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Divergent Coupling of Benzocyclobutenones with Indoles via C—H and

C—C Activations

Hong Lu", Tian-Tian Zhao", Jin-Hua Bai, Dan Ye, Peng-Fei Xu, and Hao Wei*

Abstract: Highly selective divergent coupling reactions of
benzocyclobutenones and indoles, in which the chemoselectiv-
ity is controlled by catalysts, are reported herein. The substrates
undergo C2(indole)—C8(benzocyclobutenone) coupling to
produce benzylated indoles and benzo[b]carbazoles in the
Ni- and Ru-catalyzed reactions. A completely different selec-
tivity pattern C2(indole)-C2(benzocyclobutenone) coupling to
form arylated indoles is observed in the Rh-catalyzed reaction.
Preliminary mechanistic studies suggest C—H and C—C
activations in the reaction pathway. Synthetic utility of this
protocol is demonstrated by the selective synthesis of three
different types of carbazoles from the representative products.

M etal-catalyzed C—C bond activation has recently received
considerable attention as it provides unique opportunities to
develop effective and atom-economical strategies for con-
structing interesting molecular skeletons.!!! Molecules with
highly strained rings, such as benzocyclobutenones are well-
recognized entities for C—C bond activation.” Although ring-
opening, ring expansion and cycloadditions of benzocyclobu-
tenone have been reported,”’ there has been no report on
combined C—H and C—C bond activations in the presence of
transition metal catalysts using benzocyclobutenone as the
coupling partner.

This prospect led us to consider benzocyclobutenone as
a substrate for the intermolecular coupling through C—H and
C—C bond activations. In contrast to the established metal-
catalyzed C—H, C—O, and C—N bond activations, the metal
insertion into a C—C bond via oxidative addition forms two
reactive M—C bonds. Controlling the selectivity of the two M—
C bonds is a primary challenge in the development of
coupling reactions via C—C bond activation (Figure 1A).
Figure 1B shows that C—H activation leads to intermediate
A, which is capable of undergoing transformation via two
distinct pathways for the subsequent C—C activation in
benzocyclobutenone 1. Path A leads to the formation
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intermediate B which undergoes reductive elimination to
form C1'(Ar')-C8(benzocyclobutenone) coupling products.
Path B leads to the formation of C1'(Ar')-C1(benzocyclobu-
tenone) or C1'(Ar')-C2(benzocyclobutenone) coupling prod-
ucts through intermediate C. This scenario highlights an
inherent challenge in C—C activation chemistry-controlling
the selectivity when both sides of the C—C bond to be cleaved
are susceptible to reaction.™ It is also well established that
acyl metal complexes can undergo reversible CO de-insertion
reactions. Therefore, the competition between decarbonyla-
tion and no-decarbonylation is another challenge for devel-
oping this process.F!
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Figure 1. Divergent coupling of benzocyclobutenone.
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Developing tunable reactions that allow to achieve the
desirable chemoselectivity under controlled experimental
conditions is one of the ultimate goals in organic synthesis.
Among the different strategies in this field, catalyst-con-
trolled methods have been found to be effective for achieving
this goal.l’! Therefore, we expect that the intricate selectivity
in this divergent system can be tuned by a careful choice of the
metal catalyst. If successful, these reactions might not only be
novel examples of intermolecular C—H/C—C bond coupling,
but also be an important additional reaction for the trans-
formation of benzocyclobutenone, thus enabling benzocyclo-
butenone to act as a versatile synthon for coupling reactions.
Herein, we report the selective coupling of benzocyclobute-
nones and indoles by switching the coupling mode using
different metal catalysts (Figure 1C). In particular, the three
types of compounds synthesized, namely, benzylated
indoles,”! benzo[b]carbazoles,® and arylated indoles,”! are
known to exhibit biological activities (Figure 2).

Our initial investigation focused on optimizing the
reaction conditions for the coupling of la with N-(2-
pyrimidyl)indole 2a. Decarbonylative coupling in the pres-
ence of Ni(cod), and PCy; in 1,4-dioxane, gave benzylated
indole 3a in 68 % yield (Table 1, entry 1), as confirmed by X-
ray crystallography (3k). Formation of 3a suggested the
existence of intermediate B (Figure 1) and the feasibility of
Path A. This excellent selectivity encouraged us to optimize
the conditions further.'""? A series of phosphine ligands were
examined (Table 1, entries 2-4). To our delight, desired
product 3a was obtained with excellent selectivity with all
the ligands; dppp was found to be the most efficient ligand
(Table 1, entry 3). Screening of various solvents suggested
that 1,4-dioxane was better than the other solvents (Table 1,
entries 5-6).

When the Ni catalyst was replaced with Rus(CO)y,,
benzo[b]carbazole 4a was formed. The molecular structure
of this compound suggested that it is formed through Path A
(Figure 1); it is also consistent with C1-C8 bond cleavage of
benzocyclobutenone. The selectivity of 4a was further con-
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Figure 2. Biologically active benzylated indoles, benzo[b]carbazoles
and arylated indoles.
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Table 1: Optimization of C2(indole)—C8 (benzocyclobutenone) cou-

pling®
(}
, Pym o PYm

Catalyst
Ligand
Additive

dioxane, 140 °C

OMe
O A\
i N
\
pym
1a 2a

Entry Catalyst Ligand Yield® [9]
3a 4a
1 Ni(cod), PCy, 68 <5
2 Ni(cod), PPh, 72 -
3 Ni(cod), dppp 80 -
4 Ni(cod), dppb 67 <5
54 Ni(cod), dppp 72 -
61 Ni(cod), dppp 30 <5
7 Ru,(CO)s, PPh, - 32
8 Ru3(CO)y dppp - -
9 Ru;(CO);, Ph,P(O)H - 54
10 Ru;(CO);, Me,P(O)H - -
11 Ru;(CO);, (2-naphyl),P(O)H - 48
12 Ru, (CO)s, Ph,P(O)H - 78
13 C0,(CO), Ph,P(O)H - 12
A
P Q—Q\M (/‘KQ 0/04\\") /{l\"
<ﬂ—§/£\'i”{<’ Xﬂ»(/ /;\éj\? P
A )

X ray structure of 3k X ray structure of 4a

[a] Conditions: With [Ni], 1a (0.2 mmol), 2a (0.1 mmol), Ni(cod),
(0.01 mmol), ligand (0.02 mmol) in dioxane at 140°C. With [Ru], 1a
(0.2 mmol), 2a (0.1 mmol), Ru;(CO);, (0.003 mmol), ligand

(0.006 mmol) in dioxane at 140°C. [b] Yield of isolated products.

[c] Toluene was used as solvent. [d] PhCl was used as solvent. [e] ZnCl,
(0.02 mmol) was added.

firmed by single-crystal X-ray analysis. Since this unexpected
reactivity provided a new synthetic route to benzo-
[b]carbazole, we screened various readily available ligands
to improve the yield of 4a (Table 1, entries 8-11). Use of
Ph,P(O)H gave even better results.'!! In addition, ZnCl, was
compatible with this reaction, and a high yield was obtained
(Table 1, entry 12). It was interesting to find that cobalt
complexes, such as Co,(CO);, also afforded the desired
product 4a, albeit in a low yield (entry 13).

With the optimized conditions for the synthesis of 3a and
4a in hand, other metal salts were screened in an attempt to
obtain the products through Path B. However, no reactivity
was observed using Ag, Cu or Pd salts."" To our delight, we
found that Rh-catalysts could switch the selectivity between
the two coupling pathways. Rh(PPh;);Cl and dppb was found
to be the best (Table 2, entry 1). Next, we screened various
readily available phosphine ligands to improve the efficiency
of 5a formation, and dppb still proved to the best (Table 2,
entries 2-4). Addition of AgTFA further improved the yield
of 5a (Table 2, entries 5-7)."”! Further optimization revealed
that the temperature has an obvious influence on the yield,
but no impact on the selectivity, as the same with the
observation in Ni and Ru catalyzed conditions."”
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Table 2: Optimization of C2(indole)—C2 (benzocyclobutenone) cou-
pling.®!

OMe Rh(PPh3);Cl (10 mol%) oMe

o N—t_asive (15 mols
. y itive (15 mol%) O A\ O -
N

R Na,COj3 (1.0 equiv)
Py

dioxane, 150 °C pymMe
1a 2a 5a
Entry Ligand Additive Yield® [%]
5a 3a

1 dppb - 54 -
2 dppp - <5 -
3 dppf - 27 -
4 dppe - <5 -
5 dppb AgTFA 85 _
6 dppb AgSbF, 34 -
7 dppb AgPFg 50 8

[a] Conditions: Ta (0.2 mmol), 2a (0.1 mmol), Na,CO; (0.1 mmol),
Rh(PPh;);Cl (0.01 mmol), ligand (0.02 mmol), additive (0.015 mmol) in
dioxane at 150°C. [b] Yield of isolated products.

Next, the substrate scope of Ni catalysis was examined.
Table 3 shows that reactants with electron donating and
electron withdrawing substituents at the 3-, 4-, 5-, and 6-
positions of indole were compatible (3b-3Kk) in this reaction.
Although Ni catalysts facilitate the decarbonylation of
aldehydes and esters,® under our conditions, aldehydes (3¢
and 3h) and esters (3i, 31, 3m and 3n) did not compete with
the decarbonylation. Various benzocyclobutenone substrates
with different steric properties gave good to moderate yields
(31-30). Notably, no benzo[b]carbazoles 4 and arylated
indoles 5 were observed in all cases.

Substrate scope of the Ru-catalyzed coupling is summar-
ized in Table 3. A unique selectivity was also observed under
Ru-catalyzed conditions, giving benzo[b]carbazoles 4 as the
only product. Substrates bearing various groups at 4-, 5-, and
6-positions were well tolerated and gave the corresponding
benzo[b]carbazoles in good to moderate yields (4b—4h),
indicating a broad substrate scope. Benzocyclobutenone
bearing various substituents were also examined; the elec-
tronic nature and position of the substituents seemed to have
no obvious influence on this reaction (4i-4k). The reaction
could also be extended to a pyrrole substrate, and 41 was
generated as the sole product.

Scope of the Rh-catalyzed synthesis was also evaluated.
Recently, C—H arylation has received significant attention as
an effective synthetic route to arylated indoles."*'> However,
there are very few methods for the synthesis of di-ortho,
ortho“ substituted arylated indoles by C—H arylation. Table 3
shows that the optimized conditions can be applied to the
synthesis of a range of sterically hindered arylated indoles.
The electronic nature and position of the substituents on
indole did not have any remarkable effect on the efficiency of
the reaction (5a-5i). Common functional groups, such as
ether (5c¢), fluoride (5d), chloride (5e), cyanide (5f), and
ester (5g), remained intact under the reaction conditions,
highlighting the versatility of the transformation. The sub-
strate derived from pyrrole was also compatible (5mn).
Compared to the unique selectivity of Ni- and Ru-catalyzed

Angew. Chem. 2020, 132, 23743 —23749
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conditions, hindered benzocyclobutenone gave the product
5k with small amount of benzylated indole in 8 % yield.

To gain insights into the reaction mechanism, we synthe-
sized deuterated substrate d-2a and subjected it to the
standard conditions (Scheme 1A). Initially, substrate d-2a
was reacted under the standard conditions for Ni catalysis,
leading to deuterium incorporation on the phenyl group of d-
3a. On the other hand, complete deuterium transfer from the
C2-position of indole to the methyl group of d-5a was
observed in the Rh-catalyzed reaction. However, no deute-
rium incorporation was detected in the product formed in the
Ru-catalyzed reaction. These results are consistent with our
proposed reaction pathways.

Furthermore, the reaction of 2a with stoichiometric
Rh(PPh;);Cl was investigated (Scheme 1B). C—H bond
cleavage occurred smoothly to generate complex M1, which
was characterized by X-ray analysis. As a catalyst precursor,
M1 could successfully catalyze the coupling to afford product
5a in 68 % yield. Mixing of Ru;(CO),,, Ph,P(O)H and 2a
generated complex M2. The structure of M2 was also
confirmed by X-ray analysis. This complex was also found
to be catalytically active for the coupling of benzocyclobute-
none, giving yields comparable to those obtained using
Ru;(CO),,. We also attempted but failed to isolate a nickel-
cycle intermediate M3. Fortunately, this Ni" hydride species
was detected by ESI-TOF, indicating that C—H activation was
likely to follow.

Next, a set of control experiments were performed to
investigate the mechanism (Scheme 1 C). It was found that no
decarbonylation occurred using aldehyde 6a as the substrate
in the Ni-catalyzed reaction. However, a spontaneous cycli-
zation of aldehyde 6a was observed at room temperature,
yielding benzo[b]carbazole 8 as product. These observations
rule out the possibility of aldehydes being the precursor of
decarbonylation in the Ni-catalyzed reaction, although the
aldehyde is likely a reactive species in the Ru-catalyzed
reaction. Next, ketone 9 was examined in the Rh-catalyzed
reaction. No-decarbonylation occurred, suggesting that
a ketone is not the reactive intermediate, and intermediate
C (Figure 1) is a more probable precursor of decarbonylation.

Often, useful information about reaction intermediates
can be obtained from the analysis of byproducts. Decarbon-
ylative coupling in the presence of [Rh(cod)OH], and BINAP
in toluene, a byproduct, ketone 9, was isolated and charac-
terized. The presence of this ketone is consistent with C1-C8
bond cleavage of benzocyclobutenone, with C being the
possible intermediate (Scheme 1D). In addition, intermolec-
ular kinetic isotope effects of ky/kp=1.05, 1.12 and 1.11
between 2a and d-2a in parallel reactions in the Ni- Ru-, and
Rh- catalyzed reactions were observed, respectively, suggest-
ing that C—H cleavage might not be the rate-limiting step
(Scheme 1E).

Based on our mechanistic studies, we propose a plausible
mechanism (Scheme 2). Initially, coordination of the directing
group in 2a to the metal catalysts precedes the C—H
activation, generating five-membered metal cycle species 1-
INT1 and 2-INT1. After this step, the mechanism of C—C
bond activation may diverge depending on the selectivity of
the catalysts. Ni and Ru catalysts lead to intermediate 1-INT2.
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Table 3: Substrate scope.”!
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Ni(cod), (10 mol%)
dppp (20 mol%)

Rh(PPh3)sCl (10 mol%)
dppb (20 mol%)
—_ AJTFAI5 mol%) rnol%
N32003 (1.0 equiv)
dioxane, 150 °C

dioxane, 140 °C

3
@j m Ru3(CO)1, (3 mol%) HO
bym

PhoP(O)H (6 mol%)
2 2ZnCl3 (20 mol%)

dioxane, 140 °C

pym
4
Ni
MeOQ, MeO, MeQ, MeOQ, MeQ,
- g d oo () O O
MeO
0 0 Co PN Ph
N N N N N
\ \ \ A \
pym pym pym pym pym
3a, 80% 3b, 90% 3c, 83% 3d, 83% 3e, 88%
MeOQ, MeOQ, MeO, MeOQ, MeQ,
O O o O s O O
o 0 o 0 o
: i " i M
pym pym pym pym pym
3f, 76% 39, 90% 3h, 64% 3i, 79% 3j, 81%
MeQ, BnO 'PrQ MeO, MeQ,
O o O s O o 0 w @
0 o 0 Ly Ly o
PPN ¥ i i N
pym pym pym pym pym
3k, 67% 3l, 88% 3m, 69% 3n, 67% 30, 88%
Ru lysi
MeO, MeO, MeQ, MeO, MeO, MeO,
Me
) Ers s e e 0 e 0 oo
® L O 0 ® ®
N N N N N N
\ \ \ \ \
pym m pym pym pym pym
4a, 78% 4b, 76% 4c, 67% 4d, 80% 4e, 80% 4, 73%
MeO, MeO, MeO, MeO, Pro,
= D = K0 =
O O O O O O OMe O O cl O O
M7 N PN N\ N\ N
pym m pym pym pym
49, 78% 4h, 82% 4i, 68% 4j, 70% 4K, 67% 41, 67%
Rh -
ID
OMe Me OMe OMe / OMe
MeO. l\
D D D= SR o
N N N - =X . N
pymMe pymMe pymMe l\,(}b ;)ymMe OMe
5a, 85% 5b, 82% 5¢c, 78% X-ray structure of 5¢ 5d, 61%
OMe OMe
cl NC MeO,C
L ) o~ O O OO0 O
N N N\
ym Me OMe ym Me OMe pymMe  OMe ym Me OMe pym Me
5e, 70% 5f, 72% 5g, 68% 5h, 79% 5i, 68%
QlPr OMe OMe OMe OMe
00 ) =y Y o
N ¥ N N N
pymMe pymMe pymMe OMe pymMe pymMe OMe
5}, 75% 5k, 82% 51, 90% 5m, 73% 5n, 35%

[a] Conditions: With [N, 1 (0.2 mmol), 2

Rh(PPh;),C
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(0.1 mmol), Ni(cod), (0.01 mmol), dppp (0.02 mmol,) in dioxane at 140°C. With [Ru], 1 (0.2 mmol), 2
(0.1 mmol), Ru;(CO),, (0.003 mmol), PPh,P(O)H

(0.006 mmol), ZnCl, (0.02 mmol) in dioxane at 140°C. With [Rh], 1 (0.2 mmol), 2 (0.1 mmol),

| (0.01 mmol), dppb (0.02 mmol), AgTFA (0.015 mmol), Na,CO; (0.1 mmol) in dioxane at 150°C. [b] Yield of isolated products.
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Scheme 1. Mechanistic studies.

The Ni catalyst promotes decarbonylation and reductive
elimination, generating the product 3a. The Ru catalyst
promotes the reductive elimination from 1-INT2, generating
aldehyde 6b. The final cyclization produces benzo-
[b]carbazole 4a. Alternatively, Rh catalysis may generate
intermediate 2-INT2, whose subsequent decarbonylation and
reductive elimination furnishes product Sa.

Carbazoles are an important class of N-fused polyaro-
matic compounds, and such moieties found in many bioactive
molecules.'”! To highlight the synthetic utility of our strategy,
three different types of carbazoles were selectively synthe-
sized by derivatization of the representative products
(Scheme 3). Carbazole derivative 10a was obtained in
a high yield through annulation with 3a.l"! Treatment of 4a
with NaOEt gave N-H benzo[b]carbazole 10b, and an In-
catalyzed annulation afforded benzo[a]carbazole 10¢ from

Angew. Chem. 2020, 132, 23743 —23749
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A Deuterium labeling experiments C Control experiments
Ni(cod), (10 mol% O OMe ) Q
u(ppp)fz(o ol )") Ni(cod), (10 mol%)
N D dppp (20 mol%) A
dioxane, 140 °C N 64% D
[77% yield] \ ° : 5 N
pym dioxane, 140 °C X
OHC! iy Boc
d-3a [0% yield] 7
D 93% D HO,
Rh(PPh3)sCI (10 mol%) B -
dppb (20 mol%) without catalyst
94% D X 6a
mD + 1a AQTFA (15 mol%) || P ) dioxane, RT O -
N Na,COj3 (1.0 equiv) N
} OMe Boc
pym dioxane, 150 °C pym 8, 45% for two days
d-2a [78% yield] d-5a
Rh(PPhs)sCl (10 mol%)
. MeQ dppb (20 mol%)
Ru3(CO)12 (3 mol%) HO, N\ - AghTFA(15 mol%)
Ph,P(O)H (6 mol%) N A\
ZnCl, (20 mol%) O Ki0sBEs 10 N
m
dioxane, 140 °C O by 22603 e‘f,“'v) bym
[75% yield] dioxane, 150 °C 5i
bym [0% yield] j
4a | eeeecececceccccccccccce s e s e s e e s e s s s e
D Byproduct identification
) ) ! [Rh(cod)OH], (5 mol%) Q Me
B Detection of intermediates &6 o BINAP (12 mol%) \
& @‘?\3 ©:/I/ . AgSbFs (20 mol%) O N\ \e: ¥ ) O
: — pyridine (20 mol%) N o) \
ik OO ) SR T,
e NaOAc (3.0 equiv) N RhCl jj)%ﬁ\ 9, 8% 5, 38%
-4 -
2a DCM, rt SN PPhy oG
2.5 equi N ol W A\
(2.5 equiv) \§) i Ve } decarbonylation/ (R} direct reductive
;f‘}%’ — reductive elimination "5\ ; elimination .
M1 of... - i
¥4 cope: 2011852 N we
ot =
<
Gg N
Ru3(CO) 1 \ qo00 P _Rucox - et /\ i f c
(0.2mmol)  Ph,P(O)H (2.0 equiv) _H \ A O i O
+ —_— B‘f o\ Ru(CO)s ‘f:-*;\’z/‘l\/f S
2a hexane, 130 °C N O—p~ Rco &L N
(1.0 equiv) N\\) H ph, €0y, 1./ .S E KIE by parallel experiments
= o
M2 ceoc: 2011853 Ni(cod), (10 mol%)
dppp (20 mol%)
MeQ HD K. iko = 1.05
HO dioxane, 140 "C R0
oME M1 (10 mol%) , O
dppb (20 mol%) M2 (3 mol%) O
A AGTFA (15 mol%) ZnCl, (20 mol%) 3a/d 3a
-~ 2a + 1a
N Na,COj3 (1.0 equiv) dioxane, 140 °C N
\ " o ) Ru(CO)1, (3 mol%)
mMe dioxane, 150 °C [71% yield] pym =
pysa [68% yield] 4a Ph,P(O)H (6 mol%)
o
mwo . 1a —| ZCk@Omol%) KulKp =112
N\ dioxane, 140°C
pym
Ni(cod), A 2a/d-2a 43
(0.2 mmol) dppp (1.0 equiv) . Ni'dppp
+ _— N
2a dioxane, 130 °C Py H Rh(PPha)sCl (10 mol%)
(1.0 equiv) N \\) :p%g A(2105m0|‘|’{70/)
= |__AdTFAQS moi%) KulKo = 1.11
NazCO;, (1.0 equiv)
caled for [CagHasNaNiP,Na]: 688.1552 dioxane, 150 °C PymOMe
observed for: 688.1563 5a/d-5a

5j.18 Additionally, Luzindole derivatives could be synthe-
sized from 3a, which further demonstrated the synthetic
utility of our strategy.”"’

In conclusion, we have developed a catalyst-enabled
divergent coupling of benzocyclobutenones with indoles via
C—H/C—C activations. The divergent reactivity of benzocy-
clobutenone allows the facile synthesis of three types of
valuable indole derivatives. We believe that this unique
divergent coupling will not only aid in understanding the
behaviors of different metal catalysts in C—C bond cleavage
but also open pathways for the preparation of novel C—C
activation systems for the rapid construction of useful
products. In future, efforts will be made to understand the
origin of these unexpected selectivities and expand the
reaction scope to unstrained ketones.
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