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ABSTRACT: Recent mechanistic studies of dual photoredox/Ni-catalyzed, light-driven cross-coupling reactions have
found that the photocatalyst (PC) operates through either reductive quenching or energy transfer cycles. To date, reports
invoking oxidative quenching cycles are comparatively rare and direct observation of such a quenching event has not been
reported. However, when PCs with highly reducing excited states are used (e.g. Ir(ppy)s), photo-reduction of Ni(Il) to Ni(l)
is thermodynamically feasible. Recently, a unified reaction system using Ir(ppy)s was developed for forming C-O, C—N,
and C-S bonds under the same conditions, a prospect that is challenging with PCs that can photo-oxidize these nucleophiles.
Herein, in a detailed mechanistic study of this system, we observe oxidative quenching of the PC (Ir(ppy)s or a phenoxazine)
via nanosecond transient absorption spectroscopy. Speciation studies support that a mixture of Ni-bipyridine complexes
form under the reaction conditions, and the rate constant for photoreduction increases when more than one ligand is bound.
Oxidative addition of an aryl iodide was observed indirectly via oxidation of the resulting iodide by Ir(IV)(ppy)s.
Intriguingly, persistence of the Ir(IV)/Ni(l) ion pair formed in the oxidative quenching step was found to be necessary to
simulate the observed kinetics. Both bromide and iodide anions were found to reduce the oxidized form of the PC back to
its neutral state. These mechanistic insights inspired the addition of a chloride salt additive, which was found to alter Ni
speciation, leading to a 36-fold increase in the initial turnover frequency, enabling the coupling of aryl chlorides.




INTRODUCTION

While light-driven, dual catalytic reaction systems
involving a photocatalyst (PC) and a Ni catalyst have emerged
as highly promising methods to form C(sp?)-heteroatom bonds
under mild conditions with readily available coupling
partners,** the vast majority of these methods only demonstrate
coupling of a single type of nucleophile.® In contrast, one of our
groups has recently reported a method in which coupling of aryl
halides to O, N, or S nucleophiles occurs efficiently without
changing the reaction conditions (Fig. 1A).% In addition, with a
small change in reaction conditions, SCFs nucleophiles became
effective, with 60 examples demonstrated.” This universality of
a single method is highly desirable for synthetic organic
chemistry, especially in medicinal chemistry where these
reactions are used at a high frequency.®® In the former system,
we proposed a mechanistic hypothesis involving an energy
transfer quenching event, supported by literature precedent and
a stoichiometric nickel study demonstrating that no added
sacrificial oxidant/reductant is needed to promote reactivity —
something necessary for photocatalytic cycle turnover in many
reductive/oxidative quenching mechanisms.

Recent  mechanistic  studies!®  have  disclosed
spectroscopic evidence for energy transfer from highly
reducing PCs (i.e. Ir(ppy)s and a phenoxazine (PhenO) PC; ppy
= 2-phenylpyridine and PhenO = 3,7-di([1,1'-biphenyl]-4-yl)-
10-(naphthalen-1-yl)-10H-phenoxazine) to a Ni complex to
generate a Ni centered excited state that was crucial for catalysis
(Fig. 1B). Based on these reports, we hypothesized that energy
transfer would also be the mode of activation of Ni in our
unified C—heteroatom coupling system as these same PCs are
used. However, the reduction of Ni(ll) to Ni(l) by the excited
state PC (either Ir(ppy)s or PhenO; Eres* = -1.66 and -1.73 V vs
SCE respectively) is thermodynamically feasible based on
reported cyclic voltammetry data of relevant nickel bipyridine
complexes  (Erea[Ni(I1)/Ni(I)] -1.0-1.3 V vs SCE).1*?
Furthermore, in our study with SCFs nucleophiles, product
yield was found to increase as the excited state reduction
potential of the PC became more negative, while the triplet
energy of the PCs was found to have no correlation with yield.
These considerations taken together suggest that the alternate
hypothesis of an oxidative quenching cycle (Fig. 1D) should be
considered seriously in these systems, motivating a mechanistic
study to distinguish between electron transfer and energy
transfer as the mode of quenching of the Ir(ppy)s excited state.

Recently, a number of detailed mechanistic studies have
been reported which use a wide range of techniques to elucidate
catalytic cycles involving cationic iridium PCs which, as strong
photo-oxidants, were reported to participate in reductive
quenching cycles'**5 (Fig. 1C) or energy transfer.® Although
these reports are highly useful, they provide only limited insight
into systems in which highly reducing PCs such as Ir(ppy)z are
used. In contrast, while oxidative quenching cycles (Fig. 1D)
have been proposed in the literature occasionally with regards
to Ni/PC dual catalytic C—C, C—0, C—N, or C—S bond forming
systems, sometimes with computational  support,t’?
experiments capable of distinguishing between oxidative
guenching, reductive quenching, and energy transfer (see
reviews for relevant spectroscopic and electrochemical
methods)???* have not been performed in the study of these
systems.

Furthermore, computational approaches must explicitly
define the species involved, a requirement which can be
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Figure 1. Schemes describing an energy transfer (A),1%!! reductive
quenching (B),**5 or oxidative quenching (C)?® initiated catalytic
cycle with examples given that include detailed experimental
support for the proposed quenching events. PC = photocatalyst. Sac
= sacrificial reductant. TOF = turnover frequency.

challenging and even misleading when the precise speciation is
unknown due to lack of experimental studies. While the
speciation of Ni(Il) in the presence of bipyridine type ligands
has been studied rigorously,? the results are fairly complicated
(i.e. slow equilibrium formation of a mixture of species with 0,
1, 2, or 3 bipyridine ligand molecules bound to Ni), and the
speciation is expected to vary depending on the particular
reaction conditions (e.g. solvent, Ni:ligand molar ratio, ligand
identity, and the presence of other reaction components that
may ligate Ni). As a result, data concerning the reactivity of
specific Ni-bipyridine complexes in dual Ni photocatalysis is
severely limited.

More recently, a detailed mechanistic study of a Ni-
catalyzed C-O bond formation between alcohols and aryl
halides was carried out by Mirica and coworkers.?® In this work,
a tridentate pyridinophane ligand was developed to stabilize
Ni(l/111) and utilized to obtain evidence in the form of EPR and
stoichiometric studies that supports oxidative addition at Ni(l),
binding of the alcohol substrate to Ni(lll), deprotonation by the
base, and finally reductive elimination to form the aryl ether
product. In the case where they use Ir(ppy)s as a PC, oxidative
quenching was proposed on the basis of a redox argument and
the observation that product only formed with sufficiently
reducing PCs. Although this work is a significant advance in
terms of elucidating the reactivity of Ni(l) and Ni(lll)
intermediates, experimental evidence for the photoreduction of
Ni(Il) to Ni(l) remains elusive.

Therefore, we undertook a detailed mechanistic study of the
system described in Fig. 1A, finding that the photo-reduction of
Ni(IT) to Ni(l) by the Ir(ppy)s excited state can be directly
observed. Further, we have characterized the nickel-bipyridine
complexes formed in this system, studied their reactivity with
excited state Ir(ppy)s, found evidence to support oxidative



addition of aryl halides at Ni(l) as well as the existence of a
‘dark’ Ni(I)/Ni(IIT) cycle, and discovered that bromide and
iodide anions are oxidized by Ir(IV) to aid in photocatalyst
turnover. Intriguingly, the observed kinetics following the
photo-reduction event were best fit with a model invoking a
persistent heteronuclear Ni(l)/Ir(1V) ion pair. These findings
have enabled us to advance this system and achieve improved
reactivity and scope with aryl chloride coupling partners.

RESULTS AND DISCUSSION

Results reported in this section are presented in order of
steps in the proposed catalytic cycle, starting with steps that
occur prior to light exposure.

Speciation of the Ni Catalyst Prior to Irradiation. Upon
mixing all the reaction components, the Ni precatalyst (i.e.
NiBrzeglyme) reacts with N,N’-dimethylformamide (DMF)
solvent and 4,4’-dimethoxy-2,2’-bipyridine (OMebpy) to form
a mixture of Ni-OMebpy complexes (Fig. 2A). We elected to
follow the series of dark speciation equilibria through UV-
visible spectroscopy, as each complex possesses unique d-d
absorption bands that can aid in deconvoluting the complex
mixtures that result when one mixes NiBrzeglyme with OMebpy
in DMF. As such, we conducted a UV-vis titration experiment
(Fig. 2B) in which the Ni:OMebpy molar ratio was changed
systematically while the solution volume was kept constant (for
further details, see Sl, Section 2.2).

In DMF, the NiBrzeglyme is proposed to form the
octahedral NiBr2(DMF)s as the dominant species in solution
based on published spectra of related species (see Sl, Section
2.1).1%27 As a Ni:OMebpy ratio of 1:1 is approached, the
characteristic broad absorption bands of NiBr2(DMF)s with
maxima at ~420, ~710, ~760, and ~1250 nm weaken in
intensity, while new signals appear with maxima at ~650,
~1020, and ~1120 nm. We assign this spectral change to the
first addition of OMebpy to the Ni center to form
NiBr2(DMF)2(OMebpy). Next, as the 1:1 ratio is exceeded and
1:2 is approached, these signals which just formed die away,
concomitant with the rise of new signals at ~590, ~800, and
~950 nm that we assign to NiBr2(OMebpy).. Finally, signals
corresponding to NiBrz(OMebpy). disappear as the ratio of 1:3
is exceeded, and signals with maxima at ~530, ~780, and ~860
nm assigned to [Ni(OMebpy)s]Br. appear. Notably, these
signals closely match those observed in the literature for
[Ni(bpy)s]BFs (bpy = 2,2’-bipyridine), supporting our
assignment.?®

To precisely determine the ratio of each species in the Ni-
OMebpy mixture, the titration data was fit to four variants
(flavors)? of a 1:3 (metal:ligand or host:guest) binding model.*
This fit was performed using a Matlab code based on the
analytical solution to the system of equations for the 1:3
equilibria,'® similar to that described in an NMR study on a 3:1
complexation of a bis-antimony receptor with halide anions.?®
A global analysis® using the UV-vis binding isotherms from A
= 450-1200 nm was performed (See Sl for details, Section 2.2).
Comparing how the variants (flavors) of the 1:3 binding model
fitted the datal® 28 3 showed that the “full” 1:3 model which
assumes both i) cooperativity and ii) that the 1:1, 1:2, and 1:3
stepwise complexes have distinct spectra, gave a significantly
better fit to the data.

The full model allowed us not only to extract the stepwise
equilibrium binding constants but also the molar absorptivity of
each species (Fig. 2C), giving K1=9.9* 105 M1, K2 = 2.6 * 10°
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Figure 2. (A) Scheme describing stepwise series of equilibria
included in the model. (B) UV-visible spectra of NiBrzeglyme
dissolved in DMACc (15 mM) in the presence of increasing molar
ratio of OMebpy. (C) Calculated molar absorptivity of each
complex as output from the 1:3 Ni:ligand binding model. Spectral
region used for fitting = 450-1200 nm. Equilibrium constants,
binding energies, and solution compositions are reported. OMebpy
= 4-4’-dimethoxy-2-2’-bipyridine. 2units of kcal mol. See SI for
details.

M1, and Ks = 4.8 * 10* M with the corresponding free energies
(after correcting for statistical factors) AG1 = —3.9 kcal mol?,
AG: = -3.8 kcal mol?, and AGs = -3.1 kcal mol?, respectively
(Fig. 2C). The increasing AG values indicate negative binding
cooperativity, or less favorable addition of OMebpy to Ni(ll)
with each successive association, particularly with the addition
of the third ligand (Ks), consistent with the increased steric
demand posed by ligation of three OMebpy ligands.

While K1 agrees well with literature values given for bpy in
H-0 and mixed alcohol/aqueous solutions,?® Kz and Ks are
several orders of magnitude higher here than in those systems.
This difference could be due to the electron rich nature of
OMebpy as compared with bpy and/or the difference in binding
strength of DMF as compared with protic solvents in terms of
coordination to Ni. Given that DMF and other polar, aprotic
solvents are often used in dual Ni photocatalysis, we expect
these results to be widely applicable.
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Figure 3. (A) Scheme describing net C-O coupling reaction. (B) ns-TA difference spectra at the indicated time delay following the pump
pulse (A =355 nm, 2-5 mW, ~6 ns pulse width) for a mixture containing Ir(ppy)s (31.4 uM), NiBrzeglyme (1.5 mM), and OMebpy (3.0 mM,
2 eq. relative to Ni) dissolved in DMF. (C) Kinetic traces of Ir(ppy)s alone and of the same mixture as in (B) at Aprobe = 600 Nnm. (D)
Normalized (to highest peak) difference spectra from spectroelectrochemical experiments in which Ir(ppy)s was oxidized to Ir(IV) or a
mixture of NiBrzeglyme and OMebpy (2 eq. relative to Ni) was reduced electrochemically, overlaid with the t = 10 ps ns-TA spectrum from
the same experiment in (B). (E) Generalized mechanism for C—O bond formation. We note that when PC = Ir(ppy)s the observed kinetics
are consistent with a persistent ion pairing mechanism as described below (See Fig. 4 and 5) that differs from this scheme. (F) PCs and
structures used in this work. Rate constants measured in this work are reported with lowercase letters indicating the relevant mechanistic
steps. Photoinduced electron transfer rates (keer) were measured via Stern-Volmer quenching studies using ns-TA data, except for the singlet
state quenching of PhenO, which used time-correlated single photon counting. ®Bimolecular rate constants in M s, pseudo 1st order rate
constants in s%, PSpecies being quenched in Stern-Volmer studies. The quencher was a mixture of NiBrzeglyme and OMebpy (2 eq. relative
to Ni) unless otherwise indicated. For koa the aryl halide was 4-iodobenzotrifluoride. °The quencher was a mixture of NiBrzeglyme and
OMebpy (1 eq. relative to Ni). Observed pseudo 1st order rate constant from full reaction under standard conditions (See below, Fig.7).
®Reoptimized conditions, see Fig. 7. See supporting information for additional details.

In addition, the binding model allowed calculation of the
exact concentrations of each species at relevant Ni:OMebpy
ratios for catalysis (Fig. 2C). Importantly, at the 1:2 ratio used
in our system, the dominant species in the Ni-bipyridine
mixture is NiBr2(OMebpy). at 78.5%, with 10.9%
[Ni(OMebpy)s]Br2 and NiBr(DMF)2(OMebpy) (10.2%), while
only 0.4% of the starting NiBr2(DMF)s remains. Control
experiments confirm that the aryl halide, alcohol, and Ir(ppy)s
do not significantly affect the UV-vis signal (See S, Fig. S9-
10) and thus are unlikely to affect the speciation as determined
above. Importantly, the alcohol does not bind to the Ni center at
this stage, consistent with our hypothesis of transmetalation
occurring at Ni(ll1) as detailed below.

However, K2COs causes a blue-shift in the observed signal
and increase in absorption at ~530 nm and ~780 nm (Fig. S10)
that is consistent with a shift in the equilibria towards increased
formation of [Ni(OMebpy)s]Br2. This shift can potentially be
explained by carbonate displacing bromide in the outer
coordination sphere, inhibiting the dissociation step of Ks. If
carbonate were bound to Ni(ll) in the inner sphere, a change in
the UV-vis spectrum would be expected that departs
significantly from the signals of the species identified herein.
Ni(ll) complexes with varying ligation exposed to a carbonate
source tend to form multinuclear Ni complexes with bridging
carbonate ligands and distinct d-d bands in absorption spectra
that are not observed here.3234

Mechanistic Hypothesis. With the speciation of the
Ni/ligand mixture known, we elected to study the C-O coupling
reaction between alcohols and aryl halides as a model system
for our mechanistic study (Fig. 3A). We propose a general
mechanism, similar to that reported by Mirica and coworkers,?
that begins with the dark speciation equilibria described in the
previous section (Fig. 3E, a). Next, the PC absorbs a photon of
light (b) and is oxidatively quenched by one of the Ni species
(c) to form a Ni(l) complex that undergoes oxidative addition
of the aryl halide (d). Following oxidative addition, the alcohol
substrate binds to the Ni center (e) and is deprotonated by the
base (f). Finally, the Ni(lll) aryl alkoxy complex undergoes
reductive elimination to furnish the product (g), closing the
Ni(l/111) cycle. The oxidized form of the PC is converted back
to the neutral PC through single electron transfer (h) with either
a halide anion or the Ni(l) complex, closing both cycles. Steps
(d-g) can repeat, constituting a dark Ni cycle (i) that turns over
with a frequency distinct from that of the oxidative quenching
cycle.

Initiation of Catalysis via Oxidative Quenching. With the
possible Ni(Il) complexes that may serve as quenchers of the
Ir(ppy)s excited state known, we set out to determine the nature
of the reaction between these species. Using nanosecond
transient absorption spectroscopy (ns-TA) in combination with
electrochemical methods, we engaged in a mechanistic
exploration of the quenching step. In the absence of a quencher,
the photophysical characteristics of Ir(ppy)s are well known;



here, we measured the lifetime of the metal-to-ligand charge
transfer triplet excited state (*MLCT) at 1.47 + 0.03 us at Aprobe
= 365 nm in degassed DMF under N2, which agrees well with
the reported value of 1.41 + 0.04 ps.'! In the presence of a Ni-
OMebpy quenching mixture (1:2 OMebpy:Ni), a strong
guenching effect is observed, shortening the lifetime to 0.37 £
0.01 ps at Aprore = 365 Nm (Fig. 3C).

Following quenching, signals with maxima at A = 375
(negative) and A= 600 nm (positive) are observed to persist well
beyond the period of excited state decay and the time window
of the experiment (Fig. 3B). To gain insight into the identity of
the species produced from the quenching reaction, oxidative
spectroelectrochemistry was performed on Ir(ppy)s. The
difference spectrum acquired by subtracting spectra before/after
electrolysis corresponds to presence of [Ir(IV)(ppy)s]* and
matches that reported in the literature (Fig. 3D).'* Importantly,
the signals in the spectroelectrochemistry difference spectrum
match those in the ns-TA spectrum well, suggesting Ir(1V) is
produced in the quenching reaction. The detection of Ir(1V)
strongly suggests the production of Ni(l).

To confirm the formation of Ni(l), a second experiment was
performed in which a Ni-OMebpy solution (1:2 Ni:OMebpy)
was reduced electrochemically while monitoring its UV-vis
spectrum. The resulting difference spectrum (Fig. 3D) shows a
broad feature with a maximum spanning from ~380-460 nm as
the only feature of significance, which is distinct from the
spectrum obtained for a related Ni(l) complex produced via
cathodic reduction of NiBrz(dtbpy) where dtbpy = 4-4’-di-tert-
butyl-2-2’-bipyridine (features at A=~430 and ~600 nm).*® This
variation is consistent with the fact that the Ni species present
in greatest concentration would be distinct in the two cases due
to differences in the conditions (mono vs. bis bipyridine
complexes, and tert-butyl vs. methoxy substitution on the
bipyridine).

Interestingly, the observed spectrum can reasonably
account for some of the inconsistencies between the ns-TA
spectrum and that of Ir(IV) in the spectroelectrochemistry
difference spectrum, in particular in the spectral region at A = ~
430 nm where Ni(l) shows strongest absorbance. As such, the
spectroelectrochemical data supports assignment of the species
contributing to the ns-TA signal at t = 10 ps as Ir(IV) and Ni(l).
Control experiments support that no species aside from Ni (i.e.
free ligand, K2COs, aryl halide, or alcohol) quenches [Ir(ppy)s]*
significantly (See S, Section 3.4). In addition, this reduction is
electrochemically feasible based on cyclic voltammetry data
(E[Ir(1)*/1Ir(IV)] = —1.66 V vs. SCE; E[Ni(I1)/Ni(l)] = —1.23
V vs. SCE, See Sl, Table S5). The PhenO PC is also highly
reducing (E[*PhenO*/PhenO"*] = —1.73 V vs. SCE),* and ns-
TA experiments conducted here support that it also engages
with Ni-OMebpy complexes via an oxidative quenching
pathway (See Sl, Section 3.5). This finding raises the broader
possibility that any PC with a sufficiently reducing excited state
might engage with Ni(ll) via oxidative quenching.

Rate of Electron Transfer from PC* to Ni-OMebpy
Complexes. Bimolecular rate constants associated with the
photoreduction of Ni(ll) to Ni(l) by both Ir(ppy)s and the PhenO
PCs (Fig. 3F) were determined by conducting a Stern-Volmer?
guenching study and monitoring lifetime shortening via ns-TA.
Rate constants of 1.2 * 10° and 6.6 * 108 M s were obtained
for the triplet excited states of the Ir and PhenO PCs,
respectively. Despite the relatively high triplet quantum yield
of 0.91 for PhenO,*" significant quenching of the PhenO singlet
excited state was detectable via time-correlated single photon
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Figure 4. Quantum yield for photoinduced electron transfer for
each PC as a function of total Ni(ll) complex concentration. Ir
SMLCT refers to the lowest energy triplet metal-to-ligand charge
transfer state for Ir(ppy)s. PhenO and 3PhenO refer to the lowest-
energy singlet and triplet excited states of PhenO, respectively.

counting (TCSPC) at total Ni concentrations relevant to
catalysis (i.e. 0.2-14.5 mM), giving a rate constant of 3.4 * 10°
M1 st (Fig. 3F). Recent collaborative work by several of the
authors suggests that singlet states are only expected to be
significant contributors to catalysis when the quencher is
present in sufficiently high concentration.®

Given the known triplet quantum yield of PhenO, we
calculated the quantum yield for photoinduced electron transfer,
®pet, occurring from the singlet (*PhenO) or triplet ((PhenO)
excited states and from *MLCT for Ir(ppy)s (Fig. 4). At high Ni
loadings (e.g. 40 mM Ni), the ®rer calculated for Ir(ppy)s is
0.99 (all from the SMLCT), while for PhenO ®per = 0.95 (0.46
from 'PhenO and 0.49 from 3PhenQ). Thus, it is expected that
Ir(ppy)s may exhibit slightly better performance at high Ni
loadings. The results are consistent with (but may not be the
sole contributing factor to) the higher rate of product formation
when Ir(ppy)s is used as opposed to PhenO under the standard
Ni loading of 20 mM (See Sl for details, Section 6.2).
Importantly, *PhenO state quenching as observed here, despite
the relatively few studies elsewhere in dual Ni/photoredox
catalysis,'® should be considered more commonly as a relevant
mechanistic pathway when experimental conditions permit (i.e.
when organic PCs are used with high quencher concentrations).

In contrast, at low Ni loadings (e.g. 0.2 mM), the calculated
quantum vyield suggests that PhenO should exceed the
performance of Ir(ppy)s in the oxidative quenching step as ®per
values for Ir SMLCT and 3PhenO are 0.26 (all from Tz) and 0.90
(all from Ti), respectively. Indeed, we observed a modest
increase in conversion when PhenO was used as compared with
the Ir PC at Ni concentrations of 2 mM, 0.2 mM and 0.02 mM
(See SI, Section 6.2). Since the overall reaction performance at
this Ni loading is poor, we suspect that another step is limiting
reaction progress, most likely oxidative addition.

To gain insight into which Ni-OMebpy complex undergoes
preferential reduction, dynamic ns-TA quenching experiments
were carried out with 1:1, 1:2, or 1:3 ratios of Ni:OMebpy.
Under these conditions, the complex present in the highest
concentration is NiBr2(DMF)2(OMebpy), NiBr2(OMebpy)2, or
[Ni(OMebpy)s]Br2, respectively. Interestingly, the 1:1 mixture
was revealed to have a significantly lower rate constant for
oxidative quenching than the 1:2 mixture (8.3 * 108 vs. 1.2 *
10° M1 51y, while the 1:3 mixture showed nonlinear behavior
with similar degree of quenching as compared with the 1:2
mixture (See Sl, Fig. S64), suggesting a more complicated



mechanism. These results are consistent with the 1:2 Ni:ligand
ratio offering the best reaction performance (See S, Fig. S92).

Oxidative Addition at Ni(l). After formation of Ni(l), it is
proposed that oxidative addition (OA) of the aryl halide occurs.
Oxidative addition at Ni(l) has been directly observed in recent
reports with aryl iodides, with a reduced Ir complex, a radiolytic
pulse, or photolysis of an organonickel(ll) complex as the
source of the Ni(Il) to Ni(l) reduction.®%% Furthermore,
oxidative addition of aryl bromides has been followed via EPR
in recent work?® and also through stoichiometric studies of a
dimeric Ni(I) complex,* both of which support oxidative
addition occurring at a monomeric Ni(l) center. Although
useful, none of these studies followed Ni(l) generated directly
through photoinduced electron transfer as in our approach.

While the Ni(l) signal was too weak to follow via ns-TA
here, presumably due to the low molar absorptivity of Ni-
OMebpy complexes (~1-15 M?* cm?), we observed a slow
exponential decay of the signal at A = 600 nm that is
predominately due to Ir(IVV) on a timescale spanning several
hundred ps. Since the signal returns to zero, this decay can be
assigned to a back electron transfer reaction (keer = 5.4 * 10° s°
1y within the geminate ion pair where Ir(IV) oxidizes Ni(l) to
regenerate the neutral pair of species (Fig. 5A). We propose that
this [Ir(IV)][Ni(1)] complex remains as a tight ion pair during
this step, resulting in the observed unimolecular decay kinetics.
It is worth noting that the dominant Ni species here is
[Ni(l)Br2(OMebpy).]" which is well suited to ion pair with
[Ir(ppy)s]*. If a bimolecular BET step is considered instead, a
rate constant with a value above the diffusion limit in DMF
would be required (See SI, Figure S29).

However, in the presence of aryl iodide (i.e. 4-
iodobenzotrifluoride, 4-1BzCF3) the lifetime of the BET decay
is shortened significantly (Fig. 5A), indicating a faster recovery
of Ir(Il1). This initially surprising result can be explained
through a hypothesis in which Ir(1V) oxidizes OA-generated
iodide to produce an iodine radical and recover Ir(lll). By
variation of the aryl iodide concentration in a Stern-Volmer
approach, a rate constant is obtained for the reaction with 4-
IBzCFs of 4.7 * 10* M? s, in agreement with previously
measured rate constants for oxidative addition with similar aryl
iodides at related Ni(l)-bipyridine type complexes (Fig. 5B).13%

In order to explain why the observed kinetics conform to the
Stern-Volmer equation, justifying the plot in Fig. 5B, we
hypothesize a unimolecular BET event in competition with
bimolecular oxidative addition, followed by a fast (> 6.0 * 10°
s1, see Supporting Information) unimolecular oxidation of OA-
generated iodide by Ir(IV) (See scheme in Fig. 5B). Ir(IV) is
thermodynamically capable of oxidizing iodide based on cyclic
voltammetry experiments (See Sl, Table S5), and we observe
byproducts of iodide oxidation in TA experiments in the
presence of added Nal (See SlI, Fig. S49-50). In sum, our
observations are consistent with the hypothesis that OA can be
followed indirectly through monitoring the Ir(1V) to Ir(I1l)
turnover Kkinetics. Furthermore, this observation implicates
halide oxidation as a relevant mechanistic step in dual
Ni/photoredox catalysis.

In addition, a CV experiment was carried out in which a
Ni-OMebpy mixture (1:2, Ni:OMebpy) was reduced alone and
in the presence of 4-bromobenzotrifluoride or 4-
iodobenzotrifluoride (See S, Fig. S76). In the presence of either
aryl halide, the quasi-reversible reduction becomes irreversible
with disappearance of the oxidation waves, consistent with
oxidative addition. A greater catalytic current is observed for
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Figure 5. (A) ns-TA kinetic traces (Apump = 355 nm, 2-5 mW, Aprobe
= 600 nm) comparing a mixture containing Ir(ppy)s, NiBrzeglyme
and OMebpy (2 eq. relative to Ni) with a mixture containing the
same components with added 4-iodobenzotrifluoride (0.3 M) over
a 7.5 ps time window (left) and a 500 ps time window (right). (B)
Plot of kobs/keet vs. 4-iodobenzotrifluoride concentration (top left).
Table of rate constants measured in this segment (bottom left).
Scheme defining rate constant. (C) Kinetic spectroelectrochemistry
experiment. Ir(ppy)s was oxidized to completion and the UV-vis
signal at Aprobe = 600 NmM was monitored over time. At t =2 min, the
potentiostat was turned off. At approx. t = 6 min, degassed
solutions were injected.

the aryl iodide as compared with the aryl bromide, suggesting
that oxidative addition occurs at a faster rate with that type of
substrate, consistent with known OA rates at Ni(l).%®
Photocatalyst ~ Regeneration  Through  Bromide
Oxidation. The reaction scheme described above in which
iodide liberated through oxidative addition regenerates Ir(l11)
from Ir(IVV) provokes the question as to whether the same
chemistry might occur with bromide (either introduced with the
NiBr2 source or generated via oxidative addition of an aryl
bromide). By CV, the reaction appears to be feasible (See SI,
Table S5), although the overpotential is significantly less as
compared with iodide. To investigate this potential pathway
directly, an experiment was designed in  which
electrochemically generated Ir(IV) was exposed to bromide
after the potentiostat was turned off and the kinetics were
followed by UV-vis (Fig. 5C). Importantly, bromide reacted
with Ir(IV) as evidenced by a significantly faster decrease in the
signal at Aprobe = 600 NM as compared with a control run where
DMF was injected, causing only a dilution effect. Thus,
bromide might serve as a redox mediator to accelerate PC
turnover, with the resulting bromine radical deactivating the
active Ni(l) complex to form a Ni(ll) bromide complex. Other
deleterious termination pathways for the bromine radical are



certainly possible, for example the radical addition of Bre to a
Ni(Il) or Ni(ll1) intermediate, the OMebpy ligand, the substrate,
or the nucleophile. We did not detect bromination of the aryl
halide substrate or product via *F NMR (See S, Fig. S86) and
the reaction proceeds to high yield, suggesting a low frequency
of termination pathways that lead to Ni catalyst destruction or
modification of the coupling partners.

Quantum Yield of Product Formation (®rxn). Our
proposed mechanism invokes the presence of a dark
Ni(D)/Ni(1l1) cycle (Fig. 3E, i) in which light is only needed for
initiation through Ni(ll) reduction by the excited state PC to
generate Ni(l). After initiation, this cycle can continuously
generate product without further light input. One way to support
this type of dark cycle is through ®rxn experiments since a
®rxn >1 can only be obtained if product formation occurs
independently of a light promoted cycle. We utilized standard
ferrioxalate actinometry to measure ®@rxn (See Sl, Section 7.1
for further discussion) as a function of light intensity. At the
lowest intensity of lo = 5.7 * 10° E L™ s, we obtained ®rxn =
3.1, further supporting our mechanistic hypothesis and ruling
out any cycle in which each product formation requires the
input of a photon. The fact that ®rxn is flux-dependent is
consistent with a two-cycle mechanism as detailed above in
which the PC cycle can operate with a turnover frequency
distinct from that of the Ni cycle. Increasing the flux increases
the turnover frequency of the PC cycle through increasing the
concentration of PC*. Since the total Ni concentration has a
fixed maximum, there is a light intensity threshold at which
®pet begins to decrease with a corresponding increase in @ for
other PC* decay pathways (e.g. internal conversion and
radiative decay). At high fluxes beyond this threshold value,
®rxn decreases below 1 due to the increased prevalence of these
PC* decay pathways which do not form product. Broadly, this
mechanism has the consequence that the lowest flux at which
the rate of product formation is practical for the process will
lead to the highest quantum efficiency. Given the mechanistic
findings here and in previous sections, we next sought to
improve the photocatalytic coupling performance.

Effect of Halide Additives on Reaction Rate. First, we
noted a shortcoming of the model system in the use of K.COs
as base in that the reaction is heterogeneous. In order to monitor
reaction kinetics with all components present, we replaced
K2COs with 1,8-diazabicyclo(5.4.0)undec-7-ene (DBU) as the
base to achieve homogeneous reaction conditions for improved
reproducibility. Importantly, we also found that although yields
are reproducible in the Hepatochem photoreactor used in our
previous work, the kinetics vary drastically by position, likely
due to the asymmetric irradiation imposed by the reactor
geometry. As such, we conducted kinetic studies in a custom
96-well plate photoreactor (See SI, Fig. S89) which showed
much improved reproducibility (% conversion standard
deviation = 2.1%, n = 16. See Sl, Section 6.1 for details)
compared to the Hepatochem (standard deviation = 11%, n =
8).

With the new conditions in hand, we explored the
hypothesis that an additional halide source might serve to
improve photocatalyst recovery, thereby enabling the
Ni(1)/Ni(l11) cycle to turn over a greater number of times before
deactivation. We screened bromide as an additive with the
hypothesis that it would increase the reaction rate through faster
catalyst turnover. Indeed, we found that in the coupling between
model substrates 4-bromobenzotrifluoride (4-BrBzCFs) and
benzyl alcohol (BzOH), tetrabutylammonium bromide

CFs3 CF,
@ : —Standard Condiions”,.. @
: o
X 1.05 eq. NS Yoo
s NN 1
X8 G oS
Entry Time (hr) X Y % Conversion®
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2 3 Br Br 74
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6 18 Cl Cl 96
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Figure 6. Effect of halide additive on the rate of coupling between
4-CIBzCFs/4-BrBzCFs and benzyl alcohol. 2Standard Conditions:
DMF (0.4 M), Ir(ppy)s (1 mol%), NiBrz- glyme (5 mol%), OMebpy
(10 mol%), DBU (2 eq.), 35 °C, 445 nm HTE setup. Time and
halide additive vary. When used, halide additives at 1 eq.
bDetermined via *°F NMR (n = 3).

(TBABI) increased the conversion by 32% at the 3-hour time
point (Fig. 6, entry 2), which is well outside of the well-to-well
variability (std. dev. = 2.1%) of our setup. Next, since aryl
chlorides are challenging substrates in dual Ni/photoredox
methodologies, we tested 4-chlorobenzotrifluoride (4-
CIBzCFs) as a substrate with the hypothesis that slower
deactivation could improve the coupling with this substrate. As
with the aryl bromide, the coupling with 4-CIBzCF3 had higher
conversion with bromide additive (entry 4) relative to no
additive (entry 3).

Since iodide is easier to oxidize than bromide, we next
explored increasing the overpotential for Ir(IV) reduction with
tetrabutylammonium iodide (TBAI) additive to further increase
the rate of catalyst recovery. However, the reaction with TBAI
(entry 5) performed worse than no additive. This loss in
performance could be due to the formation of I and I~ when
iodide is used as an additive. Oxidation of iodide by Ir(1V) is
expected to be faster than bromide and the production of Xz
and Xs™ intermediates is also faster with iodide.*? The reactivity
of these intermediates or the ability of Is~and 12" to absorb blue
light could potentially explain the differences in reactivity
between iodide and bromide additives.

While iodide and bromide are thermodynamically capable
of reducing Ir(1V) to Ir(lll), chloride is outside of the redox
window for Ir(1V) reduction (0.98 V vs SCE; See S, Table S5).
Because of this, we hypothesized that using
tetrabutylammonium chloride (TBACI) as an additive would
give no increase in conversion relative to the additive free
reaction. To our surprise, the coupling with TBACI as an
additive significantly outperformed the other additive screens,
reaching 96% conversion in 18 hours (entry 6). The same
increase in reactivity was observed when using TBACI with 4-
BrBzCFs; as the substrate (entry 7), giving 89% conversion in 3
hours compared to 42% (entry 1) without additive. It is also
worth noting that fluoride gave no conversion in a similar
screen (See Sl, Section 6.4). To further understand the role of
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chloride we undertook additional reaction Kinetics, UV-vis, and
cyclic voltammetry experiments.

Kinetics and Nickel Speciation with Halide Additives. In
Rovis and coworker’s recent deaminative cross-coupling,
chloride significantly improved the system.”* They
hypothesized that one potential role of chloride additive was
stopping catalyst death by preventing aggregation. This was
supported by the reaction going to high conversion (~90%) with
chloride while plateauing at low conversion (~50%) with no
additive. However, we did not see this same trend in our kinetics
studies. For 4-BrBzCFs, the rate was pseudo-first order with no
additive and reached high conversion (Fig. 7A), suggesting that
prevention of catalyst death is not the main role of chloride in
our system. When running the reaction with 1 eq. TBACI, there
was a 4.7-fold increase in kops and a further 2.2-fold increase at
elevated temperature (35 °C vs 50 °C), likely due to faster
thermal oxidative addition. Thus, further studies were
performed to elucidate the role of the additive.

Running the same kinetics experiments on 4-CIBzCF3 gave
more insight into the role of the chloride additive. When the
reaction was performed with no external chloride, there was a
noticeable induction period (Fig. 7B), suggesting that the
byproducts of the aryl chloride coupling are non-innocent. The
only byproduct of this coupling is the DBU-HCI salt, which we
reasoned could be a source of chloride generated in-situ when
no exogenous chloride is present. By saturating the reaction
with chloride in the form of TBACI, the coupling with 4-
CIBzCFs displays pseudo-first order Kinetics, suggesting that
TBACI is involved in the formation of a more active catalyst
species. By calculating the initial turnover frequency (TOFo) for
the two cases (added chloride/no added chloride) we found that
the species formed with chloride is at least 36-fold more active
than the species present with no chloride. Taken together, these
results further support chloride as the main contributor to the
rate increase and UV-vis studies confirmed a change in nickel
speciation that we hypothesize is responsible.

Though nickel speciation was elucidated in experiments
above (Fig. 2), these were under the conditions used in our
previous methodology study.® Since DBU is a known ligand
that can change the speciation under our newly developed
conditions, we hypothesized that the previously identified
Ni(ll) complexes may not be the species present in the highest
concentration under our new conditions. Indeed, upon adding
DBU to a mixture in which the bis-ligated nickel complex is the
dominant species (Fig. 7CI to Fig. 7CllI), there was a 112 nm

hypsochromic shift and an increase in molar absorptivity. The
increase in molar absorptivity likely arises from the formation
of a 5-coordinate complex from one DBU displacing both
bromides to form the complex [Ni(I11)L.DBU]Br2 (See Sl for
additional discussion).

Next, upon addition of 20 eq. TBACI relative to nickel, we
observed a 113 nm bathochromic shift and decrease in molar
absorptivity, resembling the spectrum of the Ni(ll)BrzL2
complex (Fig. 7CII). This complex was confirmed to be
Ni(I)Clz2L2 by comparing the diffuse reflectance spectrum of
the isolated species to the complex formed directly from
NiClzeglyme and 2 eq. OMebpy (See SI, Fig. S13), with
matching features and a reflectance maximum at ~630 nm.
Additionally, the formation of Ni(ll)Cl.L2 as a more active
catalyst was further supported by an increase in conversion
when NiClzeglyme was used in place of NiBrzeglyme in the
absence of additive (See SlI, Section 6.5), though NiBrzeglyme
with TBACI still gave the best conversion. Lastly, upon
addition of TBABr to [Ni(Il)L.DBU]Br. we observed only a
very minor change in the spectral features (Figure 7CIV), and
the formation of a small amount of Ni(ll)Br.L2 was confirmed
in the normalized difference spectrum (See Sl, Fig. S12). To
understand why Ni(ll)Cl.L> is responsible for the observed
increase in reactivity, we next turned to studying the redox
properties of the above species.

Recent work found a similar change in speciation upon
addition of chloride and a concomitant decrease in the
Ni(1)/Ni(11) redox couple of 0.15 V. The authors hypothesized
that lowering the reduction potential of Ni(ll) increases the
overall reaction rate. However, we found that the Ni(l)/Ni(Il)
couple was identical for [Ni(ll)L.DBU]Br. and Ni(ll)Cl.L>
(EINi(I)/Ni(1)] = -1.39 V vs SCE), meaning a redox argument
is not sufficient for explaining the difference in reactivity. Since
the redox couples are identical, we are currently focusing our
efforts on rates of other steps in the catalytic cycle (e.g. back
electron transfer, oxidative addition, and transmetalation) to
explain the increase in reactivity with chloride additive.

Expanded Reaction Scope. Based on the faster rate of
product formation as quantified by an increase in kobs and TOF,
with DBU and added chloride, as well as the high conversion
we observed with 4-CIBzCFs, we explored the scope of the
reaction with other challenging aryl halides and nucleophiles
(Fig. 8). First, under our newly developed conditions we were
able to obtain model compound 1 in 74% isolated yield. Though
a similar coupling product was obtained in our previous work
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in 64% isolated yield, these conditions gave highly variable
results in the formation of 1, with NMR yields ranging from 9-
30% herein. We believe this variability could arise from
differing amounts of chloride contamination in the batches of
carbonate that were used (See Sl, Section 6.7 for further
discussion). Next, we were able to couple electron deficient 3-
chloropyridine and benzyl alcohol to give product 2 in 61%
yield. We then investigated the ability of our system to enable
coupling with electronically neutral aryl chlorides and
successfully isolated the products from the coupling with
chlorobenzene (3, 61%) and loratadine (4, 77%), albeit at
elevated temperature (70 °C).

The coupling with loratadine demonstrates the applicability
of our method in late-stage functionalization and it was
particularly encouraging that we saw no transesterification due
to the mild nature of our conditions. Though electron rich aryl
chlorides, such as N-Boc-5-chloroindole, were unsuccessful
under our conditions (<10% crude yield), likely due to slow
oxidative addition, we were able to couple the highly electron
rich 5-bromo-1,2,3-trimethoxybenzene to yield 5 in 64% yield.
Lastly, the coupling with benzyl amine instead of benzyl
alcohol to yield 6 (35%) demonstrates that our new conditions
do not prevent reactivity with other nucleophiles. However, the
coupling with benzyl mercaptan was unsuccessful, which we
believe arises from thiol deprotonation by DBU and the
resulting thiolate altering the Ni speciation. Though the new
conditions inhibited reactivity with thiols, the ability to turn on
chloride reactivity and maintain amine reactivity demonstrates
how utilizing mechanistic insights can improve reaction scope
in dual photoredox/Ni catalyzed couplings.

CONCLUSION

In summary, through spectroscopic and electrochemical
studies, this work provides mechanistic insights into an
oxidative quenching pathway in dual Ni/PC catalyzed C-X

bond forming reactions. Specifically, oxidative quenching of
the PC excited state to form a Ni(l) complex was observed
spectroscopically, as well as the subsequent oxidative addition
of an aryl iodide at Ni(l) and consequent oxidation of iodide by
Ir(IV). Interestingly, persistent tight ion pairing in a series of
[Ir][Ni] complexes was invoked to simulate the observed
oxidative addition kinetics. Future studies ought to confirm or
falsify this deduction by utilizing experimental methods
capable of distinguishing tight and solvent separated ion pairs
formed as a result of PET, such as time resolved dielectric loss
spectroscopy.®

Additionally, turnover of the Ir(IV) species to recover Ir(l11)
by halides (Br-, 1-) or Ni(l) was confirmed with
spectroelectrochemistry and ns-TA experiments. A new role of
chloride additive was discovered in binding to the Ni center to
displace DBU, forming an octahedral Ni chloride species which
led to a significant increase in reactivity to enable coupling of
electron deficient/neutral aryl chlorides and highly electron rich
aryl bromides. Notably, a novel loratadine derivative was
synthesized with the reoptimized conditions, supporting the
potential utility of the method discovered through the
mechanistic studies herein for late-stage functionalization of
medicinally relevant compounds.
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