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A mechanistically unique functionalization strategy for a benzylic C(sp®)—H bond has been developed based
on the facile oxidation event of indole substrates. This novel pathway was initiated by efficient radical
generation at the benzylic position of the substrate, with subsequent transition metal catalysis to
complete the overall transformation. Ultimately, an aryl or an acyl group could be effectively delivered

from an aryl (pseudo)halide or an acid anhydride coupling partner, respectively. The developed method
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based reaction counterparts. Mechanistic studies have shown that competitive hydrogen atom transfer

DOI: 10.1039/d0sc06666d (HAT) processes, which are frequently encountered in conventional methods, are not involved in the
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Introduction

The development of synthetic strategies that allow direct func-
tionalization of C-H bonds has received considerable attention
from organic chemists because such methods are cost-effective
and environmentally benign." Among the various modes of
hydrocarbon modification, the activation of benzylic C(sp®)-H
bonds is of increasing interest because of the abundance and
popularity of arene-based building blocks in organic synthesis.”
Recently, the scope of this transformation has been dramati-
cally expanded by the advent of transition metal catalysis
(Scheme 1a).* Despite significant advances in this area, major
challenges associated with reactivity and/or selectivity are
encountered regularly and remain an active target of
investigation.*

Recently emerging radical-based technologies for benzylic
C-H bond activation have contributed significantly to solving
many of these problems (Scheme 1b). The expeditious intro-
duction of benzylic radical intermediates to a metal center
allows for the efficient generation of metal alkyl species, form-
ing the foundation for subsequent functionalization.” Conven-
tionally, radical formation events at the benzylic position have
been realized by hydrogen atom transfer (HAT),® with recent
advances in photoredox catalysis (PC) having greatly broadened
the applicability of this method.” However, the HAT process
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product formation process of the developed strategy.

generally requires the use of a large excess of substrate due to its
insufficient reactivity. More importantly, selectivity problems
can arise in complicated systems, as the discrimination of C-H
bonds with comparable bond strength is difficult.® A potential
alternative to HAT towards selective functionalization of
a benzylic C-H bond is the employment of the sequential
electron transfer-proton transfer (ET/PT) activity of arenes.®
This process involves chemoselective one-electron oxidation
followed by deprotonation, and can preferentially generate
a benzylic radical on the periphery of the arene ring. Although
the ET/PT-based radical formation strategy has found a multi-
tude of applications for organic synthesis,'®"" a synergistical
merger with transition metal catalysis which can dramatically
broaden the scope of benzylic C-H bond functionalization is
underdeveloped.>*

Herein, we present the successful interfacing of the ET/PT-
driven indole-derived benzylic radical formation strategy with
a Ni-catalyzed cross-coupling reaction for the construction of
C(sp®)-C(sp®) bonds (Scheme 2a). This method exploits the
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Scheme 1 Strategies for benzylic C(sp®)—H functionalization.
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Scheme 2 Benzylic C(sp®)—H functionalization of indoles by dual
catalysis.

facile oxidation of indoles by photoredox catalysis,* and has
thus been applied to selective radical generation at the benzylic
position of the indole ring without the involvement of any HAT.
Eventually, a convenient preparation of indole derivatives con-
taining an aryl or an acyl group at the C-3 alkyl group, common
structural motifs with important bioactivity, could be realized
(Scheme 2b).

Table 1 Optimization of reaction conditions®

[ir] (1.0 mol%)
NiCl,-glyme (5.0 mol%)
Me L (7.5 mol%) O Ac
Br. DBU (1.0 equiv)
N L LiCl (1.5 equiv)
©EN$ \©\ DMA (0.050 M) O N
\ AC Blue LEDs, 16 h, 1t N
Me \
1a 2a Me 3aa

Entry Conditions Yield (%)
1 As shown 83 (76°/73%)
2 No photocatalyst N.D.
3 No light N.D.
4 No NiCl,-glyme N.D.
5 No DBU 10
6 No LiCl 54
7 With TEMPO (3.0 equiv.) N.D.
8 ArCl instead of ArBr 76
9 Arl instead of ArBr 16
107 ArOTf instead of ArBr 36

“ Reaction conditions: 1a (0.15 mmol), 2a (0.10 mmol), [Ir] (1.0 mol%),
NiCl,-glyme (5.0 mol%), L (7.5 mol%), DBU (0.10 mmol), LiCl (0.15
mmol), and DMA (0.050 M) irradiated with 34 W blue LEDs. Yields
were determined by "H NMR analysis using 1,1,2,2-tetrachloroethane
as an internal standard. ® The reaction was set up using standard
Schlenk technique on the benchtop. ¢ The reaction was carried out
under  ambient  conditions. ¢ without  LiCl. [Ir] =
Ir(dFCF;ppy),(dtbbpy)PFe. dtbbpy = 4,4’-di-tert-butyl-2,2'-bipyridine. L
= 1,10-phenanthroline. DMA = N,N-dimethylacetamide. TEMPO =
(2,2,6,6-tetramethylpiperidin-1-yl)oxyl. N.D. = not detected.
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Results and discussion

The reactivity of the combined catalytic systems was evaluated
using 1,3-dimethyl-1H-indole (1a) and p-bromoacetophenone
(2a) as substrates (Table 1).* In the presence of an Ir-based
photocatalyst, visible-light irradiation, and a NiCl,-glyme pre-
catalyst with a 1,10-phenanthroline ligand, the desired benzylic
arylation product (3aa) was formed in 83% yield (entry 1). The
reaction was set up with the aid of a glovebox for the optimal
results. However, it is noteworthy that the reactivity could be
preserved even when the reaction was set up outside of a glo-
vebox by using a standard Schlenk technique, or when the
reaction was run under air (76% and 73%, respectively). These
results demonstrate the robustness of the developed method. In
contrast to the HAT-based dual catalytic systems, the use of
excess radical precursor was not required, demonstrating the
efficiency of the transformation. Control experiments indicated
that the presence of both the photoredox system and the Ni
catalyst was crucial for successful reaction (entries 2-4). In
addition, the use of a non-nucleophilic organic base, viz. 1,8-
diazabicyclo[5.4.0Jundec-7-ene (DBU), and the incorporation of
LiCl additive were also important for optimum performance
(entries 5 and 6).'*" In agreement with the mechanistic
postulate involving radical generation, no arylation product was
detected when a radical scavenger was present (entry 7).'®
Finally, the reactivity could be extended to arylation with other
types of aryl (pseudo)halides, among which aryl bromides and
chlorides are the best substrates (entries 8-10).

The generality of the reaction was examined under opti-
mized conditions (Table 2A). Initially, the effect of varying the
N'-substituent was assessed. Although an unmasked 3-methyl
indole furnished the desired product in slightly reduced yield
(3ba), indole derivatives with a variety of N'-alkyl substituents
underwent the desired arylation smoothly (3aa, 3ca-3ea).
Importantly, the placement of Si-based substituents, groups
that can be conveniently removed after the targeted reaction,
did not affect reactivity (3fa and 3ga). However, the presence of
an electron-withdrawing group at N' reduced reactivity, indi-
cating the importance of the indole oxidation event (3ha and
3ia). Next, the substituent effects at other positions on the
indole skeleton were explored. Various electron-donating (3ja-
3na) and electron-withdrawing functional groups (30a-3ra) at
the C4-C8 positions of indole were found to be compatible with
the optimized conditions. Moreover, halogen substituents,
which can be utilized as handles for further functionalization
via cross-coupling reactions, were tolerated (3pa-3ra). The
sterically encumbered 2-(hetero)aryl indole derivatives could
also be arylated at the 3-methyl group in synthetically useful
yields (3sa-3ua). Finally, the protocol was applicable to the
arylation of a 2-methyl indole derivative (3va). It should be
noted that numerous functional groups that are highly
susceptible to HAT-based activation remained intact, indicating
the orthogonality of the discovered reactivity (3ca, 3ea, 3Kka,
3ma, 3ta, and 3xp). Substrates based on other types of hetero-
cycles, such as benzofuran, thiophene or pyrrole, were not

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Benzylic C(sp®)—H arylation of indoles by photoredox/nickel dual catalysis®

NiCl,-glyme (5.0 mol%)

[ir] (1.0 mol%)

Me L (7.5 mol%)
4 Br. DBU (1.0 equiv)
R5 \ Boin A LiCl (1.5 equiv)
U " * | P DMA (0.050 M)
7 1 Blue LEDs, 16 h, rt
R! 2

3la (R%=Me): 96%
3ja (R*=Me): 75% N
3ka (R*=OMe): 45% \

Me 3o0a (R°=CN): 61%
Cr

)
R
3ea: 53%
2

il B. (Hetero)aryl halide scope

3aa (R'=Me): 80%

3ca (R'=Bn): 71%

3da (R'=n-Bu): 92%

3fa (R'=TBS): 64%"°

3ga (R'=TIPS): 88%

3ha (R'=Boc): N.D.

3ia (R'=Ts): N.D. 0

3ba (R'=H): 36% Q
I
\

C. Bioactive molecule scope

A 3ap (R'=Me, R%=H): 58%
N
\

3aq: 76%¢
from fenofibrate
3xp (R'=Bn, R5=0Me): 50%¢

from amoxapine

N’[ Bu G/

3as: 86%9

O h
\

N )
Me  from bupropion ;vle zafirlukast

“ Reaction conditions: 1 (0.30 mmol), 2

3ma (R5=OMe): 80% R
3na (R®=NHBoc): 52%

3ab (R'=p-CO,Et): 80%
3ac (R'=p-CN): 79%

' 3ad (R'=p-CF3): 86%
3ae (R'=p-CHO): 35%¢
3af (R'=p-OMe): 29%“
3ag (R'=m-CF,): 60%¢
3ah (R=m-Me): 50%
3ai (R'= o-Me) 31%9

(0.20 mmol), [Ir] (1.0 mol%), NiCl, - glyme (5.0 mol%), L
DMA (0. 050 M) irradiated with 34 W blue LEDs. All yields are isolated yields.

N 3qa (R=6-F): 78%
\  3ra (R=7-Cl): 85%
Me

P ()
Me 3ta (R2=p-OMePh): 90% N

3sa (R?=Ph): 77%
3ua (R?=4-Py): 76%° Me 3va:41%

N N
\
Me Me Me
3aj: 50%¢ 3ak: 25%° 1 3al (X=CH): 74%*
i 3am (X=N): 87%¢
E‘o\]yo _N Boc |

3ar: 43%°
from loratadine

N\ 5 @GN\ /
o__N
Cf D
0 N
3wn: 20%° " Me

3wm: 35%° "

(7.5 mol%), DBU (0.20 mmol), LiCl (0.30 mmol), and
18% of the desilylated product was obtained during the course of the

reaction. ¢ The reaction was performed with 1,2,3,5-tetrakis(carbazol-9-yl)-4,6-dicyanobenzene (4CzIPN) instead of [Ir] for 23 h. ¢ 4,4'-dimethoxy-
2,2'-bipyridine instead of L. ® The reaction was conducted at 53 °C./ The corresponding vinyl trlﬂate was used as substrate. ¢ NiCl,-glyme

(10 0 mol%), 4,4’-dimethoxy-2,2"-bipyridine (15.0 mol%), DMA (0.033 M), and ArCl instead of ArBr.
4,4'-di-tert-butyl-2,2"-bipyridine. L = 1,10-phenanthroline. DMA = N,N-

and DMA (0.033 M). [Ir] = Ir(dFCF;ppy),(dtbbpy)PFs. dtbbpy =
dimethylacetamide. N.D. = not detected.

suitable substrates for the transformation due to the inefficient
oxidation process.**

Subsequently, the extent of the aryl (pseudo)halide coupling
partners was investigated (Table 2B). Although highly electron-
rich or sterically congested aryl halides underwent the targeted
transformation with somewhat reduced productivity, a wide
range of electron-neutral and electron-deficient arenes could be
successfully used with minor modifications to the reaction
conditions (3ab-3ai). In addition, coupling counterparts
derived from an extended 7-system (3aj), an alkenyl group (3ak),
or heterocycles (3al-3a0) were also viable substrates.

The strength of the developed strategy was further illustrated
by applying this method to the preparation of derivatives of
bioactive molecules (Table 2C). Commercial drug molecules,
containing a C-halogen bond, could be successfully employed
as an aryl donor, demonstrating the robustness of the protocol
(3ap-3as, 3xp). In addition, a novel synthetic pathway could be
devised for the preparation of the complex drug molecule
zafirlukast, which enabled late-stage unification of two parts of
comparable complexity (3wt).” Indeed, this strategy could be
extended further to the facile preparation of zafirlukast deriva-
tives using readily available aryl halides (3wm-3wn).

© 2021 The Author(s). Published by the Royal Society of Chemistry

Nlcl2 glyme (10.0 mol%), L (15.0 mol%),

We then examined the mechanistic aspects of the trans-
formation to investigate the potential involvement of HAT
processes based on the generation of halogen radicals. First, the
contribution of metal halide additive (i.e., LiCl) was examined
by a Giese addition experiment (Scheme 3A).° When the radical
generation was attempted in the presence of a radical acceptor,
the efficiency of the addition process was not affected by the
presence of LiCl. Also, a fluorescence quenching study of the
reaction system showed that LiCl is not the major electron
transfer partner of the photocatalyst.** Thus, it was concluded
that LiCl was not involved in radical formation. Second, the
possibility of the Ni-halide complex initiating radical formation
was analyzed (Scheme 3B).”>?? Upon exposure to the indole
substrate and the photoredox system, an independently
prepared Ni(u) aryl halide complex ([Ni]-1) failed to deliver the
expected arylation product (3ad). This result indicated that
potential radical generation via HAT from the Ni complex did
not lead to the desired pathway of product formation.

Further insight could be gained from the dependence of the
reaction outcome on the electronic nature of the substrates
(Scheme 3C). Under the standard conditions, an electron-
deficient indole substrate (1h), in stark contrast to the case of

Chem. Sci., 2021, 12, 4119-4125 | 4121
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A. Control experiment for HAT process — LiCl

O - A, B

(1.2 equiv)

o
[ir] (1.0 mol%)
DBU (1.0 equiv)

6aa
Blue LEDs 16h, 1t N 46% (without LiCI)

T DMA(OOSOM)
1a Ve Me 48% (with LiCl)

C. Evidence for ET/PT - Stern-Volmer relationship

Standard
conditions

(see Table 2)

Scheme 3 Mechanistic studies.

an electron-rich substrate (1a), showed virtually no reactivity
towards arylation. In case a HAT process is operating,
a comparable product yield should be observed, since the cross-
coupling step is not significantly sensitive to the electronic
properties of the arene substrate.” Therefore, it is concluded
that a HAT-driven radical generation is not predominantly
involved in the overall transformation. This hypothesis was
corroborated by a Stern-Volmer analysis of the indole
substrates. The strong correlation between product yield and
degree of fluorescence quenching suggested the involvement of
the ET/PT-based process.

Based on the assembled information, a plausible catalytic
cycle was proposed (Fig. 1). Initially, visible-light irradiation of
the [Ir™] photocatalyst generates a potent excited-state oxidant
[r™)* (L4 = +1.25 Vvs. Ag/AgCl in MeCN), which can oxidize
the indole 1a (Eox = +1.00 V vs. Ag/AgCl in MeCN). The resulting
radical cation (I) can be rapidly deprotonated to form the key
benzylic radical intermediate (II). At this point, two possible
downstream sequences of the radical intermediate to engage
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Fig. 1 Proposed reaction mechanism.
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B. Control experiment for HAT process — Ni complex
CFsy
MeO— =~ [1]] (1.0 equiv)
P N"w”Niw"‘B’ LiCl (20 equiv)
a ——
=~N" Sar DMA (0.025 M) A\
MeO— = Blue LEDs, 16 h, 1t N
[NiJ-1 (Ar=p-CF3Ph) \r. 3ad:N.D.

Me

10
L]

3aa: 80% 6 -

4 »

2 ® 1h, k=3.53x1
0
0 0.008 0.01 0.018 0.02

Concentration of 1 (M)

0 mist

3ha: 0%.
0.02%

the Ni-based catalytic cycle were considered.”* In the path A,
radical II can be intercepted by the ligand-bound Ni° species
(ImI) to generate an alkyl-Ni intermediate (IV), which in turn can
afford a Ni'" complex (V) via oxidative addition with an aryl
halide. In the alternative route (path B), the radical addition is
taking place to a Ni"" intermediate (VII), which is formed by
direct oxidative addition of ligand-bound Ni° species (III). Our
mechanistic experiment suggests that a Ni"" complex, such as
VII, is unlikely to be involved in the catalytic cycle: an inde-
pendently prepared Ni" oxidative addition complex ([Ni]-1
Scheme 3B) does not provide any of the desired cross-coupling
product under the radical-generating conditions.”® Further-
more, it has been shown that the Ni%/Ni'/Ni"™ pathway (path A)
is energetically more favored over the Ni%/Ni'/Ni"™" pathway
(path B) in related systems.*® Therefore, path B was excluded
from further considerations. Finally, subsequent reductive
elimination from the Ni"™" complex (V) should furnish the
desired product and a Ni'-Br species (VI, Eyeqg = —1.10 V vs. Ag/
AgCl in DMF)?” which after single electron transfer by [It"] (E;cq
= —1.32 V vs. Ag/AgCl in MeCN) will resume the dual catalytic
cycle.

The developed reactivity could be further extended to the Ni-
catalyzed acylation reaction using a symmetric acid anhydride
as the acyl source (Table 3).>® Under slightly modified condi-
tions involving the photocatalytic system, a Ni source, a biden-
tate ligand, and an inorganic base, N-alkyl indole derivatives
underwent facile acylation reactions at the benzylic position.*
The strictly halide-free conditions further supported the
involvement of the ET/PT process instead of HAT during radical
generation. Acyl groups based on a variety of alkyl (5ca-5cd),
aryl (5ce and 5cf), and alkenyl (5¢cg) groups were successfully
installed. Analogously to the arylation reaction, synthetically
useful yields could be obtained without the use of a glovebox
when the standard Schlenk technique was applied or even when
the reaction was carried out under ambient conditions (93%
and 76% yield for 5cb, respectively). Moreover, the addition of
an aryl substituent at the C2 position, which can pose signifi-
cant steric congestion at the reaction center, did not affect
reaction efficiency (5sb). Interestingly, a 3-ethyl indole deriva-
tive also underwent a facile acylation, furnishing a methine
moiety at C3 (5yb). Furthermore, substrates containing

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Benzylic C(sp®)-H acylation of indoles by photoredox/nickel
dual catalysis”

[ir] (1.0 mol%)

3 3
(HR Ni(cod), (5.0 mol%) (HR
dtbbpy (7.0 mol%) .
o 9 K,COj (1.5 equi R
2CO; (1.5 equiv)
Norey + NN N—reH
(H) R” o7 R DMF (0.050 M) ()
N Blue LEDs, 16 h, rt N
1 R 4 5 R'
o o) o)
. @ @
5ca (R'=Me): 84%" O O
) 5cb (R'=Et): 99% D 3
N sce (R=i-Pr): 99% N N
Bn 5cd (R'=n-Pent): 91% Bn 5ce: 73% Bn 5cf: 56%

@ 2 Me, 2 BocHN, 2
= " Et Et Et
e
A\ N ph A\ A\
N N N N
\ \ \ \

5cg: 77% Bn 5sb: 99% Me 5yb: 84% Bn 5zb: 98% Bn

o : o} :

N\ : 36% :
) ; Me O :

Et Et Bt Et |

A\ \ 3 N e A\ |

N N 3 N N

5zab: 93% Bn 5zbb: 73% Bn

¢ Reaction conditions: 1 (0.20 mmol), 4 (0.24 mmol), [Ir] (1.0 mol%),
Ni(cod), (5.0 mol%), dtbbpy (7.0 mol%), K,CO; (0.30 mmol), and
DMF (0.050 M) irradiated with 34 W blue LEDs. All yields are isolated
yields. © The reaction was conducted in the absence of K,CO;. [Ir] =
Ir(dFCF;ppy),(dtbbpy)PFe. dtbbpy = 4,4’-di-tert-butyl-2,2'-bipyridine.
DMF = N,N-dimethylformamide.

a heteroatom-based substituent (5zb) or an allyl group (5zab)
exhibited excellent reactivities towards the acylation reaction,
demonstrating the pronounced robustness and chemo-
selectivity of the developed method, respectively.*® The protocol
was also applied to the acylation of a 2-methyl indole derivative
(5zbb). Finally, when multiple positions were available for
acylation, a mixture of regioisomeric products was obtained
(5zcb).**

Conclusions

In conclusion, a novel benzylic C(sp’)-H functionalization
method for indoles, introducing C(sp’)-based functional
groups, has been developed. This process is an outcome of the
unprecedented combination of Ni catalysis and ET/PT-driven
radical generation under photoredox conditions. The reaction
exhibited extremely high efficiency under mild conditions, and
was therefore applicable to the preparation of a wide range of
indole products including complex drug molecule derivatives.
Based on mechanistic investigations, it is evident that
a conventionally employed HAT process was not involved in
product formation. Rather, only the ET/PT process functioned
as the major pathway. This distinct mechanistic pathway
provides remarkable selectivity towards the activation of indole-
derived benzylic C-H bonds over others. It is believed that the
underdeveloped orchestration of ET/PT-controlled radical
generation and other types of transition metal catalysis should
provide a mild, robust, and efficient activation strategy for inert
benzylic C(sp®)-H bonds. Moreover, the scope of the

© 2021 The Author(s). Published by the Royal Society of Chemistry
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applicability should be expanded to other settings with the
development of more efficient and selective arene oxidation
protocols.
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