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ABSTRACT: Nickel-photochemical C(sp2)−heteroatom coupling
reactions have emerged as a powerful tool for constructing diverse
molecular architectures. However, most existing methods rely on
expensive photocatalysts or specialized ligands, limiting their
practicality and scalability. Here, we introduce a photocatalytic
initiation strategy driven by inexpensive indoles, eliminating the
need for designer photocatalysts. Additionally, we demonstrate the
effectiveness of highly tunable secondary amine ligands in
facilitating coupling while suppressing side reactions that sequester
the Ni catalyst off-cycle. Our approach enables a broad range of
amination and etherification reactions with good yields and
functional group tolerance, providing a scalable platform for C−N and C−O couplings that relies on a readily available
photocatalyst and cost-effective, modular ligands. Finally, mechanistic investigations suggest that the reaction operates via an
unconventional aryl radical-initiated Ni(I/III) catalytic cycle, distinguishing it from traditional Ni-photoredox processes. This
initiation mode, in which aryl radicals are generated under mild conditions compatible with organometallic catalysis, is expected to
serve as a generalizable platform for other synthetic transformations beyond Ni-catalyzed processes.
KEYWORDS: nickel, cross-coupling, photoredox catalysis, visible light, amine, alcohol

■ INTRODUCTION
Since the initial reports of Ni-photochemical aryl heteroatom
couplings,1 the field has rapidly expanded to accommodate a
variety of nucleophiles, establishing itself as a valuable strategy
for constructing these ubiquitous moieties.2 Compared to
traditional thermal approaches, Ni-photochemical methods
typically offer broader functional group tolerance due to their
mild reaction conditions and the use of softer bases. However,
they still require relatively high catalyst loadings compared to
state-of-the-art Pd-, Cu-, or even Ni-catalyzed processes, along
with relatively expensive photocatalysts (PC).3 As this Ni-
photoredox field matured, the community has focused on
circumventing the need for expensive organometallic photo-
catalysts.2,4

Central to these approaches is accessing a Ni(III)
intermediate (C) that is prone to undergo fast C-heteroatom
reductive elimination (RE) at room temperature.5 Most
reactions are facilitated by the mechanism depicted in Figure
1a and vary in the nature of the reductant used to reduce off-
cycle Ni(II) species�often the resting state�back to active
catalytic intermediates.2c,6 Organic PCs7 and chemical
reductants8 have been used as greener alternatives to
organometallic PCs. However, these strategies still rely on
designer PCs or present scale-up challenges due to system
heterogeneity. The Baran group has also reported the use of

specialized electrochemical cells as a viable alternative (Figure
1b).9

A more direct approach involves using UV light to photolyze
off-cycle Ni(II) species, simplifying the system but at the cost
of reduced functional group compatibility (Figure 1c).10 To
enable similar reactivity under visible-light irradiation, Li and
Pieber have developed decorated bipyridine ligands which
allow for the Ni complexes to absorb in the visible region.11

Similarly, Xue has reported the use of a specialized Ni(0)
complex to afford this reactivity with red-light irradiation.12

Although these precedents were significant advances, they still
require designer catalysts. Unfortunately, as Doyle demon-
strated in 2020, the more readily available Ni(COD)2
precatalyst exhibits a limited substrate scope.13 Another viable
strategy that avoids the use of PCs entirely involves using
activated electrophiles, such as aryl thianthrenium salts,14

which require additional synthetic steps, or aryl iodides,15
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which are less widely available than their bromide or chloride
counterparts.

Notably, the majority of these methods employ bipyridine-
based ligands, which have a limited structural diversity. The
use of alternative scaffolds have been explored by Na and
Mirica16 and Khusnutdinova,17 though these methodologies
are currently more limited in substrate scope. Similarly,
conditions with no added ligand remain restricted to specific
subsets of amination reactions.1a,8b

In this paper, we address two major limitations: (i) the
reliance on bipyridine-based ligands, which offer limited
modularity; and (ii) the use of expensive Ir photocatalysts.
We overcome these challenges by introducing the use of highly
tunable secondary amine ligands and developing a new
photocatalytic initiation driven by inexpensive indoles.

While investigating a Ni/Ir dual-catalyzed indole arylation
reaction,18 we observed that trace amounts of the indole N-
arylated product could still be accessed in the absence of Ir.
Building upon this finding, we discovered that readily
accessible heterocycles, such as N,3-dimethylindole, could
replace the costly Ir photocatalyst and enable a variety of
C(sp2)−heteroatom couplings. Furthermore, preliminary
mechanistic studies revealed that indole photoinitiation
operates via a rare activation pathway involving the generation
of aryl radicals.

A key factor in enabling our arylation chemistry for a broad
range of nucleophiles was the identification of secondary
amines as suitable ligands. Concurrently with our work, König
reported a Ni-photoredox strategy where tert-butylamine was
identified as the optimal ligand for enabling C−O and C−N
arylation with 4CzIPN as the organic PC.19 However, the
influence of this ligand class on the reaction mechanism was
not explored. Here, we present data that highlight why amines
may be privileged scaffolds for Ni(I/III) cycles. These amines
are proposed to provide an optimal balance of steric hindrance
to suppress side reactions while being sufficiently electron-rich
to promote turnover-limiting oxidative addition (OA).

■ RESULTS AND DISCUSSION
The coupling between cyclohexylamine (1a) and methyl 4-
bromobenzoate (2a) was chosen as a model system for initial

optimization of our nucleophile arylation protocol (Table 1).
During optimization studies, NiBr2·glyme was identified as the

optimal Ni source. Notably, irreproducible results were
obtained from batch to batch, likely due to the highly
hygroscopic nature of this Ni salt, even when stored in a
desiccator. Careful control of the water content was necessary
to obtain reproducible results. Storage of the Ni precatalyst in a
N2-filled glovebox, together with the addition of 2.5 mol% of
water, led to the best results (see Table S1 for more details).

The use of a stoichiometric base was observed to increase
the reaction yield presumably by preventing protonation of the
amine substrate. Mild organic bases were targeted to identify a
homogeneous system that facilitates reproducibility and scale
up20 while maintaining a large functional group tolerance.
Cost-effective 2,6-lutidine was found to be optimal for this
coupling reaction. To our initial surprise, the presence of
substoichiometric amounts of triethylamine also led to a yield
increase (entries 1 and 2). Lower yields were obtained when
triethylamine was used as the sole stoichiometric base (Table
S2). The role of the tertiary amine will be revisited later in the
manuscript. Finally, the specific stoichiometry, concentration,
and temperature parameters were optimized with the help of a
Bayesian optimization tool developed by the Doyle lab (entry
1).21

Without light or N,3-dimethylindole, no coupling product
(3a) was detected, and the starting materials (1a and 2a) were
fully recovered (entries 3 and 4). When Ni was excluded from
the reaction conditions, we again saw no coupling product, but
in this case, aryl bromide 2a had been reduced to the
corresponding proto-debrominated arene (methyl benzoate;
see Figure 4a) in high yields (entry 5). Subsequent control
experiments revealed that this debromination reaction requires
both N,3-dimethylindole and light. The mechanism for the
formation of a protonated arene and its relevance for the
heteroatom arylation reaction will be discussed in detail in the
mechanistic investigation section of this paper.

During the reaction optimization, no amine arylation was
detected when methanol was used as the solvent. Instead,
complete conversion to the methanol arylation product was
observed. Intrigued by this result, we explored whether this
reactivity could be extended to other oxygenated nucleophiles.
However, directly applying the reaction conditions optimized

Figure 1. General mechanism and precedents for Ir-free Ni(I/III)
amine and alcohol arylations.

Table 1. Optimized Conditions and Control Experimentsa

entry other variations yield of 3a remaining ArBr (2a)

1 none 79% 21%
2 no NEt3 64% 36%
3 no light not detected 100%
4 no N,3-dimethylindole not detected 100%
5 no NiBr2 glyme not detected 5% (95% ArH)

aReaction conditions: NiBr2 glyme (0.01 mmol), N,3-dimethylindole
(0.02 mmol), 1a (0.4 mmol), 2a (0.2 mmol), 2,6-lutidine (0.4 mmol),
triethylamine (0.02 mmol), H2O (0.005 mmol), and 0.5 mL of DMF.
The solution was irradiated with a 427 nm LED and stirred at 30 °C
for 24 h. All yields were determined by 1H NMR using 1,3,5-
trimethoxybenzene as an internal standard.
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for cyclohexylamine (1a) resulted in no reaction when
methanol was used as the substrate.

We hypothesized that the lack of reactivity was due to the
absence of a ligand. The addition of the commonly used 4,4′-
di-tert-butyl-2,2′-dipyridyl (dtbbpy) ligand also failed to
promote the reaction. Given that methanol exhibited reactivity
in the presence of 1a, we then tested a mixture of equimolar
amounts of 1a and methanol with DMF as the solvent. Under
these conditions, both arylation products were observed in
62% and 14% yields for the alcohol arylation and amine
arylation, respectively.

Encouraged by this finding, we screened other amines that
could potentially act as ligands while coupling at a slower rate.
Ultimately, we identified that N-methylcyclohexylamine (Me-
(Cy)NH) affords optimal reactivity. During the scope
exploration, it was observed that the addition of Me(Cy)NH
to the reaction conditions greatly increased the reactivity of
most substrates (Figure 2).19 In contrast, no effect on the

reaction yield was observed when Me(Cy)NH was added to
highly nucleophilic substrates (Figure 3), likely due to
competing Ni coordination being more pronounced for highly
nucleophilic amines. Kinetic data will be presented to further
rationalize the effect of the Me(Cy)NH additive on the
reaction mechanism.

The scope exploration, depicted in Figure 3, demonstrates
the broad applicability of the reaction conditions. A variety of
primary amines successfully yielded the desired products, with
both alkyl and benzyl amines being well tolerated (3a−3e).
Notably, more challenging α-secondary (3a and 3e) and
sterically encumbered (3b) substrates were not only
compatible but also afforded higher yields compared to
simpler linear amines (3c and 3d). The superior performance
of this approach with sterically encumbered substrates makes it
a valuable complementary strategy to other organometallic
methodologies. We believe this trend is rooted in the reaction
mechanism, which is discussed in the next section.

Unsurprisingly, highly nucleophilic cyclic secondary amines
were well suited for this transformation (3f−3i). Additionally,
less nucleophilic nitrogen-containing groups, such as anilines,

amides, and sulfonamides, also underwent arylation in good
yields when the reaction was moderately heated to 50 °C (3j−
3l).

A variety of alcohol nucleophiles were also well tolerated,
with both electron-rich and electron-poor primary alcohols
leading to high product yields (5a−5d). Cyclic and acyclic
secondary alcohols were also amenable to the reaction
conditions, albeit displaying more moderate yields of the
coupling products (5e−5h). Phenols exhibited excellent
reactivity, affording high yields, regardless of their electronic
properties (5i−5k). Finally, the successful use of water as a
nucleophile allowed access to phenol 5l, further showcasing
the versatility of this methodology.

The aryl bromide scope demonstrated consistently high
yields across a variety of electronic environments. Likely due to
the electron-rich nature of the ligand system, substrates that
are traditionally challenging in Ni-catalyzed cross-coupling
reactions, such as electron-rich aryl halides, led to high yields
in both heteroatom arylation reactions (3o−3r and 5o−5p,
respectively). Notably, even ortho-substituted aromatic rings
were well tolerated, as evidenced by the good yields obtained
for o-methyl and o-cyano arenes (3s and 3t).

However, limitations were observed with secondary acyclic
amines (similar to our ligand) and substrates containing
strongly coordinating groups (e.g., pyridines). Nevertheless,
the moderate temperature and mildly basic conditions allowed
for excellent functional group tolerance, enabling access to
elimination-prone 5h and the coupling of a highly reactive
styrene to yield 5p. Additionally, we tested the scalability of
this coupling protocol by running a 2 mmol scale reaction
using the same setup. The final product, 3f, was isolated in an
excellent 90% yield.

Next, we conducted a series of mechanistic experiments,
initially focusing on understanding the role of light and indole
in enabling this coupling reaction. Building on our initial
control experiments (Figure 2, entries 3−5), we aimed to
simplify the conditions to better understand the formation of
the debrominated arene (4). Once again, both light and indole
were found to be required to access this reactivity (Figure 4a,
entries 1 and 2). The reduction of electron-rich arenes was also
observed, albeit in a significantly lower yield (entry 3). And
finally, utilizing a stoichiometric amount of indole in the
absence of amines, the reduced arene (4) was still formed
(entry 5).

We first tested whether this light-induced reactivity was
driven by the formation of an electron donor−acceptor
complex or the direct excitation of the indole. No UV−vis
absorption spectral changes were observed for all possible
mixtures of the reaction components, discarding the possibility
of the formation of electron donor−acceptor complexes
(Figure S15). Subsequently, we tested if the direct excitation
of the indole (which absorbs at 427 nm) was enabling the aryl
halide reduction. Stern−Volmer studies using aryl bromide 2a
as the quencher were conducted. Quenching of the indole
emission was observed when irradiating at 420 nm (Figure
S17). We rationalized these results as potentially indicative of a
photoinduced electron transfer from the excited indole to the
aryl bromide that would lead to the formation of aryl radicals.
This reactivity is reminiscent of the Witkop cyclization, where
upon UV light excitation, indoles undergo single-electron
transfer to reduce α-halo carbonyls and render carbon-
centered radicals.22 However, in those reactions, the generated
radicals subsequently undergo intramolecular cyclization.

Figure 2. Product yield in the presence and absence of Me(Cy)NH.
Reaction conditions for nitrogen nucleophiles: NiBr2·glyme (0.01
mmol), Me(Cy)NH (0.4 or 0 mmol, as indicated), N,3-
dimethylindole (0.02 mmol), nitrogen nucleophile (0.4 mmol), 2a
(0.2 mmol), 2,6-lutidine (0.4 mmol), triethylamine (0.02 mmol),
H2O (0.005 mmol), and 0.5 mL of DMF. The solution was irradiated
with a 427 nm LED and stirred at 30 °C for 24 h. Reaction conditions
for oxygen nucleophiles: NiBr2·glyme (0.02 mmol), Me(Cy)NH (0.4
or 0 mmol, as indicated), N,3-dimethylindole (0.04 mmol), oxygen
nucleophile (0.6 mmol), 2a (0.2 mmol), H2O (0.005 mmol), and 0.5
mL of DMF. The solution was irradiated with a 427 nm LED and
stirred at 40 °C for 24 h. All yields were determined by 1H NMR
using 1,3,5-trimethoxybenzene as an internal standard.
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The formation of aryl radicals under our visible-light-
mediated conditions (Figure 4a, entry 1) was probed utilizing
spin trap 5 (Figure 4b). EPR analysis of the reaction crude
revealed the addition of a radical species to the spin trap. To
further corroborate aryl radical trapping to form 6, the same
trapping experiment was repeated utilizing a previously
reported photochemical procedure for generating this aryl
radical.23 The spectral data from both EPR experiments
matched (Figures S13 and S14), supporting the formation of
aryl radicals under these conditions.

With this information in hand, we hypothesized that upon
indole excitation electron transfer to the aryl bromide could
occur. Subsequent mesolysis of the reduced arene would
generate the aryl radical (Figure 4c). The oxidized indole is
also generated as a byproduct of this step; however, no
appreciable indole degradation is observed in either the Ni-
catalyzed reactions or the control experiments depicted in
entries 1 and 3 (Figure 4a).

To test if the amines, either the substrates or the
triethylamine additive, served as the terminal reductant for
regenerating the neutral indole, control experiments for the
aryl halide reduction in the absence of the amines were
conducted. In the absence of amines and with a catalytic
amount of indole, complete degradation of the indole was
observed together with no reduced arene formation (Figure 4a,
entry 4). When using stoichiometric amounts of N,3-dimethyl
indole, the dehalogenated product 4 was observed in a 24%
yield, with 46% of the starting indole remaining unreacted
(Figure 4a, entry 5). We were unsuccessful in characterizing
the degradation byproducts derived from indole, which are not
detected in the crude 1H NMR. These results suggest that the
indole radical cation may be reduced by the amines in solution,
thereby preventing indole degradation during the catalytic
cross-coupling reactions (Figure 4c). Triethylamine has a
milder oxidation potential than N,3-dimethylindole and the
amine substrates24 and is therefore proposed to act
preferentially as the terminal reductant.

Figure 3. Reaction scope for the indole-mediated Ni-photoredox heteroatom arylation reaction. Reaction conditions for nitrogen nucleophiles:
NiBr2·glyme (0.01 mmol), Me(Cy)NH (0.4 or 0 mmol, as indicated), N,3-dimethylindole (0.02 mmol), nitrogen nucleophile (0.4 mmol), 2a (0.2
mmol), 2,6-lutidine (0.4 mmol), triethylamine (0.02 mmol), H2O (0.005 mmol), and 0.5 mL of DMF. The solution was irradiated with a 427 nm
LED and stirred at 30 °C for 24 h. Reaction conditions for oxygen nucleophiles: NiBr2·glyme (0.02 mmol), Me(Cy)NH (0.4 mmol), N,3-
dimethylindole (0.04 mmol), oxygen nucleophile (0.6 mmol), 2a (0.2 mmol), H2O (0.005 mmol), and 0.5 mL of DMF. The solution was
irradiated with a 427 nm LED and stirred at 40 °C for 24 h. All yields refer to isolated product 3 or 5 after purification. aNo Me(Cy)NH was added.
bReaction carried out at 50 °C. cYields were determined by 1H NMR using 1,3,5-trimethoxybenzene as an internal standard. dDABCO was added
(0.2 mmol). e2-methylindole was used instead of N,3-dimethylindole. f48 h reaction.
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Most Ni-photoredox heteroatom arylation reactions have
been shown to be initiated by the reduction of Ni(II)
complexes.2c,6,18,25 A similar mechanism could be envisioned
to be operative under our catalytic conditions, where a
photoinduced electron transfer from indole may reduce the
Ni(II) complexes. Stern−Volmer quenching experiments were
not feasible to study this hypothesis given the strong
absorption of the Ni complexes across the indole excitation
region (Figures S15 and S16). This pathway was investigated
by EPR analysis of irradiated mixtures of N,3-dimethylindole
and NiBr2·glyme in the absence or presence of the amine
partners. No Ni(I) characteristic signals were observed by EPR
at 77 K in any of these trials. This suggests that the
photochemical steps may not be related to a direct reduction
of Ni(II) by excited indoles, which led us to consider
alternative pathways for the reduction of Ni(II) to Ni(I). We
wondered whether the previously discussed aryl radical
formation could be involved in this step. Ni(II) complexes
are known to readily trap radicals to yield intermediates that
quickly undergo reductive elimination (Figure 4c).6c,26

Specifically, Ni(III) complexes have been shown to undergo
reductive elimination of aryl halides to yield a Ni(I) halide
complex, which can then start catalysis.27

We envisioned that kinetic studies would help us decipher
whether the aryl radical formation can initiate Ni catalysis. For
a mechanism where the aryl bromide is involved only in the
cross-coupling catalytic cycle, a maximum of a first order with
respect to aryl bromide would be expected. In this case, no

more than one molecule of aryl bromide would be involved in
or prior to the turnover-limiting step. However, if the aryl
bromide is involved both in the Ni catalytic cycle (chain
propagation) and in Ni reduction (which serves as initiation to
the radical chain), one could envision measuring an order
larger than one with respect to the aryl bromide. Such a value
would implicate the involvement of the aryl bromide in
multiple stages of the mechanism.

Initial rate kinetic measurements revealed a greater than first
order dependence (order = 1.5) in aryl bromide (Figures S1
and S2). This is suggestive of its involvement in both the
initiation and catalytic cycles, which is not compatible with a
catalytic cycle where the aryl bromide is involved only in the
oxidative addition step. Indeed, one would expect a lesser
effect on the reaction rate when increasing the aryl bromide
concentration if the photoinduced electron transfer to Ni were
operative, as 2 would compete with Ni(II) for the photo-
induced electron transfer from indole. These kinetic data
therefore provide strong evidence to support the initiation
mechanism depicted in Figure 4c.

Besides this aryl bromide dependence, the rate law also
includes a fractional order with respect to both amine and N,3-
dimethylindole and a negative dependence in Ni (order =
−0.5). No rate changes were observed when varying the
concentration of the base, triethylamine, and water (Figures
S1−S10). Unlike the order in aryl bromide, the remainder of
the rate law could be compatible with either initiation
sequence.

To better understand the origins of the negative order with
respect to Ni, we investigated if this was also the case for the
reactions with added Me(Cy)NH. As shown in Figure 5, a
completely different kinetic behavior is observed for a reaction
containing the secondary amine additive, which now shows a
positive order (0.6) in Ni.

Deleterious effects of a high Ni loading in Ni-photoredox
C−heteroatom couplings have been previously reported. This
behavior has been consistently attributed to pervasive side
reactions that are bimolecular in Ni and lead to the formation
of off-cycle species. Specifically, comproportionation between
Ni(I) and Ni(III) species, as well as disproportionation or
dimerization of Ni(I) complexes, have been proposed as key
deactivation pathways.2c,6,18 In this context, we hypothesize
that the sterically encumbered nature of the amine used here
inhibits the formation of the bimetallic transition states
required for these off-cycle processes. The improved yields
observed for sterically hindered substrates (Figure 3) further
support this rationale.

As previously discussed, the large rate dependence (1.5
order) on aryl bromide supports the presence of a radical chain
mechanism. This is also in line with prior mechanistic studies
of Ni-photoredox C(sp2)−heteroatom coupling reac-
tions.2c,6,18,25 Resultingly, a Ni(I/III) catalytic cycle, initiated
by the formation of aryl radicals, is proposed (Figure 6).This
mechanistic manifold is also supported by the observed rate
order with respect to Ni. The productive catalytic cycle
(presumably first order in Ni) competes with undesired
pathways that are second order in Ni and lead to the formation
of off-cycle Ni(0), Ni(II), and/or bimetallic species (gray
arrows). This results in the increased sequestering of Ni off-
cycle at higher Ni loadings, which has been shown to lead to
orders lower than 1, and in some cases negative, with respect
to Ni.2c,6,25

Figure 4. Probing the aryl proto debromination mechanism. (a)
Reaction conditions: 2 (0.2 mmol), cyclohexylamine (0.4 mmol),
N,3-dimethylindole (0.02 mmol), triethylamine (0.02 mmol), and 0.5
mL of DMF. The solution was irradiated with a 427 nm LED and
stirred at 30 °C for 24 h. All yields were determined by 1H NMR
using 1,3,5-trimethoxybenzene as an internal standard. (b) Reaction
conditions: 2a (0.2 mmol), 5 (0.6 mmol), cyclohexylamine (0.2
mmol), N,3-dimethylindole (0.02 mmol), and 3 mL of C6H6. The
solution was irradiated with a 427 nm LED at room temperature for
24 h. The reaction crude was analyzed by EPR spectroscopy at room
temperature.
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The catalytic cycle starts with the formation of the Ni(I)
bromide complex B. Subsequent ligand exchange and turn-
over-limiting oxidative addition (Figure 6, D → C) yield the
key Ni(III) intermediate C. This is proposed to be the slow
step of the reaction, as the rate law includes amine, Ni, and aryl
bromide concentrations. It is hypothesized that Me(Cy)NH
was found to be the optimal additive because it serves as an
electron-rich ligand that can accelerate the rate-limiting
oxidative addition step while hampering bimetallic side
reactions (depicted in gray). Highly nucleophilic substrates

likely outcompete Me(Cy)NH for coordination to Ni, thereby
diminishing its contribution to the catalysis. Finally, stoichio-
metric experiments in related systems have demonstrated the
final reductive elimination step to be fast.5

■ CONCLUSION
In summary, we have developed a Ni-catalyzed C−N and C−
O coupling protocol that is mediated by visible light and
eliminates the need for costly designer photocatalysts or
ligands. This methodology accommodates a broad range of
coupling partners and exhibits complementary reactivity to
existing systems, achieving high yields, even for sterically
encumbered and electron-rich substrates. Key to this reactivity
was the discovery that indoles can facilitate these reactions
through light-driven aryl radical formation, a rare initiation
mechanism for activating Ni(II) off-cycle species. Here, the
indole photocatalyst operates by generating aryl radicals that
are trapped to funnel Ni(II) complexes back into the
productive Ni(I/III) cycle (Figure 6, purple arrows). The
data depicted in Figure 4 and the 1.5 order with respect to aryl
bromide strongly suggest that aryl radicals are formed under
these conditions and that they are relevant to the initiation
mechanism. Even electron-rich aryl halides were demonstrated
to be amenable to photoreduction to generate sufficient aryl
radicals for initiating high yielding coupling reactions (Figure
4a, entry 4). The compatibility of this indole-mediated aryl
radical formation manifold with organometallic catalysis is
expected to enable a broader range of synthetic methodologies
beyond Ni-mediated processes.

Finally, we have uncovered a divergence from the
mechanisms proposed in previous studies, where Ir photo-
catalysts are required to reduce off-cycle Ni(II) species.2c,6,25

We have also introduced the use of secondary amines as
optimal ligands for this Ni-photoredox process and presented
preliminary kinetic data highlighting their ability to suppress
undesired pathways that funnel Ni off-cycle. Rigorous
investigations into the speciation of amine-ligated Ni
complexes and photochemical studies of indole-mediated
electron transfer are ongoing efforts in our laboratory to
further understand this reactivity.

■ METHODS
In a N2-filled glovebox, NiBr2·glyme (31 mg, 0.1 mmol) was
added to a dram vial. The dram vial was then capped with a
PTFE/Silicone vial septum and electrical taped. After the dram
vial containing NiBr2·glyme was transported out of the
glovebox, a needle connected to a N2 gas flow was inserted
into the dram vial through the PTFE/Silicone septa to ensure
the vial was under positive N2 pressure. 5 mL of
dimethylformamide (DMF) from an SPS solvent system was
added into the dram vial. Subsequently, H2O (0.9 μL, 0.05
mmol) was added to the solution. 0.5 mL of this solution was
then added to an oven-dried 10 mL Schlenk tube charged with
a magnetic stir bar and capped with a ground glass stopper that
was kept under N2. This was followed by the addition of N,3-
dimethylindole (2.8 μL, 0.02 mmol), NEt3 (2.8 μL, 0.02
mmol), and 2,6-lutidine (46 μL, 0.4 mmol). The reaction
vessel was then allowed to stir for 5 min at room temperature
before the addition of aryl bromide (0.2 mmol) and amine (0.4
mmol). It must be noted that the order of addition is
imperative. Solid reagents were added to the Schlenk tube via a
paper cone while liquid reagents were added via a Hamilton

Figure 5. Effect of Ni loading on the reaction rate. Reaction
conditions: NiBr2·glyme (0.002−0.02 mmol), Me(Cy)NH (0.4 or 0
mmol, as indicated), N,3-dimethylindole (0.02 mmol), nitrogen
nucleophile 1 (0.4 mmol), 2a (0.2 mmol), 2,6-lutidine (0.4 mmol),
triethylamine (0.02 mmol), H2O (0.005 mmol), and 0.5 mL of DMF.
The solution was irradiated with a 427 nm LED and stirred for the
indicated time. Yields were determined by 1H NMR.

Figure 6. Proposed mechanism.
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syringe, both under a constant flow of N2 gas. 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 in. 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
temperature.

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 onto a
chromatography column, and the desired product was isolated.
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