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used instead of transition metal photosensitizers, but they can be
more expensive and have harder-to-tune redox properties.39−43

The cost and unsustainable use of photosensitizers has
increased interest in designing photoactive Ni catalysts that
undergo direct excitation via light without the need of a
secondary photosensitizer.8 Historically, second- and third-row
transition metals were used as they can stabilize long-lived
photoexcited states capable of undergoing photoinduced
charge-transfer with other molecules, whereas first-row tran-
sition metals typically have much shorter-lived excited states.44

Instead of focusing on making Ni species capable of
intermolecular charge transfer, we can utilize the lower-energy,
ligand-field excited states of first-row transition metals to directly
generate reactive NiI/NiIII species.8 However, such studies
require an understanding of the excited-state mechanism and
key intermediates.16,45−47

By targeting low-lying ligand-based excited states, Ni catalysts
have been designed to directly undergo photoexcitation to
create transient charge-separated NiIII and radical species.8 This
can be done by attaching large photoactive ligands onto a metal
center to promote C−N and C−S coupling reactions.48−50

However, such ligands do not stabilize high- or low-valent Ni
intermediates, which limits the determination of a system’s
mechanism. Our group has begun to address this problem by
designing a class of photoactive Ni complexes supported by a
tetradentate and tridentate pyridinophane ligands such as N,N′-
dialkyl-2,11-diaza[3.3](2,6)pyridinophanes (RN4) and N-alkyl-
2-aza[3.2](2,6)pyridinophanes (RN3),8,51 which stabilize re-
active NiI and NiIII intermediates known to be involved in C−
C52−57 and C−heteroatom coupling reactions.29,52,58 The RN3-
supported NiCl2 complexes can catalytically form Csp2−O bonds
by leveraging paramagnetic Ni species, while the ligand’s flexible
third arm helps stabilize both NiI and NiIII intermediates for
characterization by electron paramagnetic resonance (EPR)
spectroscopy.8

However, the mechanisms remain elusive for the most
ubiquitous Ni catalysts used for cross-coupling and photo-
catalysis, those supported by bidentate bipyridyl ligands.11−14,59

For instance, well-established nickel catalyst tBubpyNiII(o-tolyl)
Cl (4) (Figure 1) can be combined with an iridium-based
photosensitizer to undergo light-mediated arylation of α-C−H
bonds in tetrahydrofuran (THF).56,60−62 Studies suggest a
bpyNiICl intermediate is formed upon irradiation, but the
characterization of this intermediate is limited by its poor
solubility and various coexisting NiI species.38,63−65 Further
studies support a NiIII pathway for activating THF, as 4 can be
oxidized and then irradiated to achieve the same coupled
products.66 As some of the reactivity only occurs with chloride
species and not with bromide species, a photolyzed highly
reactive chloride radical may be necessary for the C−H bond
activation of THF, where the resulting THF radical binds to the
Ni center.66 This has prompted a large array of computational
models that aim to identify the radical species and excited-state
pathway, but conclusions have varied.10,67−70 Uncertainty
remains due to the inability of commercially available bipyridyl
ligands to stabilize key Ni intermediates.13,71

Herein, we show that Ni compounds supported by our
bidentate [2.2]pyridinophane (HN2) ligand undergo photo-
chemistry similar to that of compounds supported by bipyridyl
systems. We also highlight the benefits of the HN2 ligand
framework, such as decreased side reactivity and slightly
increased quantum yields for photolysis and photodegradation.
While bipyridyl species are often prone to dimerization, the
steric bulk of the HN2 ligand framework hinders the
dimerization of Ni species which aids in the isolation of
monomeric Ni intermediates. Recent work has shown that steric
bulk can be added to bipyridyl ligands to inhibit equatorial
binding,72 whereas our pyridinophane ligands inherently hinder
z-axis binding.

Our HN2 ligand is based on the design of our photoactive RN3
ligand and thus completes our series of bi-, tri-, and tetradentate
pyridinophane ligands used to stabilize uncommon Ni
species.29,52−58,74−76 Notably, HN2 has one of the smallest bite
angles for a bidentate ligand, and its ethylene bridges form
anagostic interactions that sterically hinder the z-axis of the Ni
center, thus likely precluding five-coordinate intermediates.75

Figure 1. (top) Irradiation of NiII tolyl chlorides (1−4) to form NiI chlorides (1′−4′) along with C−C and C−O coupled products depending on the
anerobic (N2) or aerobic (O2) atmosphere. (bottom) Comparison of the NiII tolyl chlorides species supported by bidentate ligand frameworks (1−4)
and the ORTEP representation (50% probability ellipsoids) of the crystal structure of tBubpyNi(p-tolyl)Cl (3) reported herein, viewed by the xy plane
and near yz plane with H atoms omitted for clarity. Selected bond lengths (Å) around the Ni center of 3 in decreasing magnitude are Ni1−Cl1 2.170,
Ni1−N1 1.966, Ni1−N2 1.904, and Ni1−C19 1.896. Selected angles (°) are N1−Ni1−Cl1 94.62°, C19−Ni1−N2 92.52°, C19−Ni1−Cl1 87.50°, and
N2−Ni1−N1 82.44°. Consistent with the trans effect, the Ni−Cl bond is the longest Ni bond, countered by a shorter Ni1−N2 bond, whereas the
shortest Ni1−C19 bond is countered by a longer Ni1−N1 bond. The calculated τ4′ value73 of 0.05 indicates near square planar geometry.
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This is similar to how RN3 sterically hinders Ni’s z-axis with its
third coordinating nitrogen arm.8 We previously showed that
the bulky HN2 ligand greatly reduces classical Kumada cross-
coupling at the Ni center vs complexes with bipyridyl ligands.75

By using a sterically bulky bidentate ligand, we may be able to
selectively promote reductive elimination at the Ni center,77

hinder off-cycle formation of binuclear or tetranuclear Ni
species,78 control the availability of coordination sites to drive
desired radical reactivity, affect excited-state lifetimes,79 and
stabilize mononuclear NiI intermediates.

In this study, we compare the structure, energetics, and
photochemistry of complexes 1−4 to determine the effect of
HN2 vs tBubpy ligand frameworks as well as the effect of ortho-
tolyl vs para-tolyl groups. We show that HN2NiII(o-tolyl)Cl (2)
is a promising compound to study NiII aryl halide photo-
chemistry as it exhibits photoactivity analogous to that of well-
established 4, while decreasing side reactivity such as C−O bond
formation via O2 and solvent-based radical reactivity, while
promoting the formation of aryl−aryl species via C−C coupling.
We further control the steric encumbrance of the Ni center and
show that ortho-tolyl and para-tolyl aryl halides exhibit distinct
photoreactivity and O2 reactivity, which we attribute to the
accessibility of a photochemically relevant tetrahedral triplet
state, which we confirm computationally.71 In addition,
computational modeling using time-dependent density func-
tional theory (TDDFT) and complete active space self-
consistent field (CASSCF) methods predicts that the energeti-
cally accessible metal-to-ligand charge transfers (1MLCTs)
involve significant aryl character, and thus, changing the tolyl
group directly impacts reactivity.

■ EXPERIMENTAL SECTION
Synthesis and Characterization. Compounds 1−2 were

synthesized according to a previous report from our group,75 whereas
4 was synthesized according to the literature.56 Compound 3 was

synthesized by modifying a reported synthesis56 and then was fully
characterized (Section S2). Herein we report the first crystal structure
of 3 (Figure 1 and Section S19) and demonstrate the effect that the
methyl group has on the planarity of the molecule. The EPR-active NiI
species that form upon the irradiation of 1−4 are referred to as 1′−4′,
respectively.

Structural Comparison. A comparison to published crystal
structures13,75 reveals a varying geometry around the Ni centers of
1−4, which we quantify herein by calculating the percent of buried
volume (BV), defined as the space occupied by atoms and bonds within
a 3.5 Å sphere around the NiII center.80 A higher buried volume value
has been correlated with decreased reactivity at a metal center,80,81

consistent with what we observe when employing the HN2 framework.
The buried volume around a NiII bound to a single tBubpy ligand is only
around 35%, whereas it jumps to 50% for HN2 and then rises slightly to
55% for the tridentate MeN3 ligand (Section S18). Once the tolyl and
chloride groups are added to the calculation, the buried volume around
2 reaches 87%, indicating a sterically hindered NiII center.

Notably, the HN2 compounds 1−2 have about 14% more buried
volume than their respective tBubpy counterparts 3−4 (Figure 2),
whereas the ortho-tolyl versions 2 and 4 have about 3% more buried
volume than their respective para-tolyl versions 1 and 3. This increase
in the steric bulk also changes the planarity of the typically square-
planar singlet NiII complex. While compound 4 has a conformer where
the tolyl group is nearly perpendicular to the xy plane (i.e., larger aryl
twist),13 the para-tolyl version 3 instead has a more planar tolyl group
(i.e., smaller aryl twist), a more in-plane Ni−Caryl bond, the most square
planar geometry index τ4′, and the lowest buried volume of 1−4 (Table
1). The bulk of the tolyl group has less of an effect on the structure of
HN2 complexes 1−2, as the HN2 ethylene bridges hinder the rotation of
the tolyl groups into the z-axis and cause the tolyl groups of 1−2 to be
more in the xy square plane than those in 3−4. Such structural changes
can then be correlated to reactivity.

■ RESULTS AND DISCUSSION
Photodegradation Studies. Compounds 1−4 were

irradiated by LEDs ranging in average wavelength from 370 to
525 nm. Photodegradation was monitored by the degradation of

Figure 2. (a) Buried volume calculations for 1−4 reported as percentages for 3.5 Å spheres around the Ni center.80 The Ni is set as the center, with the
Ni−Cl bond aligned with the x-axis and the Ni−C19 bond aligned with the y-axis. Bond radii scaled by 1.17, while H atoms and the Ni center are
omitted, so that calculations only consider the bulk of the ligand framework, tolyl group, and chloride. Chemical structures are overlaid on the 3.5 Å
sphere as a depiction of the axes and radial location of atoms but are not to scale as axes are measured in Å. (b) Planes in the crystal structure of
HN2Ni(p-tolyl)Cl (1) including the Ni/ligand plane N2−Ni−N1 (A, yellow), the chloride-tolyl plane Cl−Ni−C19 (B, orange), tolyl-ligand plane
C19−Ni−N1 (C, blue), tolyl plane C20−C19−C25 (D, purple), and chloride-ligand plane Cl−Ni−N2 (E, green). The atoms involved in creating
each plane are denoted by black rings.

Journal of the American Chemical Society pubs.acs.org/JACS Article

https://doi.org/10.1021/jacs.5c03770
J. Am. Chem. Soc. 2025, 147, 17315−17329

17317

https://pubs.acs.org/doi/suppl/10.1021/jacs.5c03770/suppl_file/ja5c03770_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.5c03770/suppl_file/ja5c03770_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.5c03770/suppl_file/ja5c03770_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacs.5c03770?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.5c03770?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.5c03770?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.5c03770?fig=fig2&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.5c03770?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


each compound’s prominent UV−vis peaks (∼350 nm for 1−2
and ∼475 nm for 3−4) as shown in Figure 3 for 0.3 mM
solutions of 1−4 in 2.5 mL of THF within 3 mL airtight quartz
cuvettes. After collecting data for four half-lives, the first-order
rate constants (k) were extracted using eq 1 where At is the
absorbance after a duration of time (t) measured in minutes, Ai is
the initial absorbance, and Af is the final absorbance. We
postulate that changes in the absorption of the prominent UV−
vis peaks correspond to changes in the concentrations of 1−4.
We show this to be a good approximation, with changes in
absorption fitting well with first-order reaction rates, consistent

with our EPR and UV−vis data showing accumulation of only
1−8% of photogenerated species.

For all compounds 1−4, negligible degradation occurs over 2
days while being irradiated by 525 nm LEDs under an N2
environment, consistent with what is observed when keeping the
samples in the dark under N2. When excited with a 456 nm lamp,
1−4 photodegrade, suggesting that photolysis occurs when
exciting the higher energy MLCTs ∼450 nm predicted by
TDDFT to involve Ni-tolyl bonding character (Section S16). As
the energy of the lamp increases from 456 to 370 nm, the
photodegradation rates of all compounds increase. The ortho-
tolyl and para-tolyl versions also have distinct rates of
degradation, with a 50% increase in rate when going from
ortho-tolyl 4 to para-tolyl 3.

While tBubpy compounds 3−4 degrade quicker than their HN2
counterparts 1−2 at a given wavelength, the prominent MLCT
peaks for the HN2 compounds are blue-shifted by 7000 cm−1

and have less energetic overlap with the LED lamps (Figure 3).
This is consistent with degradation rates for 1−2 under 370−
390 nm irradiation being comparable to those of 3−4 under
427−456 nm irradiation. Additionally, we found that each Kessil
LED lamp has a different power and intensity, with most lamps
being half as intense as reported (Section S6), while the number
of photons experienced varies by 50% between the front and
back of a cuvette. This led us to properly measure the flux
experienced by 1−4 in order to calculate the quantum yields of
photodegradation in addition to rates. Our photochemistry
setup with relevant safety protocols and personal protective
equipment (PPE) are reported in Section S5.

= [ ] +A A A e A( )t
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Table 1. Comparison of the Electronic Properties and Steric
Environment for 1−2 vs 3−4

Compound
λmax

(nm)a
NiII/III Epa

(V)b τ4′
73,c

BV
(%)d

Aryl twist
(°)e

HN2Ni(p-tolyl)Cl
(1)

350 0.44 0.15 84.1 29.7

HN2Ni(o-tolyl)Cl
(2)

352 0.39 0.16 87.1 53.7

tBubpyNi(p-tolyl)Cl
(3)

475 0.04 0.05 69.7 66.1

tBubpyNi(o-tolyl)Cl
(4)

476 0.07 0.08 73.4 81.9

aMost intense absorption peak within the range of the LEDs (340 to
580 nm), predicted by TDDFT to be a 1MLCT transition. bOxidation
peak measured by cyclic voltammetry in THF for Ni2+/Ni3+ vs Fc+/0

at 100 mV/s. cGeometry index, where 0 indicates a square planar
geometry and 1 indicates a tetrahedral geometry. dPercent buried
volume based on crystal structure. eTwist angle between plane A
(N2−Ni−N1) and plane D (C20−C19−C25) based on crystal
structure.

Figure 3. Photodegradation of ∼0.3 mM solutions of 1−4 (a-d, respectively) in THF at room temperature under N2 as monitored by UV−vis
absorption spectroscopy when irradiated by 390 nm LEDs (57 mW/cm2). Quantum yields (Φ) of photodegradation are measured by the degradation
of the most prominent MLCT peak of each compound, denoted by arrows. The right-most axes depict the difference spectra used to observe the
formation of new species upon irradiation. There is greater buildup of newly formed species with respect to the starting material when irradiating 1−2
(8%) compared to 3−4 (3%).
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Quantum Yields of Photodegradation. By comparing
quantum yields for photodegradation, we account for the actual
number of photons emitted by each LED and the number of
photons experienced by a compound in a cuvette (Section S8).
Quantum yields (Φ) were calculated via eq 2 using Planck’s
constant (h), the speed of light (c), Avogadro’s constant (NA),
the volume of the irradiated solution (Vcuvette), the rate of
degradation of the complex (kdegradation), the initial concentration
of the NiII compound 1−4 ([NiII]0), the power of the LEDs
(PLED), the wavelength of the LEDs (λLED), and the absorption
of the NiII starting material at the λLED irradiation wavelength
(AλLED(NiII)).82 To ensure that the powers measured by the 241
mm2 sensor equated that experienced by 1−4, we used 2.5 mL
solutions in quartz cuvettes with a side surface area of 250 mm2

(Section S8).82
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Quantum yields for photodegradation at 390 nm are slightly
higher for HN2 complex 2 than for tBubpy complex 4. Overall,
compound 3 has the highest quantum yields whereas 1 had the
lowest (Table 2). Quantum yields increase with the energy of

the LED, most notably when increasing the energy of the LEDs
by 2200 cm−1 from 427 to 390 nm. However, the quantum yields
are comparable when going from 390 to 370 nm, which is an
energy increase of 1400 cm−1. This suggests that an energy
threshold may be met between 427 and 390 nm, causing
quantum yields to become comparable between higher-energy
excitation wavelengths, which is consistent with the TDDFT
predictions that the prominent MLCTs involving Ni-aryl bond
character relevant for photolysis are between 400 and 500 nm. In
addition to distinct rates of photodegradation, we also observed
varying stability of the photogenerated NiI species.

Formation of NiI intermediates. Observed nickel-based
intermediates, herein referenced as 1′−4′, formed following the
photoexcitation of 1−4. These transient species were first
observed using UV−vis spectroscopy by taking the difference
between time points when irradiating 1−4 under N2 with 390
nm LEDs. The difference spectra (Figure 3) confirmed the
formation of a new species, but the overlapping peaks, poor
solubility of the formed species, and low concentration hinder
the determination of the exact 1MLCT energies. When
irradiating 1−2, we observe peaks forming around 398 and
535−565 nm. TDDFT modeling of HN2NiICl predicted peaks
around 365 and 535 nm (Section S9), which roughly correlates
to experiment. The broad peak for 3−4 prevented a cleaner
spectrum of the formed species, but a peak formed around 635
nm. The spectra for 1′ and 2′ resemble each other, as do 3′ and
4′, consistent with the photolysis of the Ni-aryl bond to yield
three-coordinate NiI chlorides.

The NiI species were further probed using X-band continuous
wave electron paramagnetic resonance (CW-EPR) spectroscopy
in 2-MeTHF/THF (1:2, v/v) at 77 K. When 1−4 are irradiated
by 370 nm LEDs (106 mW/cm2) at −78 °C for two of their
respective half-lives, we observe diagnostic axial signals
consistent with a three-coordinate NiI species (Figure 4). The
analogous spectra for 1′/2′ as well as for 3′/4′ further supports
the formation of a NiI chloride species, unaffected by the identity
of the tolyl group from the NiII compound. The axial g-values for
HN2-supported species 1′/2′ are blue-shifted compared to
tBubpy-supported species 3′/4′, indicating that HN2 may provide
additional electronic shielding especially along the z-axis. We
then probed the X-band EPR of 1′−2′ at 5, 10, 20, and 50 K
using a liquid helium cryostat (Section S9). We found that no
tetramers, dimers, or other S = 1 species form when irradiating
compounds 1−2, as contrasted with the propensity of tBubpy
compounds 3−4 to form a variety of multinuclear Ni species
upon irradiation. This further confirms that our HN2 ligand
system promotes the selective formation of monomeric NiI
species, which has benefits for future spectroscopic and
mechanistic investigations.

The EPR values were also predicted using DFT. The
HN2NiICl structure (1′/2′) was optimized and analyzed at the
B3LYP/def2-tzvp+def2-tzvpp(Ni)-CPCM(THF) level to re-
veal gx and gy values of 2.11 and 2.12, matching well with
experimental values, supporting the assignment as a Ni chloride
species. Additionally, 1′/2′ are the only observable EPR-active
species upon the irradiation of 1/2, whereas the spectra of 3′/4′
are noisier and may indicate minor secondary Ni-based radical
species as shown by higher RMSD-fit values. The organic-based
radical species that forms upon the irradiation of 4 is consistent
with the formation of a tBubpy-based radical species previously
observed for such tBubpy Ni systems.65,72,83

Quantitative spin integration of the EPR spectra showed that
1′/2′ form in greater amounts than 3′/4′ as measured against a
well-characterized NiIII standard (Section S9). The best spectra
for 1′−4′ were obtained with excess solid of 1−4 at the bottom
of the EPR tubes and when irradiated for only 150 min at −78
°C. When measuring the spin integration of NiI and including
the excess NiII solid in the tube, the minimum possible spin
integration values are around 2% NiI for 1′−2′ and 1% for 3′−
4′. By incorporating the observed half-lives of 1−4 under 370
nm LEDs as well as the maximum concentration of the
compound in solution in 2-MeTHF, we can extrapolate the
upper bounds of spin integration and accumulation of NiI

Table 2. Rates and Quantum Yields for the Photodegradation
of Compounds 1−4

Compound λirr (nm) kλ obs (10−3 min−1)a Φ (10−4)b

HN2Ni(p-tolyl)Cl (1) 370 11.3 ± 0.1 3.2 ± 0.1
390 3.0 ± 0.7 2.9 ± 0.7
427 1.5 ± 0.1 0.8 ± 0.1
456 1.3 ± 0.6 0.7 ± 0.3
525 n.r. n.r.

HN2Ni(o-tolyl)Cl (2) 370 27.0 ± 4.6 5.6 ± 1.0
390 9.0 ± 0.7 7.0 ± 0.5
427 2.9 ± 0.8 2.3 ± 0.6
456 1.2 ± 0.4 0.7 ± 0.2
525 n.r. n.r.

tBubpyNi(p-tolyl)Cl (3) 370 73.8 ± 10 13.0 ± 2.0
390 27.4 ± 2.4 9.3 ± 0.8
427 12.8 ± 3.2 2.4 ± 0.6
456 3.2 ± 0.9 0.4 ± 0.1
525 n.r. n.r.

tBubpyNi(o-tolyl)Cl (4) 370 46.4 ± 2.0 7.1 ± 0.3
390 20.9 ± 1.9 6.1 ± 0.6
427 13.2 ± 0.6 2.2 ± 0.1
456 7.5 ± 1.9 1.1 ± 0.3
525 n.r. n.r.

aAverage of 3+ runs, where n.r. denotes that no reaction occurred
under 525 nm LEDs (77 mW/cm2). bCalculated quantum yields for
photodegradation using eq 2.
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species. The X-band EPR of 1′ has a maximum spin integration
of 39% at 20 K, whereas the spectra at 77 K for 1′ and 2′ were at
most 12% and 7% NiI, respectively. The values for 3′−4′ were
only 3% and 5%, respectively, when considering the faster
photolysis and higher solubility of 3−4 compared to 1−2.

While NiI dimers and tetramers form readily from NiI and NiII
species when supported by tBubpy,38,63,78,83−85 we have shown
this does not occur for 1−2 likely due to the large steric bulk of
HN2. Irradiating 3−4 with a higher flux or at a higher
concentration may also promote bimolecular reactivity and
form more NiI dimers over NiI monomer species. As such, the
stability of 1′/2′ as monomers may allow the use of higher flux
and higher concentrations. Recent work also supports the
formation of a THF-bound Ni intermediate observed by pulse
radiolysis (PR) under an N2 environment key to the formation
of 2-(tolyl)tetrahydrofuran (i.e., tolyl-THF).83 Such solvent-
bound species may also exhibit photoreactivity, while the
photolyzed aryl radical will likely react with other Ni species,
such as binding to other four-coordinate NiII complexes. This
highlights the further complexity of these Ni catalysts and the
importance of optimizing the ligand design to hinder side
reactivity along the z-axis, such as dimerization or the formation
of five or six coordinate intermediates. Additionally, we find that
1−4 show varying propensity for side reactivity with O2.

O2 Reactivity. Compounds 1−2, as well as 4, are mildly air-
stable outside of an inert N2 environment when kept in the dark,

allowing for various ground-state characterizations using
traditional benchtop techniques if the compounds are not
irradiated. However, tBubpyNi(p-tolyl)Cl (3) shows great
sensitivity to O2 even in a dark, dry environment. While 3
remains stable in THF solution for 1 day under an inert N2
atmosphere while in a dark container, it degrades within 30 min
when dry-O2 is then bubbled into the solution (Table 3). Similar
rates and degradation products were observed when using dry
air with 21% O2 and pure O2. When irradiated in the presence of
O2, 3 decays nearly instantaneously. This led us to investigate
whether the widely used tBubpyNiII(o-tolyl)Cl (4) is indeed air-
stable and whether O2 reactivity can provide mechanistic insight
such as reactivity with any triplet-state intermediates or radical
species.

Stock solutions of tBubpyNiII(o-tolyl)Cl (4) in THF were
separated into four cuvettes to study different conditions, as
shown in Figure 5. When stirred in airtight N2-filled cuvettes that
are kept in the dark, 4 does not degrade within 24 h. When dry,
THF-saturated O2 is bubbled into the cuvette that is kept in the
dark, 4 degrades with a half-life of about 12 h. When 4 is stirred
in an airtight N2-filled cuvette while being irradiated by a 390 nm
lamp, it has a half-life of about 33 min. However, when 4 is
irradiated by a 390 nm lamp after the cuvette has been charged
with O2, its half-life drops to 12 min (Table 3).

Compounds 1−4 all degrade faster under an O2 environment
when irradiated, even if the compound is typically stable under
O2. The greatly increased rate of photodegradation under O2

Figure 4. X-band CW-EPR (9.42 GHz, 5 G, 25 dB, 5.12 ms) spectra recorded at 77 K in THF:2-MeTHF (1:2; v/v) following the irradiation of 1 mM
solutions of EPR-inactive NiII species 1−2 for 150 min (a/b) and 3 mM solutions of 3−4 (c/d) for 40 min with 370 nm LEDs (106 mW/cm2) at −78
°C. The axial spectra indicate EPR-active, tricoordinate NiI species 1′−4′. The observed organic-based radical (*) for 4′ at giso = 2.001 is consistent
with the formation of a tBubpy-based radical species previously observed for such systems.65,72,83 Quantitative spin integration revealed at least 2% NiI
present for samples 1′−2′ and 1% NiI for compounds 3′−4′. Values for spin integration increase when considering the large amount of NiII starting
material that has yet to react.
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Table 3. Photodegradation rates (k) and quantum yields (ϕ) for Compounds 1−4 under Both N2 and O2

Compound λirr (nm) Conditiona Rate k (10−3 min−1) Half-life t1/2 (min) Φ (10−4) Φ(O2)/Φ(N2)
b

HN2Ni(p-tolyl)Cl (1) 370 N2 11 61 3 4.9
O2 56 12 16 -

390 N2 3 233 3 5.4
O2 16 43 15 -

dark N2 <1 >700 - >1
O2 <1 >700 - -

HN2Ni(o-tolyl)Cl (2) 370 N2 27 31 6 2.3
O2 50 14 10 -

390 N2 9 77 7 1.8
O2 16 42 12 -

dark N2 <1 >700 - >1
O2 1 578 - -

tBubpyNi(p-tolyl)Cl (3) 370 N2 74 9 13 >13.0
O2 >1000 <1 >150 -

390 N2 27 25 9 12.6
O2 >500 <2 >150 -

dark N2 <1 >700 - 40.4
O2 40 17 - -

tBubpyNi(o-tolyl)Cl (4) 370 N2 46 15 7 3.0
O2 139 5 21 -

390 N2 21 33 6 2.7
O2 57 12 17 -

dark N2 <1 >700 - >1
O2 1 700 - -

aIrradiation by 370 nm LEDs (106 mW/cm2), 390 nm LEDs (57 mW/cm2), or when kept in the dark. Atmosphere of the headspace within sealed
quartz cuvettes filled with 0.3 mM 1-4 in THF kept at room temperature in a dry environment. bRatios of rate constants (k(O2)/k(N2)), quantum
yields (ϕ(O2)/ϕ(N2)), and half-lives (t1/2(N2)/t1/2(O2)) under an O2 vs N2 environment to show increased reactivity under O2.

Figure 5. Degradation of 0.3 mM solutions of tBubpyNiII(o-tolyl)Cl (4) in THF as monitored by UV−vis absorption spectroscopy under four different
conditions. Solutions were exposed to either an inert N2 atmosphere (left, a/c) or pure dry O2 (right, b/d), while either being kept in the dark (top, a/
b) or being irradiated by 390 nm LEDs at 57 mW/cm2 (bottom, c/d). Rates of degradation (k, 10−3 min−1), respective half-lives (t1/2, min), and
primary decomposition products with yields over 10% are shown per condition.
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suggests a potential excited-state equilibrium where the triplet
NiII can relax back down to the singlet ground state, and as such,
the observed rate of photodegradation is less than the reversible
rate of photoexcitation. Since photogenerated triplet states can
readily react with triplet O2, the combination of light and O2 has
a much greater effect than simply combining the individual rates
of photodegradation and O2-degradation. As such, triplet O2 can
speed up degradation by attacking photogenerated triplet states
that in an inert N2 environment would be able to relax back to
the ground-state starting material. Overall, HN2 compounds 1
and 2 are more resistant to O2 reactivity than their analogous 3−
4 versions, respectively, as measured by smaller changes in rate
when going from an N2 to O2 atmosphere (Table 3). Ortho-tolyl
2/4 are also more resistant to O2 reactivity than their para-tolyl
versions 1/3.

Para-tolyl complex 3 reacts the fastest with O2 and
decomposes in the dark over an order of magnitude times faster
(t1/2 = 17 min) than ortho-tolyl 4 (t1/2 > 700 min). When
irradiated by 370−390 nm LEDs under an O2 environment, 3
undergoes near-instantaneous decomposition (Table 3). The >1
min decomposition of 3 when irradiated under O2 is consistent
with TDDFT’s prediction that 3 has the most energetically
accessible triplet excited state, resulting in a larger population of
triplet 3 that can readily react with triplet O2. The ability of 3 to
react with O2 in the dark also suggests propensity for O2
reactivity with a nonexcited state, or potentially with a thermally
populated triplet state, further highlighting the impact of the
tolyl group’s location. Compounds 1−4 were further probed by
using cyclic voltammetry (CV) to further explain the ground-
state O2-reactivity. As shown in Figure 6, compound 3 is the

easiest to electrochemically oxidize while compound 1 is the
hardest to electrochemically oxidize. A lower oxidation potential
also correlates with increased O2 reactivity in the dark,
consistent with O2 potentially reacting with the ground state
of 3. We gain further insight into the nature of O2 reactivity by
examining the products formed upon the photodegradation of
1-4.

Photodegradation Product Formation. Photodegrada-
tion products were characterized via gas chromatography−mass
spectrometry (GC-MS) with yields quantified by using an
internal standard of 1,3-benzodioxole (BDO). When kept in the
dark under an inert N2 atmosphere, 1−4 only degrade into free
ligand and toluene (Section S11). When 1−4 are irradiated

under N2, the main products are toluene (i.e., tolyl-H) and 2-
(tolyl)tetrahydrofuran (i.e., tolyl-THF). Increasing the wave-
length of the LEDs by 1400 cm−1 from 390 to 370 nm does not
result in any new photodecomposition products. HN2
complexes 1−2 produce less 2-(tolyl)tetrahydrofuran (i.e.,
tolyl-THF) product than 3−4 when irradiated under N2,
consistent with HN2 sterically hindering the binding of a solvent
or aryl radical and limiting the formation of five-coordinate NiIII
intermediates (Figure 7). Additionally, five-coordinate NiIII
intermediates would be destabilized by the steric bulk of HN2,
causing the complex to undergo reductive elimination and C−C
bond formation, potentially when the Ni complex is forced into a
distorted trigonal bipyramidal geometry.

The addition of O2 to the photodegradation of 1−4 leads to
the formation of C−O coupled tolyl derivatives, which replaces
the formation of any 2-(tolyl)tetrahydrofuran (i.e., tolyl-THF)
product. In an N2 environment, THF-species serve as the crude
radical trap, leading to C−C coupled product 2-(tolyl)-
tetrahydrofuran (i.e., tolyl-THF). But under O2, tolyl-species
react to form C−O coupled products such as cresol (i.e., tolyl−
OH). When 3−4 are irradiated under O2, some oxybis-
(methylbenzene) (i.e., tolyl-O-tolyl) also forms, while none
forms for the sterically hindered Ni compounds 1−2.

By comparing the ratios of products formed by HN2-
supported 1−2 vs tBubpy-supported 3−4, we can extrapolate
the nature of O2 reactivity. If the O2 reactivity was purely outer-
sphere, then the ligand backbone should have minimal effect.
Since the HN2 complexes 2 produce much less cresol (i.e., tolyl−
OH) than 4, it indicates that the mechanism may involve direct
O2 interactions with the Ni center that can be hindered by the
increased bulk of 1−2. Additionally, many C−O coupling
reactions at a Ni-center are due to reductive elimination from a
five-coordinate NiIII intermediate.27,86 This is consistent with
the HN2 complexes reacting slower with O2 and undergoing less
C−O coupling reactions while still being able to form C−C
products in the presence of O2 (Table 4). Additionally, O2
reactivity in the dark with 3−4 also results in chlorotoluene (i.e.,
tolyl-Cl) formation, consistent with the formation of NiIII
species that would favorably undergo reductive elimination to
form chlorotoluene (i.e., tolyl-Cl).

Side Product Formation. Exposure to O2 disrupts the
photodegradation pathway that produces 2-(tolyl)-
tetrahydrofuran (i.e., tolyl-THF) under N2, thus minimizing
any C−C coupled products (Figure 8). Changing the reaction
temperature from room temperature to −78 °C does not
drastically affect which products are formed as we still see no
notable formation of dimethyl-1,1′-biphenyl (i.e., tolyl−tolyl)
for 3−4 (Section S13). Following recent studies that employed
diethyl ether as a solvent, we evaluated the effect of solvent on
reactivity (Section S14). When the solvent is changed from a
cyclic ether (i.e., THF) to an acyclic ether (i.e., diethyl ether),
3−4 form the analogous C−C coupled product 1-(1-
ethoxyethyl)-methylbenzene (i.e., tolyl-ether). However, 1−2
do not form 1-(1-ethoxyethyl)-methylbenzene (i.e., tolyl-ether)
and instead favor the formation of dimethyl-1,1′-biphenyl (i.e.,
tolyl−tolyl).

When irradiated in the presence of dichloromethane (DCM),
tBubpy compounds 3−4 do not form 2-(tolyl)tetrahydrofuran
(i.e., tolyl-THF) or dimethyl-1,1′-biphenyl (i.e., tolyl−tolyl) but
instead form ditolylmethane (i.e., tolyl-CH2-tolyl) and 1,2-
ditolylethane (i.e., tolyl-C2H4-toyl) as shown in Section S15.
The source of the −CH2 group was confirmed by GCMS to be
from dichloromethane using d2-DCM. Contrastingly, HN2

Figure 6. Cyclic voltammograms (100 mV/s) of 5 mM solutions of 1−
4 in THF (0.1 M TBAPF6). Spectra were overlaid using a normalized
current axis. Potentials are referenced to Fc0/+. Oxidation potentials are
denoted for the semi-irreversible NiII/NiIII oxidation peaks of 1−4.
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complexes 1−2 are not susceptible to such reactivity potentially
due to their bulkier ligand backbone. While 1−4 are not stable in
H2O as a solvent, they are not hyper H2O-sensitive as samples
that were bubbled with wet-N2 and wet-O2 gas had similar
degradation rates and products after 2 h compared to samples
bubbled with dry-N2 and dry-O2 gas, respectively (Section S12).
To better understand the varying affinity for photochemistry and
radical side reactivity, we employed density functional theory
and ab initio methods to computationally probe the ground and
excited states of compounds 1−4.

Molecular Orbitals and Excited States. Solution-phase
geometries were computationally modeled by taking each crystal
structure and optimizing the solution-phase geometry with
density functional theory (DFT) in the ORCA 5.0.3

program87,88 using the BP86/def2-tzvp89,90 functional-basis set
combination with solvent implicitly modeled using CPCM-
(THF).91 DFT predicts that the most stable solution-phase
geometries for 1−4 are square planar NiII complexes with a
singlet spin state, with the DFT-optimized structures showing
minimal deviation from the solid-state crystal structures
(Section S18). These optimized geometries were then further
analyzed via time-dependent density functional theory
(TDDFT)92 using TPSSh/def2-tzvp-CPCM(THF) as well as
def2-tzvpp on the Ni atom.89,90 We found this level of theory to
best model the experimental absorption spectra of 1−4 (Figure
9 and Section S16).

TDDFT predicts that the frontier molecular orbitals of 1−4
involve a notable Ni−Caryl character. Furthermore, the predicted

Figure 7. Photodegradation products observed by GC-MS when 1−4 (a-d, respectively) in THF are irradiated by 390 nm LEDs (57 mW/cm2) for 24
h at room temperature under an N2 (blue) or O2 (red) environment. Yields are reported as the average of 2−3 runs with respect to a calibrated internal
standard, 1,3-benzodioxole (BDO), set at 100%. Free ligand, BDO, oxygenated THF products (i.e., tetrahydrofuran-2-ol, butyrolactone), and any
product under 1% have been omitted for clarity.
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HOMO−LUMO gap and stability of the tetrahedral excited
state are directly impacted by changes in the complex’s planarity.
For instance, the Löwdin orbital contribution to the LUMO of 4
includes 21% electron density on the ortho-tolyl, whereas the
LUMO of 3 has only 3% electron density on the rotated para-
tolyl. This causes 3 to have the smallest predicted HOMO−
LUMO gap of all four complexes. While an effective oxidation-
state analysis (EOSA) predicts that the redox charges for 1−4
are Ni2+, Ar1−, Cl1−, and (HN2/tBubpy)0 as expected, an intrinsic
basic bonding analysis (IBBA) reveals that charges may also be
described as Ni1.4+, Ar0.8−, Cl1.2−, and L0.6+ for 1−4, indicating
more electron density on the chloride and Ni, while the aryl
group is more electron poor than predicted by traditional redox
charges.

DFT was then used to probe the energetic accessibility of the
excited-state configurations by comparing the ground-state
square planar singlets of 1−4 to potential excited-state
geometries, including tetrahedral triplets and square planar
triplets. While all four molecules are square planar singlets in
their ground state, as expected, the tetrahedral triplet and square
planar triplets are more energetically accessible for tBubpy
compounds 3−4 than for HN2 compounds 1−2 (Table 5).
Notably, the barrier to a tetrahedral triplet state for para-tolyl 3
is nearly half that of ortho-tolyl 4. Complex 3 has the lowest
barrier between the square planar singlet and the tetrahedral

triplet as well as the smallest HOMO−LUMO gap. Overall, HN2
complexes 1−2 also have larger HOMO−LUMO gaps than
tBubpy complexes 3−4 (Table 4).

The overall nature of the UV−vis absorption spectra for 1−4
are similar (Figure 9). TDDFT predicts that the ∼370 nm peaks
for 1−2 and ∼460 nm peaks for 3−4 are 1MLCT transitions into
the ligand backbone. The transition energies for 1−2 are blue-
shifted from those of 3−4 due to the higher-energy ligand-based
π* orbitals for HN2. The MLCT transitions into the ligand
backbone of 1−2 have decreased molar absorptivity as
compared to that of 3−4 due to the lower conjugation of the
separated pyridine rings in HN2. The spectra of the para-tolyl
versions 1 and 3 are overall blue-shifted compared to their ortho-
tolyl analogues 2 and 4.

In this study, the relevant MLCTs are those at energies below
the 27,000 cm−1 energy of the 370 nm LEDs. For 1−2, TDDFT
predicts that the prominent MLCT transitions include
excitation from MOs that have Ni−Caryl bonding character
and Ni−Cl antibonding character. As such, the excitation of the
MLCTs of 1/2 likely strengthen the Ni−Cl bond and weaken
the Ni−Caryl bond, consistent with photoexcitation forming a
NiI−Cl species (1′/2′) and an aryl-based radical species.
Contrastingly, TDDFT does not clearly show this for 3−4.
Additionally, 1−2 have clearly defined low-energy d−d
transitions into Ni−Caryl antibonding MO, whereas the low-
energy transitions for 3−4 are predicted to just be MLCT
excitations into the ligand backbone. This discrepancy was
further probed with ab initio methods.

Previous studies with tBubpyNiII(o-tolyl)Cl (4) suggested that
additional modeling of the complex may provide insight due to
the similar energies of the d-orbitals, the interspersed ligand-
based and metal-based orbitals, and the involvement of the
ligand in the frontier orbitals.9 As such, we used the ab initio
wave function-based complete active space self-consistent field
theory with quasi-degenerate N-electron valence-state perturba-
tion theory correction (CASSCF/QD-NEVPT2)93−96 using
ORCA 5.0.387,88 to model the quasi-degenerate ground states
with low-lying excited states using spin−orbital coupling. We
input the unrestricted natural orbital files (UNOs) from DFT
single-point calculations into CASSCF to recalculate the
ground- and excited-state molecular orbitals. Using this

Table 4. Correlation of Reduced O2 Reactivity with Steric and
Energetics Factors

Compound

C−C vs
C−O

formed
under O2

a

HOMO
−

LUMOb

(eV)

NiII/III

Epa
(V)c τ4′

73
BVd

(%)
HN2Ni(p-tolyl)Cl (1) 0.7 2.93 0.44 0.15 84.1
HN2Ni(o-tolyl)Cl (2) 0.5 2.84 0.39 0.16 87.1
tBubpyNi(o-tolyl)Cl (4) 0 2.52 0.07 0.08 73.4
tBubpyNi(p-tolyl)Cl (3) 0 2.49 0.04 0.05 69.7

aRatio of dimethyl-1,1′-biphenyl (i.e., tolyl−tolyl) compared to cresol
(i.e., tolyl−OH) formed when 1-4 are irradiated under O2 by 390 nm
LEDs (57mW/cm2) for 24 h. bDFT-calculated HOMO−LUMO gap
using TPSSh/def2-tzvp+def2-tzvpp(Ni)-CPCM(THF). cOxidation
peak measured by cyclic voltammetry in THF for Ni2+/Ni3+ vs
Fc+/0 at 100 mV/s. dPercent buried volume based on crystal structure.

Figure 8. Proposed mechanism for the photoreactivity of 1−4.
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procedure, we were able to replicate previous CASSCF results9

for 4, which we then compared to complexes 1−3.
We see that CASSCF overestimates the HOMO−LUMO gap

as >10 eV and shows worse correlation with the experimental
absorption spectra than TDDFT, especially for 3−4. While the
absolute energies of the CASSCF MOs are less reasonable than
those of the TDDFT MOs, CASSCF does predict that the MOs
for 1−4 are more similar to each other than predicted by
TDDFT. Notably, CASSCF shows a much greater Ni−Caryl
bond character in the HOMO/LUMO for all 1−4, which is
consistent with the mechanism of Ni−Caryl bond cleaving upon
irradiation to create an aryl radical and NiICl species (1′−4′).

The Löwdin orbital composition of the CASSCF-predicted
HOMOs for 1−4 exhibits ∼50% Ni dx2−y2 character, with the
remaining 50% residing in a π-bonding interaction with the tolyl
group, whereas the LUMOs are ∼50% Ni dx2−y2 with a π-
antibonding interaction to the tolyl group. This description
suggests the cleavage of the Ni−Caryl bond will occur when an
electron is excited from a Ni−Caryl bonding orbital (HOMO)
into an Ni−Caryl antibonding orbital (LUMO). This description
of the MOs better explains why a small HOMO−LUMO gap is
correlated with a more accessible bond cleavage and increased
radical reactivity. The decreasing energy gaps between dx2−y2/
tolyl bonding/antibonding orbitals (i.e., CASSCF’s HOMO/
LUMO) is consistent with that obtained from TDDFT (1 > 2 >
4 > 3). These TDDFT and CASSCF models suggest that the
Ni−Caryl bond character and the accessibility of the tetrahedral
triplet excited state are key factors in the photoreactivity of 1−4.

Cumulative Effects of Structure and Electronics on
Reactivity. Overall, a higher quantum yield for photo-
degradation corresponds to a more accessible tetrahedral triplet
and a faster rate of degradation when in the dark under O2
(Table 5). There is also a correlation between O2 reactivity, the

accessibility of the Ni center as measured by the buried volume
calculation, and the τ4′ geometry index of the solid-state crystal
structures and DFT-predicted solution-phase structures (Table
4). Further correlations are between O2 reactivity and the
magnitude of the HOMO−LUMO gap predicted by TDDFT
and CASSCF, as well as the electrochemical oxidation potential
of the NiII ground state measured by cyclic voltammetry. This
shows that HN2 complexes 1−2 are less prone to both outer

Figure 9. Experimental molar absorptivity (red) for compounds 1−4 (a-d, respectively) overlaid with their predicted molar absorptivity from
TDDFT/TDA analysis using TPSSh/def2-tzvp+def2-tzvpp(Ni)-CPCM(THF) (blue). The computed major transitions are shown individually (gray)
with their expected oscillator strength. The most prominent MOs of high intensity MLCT/d-d transitions (*) are shown based on their computed
Löwdin reduced orbital populations. The range of wavelengths emitted the LEDs is denoted on the top axes. A full analysis of each transition and MO
for 1−4 is reported in Section S16.

Table 5. Quantum Yields for Photodegradation Correlate
with Accessible Tetrahedral Triplet States

Compound
Φ390nm

a

(10−4)
tetrahedral tripletb

(kcal/mol)
kdark/Od2

c

(10−3 min−1)
tBubpyNi(p-tolyl)Cl (3) 9.3 9.5 40
HN2Ni(o-tolyl)Cl (2) 7.0 15.8 1
tBubpyNi(o-tolyl)Cl (4) 6.1 16.2 <1
HN2Ni(p-tolyl)Cl (1) 2.9 20.1 <1

aCompounds 1−4 in order of highest quantum yields for photo-
degradation under 390 nm irradiation. bDFT-calculated energy gap
from the square planar singlet to tetrahedral triplet state using
TPSSh/def2-tzvp+def2-tzvpp(Ni)-CPCM(THF). cRate of degrada-
tion when kept in the dark under an O2 atmosphere.
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sphere oxidation in their ground state as well as inner-sphere
reactivity to form C−O products (Figure 8).

Experimental Insights. This work can also serve as a
cautionary tale about the stability of photoactive compounds, as
compounds may only react with an impurity in their excited
state, while photolyzed species may be further reactive to
impurities. Slight impurities (e.g., trace amounts of solvents like
dichloromethane derived from the synthesis and purification of
the compound) can lead to distinctive and predominant C−C
coupled products upon photodegradation (Section S15). This is
especially important for studies that explore cross-coupled
products that resemble those formed by impurities. Many screw-
top cuvettes considered airtight that are good enough for
ground-state chemistry may not suffice for photochemistry,
should air-sensitivity increase upon irradiation.

We observed that colorful electrical tape and plastic cuvette
caps heat up when irradiated, causing the sample to exceed room
temperature and sometimes compromise the seal. We found that
the best stability and slowest rates of photodegradation were
when we used quartz cuvettes with greased glass stopper joints
secured with white electrical tape and kept in a dry environment.
Fans were used to cool the cuvettes and LEDs, and a
thermocouple was used to confirm that the cuvette did not
heat more than 1 °C above room temperature. Overall, it is best
to target specific excitation wavelengths to minimize deleterious
reactivity, with the understanding that generated intermediates
may also be photoactive. Impurities also lead to issues during
nuclear magnetic resonance (NMR) characterization as they can
produce prominent paramagnetic Ni species, notably affecting
measurements of the magnetic moment.

Comparisons of photoreactivity also require a thorough
calculation of quantum yield, as the reported power, flux, and
wavelength of LEDs can vary significantly from what is actually
emitted during an experiment. Wavelength dependence studies
and compound comparisons also require accurate power
measurements of each lamp. Since the quantum yield is strongly
influenced by the absorption of the compound at the irradiated
wavelength, compounds with sharp, blue-shifted MLCT peaks
like 1−2 may appear to initially have slower rates than those with
broad, red-shifted MLCT peaks like 3−4 that exhibit significant
spectra overlap with the wavelength of certain LEDs.

■ CONCLUSION
In this study, we investigated the photoactivity and reactivity of
four NiII tolyl chlorides supported by either the classical
bidentate bipyridyl ligand (tBubpy) or a new [2.2]pyridinophane
(HN2) ligand. Despite having two sterically and electronically
distinct ligand frameworks, HN2Ni(o-tolyl)Cl (2) and
tBubpyNi(o-tolyl)Cl (4) have comparable photoreactivity and
quantum yields for photodegradation under 370−390 nm
irradiation, suggesting that this photochemistry is primarily Ni-
based. Computational modeling using TDDFT and CASSCF
supports this by predicting that 1−4 have analogous MOs.
However, DFT shows that 1−4 do vary in the energetic
accessibility of their tetrahedral triplet state, which then directly
corresponds with their photoreactivity. When comparing the
ortho- and para-tolyl complexes, we saw additional changes in
the geometry and reactivity. Notably, when going from the
ortho-tolyl 4 to the para-tolyl 3, the tetrahedral triplet gap is
halved, consistent with 3 having the highest quantum yield for
photodegradation and the greatest ability to access the proposed
photoexcited triplet intermediate.

Overall, tBubpyNi(p-tolyl)Cl (3) has the greatest sensitivity to
O2 and light, appearing to demonstrate an affinity for radical
reactivity even in the dark. A traditional steric analysis notes that
the Ni center is more accessible for the para-tolyl complexes,
consistent with increased inner-sphere reactivity and the
formation of five-coordinate intermediates; however, rotation
of the ortho-tolyl groups has another additive effect. Computa-
tional modeling using TDDFT and CASSCF suggests that the
HOMO/LUMO of 1−4 involves a significant Ni−Caryl
character. As such, the rotated ortho-tolyl groups in 1 and 3
contribute less to HOMO/LUMO than for 2 and 4, respectively.
Additionally, the HN2 ligand sterically encumbers the Ni center
and pushes the chloride out of the equatorial plane, thus
allowing the aryl group to remain in the square plane and to have
more overlap with the dx2−y2 orbital. By targeting the 1MLCT
bands at ∼400 nm, we can depopulate a Ni−Cl antibonding
orbital while populating a Ni-tolyl antibonding orbital, thus
driving Ni-tolyl bond homolysis. Using X-band EPR at 77 K, we
directly observe the generation of the NiI chloride species upon
irradiation of complexes 1−4, consistent with a cleavage of the
Ni−Caryl bond. This confirms that the effect of the tolyl group on
the quantum yield is due to the behavior of the tolyl-bound NiII
ground and excited states.

This study shows the possibility to extend Ni photochemistry
beyond bipyridyl ligands while increasing reactivity or stabilizing
intermediates with the pyridinophane HN2 ligand. We also show
the importance of careful optimization of reaction conditions,
especially for catalytic systems that utilize these or related Ni
photoactive complexes. Importantly, we show that the steric
bulk of the tolyl group and ligand backbone play a role in
mediating side reactivity. The HN2 ligand framework provides
enough steric hindrance to protect from O2 and other radical
side reactivity, without the need for an ortho substituent on the
aryl group. As such, HN2 allows the continued steric hindrance
of the NiI center even after the photolysis of the aryl group. This
leads to an increased formation of aryl−aryl products for 1−2,
even in the presence of O2.

HN2NiII(o-tolyl)Cl (2) maintains high photoactivity and
quantum yields for photodegradation, while precluding O2
reactivity and other radical side reactivity. Thus, there is great
potential in using our new bidentate HN2 ligands to stabilize
intermediates that have been elusive for tBubpy systems by
sterically hindering the dimerization of the NiI species, limiting
side reactivity, and optimizing their desired reactivity. Further
tailoring of the tolyl group and steric hindrance of the ligand
backbone will aid the understanding of how synthetic
modifications affect the oxidation potential, geometry,
HOMO−LUMO gap, spin-state energetics, tetrahedral inter-
mediates, and ability to access and stabilize a NiI species for a
range of organometallic Ni systems.
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