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ABSTRACT: Ni'' 2,2"-bipyridine complexes are commonly invoked intermediates in metal-
laphotoredox cross-coupling reactions. Despite their ubiquity, design principles targeting

improved catalytic performance remain underdetermined. A series of Ni(*bpy)(*Ar)Cl (R =
MeOOC, t-Bu, R’ = CH;, CF;) complexes were proposed to have multiconfigurational electronic
structures on the basis of multiconfigurational/multireference calculations, with significant mixing
of Ni — bpy metal-to-ligand charge transfer (MLCT) configurations into the ground-state wave
function. Here, Ni K-edge and L, ;-edge X-ray absorption spectroscopies provide experimental
support for the highly covalent and multiconfigurational electronic structures of these complexes.
The pre-edge intensity in the K-edge spectrum reflects highly covalent Ni—aryl bonding. The L;-
edge spectral shape is dependent on ligand functionalization, and a feature reflecting the MLCT
character is assigned using prior ab initio and new semiempirical calculations. The results suggest
the push/pull effects of the aryl/bpy ligands moderate the changes in electron density on Ni
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during the multiredox cross-coupling reaction cycle.

M etallaphotoredox catalysis activates 3d transition metals
to accomplish challenging synthetic transformations
important to drug synthesis and development.' ™ Due to their
ability to perform le” redox processes and radical capture,
first-row transition metals can display reactivities distinct from
their 4d and 5d counterparts. Nickel 2,2'-bipyridine aryl halide
(Ni(bpy)ArX) complexes (such as those shown in Figure 1a)
are a common motif in metallaphotoredox catalysis, having
been implicated as precatalysts or catalysts in cross-coupling
schemes for a variety of substrates. The proposed role of
Ni(bpy)ArX complexes is substrate-specific, with ground-,*”

excited-state,’ and redox chemistries’ all being proposed
modes of reactivity.”® A handful of kinetic studies have
provided experimental evidence for some mechanisms,”" but
the wide array of proposed reactivities and incomplete
understanding of the electronic structure of this class of
complexes has made the identification of design principles
difficult.

Ligand design is important to the valence electronic
structure and reactivity of transition metal cross-coupling
catalysts.'' Understanding metal—ligand covalency is partic-
ularly important for first-row transition metals, as these
interactions can challenge traditional oxidation state formal-
isms, redistribute charge across a molecule in the ground state,

(a) (b) . . 12-14 £
) . and modify excited-state pathways. Ni(bpy)ArX com-
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. N @ - N, Nz @ = L& configuration (Figure 1b).* Density functional theory (DFT)
i NI :
_ N7 el e calculations predict a highly covalent Ni—aryl bond, with the
bu u
a, - nominally metal-centered d,>_? valence orbital being calculated
1D °D ’ : t ly ~53% Ni d-character.”'1° Multiconfi
Meo,C . " c@ Me0,C. ~ F3C© e, 4 d, (@) o pcl)ssess cl)ny 6 Ni d-c 1zti‘rac er. ) 1(;1 ggzlsggr;)
N N tional complete active space self-consistent fie
g‘ 1 EVN"CI by P P
LMe02(: A MeO,C-~ ) 4 L(c)
Received: October 8, 2024
Figure 1. (a) Molecular structures of the Ni(bpy)ArCl complexes Revised:  November 15, 2024

examined in this Letter (numbering scheme from ref 16). (b)
Hustration of the molecular orbital picture of these complexes
previously determined by ab initio calculations (ref 16). Red dotted
arrows indicate partial orbital occupancy.
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calculations performed on a family of these molecules further
posit that their electronic ground states possess significant Ni
— bpy metal-to-ligand charge transfer (MLCT) character
mixed with the d® configuration.">'® The extent of MLCT
mixing varies upon substitution of the bpy and aryl ligands
with electron-donating or -withdrawing groups. The rationale
for this behavior is similar to what is known in ligand field
theory as 7- backbonding, which is primarily driven by the
energetic separation and spatial overlap between occupied
metal d-orbitals and unoccupied ligand #* orbitals of
appropriate symmetry. Electron-donating groups on the bpy
ligand (complexes 1B and 5B, Figure la) destabilize the #*
manifold relative to the occupied d-manifold, resulting in less
predicted MLCT character. Electron-donating groups on the
aryl ligand (complexes 1D and 1B, Figure la) increase the
strength of o-donation to the metal center, thus destabilizing
the Ni d-manifold, resulting in more predicted MLCT
character. The predicted MLCT character in the ground
state correlates with the quantum yield of excited-state Ni—C
bond homolysis, a commonly proposed initiation step in Ni'-
based metallaphotoredox catalysis.'® However, no direct
experimental evidence has validated the predicted multi-
configurational electronic structure of these complexes to
date. This link between Ni—C bond homolysis activity and
predicted metal—ligand interactions motivates the experimen-
tal investigation of the valence electronic structure with the X-
ray spectroscopies presented herein.

This work presents Ni K-edge and L,;-edge X-ray
absorption spectroscopies (XAS) to probe the valence
electronic structure of the series of Ni(bpy)ArCl complexes
1D, 1B, 5D, and 5B in Figure 1a (a subset of the Ni(bpy)ArCl
complexes previously reported'®) and provides experimental
support for their predicted covalent and multiconfigurational
character.'® Core-level spectroscopies at the metal edge report
specifically on the electronic and structural properties of the
metal center. By probing the spatial overlap of the highly
localized core orbitals and valence orbitals, these spectros-
copies directly probe the metal—ligand covalency. Ni L, ;-edge
spectroscopy, in particular, is sensitive to spin state’”'* and
metal 3d-character in unoccupied valence orbitals,"” such that
electronic changes to the metal center due to multiconfigura-
tional ground-state character can be probed.”” In conjunction
with the prior CASSCF electronic structure calculations and
newly presented time-dependent DFT and charge-transfer
multiplet spectral simulations, we demonstrate a direct link
between observed K-edge and L, ;-edge XAS spectral features
and the highly covalent and multiconfigurational electronic
structure of Ni(bpy)ArCl complexes.

The Ni K-edge XAS data of complex 1D and a square planar
low-spin Ni"" reference (Ni phthalocyanine, NiPc)*"** are
presented in Figure 2ab. The measurement details are
reported in Supporting Information Section 1.3. The pre-
edge and rising-edge regions are highlighted in panel b.
Excitations in these regions correspond to transitions of Ni 1s
electrons to unoccupied valence orbitals with Ni 3d and 4p
character via quadrupole- and dipole-allowed transitions,
respectively, and are sensitive probes of both geometric and
electronic structure. The intense rising-edge feature (8338.2
eV for 1D, 8340.0 eV for NiPc) is a hallmark of the square
planar geometry, attributed to a stabilized 1s — 4p,
transition.”” Notably, both the 1s — 4p, transition and edge-
jump of 1D are red-shifted in comparison to NiPc by 1.8 and
2.1 eV, respectively, indicative of the reduced effective nuclear
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Figure 2. (a) Ni K-edge XAS of 1D and low-spin reference Ni"
phthalocyanine (NiPc). (b) Pre-edge region of the Ni XAS spectra
demonstrating increased pre-edge peak intensity for 1D. (c) TD-DFT
spectral simulations. Molecular orbitals represent the transition orbital
for the highest intensity stick in the pre-edge and rising-edge regions,
respectively (iso value = 0.03).

charge (Z.q) at the metal center expected in the presence of
the strongly donating aryl ligand (Table $4).’

The pre-edge 1s — 3d features (8333.9 eV for 1D, 8333.5
eV for NiPc) are typically 2 orders of magnitude weaker than
the dipole-allowed 1s — 4p transitions but can gain significant
intensity from minor amounts of 3d/4p orbital mixing.24 We
note that the pre-edge peak is both blue-shifted and nearly an
order of magnitude more intense for 1D than that observed for
NiPc and other low-spin Ni' square planar complexes (Table
$4).2%2526 The shift of 1D to higher energy is accordant with
possessing a larger ligand field splitting, likely due to the
incorporation of the strong-field aryl ligand. The unusually
high intensity of the 1D pre-edge feature is found to be
consistent with that of other Ni—C bonded complexes. We
report the Ni K-edge spectrum of [(TMEDA)Ni"(o-tolyl)Cl]
(TMEDA = tetreamethylethylenediamine) in Figure S2, which
has a similarly intense pre-edge feature but does not contain
bipyridyl ligands, indicating the necessity of the Ni—aryl bond.
Furthermore, a strong pre-ed§e has previously been reported
for Ni—mesityl complexes’”>® and other organonickel
species.1 ’

The origin of the intense pre-edge feature of 1D is revealed
by time-dependent density functional theory (TD-DFT)
calculations and can be linked to differences in both the

https://doi.org/10.1021/acs.jpclett.4c02917
J. Phys. Chem. Lett. 2025, 16, 87—94
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Figure 3. Ni L, ;-edge spectra for the Ni series 1B (a), 1D (b), 5B (c), and 5D (d) and reference Ni'! low-spin [Ni(mpo),]** (e). (f) Overlaid
edge-jump subtracted and normalized L;-edge spectra of Ni" series demonstrates change in relative intensity of Peak A with ligand modification.
(g) Plot of peak ratio vs CASSCF/QD-NEVPT?2 calculated singlet Ni"" character from ref 16 in the ground-state wave function and (h) peak ratio
vs CASSCF/QD-NEVPT2 calculated MLCT (Ni — bpy) character in the ground-state wave function. Peak ratio is defined as the area under Peak

A divided by the area under Peak B.

electronic structure and coordination geometry induced by
Ni—C bonding. The computed spectra are shown in Figure 2,
and the computational methods are described in Supporting
Information Section 1.5. The intensity of the pre-edge region is
primarily derived from two transitions that are not resolved
experimentally. The lower-energy, lower-intensity transition at
8332.8 eV is to an unoccupied orbital of primarily bpy
character with minor Ni 3d (7.7%) and 4p, (1.6%) mixing (see
Figure S6 “LUMO”). The unoccupied orbital underlying the
higher-intensity transition in the pre-edge peak (8333.9 eV) of
ID has significant Ni 3d,>_ character with some 4p,
hybridization (1.6%, see Figure S6 “LUMO+3”). The mixing
of Ni p character into the 3d,>_ orbital is considerably higher
than predicted for NiPc (<0.1% Ni p character), resulting in
the large increase in peak intensity for 1D.

The increased 3d/4p mixing observed in 1D has both
electronic and structural origins. Unlike NiPc and other highly
symmetric square planar complexes, the symmetry of Ni(bpy)-
ArX complexes is not well-approximated by the D,, point
group. Previously reported crystal structures of 1D*° of 1B
and our own DFT geometry optimized structures indicate that
the Ni—C,,,; bond is shorter than the trans Ni—N,, bond by
~0.1 A, such that 3d/4p mixing becomes symmetry-allowed
(Table SS). Additionally, a commonly proposed model for 3d/
4p mixing suggests that the interaction is mediated via overlap
with ligand 2p orbitals, i.e., via metal—ligand covalency.”"**
Both the metal d,>_ and p, orbitals contributing to the larger

89

pre-edge transition can mix with ligand orbitals of p, symmetry
to generate a covalent molecular orbital of mixed character.
Indeed, analysis of the MOs generated by DFT reveals that the
antibonding Ni d,_ orbital of complex 1D possesses only
49.7% Ni d character, with 20.3% aryl character. The higher
covalency reported here as compared to previously published
DFT calculations®'® is likely due to a change in functional
from B3LYP (20% exact exchange) to nonhybrid TPSS (0%
exact exchange).””** Nonetheless, both functionals indicate a
high covalency of the d,>_; orbital. Thus, the high-intensity
pre-edge peak of 1D also acts as a direct, though not
quantitative, observation of the Ni—aryl covalency proposed
previously.”'>'® DFT suggests similar degrees of Ni—aryl
covalency and 4p/3d mixing across the series 1D, 1B, 5D, and
SB (Table S6).

While the above K-edge spectral features are found to be
sensitive to the presence of the Ni-aryl versus Ni—N,
covalency, we do not see a large effect of Ni 3d-bpy
interactions on the K-edge spectrum (as indicated by the
similarity between [(TMEDA)Ni"(o-tolyl)Cl] and 1D). To
assess claims of metal — bpy MLCT character in the ground-
state electronic structure, we therefore turn to the Ni L, ;-edge
XAS. Metal L, ;-edge XAS probes dipole-allowed metal 2p —
3d transitions and is directly sensitive to metal d-character in
unoccupied valence orbitals."”** Metal L,;-edge spectra are
heavily influenced by spin—orbit coupling in the p- and d-
manifolds, as well as exchange and correlation between the p

https://doi.org/10.1021/acs.jpclett.4c02917
J. Phys. Chem. Lett. 2025, 16, 87—94
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and d holes in the core-excited state. These multibody effects
give rise to multiplet features and make L,;-edge spectra
challenging to interpret but information-rich. Transition metal
L,3-edge spectroscopy has been used to quantitively assess
metal—ligand covalency'”** and to elucidate electronic
structures that are difficult to assess with other techniques,
such as mixed-spin”’ and highly 7z-backbonding configura-
tions.> ™’

The Ni L, ;-edge spectra of 1D, 1B SD, and SB are shown
in Figure 3a—d, with a low-spin Ni" reference®® spectrum in
panel e. The measurement details are reported in Supporting
Information Section 1.4. The L;-edge spectra of all reported
Ni(bpy)ArCl complexes show two distinct features, labeled
Peak A (852.91 eV for 1B) and Peak B (853.89 eV for 1B),
with relative intensities dependent on ligand substituent group.
Peak positions vary between complexes by less than 0.2 eV for
Peak A and 0.15 eV for Peak B (Table S7). The spectrum of
lB})is consistent with that reported previously by Wallick et
al.”

The presence of two strong peaks in the Ni L; spectrum is
inconsistent with other low-spin Ni" complexes reported
previously,'>' 72027384041 ywhich characteristically exhibit a
single dominant peak due to a 2p — 3d,>_ orbital transition,
with only minor multiplet contrlbutlons (Figure 3e, for
example). The L;-edge peak maximum of low-spin formally
Ni" complexes typically appears in the range of 853—854 eV
and is influenced by the ligand field and oxidation state of the
metal center.'”'”*® The observed maximum of Peak B for the
1D—5B Ni(bpy)ArCl series is at the high end of this range and
is consistent with previous reports of organonickel com-
plexes.'”*” Because of the energy and relatively high intensity
of Peak B for all four complexes, we tentatlvely assign this
feature to transmons from a 2p bzg eg ay, blg initial config-
uration to a 2p bzg e alg blg excited-state configuration.

The assignment of Peak A requires more explanation as an
analogous feature is not present in other low-spin Ni' spectra
to our knowledge. The relative intensity of Peak A compared
to Peak B is sensitive to functionalization of the bpy and aryl
ligands, indicating that Peak A is sensitive to either (a) metal—
ligand covalency or (b) ligand field strength. We compare the
previously calculated'® (CASSCF/QD-NEVPT2) multiconfi-
gurational properties of the Ni(bpy)ArCl series to the relative
intensity of Peak A to identify ground-state properties that
correlate with the emergence of this peak. The Peak A:Peak B
ratios plotted in Figure 3g/h are determined by fitting each L;-
edge spectrum to a two pseudo-Voigt model (Table S7, Figure
S7). The relative intensity of Peak A is anticorrelated with the
calculated ground-state singlet d°® character (Figure 3g). It is
also anticorrelated with the calculated 'd—d state character
(Figure S8). Furthermore, the Evans method does not indicate
significant paramagnetism in the ground state (Supporting
Information Section 1.2), such that significant contribution of
a triplet *d—d configuration to the ground-state electronic
structure is not considered here as a viable explanation for the
observed spectral changes. Instead, we find that the appearance
of Peak A is positively correlated with the calculated Ni — bpy
MLCT character (Figure 3h). Thus, we posit that increasing
amounts of the ground-state MLCT configuration result in the
appearance of this second strong peak.

The mixing of MLCT character into the ground-state wave
function is related to the degree of m-backbonding in the
complex. In a classical ligand field theory picture of back-
bonding, occupied metal-centered d,, or d,, orbitals have the

20

correct symmetry to mix with unoccupied, high-energy z*
orbitals on the bpy ligand. The resulting molecular orbitals
contain partial electron transfer to the ligand through the #
framework. In a CASSCE calculation, ground-state interactions
between the metal-centered d orbitals and the ligand-based 7*
orbitals may occur through two mechanisms: (i) the active
space orbitals themselves may become delocalized over the
metal—ligand bond, or (ii) multiple configurations may
contribute to the ground state, while the orbitals remain
localized to the metal and ligand centers. Varying the number
of excited states included in the CASSCF calculation can also
affect active orbital shapes and occupations. In the case of
MLCT mixing where the configuration features a d,./d,, —
bpy z* orbital transition (such as in the case of 1B— SD),
mechanisms (i) and (ii) both arise from the same type of
orbital interaction that is described by backbonding in ligand
field theory.

Previous literature has demonstrated that 7-backbonding can
generate intense secondary peaks in L;-edge spectra of
octahedral Fe' and Ru" complexes.*”** In these cases, the
main L; absorption feature constitutes transitions from 2p —
3d(e *), but the presence of backbonding results in additional
transmons described by an overall 2p — 7*(L) excitation due
to the admixture of metal d-character. In [Fe(CN)]*", these
transitions produce an intense peak at higher energy than the
main 2p — 3d(e,*) transition, on account of the higher energy
of the 7*(L) orbitals relative to that of the 3d(e *) orbitals.
However, in the Ni(bpy)ArCl complexes 1nvest1gated here, it
has been argued that the bpy 7* acceptor orbltals lie at lower
energy than the unoccupied d: - orbital.'® We therefore
hypothesize that #-backbonding in 1B—SD results in a
transition featuring bpy 7* acceptor orbitals at a lower energy
than the main 2p — 3d absorption. This would explain the
increasing intensity of Peak A with increasing MLCT
character.

Charge transfer multiplet (CTM) simulations have success-
fully modeled the satellite peaks arising from backbonding in
Fe complexes In a multiplet simulation, localized metal and
ligand orbitals are assumed, and backbonding is modeled by
matrix element mixing of configurations with different
occupations of these localized orbitals. Thus, multiplet
simulations conform closely to the CASSCF description of a
ground-state multiconfigurational wave function. Previous
work on 1B has shown that a split L;-edge may indeed be
simulated through the use of multiplet simulations.”” However,
due to the large number of empirical parameters used in CTM
calculations, tuning those parameters to produce the best
match to the experiment does not necessarily yield a unique
solution.

We adopted a different approach to tuning the multiplet
simulation parameters, seeking to make the semiempirical
Hamiltonian adhere as closely as possible to known
information about the ground and valence excited states of
1B—SD. This maximizes the physical plausibility of the
multiplet model. Simulations employed the Quanty lan-
guage, ™" with the Crispy graphical user interface™ used
for some simulations. A detailed description of the CTM
simulation parameters can be found in Supporting Information
Sections 1.6 and 4. Briefly, the empirical crystal field and
Coulomb repulsion parameters were tuned until the resulting
predicted valence d—d excitations best match those calculated
by TD-DFT'® (Table S2). The energies of the ligand orbitals
involved in the charge transfer mixing were constrained to lie
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above the occupied d-orbitals. Finally, only a single MLCT
mixing parameter T(eg) is introduced, restricting the symmetry
to specifically simulate the z-backbonding interaction (Table
S3).

By tuning T(e,), the amount of MLCT mixing into the
ground and excited states can be rationally adjusted and the
systematic effects on the Ni L;-edge spectrum can be
elucidated. When increasing the magnitude of T(eg), we
observe a splitting in the Ly-edge (Figure 4A). A new peak
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Figure 4. Semiempirical multiplet simulations of Ni(bpy)ArCl L,
edge spectra. (a) Splitting of the Ly-edge into two peaks is controlled
by variation of the m-backbonding strength, T(eg). (b) Increased
backbonding leads to a larger contribution of Peak A to the total L;-
edge peak intensity. (c) Increased backbonding leads to a larger
amount of ground-state MLCT character.

(labeled Peak A) grows in at lower energies, qualitatively
matching the experimental L;-edge spectra in the range T(e,)
< 0.4 eV. This splitting is not observed if mixing to the o-
symmetry orbital is applied, T(b;,) (Figure S10). As in the
experimental spectra, these two peaks retain reasonably similar
energy positions, shifting in the simulation by only ~0.3 eV
over the full range of T(eg) values. As T(eg) is increased, the
ground state acquires more MLCT multiconfigurational
character, as quantified by the occupation number of the
ligand acceptor orbitals in the ground-state wave function
(Figure 4C). When the peaks reach equal height (T(e,) = 0.4
V), the ground state acquires 23% MLCT character. This
qualitatively captures the expected trend: the appearance and
increasing relative intensity of Peak A indicate a greater degree
of multiconfigurational MLCT character, indicating a stronger
backbonding interaction. A more quantitative consideration of
the limitations of this CTM model can be found in Supporting
Information Section 4.

The results presented here provide the first experimental
support for the multiconfigurational electronic structure of
Ni(bpy)ArCl complexes.'® The results thus demonstrate a
direct link between the ground-state multiconfigurational
character of the catalysts and their quantum yield of
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photochemical Ni—C bond homolysis,'® elucidating a design
principle for the desired photochemical behavior. The
combination of Ni K-edge and Lj-edge spectroscopies
demonstrates that the Ni—aryl complexes possess a bonding
scheme that is highly o-covalent and 7-backbonding. TD-DFT,
which accurately reproduces the Ni K-edge spectrum, predicts
that nearly half of the d,2_? electron hole of the ground state is
delocalized over the ligand manifold. Such high degrees of
ligand character in nominally metal-centered orbitals is
typically invoked for formally hi%h valent, late transition
metal centers like Cu™ and Ni"V'>'** or in the case of
strongly o-donating ligands such as sulfur-coordinating
dithiolenes.”>" This -noninnocence has even been proposed
to facilitate a Ni"/Ni'V catalyzed cross-coupling mechanism,
where the Ni center modulates the ligand charge instead of
vice versa.”" If the aryl ligand pushes charge onto the Ni center
of the Ni(bpy)ArX series, the backbonding interaction
proposed on the basis of the L;-edge spectroscopy represents
a mechanism by which charge is pulled from the metal center
by the bpy ligand. Redox noninnocent 7* manifolds have been
characterized in a number of related Ni(diimine)—aryl species
and are proposed to mediate charge at the Ni center in some
cross-coupling mechanisms.”* >

These findings indicate that this series of Ni(bpy)ArX
complexes show interligand electron pushing mediated by the
metal center, similar to the mechanism by which carbonyl
stretching frequencies are changed bzr phosphine ligands in the
Tolman electronic parameter series.”” Beyond photolytic Ni—
C bond cleavage, this ligand interplay may contribute to the
reactivity of the complexes by moderating the changes in
electron density on the Ni center during a multiredox reaction
cycle. For example, Ni(bpy)ArCl complexes are proposed to
undergo Ni—C bond homolysis to enter a dark Ni'/Ni" cycle,
where metal—ligand interactions may factor into the reactivity
of the intermediates.® Indeed, it has already been demonstrated
that the electron-donating/-withdrawing character of the bpy
ligand has a strong effect on the reactivity of Ni'—bpy
complexes toward oxidative addition by modulating the Z ¢4 of
the metal center.’® Overall, these results indicate that
Ni(bpy)ArX complexes possess highly covalent Ni—C bonds
as well as significant multiconfigurational Ni — bpy mixing
into the ground state. This mixing may impact their reactivity
and indicate that metal—ligand interactions are an important
component for understanding Ni" metallaphotoredox mecha-
nisms.
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