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Abstract: This study presents a Ni-photoredox method for indole
N-arylation, broadening the range of substrates to include indoles
with unprotected C3-positions and base-sensitive groups.
Through detailed mechanistic inquiries, a Ni(l/lll) mechanism was
uncovered, distinct from those commonly proposed for Ni-
catalyzed amine, thiol, and alcohol arylation, as well as from the
Ni(0/lI/lIl) cycle identified for amide arylation under almost
identical conditions. The key finding is the formation of a Ni(l)
intermediate bearing the indole nucleophile as a ligand prior to
oxidative addition, which is rare for Ni-photoredox carbon-
heteroatom coupling and has a profound impact on the reaction
kinetics and scope. The pre-coordination of indole renders a more
electron-rich Ni(l) intermediate, which broadens the scope by
enabling fast reactivity even with challenging electron-rich aryl
bromide substrates. Thus, this work highlights the often-
overlooked influence of X-type ligands on Ni oxidative addition
rates and illustrates yet another mechanistic divergence in Ni-
photoredox C—heteroatom couplings.

Introduction

Nickel-bipyridine photoredox catalysis has been established as a
powerful strategy to afford a variety of C—heteroatom couplings at
room temperature.['! However, reports focused on mechanistic
elucidation are scarce and complicated by the ease with which Ni
can access many different oxidation states via electron transfers
with the photocatalyst. Furthermore, the often-invoked odd-
electron intermediates are difficult to isolate!? and these systems
present off-cycle Ni resting-states, which makes mechanistic
investigations challenging.®! In contrast, non-photochemically
mediated Ni-heteroatom couplings have been extensively
studied.'> 4 These systems employ stronger field ligands that
allow for relatively stable on-cycle intermediates that can be
isolated and detected by NMR or EPR analysis

Most Ni-photoredox reactions are proposed to proceed through
the formation of a Ni(lll) intermediate that undergoes fast C—
heteroatom reductive elimination. When using highly nucleophilic
substrates, such as amines, alcohols, and thiols, a Ni(l/lll)
mechanistic manifold has been shown to facilitate access to this
Ni(Ill) intermediate (Figure 1a).®! In this mechanism, all on-cycle

intermediates are in low concentration and bimolecular Ni
deactivation pathways compete with product formation.
Alternatively, a Ni(0/1l/lll) mechanism was recently found by our
group to predominate in amide arylation reactions (Figure 1b).l"e:
3.8l While unclear at this stage, it was hypothesized that the lack
of redox active base (shown to play a key role in the Ni(l/lll)
cycles),Pl together with the low nucleophilicity of amides, were
responsible for the change in mechanism.[6el

This paper describes the use of indoles as nitrogen nucleophiles.
Given the similar pKa values of amides and indoles, we
envisioned that our catalytic platform would be amenable for
providing access to N-functionalized indole scaffolds via a similar
Ni (0O/1I/1ll) pathway. Indeed, in this study, we demonstrate that
indole N-arylation can be achieved under almost identical
conditions to our previously reported amide arylation protocol.
However, to our surprise, neither of the reported mechanisms
depicted in Figure 1 are consistent with the experiments
presented herein. Specifically, kinetic data supports the
coordination of the indole to Ni(l) prior to oxidative addition. Thus,
this study provides evidence for an additional pathway through
which Ni-photoredox C—heteroatom coupling can occur.

a) Commonly proposed Ni(l/Ill) cycle J' b) Ni(0/1I/11l) cycle proposed for amides
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Figure 1. Catalytic cycles proposed for Ni-photoredox C-heteroatom reactions.

Beyond these mechanistic implications, this methodology
provides an efficient means for decorating indoles, a central
heterocyclic core in drug design.®! In line with the recent report by
the Koénig and Paixdo groups, which allows for the indole N-
functionalization of tryptophan amino acids within a series of
peptides, ! high yields can be obtained for C3-substituted indoles.
Notably, the methodology described in this paper also achieves



high vyields and perfect selectivity when employing C3-
unsubstituted indoles, which are known to readily undergo
competing C3-funtionalization in the presence of electrophiles.['%]
Furthermore, contrasting with other non-photoredox Ni-catalyzed
couplings, high temperatures or strong tert-butoxide bases are
not required, and thus base-sensitive groups like esters are
tolerated.4e-dl

Resultingly, we report both an attractive strategy to afford a large
variety of indoles, and mechanistic investigations that showcases
an unexpected mechanism. In doing so, this work provides clarity
on the underlying causes that lead to mechanistic divergences for
Ni-photoredox C—heteroatom couplings.

Results and Discussion

The reaction between 3-phenylindole and methyl 4-
bromobenzoate was chosen as a model system to study indole
N-arylation (Table 1, entry 1). To our delight, high product yields
were quickly obtained with very minimal changes to the reaction
conditions for our reported amide arylation protocol.l®d
Additionally, indole arylation was found to be much faster than
amide arylation, with high yields obtained in as little as 3 hours,
compared with the overnight reaction times required for amide
arylation!® (entry 2). Such high reactivity prompted us to reduce
the Ni loading, while still maintaining the 1:1.5 Ni to ligand ratio.
The reactivity was found to be optimal at 5 mol% Ni, and
interestingly both increasing and decreasing the Ni concentration
from there led to decreased yields (entries 2-4). & " With the
optimal conditions in hand, control experiments were performed
to ensure that all the reaction components were required. No

reactivity was observed in the absence of Ni, Ir photocatalyst (PC),

or light (entries 5-7).

Table 1. Reaction optimization
Ph

BrE NiCl,-glyme (x mol%) @

dtbbpy (y mol%)
[Ir(dtbbpy)(ppy)2]PFe (1 mol%)

2.
K3PO,, DMF, Q
40 °C, 3 h, blue LED

= /5>\_U
=
+

CO,Me
CO,Me
Entry Ni loading Ligand loading Other variations Yield?
1 10 mol% 15 mol% 24 h 79%
2 10 mol% 15 mol% none 80%
3 5 mol% 7.5 mol% none 91%
4 2.5 mol% 3.8 mol% none 67%
5 = - none nd.
6 5 mol% 7.5 mol% No Ir n.d.
7 5 mol% 7.5 mol% No light n.d.

@ Reaction conditions: NiCl2-glyme (0.005-0.02 mmol), 4,4"-di-tert-butyl-2,2'-
dipyridine (dtbbpy, 0.0075-0.03 mmol), [Ir(dtbbpy)(ppy)2]PFs (0.002 mmol),
KsPO4 (0.4 mmol), methyl 4-bromobenzoate (0.2 mmol), 3-phenylindole (0.3
mmol), and 1 mL of DMF, 40 °C, 3 h. All yields were determined by 'H NMR

analysis relative to 1,3,5-trimethoxybenzene as an internal standard.

Subsequently, indoles not bearing any C3-susbtitution were
tested as substrates to assess the regioselectivity for N- vs. C3-
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arylation (Figure 2). Beginning with 1H-indole (1a), only one
arylated indole product was detected in the crude reaction mixture.
The isolated heterocyclic product was then analyzed by NMR and
X-Ray crystallography to unambiguously confirm the formation of
the N-arylated indole 3a.'? Furthermore, we were able to
increase the scale to 2 mmol and still obtained an excellent 98%
yield of 3a after 48 hours.

Other 3-unsubstituted indoles were also tested and again showed
exclusive selectivity for the formation of the N-functionalized
indoles, with no C3 arylation products detected. Indoles bearing
electron-donating and electron-withdrawing groups at C5 and C6
all generated the N-arylated products in moderated yields (3b-3f).
Unsurprisingly, C3-substituted indoles were found to be excellent
substrates for this reaction, rendering the arylated products in
high yields (3g-3h). The results also show that protected amines
and nitriles and base sensitive groups like esters, which are not
tolerated in Ni-catalyzed thermal strategies,*" %9 are tolerated.

Ry
7
Ro g NiCl,-glyme (5 moi%) RZ TN
S dtbbpy (7.5 mol%) X N
R | Y+ [I(0tobpy) (PpY)zIPF (1 mol%)
Z~N KaPO, (2 eq.)
1 2a \COMe  DMFblueLED,40°C 3

& Q &

3a, 95% CO,Me 3b 52 % CO,Me 30, 60% CO,Me 3d, 51% CO,Me
(9h) (72h) (48 h)

e

MeO.

@
0

; ; ; b] ;
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Ph CN
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N N
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Figure 2. Scope of indole coupling partners in Ni-photoredox-catalyzed indole
arylation. Reaction conditions: NiClz-glyme (0.01 mmol), 4,4'-di-tert-butyl-2,2'-
dipyridine (dtbbpy, 0.015 mmol), [Ir(dtbbpy)(ppy)2]PFs (0.002 mmol), KsPO4 (0.4
mmol), aryl bromide 2a (0.2 mmol), indole 1 (0.3 mmol), and 1 mL of DMF, 40 °C.
All reported values are yields of the isolated products. [a] Indole was used as
limiting reagent: aryl bromide 2a (0.4 mmol) and indole 1 (0.2 mmol). [b] KHCO3
was used as base. [c] Ligand loading was reduced to 3.8 mol% (dtbbpy, 0.0075

mmol).



In contrast, highly nucleophilic groups like amines and alcohols
are not tolerated, as they are also susceptible to arylation under
these reaction conditions.'™™ ' Indoline was also tested as a
comparison between the indole reactivity and that of a more
nucleophilic amine with a similar steric profile. Faster reactivity
was observed for indoline, presumably owing to its higher
nucleophilicity, leading to 83% yield of 4 in 2 hours.

Other nitrogenated heterocycles related to indole were also
arylated in high yields (3m-30). Interestingly, when heterocycles
bearing pyridine subunits were utilized, a lower ligand loading was
found to be optimal (with reduced reactivity observed in the
absence of added ligand). It is hypothesized that this is likely due
to the propensity of these heterocycles to displace the bipyridine
ligand used in these reactions. Lastly, sterically encumbered C2-
substituted indoles were not tolerated under these reaction
conditions.

Br NiCly-glyme (5 mol%)
dtbbpy (7.5 mol%,
[Ir(dtbbpy)(ppy)aIPFe (1 mol%)

N _ p )
SR
H \ /\R3 KsPO, (2 eq.)

DMF, blue LED, 24 h, 40 °C

SIN,

3a, 95% 3p,78% N

CO,Me 39,79% G, 3r,52% @
N N N N
3s, 49% 3t, 78% ( 3u,89% OMe 3v,89% SMe
N N N N
N
oM 7\ 73
e N= —
3w, 41%l 3x,77% OMe 3y, 82% 3z, 71%0 F
N T AR
0 OO
N XN XN

.
N=/
3aa, 53%2]

z

3ab, 29% limitations

Figure 3. Scope of aryl bromide coupling partners in Ni-photoredox-catalyzed
indole arylation. Reaction conditions: NiClz-glyme (0.01 mmol), 4,4"-di-tert-butyl-
2,2'dipyridine (dtbbpy, 0.015 mmol), [Ir(dtbbpy)(ppy)2]PFs (0.002 mmol), KsPO4
(0.4 mmol), aryl bromide 2 (0.4 mmol), 1H-indole 1a (0.2 mmol), and 1 mL of
DMF, 40 °C, 24 h. All reported values are yields of the isolated products. [a] 48
h reaction time. [b] Aryl bromide 2 (0.6 mmol).

To better assess the generality of this reaction, unsubstituted 1H-
indole (1a) was chosen as the substrate for investigating the aryl
bromide scope (Figure 3). Once again, despite the presence of
the unfunctionalized nucleophilic C3-position, perfect selectivity
for the N-functionalization and high product yields were obtained.
Substrates bearing ethers, thioethers, esters, and nitriles were
tolerated (3u, 3v, 3a, and 3p, respectively). Additionally, no
reactivity was observed when aryl chlorides were used. This
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allowed us to use aryl bromides bearing chlorine atoms with no
chloride loss detected (3r). Lastly, pyridine and pyrimidine
heterocycles, which are often found in commercial drugs,®! were
also suitable coupling partners (3y-3aa).

To our surprise, and in contrast to most Ni-catalyzed arylation
reactions,'® the electronics of the aryl halide had very little effect
on the reaction yield, with high yields achieved for both electron-
rich and electron-poor substrates after 24 hours of reaction time
(3a, 3p-3v)."% This is in stark contrast to the 7 days of reaction
time required for the arylation of amides with electron-rich aryl
bromides like 1-bromo-4-methoxybenzene.® Intrigued by this
unusual, yet desirable behavior, an in-depth study of the oxidative
addition step was conducted and will be described later in the
manuscript.

In contrast to the limited effect of aryl electronics on the reaction
yield, sterically hindered aryl bromides (3ab) were found to have
a substantial influence on reactivity. These substrates displayed
low conversions and yields, and, unlike for our prior work with
amide arylation,® longer reaction times did not lead to higher
yields.

At the outset of our investigation, it was expected that analogous
reactivity to the Ni-photoredox amide arylation recently reported
by our lab would be observed. However, during our scope and
optimization studies, several surprising differences were
observed relative to our prior amide arylation chemistry.[6¢ 6el
These different reactivity patterns suggested to us that, despite
the similar reaction conditions and substrate pKa values,! a
different mechanism may be operative in each system.
Specifically, during the indole arylation optimization the Ni loading
exhibited an activity “sweet spot” at 5 mol%, with higher and lower
loadings leading to reduced yields. In contrast, for amide arylation
both 10 and 20 mol% of Ni gave similar product yields and
outperformed reactions carried out with 5 mol% Ni or lower.
Additionally, aryl bromide electronics had little effect on indole
arylation, and substantial inhibition of reactivity was seen for
sterically hindered substrates (Figure 3). These observations
again differ from the reactivity displayed by amides, where long
reaction times (up to 7 days) were required for electron-rich and
sterically hindered aryl bromides, but high yields were attainable
after these prolonged reactions.!®!

These intriguing observations prompted us to pursue mechanistic
studies. To avoid possible side reactions which can be facilitated
by the reactivity of soluble organic bases,?! the optimized reaction
conditions were not modified for the mechanistic studies. The
heterogeneity of the system thus impeded the calculation of
accurate quantum yields. Despite this complexity, we
hypothesized that we could leverage our experience in kinetic
measurements of photochemical systems to interrogate the
reaction mechanism.[® To ensure that different kinetic runs can
be reliably compared to each other, all kinetic runs were
performed by carrying out two side-by-side reactions. One
reaction was kept constant with the optimized conditions, while
the other contained the variations in the reaction conditions that
were being studied. Additionally, every measurement on every
plot was performed the same day and using the same stock
solutions. This way, every set of reactions can be compared, and



the system reproducibility is tested every run against the model
reaction kinetics. Finally, all the measurements were repeated on
a different day with fresh stock solutions.

Ph
Ni source (1-20 mol%)
Pho o dtbbpy (1.5-30 mol%) @
©\/\g . \©\ [Ir(ppy)2(dibbpy)IPFe (1 mol%) N
KsPO, (2 eq.), DMF
N COzMe blue LED
15eq 1eq
CO,Me
a) Kinetic profiles for different Ni loadings
100
o Ni(ll) 20%
g0 ONi(l) 10% °
oNi(ll) 5% °
— oNi(ll) 2.5% °
o
£ 60 o) 1% 8 °
3 ° o
s 4
> 40 g ° °
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802 o
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0 10 20 30 40 50 60
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b) Kinetic profiles for different Ni sources
100
oNi(ll) 5%
oNi(ll) 2.5% + Ni(0) 2.5%
80 °
®Ni(0) 5% 9 o
£ 60 S
T
s
>
40 °
[ ]
[ ] [ ]
20 oo ®
8° o
0e®00ee o °
0 10 20 30 40 50 60

Time (min)
Figure 4. (a) Effect of Ni concentration on reaction rate. (b) Effect of different Ni
pre-catalysts on reaction rate. Reaction conditions: NiCl2-glyme (0.002 to 0.04
mmol) or Ni(COD)2 (0.005 to 0.01 mmol), 4,4'-di-tert-butyl-2,2'-dipyridine
(dtbbpy, 0.003 to 0.06 mmol), [Ir(dtbbpy)(ppy)2]PFes (0.002 mmol), KsPO4 (0.4
mmol), methyl 4-bromobenzoate (0.2 mmol), 3-phenylindole (0.3 mmol), and 1

mL of DMF. All yields were determined in duplicate by '"H NMR analysis.

We began by investigating the effect of the Ni pre-catalyst and
loading on the reaction rate. Mirroring the behavior observed for
the final reaction yield, the reaction rate increased as NiCl2-glyme
loading was increased from 1 mol% to 5 mol% (blue points, Figure
4a), but higher loadings led to slower rates (red points, Figure 4a).
This behavior contrasted with the kinetic profiles measured for our
amide arylation system, where zero order dependence on Ni and
an extended induction period were observed.®® To better
understand the differences between this reaction mechanism and
the amide arylation, which we had expected to have identical
mechanisms, we then decided to compare the reactivity of
different pre-catalysts. We were especially intrigued about the
kinetics for a Ni(0) pre-catalyst, which was optimal for the amide
arylation protocol, providing fast kinetics with no induction period.

We first tested if (dtbbpy)Ni(COD) was a suitable pre-catalyst for
indole arylation and observed a 29% vyield of the arylated indole
after 24 h. Under these conditions, the reaction kinetics showed a

WILEY . vcH

marked induction period (Figure 4b, red points). It should be noted
that the procedure used here was identical to that used when
studying the amide arylation system. This suggests that
displacement of the COD ligand is not likely to be responsible for
the sluggish kinetics observed for indole arylation.

Finally, a mix of these Ni(ll) and Ni(0) complexes was tested as
the pre-catalyst. This mixture has been shown to quickly generate
Ni(l) in situ,®l and displayed an induction period and slow kinetics
when used in the amide arylation chemistry. As shown by the
green circles (Figure 4b), a different behavior from that measured
for the amide chemistry was once again observed. In this case,
an overlap between the Ni(ll) and the Ni(ll) + Ni(0) mixture was
observed.

Taken together, these experiments indicate that a Ni(0/1I/111) cycle
is not prevalent for this system and suggest that a Ni(l/lll) cycle is
predominant for this chemistry. Specifically, a Ni(0/Il/1l) cycle, as
identified for amide arylation,® would present faster kinetics
when Ni(0) is used as the pre-catalyst, and the Ni(ll) + Ni(0)
mixture would be expected to render slower kinetics than the
reactions carried out with Ni(0) alone. Finally, the “sweet spot”
behavior measured for different Ni loadings has been also
observed in other photoredox Ni(l)-catalyzed reactions where
higher quantum yields were observed at lower Ni loadings.!> 1" 14
The lower reactivity at high Ni loadings has been attributed to
faster formation of off-cycle Ni(ll) and Ni(0) species via
comproportionation and disproportionation events between Ni(l)
and Ni(lll) intermediates. As a result, these side reactions have a
quadratic dependence on Ni concentration.

Finally, the reaction rate was found to have no dependence on
the photocatalyst and indole concentrations (see Sl, Figures S6
and S7). Other than Ni loading, only the aryl bromide
concentration had an effect on the reaction rate, displaying
saturation kinetics (see Sl, Figures S8 to S9), which suggests a
turnover-limiting oxidative addition step.

To further probe the possibility of a Ni(l/lll) cycle, we tested if the
indole could play a dual role as a coupling partner and as the
terminal reductant for the Ir photocatalyst.®! Stern-Volmer
quenching experiments demonstrated that indoles are indeed
able to participate in both cycles and serve as the reductant for
the photocatalyst (see Sl for details). Other pathways for
accessing Ni(l) though photolysis of Ni(ll) intermediates have
been demonstrated via stoichiometric studies of related
systems.? %1 |t is hypothesized that these are likely to also be
operative, such that multiple mechanisms for the generation of
Ni(l) are concurrent under our reaction conditions. This study has
not focused on better understanding the specific nature of this
initiation step given the extensive literature on this subject, along
with the fact that photocatalyst concentration was found not to
influence the reaction rate. Although the heterogeneity of the
system precluded us from performing quantum yield
measurements, kinetic studies revealed a small but positive effect
of the light intensity that is consistent with a radical chain reaction.

With this information in hand, and based on previous studies for
other C—heteroatom Ni-photoredox reactions,'® 3 14 1501 the
preliminary mechanism depicted in Figure 5 became our working
hypothesis to further study the system. The formation of the key



Ni(lll) intermediate B, thought to be responsible for the C—N bond
formation, is proposed to be accessed from Ni(l) intermediate A.
Under our reaction conditions, X would be a chloride in the first
turnover and a bromide thereafter. At this stage, two different
pathways from A to C can be proposed: Pathway A, where
oxidative addition precedes ligand exchange and intermediate B
is formed, and Pathway B, where first the indole coordinates to
the Ni(l) complex and intermediate D undergoes oxidative
addition.

Pathway A: ... cn
: N Ar—Br
H H 2
' N v
i 3 Al turnover
"""""" limiting
fast RE PR S e .
i[N\(O) & Ni(In:
N LA oifeycle” I Ar
CN/’}II\N N NI\Br
X X
) >;/ )
Base-H®Bre
Pathway B: T
@ ' """" \ G
NN
.3 A
fast RE R B .
i[Ni(0) & Ni(ll)]:
W aAr "SI oTTT
Ceni<y
X

Base—H® Bre

limiting 2
Figure 5. General schemes for the proposed Ni(l/lll) mechanisms and possible

order of oxidative addition (OA) and ligand exchange.

The kinetic data presented up to this point is consistent with both
pathways, where either the oxidative addition A - B or D —» C
would be the turnover-limiting step of the reaction. While
differentiating between these two options has not been thoroughly
studied within the realm of Ni-photoredox catalysis, Pathway A
has been proposed for most C—heteroatom couplings.® 65 9. 14. 161
However, it was unclear to us why indoles would preferentially
react via a Ni(l/lll) cycle and amides would not, since product
formation results in the common intermediate A in both cases,
which would undergo rate-limiting oxidative addition analogously.
On the other hand, the generation of intermediates which bear the
nucleophile prior to oxidative addition, analogous to D, are rarely
invoked. Intermediates analogous to D have only been proposed
in the arylation of amines and thiols with aryl iodides.["" It should
be noted that these reactions are proposed to undergo a different
mechanism, where a heteroatom-centered radical is trapped by a
Ni(l)complex and intermediate D is access though reduction of a
Ni(ll) complex. Given the high instability of the indole radical, if
this previously proposed mechanism were operative under our
reaction conditions, it would require a high concentration of the
Ni(l) complex to enable the trapping. This is inconsistent with our
in-situ EPR studies, which show no Ni(l) signal.

5
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Although Pathway B is, to our knowledge, unprecedented for Ni-
photoredox C—heteroatom couplings, the coordination of the
indole prior to oxidative addition has been observed in other Cu-
catalyzed C—N couplings.''®l Thus we wondered if the formation
of intermediate D was the key step that triggers the switch in
mechanism for indoles. It would be expected that the more
electron-rich complex D would undergo faster oxidative addition
into the aryl bromide compared to complex A.["®l Additionally, the
steric environment around the Ni center in D may slow down
undesired comproportionation pathways and can explain the
diminished reactivity observed with sterically encumbered
substrates. It should be noted that the coordination of
nitrogenated substrates to Ni(l) complexes prior to oxidative
addition has been reported by Matsubara using NHC ligands.#!
Intriguingly, the synthesis of a NHC Ni(l) complex bearing an
indole ligand was described, but when using this different ligand
system reactivity was only observed under stoichiometric
conditions and no product formation was detected under the
optimized catalytic conditions.?l This highlights the different
reactivities that are observed for Ni depending on the ancillary

ligand.
R
NiCly-glyme (5 mol%) A\
dtbbpy (7.5 mol%) N

[Ir(ppy)2(dtbbpy)]PF¢ (1 mol%)

a) Hammett plot for different indoles
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Figure 6. (a) Effect of indole electronics on the reaction rate. (b) Effect of aryl
bromide electronics on reaction rate. Reaction conditions: NiCl2-glyme (0.01
mmol), 4,4'-di-tert-butyl-2,2'-dipyridine (dtbbpy, 0.015
Ir[(dtbbpy)(ppy)2]PFs (0.002 mmol), KsPO4 (0.4 mmol), aryl bromide (0.2 mmol),
indole (0.3 mmol), and 1 mL of DMF. All yields were determined by 'H NMR

analysis.

mmol),

To differentiate between Pathways A and B, we studied the effect
of the indole electronics on the reaction rate. If Pathway B is



operative, the absence of the indole concentration from the rate
law would be due to saturation kinetics and faster rates would be
expected when more electron-rich indoles are used due to the
faster rate of oxidative addition (D — C). Alternatively, if Pathway
A is operative, varying the indole electronics would not be
expected to impact the reaction rate, as indole enters the cycle
after the turnover-limiting step. It should be noted that, although
the indole is involved in two different steps, it would not be
expected that changes in the indole electronic properties would
influence the overall rate by changing the photocatalyst
quenching rate. This is because the order in photocatalyst is zero,
and the indole is used in a large excess with respect to the
photocatalyst.

The reaction rates of a series of indoles bearing different
substituents in the C5-position were measured. As shown in
Figure 6a, a clear correlation between the indole electronics and
the reaction rate was observed, supporting the involvement of the
indole at or before the turnover-limiting step. Additionally, the
effect of the aryl bromide electronics on the reaction rate was also
measured, and a positive slope was observed (Figure 6b). This is
in line with previous Ni-catalyzed oxidative addition Hammett
studies.["3

Figure 5 summarizes the findings of our mechanistic studies,
where the Ni(l/lll) cycle in Pathway B is proposed for generating
the arylated indole products. Indole coordination prior to oxidative
addition is supported by the Hammett studies depicted in Figure
6a and provides a rationale as to why the reaction scope tolerates
a range of electronic profiles in the aryl bromide partner but is very
sensitive to steric bulk. Upon the formation of D, a turnover-
limiting oxidative addition is proposed to render Ni(lll)
intermediate C. A fast reductive elimination (RE) from this highly
reactive intermediate yields the product and regenerates Ni(l)
intermediate A%l At this stage, a competing direct oxidative
addition from A to enable product formation via Pathway A (Figure
5) cannot be definitively discarded. However, the distinct effect of
the indole electronics on the reaction rate suggests that formation
of D prior to oxidative addition is the dominant pathway.

Finally, the slower kinetics observed for Ni loadings higher than 5
mol% are consistent with competing side reactions that have
second order dependence on Ni and yield off-cycle Ni complexes
(blue arrows, Figure 5). This behavior has also been observed in
other Ni(l/lll) catalytic cycles and is attributed to
comproportionation and disproportionation events between the
Ni(l) and Ni(lll) intermediates. Indeed, when aliquots of the
reaction were analyzed by EPR spectroscopy, no signal was
detected, suggesting that a large portion of Ni is sequestered off-
cycle. Lastly, as shown in previous studies!® &9 14161 gnd in line
with our Stern-Volmer quenching experiments, the necessity for
constant light irradiation (Sl S13 and S5, respectively) is attributed
to the photochemically mediated reduction of Ni(ll) off-cycle
species back into the catalytic cycle.

Conclusion

In summary, the development of a Ni-photoredox protocol for
indole N-arylation is described. The substrate scope includes a
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large variety of examples where the potentially reactive indole C3-
position is unprotected and base-sensitive substrates are used.
Additionally, mechanistic studies revealed a Ni(l/lll) mechanism,
where a Ni(l) intermediate bearing the indole nucleophile as a
ligand is formed prior to oxidative addition. This mechanistic
manifold contrasts with both the Ni(l/lll) mechanism proposed for
Ni-catalyzed amine, thiol, and alcohol arylation, where Ni(l) halide
(A) is proposed to directly undergo oxidative addition, 3 6 9 14, 16]
and the Ni(0/11/11l) cycle identified under analogous conditions for
amide arylation reactions. 5% ¢l

It is hypothesized that the rate of ligand exchange to form
intermediate D, together with its ability to facilitate oxidative
addition, are key factors for favoring the mechanism depicted in
Pathway B (Figure 5). At this stage, the generality of this
mechanism is unclear, as are the specific features of the nitrogen
coupling partner that favor it. However, we believe that this
manifold may not be restricted to only indole nucleophiles, and
further studies to discern the underlying features of the
heteroatom coupling partner that govern these mechanistic
divergences are currently ongoing in our laboratory. We anticipate
that the findings of this paper will help inform future catalyst
development for carbon—heteroatom bond formation by
highlighting the potential influence of X-type donors on the Ni(l)
oxidative addition rate.

Experimental Section

General procedure for indole N-arylation: An oven-dried 10 mL
Schlenk tube was charged with a magnetic stir bar and capped
with a ground glass stopper. The reaction vessel was evacuated
and refilled with nitrogen gas. Solid reagents were added to the
Schlenk tube via paper cone under a constant flow of nitrogen gas.
The vessel was charged with [Ir(dtbbpy)(ppy)2]PF6 (1.8 mg,
0.002 mmol), NiCI2-glyme (2.2 mg, 0.01 mmol), 4,4’-di-tert-butyl-
2,2’-dipyridyl (4.0 mg, 0.015 mmol), indole 1 (0.2 mmol), aryl
bromide 2 (0.2 mmol), and K3P0O4 (84.9 mg, 0.4 mmol). After
addition of the solids, the reaction vessel was evacuated and
refiled with nitrogen gas three times. 1.0 mL of
dimethylformamide, obtained from an SPS solvent system, was
added to the reaction vessel under constant efflux of nitrogen gas.
For liquid substrates, the liquid was added to the reaction flask
after the addition of the solvent, still under constant nitrogen flow.
The ground glass stopper was coated in vacuum grease before
sealing the reaction vessel, and the stopper was subsequently
wrapped in parafilm. The reaction vessel was placed 1 inch in
front of a 427 nm Kessil LED lamp while being submerged in a
temperature-controlled water bath in a crystallizing dish held at a
constant 40 °C. After 3 hours, a second equivalent of aryl bromide
2 (0.2 mmol) was added to the reaction vessel. The Schlenk flask
was subsequently resealed and then placed back in front of the
lamp for the remaining reaction time.

Upon completion, the reaction mixture was filtered through a pad
of celite using dichloromethane or ethyl acetate. The crude filtrate
was concentrated in vacuo and adsorbed onto a small amount of
silica. This material was loaded dry onto a chromatography
column and the arylated indole product was isolated.
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