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Rhodium-Catalyzed C—H Annulation of Nitrones with Alkynes:
A Regiospecific Route to Unsymmetrical 2,3-Diaryl-Substituted

Indoles**

Hao Yan, Haolong Wang, Xincheng Li, Xiaoyi Xin, Chunxiang Wang,* and Boshun Wan*

Abstract: The direct C—H annulation of anilines or related
compounds with internal alkynes provides straightforward
access to 2,3-disubstituted indole products. However, this
transformation proceeds with poor regioselectivity in the
synthesis of unsymmetrically 2,3-diaryl substituted indoles.
Herein, we report the rhodium(I11)-catalyzed C—H annulation
of nitrones with symmetrical diaryl alkynes as an alternative
method to prepare 2,3-diaryl-substituted N-unprotected
indoles with two different aryl groups. One of the aryl
substituents is derived from N=C-aryl ring of the nitrone and
the other from the alkyne substrate, thus providing the indole
products with exclusive regioselectivity.

Indole motifs are present in a wide variety of natural
products, pharmaceuticals, and agrochemicals.!l Conse-
quently, their preparation has drawn much attention, and
a number of useful methods have been reported for the
preparation of functionalized indoles.”” More recently,
transition-metal-catalyzed cross-dehydrogenative coupling
(CDC) reactions® as well as directing-group-assisted inter-
molecular C—H annulation”’ and other methods®'! have
emerged as powerful tools for their synthesis. Despite these
impressive advances, the synthesis of unsymmetrical 2,3-
diaryl-substituted indoles in a highly regioselective manner
remains challenging.

Well-established methods exist for the preparation
unsymmetrical 2,3-diaryl-substituted indoles from prefunc-
tionalized reactants or by multistep procedures.®™!"!l How-
ever, C—H functionalization has been demonstrated to be
a more versatile and efficient strategy for the synthesis of
heterocycles.'? For example, Yoshikai and co-workers!®!
reported a significant palladium-catalyzed intramolecular
CDC reaction of N-aryl imines prepared from simple anilines
and ketones (Scheme 1a) in which the regioselectivity could
be controlled perfectly by the ketone moiety. A more
intriguing method is the direct and atom-economical C—H
annulation of anilines (or anilides) with unsymmetrical diaryl
alkynes (Scheme 1b).l491 However, the control of regiose-
lectivity is still problematic in this type of annulation.
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Scheme 1. Synthesis of unsymmetrically 2,3-diaryl substituted indoles
by metal-catalyzed C—H annulation.

Previous studies revealed that electronic rather than steric
effects of the diaryl alkyne substituents had a dominant effect
on the regioselectivity.""] Therefore, it is difficult to predict
the regioselectivity with unsymmetrical diaryl alkynes,
although in some special cases excellent regioselectivity was
observed.™ In this context, the reaction with symmetrical
diaryl alkynes is more controllable. Recently, we observed
C—H activation of the N-aryl ring of nitrones by a Rh™
intermediate generated in situw.” In connection with the
challenges associated with the synthesis of unsymmetrically
2,3-diaryl substituted indoles, we envisioned that the C—H
annulation of nitrones with symmetrical diaryl alkynes under
Rh™ catalysis might provide a possibility to access indole
products (Scheme 1c). Nitrones for this reaction can be
prepared from readily available nitroarenes and aromatic
aldehydes.'""! The symmetrical alkyne acts as a one-carbon-
atom unit through carbon—carbon triple-bond cleavage!™ to
allow access to a broad range of unsymmetrical 2,3-diaryl-
substituted N-unprotected"® indoles with exclusive regiose-
lectivity. Herein, we report our preliminary results.

An initial study was carried out with nitrone 1a and
alkyne 2a as model substrates in the presence of a Rh™
catalyst.l”¥] Gratifyingly, the unsymmetrical 2,3-diaryl-substi-
tuted indole 3a was obtained in 43 % yield, along with 2,3-
diphenylindole (4a) and PhCHO as by-products (Table 1,
entry 1). The structure of 3a was confirmed unambiguously
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Table 1: Optimization of the reaction conditions.?!

KCp*RhClo},]
mAr mph

(2.5 mol%)
AngFe (10 mol%)

Cu(OAc - (2 equiv)

DCE (2 mL)
(Ar = 4-OMeCgHy) 2a 100 ec 12 3a 4a
1a (1.2 equiv) (0.25 mmol)
Entry Change from the standard 3a/4a" Yield of
conditions 3a [%]"
1 none 10:1 43
2 120°C 8:1 31
3 80°C 3.4:1 30
4 60°C 5:1 31
5 1 equivalent of Cu(OAc), 6.5:1 45
6 20 mol % of Cu(OAc), 1:1 30
71 DCE/THF (1:1) >25:1 53
8ld DCE/1,4-dioxane (1:1) >25:1 42
9l DCE/DME (1:1) >25:1 67
10 DCE/EDE (1:1) >25:1 76
111 DCE/EDE (1:4) >25:1 85 (81)
[a] Standard reaction conditions: 2a (0.25 mmol), 1a (0.3 mmol,

1.2 equiv), [{Cp*RhCl,},] (2.5 mol %), AgSbFs (10 mol %), Cu(OAc),

(2 equiv), DCE (2 mL), sealed tube, 100°C, 12 h. [b] The yield was
determined by GC analysis with naphthalene as an internal standard.
[c] The reaction was carried out with 1 equivalent of Cu(OAc),; solvents
were combined in the v/v ratio indicated. [d] The yield of the isolated
product is given in parentheses. Cp*=1,2,3,4,5-pentamethylcyclo-
pentadienyl, DCE=1,2-dichloroethane, DME = 1,2-dimethoxyethane,
EDE =1,2-diethoxyethane.

by X-ray crystal diffraction of its N-tosyl derivative (see the
Supporting Information). However, the result was not
improved by either increasing or lowering the reaction
temperature (Table 1, entries 2-4). Intriguingly, when
1 equivalent of Cu(OAc), was used, the yield of 3a was
improved to 45 % (Table 1, entry 5). A further decrease in the
amount of Cu(OAc), to 20 mol % afforded the two products
in 60 % combined yield (Table 1, entry 6). Unfortunately, the
amount of by-product 4a was also drastically increased. As
a mixed solvent proved to be crucial to reactivity in nitrone-
assisted C—H activation, we set out to evaluate the solvent
effect. To our delight, a 1:1 mixture of DCE and an ether
solvent efficiently promoted this reaction and almost com-
pletely inhibited the formation of 4a (Table 1, entries 7-10).
During further investigation of the components of the mixed
solvent, a 1:4 mixture of DCE and EDE gave the best result
(Table 1, entry 11).

The scope of the reaction with respect to both the nitrone
and the diaryl alkyne substrate was then explored under the
optimized reaction conditions (Scheme 2). Variation of the C-
aryl ring (Ar') of the nitrone was first examined. Substrates
with different substituents on the Ar' ring were converted
into the corresponding unsymmetrically 2,3-diaryl substituted
indoles 3a-f in good yields, regardless of the electronic and
steric effects of the substituents. Nitrones bearing 2-furyl and
2-thienyl groups were transformed into the desired products
3gand 3hin 71 and 63 % yield, respectively. Since only half of
the alkyne is regioselectively incorporated into the indole
ring, the use of unsymmetrical diaryl alkynes as coupling
partners is no longer necessary, thus avoiding the generation
of undesired regioisomers. Pleasingly, a variety of symmet-
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Scheme 2. Synthesis of unsymmetrically 2,3-diaryl substituted indoles.
Reactions were carried out on a 0.25 mmol scale. Yields of the isolated
products are given. [a] The yield in parentheses is for a reaction on

a 2.5 mmol scale.

rical diaryl alkynes containing electron-rich or electron-
deficient functional groups were well tolerated in this
reaction, and the desired products 3i-n were obtained in
good yields. Moreover, different combinations of electron-
withdrawing and electron-donating groups on the Ar' and Ar?
substituents also afforded the products (compounds 30-3t) in
good yields. In previous studies,"*%" reactions of unsym-
metrical diaryl alkynes with similar steric and electronic
characteristics commonly failed to provide pure regioisomers.
In contrast, our method enabled the regioselective prepara-
tion of structurally similar unsymmetrically 2,3-diaryl sub-
stituted indoles, for example, indoles 3a and 31, 3b and 3j, 3¢
and 3k, 3f and 3n, and 30 and 3p. Indoles bearing
substituents at the 5-, 6-, and 7-positions were also synthesized
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in good yields (products 3u-y), although a slightly lower yield
was observed in one case (product 3x). Significantly, the 2-
aryl-3-alkyl indole 3z was synthesized from the corresponding
dialkyl alkyne in 65 % yield.!'”!

We conducted a series of experiments to probe the
reaction mechanism (Scheme 3). When nitrone la was
subjected to the standard conditions in the presence of
CH;COOD but without reaction partner 2a, significant
deuterium scrambling was observed (Scheme 3a). However,
no H/D exchange was observed on the indole ring when the
same reaction was performed in the presence of 2a; instead
23% deuteration was observed at the positions meta to the
methoxy group. These results indicated an irreversible C-H
insertion step!™ on the indole ring under the reaction
conditions. Notable kinetic isotope effects (ku/kp=2.6-4.0)
were observed in the isotope-labeling experiments (Sche-
me 3b), thus suggesting that the C—H activation is probably
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involved in the rate-determining step."”! Additionally, the
treatment of an equimolar amount of nitrones 1u (4-Me) and
1w (4-CO,Et) with alkyne 2a (0.83 equiv) afforded the
corresponding products 3u and 3w in a 2.9:1 molar ratio
(Scheme 3c¢). The preferential formation of product 3u with
an electron-rich substituent demonstrates that the C-H
activation step might follow the electrophilic aromatic sub-
stitution pathway.!
To further understand the reaction process, we performed
a control experiment with a stoichiometric amount of the Rh
catalyst in the absence of Cu(OAc), (Scheme 3d). Interest-
ingly, by-product 4a was formed in 80 % yield, and no 3a was
detected.”!! Furthermore, a catalytic amount of Cu(OAc),
was sufficient to promote the reaction in moderate yield with
excellent selectivity (Scheme 3e). These results indicate that
the leading role of the Cu salt is probably to control the
selectivity and release the Rh catalyst from the product.??
Furthermore, when the reaction of 1a
with 2a was stopped after 1 h, the 3H-
indole derivative 5 was isolated in 85 %

(C-aryl) .
om D/H OMe yield (Scheme 3 f).
2 © Ph andard 9y Ph H/D A plausible mechanism based on the
H conditions  D/H / above results is proposed in Scheme 4.
v || Sondons, D S prop
N CH3;COOD Neo H/D\ N The five-membered rhodacycle inter-
Ph”+ 0 (1.5 equiv) - 25% D H H/D mediate A is first generated by C—H
1a 2a 5h HD | y AN bond activation of nitrone 1a, followed
(N-phenyl) 32%D 23%D by alkyne coordination and insertion to
1a/2a t (Drl1a [D]3a afford the seven-membered intermedi-
. ;? 2h >95% ate B (path a), which undergoes reduc-
b . . - Sh B 25% tive elimination to provide the cationic
) Isotope-labeling experiments: heterocyclic intermediate C. Intramolec-
ZH/ZD - gg or 3.3S(shee SChSeT":'SS59f1_S4); ular oxygen-atom transfer occurs by the
W/ D™~ (see Schemes S1-S5) tautomerization of C to C/, and the
kw/'kp = 4.0 (see Schemes S1-S6) ' Ho Ar . L. ,
R Ph : subsequent oxidative addition of C" and
standard N : N_- intramolecular electrophilic attack of
c) + 2 conditions Ar +°0 o K X R i
u +  dw 8% vield N ; the imino moiety furnishes intermediate
(1:2equiv) (1.2 equiv) (1 equiv) oye H P R E. Intermediate 5 is then released by
3u/3w =2.9:1 i (Ar = 4-OMeCgH,) . .
R = Me: 3u LR =Me: 1u transmetalation (2)3f the Rh catalyst with
R=CO.Et: 3w ' R=CO,Et 1w the copper salt®! and subsequent pB-
{Cp™RNhCl5},] (0.5 equiv) . hydride elimination. Finally, product 3a
p AgSbFg (2 equiv) acid/base workup . . s f dby climinati ; lecul
) Ma+2a — oo ik 2mD) 3a (0%) + 4a(80%) is formed by elimination of one molecule
4:2m .
no Cu(OAG),, 100 °C, 12 h of PhCHO, as a531s'ted _by the COPE?J]
- " o (3a/a hydride generated in situ from F.
{Cp*RhCly};] (2.5 T0|%) x__ yield (ia+ a) ratio (3a/da) Alternatively, alkyne insertion at the N-
AgSbFe (10 mol%) 0 0% - oxide side of the Rh center in A to
® 18+ 28 TCEEDE (14 2mL Sa*tda 10 45% 2011 ‘ :
(1:4;2mL) o i generate the rhodium-alkenyl inter-
Cu(OAc), (x mol%), 100 °C 20 57% 231 diate G is al bl hb) 24
100 85% 251 mediate G is also possible (path b).
However, N,a-diphenylnitrone reacted
f) standard conditions N\ preferentially ~ with  unsymmetrical
la +2a — AT (Ar = 4-OMeCgHa) alkynes at the positively polarized or
1h Ph 0 5,85% less-hindered  alkynyl —atom  (see
Ph Scheme S1-8 in the Supporting Informa-
9 H tion). These results reveal that path b is
standard conditions Ar  standard conditions . less preferred; however, it could not be
1a + 2a 0 or only CuOA9) > 3a(0%) completely ruled out at this stage.?”
PR y 2 Indoline 6 could in principle be gen-
6

(Ar = 4-OMeCgH,)

Scheme 3. Mechanistic studies.
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erated by the protonation of intermedi-
ate F. However, 6 was not isolated under
the standard conditions, and the
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Scheme 4. Proposed mechanism.

attempted transformation of 6 into 3a failed (Scheme 3g),
thus indicating that indoline 6 might not be involved in this
reaction.)

In summary, we have developed a regioselective synthesis
of unsymmetrically 2,3-diaryl substituted N-unprotected
indoles through the rhodium(III)-catalyzed annulation of
nitrones with symmetrical diaryl alkynes. Direct C-H annu-
lations with unsymmetrical diaryl alkynes generally occur
with unpredictable regioselectivity. In our method, one of the
two aryl substituents on the indole ring is derived from the C-
aryl ring of the nitrone and the other from the alkyne moiety,
thus providing the indole products with exclusive regioselec-
tivity. We expect our findings to provide new opportunities in
indole chemistry and to find application in the synthesis of
complex structures.
nitrones -
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