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ABSTRACT: Photoredox mediated nickel-catalyzed cross-couplings have evolved as a new effective strategy to forge carbon-heteroatom

bonds that are difficult to access with traditional methods. Experimental mechanistic studies are challenging because these reactions involve

multiple highly reactive intermediates and perplexing reaction pathways, engendering competing, but unverified, proposals for substrate

conversions. Here, we report a comprehensive mechanistic study of photoredox nickel-catalyzed C-S cross-coupling based on time-resolved

transient absorption spectroscopy, Stern-Volmer quenching, and quantum yield measurements. We have (i) discovered a self-sustained

productive Ni(I/III) cycle leading to a quantum yield ® > 1; (ii) found that pyridinium iodide, formed i situ, serves as the dominant quencher

for the excited state photocatalyst and a critical redox mediator to facilitate the formation of the active Ni(I) catalyst; and (iii) and observed

critical intermediates and determined the rate constants associated with their reactivity. The findings not only reveal a complete reaction cycle

for C-S cross-coupling, but the mechanistic insights have allowed for the reaction efficiency to be optimized and the substrate scope to be

expanded from aryl iodides to include aryl bromides, thus broadening the applicability of photoredox C-S cross-coupling chemistry.

Introduction

Photoredox generation of transition metal intermediates has
emerged as a powerful strategy for promoting transformations that
are otherwise difficult to access thermally."* A tandem approach of
employing a photoredox catalyst to drive transition metal catalysis
has been fruitful,** especially for effecting nickel-catalyzed carbon-
heteroatom bond formation under mild conditions using simple and
inexpensive ligands at room temperature.'*>* However, despite the
prolific reports of new nickel photoredox methods, there have been
relatively few experimental mechanistic studies due to reaction
complexity.’**® The variety of potential reaction pathways in
photoredox cross-coupling systems together with the accessibility of
multiple oxidation states obfuscate the precise redox chemistry
between the photocatalyst and the cross-coupling catalyst, and
consequently, the nickel redox levels responsible for supporting
catalysis. Lacking such a mechanistic understanding can impede
reaction development and optimization, which often rely on time-
consuming and labor-intensive trial-and-error reaction screening.

Thioethers are frequently encountered in natural bioproducts
and pharmaceuticals. The potential bioactivity of thioethers in the
treatment of diseases such as cancer and HIV*'** has motivated
interest in developing effective methodologies for their
synthesis.***** Recently, visible-light-driven photoredox nickel-
catalysis has provided a new strategy to forge C-S bonds between
(hetero)aryl iodides and thiols under mild conditions, thus
representing an important advance over traditional methods
requiring high temperatures or strong bases.**** Unlike other
photoredox nickel-catalyzed cross-couplings between aryl bromides

and alcohols, amines, or carboxylic acids,***

where the nucleophile
engages the nickel catalyst through a redox-neutral metalation-

deprotonation sequence, the coupling of aryl iodides to thiols has

been proposed to proceed through a ‘radical’ pathway via the
photogeneration of thiyl radicals (Scheme 1A)* thus
circumventing the formation of free thiolate equivalents that are

known to coordinatively inhibit catalysis.'®*

Conversely,
computational studies have suggested an alternative ‘oxidation state
modulation’ mechanism (Scheme 1A) involving oxidative
quenching of the excited iridium photocatalyst and the formation of
a nickel thiolate from the deprotonation of coordinated thiol.* Both
mechanisms invoke closed photocycles (quantum yield ® < 1)
requiring the involvement of Ni(I), Ni(II), and Ni(III)
intermediates for every turnover.”>* This is in contradistinction to
recent investigations of photoredox-mediated nickel-catalyzed

29,45,46 30,45,46 and

cross-coupling of aryl bromides with alcohols, amines,
carboxylic acids,” wherein @ > 1 owing to a self-sustained Ni(1/III)
dark cycle have been discovered. Whether a self-sustained Ni(I/I1I)
cycle is also responsible for aryl thiolation warrants investigation
because a thermally-sustained cycle will involve unique reaction
intermediates that engender optimization strategies distinct from
both of the previously proposed mechanisms (Scheme 1A).2*

We now report a comprehensive mechanistic study on the
photoredox mediated nickel-catalyzed C-S cross-coupling (Scheme
1B). Through a combination of time-resolved photophysical and
photochemical techniques, we find that the photoredox mechanism
is characterized by twelve rate constants associated with a thermally-
sustained Ni(I/III) cycle with ® > 1. Nanosecond transient
absorption spectroscopy permits the observation of the in-situ
formation and subsequent reactivity of a Ni(I) intermediate, along
with a side reaction leading to thiyl radical formation. Furthermore,
we identify the hitherto underappreciated, but nonetheless critical,
roles of pyridinium iodide (pyHI), which is produced as a byproduct
of the cross-coupling. We show that pyridinium iodide is essential to

facilitating the photoredox transformation by: (i) quenching the



Scheme 1. (A) Proposed mechanisms for photoredox mediated nickel-
catalyzed aryl thiolation, and (B) self-sustained mechanism driven by a
redox mediator as deduced from this work.
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excited photocatalyst; (i) preventing the formation of nickel
thiolate complexes that competitively absorb light; and (iii) acting
as a redox mediator to efficiently generate Ni(I) from off-cycle
Ni(II) species, thereby sustaining a productive Ni(I/III) catalytic
cycle. By leveraging these mechanistic insights, we present a strategy
to expand the substrate scope of this methodology, which has been
restricted to only aryl iodides, to include aryl bromides, allowing for
access to a class of electrophiles with higher availability and lower
cost.

Experimental

General Considerations. All samples were prepared in a
nitrogen-filled glovebox with commercial reagents and anhydrous
acetonitrile stored over activated 3 A molecular sieves. Ir(III) (=
[Ir(dF-CFs-ppy).(dtbbpy)][PFs] and dtbbpy= 4,4"-di-tert-butyl-
2,2-dipyridyl) was purchased from Strem Chemicals and used as
received. Ni(II) (= (dtbbpy)NiCL) was prepared in situ from
(dme)NiCl, and dtbbpy, both of which were purchased from Sigma-
Aldrich and used as received. Thiols were obtained from Oakwood
Chemical. 1-Methylpyridinium iodide was prepared from a
metathesis reaction between 1-methylpyridinium chloride and
sodium iodide in acetonitrile. Typically, reaction solutions were
stored in a 20-mL glass vial and sealed with electric tape. For
convenience of presentation, Table 1 lists the compositions of key
solutions used in this study. The photocatalytic reactions were
carried out on solutions as reported previously” except that, rather
than purging the head space with nitrogen, all samples described
herein were prepared in a glovebox. Additionally, in place of a 34W
blue LED excitation source, solutions were illuminated with a Kessil
A160WE Tuna Blue light source at a short distance (Figure S1A),
and constantly agitated with a magnetic stirrer and cooled with a fan.
For reactions at S5 °C, a hot plate equipped with a thermocouple
was used. UV-vis spectra were measured with a Cary 5000
spectrometer (Agilent) and blank-corrected against the solvent.
NMR spectra were recorded on an Agilent DD2 spectrometer (600
MHz) or a Varian/Inova spectrometer (500 MHz). The product
yields were obtained based on the '"H NMR spectra referenced to
pre-quantified 1,3-benzodioxole as the internal standard.

Stern-Volmer Quenching Studies. Steady-state emission
spectra were obtained using a fluorimeter (Photon Technology
International, Model QM4). Steady-state Stern-Volmer quenching

Table 1. Composition of key solutions used in kinetics studies.

Solution Composition
S1 Ni(II) (10 mM) + py (200 mM) + thiol 24 (150 mM)
S2 Ir(IID) (150 pM) + pyHI (25 mM)
S3 $2 + py (200 mM) + thiol 2¢ (150 mM)
S4 $3 + Ni(II) (10 mM)

“ thiol 2 = 4-methoxybenzyl mercaptan

studies were carried out by measuring the steady-state emission
intensity (I) at 500 nm and exciting the photocatalyst Ir(III) at 370
nm. The dynamic Stern-Volmer quenching studies were carried out
by exciting solutions at 430 nm and measuring the lifetime () of the
photocatalyst excited state, *Ir(IIT), at SO0 nm using the laser setup
described below. The quenching ratio (To/1 or To/7) and the Stern-
Volmer constant (K.) were determined by the relation,

Io/Tor o/t =1 + K« [quencher] (1)

where I and o are the emission intensity and lifetime in the absence
of quencher, respectively. The quenching rate (k,) is given by kq =
Ks/7o. Depending on the experimental conditions and the presence
of adventitious oxygen in the sample, the measured To varies
marginally (see Figure S4).

Reaction Progress and Quantum Yield Measurements.
Reaction solutions were prepared with acetonitrile-ds and stored in
J. Young NMR tubes (1 mL each) in a Na-filled glovebox. For
samples exposed to air, the screw cap of the NMR tube was opened
for ~$ sec and then closed, and the solution was mixed by turning
the NMR tube over repeatedly. This procedure was repeated two
more times. All NMR tubes were placed in a 3-D printed NMR tube
holder which was located at the center of the cylindrically-arranged
24 W blue LED strip lights (Figure S1B) to ensure that each sample
receives the same amount of illumination. A fan was mounted at the
top of the apparatus to cool the samples. The product yields were
obtained at different times based on the 'H NMR spectra. For
quantum yield measurements, the output from a 150 W Xe arc lamp
(Newport 67005 arc lamp housing and 69907 universal arc lamp
power supply) was passed through a 435 nm band pass filter
(FWHM = 10nm) and alens (f= 40 mm) was used to focus the light
onto the reaction solution contained within a 1-cm cuvette. The
power reaching the sample was attenuated by neutral density filters
and measured with an Ophir ORION/PD power meter equipped
with a PD-300-ROHS head sensor. The photon flux was calibrated
against a potassium ferrioxalate standard based on a published
procedure.”’ Each quantum yield measurement was performed in
triplicate.

Time-Resolved Emission and Transient Absorption
Spectroscopy. A Quanta-Ray Nd:YAG laser (SpectraPhysics)
produced laser pulses at 355 nm at a repetition rate of 10 Hz and a
time width of 8 ns. The 355 nm laser pulses were either directly used
or passed to a MOPO (SpectraPhysics) to produce laser pulses at
430 nm for sample excitation. A 75 W xenon-arc lamp (PTI, Model
A1010) was used to generate white probe light for transient
absorption (TA) measurements. Both excitation and probe beams
were focused and overlapped onto the sample, which was typically
contained in a 1-cm cuvette. The emission of the photocatalyst and
the transmitted probe light were directed to a Triax 320
spectrometer and the signal was detected with a photomultiplier



Table 2. Photoredox mediated nickel-catalyzed aryl thiolation and
Stern-Volmer quenching studies. *

2% Iridium photocatalyst

I 10% (dme)NiCl, N "
15% dtbbpy A
+ + |
2 equiv py F
MeCN
1a 2 blue light, RT, 24 h 3,98% pyHI
1 equiv 1.5 equiv
(0.1 M) (0.15 M)
Ksv / M- Ksv / M- Kq/ M- s
REEGEAE (steady-state) (dynamic) (dynamic)
pyridine (py) ® - - -
Ni(ll) N.A. © 200(8) 7.8(3) x 107
1a 1.5(1) 1.3(1) 5.1(4) x 10°
2 1.9(1) 2.4(2) 1.1(1) x 108
2 with py 7.1(4) 7.6(5) 3.4(2) x 106
pyHI 53383(3370)  54480(2243)  2.1(1)x 10199

a All reagent concentrations are referenced to a 0.1 M concentration of 1a. ®
No quenching observed. ¢ Not measured. ? kq et in kinetic modelling.

tube (PMT) (Hamamatsu) coupled to a 1 GHz oscilloscope
(LeCroy, Model 9384CM) ora CCD camera (Andor Technology).
Further details of the laser spectroscopic setup can be found
elsewhere.® The fitting models for the TA kinetic traces are
provided in the Supporting Information.

UV-vis Study with (dtbbpy)NiCl. in the Presence of
Thiolate. A 50-mL glass bottle was charged with (dme)NiCl, (43.9
mg, 0.200 mmol) and dtbbpy (80.5 mg, 0.300 mmol). MeCN (20
mL) was then added and the reaction mixture was stirred for 30 min
at room temperature to form Ni(II). A S mL aliquot was drawn and
added to a 20-mL scintillation vial charged with potassium (4-
methoxyphenyl)methanethiolate (4.8 mg, 0.025 mmol), which was
prepared from the corresponding thiol and potassium tert-butoxide,
and the reaction mixture was stirred at room temperature for 2 h.
The mixture was then filtered using a 0.2-um PTFE syringe filter and
diluted 10 times with MeCN. A UV-vis spectrum was recorded on
the resulting solution.

Results

Quenching Studies. We undertook mechanistic investigation
of the C-S cross-coupling by examining which reagents listed in
Table 2 react with *Ir(III) per steady-state and dynamic Stern-
Volmer quenching. Pyridine does not quench *Ir(III) (Figure S2).
In the case of Ni(II), the steady-state K« cannot be accurately
measured due to its strong and broad absorption, which overlaps
with that of Ir(III) and thus requires inner-filter corrections (Figure
$3 and Section B.1 in the SI). Steady-state Stern-Volmer quenching
plots for reagents in Table 2 are shown in Figure S4. Ni(II) shows
dynamic quenching with a rate constant of ky=7.8(3) x 10'M™'s™,
which is ~2 orders of magnitude greater than that of any other
individual component in the original reaction solution, including 4-
iodotoluene (1a) and 4-methoxybenzyl mercaptan (2) (Table 2).
Thiol compound 2 in the presence of 200 mM pyridine exhibits a
quenching rate ~3 times higher than that of 2 alone. However, when
concentrations of the reactants are considered, the overall
contributions to the quenching of *Ir(IIT) by the reactants (Ni(II),
la and 2) in the starting solution are comparable. The lifetime of
*Ir(III) in the reaction solution can be explicitly determined by
monitoring the compound’s emission decay at S00 nm (Aexe = 430
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Figure 1. (A) Time-resolved emission decay of the excited
photocatalyst *Ir(III) in a fresh and illuminated sample, the latter of
which was subjected to 20 min blue light irradiation under standard
reaction conditions (Table 2, top panel). The scatter plots and solid
lines show the raw data and single-exponential fittings, respectively.
The fitted lifetime 7 is significantly lower for an illuminated sample
when compared to a fresh one. This change in *Ir(III) lifetime is
accompanied by a change in the color of the reaction solution, as shown
in the inset. (B) UV-vis absorption spectra of solution S1 (Table 1),
and with 100 mM pyHI at 0 h and 18 h in the dark, and a solution
containing Ni(II) with RS~ (potassium (4-methoxyphenyl)methane-
thiolate), the spectrum for which is normalized with that of S1 at 500
nm.

nm). For a fresh reaction solution, the measured lifetime was T = 450
ns (Figure 1A). However, for a solution that was illuminated for 20
min under blue light, the lifetime fell below our instrumental time
resolution (8 ns), indicating the in-situ generation and accumulation
of a byproduct that was an efficient quencher. Control experiments
based on the “F spectra (Figure S13) for solutions before and after
illumination showed no appreciable change, suggesting that Ir(III)
is stable during the reaction and the lifetime change is not due to
nonradiative pathways associated with photocatalyst degradation.
In particular, the presence of an iodide substrate, thiol as a proton
source (from its acid-base chemistry and PCET involvement in
photoredox reactions®*') and pyridine suggests the possibility of
generating pyridinium iodide (pyHI). As shown in Table 2, pyHI is
an exceptional quencher of *Ir(III); the quenching rate constant of
kqer=2.1(1) x 10" M s ™" is over 2 orders of magnitude higher than
that of Ni(II). A similar quenching rate was obtained for
tetrabutylammonium iodide (TBAI) (Figure S4D), suggesting that
this unusually high quenching rate constant is due to the
photooxidation of iodide (I") by *Ir(IIL).



Effect of Thiolate and pyHI on (dtbbpy)NiCl.. The initial
reaction solution was orange (Figure 1A, inset), which we later
discovered was similar to the color of solution $1 (S1 = 10 mM
Ni(II), 200 mM pyridine and 150 mM thiol 2 in MeCN). To
identify the compound responsible for the orange color, we
prepared a solution of Ni(II) in the presence of potassium (4-meth-
oxyphenyl)methanethiolate. The UV-vis absorption spectrum of
this solution (Figure 1B, blue trace) is nearly identical to that of
solution S1 (Figure 1B, red trace), suggesting that the orange color
is due to a nickel thiolate compound. When the complete reaction
solution (Table 2, top) was photolyzed, the initial orange color
gradually disappeared and the solution turned yellow (Figure 1A,
inset), diagnostic of Ir(III) solutions. This result suggested
protonolysis of the nickel-thiolate complex present in the initial
solution. We hypothesized that the Brensted acid pyHI is
responsible for this protonolysis reaction and that this acid
accumulated as the reaction progressed. Indeed, addition of 100
mM pyHI to solution S1 prompted a color change (Figure 1B, red
to red-orange trace) that continued to lighten in color over 18 h of
storage in the dark (Figure 1B, orange trace). Additionally, if pyHI
was added to the initial reactant solution before thiol, the orange
color, indicative of the nickel-thiolate, was not observed. These
results suggest that pyH" (pK. = 3.4 in DMSO)** can protonate any
thiolate equivalents formed in situ, thereby avoiding the formation
of the nickel thiolate complex, which can cause a strong inner filter
effect.

Reaction Progress and Quantum Yield Measurements.
The effect of pyHI on the C-S cross-coupling between 1a and 2 was
examined under different conditions by monitoring the product
yield with time (Figure 2A, details provided in Experimental
Section). Under reaction conditions similar to those of the
published method,* where O, was present, the reaction showed an
induction period in the first 20 min (Figure 2A, black trace) that was
more prominent for an identical sample when exposed to air (Figure
2A, red trace). However, the induction period diminished after
adding S0 mM pyHI (Figure 2A, blue and teal traces). The sample
without air exposure exhibited the highest initial photoreaction rates
(Figure 2A, blue trace). Although the product yield (Figure 2A) is
within error and not distinguished at the early stages of reaction (<
6 min), a clear overall trend is established at later times of reaction
(at times > 6 min) that lies well outside the standard deviation of 5-
15 % as reflected in the quantum yield measurements (Figure 2B).

To further quantify the reaction efficiency and gain mechanistic
insight, we measured the quantum yield for the C-S cross-coupling
with and without pyHI (Figure 2B, black and grey traces). The
addition of pyHI (50 mM) results in an increase in the quantum
yield by 50% (from 0.12(2) to 0.18(1)) with an incident power of
7.4 mW. The quantum yield also increases with decreasing incident
power of the irradiation source; changing the incident power from
7.4 mW to 90 uW results in a 375% increase in quantum yield (from
0.12(2) to 0.45(3) in the absence of pyHI), which is accentuated in
the presence of pyHI (increase of $94%, from 0.18(1) to 1.07(11)).
A quantum yield in excess of 1 (@ > 1) was further corroborated by
using 4 -iodoactophenone as a substrate (Figure 2B, red trace).
With this more electron-deficient aryl halide, the quantum yield
increases from 0.28(2) at 7.4 mW to 2.04(6) at 90 uW. Significantly,
these values of @ > 1 establish the existence of a thermally self-
sustained catalytic cycle?*** for product formation (vide infra).
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Figure 2. (A) Aryl thiolation progress for a standard reaction solution
with the addition of 50 mM pyHI, exposure to air, or both. (B) Power
dependence of the quantum yield for aryl thiolation between 4-
methoxybenzyl mercaptan and 4-iodotoluene (1a) or 4’-iodoaceto-
phenone with and without additional SO0 mM pyHI (Rex = 435 nm).
Lines are included to highlight the trend.

Transient Intermediates and Reaction Kinetics.
Nanosecond TA spectroscopy was employed to interrogate the
photoredox process as well as identify reaction intermediates and
define the kinetics of a complete photoredox cycle. Upon addition
of 25 mM pyHI or TBAI to a solution of 150 LM Ir(III), TA features
at ~400, 525 and 720 nm were observed 30 ns after photoexcitation
(Figure 3A). The TA spectrum consist of two components (Figure
34, inset): the reduced photocatalyst, Ir(II), and L+ ™. The spectrum
of Ir(II) (maxima at 400 and 525 nm) has been previously
determined by spectroelectrochemistry.” Subtraction of the Ir(II)
spectrum from the TA spectrum recorded at 30 ns yields the blue
trace (Section B.2 in SI), which matches that of «~ (maxima at 395
and 720 nm).” These results confirm that I” quenches *Ir(III) by
electron transfer to form Ir(II) and I., the latter of which reacts
facilely with 1% Based on the Stern-Volmer quenching study
(Table 2), the electron transfer rate between *Ir(III) and I™ is kyer
=2.1(1) x 10° M s,

In addition to the role of iodide, we also investigated the role of
pyH*. The TA spectrum for solution 82 (S2 = 150 uM Ir(III) + 25
mM pyHI) shows clear distinctions in time evolution for Ir(II) as
compared to when pyHI was replaced with TBAI (Figure 3A). For
the solution with TBAI, the TA features at 525 nm (predominantly
Ir(I)) and 720 nm (predominantly L") both decay at a similar
rate, suggesting a clean back electron transfer reaction between Lo~
and Ir(II) to form 21" and Ir(III). However, with pyHI, the TA
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Figure 3. (A) TA spectra of a solution containing 150 uM Ir(III) and
25 mM TBAI or pyHI (Aec = 430 nm). The inset shows that the
corresponding TA spectrum at 30 ns can be deconvolved into
contributions from Ir(II) (red) and L+~ (blue). The delay times listed
in the bottom panel also apply to the top panel. (B) The TA kinetic
traces probed at 525 nm and 700 nm predominantly show the decay of
Ir(II) and L7, respectively. The scatter plots and the solid lines show
the raw data and model fittings, respectively (see SI for details).

feature at 525 nm (Ir(II)) decays much faster than that at 720 nm
(Io+7), suggesting that the disappearance of Ir(II) is predominantly
due to the reaction between Ir(II) and pyH" to form Ir(III) and
pyHe. Similarly, in the presence of 1-methylpyridinium iodide, a
faster decay of Ir(II) was also observed (Figure SS), ruling out the
possibility that the reaction between Ir(II) and pyH" required a
proton. By monitoring the decay of Ir(II) at 525 nm with TBAI as
the quencher, we extracted a rate constant for the back electron
transfer reaction between L« and Ir(II) (Figure 3B, black curve and
Section B.3.1 in the SI) of keeri = 9.4(2) x 10°M™" s, consistent
with an appreciable driving force (Ei2(Ir(II/III)) = -1.74 V* and
Ei2(Le™/17) < 0.30 V** vs Fc*/Fc). For the case of pyHI (Figure 3B,
red curve), and accounting for kser1 (Section B.3.2 in the SI), an
electron transfer rate constant of ker1 = 1.14(3) x 10° M s7' is
extracted for the reaction between pyH" and Ir(II), which is also
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Figure 4. TA kinetic trace probed at 700 nm for solution $2 (150 uM
Ir(III) and 25 mM pyHI) with 150 mM thiophenol, 150 mM
thiophenol in the presence of 200 mM pyridine, and 150 mM 4-
methoxybenzyl mercaptan in the presence of 200 mM pyridine (hexe =
430 nm). The faster decay for solutions containing pyridine is due to
PCET between L+~ and thiol with pyridine as a base. The scatter plots
and solid lines show the raw data and model fittings, respectively (see
SI for details). The inset shows the difference TA spectrum at 6.3 s
(grey) for solutions of $2 with 150 mM thiophenol in the absence and
presence of 200 mM pyridine; this difference spectrum matches the TA
spectrum of thiophenoxyl radical (red) obtained independently from
directly exciting diphenyl disulfide at Aexe = 355 nm.

thermodynamically favored (E° = —1.7 V vs Fc'/Fc for the
pyH'/pyHe couple,*>*
potential from SCE to Fc*/Fc). Note, despite keer: being nearly two

where 0.4 V was used to convert reference

orders of magnitude larger than keri, we observed faster reaction of
Ir(II) with pyH" than with L+~ due to the higher concentration of
pyH" (25 mM pyH" versus less than 10 uM L."). Additionally, L™,
monitored at 700 nm (Figure 3B, blue curve), decays more slowly
for the solution containing pyHI versus one containing TBAI due to
the fast disappearance of Ir(II) in the former, which attenuates the
back reaction between Le~ and Ir(II). Since L.~ is known to
disproportionate, we attribute the slower decay at 700 nm to the
disproportionation of L« to form I;~ and I', for which we extracted
a rate constant of 2kaiy = 2.9(1) x 10° M s7* (Section B.3.2 in the
SI), consistent with reported rate constants.***

With the reaction and kinetics for solution S2 as a reference, the
kinetics of §2 solutions containing more components of the C-S
cross-coupling reaction were examined. The addition of 150 mM
thiol 2 to solution S2 resulted in little change to the TA spectra and
kinetics (Figures S6 and S7). However, the addition of both 200 mM
pyridine and 150 mM 2 to solution S2, resulting in solution $3 (=
$2 + 150 mM 2 + 200 mM py), accelerates the decay of L+~ (Figure
4). We posit that the faster decay may result from proton-coupled
electron transfer (PCET) between compound 2 and L.~ in the
presence of pyridine as a base to form thiyl radical 2+, 21" and pyH?,
which may occur in either a concerted or a stepwise fashion.*** To
assess this contention, we chose to replace 2 in 83 with thiophenol
(PhSH) because the PhS. radical exhibits absorption in the visible
region, allowing us to observe the radical product if PCET does
indeed occur. The inset of Figure 4 shows the difference of TA
spectra measured at 6.3 ps between solutions of $2 + 150 mM PhSH
in the absence and presence of 200 mM pyridine (Figures S7A and
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Figure 5. (A) TA spectra (Aec = 430 nm) of solution $4 (150 uM
Ir(III), 25 mM pyHI, 200 mM pyridine, 150 mM 4-methoxybenzyl
mercaptan, and 10 mM Ni(II)). (B) The difference TA spectrum at
7.5 ps for solution $3 and S4 (parent spectra shown in the inset),
revealing the presence of a putative Ni(I) intermediate. (C) TA kinetic
trace measured at 600 nm for solution 83 (black) and S$4 (red). The
additional rising feature on the red curve suggests the formation of
Ni(I) with a time constant of 1.56 ps. (D) TA kinetic trace measured
at 600 nm for solution $4 with 0.1 and 0.5 M 4-iodotoluene, 1a. The
faster decay for solutions with higher concentrations of aryl iodide
implies the oxidative addition of aryl iodide to the Ni(I). The scatter
plots and solid lines show the raw data and model fittings, respectively
(see SI for details). The inset shows the linear fit to extract the oxidative
addition rate constant koa of 4-iodotoluene, 1a.

S7B, respectively); subtracting the spectrum without pyridine from
that with pyridine furnishes a spectral profile (Figure 4 inset, grey
trace and Figure S7C) with a band maximum at 450 nm, which is
similar to the absorption profile of the PhS. radical (Figure 4 inset,
red trace) as obtained independently by photolyzing a solution of 6
mM diphenyl disulfide (PhSSPh) with laser pulses at 355 nm. The
PCET rate constants for thiol oxidation were derived to be kecer =
2.6 (1) x 10° M™" 57" for thiol 2 and kpcer = 3.6(1) x 10° M ™' 5! for
PhSH (Section B.3.3 in the SI). The observation of the thiyl radicals

by TA is consistent with their presence in C-S cross-coupling, as
ascertained from radical trapping studies.”

We next interrogated the role of Ni in the photoredox cycle by
adding 10 mM Ni(II) to S3 (S4 = $3 + 10 mM Ni(II)). The
measured TA spectra for solution S84 is shown in Figure SA.
Subtracting the TA spectrum of solution 83 at 7.5 ps from that of $4
yielded the difference TA spectrum (Figure SB), which clearly
shows two absorption features with maxima at 425 and 600 nm.
These spectral features have been observed previously in
photoredox aryl etherification® and arise from a Ni(I) intermediate.
To further assess our assignment of the absorption bands in Figure
SB to a Ni(I) intermediate, we monitored the comproportionation
between Ni(0) [Ni(0) = (dtbbpy)Ni(cod)] and Ni(II) (Section
A2 in the SI). Electron paramagnetic resonance (EPR)
measurement of the comproportionation product supported the
presence of a new Ni(I) species (Figure S8A). Furthermore, the
comproportionation solution showed an absorption spectrum
(Figure 8B) distinct from that of Ni(0) or Ni(II) (Figure S8C), with
an absorption band in the 600 nm region. Exposure of the same
solution to air led to the disappearance of the 600 nm band to give
the Ni(II) absorption spectrum. To assess whether the Ni(I)
species formed by the comproportionation reaction accounts for the
TA difference spectrum shown in Figure 5B, the difference
absorption spectrum for comproportionated solutions before and
after air exposure (i.e, Ni(I) spectrum — Ni(II) spectrum) was
computed (Figure S8D) and found to be similar to the difference TA
spectrum shown in Figure SB (red curve), thus supporting the
formation of Ni(I) under photoredox conditions.

Accordingly, the kinetics of the Ni(I) intermediate, for which the
600 nm band offered a direct signature, were defined. Figure SC
shows the decay kinetics for the 600-nm signal of solution §4. A
slight decay in signal over 0.5 ps is followed by a rise over S ys and
then a subsequent slow decay lasting several hundreds of
microseconds (Figure SC, red trace). This evolution of the signal
contrasts the immediate drop in signal at 600 nm observed for
solution 83 (Figure SC, black trace) where no nickel complex was
present. An additional control experiment on a similar solution
without thiol 2 but with the Ni(II) complex (4 — 150 mM 2) also
showed a decay-rise-decay feature, suggesting that the formation of
Ni(I) species is not due to thiol 2 (Figure S9D, black trace).
Significantly, the initial fast decay and slow rise indicate that the
formation of Ni(I) occurs through the action of an intermediate that
is not Ir(I), as its formation is slower than the disappearance of
Ir(II). This result establishes that Ni(I) is not generated from the
direct reduction of Ni(II) by Ir(II). As noted in Figure 3A, pyH. is
present during the photoredox transformation and thus may actasa
reductant for Ni(II). Consistent with this contention, the rate
constant for the reaction between pyH. and Ni(II) was determined
to be kera= 6.4(S5) x 10’ M ™" s™' whether in the presence or absence
of thiol (Section B.3.4 in the SI). From modelling (Section B.3.5 in
the SI) the slow decay over S to 200 ps, keera= 8.5(4) x 10° M ™' s,
is ascribed to the back reaction between Ni(I) and L.~ to form
Ni(IT) and 21"

Given the reported reduction potential for Ir(IT) (Ei2 = -1.74V
vs Fc*/Fc),” it should be able to directly reduce Ni(II) in the
absence of pyH". To test this hypothesis, we obtained the TA
spectrum of a solution containing 150 uM Ir(IIT), 25 mM TBAI,
200 mM py, and 10 mM Ni(II). We monitored the absorption
maximum of Ir(IT) at 525 nm, which was generated immediately



following the initial quenching and then decayed slowly due to the
back reaction (Figures S9A and A9B, red curves). Monitoring Ni(I)
at 600 nm, a decay-and-rise feature was not observed on a short time
scale (< S ps) (Figure S9D, red trace). However, an additional TA
feature appeared on alonger time scale (>50 ps) after Ir(II) and Le~
had decayed significantly (shown by the comparison of the red
curves in Figures S9C and S9D). This additional TA feature is likely
due to the reaction between Ir(II) and Ni(II) in the presence of
pyridine to form Ir(III) and Ni(I), the rate constant of which was
extracted to be kers = 2.5(5) x 10° M s7! (Figure S10 and Section
B.3.5 in the SI).

The rate constant for the direct reduction of Ni(II) by Ir(II) in
the presence of pyridine is much smaller than that of the pyHe
mediated process. However, in the absence of pyridine, Ir(II) can
effectively reduce Ni(II) directly to form Ni(I) with a rate constant
of kers=3.0(4) x 10’ M s™' (Figure S11 and Section B.3.5 in the
SI). These results suggest that pyridine makes Ni(II) less amenable
towards reduction. Indeed, the absorption spectrum of Ni(II)
showed clear differences with and without 200 mM pyridine (Figure
S12A). We further carried out cyclic voltammetry (CV)
measurements on Ni(II) in the absence and presence of 200 mM
pyridine. Despite the irreversibility of the reduction wave, its onset
shifted cathodically by ~200 mV when pyridine was present (Figure
S12B), consistent with the smaller reduction rate (kers) observed for
Ni(II) in the presence of pyridine.

With the formation pathways of Ni(I) determined, we further
probed its oxidative addition (OA) reactivity® with 4-iodotoluene
(1a) by monitoring the TA kinetics of Ni(I) at 600 nm. The Ni(I)
decay became faster when the concentration of 1a was increased
from 0 M to 0.5 M (Figures SC and SD). Specifically, with 0.5 M 1a,
the signal drops to nearly zero after 100 ps. With fitting (Section
B.3.4 in the SI), we extract the apparent OA rate constant, koa[ ArI],
as a function of the aryl iodide concentration (Figure SD, inset),
where the slope of the linear fit furnishes a bimolecular OA rate
constant of koa = 2.5(2) x 10* M™' s™'. We emphasize that the
obtained rate (koa) may offer an upper limit for the OA if other
unknown reactions exist between Ni(I) and Arl. Given the
quantitative product yield and high observed quantum yields
(Figure 2), OA is likely the major reaction here. The observed ko is
also consistent with previously reported values,” despite the
differences of the specific ligand environment. Due to the absence of
any salient signals in the TA spectrum, we were unable to measure
the rates of ligand exchange or reductive elimination at Ni(III)
following OA.

Reaction Optimization and Generalization. In line with
previous observations,* we found that the substrate scope for the C-
S cross-coupling reaction was limited to aryl iodides (Table S1)
under the conditions shown in Table 2. Guided by our mechanistic
insights, which show the important, but previously unidentified,
roles of pyridinium and iodide in the photoredox cycle, we found
that the addition of pyHI and a slightly elevated temperature of 55
°C enables the C-S cross-coupling between 4-bromotoluene (1b)
and thiol 2 (Table 3, top). Similarly, high yields were also obtained
when TBAI was added since pyH" is able to be generated in situ
(Table S1). Finally, after testing multiple aryl bromides and thiols
(Table 3, bottom). The optimized strategy applied well to aryl
bromides with electron withdrawing groups (4-8), electron
donating groups (1b, 9), and aryl heterocycles (10-12). Aryl thiols
(13-15) and alkyl thiols (2, 16-18) were also well accommodated by

Table 3. Photoredox mediated nickel-catalyzed aryl thiolation using
aryl bromide. Top panel shows the reaction used in photochemical
kinetics studies with the bromo analogue of 1a; bottom panel shows
generalization to a range of substrates.

Br 2% Iridium photocatalyst -
10% (dme)NiCl, *N
15% dibbpy x
+ + |
2 equiv py F
0.5 equiv pyHI
1b 2 MeCN 3,93% pyHI
1 equiv 1.5 equiv blue light, 55 °C, 24 h
(0.1 M) (0.15 M)
0 0 Aryl bromide scope F OMe
geTaclne e Wel
F
4, 85% 5,72% 6, 95% 7, 88% 8, 75%
t-Bu [ mimames mimhe
I
Q.0 0. a
N N Q
+B X N :
I
I
|
|
I
9, 99% 10, 94% 11, 93% 12,86% 1 13,96%
I

14, 77% 16, 55% 16, 91% 17, 68% 18, 86%

the strategy. Moreover, the amino acid cysteine (18) shows a high
yield, indicating potential applicability for biomolecule preparation.
Therefore, the generality of our optimization strategy was
confirmed.

Discussion

Figure 6 summarizes the elementary reactions, reaction
intermediates, and critical rate constants for a comprehensive
description of the photoredox nickel-catalyzed cross-coupling
between aryl halides and thiols. The productive reaction pathway
consists of the following steps: (i) photoexcitation of Ir(III) to
generate *Ir(IIl); (ii) reductive quenching of *Ir(III) by I" to
generate Ir(II) and I. (Figure 6, red cycle); (iii) reduction of pyH"
by Ir(II) to generate a pyridyl radical pyH. and Ir(III); (iv)
reduction of the Ni(II) precatalyst by pyH. to form a Ni(I) species
(Figure 6, blue cycle); (v) oxidative addition of aryl halide to Ni(I)
to form a putative Ni(III) aryl halide complex and (vi) ligand
exchange on Ni(III) and subsequent reductive elimination to
release product and reform Ni(I) (Figure 6, green cycle). In
addition to the major pathway of generating Ni(I) from step (iii), a
minor pathway was also identified that (vii) generates Ni(I) from
the direct reaction between Ir(II) and Ni(II).

The important role of the reactivity of downstream products
originating from photogenerated I. is shown in the orange cycle of
Figure 6. Following the initial quenching, I. complexes with I" to
form L., which reacts with Ir(II) or Ni(I) via back electron
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Figure 6. Complete reaction mechanism and key rate constants for photoredox mediated nickel-catalyzed aryl thiolation. * PCET reaction

between L+~ and compound 2." PCET reaction between L+~ and thiolphenol. ‘Rate was reported by ref 53. ¢ For the reaction with 200 mM
pyridine. ¢ Oxidative addition of 4-iodotoluene. Ni" = L.Ni"X,; Ni' = L.Ni'X. ET = electron transfer; PT = proton transfer.

transfer, leading to the deactivation of these two key intermediates.
Alternatively, e~ may oxidize thiol in the presence of pyridine via
PCET to generatea thiyl radical and pyH", both of which eventually
undergoes back reaction with Ni(I) in what is likely a multi-step
process involving electron and proton transfer (Figure 6, purple
cycle). Additionally, L~ can also disproportionate to I" and I3~
(Figure 3B), the latter of which can also oxidize Ni(I). However,
under actual reaction conditions, this disproportionation becomes
negligible given the fast back electron transfer and PCET reactions.

The mechanism we have elucidated herein highlights the
importance of accessing and perpetuating a thermally-sustained and
productive Ni(I/III) cycle, which is evidenced by the larger-than-
one quantum yields observed at low powers (Figure 2B). Due to the
bimolecular nature of all the back-electron transfer reactions, the
overall energy efficiency will decrease due to higher concentrations
of the intermediates being generated at higher excitation powers.
This was indeed observed, as the quantum yield increased
significantly as the power of the excitation source was diminished
(Figure 2B). Such an observation is in line with our previous results
for photoredox aryl etherification, where the Ni(I/IIl) cycle is
enhanced as the deactivation of the on-cycle nickel intermediates is
attenuated at lower powers.”” However, the photoredox aryl
etherification and the C-S cross-coupling reaction reported here
access the on-cycle Ni(I) catalyst in distinct ways. The direct
reduction pathway, which is predominant in aryl etherification,
becomes inefficient for generating Ni(I) in C-S cross-coupling due
to the retarded reaction (kers) between Ir(II) and Ni(II) as
compared to the competing back reaction (kseri1) between Ir(II)
and L.~ (Figures 3 and S10). The pyH" that is formed in situ
provides an efficient pathway to transport electrons from Ir(II) to
Ni(II) through pyH'/pyH. mediators to form Ni(I), and hence
sustain the productive Ni(I/III) cycle (Figure 6). Although pyH"
has often been used as a redox mediator in CO; reduction®*%%
and, recently, in nickel-catalyzed aryl amination with catalytic

amounts of Zn metal as a reductant,”* our discovery reveals an
underappreciated role of pyH" as a viable mediator in photoredox
chemistry.

The mechanism in Figure 6 differs from the previously reported
‘radical’ and ‘oxidation state modulation’ mechanisms®** (Scheme
1A) in critical ways. These mechanisms propose the production of
Ni(I) by reduction of Ni(II) for each turnover in the cycle. This
restricts the quantum yield to be ® < 1, which is inconsistent with
our measurements (Figure 2B). Additionally, these two previously
proposed mechanisms invoked a reductive quenching of *Ir(III) by
thiol to generate Ir(II) and thiyl radical cation,” or, alternatively,
oxidative quenching of *Ir(III) by Ni(II) to generate Ni(I) and
Ir(IV) (Scheme 1A).* Based on the relative k, values in Table 2, we
found that the initial step subsequent to photoexcitation of Ir(III)
predominantly involves the reductive quenching of *Ir(III) by I to
generate Ir(IT) and L.. The rapid sequestration of I by I to generate
L+~ with a rate constant close to the diffusional limit (ko)> carries
the benefit of suppressing the back-electron transfer between I+ and
Ir(II), which is propagated to the self-sustaining Ni(I/III) catalytic
cycle (Figure 6, green cycle) via pyridinium redox mediation (Figure
6, blue cycle). Moreover, the thiyl radical in the ‘radical’ mechanism,
whose presence was inferred from reported trapping experiments®
and corroborated by our TA studies (Figure 4), was previously
proposed to be generated by direct quenching of *Ir(III) and on-
cycle with nickel cross-coupling catalysis (Scheme 1A, top path).?
In contrast, we discovered that the radical may be generated by its
PCET reaction with L~ (Figure 4) and, most importantly, is not
required for the nickel cross-coupling catalytic cycle (Figure 6).

Our mechanistic insights, together with well-defined kinetics of
the complete photoredox cycle, enable the optimization of the cross-
coupling reaction as follows: (1) The induction period in the
reaction, which is in part due to the absence of efficient quenchers of
*Ir(III) to generate Ir(II) (Table 2 except pyHI), is significantly
diminished by the addition of S0 mM pyHI (Figure 2A); (2) the



overall reaction efficiency and quantum yields are improved by
introducing pyHI to mediate the formation of the on cycle Ni(I)
intermediate; and, (3) notably, adding iodide to the initial reaction
circumvents the requirement of substrate to provide an iodide
source, thus allowing for aryl bromides to become effective
substrates (Table 3). This expansion of the substrate scope increases
the utility of the methodology since aryl bromides typically exhibit
greater stability and commercial availability when compared to their
iodo-counterparts, which may exhibit unwanted reactivity in multi-
step synthetic pathways.

Conclusion

Combining Stern-Volmer quenching studies, quantum yield
measurements and nanosecond TA spectroscopy, we have
identified the productive reaction pathways along with critical
reaction intermediates and rate constants for photoredox nickel-
catalyzed cross-coupling between thiols and aryl halides. We have
found that a self-sustained Ni(I/III) cycle is operative for product
formation, in contrast to previously proposed closed photocycles
involving Ni(I), Ni(II), and Ni(III) states. In addition to identifying
the productive cycle, we also determined that pyHI formed in situ
serves three crucial roles in facilitating the cross-coupling reaction:
(1) T serves as an effective quencher for *Ir(IIL) to form I+ and the
highly reducing Ir(II); (2) pyH" serves as an electron shuttle
between Ir(II) and Ni(II) to form Ir(III) and Ni(I) through the
intermediacy of pyHe; and (3) pyH" prevents formation of nickel
thiolate complexes, which would interfere with the light absorption
of Ir(III) via an inner filter effect. Knowledge of these reaction
pathways and the roles of pyHI allowed us to optimize the reaction
efficiency and expand the substrate scope from aryl iodides to
include aryl bromides, thus broadening the applicability of
photoredox C-S cross-coupling chemistry. The broader
deployment of redox mediators such as I"/L«” and pyH*/pyHe may
merit further investigation and can provide a general strategy for
future photoredox methods development. In summary, this study
demonstrates an example of how mechanistic understanding of
complex photoredox systems can inform the optimization and
development of photoredox reaction methodologies.
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