000-0001-6026-1358
https://creativecommons.org/licenses/by-nc-nd/4.0/

species and trimeric species exhibit a significant blue shift for the most intense calculated ligand

field band (band 7; Figures S130-S132).

3.2 Ab initio Multireference Calculations of the Ni''(IB)Cl; and Ni"'(IB)Br; Precatalysts

Due to the inherent complications with TDDFT described above, we have also used ab initio
multireference calculations to compute and assign the experimentally observed ligand field
excitations. First, we have systematically probed the effects of active space variation in CASSCF
calculations (see Computational Details in Section S8 of the Supporting Information) on the
qualitative agreement of Ni''(IB)Cl, and Ni''/(IB)Br; with experimental spectra. Regardless of
active space size (Tables S23-S38), the ground state is exclusively high spin. Notably, the largest
active space used in this work, 22e,120 (five N1 3d orbitals, six halide 2p/3p orbitals, and the Ni(IB)
o bonding orbital), results in a single-reference ground-state solution, with the highest weight of a
single configuration in the CI vector of ~95% for both Ni'/(IB)Cl, and Ni''(IB)Br; (Tables S28
and S34). This configuration corresponds to an S = 1 triplet ground state with unpaired electrons
in the d(x-y?) and d(xz) orbitals (i.e., the same configuration as obtained from DFT calculations;
cf. Figure 7). We note that inclusion of the occupied halide 2p/3p orbitals and the Ni(IB) ¢ bonding
orbital in the active space was essential to reproduce the experimental spectra. With this optimized
active space, UV-vis-NIR absorption, CD, and MCD spectra of Ni''(IB)Cl, and Ni''(IB)Br; were
calculated (Figure 8 and S141-S142). These calculations generally support assignments of
experimental data given in Section 2.1 (Table 4). Individual states can be assigned based on the
configuration state function with the largest weight in the CI vector, in conjunction with the

location of the 3d holes (see Supporting Information Section S8.2).
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Figure 8. Comparison between calculated (CASPT2, 22e,120; blue) and experimental (black)
spectra. (A) UV-vis-NIR absorption spectra of Ni''(IB)Cl, (top) and Ni''(IB)Br; (bottom). Group
theory assignments are given along with bands numbered as in experiment. The state ordering is
the same for Ni''(IB)Br;. (B) UV-vis-NIR absorption, CD, and MCD spectra of Ni''(IB)Cl.. Note
absorption and CD spectra are not normalized, while the computed MCD spectrum has normalized
intensities to match experiment. Corresponding data for Ni''(IB)Br; are presented in Figure S142
in the Supporting Information.

Calculated signs for CD and MCD transitions are also consistent with experiment. All *A,
excited states exhibit experimental and calculated positive CD bands and negative MCD bands.
The *A; excited state (band 3 in experiment) exhibits negative bands for both CD and MCD. As
supported by theory, the *B; excited state exhibits a negative CD band and a positive MCD band.
In contrast, the predicted sign for CD does not match that observed experimentally for the higher-
energy °B; excited state, though this is likely due to this transition being formally forbidden and
gaining intensity through either spin-orbit or vibronic coupling, which can give either positive or
negative differential intensity in CD.* The overall success of the CASSCF/CASPT?2 approach in
calculating UV-vis-NIR, and in particular CD/MCD spectra, is especially encouraging for future

analyses of experimental spectra for other chiral first row transition metal cross-coupling catalysts.

3.3 Computed Electrochemical Properties
Since the CASSCF CI vector indicates that the ground-state solutions are single-referent, we can

use DFT to interpret the effects of different halide ligands on the Ni'™", Ni'"!| and Ni"° reduction
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potentials of the Ni''(IB)X: complexes and connect them to thermodynamically accessible redox
pathways of Ni-based reductive cross-coupling catalysis. Table S provides computed potentials
for various electrochemical processes (vide supra, Section 2.5). Experimentally, the reduction of
Ni''(IB)X: complexes is chemically irreversible due to halide dissociation. DFT calculations
predict slightly positive halide dissociation energies of AGiissoc(CPCM) of ~6 kcal mol™! and ~7
kcal mol™! for Cl and Br Ni'(IB)X; complexes, respectively. The positive AGissoc may be
associated with inaccuracies in halide solvation energy when using a simple CPCM. The high
electrolyte concentration in electrochemical experiments, which is not accounted for in the
computations, may also further shift the equilibrium toward dissociation. For comparison, the
calculated AGissoc 0f halide loss from Ni'l(IB)X is significantly higher in energy (AGaissoc(CPCM)
=~30 kcal mol ! and ~29 kcal mol™! for Cl and Br, respectively), indicating much stronger ligand—
metal bonds for the Ni'' species.

The computed one-electron reduction potentials coupled to halide loss are —1.49 V and —
1.39 V vs. F¢™ for Ni''(IB)Cl, and Ni''(IB)Br3, respectively, with no additional coordinated
solvent ligand (Table 5). The absolute calculated values compare well with those measured
experimentally (Table 3), as does the calculated potential difference between the two complexes
(A =~0.10 V (~805 cm ™) (calculated) vs. A = ~0.24 V (~1960 cm™') (experiment — average for
all three solvents)). Thus, DFT calculations support the idea that stronger ligand fields generally
lead to a more negative potential for Ni' formation. In that regard, more facile reduction of

Ni''(IB)Br; is attributed to the lower energy of the B-LUMOs by ~0.2 eV (Figure 7).
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Table 5. Computed formal potentials for Ni''(IB)Cl, and Ni''(IB)Br». All potentials referenced to
Fc*? with computed absolute potential of —4.55 eV to compare the effect of solvent coordination
without the shift induced by Fc™? in different solvents. Note that MeCN and DMA are essentially

indistinguishable in the CPCM and produce the same computed value of Fc™? absolute potential.
Coordinated Solvent Reaction V vs. F¢™

None Ni'(IB)Cl, + ¢ — Nil(IB)Cl, ~1.24
Nil'(IB)Cl + ¢~ — Nil(IB)Cl -0.20
Ni'(IB)Cl, + ¢ — Nil(IB)Cl + CI ~1.49
Ni'"™Ni/(IB),Cl; Dimer + ¢ — [Ni/(IB)Cl,], Dimer -1.28
Ni'(IB)Br, + e — Ni/(IB)Br, -1.11
Ni'(IB)Br + ¢ — Ni'(IB)Br -0.13
Ni'(IB)Br; + ¢~ — Ni(IB)Br + Br~ -1.39
NiNi!(IB),Brs Dimer + ¢~ — [Ni!(IB)Br;], Dimer -1.26
MeCN Ni'(IB)CI(MeCN) + ¢~ — Ni(IB)CI(MeCN) ~0.59
Ni'(IB)CL,(MeCN) + ¢ — Nil(IB)CI(MeCN) + CI" |  —1.65
Ni'(IB)Cly(MeCN) + ¢ — Nil(IB)Cl, + MeCN -1.03
Ni'(IB)Br(MeCN) + ¢ — Nil(IB)Br(MeCN) -0.90
Ni'(IB)Bry(MeCN) + ¢ — Ni(IB)Br(MeCN) + Br | —1.48
Ni'(IB)Br,(MeCN) + ¢ — Ni(IB)Br, + MeCN -0.85
DMA Ni'(IB)CI(DMA) + ¢ — Ni'(IB)CI(DMA) -1.17
Ni'(IB)CL(DMA) + ¢ — Nil(IB)CI(DMA) + CI- ~1.66
Ni'(IB)CLL(DMA) + ¢ — Ni'(IB)Cl, + DMA ~1.06
Ni'(IB)Br(DMA) + ¢ — Ni(IB)Br(DMA) -1.09
Ni'(IB)Bry(DMA) + ¢ — Ni'(IB)Br(DMA) + Br- ~1.44
Ni'(IB)Bry(DMA) + ¢ — Nil(IB)Br, + DMA —0.86

The computed one-electron reduction potentials coupled to halide loss also shift negatively
upon solvent coordination. For the Cl complex, calculated values are —1.49 V, —1.65 V, and —1.66
V vs. Fc¢™? for no solvent, MeCN, and DMA coordination, respectively. For the Br complex,
analogous calculated values are —1.39 V, —1.48 V, and —1.44 V vs. Fc"°. These negative potential

shifts due to solvent coordination are also ascribed to modifications of the Ni'' B-LUMOs. For
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example, average energy destabilizations of 0.40 eV and 0.47 eV are observed for Ni''(IB)Cl, and
Ni''(IB)Br, complexes, respectively, upon MeCN or DMA coordination. Together, these
calculations and the ligand field spectroscopy both indicate for the first time that the RAMO energy
is an excellent descriptor of the redox properties of these metal-based cross-coupling catalysts, and
DFT calculations provide a useful approach for analyzing ligand contributions to potentials.
Finally, further extending these calculations to additional species, the computed reduction
of Ni'(IB)X to Ni’(IB)X or Ni’(IB) is calculated to occur at exceedingly negative formal potentials
(~3 V to—4 V). These calculated potentials for Ni’ formation are significantly more negative than
the reduction potentials of typical reductants used in cross-coupling reactions (e.g., ~1.11 V vs.
Fc® in DMA for tetrakis(dimethylamino)ethylene (TDAE) or ~-1.94 V vs Fc*® in DMF for
Mn).4647  Similarly, the disproportionation of Ni'(IB)X to Ni'"(IB)X; and Ni’(IB) is
thermodynamically highly unfavorable, with a AG(CPCM) of ~+57 kcal mol™! for both X = Cl and
Br. Thus, Ni° is unlikely to be a catalytically relevant redox state. Bis(1,5-cyclooctadiene)nickel”
(Ni(COD)2), when used as the nickel source, likely first generates Ni''(IB)X; to commence the
catalytic cycle. It is possible that Ni’(IB) can be formed by mixing IB and Ni(COD);, and that this
Ni’ complex might oxidatively add one of the electrophiles to give Ni''(IB)RX and initiate the first

turnover. However, it is unlikely that the catalytic cycle involves reduction back to Ni’(IB).

3.4 Resting State Electronic Structure and its Contributions to Reactivity
The electronic structure and electrochemical properties determined herein for Ni''(IB)X;

complexes support a Ni/ll

cross-coupling reaction cycle. A low-spin square planar Ni"l
phenanthroline (phen) aryl halide (Ni''(phen)(Ar)X) resting state has been proposed by Diao et al.
for Ni-catalyzed reductive 1,2—dicarbofunctionalization of alkenes.*® This resting state is thought
to form from Ni'(phen)X bimolecular oxidative addition of the aryl halide. The Ni''(phen)(Ar)X
is anticipated to react rapidly with C(sp?) radicals to produce a five-coordinate Ni''(phen)(Ar)X
intermediate.>! The ‘R—Ar’ cross-coupled product can then form via reductive elimination. The

analogous reactivity considerations for IB complexes and vinyl halides are given in Figure 9.4
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Figure 9. RAMO of the resting Ni'"(IB)(Vn)X for the Ni'"™ redox couple and radical capture with
Vn = I-methyl-4-vinylbenzene and X = Br.

Given the ability to accurately calculate and reproduce experimental formal potentials, the
same approach can be used to investigate the bonding and redox properties of the Ni''(IB)(Vn)Br
(Vn = 1-methyl-4-vinylbenzene; Figure 9) resting state, which we were unable to isolate and study
electrochemically due to instability.** The calculated reduction potential of this species coupled to
halide loss is —1.82 V vs. F¢”? in DMA. Interestingly, this is ~0.4 V more negative than that
calculated for reduction of Ni''(IB)Brz. The less facile reduction of Ni''(IB)(Vn)Br relative to
Ni''(IB)Br; likely stems from the increased donor strength of the Vn co-ligand (relative to Br). In
the low-spin state of Ni''(IB)(Vn)Br, the Ni" d(x-y?) orbital is the RAMO for the Ni'' couple.
Strong antibonding interactions within the RAMO will destabilize the energy of this orbital, which
will decrease the electron affinity and, thus, result in a more negative reduction potential. In this
respect, it is also noted that, across a series of various para-substituted styrenyl derivatives, the
calculated Ni'! reduction potentials of the Ni''(IB)(Vn)Br species (coupled to halide dissociation)
trend with the Hammett parameters of the substituent and the Ni' character in the d(x*>-y*) RAMO
obtained from Léwdin population analysis (Figure S90).

It is also instructive to consider the role of the Vn ligand in the benzyl-C(sp?®) radical
recombination with Ni''(IB)(Vn)X. The high donation of the Vn co-ligand in Ni''(IB)(Vn)X
would make this intermediate more oxidizable and readily available for the less-exergonic radical
coupling; this variation in donation should also be correlated to changes in Ni''-ligand bond
covalency. Indeed, the calculated ligand—metal covalency of Ni'{(IB)(Vn)Br varies linearly with
the calculated energy of the RAMO (Figure 10A). Ni''(IB)(Vn)Br styrenyl systems with either
dimethylamino or carbomethoxy substituents at the four position feature ~62% 3d character vs.

~10% 3d character in the RAMO, which correlate to more negative and less negative RAMO
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energies, respectively. Previous studies have also observed a linear correlation between redox
potential and covalency in metalloproteins and model complexes.**—2

The less-donating halide ligands (relative to the Vn ligand) could electronically disfavor
trapping of Ni'l(IB)X; with benzylic radicals; this interpretation is supported by DFT calculations
with Ni'""(IB)X, oxidation potentials that are >1 V negative of oxidation potentials of
Ni'""'(IB)(Vn)Br (Figure 10B). The electronic influence of the Vn co-ligand can thus be
envisioned as enhancing the kinetically competent radical recombination relative to deleterious
side reactivity of the free benzylic radical. Indeed, there is a reasonable match between the
calculated oxidation energies of the benzylic radicals and Ni''(IB)(Vn)Br species, leading to
favorable (near-ergoneutral) radical recombination reactions (Table S9). Additionally, there is a
direct correlation between calculated oxidation potential gaps (AEox between the benzyl-C(sp?)
radical and Ni''(IB)(Vn)Br species) and reaction yields obtained from coupling the benzylic
radicals generated from the NHP esters (NHP = N-hydroxyphthalimide),>® with the highest yields
observed for reactions between benzyl-C(sp?) radicals and Ni"'(IB)(Vn)Br species with calculated
oxidation potential gaps (AEox) of ~0.4 V (Figure 10C). Although care must be taken drawing
mechanistic conclusions from reaction yields, given that 1) Ni''(IB)(Vn)X is the catalyst resting
state*® (vide infra, Scheme 3), and 2) Ni is not involved in generating the radical from the NHP

ester, the correlation between reaction yield and AEo« reflects the favorability of the radical

addition to Ni'"'(IB)(Vn)Br.
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Figure 10. Electronic structure and reactivity considerations for precatalysts and resting states. (A)
Correlation between the total 3d orbital character in the RAMO of the Ni''(IB)(Vn)Br and the
RAMO energy. (B) Comparison between the Ni'""(IB)(Vn)Br oxidation potentials vs. reaction
yields of the Vn/ethylbenzene C—C coupling with benzyl-C(sp?) radicals generated by reduction
of NHP esters. Blue line indicates the oxidation potentials of Ni'"(IB)X, precatalysts to
demonstrate insufficient reactivity to compete with Ni''(IB)(Vn)Br to quench benzyl-C(sp?)
radicals. (C) Reaction yields of various Vn/benzyl-C(sp*) C—C coupling reactions plotted against
the difference between computed oxidation potentials of Ni'"(IB)(Vn)Br and benzyl-C(sp?)
radicals. Note all values are also tabulated in Table S8. Reaction yields plotted from Reference 3.

4. Discussion

Due to their disparate electronic structures relative to precious metal analogs, first-row transition
metal catalysts unlock a rich area of exploration for the discovery of new organic reactions. Indeed,
many novel bond constructions have been discovered recently.? Exciting mechanistic studies have
also highlighted a variety of inorganic species of relevance to reactivity, many of which feature
interesting metal- and ligand-based redox events. Furthermore, ground state cross-coupling
reaction mechanisms of first-row transition metal complexes have direct relevance to the thermal
components of photoredox catalysis. Unlike their bipyridine and terpyridine analogues, which
feature intense MLCT transitions, non-conjugated ligands (e.g., IB) exhibit rich ligand field
spectral features that can be utilized to interrogate Ni-based electronic structure, and just as
transient spectroscopic methods can provide insights into the light-induced components of
photoredox mechanisms,>* steady state spectroscopic methods can also provide direct insights into
electronic structure contributions to transition metal reactivity.!>3%-%

Here we have provided several new insights into the area of cross-coupling catalysis: 1) a
combination of electronic and magneto-optical spectroscopic methods has allowed for a detailed
analysis and definition of the ligand field excited state manifolds of two previously employed
cross-coupling catalysts, Ni''(IB)Cl, and Ni'"(IB)Br;. This analysis has allowed for the

quantification of relative ligand field strengths. As discussed further below, we demonstrate how
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ligand field strength is linked directly to changes in the energy of the Ni-based RAMO and, thus,
to reduction potentials. 2) VT UV-vis-NIR spectroscopy has uncovered and identified two
equilibrium processes that we believe to be significant for cross-coupling reaction mechanisms
and yields. These equilibria feature a) four-coordinate and five-coordinate Ni'! complexes when in
DMA, and b) a monomeric and trimeric species in the Cl complex when in DCM. 3) The Vn ligand
involved in cross-coupling plays a critical role in directing the reactivity of the putative resting Ni'!
complex. Specifically, the electronic nature of the Vn ligand tunes the Ni-based covalency over a
large range. In doing so, the covalent character modulates the reactivity of this species toward
C(sp?) radicals, and we have observed a direct correlation between previously reported reaction
yields®’ and the difference in oxidation potential between the Ni'l resting state and the C(sp?)
radicals, which reflects the driving force for the radical recombination reaction between these
species.

Averaging all assignable, spin-allowed ligand field excited states, it was demonstrated in
Section 2.1 that the ligand field strength of the Cl complex is ~390 cm! stronger than the Br
complex. In Section 2.5, it was shown that one-electron reduction of Ni''(IB)X; complexes is
coupled to rapid halide dissociation, and it is on average (over three solvents) ~0.24 V (~1960 cm’
1) harder to reduce the Cl complex relative to the Br complex. In Section 3.3, it was also
demonstrated that electronic structure calculations can accurately reproduce the experimental one-
electron reduction potentials and that the origin of the relative reduction potential arises from
ligand field (de)stabilization of the Ni"-based RAMO. Thus, combining ligand field spectroscopies
with electrochemistry and electronic structure calculations provides a direct means to dissect
geometric and electronic structure contributions to catalytically-relevant redox potentials and
allows for an experimentally calibrated approach to extend computations to reaction intermediates.

While the ligand perturbations studied here are halide-based, the ligand field spectral
features of Ni-catalysts will also be highly sensitive to ligand perturbations. For example, in Table
6, we have compiled electronic transitions for the IB complexes and a series of previously reported
pseudo-T, Ni'! complexes, with structures shown in Figure 11.°%2 In general, the second *B; —
3A,(F) transition, which is the most intense observed in the lower-energy ligand field manifold,
tracks roughly with the overall ligand field strength, with Ni'(PPhs).Cl, exhibiting the highest
transition energy. Another noticeable trend, the variability in *B1/°B; transition energies, stems

from high variability in geometric distortions. We also note the similarity in blueshifts in transition
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energies for Ni''(IB)X; and Ni''(L+)X3 as a function of halide identity. Thus, measured ligand field
transitions can provide a means to estimate specific ligand contributions to catalyst electronic

structure and ultimately redox potentials and reactivity in future studies.

Table 6. Comparison between spin-allowed transition energies for Ni''(IB)Cl, and Ni''(IB)Br; in
DCM and previously studied pseudo-7, Ni'! complexes (units of cm ™).

Complex Bi(F) — | °Bi(F) — | °Bi(F) — | °Bi(F) — | Bi(F) — | *Bi(F) — |°ByF) —
SAMF) | BB (F) | PANF) | CAl(F) | Bu(P) 3By(P) 3A5(P)
Ni"(IB)CL* 2170 6640 8240 10270 14 940 18210 20 130
Ni'(IB)Br;* 2210 6140 7970 10 140 14 570 17 420 19 380
Ni"'(PPh;),CL," 4500 10200 8000 11200 18 100 14 6*00 —16 | 17 600
400
Ni'(biquinoline)Br,* | 3740 4941 6020 9810 18 450 17 300 19 430
INi"Cl14)> ¢ 4440 3970 4440 6870 14 250 14 250 15240
Ni""(L+H)Cl;¢ 4660 5260 6410 9090 16 000 16 000 17 240
Ni''(L+)Br;* 4530 5100 6410 8700 180200 - 16 130200 —16 | 16250

aThis work. PReference . °Reference . YReferences 9,% . “Reference ¢’. Starred transition

energies are obtained from crystal field analysis of other experimentally observed transitions.

NII

Vo
Jogs % @x % " O ] 5 &

|
N." «Cl NilBr
cl’ ~a Br Br

Ni'(IB)CI, Ni'(IB)Br, Ni'(PPh;),Cl,  Ni'(biquinoline)Br, (NEty),[Ni"Cly] Ni'(L+)Cl; Ni'(L+)Brs

Figure 11. Structures of pseudo-Ty Ni'' complexes used for comparison in Table 6.

VT electronic absorption spectra reported here are also particularly illuminating and
provide 1) direct evidence of variable speciation for IB complexes as a function of solvent and
temperature and 2) direct thermodynamic parameters describing these equilibria. For Ni''(IB)Cl,
and Ni"'(IB)Br; in DMA, a significant fraction of DMA coordinated complex is present at room
temperature (~37% and 49%, respectively, at 3.6 mM (Cl) and 3.5 mM (Br)). At lower
temperatures (273 K), DMA coordination is strongly favored (~53% and 69%, respectively).
Generally, amide-based solvents can coordinate to metal centers through the carbonyl oxygen,
preference for which is further influenced by steric hindrance at the nitrogen center. The nn —

n*co delocalization of the amide results in increased electron density on oxygen (Figure 5), leading
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to a strong donor and a partial negative charge near the Ni'! center.®® As demonstrated herein for
the first time by a combination of electrochemistry and electronic structure calculations, DMA
coordination can lead to a more difficult to reduce Ni" center, with negatively shifted potentials of
~200 mV in DMA vs. MeCN for the CI and Br complexes. The single electron reduction leads to
rupture of the halide—metal bond; we propose that halide solvation and solvent coordination to Ni
can also contribute significantly to the measured reduction potential (e.g., —1.47 V vs. Fc"? in
DMA/DCM for Ni''(IB)Cl,). Of further note, yields for reductive alkenylation are maximized
when 1) DMA or another amide solvent is utilized, and 2) the reaction temperature is lowered to
0-5 °C, with both considerations favoring nickel coordination by the solvent.

Scheme 2 provides donor numbers, acceptor numbers, substrate conversion percentage,
and cross-coupled yield percentages for the reaction between (1-chloroethyl)benzene and (£)-1-
(2-bromovinyl)-4-methoxybenzene. Previous studies determined the optimized conditions based
on systematic screening of reaction parameters.” We conducted triplicate measurements of this
reaction in several solvents with a range of Lewis basicities. Generally, as the donicity of the
solvent decreases, the substrate consumption and cross-coupled product yield decrease
significantly. As discussed further below, we believe this reflects a significant steric effect at play,
which can protect Ni'' and/or reduced Ni' species from off-cycle reactivity. Based on these
considerations, we also purport that amide coordination results in a more oxidizable Ni' species,

which increases oxidative addition reactivity.
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Scheme 2. Conversion and cross-coupled yields for a representative reductive cross-coupling of
(1-chloroethyl)benzene and (E)-1-(2-bromovinyl)-4-methoxybenzene using Ni''(IB)Cl,, along
with donor and acceptor numbers for solvents tested in optimization studies. Standard errors were
calculated from three trials. Experimental procedure given in Supporting Information Section S1.

Ni'(IB)Cl, (10 mol %)

/©/\/ Nal (0.5 equiv.) Me
Solvent (0.2 M MeO

21°C, 24 h
Solvent Donor Number (kcal mol ) Acceptor Yield of 1 Ratio of Yields
Number for 1to 2

DMPU 33.0 - 38% £ 1% 1.2
DMF 30.9 16.0 50% £ 2% 1.6
DMA 27.8 13.6 72% + 2% 4.1
NMP 27.3 133 52% £ 1% 2.1
THF 20.0 8.0 30% £ 1% 0.9
Ethyl Acetate 17.1 9.3 33% +3% 1.1
Dioxane 14.3 10.3 - -
MeCN 14.1 18.9 16% £ 1% 0.4
DME 10.2 20.0 34% £ 2% 1.1
DCM 1.0 20.4 -— ---

The VT UV-vis-NIR and spectroelectrochemistry studies, when compared with
experimental conditions often utilized for nickel-catalyzed reductive cross-coupling (i.e., low
temperatures, use of coordinating solvents, relatively mild reducing agents, etc.),>”® are consistent
with the mechanistic investigation of this reaction by Turro and coworkers,* which suggests this
reaction proceeds via a Ni"™ redox cycle (Scheme 3), similar to that proposed by Diao and
coworkers for the related cross-coupling of aryl halides.?’ Additional aspects of the optimized
reaction conditions can be commented on, however, as derived from the findings in the present

study.
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2 Ni(IB)Br+Br—vn — [Ni"(IB)(Vn)Br)]

[Ni"(IB)(Vn)Bry] + Nil(IB)Br —— Ni'(IB)Br, + Ni'(IB)(Vn)Br
—— Ni'(IB)(Vn)Br + Br~

or [Ni"(IB)(Vn)Br,] + e~

3 Ni'(B)(VmBr+R —— [Ni"(IB)(Vn)(R)Br]
INi"(1B)(Vn)(R)B] —— Ni{(IB)Br + R-Vn

+4.8 kcal/mol
—20.4 kcal/mol
—33.0 kcal/mol (Mn°)
—19.2 kcal/mol (TDAE)
+4.6 kcal/mol
—40.5 kcal/mol

R —

iA Ni'(IB)(Vn)Br + e~ Ni'(IB)(Vn) + Br~
or Ni'(IB)Br, + e~ — Ni'(IB)Br + Br~

—2.8 kcal/mol (Mn°)
—12.7 keal/mol (Mn°)

iA  N(IB)(vn)+Br—R —— Ni"(IB)(Vn)Br+R’ -19.1 keal/mol

or Ni'(IB)Br + Br—R Ni'(IB)Br, + R° —9.3 kcal/mol
iB  RNHP+e~ — [R-NHP]™ +1.1 kcal/mol (TDAE)
iiB  [R-NHP|~ — R’ +CO, + phthalimide™ ~56.4 kcal/mol

Scheme 3. Representative computed Ni"!!' catalytic cycle for the cross-coupling of C(sp?) vinyl

and C(sp?) benzyl electrophiles. Relative Gibbs free energy values were computed at the TPSSh
(CPCM) level for X = Br. Reactions involving electron transfers were corrected by adding the
energy of Mn%?* redox couple or TDAE®*, which were used as the external reducing agents in
refs. 3% and 7. Note that we have adopted values of £°=—1.94 V vs. Fc¢** for Mn>"* obtained from
the experiments in refs. *” and ® and E°=—1.34 V vs. F¢** for TDAE™° from computations in this
article.

To better understand their role in the cross-coupling of (£)-1-(2-bromovinyl)-4-
methylbenzene (Vn C(sp?) component) and (1-bromoethyl)benzene (C(sp?) radical), DFT
computed stable intermediates along the nickel catalytic cycle are shown in Scheme 3 for
Ni'l(IB)Br;. Free energies of individual steps are energetically accessible, suggesting favorable
cross-coupling reactivity. Note that the C—C bond forming cycle is identical regardless of the C(sp?)
benzyl radical source. However, two distinct pathways to generating these radicals have been

proposed by Turro et al., which differ in terms of substrate (i.e., benzyl halide, pathway A, or NHP
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ester, pathway B) and reductant (i.e., Mn® vs. TDAE reductants) (Scheme 3).#* We also note
Scheme 3 only features computed free energies, and we have restricted our discussion of the
possible effects of DMA to these steps/energies. It is also possible for DMA coordination to
influence reaction barriers. More detailed mechanistic aspects and reaction kinetics are discussed
in reference ** by Turro ef al.. More broadly, results described herein suggest future computational
studies should also consider explicit solvent coordination in calculated reaction mechanisms.

With benzyl bromide and a Mn° reductant, the only computed endergonic reaction in the
catalytic cycle is the radical recombination of the C(sp?) radical with Ni''(IB)(Vn)Br to form
Ni'"'(IB)(Vn)(R)Br (Scheme 3, reaction 3, AGY(CPCM) = 4.6 kcal/mol). Notably, Ni''(IB)(Vn)Br
and related species have been assigned as the catalytic resting state.*32%4 The generation of C(sp?)
benzyl radical from benzyl bromide is a favorable process through Br-atom abstraction (reaction
ii.A) with either Ni'(IB)Vn (AG°(CPCM) = —19.1 kcal mol™") or Ni'(IB)Br (-9.3 kcal mol"), thus
suggesting there might be a balance between this reactivity pathway and reactions i.4 and ii.4 in
Scheme 3. The detailed kinetic analysis presented in ref. , however, suggests that XAT from
Ni'(IB)X is a more likely alternative, as also evidenced by the observed reactivity of Ni'(IB)X
with both C(sp?) vinyl- and C(sp?) benzyl-halides.

With the NHP ester substrate and TDAE as a reductant, the Ni'(IB)Br formation from
Ni''(IB)Br; becomes slightly disfavored with AG(CPCM) = 1.1 kcal/mol, in addition to the only
endergonic reaction 3 in pathway A. In this scenario, the C(sp®) benzyl radical can be generated
from NHP ester without Ni involvement through a direct reduction with TDAE (reaction i.B, E1,»
=-1.39 V vs. Fc™")) followed by a highly exergonic decomposition, yielding CO», phthalimide
anion, and C(sp®) benzyl radical (pathway i.B).

As discussed, higher yields of cross-coupled product are typically obtained at lower
temperatures and in coordinating solvents, supporting solvent coordination as a key component
for the catalytic cycle.>”® The computed free energies indeed suggest an equilibrium might exist
between the Ni'(IB)Br and the [Ni'(IB)Br], p-Br dimeric species (AG’(CPCM) = +4.1 kcal/mol).
We speculate low temperature, which entropically favors solvent coordination, might prevent
highly reactive Ni' intermediates from entering off-cycle pathways, especially toward forming
oligomeric (e.g., dimeric/trimeric) species. The same could be true for Ni'! species. Coordinating
solvents can similarly protect Ni' from dimerization by forming a more favorable equilibrium

between Ni'(IB)Br < Ni'(IB)(S)Br, where S = solvent, since formation of the dimer from
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Ni'(IB)(S)Br intermediate may be disfavored sterically. Although the AG® for DMA coordination
to Ni'(IB)Br is computed to be higher than AG® for dimerization (~6.9 kcal mol™' vs. ~4.1 kcal
mol™"), the large excess of DMA (especially relative to the rather low concentration of Ni'(IB)Br
under catalytic conditions) will favor solvent coordination and further perturb the relative
concentrations/equilibria for both processes.

DMA coordination to Ni'(IB)X could also lower the kinetic barrier for bimolecular
oxidative addition reactivity in reaction 2 (Scheme 3): 1) the Ni'(IB)X oxidation to Ni''(IB)X; is
favored in DMA, as observed by the negative shift in reduction potential in the experimental cyclic
voltammetry, and 2) oxidative addition of vinyl-halide to Ni'(IB)X forming Ni''(IB)(Vn)X is
favored due to increased electron density on the Ni center and destabilized frontier molecular
orbitals upon DMA coordination.

In addition to insights into the role of solvent coordination, the Vn ligand itself can strongly
contribute to the reactivity of the resting state. Indeed, there is a linear trend between the amount
of metal character in the RAMO and its energy (Figure 10A). In general, ligand contributions to
the destabilization of the energy of the RAMO will result in greater reactivity and easier oxidation.
Notably, we observed a correlation between the reaction yields and the difference in oxidation
potentials of Ni''(IB)(Vn)Br and benzyl-C(sp?) radical (AEox). The same metric was recently
proposed by Okamoto et al. as a measure of the probability of intramolecular redox reactions,
showing the most favorable radical recombination for AEox ~0 V.’ In our case, the coupling
efficiency and resulting yields maximize when the benzyl-C(sp?) radical oxidation potential is
slightly higher (by ~0.4 V) than the oxidation potential of Ni''(IB)(Vn)Br. A higher reactivity of
the benzyl-C(sp?) radical might be necessary to overcome the reorganization energy required for
the change in coordination geometry of the Ni catalyst upon formation of a five-coordinate
Ni'"'(IB)(R)(Vn)Br intermediate. Lower yields at higher oxidation potentials of the benzyl-C(sp?)
radicals could be similarly justified by accessing side-reaction radical pathways (e.g.,
homocoupling). The calculated mismatch in the oxidation potentials may also be a computational
artifact. Although we have demonstrated a reasonable correlation between computed and
experimental electrochemical data, the nature of Ni catalysts and small organic radicals is quite
different and could result in varied relative accuracy of the computed oxidation potentials. The
computational model also neglects explicit solvation, whereas DMA solvation and/or coordination

to the Ni catalyst (as demonstrated in the present study) could shift the observed oxidation
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potentials. Regardless, there is a clear trend between the calculated AEox and reaction yields, which
indicates the relative oxidation potentials and frontier molecular orbitals of the Ni''(IB)(Vn)Br
resting state and the benzyl-C(sp?) radicals may be a useful predictor for reactivity and can be
utilized to computationally screen and guide the synthesis of new Ni complexes for reductive

cross-coupling catalysis.

Conclusions

We have presented the first comprehensive spectroscopic, electrochemical, and computational
study of Ni'l-based chiral reductive cross-coupling catalysts, Ni''(IB)Cl, and Ni''(IB)Br». This
combination of methods has established 1) there is a direct connection between ligand field
strength and catalytically relevant Ni-based reduction potentials, 2) there exists variable speciation
for IB complexes as a function of solvent and temperature, and VT spectroscopy provides a means
to directly measure thermodynamic parameters describing these equilibria, and 3) the Vn ligand
involved in cross-coupling plays a critical role in directing the reactivity of the putative resting Ni'!
complex through strong modulation of ligand—metal covalency. These experimental findings
strongly support a critical steric and electronic role that amide-based solvents play in the cross-
coupling catalytic cycle. Through this electronic structural characterization, we suggest that
dimerization or oligomerization of the catalyst is inhibited by solvent coordination. Furthermore,
the modification of electronic structure through solvent coordination increases the driving force
for oxidative addition, as evidenced by formal potentials from voltammetry. These results
highlight the importance of reaction conditions on catalytic efficiencies and will guide future
methodology studies, as well as the development of new ligand scaffolds for Ni-based reductive

cross-coupling catalysis.

Supporting Information

The Supporting Information is available free of charge on the ACS Publications website at DOI:
Materials and methods, NMR spectra, additional UV-vis-NIR, CD, and MCD spectra, additional
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CASSCF/CASPT?2 input parameters and results.
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