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ABSTRACT: Reported herein is the Rh(III)-catalyzed annulation
of N-unprotected 2-arylindoles with quinone monoacetals for the
straightforward synthesis of [4,3,1]-bridged carbocycles with
exclusive C(3) selectivity. Mechanistic studies, particularly
deuterium-labeling experiments, suggest that the coupling likely
proceeds via two-fold C−H activation with two-fold migratory
insertion into the enone moieties.

Catalytic C−H functionalization of arenes represents a
powerful strategy for construction of value-added

organics in a highly step-economic fashion.1 Among the
various transition metals, Cp*Rh(III) complexes2 play an
important role in the synthesis of heterocycles2,3 as well as
carbocycles4−9 owing to the high efficiency, selectivity, atom/
step-economy, and functional group compatibility. Never-
theless, Rh(III)-catalyzed C−H activation−annulation reac-
tions are largely limited to heterocycle synthesis, and access to
carbocycles is relatively underexplored. Previously, [3 + 2],4 [4
+ 1],5 [2 + 2 + 1],6 [4 + 2],7 [2 + 2 + 2],8 and [3 + 3]9

annulations have been developed for the efficient synthesis of
five-4−6 and six-membered7−9 carbocycles. However, Rh(III)-
catalyzed C−H activation has been rarely employed in the
synthesis of medium-sized carbocycles.10 In 2019, we disclosed
Mn(I)-catalyzed coupling of 3-alkenyl/allylindoles with
propargylic carbonates for the synthesis of fused eight- and
four-membered carbocycles,10a which occurred via C−H
allenylation in tandem with pericyclic reactions (Scheme 1a).
During the preparation of this paper, the Reddy group10b

developed Rh(III)-catalyzed bicyclization of 2-arylimidazo[1,2-
a]pyridine with cyclohexenones for the synthesis of [4,3,1]-
bridged imidazopyridines (Scheme 1b). Despite the progress,
straightforward and atom-economic construction of medium-
sized carbocycles from readily available starting materials
remains in great demand.
The NH group in unprotected indoles has been recently

employed as a nucleophilic directing group in Cp*Rh(III)-
catalyzed C−H activation−annulation reactions, which allowed
direct access to structurally diverse fused indoles.11−15 In
particular, [4 + 2]11−14 and [4 + 1]13d,15 annulations of 2-
arylindoles with diverse unsaturated molecules such as carbene
precursors,11 alkynes,12 alkenes,13 and ketenes14 have been

extensively explored, in which 2-arylindoles served as a four-
atom synthon with participation of the indole NH or the
C(3)−H. To the best of our knowledge, NH indoles have not
been applied for in synthesis of medium-sized rings. In 2017,
Xu and co-workers16 documented a formal two-fold Michael
addition of benzamides to quinone monoacetal for synthesis of
[4,3,1]-heterocycles. Inspired by the high reactivity of 2-
arylindoles and the unique reactivity of quinone monoacetal,
we reasoned that a formal [4 + 5] annulation reaction may
occur between a 2-arylindoles and quinone monoacetals.
Despite the design, the following challenges need to be
addressed. (1) The reaction may stop at the C−H alkylation
stage17 or proceed with subsequent aromatization, as has been
observed in our previous study.18 (2) Both the C(3) and NH
of indoles may participate in formal Michael addition, leading
to carbo/heterocyclic products.12−15 This issue is likely
addressable if the C(3)−H is activated via C−Rh formation.
We now report Rh(III)-catalyzed synthesis of [4,3,1]-carbo-
cycles19 via a dual C−H activation process (Scheme 1c).
Initially, the reaction of 2-phenylindole 1a and quinone

monoacetal 2a was explored to determine the reaction
parameters (Table 1). A coupling did occur with [Cp*RhCl2]2
(4.0 mol %) as a catalyst in the presence of a stoichiometric
amount of CsOAc (2.0 equiv) at 80 °C in PhCF3, affording the
desired [4,3,1]carbocycle 3aa in 69% NMR yield (entry 1).
Evaluation of metal catalysts indicated that [Cp*RhCl2]2 was
optimal (Table 1, entries 1−3), whereas [Cp*IrCl2]2 and
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Cp*(CO)CoI2 showed poor or no activity. Screening of the
solvents revealed that aromatic solvents seemed to be more
suitable, and an improved yield was achieved when toluene was
used (entries 4−11). Slightly lower yield was observed when
the reaction carried out under air atmosphere (Table 1, entry
12). The NMR yield of 3aa was improved to 80% when the

temperature was decreased to 70 °C (Table 1, entry 14).
NaOAc and KOAc are almost as effective as CsOAc (entries
16 and 17), and catalytic amounts of CsOAc give marginally
lower yields than superstoichiometric amounts (entries 18 and
19). Increasing the catalyst loading to 5 mol % resulted in
formation of 3aa in 87% NMR yield (85% isolated yield).

Scheme 1. Synthesis of Medium-Sized Carbocycles via C−H Activation

Table 1. Optimization Studies for the Synthesis of a [4,3,1]Carbocyclea

entry catalyst (mol %) base (equiv) solvent T (°C) yield (%)b

1 [Cp*RhCl2]2 (4) CsOAc (2.0) PhCF3 80 69
2 Cp*(CO)CoI2 (8) CsOAc (2.0) PhCF3 80 0
3 [Cp*IrCl2]2 (4) CsOAc (2.0) PhCF3 80 15
4 [Cp*RhCl2]2 (4) CsOAc (2.0) PhCl 80 74
5 [Cp*RhCl2]2 (4) CsOAc (2.0) DCE 80 18
6 [Cp*RhCl2]2 (4) CsOAc (2.0) MeOH 80 <5
7 [Cp*RhCl2]2 (4) CsOAc (2.0) CH3CN 80 39
8 [Cp*RhCl2]2 (4) CsOAc (2.0) THF 80 43
9 [Cp*RhCl2]2 (4) CsOAc (2.0) TFE 80 0
10 [Cp*RhCl2]2 (4) CsOAc (2.0) PhMe 80 75
11 [Cp*RhCl2]2 (4) CsOAc (2.0) MTBE 80 14
12 [Cp*RhCl2]2 (4) CsOAc (2.0) PhMe 80 71c

13 [Cp*RhCl2]2 (4) CsOAc (2.0) PhMe 90 54
14 [Cp*RhCl2]2 (4) CsOAc (2.0) PhMe 70 80
15 [Cp*RhCl2]2 (4) CsOAc (2.0) PhMe 60 trace
16 [Cp*RhCl2]2 (4) NaOAc (2.0) PhMe 70 48
17 [Cp*RhCl2]2 (4) KOAc (2.0) PhMe 70 55
18 [Cp*RhCl2]2 (4) CsOAc (1.0) PhMe 70 69
19 [Cp*RhCl2]2 (4) CsOAc (0.3) PhMe 70 54
20 [Cp*RhCl2]2 (5) CsOAc (2.0) PhMe 70 87 (85d)

aReaction conditions A: 1a (0.1 mmol), 2a (0.2 mmol), Rh(III) catalyst, and base in a solvent (2 mL) under N2 for 48 h.
bYields were determined

by 1H NMR spectroscopy using 1,3,5-trimethoxybenzene as an internal standard. cUnder air atmosphere. dIsolated yield after column
chromatography on a 0.2 mmol scale.
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With the optimal conditions in hand, the scope and
generality of this coupling system was next investigated
(Scheme 2). Introduction of various electron-donating (alkyl
and alkoxy), electron-withdrawing (ester, CF3, OCF3, and
NO2), and halogen (F, Cl, and Br) groups into the 5- and 6-
positions of the indole ring was fully tolerated, and the
corresponding products were isolated in 64−90% yields (3aa−
3ka). 4,6-Dimethyl-2-phenylindole was also applicable, such as
in the isolation of product 3la in 65% yield. In contrast, no

reactivity was observed for 7-methyl-2-phenylindole, possibly
due to steric hindrance around the NH directing group. The
scope with respect to the substituent in the 2-phenyl group
also proved to be broad. Thus, various para- (Me, tBu, NMe2,
OMe, CF3, and halogens) and meta-substituted indoles
coupled with consistently good efficiency, affording products
3ma−3sa in 42−74% yields. The structure of 3ma was
confirmed by X-ray crystallography (CCDC 1888533). Indoles
bearing an ortho- and disubstituted arene ring were also

Scheme 2. Scope of the Synthesis of Bridged Carbocyclesa,b

aReaction conditions: 2-arylindole (0.2 mmol), monoacetal (0.4 mmol), [Cp*RhCl2]2 (5 mol %), and CsOAc (2.0 equiv) in PhMe (4 mL) at 70
°C for 48 h. bIsolated yield after column chromatography. cTFE was used instead of PhMe.

The Journal of Organic Chemistry pubs.acs.org/joc Note

https://dx.doi.org/10.1021/acs.joc.0c00018
J. Org. Chem. 2020, 85, 4543−4552

4545

https://pubs.acs.org/doi/10.1021/acs.joc.0c00018?fig=sch2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.joc.0c00018?fig=sch2&ref=pdf
pubs.acs.org/joc?ref=pdf
https://dx.doi.org/10.1021/acs.joc.0c00018?ref=pdf


applicable (3ta, 3ua). Extension of the phenyl group to a
naphthalene ring was successful, such as in the isolation of 3va
in 73% yield. In addition to the dimethyl acetal, a mixed acetal
and a diethyl acetal also reacted smoothly, affording the

corresponding products 3ab and 3ac in 55 and 67% yields,
respectively. In addition to indoles, 2-phenylbenzimidazole
also coupled with 2a to afford the corresponding [4,3,1]
heterocycle 4aa in 65% yield under modified reaction

Scheme 3. Key Mechanistic Findings

Scheme 4. Proposed Mechanism
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conditions. The reaction of 2-phenyl-1H-pyrrole only
generated the C−H alkylation product 5 in 41% yield under
the standard conditions, which may provide mechanistic
insight. The acetal moiety seems to be crucial in this reaction
because no reactivity was detected for 1-methoxy-[1,1′-
biphenyl]-4(1H)-one (product 3ad) or a simple benzoquinone
(product 6).
Several derivatization reactions have been conducted for

product 3aa to demonstrate the synthetic utility of the
coupling system (Scheme S1). Gram-scale synthesis of 3aa was
performed under a reduced catalyst loading, and 3aa was
isolated in 89% yield (1.24 g). The ketone motif was readily
converted to olefin 7 via a Wittig reaction in 87% yield. In
addition, 3aa underwent smooth hydrolysis (product 6) when
treated with a catalytic amount of TsOH in THF/H2O.
A series of experiments were conducted to gain mechanistic

insight into this coupling system (Scheme 3). 7-Chloro-2-
phenylindole and 1-methyl-2-phenylindole both failed to
undergo any coupling under the standard conditions (Scheme
3a), suggesting the significance of the NH coordination toward
C−H functionalization. A deuterium-labeling experiment was
performed for the coupling of indole 1a and 2a with D2O
being the deuterium source, from which 3aa-dn was isolated in
62% yield. 1H NMR analysis of this product revealed 78%
deuteration at the ortho position (Ha) of the product (Scheme
3b), which implies reversibility of the C(phenyl)−H activation.
Furthermore, a comparable extent of deuteration was observed
at the diastereotopic Hc and Hd positions, which may be
ascribed to keto−enol tautomerization as in a Michael addition
reaction.20 In sharp contrast, a high level of deuteration was
only observed at the He position (72% D) that is trans to the
indolyl substituent. This argues against a keto−enol tautome-
rization pathway in this (second) cyclization process because
the Hf is essentially undeuterated. Instead, it is more likely that
this second C−C bond formation occurs via a C(3)−Rh
migratory insertion pathway (vide infra). To further under-
stand the C−H activtion process, kinetic isotope effect has
been measured based on parallel reactions, and a large KIE
value (kH/kD = 2.3) was obtained (Scheme 3c), indicating that
cleavage of the C(pheyl)−H bond is likely involved in the
turnover-limiting step. In addition, a competition experiment
suggested that this C−H functionalization was kinetically
favored for a electron-rich arene (Scheme 3d).
On the basis of our mechanistic studies and previous

reports,10−18 a plausible catalytic cycle is proposed in Scheme
4. Starting from an active [Cp*Rh(OAc)2] species generated
by anion exchange, cyclorhodation of 2-phenylindole 1a gives a
five-membered rhodacycle A. Subsequent coordination of
quinone monoacetal 2a generates a Rh(III) olefin complex B.
Migratory insertion of the Rh−C(aryl) bond into the olefin
unit affords a seven-membered rhodacycle C, which is
proposed to undergo protonolysis to afford an alkylated
intermediate D together with regeneration of the Rh(III)
catalyst. The alkylated intermediate D might undergo rapid H/
D exchange at the more acidic α position, or the Rh−C in
intermediate C likely undergoes epimerization prior to
protonolysis. The C(3)−H bond of D is then proposed to
undergo electrophilic C−H activation possibly with the
assistance of a proximal olefin/acetal group to generate a
Rh(III) indolyl intermediate E, which then undergoes
migratory 1,4-insertion into the conjugated ketone unit to
produce the Rh(III) alkoxy intermediate F. Carboxylate-
assisted protonolysis of the Rh−O bond via intermediate G or

G′ furnishes product 3aa, and this protonolysis allowed
diastereospecific deuterium incorporation in the presence of a
deuterium source. The alternative intramolecular Michael
addition of C(3) to the enone seems less likely based on our
deuterium-labeling studies. At this stage, we cannot rule out
the pathway of rollover (N to C(3)) C−H activation of
intermediate C to Rh(III) indolyl H, followed by protonolysis
of the Rh−C alkyl bond, which also gives intermediate E.
In summary, we have developed a Rh(III)-catalyzed

annulative coupling between 2-arylindoles and quinone
monoacetals via two-fold C−H activation/formal Michael
addition. This coupling allowed direct access to [4,3,1]-
bridged carbocycles with exclusive C(3) selectivity under
redox-neutral conditions. Mechanistic studies, particularly H/
D exchange experiments, suggest that the C(3) annulation
likely proceeds via dual C−H activation−migratory insertion
pathway. Further applications of other reactive enones to
access biologically relevant bridged cycles are currently
underway in our laboratory.

■ EXPERIMENTAL SECTION
General Information. Reaction temperatures are reported as the

temperature of the oil bath. All chemicals were obtained from
commercial sources and were used as received unless otherwise noted.
2-Arylindoles14 and quinone monoacetals16 were prepared following
literature procedures. Chemical shifts (δ) of the 1H and 13C{1H}
NMR spectra are given in parts per million relative to TMS. The
following abbreviations were used to describe multiplicity of peaks: br
= broad, s = singlet, d = doublet, t = triplet, q = quartet, m = multiplet,
dd = doublets of doublet, dt = doublets of triplet, td = triplets of
doublet. HRMS data were obtained in ESI mode with a TOF mass
analyzer. Column chromatography was performed on silica gel (300−
400 mesh) using ethyl acetate (EA)/petroleum ether (PE). Pressure
vessels were from Synthware.

General Procedure for Synthesis of a [4,3,1]-Carbocycle
(Conditions A). A pressure tube was charged with a magnetic stir
bar, [RhCp*Cl2]2 (5 mol %), CsOAc (2.0 equiv), 2-arylindoles (1, 0.2
mmol), quinone monoacetals (2, 0.4 mmol), and PhMe (4.0 mL).
The tube was sealed, and the reaction mixture was stirred under N2 at
70 °C in an oil bath for 48 h. After the reaction was completed, the
volatiles were removed under reduced pressure and the residue was
purified by silica gel chromatography using PE/EA to afford product
3.

15,15-Dimethoxy-5,8,9,14-tetrahydro-5,9-methanobenzo[8,9]-
cyclonona[1,2-b]indol-7(6H)-one 3aa: white solid, mp 200−202 °C,
58.9 mg, 85% yield. The eluent used was petroleum ether/ethyl
acetate (5:1): 1H NMR (600 MHz, CDCl3) δ 8.51 (s, 1H), 7.55 (d, J
= 7.8 Hz, 1H), 7.43 (d, J = 7.9 Hz, 1H), 7.23−7.20 (m, 2H), 7.20−
7.11 (m, 3H), 7.08 (t, J = 7.4 Hz, 1H), 4.17−4.16 (m, 1H), 3.87−
3.81 (m, 1H), 3.46 (s, 3H), 3.07−2.99 (m, 4H), 2.92 (dd, J = 15.3,
9.5 Hz, 1H), 2.69 (d, J = 15.7 Hz, 1H), 2.49 (dd, J = 15.6, 4.0 Hz,
1H); 13C{1H} NMR (150 MHz, CDCl3) δ 209.0, 137.9, 136.6, 132.0,
131.0, 129.3, 128.7, 127.7, 127.4, 124.7, 123.4, 119.9, 118.2, 111.9,
111.0, 99.5, 50.4, 49.0, 48.7, 44.8, 43.0, 38.3; HRMS (ESI) calcd for
C22H21NNaO3

+ 370.1414, found 370.1418.
11-E thy l -15 ,15 -d imethoxy -5 ,8 ,9 ,14 - te t rahydro -5 ,9 -

methanobenzo[8,9]cyclonona[1,2-b]indol-7(6H)-one 3ba: white
solid, mp 205−207 °C, 48.3 mg, 64% yield. The eluent used was
petroleum ether/ethyl acetate (5:1): 1H NMR (600 MHz, CDCl3) δ
8.28 (s, 1H), 7.60 (d, J = 7.9 Hz, 1H), 7.33−7.28 (m, 1H), 7.24 (t, J =
4.9 Hz, 2H), 7.27−7.24 (m, 2H), 7.22−7.19 (m, 2H), 7.07 (dd, J =
8.2, 1.2 Hz, 1H), 4.18−4.12 (m, 1H), 3.84 (ddd, J = 9.4, 4.5, 2.9 Hz,
1H), 3.48 (s, 3H), 3.06−2.99 (m, 4H), 2.90 (dd, J = 15.3, 9.5 Hz,
1H), 2.76−2.68 (m, 3H), 2.50 (dd, J = 14.8, 4.1 Hz, 1H), 1.29 (t, J =
7.6 Hz, 3H); 13C{1H} NMR (150 MHz, CDCl3) δ 208.6, 138.0,
136.1, 135.1, 132.0, 131.1, 129.5, 129.0, 127.6, 127.4, 124.5, 124.0,
116.8, 111.9, 110.8, 99.5, 50.3, 49.0, 48.7, 44.6, 42.8, 38.2, 29.1, 16.5;
HRMS (ESI) calcd for C24H26NO3

+ 376.1907, found 376.1902.
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11,15,15-Trimethoxy-5,8,9,14-tetrahydro-5,9-methanobenzo-
[8,9]cyclonona[1,2-b]indol-7(6H)-one 3ca: white solid, 49.1 mg, mp
213-215 °C, 65% yield. The eluent used was petroleum ether/ethyl
acetate (4:1): 1H NMR (600 MHz, CDCl3) δ 8.33 (s, 1H), 7.56 (d, J
= 7.9 Hz, 1H), 7.28−7.25 (m, 1H), 7.21−7.17 (m, 3H), 6.88−6.81
(m, 2H), 4.10 (dd, J = 4.0, 2.5 Hz, 1H), 3.89−3.82 (m, 4H), 3.48 (s,
3H), 3.07−2.99 (m, 4H), 2.92 (dd, J = 15.2, 9.5 Hz, 1H), 2.68 (d, J =
15.6 Hz, 1H), 2.49 (dd, J = 15.2, 4.0 Hz, 1H); 13C{1H} NMR (150
MHz, CDCl3) δ 208.8, 154.4, 137.8, 132.0, 131.8, 129.4, 129.1, 127.6,
127.4, 124.5, 113.4, 111.8, 111.6, 100.3, 99.5, 56.0, 50.3, 49.0, 48.7,
44.7, 42.7, 38.3; HRMS (ESI) calcd for C23H23NNaO4

+ 400.1519,
found 400.1509.
Ethyl-15,15-dimethoxy-7-oxo-5,6,7,8,9,14-hexahydro-5,9-

methanobenzo[8,9]cyclonona[1,2-b]indole-11-carboxylate 3da:
white solid, mp 242−244 °C, 59.3 mg, 71% yield. The eluent used
was petroleum ether/ethyl acetate (5:1): 1H NMR (600 MHz,
CDCl3) δ 8.81 (s, 1H), 8.20 (s, 1H), 7.81 (dd, J = 8.5, 1.3 Hz, 1H),
7.51 (d, J = 6.9 Hz, 1H), 7.20−7.12 (m, 4H), 4.42 (q, J = 7.1 Hz,
2H), 4.27−4.21 (m, 1H), 3.91 (dt, J = 9.2, 3.2 Hz, 1H), 3.51 (s, 3H),
3.12 (dd, J = 15.1, 6.2 Hz, 1H), 3.07−2.99 (m, 4H), 2.67 (d, J = 15.2
Hz, 1H), 2.47 (dd, J = 15.2, 1.9 Hz, 1H), 1.43 (t, J = 7.1 Hz, 3H);
13C{1H} NMR (150 MHz, CDCl3) δ 209.2, 167.6, 139.1, 137.9,
132.4, 132.2, 128.7, 128.2, 127.4, 124.7, 124.6, 122.2, 120.8, 112.6,
110.5, 99.2, 60.7, 50.7, 49.0, 48.7, 45.3, 43.5, 38.5, 14.5; HRMS (ESI)
calcd for C25H25NNaO5

+ 442.1625, found 442.1620.
15,15-Dimethoxy-11-(trifluoromethyl)-5,8,9,14-tetrahydro-5,9-

methanobenzo[8,9]cyclonona[1,2-b]indol-7(6H)-one 3ea: white
solid, mp 199−201 °C, 48.5 mg, 58% yield. The eluent used was
petroleum ether/ethyl acetate (4:1): 1H NMR (600 MHz, DMSO-d6)
δ 11.50 (s, 1H), 7.99 (d, J = 7.9 Hz, 1H), 7.87 (d, J = 1.6 Hz, 1H),
7.45−7.37 (m, 3H), 7.35−7.29 (m, 2H), 4.28−4.19 (m, 1H), 4.05
(dd, J = 6.2, 2.9 Hz, 1H), 3.50 (s, 3H), 3.11−2.95 (m, 5H), 2.62−
2.51 (m, 1H), 2.32 (d, J = 14.8 Hz, 1H), 2.19 (d, J = 14.8 Hz, 1H);
13C{1H} NMR (150 MHz, DMSO-d6) δ 208.5, 139.4, 137.4, 133.9,
130.3, 129.3 (q, J = 3.4 Hz), 128.4, 127.6 (q, J = 31.9 Hz), 126.4,
124.7 (q, J = 270.0 Hz), 124.2 (q, J = 3.0 Hz), 123.9, 119.9, 119.0,
113.6, 111.9, 99.0, 49.3, 48.7, 48.7, 45.4, 43.7, 38.6; HRMS (ESI)
calcd for C23H21F3NO3

+ 416.1468, found 416.1460.
15,15-Dimethoxy-11-(trifluoromethoxy)-5,8,9,14-tetrahydro-5,9-

methanobenzo[8,9]cyclonona[1,2-b]indol-7(6H)-one 3fa: white
solid, mp 215−217 °C, 65.4 mg, 76% yield. The eluent used was
petroleum ether/ethyl acetate (5:1): 1H NMR (600 MHz, CDCl3) δ
8.57 (s, 1H), 7.46 (d, J = 7.6 Hz, 1H), 7.25 (br s, 2H), 7.18−7.11 (m,
4H), 6.97 (d, J = 8.6 Hz, 1H), 4.16−4.09 (m, 1H), 3.91−3.90 (m,
1H), 3.51 (s, 3H), 3.11 (dd, J = 15.0, 6.2 Hz, 1H), 3.08−3.01 (m,
4H), 2.62 (d, J = 15.0 Hz, 1H), 2.52−2.43 (m, 1H); 13C{1H} NMR
(150 MHz, CDCl3) δ 209.3, 143.2 (q, J = 1.6 Hz), 137.8, 134.7,
132.9, 132.2, 128.7 (two signals overlapped), 128.3, 127.4, 124.6,
120.8 (q, J = 255.5 Hz), 117.2, 111.6 (two signals overlapped), 110.5,
99.1, 50.8, 49.0, 48.7, 45.3, 43.3, 38.6; HRMS (ESI) calcd for
C23H20F3NNaO4

+ 454.1237, found 454.1224.
15 ,15-D imethoxy -11-n i t ro -5 ,8 ,9 ,14- te t rahydro -5 ,9 -

methanobenzo[8,9]cyclonona[1,2-b]indol-7(6H)-one 3ga: yellow
solid, mp 237−239 °C, 39.1 mg, 50% yield. The eluent used was
petroleum ether/ethyl acetate (4:1): 1H NMR (600 MHz, DMSO-d6)
δ 11.99 (s, 1H), 8.66 (d, J = 1.7 Hz, 1H), 8.07 (dd, J = 8.9, 1.9 Hz,
1H), 7.98 (d, J = 7.9 Hz, 1H), 7.54 (d, J = 8.9 Hz, 1H), 7.43−7.39
(m, 2H), 7.33 (t, J = 7.3 Hz, 1H), 4.41−4.32 (m, 1H), 4.04 (d, J = 9.1
Hz, 1H), 3.48 (s, 3H), 3.08 (dd, J = 14.8, 6.1 Hz, 1H), 3.01 (dd, J =
15.0, 9.3 Hz, 1H), 2.95 (s, 3H), 2.30 (d, J = 14.9 Hz, 1H), 2.16 (d, J =
15.1 Hz, 1H); 13C{1H} NMR (150 MHz, DMSO-d6) δ 208.1, 140.8,
139.7, 138.6, 134.8, 132.5, 128.5, 128.3, 127.6, 127.2, 125.6, 118.0,
115.6, 113.5, 111.5, 98.6, 49.7, 48.3, 48.2, 45.3, 43.6, 37.8; HRMS
(ESI) calcd for C22H20N2NaO5

+ 415.1264, found 415.1268.
11-F luoro-15,15-dimethoxy-5 ,8 ,9 ,14-tetrahydro-5 ,9-

methanobenzo[8,9]cyclonona[1,2-b]indol-7(6H)-one 3ha: white
solid, mp 225−227 °C, 52.5 mg, 72% yield. The eluent used was
petroleum ether/ethyl acetate (3:1): 1H NMR (600 MHz, CDCl3) δ
8.48 (s, 1H), 7.47 (br s, 1H), 7.16 (br s, 3H), 7.09−7.01 (m, 2H),
6.84 (t, J = 8.3 Hz, 1H), 4.08 (br s, 1H), 3.88 (d, J = 8.8 Hz, 1H),

3.48 (s, 3H), 3.09−2.96 (m, 5H), 2.63 (d, J = 15.1 Hz, 1H), 2.47 (d, J
= 14.2 Hz, 1H); 13C{1H} NMR (150 MHz, CDCl3) δ 209.2, 158.0
(d, J = 235.5 Hz), 137.8, 133.0, 132.7, 132.1, 128.9, 128.0, 127.4,
124.6, 111.7 (d, J = 9.7 Hz), 111.6 (d, J = 26.2 Hz), 103.0 (d, J = 23.7
Hz), 99.2, 50.6, 49.0, 48.6, 45.1, 43.1, 38.5; HRMS (ESI) calcd for
C22H20FNNaO3

+ 388.1319, found 388.1312.
11-Bromo-15,15-dimethoxy-5 ,8 ,9 ,14-tetrahydro-5 ,9-

methanobenzo[8,9]cyclonona[1,2-b]indol-7(6H)-one 3ia: white
solid, mp 253−255 °C, 74.4 mg, 87% yield. The eluent used was
petroleum ether/ethyl acetate (5:1): 1H NMR (600 MHz, CDCl3) δ
8.50 (s, 1H), 7.52 (d, J = 1.4 Hz, 1H), 7.46 (d, J = 7.2 Hz, 1H), 7.21−
7.13 (m, 4H), 7.02 (d, J = 8.5 Hz, 1H), 4.12−4.08 (m, 1H), 3.89 (dt,
J = 9.3, 3.2 Hz, 1H), 3.48 (s, 3H), 3.12−3.06 (m, 1H), 3.06−2.99 (m,
4H), 2.63 (d, J = 15.0 Hz, 1H), 2.45 (ddd, J = 15.2, 3.5, 1.6 Hz, 1H);
13C{1H} NMR (150 MHz, CDCl3) δ 209.2, 137.8, 135.1, 132.2,
132.1, 130.2, 128.7, 128.2, 127.4, 126.1, 124.6, 120.5, 113.1, 112.4,
110.9, 99.1, 50.6, 49.0, 48.6, 45.2, 43.3, 38.5; HRMS (ESI) calcd for
C22H20BrNNaO3

+ 448.0519, found 448.0511.
12-Chloro-15,15-dimethoxy-5 ,8 ,9 ,14-tetrahydro-5 ,9-

methanobenzo[8,9]cyclonona[1,2-b]indol-7(6H)-one 3ja: white
solid, mp 266−268 °C, 68.4 mg, 90% yield. The eluent used was
petroleum ether/ethyl acetate (4:1): 1H NMR (600 MHz, CDCl3) δ
8.45 (s, 1H), 7.45 (d, J = 7.5 Hz, 1H), 7.31 (d, J = 8.4 Hz, 1H), 7.15
(dq, J = 8.8, 4.6 Hz, 4H), 7.04 (dd, J = 8.4, 1.7 Hz, 1H), 4.17−4.10
(m, 1H), 3.89 (dt, J = 9.2, 3.3 Hz, 1H), 3.52−3.48 (m, 3H), 3.10−
2.97 (m, 5H), 2.63 (d, J = 15.1 Hz, 1H), 2.51−2.45 (m, 1H);
13C{1H} NMR (150 MHz, CDCl3) δ 209.2, 137.7, 136.8, 132.1,
131.7, 129.1, 128.8, 128.0, 127.4, 127.1, 124.5, 120.7, 118.9, 111.5,
110.9, 99.2, 50.6, 49.0, 48.6, 45.1, 43.3, 38.5; HRMS (ESI) calcd for
C22H20ClNNaO3

+ 404.1024, found 404.1018.
12-F luoro-15 ,15-dimethoxy-5 ,8 ,9 ,14-tetrahydro-5 ,9-

methanobenzo[8,9]cyclonona[1,2-b]indol-7(6H)-one 3ka: white
solid, 56.7 mg, mp 234−236 °C, 78% yield. The eluent used was
petroleum ether/ethyl acetate (4:1): 1H NMR (600 MHz, CDCl3) δ
8.51 (s, 1H), 7.40 (d, J = 7.7 Hz, 1H), 7.29 (dd, J = 8.6, 5.1 Hz, 1H),
7.15−7.11 (m, 2H), 7.10−7.06 (m, 1H), 6.85−6.75 (m, 2H), 4.17−
4.10 (m, 1H), 3.88 (dt, J = 9.2, 3.2 Hz, 1H), 3.49 (s, 3H), 3.10 (dd, J
= 15.0, 6.2 Hz, 1H), 3.07−2.98 (m, 4H), 2.65 (d, J = 15.0 Hz, 1H),
2.53−2.44 (m, 1H); 13C{1H} NMR (150 MHz, CDCl3) δ 209.6,
160.7 (d, J = 239.0 Hz), 137.3, 136.6 (d, J = 12.8 Hz), 132.0, 131.4
(d, J = 3.4 Hz), 128.9, 127.7, 127.4, 125.0, 124.4, 118.8 (d, J = 10.3
Hz), 111.3, 108.6 (d, J = 24.7 Hz), 99.2, 97.3 (d, J = 26.2 Hz), 50.6,
49.0, 48.6, 45.2, 43.3, 38.6; HRMS (ESI) calcd for C22H20FNNaO3

+

388.1319, found 388.1310.
15,15-Dimethoxy-10,12-dimethyl-5,8,9,14-tetrahydro-5,9-

methanobenzo[8,9]cyclonona[1,2-b]indol-7(6H)-one 3la: white
solid, mp 227−229 °C, 51.0 mg, 65% yield. The eluent used was
petroleum ether/ethyl acetate (5:1): 1H NMR (600 MHz, CDCl3) δ
8.26 (s, 1H), 7.52 (d, J = 7.9 Hz, 1H), 7.28−7.24 (m, 1H), 7.19−7.15
(m, 2H), 6.93 (s, 1H), 6.66 (s, 1H), 4.54−4.48 (m, 1H), 3.90−3.82
(m, 1H), 3.46 (s, 3H), 3.09 (s, 3H), 3.03 (dd, J = 15.0, 6.9 Hz, 1H),
2.94 (dd, J = 14.5, 9.4 Hz, 1H), 2.67−2.57 (m, 4H), 2.46 (ddd, J =
14.9, 4.0, 1.4 Hz, 1H), 2.37 (s, 3H); 13C{1H} NMR (150 MHz,
CDCl3) δ 209.1, 137.7, 137.3, 133.2, 131.9, 129.8, 129.7, 129.6, 127.4,
124.9, 124.6, 124.5, 113.4, 109.0, 99.6, 50.2, 49.0, 48.4, 45.3, 45.2,
39.6, 21.4, 20.4; HRMS (ESI) calcd for C24H25NNaO3

+ 398.1727,
found 398.1720.

15 ,15-Dimethoxy-3-methy l -5 ,8 ,9 ,14- te t rahydro-5 ,9 -
methanobenzo[8,9]cyclonona[1,2-b]indol-7(6H)-one 3ma: white
solid, 53.6 mg, mp 231−233 °C,74% yield. The eluent used was
petroleum ether/ethyl acetate (3:1): 1H NMR (600 MHz, CDCl3) δ
8.37 (s, 1H), 7.46−7.42 (m, 2H), 7.28 (d, J = 8.1 Hz, 1H), 7.17 (t, J =
7.6 Hz, 1H), 7.11−7.06 (m, 2H), 7.12−7.04 (m, 2H), 7.00 (s, 1H),
4.16 (dt, J = 6.4, 2.2 Hz, 1H), 3.85−3.78 (m, 1H), 3.48 (s, 3H),
3.08−3.00 (m, 4H), 2.92 (dd, J = 15.2, 9.4 Hz, 1H), 2.67 (d, J = 15.7
Hz, 1H), 2.48 (ddd, J = 15.2, 4.3, 1.2 Hz, 1H), 2.32 (s, 3H); 13C{1H}
NMR (150 MHz, CDCl3) δ 208.9, 137.8, 137.6, 136.4, 132.8, 131.2,
128.8, 128.1, 126.5, 124.5, 123.1, 119.9, 118.1, 111.2, 110.9, 99.5,
50.2, 49.0, 48.6, 44.9, 43.1, 38.3, 20.9; HRMS (ESI) calcd for
C23H23NNaO3

+ 384.1570, found 384.1567.
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3-(tert-Butyl)-15,15-dimethoxy-5,8,9,14-tetrahydro-5,9-
methanobenzo[8,9]cyclonona[1,2-b]indol-7(6H)-one 3na: white
solid, mp 221−223 °C, 36.2 mg, 45% yield. The eluent used was
petroleum ether/ethyl acetate (4:1): 1H NMR (600 MHz, CDCl3) δ
8.41 (s, 1H), 7.52 (d, J = 8.3 Hz, 1H), 7.44 (d, J = 7.9 Hz, 1H), 7.31
(d, J = 7.9 Hz, 2H), 7.21−7.15 (m, 2H), 7.10 (t, J = 7.4 Hz, 1H), 4.16
(d, J = 6.5 Hz, 1H), 3.85 (d, J = 9.0 Hz, 1H), 3.48 (s, 3H), 3.07−2.99
(m, 4H), 2.92 (d, J = 9.4 Hz, 1H), 2.67 (d, J = 15.7 Hz, 1H), 2.50 (d,
J = 3.9 Hz, 1H), 1.33 (s, 9H); 13C{1H} NMR (150 MHz, CDCl3) δ
208.8, 150.9, 137.6, 136.4, 131.2, 130.0, 129.1, 128.8, 126.4, 124.4,
123.1, 119.9, 118.1, 111.3, 110.9, 99.6, 50.7, 48.9, 48.6, 45.0, 43.0,
38.3, 34.5, 31.2; HRMS (ESI) calcd for C26H29NNaO3

+ 426.2040,
found 426.2030.
3-(Dimethylamino)-15,15-dimethoxy-5,8,9,14-tetrahydro-5,9-

methanobenzo[8,9]cyclonona[1,2-b]indol-7(6H)-one 3oa: white
solid, mp 218−220 °C, 33.0 mg, 42% yield. The eluent used was
petroleum ether/ethyl acetate (2:1): 1H NMR (600 MHz, CDCl3) δ
8.24 (s, 1H), 7.47 (d, J = 8.7 Hz, 1H), 7.40 (d, J = 7.8 Hz, 1H), 7.30
(d, J = 8.0 Hz, 1H), 7.15 (t, J = 7.5 Hz, 1H), 7.08 (t, J = 7.4 Hz, 1H),
6.65 (dd, J = 8.7, 2.6 Hz, 1H), 6.52 (d, J = 2.6 Hz, 1H), 4.12−4.11
(m, 1H), 3.77 (ddd, J = 9.1, 4.6, 2.8 Hz, 1H), 3.47 (s, 3H), 3.09 (s,
3H), 3.02−2.97 (m, 7H), 2.89 (dd, J = 13.1, 7.4 Hz, 1H), 2.68 (d, J =
15.9 Hz, 1H), 2.53 (dd, J = 15.2, 4.7 Hz, 1H); 13C{1H} NMR (150
MHz, CDCl3) δ 208.9, 149.8, 139.3, 136.3, 132.0, 129.2, 125.8, 122.3,
119.7, 117.6, 115.2, 111.0, 110.5, 109.0, 99.8, 50.8, 49.1, 48.6, 44.9,
43.1, 40.3, 38.1; HRMS (ESI) calcd for C24H26N2NaO3

+ 413.1836,
found 413.1827.
3,15,15-Trimethoxy-5,8,9,14-tetrahydro-5,9-methanobenzo-

[8,9]cyclonona[1,2-b]indol-7(6H)-one 3pa: white solid, mp 130−
132 °C, 53.6 mg, 71% yield. The eluent used was petroleum ether/
ethyl acetate (2:1): 1H NMR (600 MHz, CDCl3) δ 8.19 (s, 1H), 7.46
(d, J = 8.7 Hz, 1H), 7.36 (d, J = 7.8 Hz, 1H), 7.24 (d, J = 8.0 Hz, 1H),
7.11 (t, J = 7.5 Hz, 1H), 7.03 (t, J = 7.4 Hz, 1H), 6.77 (dd, J = 8.7, 2.6
Hz, 1H), 6.69 (d, J = 2.5 Hz, 1H), 4.08−4.07 (m, 1H), 3.78−3.71 (m,
4H), 3.41 (s, 3H), 3.01 (s, 3H), 2.95 (dd, J = 15.6, 6.6 Hz, 1H), 2.84
(dd, J = 15.2, 9.6 Hz, 1H), 2.61 (d, J = 15.7 Hz, 1H), 2.43 (dd, J =
14.9, 4.0 Hz, 1H); 13C{1H} NMR (150 MHz, CDCl3) δ 208.6, 159.0,
139.7, 136.4, 131.1, 128.9, 126.0, 122.9, 122.2, 119.9, 118.0, 117.9,
112.2, 110.7, 110.4, 99.5, 55.3, 50.4, 49.1, 48.6, 44.7, 43.0, 38.2;
HRMS (ESI) calcd for C23H23NNaO4

+ 400.1519, found 400.1511.
15,15-Dimethoxy-3-(trifluoromethyl)-5,8,9,14-tetrahydro-5,9-

methanobenzo[8,9]cyclonona[1,2-b]indol-7(6H)-one 3qa: white
solid, mp 233−235 °C, 67.3 mg, 81% yield. The eluent used was
petroleum ether/ethyl acetate (4:1): 1H NMR (600 MHz, acetone-
d6) δ 10.65 (s, 1H), 8.12 (d, J = 8.3 Hz, 1H), 7.73 (s, 1H), 7.66−7.62
(m, 2H), 7.43 (d, J = 8.1 Hz, 1H), 7.21 (t, J = 7.5 Hz, 1H), 7.09 (t, J
= 7.5 Hz, 1H), 4.36−4.30 (m, 1H), 4.22 (dt, J = 9.2, 3.1 Hz, 1H),
3.53 (s, 3H), 3.13 (dd, J = 15.0, 6.2 Hz, 1H), 3.07−2.99 (m, 4H),
2.50 (dd, J = 15.0, 1.9 Hz, 1H), 2.34 (ddd, J = 15.3, 3.2, 1.8 Hz, 1H);
13C{1H} NMR (150 MHz, acetone) δ 207.4, 140.3, 138.3, 138.2,
134.7, 131.0, 129.8 (q, J = 3.8 Hz), 129.4, 129.0 (q, J = 32.1 Hz),
126.5, 126.2, 125.3 (q, J = 270.0 Hz), 124.7 (q, J = 3.8 Hz), 124.5,
124.4, 120.6, 119.4, 114.8, 112.3, 112.2, 99.9, 50.7, 48.9, 48.8, 45.6,
43.8, 39.5; HRMS (ESI) calcd for C23H20F3NNaO3

+ 438.1287, found
438.1283.
3-F luoro-15 ,15-d imethoxy-5 ,8 ,9 ,14 - te t rahydro-5 ,9 -

methanobenzo[8,9]cyclonona[1,2-b]indol-7(6H)-one 3ra: white
solid, mp 243−245 °C, 47.3 mg, 65% yield. The eluent used was
petroleum ether/ethyl acetate (4:1): 1H NMR (600 MHz, acetone-
d6) δ 10.45 (s, 1H), 7.96 (dd, J = 8.8, 5.6 Hz, 1H), 7.56 (d, J = 7.9 Hz,
1H), 7.38 (d, J = 8.1 Hz, 1H), 7.20 (dd, J = 9.8, 2.7 Hz, 1H), 7.18−
7.09 (m, 2H), 7.05 (t, J = 7.5 Hz, 1H), 4.29−4.23 (m, 1H), 4.05 (dt, J
= 9.2, 3.2 Hz, 1H), 3.51 (s, 3H), 3.08 (dd, J = 15.1, 6.2 Hz, 1H), 3.04
(s, 3H), 2.97 (dd, J = 9.8, 5.5 Hz, 1H), 2.86−2.79 (m, 1H), 2.50 (d, J
= 15.1 Hz, 1H), 2.36−2.30 (m, 1H); 13C{1H} NMR (150 MHz,
acetone-d6) δ 207.5, 162.5 (d, J = 245.7 Hz), 142.2 (d, J = 7.1 Hz),
138.0, 131.6, 129.7, 127.9 (d, J = 8.2 Hz), 127.5 (d, J = 3.1 Hz),
123.7, 120.3, 119.5 (d, J = 21.8 Hz), 119.0, 114.6 (d, J = 21.2 Hz),
112.3, 112.0, 100.0, 50.7, 49.0, 48.7, 45.6, 44.0, 39.3; HRMS (ESI)
calcd for C22H20FNNaO3

+ 388.1319, found 388.1316.

15 ,15-Dimethoxy-2-pheny l -5 ,8 ,9 ,14- tet rahydro-5 ,9 -
methanobenzo[8,9]cyclonona[1,2-b]indol-7(6H)-one 3sa: white
solid, mp 215−217 °C, 69.0 mg, 82% yield. The eluent used was
petroleum ether/ethyl acetate (3:1): 1H NMR (600 MHz, CDCl3) δ
8.47 (s, 1H), 7.78 (d, J = 1.4 Hz, 1H), 7.63 (d, J = 7.2 Hz, 2H), 7.50−
7.46 (m, 3H), 7.43 (dd, J = 7.7, 1.6 Hz, 1H), 7.39 (t, J = 7.4 Hz, 1H),
7.35 (d, J = 8.1 Hz, 1H), 7.27 (s, 1H), 7.22 (t, J = 7.5 Hz, 1H), 7.12
(t, J = 7.5 Hz, 1H), 4.20 (dd, J = 4.1, 2.5 Hz, 1H), 3.94−3.87 (m,
1H), 3.50 (s, 3H), 3.12−3.02 (m, 4H), 2.95 (dd, J = 15.3, 9.5 Hz,
1H), 2.69 (d, J = 15.6 Hz, 1H), 2.51 (dd, J = 15.3, 4.3 Hz, 1H);
13C{1H} NMR (150 MHz, CDCl3) δ 208.6, 140.6, 136.9, 136.6,
132.6, 130.9, 129.6, 128.9, 128.8, 127.6, 127.2, 126.5, 123.6, 120.1,
118.4, 112.4, 111.0, 99.5, 49.9, 49.1, 48.7, 44.7, 43.0, 38.4; HRMS
(ESI) calcd for C28H25NNaO3

+ 446.1727, found 446.1719.
1-F luoro-15 ,15-d imethoxy-5 ,8 ,9 ,14 - te t rahydro-5 ,9 -

methanobenzo[8,9]cyclonona[1,2-b]indol-7(6H)-one 3ta: white
solid, mp 207−209 °C, 48.0 mg, 66% yield. The eluent used was
petroleum ether/ethyl acetate (4:1): 1H NMR (600 MHz, CDCl3) δ
8.47 (s, 1H), 7.78 (d, J = 1.4 Hz, 1H), 7.63 (d, J = 7.2 Hz, 2H), 7.48
(dd, J = 13.5, 7.4 Hz, 3H), 7.43 (dd, J = 7.7, 1.6 Hz, 1H), 7.39 (t, J =
7.4 Hz, 1H), 7.35 (d, J = 8.1 Hz, 1H), 7.27 (s, 1H), 7.22 (t, J = 7.5
Hz, 1H), 7.12 (t, J = 7.5 Hz, 1H), 4.20 (dd, J = 4.1, 2.5 Hz, 1H),
3.94−3.87 (m, 1H), 3.50 (s, 3H), 3.12−3.02 (m, 4H), 2.95 (dd, J =
15.3, 9.5 Hz, 1H), 2.69 (d, J = 15.6 Hz, 1H), 2.51 (dd, J = 15.3, 4.3
Hz, 1H); 13C{1H} NMR (150 MHz, CDCl3) δ 208.0, 160.4 (d, J =
245.3 Hz), 140.6, 136.1 (d, J = 3.5 Hz), 128.3, 128.2 (d, J = 2.4 Hz),
127.2, 127.0 (d, J = 3.8 Hz), 123.7, 120.0, 118.4, 118.0 (d, J = 7.4
Hz), 115.7 (d, J = 27.7 Hz), 113.2, 111.2, 99.2, 50.5, 50.0, 48.7, 44.0,
42.8, 38.2; HRMS (ESI) calcd for C22H20FNNaO3

+ 388.1319, found
388.1314.

15,15-Dimethoxy-2,3-dimethyl-5,8,9,14-tetrahydro-5,9-
methanobenzo[8,9]cyclonona[1,2-b]indol-7(6H)-one 3ua: white
solid, mp 225−226 °C, 67.4 mg, 90% yield. The eluent used was
petroleum ether/ethyl acetate (8:1): 1H NMR (600 MHz, CDCl3) δ
8.37 (s, 1H), 7.42 (d, J = 7.9 Hz, 1H), 7.33 (s, 1H), 7.30 (d, J = 8.0
Hz, 1H), 7.16 (t, J = 7.4 Hz, 1H), 7.09 (t, J = 7.8 Hz, 1H), 6.94 (s,
1H), 4.18−4.13 (m, 1H), 3.84−3.77 (m, 1H), 3.48 (s, 3H), 3.09−
3.01 (m, 4H), 2.93 (dd, J = 15.0, 9.4 Hz, 1H), 2.65 (d, J = 15.5 Hz,
1H), 2.51−2.43 (m, 1H), 2.26 (s, 3H), 2.24 (s, 3H); 13C{1H} NMR
(150 MHz, CDCl3) δ 209.0, 136.4, 135.5, 135.4, 133.5, 131.3, 128.8,
126.6, 125.8, 123.0, 119.8, 118.0, 111.1, 110.8, 99.5, 49.7, 49.0, 48.5,
45.3, 43.2, 38.4, 19.5, 19.3; HRMS (ESI) calcd for C24H25NNaO3

+

398.1727, found 398.1720.
17,17-Dimethoxy-7,10,11,16-tetrahydro-7,11-methanonaphtho-

[2′,1′:8,9]cyclonona[1,2-b]indol-9(8H)-one 3va: white solid, mp
272−274 °C, 57.9 mg, 73% yield. The eluent used was petroleum
ether/ethyl acetate (6:1): 1H NMR (600 MHz, CDCl3) δ 8.55 (d, J =
8.5 Hz, 1H), 8.51 (s, 1H), 7.89 (d, J = 7.6 Hz, 1H), 7.74 (d, J = 8.2
Hz, 1H), 7.57−7.48 (m, 3H), 7.39 (d, J = 8.1 Hz, 1H), 7.31 (d, J =
8.2 Hz, 1H), 7.27−7.23 (m, 1H), 7.16 (t, J = 7.5 Hz, 1H), 4.23 (dd, J
= 4.8, 2.0 Hz, 1H), 3.75−3.69 (m, 1H), 3.41 (s, 3H), 2.96 (dd, J =
17.4, 1.4 Hz, 1H), 2.93−2.87 (m, 1H), 2.81−2.72 (m, 4H), 2.60 (dd,
J = 15.3, 7.4 Hz, 1H); 13C{1H} NMR (150 MHz, CDCl3) δ 208.0,
137.0, 136.3, 133.8, 130.9, 130.7, 129.2, 128.8, 128.0, 127.9, 126.9,
126.8, 126.0, 125.7, 123.2, 120.0, 119.2, 113.1, 111.0, 101.0, 50.2,
49.2, 49.1, 42.2, 41.9, 38.4; HRMS (ESI) calcd for C26H23NNaO3

+

420.1570, found 420.1560.
15- I sopropoxy-15-methoxy-5 ,8 ,9 ,14- tet rahydro-5 ,9-

methanobenzo[8,9]cyclonona[1,2-b]indol-7(6H)-one 3ab: white
solid, mp 220−222 °C, 43.5 mg, 55% yield. The eluent used was
petroleum ether/ethyl acetate (4:1): 1H NMR (600 MHz, CDCl3) δ
8.43 (s, 1H), 7.55 (d, J = 7.7 Hz, 1H), 7.45 (d, J = 7.8 Hz, 1H), 7.29
(d, J = 8.0 Hz, 1H), 7.26−7.23 (m, 1H), 7.21−7.15 (m, 3H), 7.10 (t,
J = 7.4 Hz, 1H), 4.42−4.38 (m, 1H), 4.25−4.18 (m, 1H), 3.94−3.87
(m, 1H), 3.17 (dd, J = 15.3, 6.4 Hz, 1H), 3.07 (s, 3H), 2.97 (dd, J =
15.0, 9.4 Hz, 1H), 2.64 (d, J = 15.4 Hz, 1H), 2.49 (dd, J = 15.1, 3.2
Hz, 1H), 1.36−1.32 (m, 6H); 13C{1H} NMR (150 MHz, CDCl3) δ
209.2, 138.7, 136.5, 132.0, 131.1, 129.2, 128.6, 127. 8, 127.2, 124.4,
123.4, 120.0, 118.2, 112.1, 111.0, 100.0, 64.0, 51.4, 49.8, 45.4, 43.6,
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39.3, 24.5, 24.4; HRMS (ESI) calcd for C24H25NNaO3
+ 398.1727,

found 398.1719.
15,15-Diethoxy-5,8,9,14-tetrahydro-5,9-methanobenzo[8,9]-

cyclonona[1,2-b]indol-7(6H)-one 3ac: yellow oil, 50.5 mg, 67%
yield. The eluent used was petroleum ether/ethyl acetate (5:1): 1H
NMR (600 MHz, CDCl3) δ 8.46 (s, 1H), 7.58 (d, J = 7.8 Hz, 1H),
7.44 (d, J = 7.9 Hz, 1H), 7.33−7.25 (m, 2H), 7.22−7.14 (m, 3H),
7.09 (t, J = 7.5 Hz, 1H), 4.14 (dd, J = 4.6, 2.2 Hz, 1H), 3.84 (ddd, J =
9.3, 5.1, 2.6 Hz, 1H), 3.78 (dq, J = 14.2, 7.1 Hz, 1H), 3.70 (dq, J =
14.0, 7.0 Hz, 1H), 3.42 (tt, J = 14.1, 7.0 Hz, 1H), 3.32−3.25 (m, 1H),
3.00 (dd, J = 16.1, 6.7 Hz, 1H), 2.88 (dd, J = 15.3, 9.7 Hz, 1H), 2.71
(d, J = 16.2 Hz, 1H), 2.52 (dd, J = 15.3, 5.2 Hz, 1H), 1.32 (t, J = 7.0
Hz, 3H), 0.63 (t, J = 7.1 Hz, 3H); 13C{1H} NMR (150 MHz, CDCl3)
δ 209.1, 138.5, 136.5, 131.9, 131.2, 129.7, 128.9, 127.5, 127.3, 124.6,
123.3, 119.9, 118.5, 112.6, 111.0, 100.0, 99.5, 56.9, 56.5, 51.0, 44.3,
42.8, 39.0, 15.3, 14.8; HRMS (ESI) calcd for C24H25NNaO3

+

398.1727, found 398.1718.
6,6-dimethoxy-2′-(1H-pyrrol-2-yl)-1,6-dihydro-[1,1′-biphenyl]-

3(2H)-one 5: yellow oil, 24.5 mg, 41% yield. The eluent used was
petroleum ether/ethyl acetate (5:1): 1H NMR (600 MHz, CDCl3) δ
9.46 (s, 1H), 7.58−7.50 (m, 1H), 7.44−7.36 (m, 1H), 7.29−7.24 (m,
2H), 7.00 (d, J = 10.4 Hz, 1H), 6.88 (dd, J = 4.0, 2.4 Hz, 1H), 6.37−
6.26 (m, 2H), 6.15 (d, J = 10.4 Hz, 1H), 4.10 (dd, J = 10.4, 4.3 Hz,
1H), 3.35 (s, 3H), 3.06 (s, 3H), 2.97 (dd, J = 17.1, 10.5 Hz, 1H), 2.53
(dd, J = 17.1, 4.3 Hz, 1H); 13C{1H} NMR (150 MHz, CDCl3) δ
198.6, 148.6, 135.6, 134.3, 131.4, 131.2, 130.4, 129.7, 127.3, 127.0,
118.6, 109.4, 108.9, 99.1, 51.4, 50.3, 45.2, 43.0; HRMS (ESI) calcd for
C18H19NNaO3

+ 320.1257, found 320.1252.
Procedure for [4 + 5] Annulations of 2-Phenyl-1H-benzo-

[d]imidazole with Quinone Monoacetals (Conditions B). A
pressure tube was charged with a magnetic stir bar, [RhCp*Cl2]2 (5
mol %), CsOAc (2.0 equiv), 2-phenyl-1H-benzo[d]-imidazole (1z,
0.2 mmol), quinone monoacetals (2a, 0.4 mmol), and TFE (4.0 mL).
The tube was sealed, and the reaction mixture was stirred under N2 at
70 °C in an oil bath for 48 h. After the reaction was completed, the
volatiles were removed under reduced pressure and the residue was
purified by silica gel chromatography using PE/EA to afford the
product 4aa.
16,16-Dimethoxy-5,6,8,9-tetrahydro-7H-5,9-methanobenzo[c]-

benzo[4,5]imidazo[1,2-a]azonin-7-one 4aa: white solid, mp 256−
258 °C, 45.0 mg, 65% yield. The eluent used was petroleum ether/
ethyl acetate (2:1): 1H NMR (600 MHz, CDCl3) δ 9.09−8.96 (m,
1H), 7.82 (d, J = 6.6 Hz, 1H), 7.40−7.37 (m, 2H), 7.35−7.29 (m,
2H), 7.22−7.15 (m, 1H), 5.37−5.19 (m, 1H), 4.12 (dd, J = 4.7, 2.7
Hz, 1H), 3.56 (s, 3H), 3.28−3.12 (m, 2H), 3.01 (s, 3H), 2.68 (d, J =
15.3 Hz, 1H), 2.52 (dd, J = 9.6, 7.3 Hz, 1H); 13C{1H} NMR (150
MHz, CDCl3) δ 204.9, 150.4, 136.0, 135.6, 131.8, 131.5, 130.7, 127.5,
123.3, 123.2, 120.1, 108.6, 97.2, 56.5, 49.3, 48.9, 48.6, 46.8, 43.5;
HRMS (ESI) calcd for C21H20N2NaO3

+ 371.1366, found 371.1365.

■ ASSOCIATED CONTENT

*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.joc.0c00018.

Experimental procedures and spectral data of new
compounds (PDF)

Crystallographic data of 3ma (CIF)

■ AUTHOR INFORMATION

Corresponding Author
Guangfan Zheng − Key Laboratory of Applied Surface and
Colloid Chemistry of MOE, School of Chemistry and Chemical
Engineering Shaanxi Normal University (SNNU), Xi’an
710062, China; orcid.org/0000-0003-0201-6279;
Email: zhenggf@snnu.edu.cn

Authors
Xujing Duan − Key Laboratory of Applied Surface and Colloid
Chemistry of MOE, School of Chemistry and Chemical
Engineering Shaanxi Normal University (SNNU), Xi’an
710062, China

Lu Chen − Key Laboratory of Applied Surface and Colloid
Chemistry of MOE, School of Chemistry and Chemical
Engineering Shaanxi Normal University (SNNU), Xi’an
710062, China

Jiaqiong Sun − Key Laboratory of Applied Surface and Colloid
Chemistry of MOE, School of Chemistry and Chemical
Engineering Shaanxi Normal University (SNNU), Xi’an
710062, China

Shuailei Zhai − Key Laboratory of Applied Surface and Colloid
Chemistry of MOE, School of Chemistry and Chemical
Engineering Shaanxi Normal University (SNNU), Xi’an
710062, China

Xiaojiao Li − Key Laboratory of Applied Surface and Colloid
Chemistry of MOE, School of Chemistry and Chemical
Engineering Shaanxi Normal University (SNNU), Xi’an
710062, China

Jierui Jing − Key Laboratory of Applied Surface and Colloid
Chemistry of MOE, School of Chemistry and Chemical
Engineering Shaanxi Normal University (SNNU), Xi’an
710062, China

Xingwei Li − Key Laboratory of Applied Surface and Colloid
Chemistry of MOE, School of Chemistry and Chemical
Engineering Shaanxi Normal University (SNNU), Xi’an
710062, China; orcid.org/0000-0002-1153-1558

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.joc.0c00018

Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
We acknowledge financial support from NSFC (21525208),
China Postdoctoral Science Foundation (2019TQ0192,
2019M653531, 2019M663613), Fundamental Research
Funds for the Central Universities (GK201903028), and
SNNU. L.C. thanks the National Training Program of
Innovation and Entrepreneurship for Undergraduates
(CX2019106). Dr. Huaming Sun at Shaanxi Normal
University is acknowledged for X-ray crystallographic analysis.

■ REFERENCES
(1) For recent reviews on C−H activation, see: (a) Zhang, F.;
Spring, D. R. Arene C-H Functionalisation Using a Removable/
Modifiable or a Traceless Directing Group Strategy. Chem. Soc. Rev.
2014, 43, 6906. (b) Daugulis, O.; Roane, J.; Tran, L. D. Bidentate,
Monoanionic Auxiliary-Directed Functionalization of Carbon-Hydro-
gen Bonds. Acc. Chem. Res. 2015, 48, 1053. (c) Gensch, T. M.;
Hopkinson, N.; Glorius, F.; Wencel-Delord, J. Mild Metal-Catalyzed
C-H Activation: Examples and Concepts. Chem. Soc. Rev. 2016, 45,
2900. (d) He, J.; Wasa, M.; Chan, K. S. L.; Shao, Q.; Yu, J.-Q.
Palladium-Catalyzed Transformations of Alkyl C-H Bonds. Chem. Rev.
2017, 117, 8754. (e) Park, Y.; Kim, Y.; Chang, S. Transition Metal-
Catalyzed C-H Amination: Scope, Mechanism, and Applications.
Chem. Rev. 2017, 117, 9247. (f) Yang, Y.; Lan, J.; You, J. Oxidative C-
H/C-H Coupling Reactions between Two (Hetero)arenes. Chem.
Rev. 2017, 117, 8787. (g) Hummel, J. R.; Boerth, J. A.; Ellman, J. A.
Transition-Metal-Catalyzed C-H Bond Addition to Carbonyls,
Imines, and Related Polarized π Bonds. Chem. Rev. 2017, 117,
9163. (h) Park, Y.; Kim, Y.; Chang, S. Transition Metal-Catalyzed C-

The Journal of Organic Chemistry pubs.acs.org/joc Note

https://dx.doi.org/10.1021/acs.joc.0c00018
J. Org. Chem. 2020, 85, 4543−4552

4550

https://pubs.acs.org/doi/10.1021/acs.joc.0c00018?goto=supporting-info
http://pubs.acs.org/doi/suppl/10.1021/acs.joc.0c00018/suppl_file/jo0c00018_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.joc.0c00018/suppl_file/jo0c00018_si_002.cif
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Guangfan+Zheng"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0003-0201-6279
mailto:zhenggf@snnu.edu.cn
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xujing+Duan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Lu+Chen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jiaqiong+Sun"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Shuailei+Zhai"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xiaojiao+Li"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jierui+Jing"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xingwei+Li"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0002-1153-1558
https://pubs.acs.org/doi/10.1021/acs.joc.0c00018?ref=pdf
https://dx.doi.org/10.1039/C4CS00137K
https://dx.doi.org/10.1039/C4CS00137K
https://dx.doi.org/10.1021/ar5004626
https://dx.doi.org/10.1021/ar5004626
https://dx.doi.org/10.1021/ar5004626
https://dx.doi.org/10.1039/C6CS00075D
https://dx.doi.org/10.1039/C6CS00075D
https://dx.doi.org/10.1021/acs.chemrev.6b00622
https://dx.doi.org/10.1021/acs.chemrev.6b00644
https://dx.doi.org/10.1021/acs.chemrev.6b00644
https://dx.doi.org/10.1021/acs.chemrev.6b00567
https://dx.doi.org/10.1021/acs.chemrev.6b00567
https://dx.doi.org/10.1021/acs.chemrev.6b00661
https://dx.doi.org/10.1021/acs.chemrev.6b00661
https://dx.doi.org/10.1021/acs.chemrev.6b00644
pubs.acs.org/joc?ref=pdf
https://dx.doi.org/10.1021/acs.joc.0c00018?ref=pdf


H Amination: Scope, Mechanism, and Applications. Chem. Rev. 2017,
117, 9247. (i) Dong, Z.; Ren, Z.; Thompson, S. J.; Xu, Y.; Dong, G.
Transition-Metal-Catalyzed C-H Alkylation Using Alkenes. Chem.
Rev. 2017, 117, 9333. (j) Gensch, T.; James, M. J.; Dalton, T.;
Glorius, F. Increasing Catalyst Efficiency in C-H Activation Catalysis.
Angew. Chem., Int. Ed. 2018, 57, 2296. (k) Sambiagio, C.; Schonbauer,
D.; Blieck, R.; Dao-Huy, T.; Pototschnig, G.; Schaaf, P.; Wiesinger,
T.; Zia, M. F.; Wencel-Delord, J.; Besset, T.; Maes, B. U. W.;
Schnurch, M. A Comprehensive Overview of Directing Groups
Applied in Metal-Catalysed C-H Functionalisation Chemistry. Chem.
Soc. Rev. 2018, 47, 6603. (l) Gandeepan, P.; Ackermann, L. Transient
Directing Groups for Transformative C-H Activation by Synergistic
Metal Catalysis. Chem. 2018, 4, 199.
(2) For recent reviews on Rh(III)-catalyzed C−H activation, see:
(a) Satoh, T.; Miura, M. Oxidative Coupling of Aromatic Substrates
with Alkynes and Alkenes under Rhodium Catalysis. Chem. - Eur. J.
2010, 16, 11212. (b) Song, G.; Wang, F.; Li, X. C-C, C-O and C-N
Bond Formation via Rhodium(III)-Catalyzed Oxidative C-H
Activation. Chem. Soc. Rev. 2012, 41, 3651. (c) Colby, D. A.; Tsai,
A. S.; Bergman, R. G.; Ellman, J. A. Rhodium Catalyzed Chelation-
Assisted C-H Bond Functionalization Reactions. Acc. Chem. Res.
2012, 45, 814. (d) Kuhl, N.; Schroder, N.; Glorius, F. Formal SN-
Type Reactions in Rhodium(III)-Catalyzed C-H Bond Activation.
Adv. Synth. Catal. 2014, 356, 1443. (e) Song, G.; Li, X. Substrate
Activation Strategies in Rhodium(III)-Catalyzed Selective Function-
alization of Arenes. Acc. Chem. Res. 2015, 48, 1007. (f) Zhu, R.-Y.;
Farmer, M. E.; Chen, Y.; Yu, J. A Simple and Versatile Amide
Directing Group for C-H Functionalizations. Angew. Chem., Int. Ed.
2016, 55, 10578. (g) Piou, T.; Rovis, T. Electronic and Steric Tuning
of a Prototypical Piano Stool Complex: Rh(III) Catalysis for C-H
Functionalization. Acc. Chem. Res. 2018, 51, 170.
(3) (a) Ackermann, L. Carboxylate-Assisted Ruthenium-Catalyzed
Alkyne Annulations by C-H/Het-H Bond Functionalizations. Acc.
Chem. Res. 2014, 47, 281. (b) Zhu, R.-Y.; Farmer, M. E.; Chen, Y.-Q.;
Yu, J.-Q. A Simple and Versatile Amide Directing Group for C-H
Functionalizations. Angew. Chem., Int. Ed. 2016, 55, 10578. (c) Yang,
Y.; Li, K.; Cheng, Y.; Wan, D.; Li, M.; You, J. Rhodium-Catalyzed
Annulation of Arenes with Alkynes through Weak Chelation-Assisted
C-H Activation. Chem. Commun. 2016, 52, 2872. (d) Wu, X.-F., Ed.
Transition-Metal-Catalyzed Heterocycle Synthesis via C−H Activation;
Wiley: Weinheim, Germany, 2016.
(4) (a) Muralirajan, K.; Parthasarathy, K.; Cheng, C. Regioselective
Synthesis of Indenols by Rhodium-Catalyzed C-H Activation and
Carbocyclization of Aryl Ketones and Alkynes. Angew. Chem., Int. Ed.
2011, 50, 4169. (b) Patureau, F. W.; Besset, T.; Kuhl, N.; Glorius, F.
Diverse Strategies toward Indenol and Fulvene Derivatives: Rh-
Catalyzed C-H Activation of Aryl Ketones Followed by Coupling with
Internal Alkynes. J. Am. Chem. Soc. 2011, 133, 2154. (c) Dong, L.; Qu,
C.; Huang, J.; Zhang, W.; Zhang, Q.; Deng, J. Rhodium-Catalyzed
Spirocyclic Sultam Synthesis by [3 + 2] Annulation with Cyclic N-
Sulfonyl Ketimines and Alkynes. Chem. - Eur. J. 2013, 19, 16537.
(d) Lv, N.; Chen, Z.; Liu, Y.; Liu, Z.; Zhang, Y. Synthesis of
Functionalized Indenones via Rh-Catalyzed C-H Activation Cascade
Reaction. Org. Lett. 2017, 19, 2588. (e) Liu, B.; Hu, P.; Zhang, Y.; Li,
Y.; Bai, D.; Li, X. Rh(III)-Catalyzed DiastereodivergentSpiroannula-
tion of Cyclic Imines with Activated Alkenes. Org. Lett. 2017, 19,
5402. (f) Zhu, C.; Luan, J.; Fang, J.; Zhao, X.; Wu, X.; Li, Y.; Luo, Y.
A Rhodium-Catalyzed [3 + 2] Annulation of General Aromatic
Aldimines/Ketimines and N-Substituted Maleimides. Org. Lett. 2018,
20, 5960. (g) Chaudhary, B.; Auti, P.; Shinde, S. D.; Yakkala, P. A.;
Giri, D.; Sharma, S. Rh(III)-Catalyzed [3 + 2] Annulation via C-H
Activation: Direct Access to Trifluoromethyl-Substituted Inden-
amines and Aminoindanes. Org. Lett. 2019, 21, 2763.
(5) (a) Yu, S.; Liu, S.; Lan, Y.; Wan, B.; Li, X. Rhodium-Catalyzed
C-H Activation of Phenacyl Ammonium Salts Assisted by an
Oxidizing C-N Bond: A Combination of Experimental and
Theoretical Studies. J. Am. Chem. Soc. 2015, 137, 1623. (b) Li, Y.;
Yang, X.; Kong, L.; Li, X. Rhodium(III)-Catalyzed Synthesis of

Indanones via C-H Activation of Phenacyl Phosphoniums and
Coupling with Olefins. Org. Chem. Front. 2017, 4, 2114.
(6) Li, X.; Yang, X.; Qi, Z. Synthesis of Cyclopentadienols by
Rhodium-Catalyzed C-H Activation of 8-Formylquinolines and [2 +
2+1] Carbocyclization with Alkynes. ACS Catal. 2016, 6, 6372.
(7) (a) Tan, X.; Liu, B.; Li, X.; Li, B.; Xu, S.; Song, H.; Wang, B.
Rhodium-Catalyzed Cascade Oxidative Annulation Leading to
Substituted Naphtho[1,8-bc]pyrans by Sequential Cleavage of
C(sp2)-H/C(sp3)-H and C(sp2)-H/O-H Bonds. J. Am. Chem. Soc.
2012, 134, 16163. (b) Zhou, S.; Wang, J.; Wang, L.; Song, C.; Chen,
K.; Zhu, J. Enaminones as Synthons for a Directed C-H
Functionalization: Rh(III)-Catalyzed Synthesis of Naphthalenes.
Angew. Chem., Int. Ed. 2016, 55, 9384. (c) Li, Y.; Wang, Q.; Yang,
X.; Xie, F.; Li, X. Divergent Access to 1-Naphthols and Isocoumarins
via Rh(III)-Catalyzed C-H Activation Assisted by Phosphonium
Ylide. Org. Lett. 2017, 19, 3410. (d) Xu, Y.; Yang, X.; Zhou, X.; Kong,
L.; Li, X. Rhodium(III)-Catalyzed Synthesis of Naphthols via C-H
Activation of Sulfoxonium Ylides. Org. Lett. 2017, 19, 4307.
(e) Zheng, G.; Tian, M.; Xu, Y.; Chen, X.; Li, X. Rhodium(III)-
Catalyzed Annulative Coupling between Arenes and Sulfoxonium
Ylides via C-H Activation. Org. Chem. Front. 2018, 5, 998. (f) Hu, P.;
Zhang, Y.; Xu, Y.; Yang, S.; Liu, B.; Li, X. Construction of
(Dihydro)naphtho[1,8-bc]pyrans via Rh(III)-Catalyzed Twofold C-
H Activation of Benzoylacetonitriles. Org. Lett. 2018, 20, 2160.
(g) Guo, C.; Li, B.; Liu, H.; Zhang, X.; Zhang, X.; Fan, X. Synthesis of
Fused or Spiro Polyheterocyclic Compounds via the Dehydrogenative
Annulation Reactions of 2-Arylindazoles with Maleimides. Org. Lett.
2019, 21, 7189. (h) Zhou, C.; Gao, H.; Huang, S.; Zhang, S.; Wu, J.;
Li, B.; Jiang, X.; Wang, H. Synthesis of BenzofusedN-Heterocycles via
Rh(III)-Catalyzed Direct Benzannulation with 1,3-Dienes. ACS Catal.
2019, 9, 556.
(8) (a) Umeda, N.; Tsurugi, H.; Satoh, T.; Miura, M. Fluorescent
Naphthyl- and Anthrylazoles from the Catalytic Coupling of
Phenylazoles with Internal Alkynes through the Cleavage of Multiple
C-H Bonds. Angew. Chem., Int. Ed. 2008, 47, 4019. (b) Umeda, N.;
Hirano, K.; Satoh, T.; Shibata, N.; Sato, H.; Miura, M. Rhodium-
Catalyzed Oxidative 1:1, 1:2, and 1:4 Coupling Reactions of
Phenylazoles with Internal Alkynes through the Regioselective
Cleavages of Multiple C-H Bonds. J. Org. Chem. 2011, 76, 13.
(c) Zheng, J.; You, S.-L. Rhodium-Catalyzed DrectCupling of
BarylPridineDrivatives with Iternal Akynes. Chem. Commun. 2014,
50, 8204. (d) Xu, X.; Zhao, H.; Xu, J.; Chen, C.; Pan, Y.; Luo, Z.;
Zhang, Z.; Li, H.; Xu, L. Rhodium(III)-Catalyzed Oxidative
Annulation of 2,2’-Bipyridine N-Oxides with Alkynes via Dual C-H
Bond Activation. Org. Lett. 2018, 20, 3843. (e) Li, H.; Yan, X.; Zhang,
J.; Guo, W.; Jiang, J.; Wang, J. Enantioselective Synthesis of C-N
Axially Chiral N-Aryloxindoles by Asymmetric Rhodium-Catalyzed
Dual C-H Activation. Angew. Chem., Int. Ed. 2019, 58, 6732.
(9) (a) Burns, D. J.; Best, D.; Wieczysty, M. D.; Lam, H. W. All-
Carbon [3 + 3] Oxidative Annulations of 1,3-Enynes by Rhodium-
(III)-Catalyzed C-H Functionalization and 1, 4-Migration. Angew.
Chem., Int. Ed. 2015, 54, 9958. (b) Xie, F.; Yu, S.; Qi, Z.; Li, X.
Nitrone Directing Groups in Rhodium(III)-Catalyzed C-H Activation
of Arenes: 1, 3-Dipoles versus Traceless Directing Groups. Angew.
Chem., Int. Ed. 2016, 55, 15351.
(10) (a) Xu, Y.; Zheng, G.; Kong, L.; Li, X. Manganese(I)-Catalyzed
Synthesis of Fused Eight- and Four-Membered Carbocycles via C-H
Activation and Pericyclic Reactions. Org. Lett. 2019, 21, 3402.
(b) Reddy, K. N.; Chary, D. Y.; Sridhar, B.; Reddy, B. V. S. Rh(III)-
Catalyzed Tandem Bicyclization of 2-Arylimidazo[1,2-a]pyridines
with Cyclic Enones for the Construction of Bridged Scaffolds. Org.
Lett. 2019, 21, 8548. (c) Zhou, X.; Pan, Y.; Li, X. Catalyst-Controlled
Regiodivergent Alkyne Insertion in the Context of C-H Activation
and Diels-Alder Reactions: Synthesis of Fused and Bridged Cycles.
Angew. Chem., Int. Ed. 2017, 56, 8163.
(11) (a) Zhang, Z.; Liu, K.; Chen, X.; Su, S.-J.; Deng, Y.; Zeng, W.
Rhodium(III)-Catalyzed Indole-Directed Carbenoid Aryl C-H
Insertion/Cyclization: Access to 1,2-Benzocarbazoles. RSC Adv.
2017, 7, 30554. (b) Li, B.; Zhang, B.; Zhang, X.; Fan, X. Regio-

The Journal of Organic Chemistry pubs.acs.org/joc Note

https://dx.doi.org/10.1021/acs.joc.0c00018
J. Org. Chem. 2020, 85, 4543−4552

4551

https://dx.doi.org/10.1021/acs.chemrev.6b00644
https://dx.doi.org/10.1021/acs.chemrev.6b00574
https://dx.doi.org/10.1002/anie.201710377
https://dx.doi.org/10.1039/C8CS00201K
https://dx.doi.org/10.1039/C8CS00201K
https://dx.doi.org/10.1016/j.chempr.2017.11.002
https://dx.doi.org/10.1016/j.chempr.2017.11.002
https://dx.doi.org/10.1016/j.chempr.2017.11.002
https://dx.doi.org/10.1002/chem.201001363
https://dx.doi.org/10.1002/chem.201001363
https://dx.doi.org/10.1039/c2cs15281a
https://dx.doi.org/10.1039/c2cs15281a
https://dx.doi.org/10.1039/c2cs15281a
https://dx.doi.org/10.1021/ar200190g
https://dx.doi.org/10.1021/ar200190g
https://dx.doi.org/10.1002/adsc.201400197
https://dx.doi.org/10.1002/adsc.201400197
https://dx.doi.org/10.1021/acs.accounts.5b00077
https://dx.doi.org/10.1021/acs.accounts.5b00077
https://dx.doi.org/10.1021/acs.accounts.5b00077
https://dx.doi.org/10.1002/anie.201600791
https://dx.doi.org/10.1002/anie.201600791
https://dx.doi.org/10.1021/acs.accounts.7b00444
https://dx.doi.org/10.1021/acs.accounts.7b00444
https://dx.doi.org/10.1021/acs.accounts.7b00444
https://dx.doi.org/10.1021/ar3002798
https://dx.doi.org/10.1021/ar3002798
https://dx.doi.org/10.1002/anie.201600791
https://dx.doi.org/10.1002/anie.201600791
https://dx.doi.org/10.1039/C5CC09180B
https://dx.doi.org/10.1039/C5CC09180B
https://dx.doi.org/10.1039/C5CC09180B
https://dx.doi.org/10.1002/anie.201100229
https://dx.doi.org/10.1002/anie.201100229
https://dx.doi.org/10.1002/anie.201100229
https://dx.doi.org/10.1021/ja110650m
https://dx.doi.org/10.1021/ja110650m
https://dx.doi.org/10.1021/ja110650m
https://dx.doi.org/10.1002/chem.201303372
https://dx.doi.org/10.1002/chem.201303372
https://dx.doi.org/10.1002/chem.201303372
https://dx.doi.org/10.1021/acs.orglett.7b00906
https://dx.doi.org/10.1021/acs.orglett.7b00906
https://dx.doi.org/10.1021/acs.orglett.7b00906
https://dx.doi.org/10.1021/acs.orglett.7b02678
https://dx.doi.org/10.1021/acs.orglett.7b02678
https://dx.doi.org/10.1021/acs.orglett.8b02671
https://dx.doi.org/10.1021/acs.orglett.8b02671
https://dx.doi.org/10.1021/acs.orglett.9b00720
https://dx.doi.org/10.1021/acs.orglett.9b00720
https://dx.doi.org/10.1021/acs.orglett.9b00720
https://dx.doi.org/10.1021/ja511796h
https://dx.doi.org/10.1021/ja511796h
https://dx.doi.org/10.1021/ja511796h
https://dx.doi.org/10.1021/ja511796h
https://dx.doi.org/10.1039/C7QO00510E
https://dx.doi.org/10.1039/C7QO00510E
https://dx.doi.org/10.1039/C7QO00510E
https://dx.doi.org/10.1021/acscatal.6b01936
https://dx.doi.org/10.1021/acscatal.6b01936
https://dx.doi.org/10.1021/acscatal.6b01936
https://dx.doi.org/10.1021/ja3075242
https://dx.doi.org/10.1021/ja3075242
https://dx.doi.org/10.1021/ja3075242
https://dx.doi.org/10.1002/anie.201603943
https://dx.doi.org/10.1002/anie.201603943
https://dx.doi.org/10.1021/acs.orglett.7b01365
https://dx.doi.org/10.1021/acs.orglett.7b01365
https://dx.doi.org/10.1021/acs.orglett.7b01365
https://dx.doi.org/10.1021/acs.orglett.7b01974
https://dx.doi.org/10.1021/acs.orglett.7b01974
https://dx.doi.org/10.1039/C7QO01033H
https://dx.doi.org/10.1039/C7QO01033H
https://dx.doi.org/10.1039/C7QO01033H
https://dx.doi.org/10.1021/acs.orglett.8b00420
https://dx.doi.org/10.1021/acs.orglett.8b00420
https://dx.doi.org/10.1021/acs.orglett.8b00420
https://dx.doi.org/10.1021/acs.orglett.9b01889
https://dx.doi.org/10.1021/acs.orglett.9b01889
https://dx.doi.org/10.1021/acs.orglett.9b01889
https://dx.doi.org/10.1021/acscatal.8b03595
https://dx.doi.org/10.1021/acscatal.8b03595
https://dx.doi.org/10.1002/anie.200800924
https://dx.doi.org/10.1002/anie.200800924
https://dx.doi.org/10.1002/anie.200800924
https://dx.doi.org/10.1002/anie.200800924
https://dx.doi.org/10.1021/jo1021184
https://dx.doi.org/10.1021/jo1021184
https://dx.doi.org/10.1021/jo1021184
https://dx.doi.org/10.1021/jo1021184
https://dx.doi.org/10.1039/C4CC02822H
https://dx.doi.org/10.1039/C4CC02822H
https://dx.doi.org/10.1021/acs.orglett.8b01434
https://dx.doi.org/10.1021/acs.orglett.8b01434
https://dx.doi.org/10.1021/acs.orglett.8b01434
https://dx.doi.org/10.1002/anie.201901619
https://dx.doi.org/10.1002/anie.201901619
https://dx.doi.org/10.1002/anie.201901619
https://dx.doi.org/10.1002/anie.201503978
https://dx.doi.org/10.1002/anie.201503978
https://dx.doi.org/10.1002/anie.201503978
https://dx.doi.org/10.1002/anie.201609658
https://dx.doi.org/10.1002/anie.201609658
https://dx.doi.org/10.1021/acs.orglett.9b01139
https://dx.doi.org/10.1021/acs.orglett.9b01139
https://dx.doi.org/10.1021/acs.orglett.9b01139
https://dx.doi.org/10.1021/acs.orglett.9b03041
https://dx.doi.org/10.1021/acs.orglett.9b03041
https://dx.doi.org/10.1021/acs.orglett.9b03041
https://dx.doi.org/10.1002/anie.201704036
https://dx.doi.org/10.1002/anie.201704036
https://dx.doi.org/10.1002/anie.201704036
https://dx.doi.org/10.1039/C7RA04889K
https://dx.doi.org/10.1039/C7RA04889K
https://dx.doi.org/10.1039/C6CC08377C
pubs.acs.org/joc?ref=pdf
https://dx.doi.org/10.1021/acs.joc.0c00018?ref=pdf


Selective Synthesis of Diversely Substituted Benzo[a]Carbazoles
through Rh(III)-Catalyzed Annulation of 2-Arylindoles with α-
Diazo Carbonyl Compounds. Chem. Commun. 2017, 53, 1297.
(c) Chen, G.; Zhang, X.; Jia, R.; Li, B.; Fan, X. Selective Synthesis of
Benzo[a]Carbazoles and Indolo[2,1-a]-Isoquinolines via Rh(III)-
Catalyzed C-H Functionalizations of 2-Arylindoles with Sulfoxonium
Ylides. Adv. Synth. Catal. 2018, 360, 3781.
(12) (a) Morimoto, K.; Hirano, K.; Satoh, T.; Miura, M. Rhodium-
Catalyzed Oxidative Coupling/Cyclization of 2-Phenylindoles with
Alkynes via C-H and N-H Bond Cleavages with Air as the Oxidant.
Org. Lett. 2010, 12, 2068. (b) Ackermann, L.; Wang, L.; Lygin, A. V.
Ruthenium-Catalyzed Aerobic Oxidative Coupling of Alkynes with 2-
Aryl-Substituted Pyrroles. Chem. Sci. 2012, 3, 177.
(13) (a) Xia, Y.; Dong, L. Ruthenium(II)-Catalyzed Indolo[2,1-
a]isoquinolines Synthesis by Tandem C-H Allylation and Oxidative
Cyclization of 2-Phenylindoles with Allyl Carbonates. Org. Lett. 2017,
19, 2258. (b) Xia, Y.; Li, C.; Liu, M.; Dong, L. Ruthenium-Catalyzed
Selective C-C Coupling of Allylic Alcohols with Free Indoles:
Influence of the Metal Catalyst. Chem. - Eur. J. 2018, 24, 5474.
(c) Han, Q.; Guo, X.; Tang, Z.; Su, L.; Yao, Z.; Zhang, X.; Lin, S.;
Xiang, S.; Huang, Q. Rhodium-Catalyzed Regioselective ortho C-H
Olefination of 2-Arylindoles via NH-Indole-Directed C-H Bond
Cleavage. Adv. Synth. Catal. 2018, 360, 972. (d) Guo, S.; Liu, Y.;
Zhao, L.; Zhang, X.; Fan, X. Rhodium-Catalyzed Selective Oxidative
(Spiro)annulation of 2-Arylindoles by Using Benzoquinone as a C2 or
C1 Synthon. Org. Lett. 2019, 21, 6437.
(14) Yang, X.; Li, Y.; Kong, L.; Li, X. Access to Quaternary
Stereogenic Centers via Rhodium(III)-Catalyzed Annulations be-
tween 2-Phenylindoles and Ketenes. Org. Lett. 2018, 20, 1957.
(15) Huang, Q.; Han, Q.; Fu, S.; Yao, Z.; Su, L.; Zhang, X.; Lin, S.;
Xiang, S. Rhodium-Catalyzed NH-Indole-Directed C-H Carbon-
ylation with Carbon Monoxide: Synthesis of 6H-Isoindolo[2,1-
a]indol-6-ones. J. Org. Chem. 2016, 81, 12135.
(16) Yang, W.; Dong, J.; Wang, J.; Xu, X. Rh(III)-Catalyzed
Diastereoselective Annulation of Amides with Quinone Monoacetals:
Access to Bridged Nine-Membered Heterocycles via C-H Activation.
Org. Lett. 2017, 19, 616.
(17) (a) Yang, L.; Correia, C. A.; Li, C.-J. Rhodium-Catalyzed C-H
Activation and Conjugate Addition Under Mild Conditions. Org.
Biomol. Chem. 2011, 9, 7176. (b) Yang, L.; Qian, B.; Huang, H.
Brønsted Acid Enhanced Rhodium-Catalyzed Conjugate Addition of
Aryl C-H Bonds to α, β-Unsaturated Ketones under Mild Conditions.
Chem. - Eur. J. 2012, 18, 9511.
(18) (a) Zhang, X.; Wang, F.; Qi, Z.; Yu, S.; Li, X. Rhodium(III)-
Catalyzed Redox-Neutral C-H Arylation via Rearomatization. Org.
Lett. 2014, 16, 1586. (b) Yang, W.; Wang, S.; Zhang, Q.; Liu, Q.; Xu,
X. Rh(III)-Catalyzed Oxidative C-H Bond Arylation with Hydro-
quinones: Sustainable Synthesis of Dibenzo[b, d]Pyran-6-Ones and
Benzo[d]Naphtho[1,2-b]Pyran-6-Ones. Chem. Commun. 2015, 51,
661.
(19) (a) Yet, L. Metal-Mediated Synthesis of Medium-Sized Rings.
Chem. Rev. 2000, 100, 2963. (b) Tori, M.; Mizutani, R. Construction
of Eight-Membered Carbocycles with Trisubstituted Double Bonds
Using the Ring Closing Metathesis Reaction. Molecules 2010, 15,
4242. (c) Yu, Z.; Wang, Y.; Wang, Y. Transition-Metal-Catalyzed
Cycloadditions for the Synthesis of Eight-Membered Carbocycles.
Chem. - Asian J. 2010, 5, 1072.
(20) H/D exchange study of 3aa was performed under standard
conditions, and the results indicate that Hd and Hf positions are
difficult under H/D exchange after annulation (see the Supporting
Information).

The Journal of Organic Chemistry pubs.acs.org/joc Note

https://dx.doi.org/10.1021/acs.joc.0c00018
J. Org. Chem. 2020, 85, 4543−4552

4552

https://dx.doi.org/10.1039/C6CC08377C
https://dx.doi.org/10.1039/C6CC08377C
https://dx.doi.org/10.1039/C6CC08377C
https://dx.doi.org/10.1002/adsc.201800622
https://dx.doi.org/10.1002/adsc.201800622
https://dx.doi.org/10.1002/adsc.201800622
https://dx.doi.org/10.1002/adsc.201800622
https://dx.doi.org/10.1021/ol100560k
https://dx.doi.org/10.1021/ol100560k
https://dx.doi.org/10.1021/ol100560k
https://dx.doi.org/10.1039/C1SC00619C
https://dx.doi.org/10.1039/C1SC00619C
https://dx.doi.org/10.1021/acs.orglett.7b00762
https://dx.doi.org/10.1021/acs.orglett.7b00762
https://dx.doi.org/10.1021/acs.orglett.7b00762
https://dx.doi.org/10.1002/chem.201706080
https://dx.doi.org/10.1002/chem.201706080
https://dx.doi.org/10.1002/chem.201706080
https://dx.doi.org/10.1002/adsc.201701381
https://dx.doi.org/10.1002/adsc.201701381
https://dx.doi.org/10.1002/adsc.201701381
https://dx.doi.org/10.1021/acs.orglett.9b02336
https://dx.doi.org/10.1021/acs.orglett.9b02336
https://dx.doi.org/10.1021/acs.orglett.9b02336
https://dx.doi.org/10.1021/acs.orglett.8b00497
https://dx.doi.org/10.1021/acs.orglett.8b00497
https://dx.doi.org/10.1021/acs.orglett.8b00497
https://dx.doi.org/10.1021/acs.joc.6b01200
https://dx.doi.org/10.1021/acs.joc.6b01200
https://dx.doi.org/10.1021/acs.joc.6b01200
https://dx.doi.org/10.1021/acs.orglett.6b03777
https://dx.doi.org/10.1021/acs.orglett.6b03777
https://dx.doi.org/10.1021/acs.orglett.6b03777
https://dx.doi.org/10.1039/c1ob05993a
https://dx.doi.org/10.1039/c1ob05993a
https://dx.doi.org/10.1002/chem.201201348
https://dx.doi.org/10.1002/chem.201201348
https://dx.doi.org/10.1021/ol500186j
https://dx.doi.org/10.1021/ol500186j
https://dx.doi.org/10.1039/C4CC08260E
https://dx.doi.org/10.1039/C4CC08260E
https://dx.doi.org/10.1039/C4CC08260E
https://dx.doi.org/10.1021/cr990407q
https://dx.doi.org/10.3390/molecules15064242
https://dx.doi.org/10.3390/molecules15064242
https://dx.doi.org/10.3390/molecules15064242
https://dx.doi.org/10.1002/asia.200900712
https://dx.doi.org/10.1002/asia.200900712
http://pubs.acs.org/doi/suppl/10.1021/acs.joc.0c00018/suppl_file/jo0c00018_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.joc.0c00018/suppl_file/jo0c00018_si_001.pdf
pubs.acs.org/joc?ref=pdf
https://dx.doi.org/10.1021/acs.joc.0c00018?ref=pdf

