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Abstract: A facile and expeditious protocol for the
synthesis of difunctionalized indenes from readily available
benzimidates and nitroalkenes through rhodium-catalyzed
C-H activation and cyclization is reported here. The
transformation exhibits powerful reactivity, tolerates a
large number of functional groups, and proceeds in
moderate to high yields under an ambient atmosphere,
providing a straightforward method to access structurally
diverse and valuable difunctionalized indene derivatives.

Keywords: indene synthesis; cascade annulation; rhodium-
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In the past few decades, transition-metal-catalyzed
directed C-H functionalization reactions have been
applied as an attractive and powerful strategy for the
synthesis of complex and useful molecules without
preactivation of starting materials.™™ In most cases, a
directing group is usually necessary to ensure the
reactivity and selectivity of the transformations.[
Therefore, numerous directing groups have been
successfully exploited to realize diverse C-H
activation reactions.®l Among these transformations,
further removal of the directing groups is inevitable
after completion of the reaction. To streamline the
reaction process, the employment of traceless*! or
transient directing groups® has drawn great attention
and been applied as a versatile tool to assemble
various useful products.

Benzimidate, as a powerful traceless directing
group,® has been frequently used for the synthesis of
structurally diverse heterocycles through reacting
with diverse coupling partners,®! especially with
different kinds of alkenes.[? In 2016, Liu and co-
workers demonstrated that ruthenium-catalyzed
annulation of benzimidates and acrylates can

construct the lactam derivatives (Scheme 1a).["¥ Later,

Ackermann and co-workers reported the cascade
C—H/N-H allylation of aryl imidates in the presence
of low-cost cobalt(lll) catalyst (Scheme 1b).t"!
Recently, our group disclosed an efficient approach

for the assembly of difunctionalized indenones via
Rh-catalyzed multistep cascade reactions of
benzimidates and alkenes, which involves a
completely different reaction pathway compared with
Liu’s work (Scheme 1c¢)." Shortly after, we realized
the Co-catalyzed spirocycle synthesis between
benzimidates and maleimides by liberation of a
molecule of hydrogen, avoiding the using of external
stoichiometric oxidants (Scheme 1d).['¥ It is found
that benzimidate could be applied as a powerfu:
directing group, which can reacts with different
alkene substrates through different reaction processes
to obtain a series of useful heterocycles. Inspired by
these instructive works, we envisaged that we could
use nitroalkenes as the coupling partners to enable
novel heterocycle synthesis (Scheme 1e).
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Scheme 1. Benzimidates reacting with different alkene
substrates.

Nitroalkenes are valuable and commonly used
synthons, which can react with a broad range of
different nucleophiles and employed as dienophiles in
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Diels—Alder reactions.®! However, applications of
substituted nitroalkenes in transition-metal-catalyzed
C-H activation reactions have been rarely
reported.®1  Herein, we communicate the first
example of Rh(lll)-catalyzed C-H activation and
cascade annulation of benzimidates and nitroalkenes
for the formation of difunctionalized indenes, which
constitute a kind of important synthetic intermediates
and biologically active molecules.*!

Table 1. Optimization of Reaction Conditions.®

OEt

@NH + o N2

[Cp'RhCly], (5 mol %)
additive ( 50 mol /

solvent 80°C, 16 h

1a 2a 3a Ph
Entry Additive Solvent Yield (%)™
1 AgOAc CFsCH;0OH 41
2 Cu(OAC), CF3CH,0OH nr
3 NaOAc CF3CH20H 77
4 KOACc CF;CH0OH 82
5 CsOAc CFsCH,0OH 75
6 CsOPiv CF3CH20H 72
7 PhCOOK CF;CH0OH 80
8 AdCOOK CF;CH0OH 87
9 HOACc CF3CH2;0OH 49
10 - CF;CH,0OH 68
11 AdCOOK THF nr
12 AdCOOK DCE nr
13 AdCOOK MeOH nr
14[ AdCOOK CF3CH20OH nr
150 AdCOOK CF;CH0OH nr
16 AdCOOK CF;CH0OH nr
1711 AdCOOK CF;CH,0OH nr

[l Reactions were carried out by using 1a (0.2 mmol), 2a
(0.3 mmol), [Cp*RhCl.]2 (5 mol %), additive (50 mol %),
solvent (2.0 mL), 80 °C, air, 16 h; AJCOOK = potassium
adamantanecarboxylate.

b1 |solated yield; nr = no reaction.

[1 pd(OAC). was used.

[9 [Ru(p-cymene)Cl,], was used.

(1 Cp*Co(CO)I, was used.

Mwithout [Cp*RhCly]..

We initiated our investigation by choosing
benzimidate 1a and nitroalkene 2a as model
substrates to optimize the reaction conditions. To our
delight, the reaction proceeded smoothly upon the
commonly used catalytic  combination  of
[Cp*RNhCl]2/AgOAC in TFE and the desired 2-nitro-
3-aminoindene 3a was obtained in 41% yield (Table
1, entry 1). Then, different additives, including
Cu(OAc);, NaOAc, KOAc, CsOAc, CsOPiv,
PhCOOK, AdJCOOK and HOAc, were tested to
examine the reactivity of the transformation (Table 1,
entries 2-9). The result revealed that the above
additives could lead to the moderate to high
efficiency except for Cu(OAc),, among which
AdCOOK was proven to be the best candidate to give
the desired product in 87% yield. Noteworthy was
that the reaction could also occur in the absence of
additive, affording the product 3a in acceptable yield
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(Table 1, entry 10). The effect of solvents upon the
reaction was examined and TFE (CF;CH,OH) was
regarded as the optimal solvent to deliver the target
product 3a in the highest yield (Table 1, entries 11-
13). Furthermore, lowering or raising the temperature
results in a decrease in the reaction yield; the optimal
temperature is 80 °C (see Supporting Information for
details). Other common metal catalysts in the field of
C-H functionalization, such as Pd(OAc)2, [Ru(p-
cymene)Cl;]2, and Cp*Co(CO)l., appear to be invalid
in the reaction (Table 1, entries14-16). No reaction
was observed in the absence of [Cp*RhCl.], (Table 1,
entry 17). Additionally, reducing the loading of the
Rh catalyst resulted in lower reaction yield (see
Supporting Information for details).

Table 2. Scope of Benzimidates.
OR? . NH,

[CPRACl, (5 mol %)
Rw_@ﬁ NH Ao, AdCO0K(soma%) il [ oo,
ANy TFE, 80°C, 16 h 7

1 2a 3

. 3b,R'=F, 75%
NH, R? = Me, 71% 3¢,R' = Cl, 77%

R2 = Et, 87% (75%)° He 3d,R" = Br, 71%
NO, R2=j
2 R P, 50% O NO, 3e,R'=1,65%
R? = nPr, 64% R 3f, R' = Ac, 74%

3a R? = nBu, 62% Ph 3g,R' = COOMe, 77%
3h,R"=CF3,81%
1TTTTTTTTomoooosooosooooosoooooooooooooog 3i, R" = Me, 76%
3j, R" = NMe,, 56%

fMeO NH
; O‘ NO, + No2 2
! NO, NO,

OMe

3m, 66/

[l Reaction conditions:1 (0.2 mmol), 2a (0.3 mmol),
[Cp'RhCl2], (5 mol %), AdCOOK (50 mol %), TFE (2.0
ml), 80 °C, air, 16 h.

o] [solated yield.

[c12 mmol scale.

With the optimized reaction conditions in hand, we
investigated the generality and limitation of the
protocol with a variety of benzimidates as shown in
Table 2. The effect of diverse alkoxy groups in the
benzimidate was first tested, which demonstrated that
different alkoxy groups could all smoothly afford the
desired product 3a in good vyield, and the ethoxy
group gave the superior result in 87% yield. The
structure of 3a was determined by single-crystal X-
ray diffraction analysis.l!2 The reaction could be
performed on 2 mmol scale with no obvious
efficiency decrease. The transformation showed
broad substrate scope, as illustrated by the good
tolerance of a wide variety of functional groups, fur-
nishing the corresponding 2-nitro-3-aminoindene in
good to excellent yields (3b-3j). The survival of
halogen substituents provides the possibility for
further derivatization through various coupling
reactions. With regard to meta-OMe substituted

2
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benzimidate, a mixture of regioselective products was
isolated with the ratio of 1.37:1 (3k, 3k’). However,
the single isomer was obtained in reasonable yield as
for meta-F substituted benzimidate (3l). Significantly,
the ethyl 2-naphthimidate could also serve as a viable
substrate in the reaction to afford the corresponding
product 3m in 66% vyield. Indole-substituted imidate
was also compatible with the reaction system to give
the fused indene product 3n in a reasonable yield.
The reaction is sensitive to steric hindrance of the
benzimidate, as demonstrated by the fact that ortho-
substituted substrates did not participate in the
transformation (30,p).

After examining the compatibility of the various
benzimidates, the generality of the present
transformation were further explored by the
employment of various alkenes (Table 3). A variety
of phenylsubstituted nitroalkenes proved to be
effective coupling partners under current catalytic
system. Different electron-withdrawing and electron-
donating substituents on the para or meta position of
the aromatic p-nitrostyrenes were well tolerated to
lead to the corresponding products in moderate to
excellent yields (4a-4j). (E)-1-(2-nitrovinyl)
naphthalene can also couple with benzimidate under
the standard conditions, giving the mixture of double
bond migration products with the ratio of 5:1
(4k+4K’). With respect to aliphatic nitroalkenes, the
reaction proceeded well to provide the coupling
products in moderate to excellent yields (41-4m). To
further extend the reaction scope, chalcone and ethyl
3-benzoylacrylate were examined in the current
reaction, and the corresponding products could be
yielded with moderate efficiency (4n-40), greatly
underscoring the good compatibility and utility of the
protocol.

Table 3. Scope of alkenes.

[Cp'RACl,], (5 mol %)
R\ EWE AdCOOK (50 mol %)
TFE, 80°C, 16 h

NH,
EWG
R
4

NH,
NO.
O‘ > 4, R®=F, 74%

4i, R® = Me, 70%

1a 2

NH; 4a,R®=F, 72%
4b,R%=Cl, 78%
O‘ NO, 4c, R®=Br, 60%
4d, R® = CF3, 84%
Q 4e, R% = Me, 83% Q
4f, R® = OMe, 50%
4g, R®=tBu, 51%

=3 ‘tmz 2 ot

EtOOC
41, 42% 4m, 91% 4n, 55% 40, 62%
lBIReaction conditions:1a (0.2 mmol), 2 (0.3 mmol),
[Cp'RNhCl,], (5 mol %), AdCOOK (50 mol %), TFE (2.0
ml), 80 °C, air, 16 h.
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Scheme 2. Mechanistic investigations.

To gain further insight into the reaction mechanism,
a set of control experiments were conducted as shown
in Scheme 2. The benzimidate 1a was subjected into
the standard conditions in the presence of 20 equiv
D;0, and the deuterium in corporation at the dual
ortho-carbon of substrate 1a was obtained at a level
of 26%, which suggest that the rhodium-catalyzed C-
H cleavage is reversible (Scheme 2, eq 1). The
intermolecular competition experiment of
electronically differentiated 1b and 1i with 2a was
performed, and the result revealed that the more
electron-donating benzimidate showed preferable
reactivity (Scheme 2, eq 2), implying C-H activation
probably occurs through an electrophilic aromatic
substitution (SeAr) process. It is observed that
electronic effect of nitroalkenes have no apparent
impact the reaction (Scheme 2, eq 3). The kinetic
isotope effect (KIE) value of 2.0 was observed from
the competitive reactions of 1a and 1a-Ds with 2a at a
low conversion (Scheme 2, eq 4). Moreover, a similar
value of 1.27 was obtained from two parallel
reactions (Scheme 2, eq 5). The above results
indicated that the cleavage of the C-H bond might not
be involved in the turnover-limiting step.

NH OEt

: : EtOH
Cp*Rh(AdCOO),
l AdCOOH
NHQ AdCOOH %/
= NH

SNH
Rh-Cp*
B 00CAd

[Cpl Rhclz]z + AdCOOK

%

o

OOCAd
NO,

\ (j\ Ph/\/Noz
2a

RAo0cAd
_~Ino,

c

Scheme 3. The proposed mechanism

On the basis of the preliminary mechanistic studies
and previous literature reports,[¢:%2.9.102.100] 3 plausible
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reaction mechanism is proposed as outlined in
Scheme 3. Initially, the active catalyst
Cp*Rh(AdCOO), A is generated through ligand
exchange between [Cp*RhCl:], and AdCOOK, which
underwent coordination with 1a and C-H metallation
process to form rhodacycle complex B with the loss
of AACOOH. The H/D exchange experiment revealed
that the activation process is reversible (Scheme 2, eq
1). Then, the coordination of complex B and
nitroalkene gave a rhodium species C, which
occurred the migratory insertion into the nitroalkene
to afford intermediate D, followed by protonation
process, leading to alkylated product E. Subsequently,
the intramolecular ester condensation of E generated
the intermediate F, which eventually isomerized to
the thermodynamically more stable product 3a.

In summary, we have developed a mild and
powerful approach for the assembly of structurally
diverse indenes scaffolds via rhodium(lil)-catalyzed
C-H activation and annulation reaction from readily
available benzimidates and nitroalkenes. The
transformation showed broad substrate scope and
good functional group compatibility under mild
conditions. The reaction could be easily scaled up to
gram scale. This methodology may offer an efficient
tool for the synthesis of biologically or
pharmaceutically useful molecules. Further studies on
the synthesis of other valuable cyclic compounds via
C-H activation are underway.

Experimental Section

General procedure for the
difunctionalized indenes

synthesis  of

To a test tube with a stir bar was added benzimidates (1,
0.20 mmol), nitroalkenes (2, 0.30 mmol), [Cp*RhCl].
(0.01 mmol, 6.0 mg), AdCOOK (0.1 mmol, 21.8 mg) in
TFE (2.0 mL) was stirred at 80 °C for 16 h, cooled to room
temperature, filtered through a pad of celite, and then
washed with CH2Cl, (10 mL x 3). Organic solvents were
removed under reduced pressure and the crude reaction
mixture was purified by column chromatography on silica
gel column with EtOAc/petroleum ether (1:5~1:2, v/v) as
an eluent to afford the desired product 3 or 4.
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COMMUNICATION

Rhodium-Catalyzed Cascade Annulation of
Benzimidates and Nitroalkenes for the Synthesis
of Difunctionalized Indenes
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