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Palladium-Catalyzed Asymmetric [3+4] Cycloadditions for the
Construction of Cyclohepta[b]indoles

Wang, Yi’ Zhang, Jian”® Liu, Yangzi’ Luo, Xiaoyan™* Deng, Weiping™**
(¢ School of Pharmacy, East China University of Science and Technology, Shanghai 200237)
(® College of Chemistry, Zhejiang Normal University, Jinhua 321004)

Abstract A Pd-catalyzed decarboxylation strategy for the efficient synthesis of cyclohepta[b]indoles in good yields with
good to excellent enantioselectivities and moderate diastereoselectivities is reported. In this procedure, viny indoloxazolidones
were activated by Pd catalyst to generate zwitterionic intermediates in situ, which were then trapped by the electro-deficient
diene species via the asymmetric [3+4] cycloaddition process.

Keywords decarboxylation; cyclohepta[b]indoles; asymmetric; cycloadditions

1 Introduction

The novel indolyl delocalized dipoles (IDDPs) derived
from the decarboxylation!'! of vinyl indoloxazolidones,
which could serve as both all-carbon and aza-1,3-dipoles
for the catalyzed asymmetric [3+2] cycloadditions with
2-atom synthons, were exploited by our group?! in 2021
(Scheme 1a). Independently, Chen groupl®! (all-carbon
1,3-dipoles) and Shi group! (aza-1,3-dipoles) also realized
[3+2] cycloadditions, respectively (Scheme 1b). Moreo-
ver, Chen groupl®! discovered that the vinyl indoloxazol-
idones could act as all-carbon 1,5-dipoles, and reported the
Pd-catalyzed asymmetric [5+2] cycloadditions of vinyl
indoloxazolidones with sulfonyl amines (Scheme 1c). So
far, asymmetric cycloadditions of vinyl indoloxazolidones
with 2-atom synthons were well-established, but the cy-
cloadditions of vinyl indoloxazolidones as all-carbon
1,3-dipoles with n-atom (n>>2) synthons remains an unmet
challenge (Scheme 1).
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Meanwhile, chiral cyclohepta[b]indoles are ubiquitous
in many natural products and pharmaceutically active
molecules, exhibiting significant biological activities.>”]
Therefore, the enantioselective construction of this skele-
ton has attracted widespread attention.®! The catalyzed
asymmetric cycloadditions,”®! especially the [3+4] cy-
cloadditions,!!!1 stand out as important strategies to build
this skeleton due to their excellent stereoselective control
and substrate applicability.['?) During our previous investi-
gations of [3+4] cycloadditions,!’! we reasonably envis-
aged to construct cyclohepta[b]indole skeleton by employ-
ing vinyl indoloxazolidones as all-carbon 1,3-di- poles and
electron-deficient dienes of indole-2,3-quinodimethanes as
a 4-atom synthon!'3®'¥l (Scheme 2). In the reaction, the
regioselective controls of vinyl indoloxazolidones and in-
dole-2,3-quinodimethanes to realize [3+4] cycloadditions
are essential. Herein, we reported the Pd- catalyzed asym-
metric [3+4] cycloadditions of vinyl indoloxazolidones
with indole-2,3-quinodimethanes, furnishing polysubs-
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Scheme 2 Pd-catalyzed asymmetric cycloadditions for the construction of cyclohepta[b]indole core

tituted cyclopenta[b]indoles in high yields with extreme 2 Results and discussion
regioselectivities, high enantioselectivities and moderate ) ] o )
diastereoselectivities. We began our studies by employing vinyl indoloxazoli-
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done 1a and indole-2,3-quinodimethane 2a as model sub-
strates with Pd,(dba);*CHCl; (7.5 mol%), ligand L1 (16.5
mol%) in N,N-dimethylformamide (DMF) (¢ 0.1 mol/L) at
25 °C to test this envision. Gratifyingly, the desired [3+4]
cycloaddition reaction proceeded smoothly, producing the
target product 3a in 83% yield with 23% ee and 10.2 : 1 dr
(Entry 1, Table 1). Subsequently, following a systematic
examination of phosphoramidite-type ligands (Entries
2~5, more details were shown in Supporting Information),
we were delighted to find that L5 could provide 3a in 59%
yield with 75% ee and 4.0 : 1 dr (Entry 5, Table 1). En-
couraged by this promising result, more ligands derived
from LS5 were utilized in this reaction (Entries 3~7, Table
1). To our delight, when using the phosphoramidite L10
which bore the methoxy group on the para-position of both

phenyl rings, 3a was achieved in 74% yield with 95% ee
and 5.2 1 dr (Entry 10, Table 1). Moreover, various of
bisphosphine ligands were examined (Entries 11~12, Ta-
ble 1, more details were shown in Supporting Information),
and excellent yield (83%) and diastereoselectivitiy (>
20 : 1) were achieved with moderate enantioselectivity
(67% ee) (Entry 12, Table 1), which provided an efficient
way for the pure single diastereomer of the product. Fur-
ther, screening of different solvents (Entries 13~16, Table
1) uncovered that DCM was the optimal. Therefore, the
reaction conditions as listed in Entry 10 were selected as
the optimal conditions for the cycloadditions. The absolute
configuration of 3a (>>99% ee after recrystallization) was
assigned as R by X-ray diffraction analysis.

Table 1 Optimization of the reaction conditions”

CN Pdy(dba); «CHCI3 (7.5 mol%)
W / ligand (16.5 mol%)
N +

solvent, 25 °C

o Ac
1a 2a
OO O S—Ph OO o OO N
/P—N\_ /P—N /P_N/\:>
e S age T AU
(S,5,S,)-L1 (S.)-L2 (S.)-L3
(S)-L5 Ar=Ph (O O
OO O\ y (Sa)-L6 Ar i 4-CH3CgH4 (6] PPh,
. (Sa-L7  Ar = 3,5-(CHy),CeHs o PPh,
O d A (S8 Ar=aFCoHy { O
O A (SaFL9  Ar = 4-CICgH, o
(Sa)L10 Ar = 4-MeOCqH, (SrLit
Entry ¢ Ligand Solvent Yield”/% dr* ee’l%
1 L1 DCM 83 102 01 23
2 L2 DCM 73 761 68
3 L3 DCM 93 10.1 - 1 31
4 L4 DCM 44 29 .1 12
5 LS DCM 59 401 75
6 Lé DCM 76 3501 81
7 L7 DCM 45 3401 88
8 L8 DCM 70 40 :1 87
9 L9 DCM 73 3301 89
10 L10 DCM 74 5201 95
11 L11 DCM 43 >20 .1 68
12 L12 DCM 83 >20:1 67
13 L10 THF 36 2.8 .1 86
14 L10 PhMe 30 1.1 1 56
15 L10 CHCl3 76 51:1 94
16 L10 DCE 36 29 .1 44

4 General procedure: 1a (0.3 mmol), 2a (0.2 mmol), Pdy(dba);*CHCI; (7.5 mol%), and ligand (16.5 mol%) in 2.0 mL of DCM under N, atmosphere at 25 °C. THF,
tetrahydrofuran; DCE, 1,2-dichloroethane. ?Isolated yield of 3a. ¢ The diastereomeric ratio (dr) was determined by 'H NMR. ?ee value was determined by chiral

HPLC analysis.
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Under the optimal reaction conditions (7.5 mol% Pd,- plored. As summarized in Scheme 3, an array of indole-
(dba);*CHCI3, 16.5 mol% (S.)-L10, in 2.0 mL of DCM at 2,3-quinodimethanes (2b~2l) possessing either electron-
25 °C), the substrate scope was examined (Scheme 3). The donating or electron-withdrawing groups on the ortho-
limitation of indole-2,3-quinodimethanes 2 was first ex- (0-OMe, o0-Me, 0-Cl), meta- (m-OMe, m-Me, m-Cl), and

NC
N / o Pds(dba)z* CHCl3 (7.5 mol%)
A a)3* .0 Mol7
RY %A R " L10 (16.5 mol%)
)ﬁo ¥ N R DCM (0.1 moliL), 25 °C
o) Ac
1 2

Variation of indole-2,3-quinodimethanes

3a 74% yield 3b 81% yield 3¢ 65% yield 3d 66% yield
5.2:1 dr, 96% (78%) ee X-ray structure of 3a 4.2:1 dr, 92% (53%) ee  4.2:1 dr, 86% (40%) ee 4.8:1 dr, 91% (68%) ee

3e 72% vyield 3f 72% yield 3g 72% yield 3h 60% yield 3i 72% yield
3.6:1 dr, 92% (76%) ee 4.6:1 dr, 93% (63%) ee 4.6:1 dr, 90% (30%) ee 4.0:1dr, 97% (13%) ee 3.0:1 dr, 91% (21%) ee

OMe

3j 73% yield 3k 63% yield 31 75% vyield 3m 72% vyield 3n 73% yield
5.5:1 dr, 98% (93%) ee  3.1:1 dr, 98% (22%) ee 5.1:1 dr, 95% (75%) ee 4.7:1 dr, 90% (76%) ee 4.2:1 dr, 96% (85%) ee

30 72% yield 3p 78% yield 3q 75% yield
3.1:1 dr, 93% (75%) ee 4.7:1 dr, 92% (66%) ee 3.9:1 dr, 95% (60%) ee

Variation of vinyl indoloxazolidones

MeO

Cl

3r 75% yield 3s 67% yield 3t 72% yield 3u 61% yield
5.3:1 dr, 98% (83%) ee 4.3:1 dr, 95% (82%) ee 4.6:1 dr, 94% (63%) ee 3.6:1 dr, 94% (83%) ee

Scheme 3  Substrate scope of Pd-catalyzed asymmetric [3+4] cycloadditions
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para- (p-OMe, p-Me, p-Br, p-Cl, p-F) positions of phenyl
rings were compatible in the reactions, and the corre-
sponding products 3b~31 were obtained in good yields
(60%~81%) with good to excellent enantioselectivities
(86%~98% ee) and moderate diastereoselectivities
(3.0 1t05.2:1dr). As showcased by examples 3m and
3n, fused-ring compounds (a- or S-naphthyl) were also
accommodated (3m, 72% yield, 90% ee, 4.7 © 1 dr; 3n,
73% yield, 96% ee, 4.2 1 1 dr). Moreover, the indole-
2,3-quinodimethane with disubstituted aryl group (20) also
proceeded to afford 3o in good yields (72%) with excellent
enantioselectivity (95% ee) and moderate diastereoselec-
tivity (3.1 : 1 dr). In addition, indole-2,3-quinodimethanes
(2p~2q) containing the methyl group on the C5 or C6 of
the indole ring also showed good reactivities, affording
products 3p and 3q in good yields with excellent enanti-
oselectivities and moderate diastereoselectivities (3p, 78%
yield, 92% ee, 4.7 . 1 dr; 3q, 75% yield, 95% ee, 3.9 . 1
dr). Then, the scope of vinyl indoloxazolidones 1 was ex-
amined. Vinyl indoloxazolidones (1b~1d) with either
electron-donating or electron-withdrawing groups (5-OMe,
5-Cl, 5-F and 6-Cl) on C5 and C6 presented preferable
results, obtaining the corresponding products 3r~3u in
good yields (61%~75%) with excellent enantioselectivi-
ties (94%~98% ee) and moderate diastereoselectivities
(43:1t053:14dr).

Subsequently, a scale-up experiment between 1a (896.4
mg) and 2a (934.0 mg) was also conducted, affording 3a
(895.7 mg) in slightly lower yield (64%) with maintained
enantiopurity (95% ee, 5.6 : 1 dr). To demonstrate the
synthetic utility of the catalytic asymmetric [3+4] cyclo-
additions, further transformations of 3a were explored
(Scheme 4). The stereoselective hydrolysis of 3a occurred
smoothly with NaOH and provided amide derivative 4
bearing three contiguous stereogenic centers in 65% yield
with excellent enantioselectivity (95% ee) and diastereo-
selectivity (=20 : 1 dr). An addition of n-Bu3SnH to 3a at
55 °C furnished the deprotected cyclohepta[d]indole 5 in

a) Scale-up experiment:

Pd,(dba)s
L10 (16.5 mol%)

94% yield without erosion of enantiopurity (95% ee, >
0: 1dr).

To better explain the formation of the products. A puta-
tive mechanism was proposed as shown in Scheme 5 by
utilizing the formation of product 3a as an example. First,
coordination of in situ generated Pd catalyst to vinyl in-
doloxazolidone 1a gives Pd-n-allyl intermediate A. Then,
the nucleophilic addition of Pd-m-allyl intermediate A to
indole-2,3-quinodimethane 2a was favored from the Si-
face, followed by intramolecular allylic substitution. The
3a was furnished with high enantioselectivities and the Pd
catalyst was regenerated.

3 Conclusions

In summary, we have demonstrated the first Pd-cataly-
zed asymmetric [3+4] cycloadditions of vinyl indoloxa-
zolidones with indole-2,3-quinodimethanes to afford cy-
clohepta[b]indoles in good yields (60%~81%) with good
to excellent enantioselectivities (86%~98% ee) and mod-
erate diastereoselectivities (3.0 - 1 to 5.5 : 1 dr). The dia-
stereomers were easily to be isolated, which provided a
convenient way to obtain all four stereoconfigurations of
the products. This approach represents the first example of
the catalytic asymmetric [3+4] cycloadditions of vinyl
indoloxazolidones. In addition, a range of [3+4] cycload-
ditions between vinyl indoloxazolidones and oxa- or aza-
dienes are ongoing in our laboratory.

4 Experimental section

4.1 General procedure for the synthesis of 1 and 2

Substrates 1a and 1r~1u were prepared according to
the reported procedures.”! Substrates 2a~2 were prepared
according to the reported procedures.!'¥]

4.2 General procedure for the synthesis of the 3

Under nitrogen atmosphere, Pd,(dba);*CHCl; (15.4 mg,
0.015 mmol) and (S.)-L10 (18.8 mg, 0.033 mmol) were

+CHCl, (7.5 mol%)

m CEQ
1a Za
896.4 mg, 4.5 mmol 934.0 mg, 3.0 mmol

(b) Transformations of product 3a:

NaOH
EtOH/H,0
60 °C
4
65% yield

95% ee, > 20:1 dr

DCM (0.1 mol/L), 25 °C

95% ee
single diastereomer

895.7 mg, 64% yield
95% ee, 5.6:1 dr

n-BuzSnH
THF, 55°C, 24 h

94% yield
95% ee, > 20:1 dr

Scheme 4 Scale-up experiment and transformations
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Scheme 5 Proposed mechanism for Pd-catalyzed asymmetric [3+4] cycloadditions

added sequentially into a flame-dried Schlenk tube equi-
pped with a magnetic stirring bar. The tube was evacuated
and back-filled with nitrogen for three times. Then the an-
hydrous dichloromethane (2.0 mL) was added via syringe
sequentially and the resulting mixture stirred at 25 °C for
30 min. Then, vinyl indoloxazolidones 1 (0.3 mmol) and
indole-2,3-quinodimethanes 2 (0.2 mmol) were added se-
quentially. Once starting material 2 was consumed
(24~72 h, monitored by TLC), the mixture was concen-
trated and purified by column chromatography (petroleum
ether/dichloromethane, V' V=1 1) to give the corre-
sponding cycloadducts 3.
(6R,128)-5-Acetyl-6-phenyl-12-vinyl-5,6,11,12-tetrahy-
dro-13H-cyclohepta[1,2-b:4,5-b"|diindole-13,13-dicarboni-
trile (3a): White solid, 74% yield (69.0 mg), 5.2 . 1 dr.
Major diastereomer: 96% ee; HPLC (Chiralpak IA,
V(n-hexane)/V(i-propanol) =96/4, flow rate=1.0 mL/min,
A=254 nm), rr=19.223 min (minor), 23.012 min (major).
[a]y —178.5 (¢ 0.10, CH,Cly); m.p. 196~198 °C; '
NMR (400 MHz, CDCl;) J: 8.30 (s, 1H), 8.03~7.93 (m,
1H), 7.88~7.80 (m, 1H), 7.78~7.71 (m, 1H), 7.50~7.41
(m, 2H), 7.41~7.35 (m, 1H), 7.29~7.17 (m, 5H), 7.10
(m, 2H), 6.73 (s, 1H), 6.49 (m, 1H), 5.76 (d, J/=10.3 Hz,
1H), 5.51 (d, J=16.9 Hz, 1H), 4.55 (d, J=9.2 Hz, 1H),
2.84 (s, 3H); '*C NMR (100 MHz, CDCls) &: 171.0, 141.8,
139.5, 134.8, 134.5, 128.8, 128.7 (2C), 128.6, 127.4(0),
127.3(7), 127.0 (2C) 126.9, 126.3, 125.7, 124.0, 123.0,
120.9, 119.6, 118.4, 117.9, 1144, 1142, 113.2, 111.8,
110.1, 46.8, 39.9, 37.7, 28.3; HRMS (ESI-TOF) calcd for

Chin. J. Org. Chem. 2023, 43, 2864~2877
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C31H23N4O [M+H]': 467.1866, found 467.1869.

Minor diastereomer: 78% ee; HPLC (Chiralpak IF,
V(n-hexane)/V(i-propanol) =96/4, flow rate=1.0 mL/min,
A=254 nm), rr=14.701 min (major), 17.749 min (minor).
(o] —143.8 (c 0.10, CH.Cly); m.p. 212~214 °C; !
NMR (400 MHz, CDCl3) d: 8.2~8.1 (m, 2H), 7.7~7.7
(m, 1H), 7.6~7.6 (m, 1H), 7.4~7.3 (m, 3H), 7.2~7.1 (m,
3H), 7.1 (m, 2H), 7.0~6.9 (m, 2H), 6.9 (s, 1H), 5.8 (ddd,
J=16.7,10.0, 8.7 Hz, 1H), 5.2 (d, J=16.7 Hz, 1H), 5.0 (d,
J=10.1 Hz, 1H), 4.3 (d, J=8.7 Hz, 1H), 2.7 (s, 3H); 13C
NMR (100 MHz, CDCl3) 171.6, 142.8, 139.2, 134.9,
134.8, 130.7, 129.3, 128.8, 128.5 (2C), 1274 (20),
127.3, 126.8, 125.5, 123.8, 123.3, 123.1, 121.0, 119.9,
118.8, 114.5, 114.4, 114.0, 113.9, 111.5, 107.5, 52.1, 39.3,
38.1, 28.1; HRMS (ESI-TOF) calcd for C3;H23N4O [M—+
H]': 467.1866, found 467.1868.

(6R,125)-5-Acetyl-6-(4-methoxyphenyl)-12-vinyl-5,6,
11,12-tetrahydro-13H-cyclohepta[1,2-5:4,5-b"]diindole-13,
13-dicarbonitrile (3b): White solid, 81% yield (80.4 mg),

2 1 1 dr. Major diastereomer: 92% ee; HPLC (Chiralpak
IA, V(n-hexane)/V(i-propanol) = 93/7, flow rate = 1.0
mL/min, A=254 nm), {r=16.453 min (minor), 17.966 min
(major). [a]5 —120.5 (¢ 0.10, CHxCl); m.p. 177~
179 °C; 'H NMR (400 MHz, CDCl;) 6: 8.26 (s, 1H),
8.01~7.93 (m, 1H), 7.81 (m, 1H), 7.77~7.72 (m, 1H),
7.47~7.40 (m, 2H), 7.38 (m, 1H), 7.25~7.22 (m, 2H),
7.01 (m, 2H), 6.77 (m, 2H), 6.64 (s, 1H), 6.50 (m, 1H),
5.78 (d, J=10.3 Hz, 1H), 5.55 (d, /=16.9 Hz, 1H), 4.57
(d, J=9.2 Hz, 1H), 3.75 (s, 3H), 2.84 (s, 3H); '3C NMR

http://sioc-journal.cn/ 2869
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(100 MHz, CDCl3) o: 171.0, 158.4, 139.8, 134.8, 134.5,
133.8, 128.7(0), 128.6(9), 128.1 (2C), 127.4, 127.3,
126.3, 125.7, 124.0, 123.0, 120.9, 119.6, 118.6, 117.9,
1144, 114.2, 114.1 (2C), 113.2, 111.8, 109.9, 55.4, 46.8,
39.9, 37.0, 28.3; HRMS (ESI-TOF) calcd for CsyH24Ng-
NaO, [M+Na]": 519.1791, found 519.1794.

Minor diastereomer: 53% ee; HPLC (Chiralpak IA,
V(n-hexane)/V(i-propanol)=93/7, flow rate=1.0 mL/min,
A=254 nm), tx=22.047 min (minor), 24.894 min (major).
[a]y —116.2 (¢ 0.10, CHxCly); m.p. 201~203 °C; 'H
NMR (400 MHz, CDCls) J: 8.28~8.20 (m, 2H), 7.77~
7.72 (m, 1H), 7.70~7.65 (m, 1H), 7.48~7.40 (m, 2H),
7.40~7.36 (m, 1H), 7.32~7.15 (m, 2H), 6.99~6.90 (m,
2H), 6.88 (s, 1H), 6.75~6.65 (m, 2H), 5.92 (ddd, J=16.6,
10.0, 8.7 Hz, 1H), 5.36~5.26 (d, J=16.6 Hz 1H), 5.14 (d,
J=10.0 Hz, 1H), 4.38 (d, J=28.8 Hz, 1H), 3.72 (s, 3H),
2.76 (s, 3H); '*C NMR (100 MHz, CDCls) §: 171.7, 158.3,
139.4, 135.4, 1349, 134.8, 130.7, 129.2, 128.7, 128.5
(2C), 127.3, 125.5, 123.7, 123.3, 123.2, 121.0, 119.9,
118.8, 114.5(1), 114.5(0), 114.1, 113.9, 113.8 (2C), 111.5,
107.3, 55.3, 52.2, 39.4, 37.5, 28.1; HRMS (ESI-TOF)
caled for C3HyNs;NaO, [M~+Na]': 519.1791, found
519.1793.

(6R,125)-5-Acetyl-6-(p-tolyl)-12-vinyl-5,6,11,12-tetra-
hydro-13H-cyclohepta[1,2-b:4,5-b"]diindole-13,13-dicar-
bonitrile (3¢): White solid, 65% yield (62.4 mg), 4.2 1 1
dr. Major diastereomer: 86% ee; HPLC (Chiralpak IA,
V(n-hexane)/V(i-propanol)=96/4, flow rate=1.0 mL/min,
A=254 nm), tx=17.328 min (minor), 20.618 min (major).
[a]y —275.2 (¢ 0.10, CH.Cl); m.p. 165~167 °C; 'H
NMR (400 MHz, DMSO-dg) J: 11.59 (s, 1H), 8.07~7.94
(m, 1H), 7.83 (m, 2H), 7.47 (m, 3H), 7.16 (m, 2H), 7.09
(m, 2H), 6.93 (m, 2H), 6.66 (m, 1H), 6.57 (s, 1H), 5.74 (d,
J=10.3 Hz, 1H), 5.38 (d, /=16.7 Hz, 1H), 4.41 (d, J=9.8
Hz, 1H), 2.85 (s, 3H), 2.23 (s, 3H); *C NMR (100 MHz,
DMSO-dg) o: 171.8, 139.5, 138.9, 135.6, 134.9, 134.2,
129.3, 129.1 (2C), 128.8, 126.6 (2C), 126.5, 126.2,
125.4(3), 125.4(0), 123.5, 122.0, 119.9, 118.2, 117.8,
117.0, 1154, 114.1, 113.2, 111.9, 108.3, 47.1, 40.0, 36.9,
28.1, 20.6; HRMS (ESI-TOF) calcd for Cs,H,sN4O [M—+
H]": 481.2023, found 481.2029.

Minor diastereomer: 40% ee; HPLC (Chiralpak IA,
V(n-hexane)/V(i-propanol)=96/4, flow rate=1.0 mL/min,
A=254 nm), tx=24.626 min (minor), 30.847 min (major).
[a]; —188.4 (¢ 0.10, CH.Cl); m.p. 188~190 °C; 'H
NMR (600 MHz, CDCl;) ¢: 8.3~8.2 (m, 2H), 7.8 (d, J=
7.7 Hz, 1H), 7.7 (d, J=7.8 Hz, 1H), 7.4 (m, 2H), 7.4 (d,
J=17.9 Hz, 1H), 7.3 (m, 2H), 7.0 (d, J/=7.9 Hz, 2H), 6.9~
6.9 (m, 3H), 6.0~5.9 (m, 1H), 5.3 (d, J/=16.7 Hz, 1H),
5.1 (d, J=10.0 Hz, 1H), 4.4 (d, J=8.8 Hz, 1H), 2.8 (s,
3H), 2.2 (s, 3H); 3C NMR (150 MHz, CDCl3) &: 171.7,
139.7, 139.3, 136.3, 134.9, 134.8, 130.7, 129.3, 129.2
(2C), 128.7, 127.3, 127.2 (2C), 125.5, 123.7, 123.2, 123.1,
121.0, 119.9, 118.8, 114.5, 1144, 114.1, 113.9, 1114,
107.3, 52.2, 39.4, 37.8, 28.1, 21.1; HRMS (ESI-TOF)
caled for C3HyN4NaO [M + Na]': 503.1842, found
503.1847.
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(6R,125)-5-Acetyl-6-(4-bromophenyl)-12-vinyl-5,6,11,
12-tetrahydro-13H-cyclohepta[ 1,2-b:4,5-b"]diindole-13,13-
dicarbonitrile (3d): White solid, 66% yield (72.0 mg),
4.8 I 1 dr. Major diastereomer: 91% ee; HPLC (Chiralpak
IF, V(n-hexane)/V(i-propanol) = 80/20, flow rate = 1.0
mL/min, A=254 nm), ==5.199 min (major), 6.321 min
(minor). [er]y —150.5 (¢ 0.10, CH.Cl); m.p. 114~
116 °C; '"H NMR (400 MHz, CDCl3) 6: 8.35 (s, 1H),
8.10~7.94 (m, 1H), 7.85~7.77 (m, 1H), 7.75~7.66 (m,
1H), 7.50~7.42 (m, 2H), 7.40~7.31 (m, 3H), 7.30~7.17
(m, 2H), 7.06~6.91 (m, 2H), 6.65 (s, 1H), 6.49 (ddd, J=
16.9, 10.3, 9.1 Hz, 1H), 5.77 (d, J/=10.3 Hz, 1H), 5.56 (d,
J=16.8 Hz, 1H), 4.48 (d, J=9.1 Hz, 1H), 2.85 (s, 3H); 1°C
NMR (100 MHz, CDCl;) d: 171.0, 141.0, 139.0, 134.8,
134.4, 131.8 (2C), 128.8 (2C), 128.7, 128.4, 127.3, 127.2,
126.5, 125.9, 124.1, 123.2, 121.0, 120.8, 119.7, 117.7(8),
117.7(7), 114.3, 114.0, 113.0, 111.8, 110.4, 46.8, 39.9,
37.4, 28.3; HRMS (ESI-TOF) caled for C31HaBr°NsNaO
[M+Na]": 567.0791, found 567.0792; calcd for CsHai-
Br®'NyNaO [M+Na]": 569.0770, found 569.0776.

Minor diastereomer: 68% ee; HPLC (Chiralpak IF,
V(n-hexane)/V(i-propanol) = 80/20, flow rate=1.0 mL/
min, =254 nm), rr=4.910 min (major), 5.764 min (mi-
nor). [&] —177.7 (¢ 0.10, CHxCly); m.p. 154~156 °C;
"H NMR (600 MHz, CDCl;) J: 8.26 (s, 1H), 8.21~8.15
(m, 1H), 7.69 (m, 1H), 7.65~7.58 (m, 1H), 7.43~7.35
(m, 2H), 7.35~7.28 (m, 1H), 7.24~7.13 (m, 4H), 6.86~
6.82 (m, 2H), 6.81 (s, 1H), 5.78 (ddd, /=16.8, 10.0, 8.4
Hz, 1H), 5.19 (d, J=16.7, 1H), 5.05 (d, J=9.8, Hz, 1H),
4.31(d, J=8.5 Hz, 1H), 2.73 (s, 3H); '3C NMR (150 MHz,
CDCl3) o: 171.5, 141.9, 138.7, 134.8(5), 134.8(0), 132.1,
131.5 (2C), 130.4, 129.1 (2C), 128.9, 127.3, 125.7, 123.9,
123.4(4), 123.4(1), 121.2, 120.6, 120.0, 118.5, 114.4,
114.1, 113.9, 113.8, 111.6, 107.8, 51.8, 39.2, 37.8, 28.2;
HRMS (ESI-TOF) calcd for C3HyBr’*NyNaO [M+Na]":
567.0791, found 567.0790; calcd for Ci; HzBr¥'NsNaO
[M+Na]": 569.0770, found 569.0774.

(6R,125)-5-Acetyl-6-(4-chlorophenyl)-12-vinyl-5,6,11,
12-tetrahydro-13H-cyclohepta[ 1,2-b:4,5-b"]diindole-13,13-
dicarbonitrile (3e): White solid, 72% yield (72.1 mg),
3.6 . 1 dr. Major diastereomer: 92% ee; HPLC (Chiralpak
IF, V(n-hexane)/V(i-propanol) = 80/20, flow rate = 1.0
mL/min, A=254 nm), ==5.062 min (major), 5.970 min
(minor). [er]y —133.0 (¢ 0.10, CH.Cl); m.p. 208~
210 °C; 'H NMR (400 MHz, CDCl;) d: 8.33 (s, 1H),
8.02~7.94 (m, 1H), 7.80 (m, 1H), 7.75~7.68 (m, 1H),
7.49~7.40 (m, 2H), 7.37 (m, 1H), 7.29~7.14 (m, 4H),
7.03 (m, 2H), 6.67 (s, 1H), 6.49 (m, 1H), 5.78 (d, /=10.3
Hz, 1H), 5.56 (d, J=16.9 Hz, 1H), 4.48 (d, J=9.1 Hz,
1H), 2.86 (s, 3H); '*C NMR (100 MHz, CDCls) é: 171.0,
140.5, 139.1, 134.8, 134.4, 132.7, 128.8(2) (2C), 128.8(0),
128.4(3), 128.4(0) (2C), 127.4, 127.2, 126.5, 125.9, 124.1,
123.2, 121.0, 119.7, 117.9, 117.8, 114.3, 114.1, 113.0,
111.8, 110.4, 46.8, 39.9, 37.4, 28.3; HRMS (ESI-TOF)
caled for C3;HCIN;NaO [M+Na]': 523.1296, found
523.1300.

Minor diastereomer: 76% ee; HPLC (Chiralpak IF,
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V(n-hexane)/V(i-propanol) = 80/20, flow rate=1.0 mL/
min, A=254 nm), rr=4.810 min (major), 5.493 min (mi-
nor). [&]5 —98.0 (c 0.10, CH.Cly); m.p. 190~192 °C; 'H
NMR (400 MHz, CDCls) J: 8.29~8.24 (m, 2H), 7.79~
7.73 (m, 1H), 7.71~7.65 (m, 1H), 7.50~7.41 (m, 2H),
7.42~7.34 (m, 1H), 7.26 (m, 2H), 7.13 (m, 2H), 6.96 (m,
2H), 6.90 (s, 1H), 5.86 (ddd, J=16.6, 10.0, 8.5 Hz, 1H),
5.26 (d, J=16.7 Hz, 1H), 5.12 (d, J=10.1 Hz, 1H), 4.37
(d, J=8.5 Hz, 1H), 2.80 (s, 3H); '3C NMR (100 MHz,
CDCl;) 0: 171.5, 141.4, 138.8, 134.9, 134.8, 132.5, 130.4,
129.1, 128.9, 128.7 (2C), 128.5 (2C), 127.3, 125.7, 123.9,
123.5, 123.4, 121.2, 120.0, 118.5, 114.4, 114.1, 113.9,
113.8, 111.6, 107.8, 51.8, 39.2, 37.7, 28.2; HRMS (ESI-
TOF) caled for C3HzCINgNaO [M+Na]': 523.1296,
found 523.1298.

(6R,125)-5-Acetyl-6-(4-fluorophenyl)-12-vinyl-5,6,11,
12-tetrahydro-13H-cyclohepta[ 1,2-b:4,5-b"]diindole-13,13-
dicarbonitrile (3f): White solid, 72% yield (69.7 mg),
4.6 : 1 dr. Major diastereomer: 93% ee; HPLC (Chiralpak
IA, V(n-hexane)/V(i-propanol) = 96/4, flow rate = 1.0
mL/min, A=254 nm), tx=19.969 min (minor), 22.549 min
(major). [a]5 — 162.5 (¢ 0.10, CH.Cl); m.p. 178~
180 °C; 'H NMR (600 MHz, CDCls) J: 8.38 (s, 1H),
8.01~7.95 (m, 1H), 7.83~7.77 (m, 1H), 7.73~7.68 (m,
1H), 7.47~7.42 (m, 2H), 7.38~7.33 (m, 1H), 7.26~7.19
(m, 2H), 7.05 (m, 2H), 6.91 (m, 2H), 6.67 (s, 1H), 6.53~
6.44 (m, 1H), 5.75 (d, J/=10.4 Hz, 1H), 5.52 (d, /=16.9
Hz, 1H), 4.48 (d, J=9.2 Hz, 1H), 2.84 (s, 3H); '*C NMR
(100 MHz, CDCls) o: 171.1, 161.6 (d, J=245.7 Hz),
139.4, 137.6 (d, J=3.2 Hz), 134.8, 134.4, 128.7, 128.5(5)
(d, /=28.0 Hz) (2C), 128.5(0), 127.3, 127.2, 126.4, 125.8,
124.1, 123.1, 121.0, 119.6, 118.2, 117.8, 115.5 (d, J=21.6
Hz) (20), 114.3, 114.1, 113.1, 111.8, 110.2, 46.9, 39.9,
37.1, 28.3; F NMR (377 MHz, CDCls) J: —115.98;
HRMS (ESI-TOF) caled for C3HyFNsNaO [M+Na]':
507.1592, found 507.1598.

Minor diastereomer: 63% ee; HPLC (Chiralpak IF,
V(n-hexane)/V(i-propanol)=96/4, flow rate=1.0 mL/min,
A=254 nm), rr=12.178 min (major), 15.327 min (minor).
[a]y —212.5 (¢ 0.10, CH.Cl); m.p. 172~174 °C; 'H
NMR (400 MHz, CDCl3) J: 8.30 (s, 1H), 8.28~8.23 (m,
1H), 7.75 (m, 1H), 7.71~7.65 (m, 1H), 7.48~7.43 (m,
2H), 7.39 (m, 1H), 7.32~7.22 (m, 2H), 7.03~6.95 (m,
2H), 6.92~6.82 (m, 3H), 5.86 (ddd, J=16.6, 10.0, 8.5 Hz,
1H), 5.27 (d, J=16.7 Hz, 1H), 5.12 (d, J=10.1 Hz, 1H),
4.38 (d, J=8.6 Hz, 1H), 2.80 (s, 3H); '3C NMR (100 MHz,
CDCls) o: 171.5, 161.5 (d, Jcr=245.6 Hz), 139.1, 138.6
(d, Jcr=3.2 Hz), 134.9, 134.8, 130.5, 129.1, 128.93) (d,
Jer=38.1 Hz) (2C), 128.9(0), 127.3, 125.7, 123.9, 123.4,
123.2, 121.1, 120.0, 118.5, 115.2 (d, Jcr=21.4 Hz) (20),
114.4, 114.1, 114.0, 113.9, 111.6, 107.6, 51.8, 39.2, 37.5,
28.2; F NMR (377 MHz, CDCl;) §: —116.18; HRMS
(ESI-TOF) calcd for C31H2iFN4NaO [M+Na]': 507.1592,
found 507.1593.

(6S5,125)-5-Acetyl-6-(2-methoxyphenyl)-12-vinyl-5,6,
11,12-tetrahydro-13H-cyclohepta[1,2-5:4,5-b"]diindole-13,
13-dicarbonitrile (3g): White solid, 72% yield (71.5 mg),
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4.6 : 1 dr. Major diastereomer: 90% ee; HPLC (Chiralpak
IF, V(n-hexane)/V{(i-propanol)=_80/20, flow rate=1.0 mL/
min, =254 nm), rr=4.981 min (major), 5.474 min (mi-
nor). [a]5 +112.5 (¢ 0.10, CH,CL); m.p. 156~158 °C;
'"H NMR (400 MHz, CDCl3) §: 8.17 (s, 1H), 8.00~7.88
(m, 2H), 7.79~7.71 (m, 1H), 7.45~7.39 (m, 2H), 7.32~
727 (m,1H), 7.24~7.10 (m, 4H), 6.94~6.83 (m, 2H),
6.79 (s, 1H), 6.59~6.45 (m, 1H), 5.78 (d, J/=10.3 Hz,
1H), 5.61 (d, J=16.9 Hz, 1H), 4.99 (d, /=9.1 Hz, 1H),
3.66 (s, 3H), 2.73 (s, 3H); '3C NMR (100 MHz, CDCls) &:
170.9, 156.9, 138.8, 134.7, 134.6, 129.3, 128.8, 128.7,
128.5, 127.5, 127.3, 126.7, 126.2, 125.7, 123.9, 122.5,
120.1(2), 120.1(0), 119.8, 119.3, 116.6, 114.6, 114.5,
113.2, 111.4(0), 111.3(7), 111.0, 55.3, 46.3, 40.0, 34.1,
28.0; HRMS (ESI-TOF) caled for C3,HasN4O, [M+-H] '
497.1972, found 497.1972.

Minor diastereomer: 30% ee; HPLC (Chiralpak IA,
V(n-hexane)/V(i-propanol) = 80/20, flow rate=1.0 mL/
min, A=254 nm), {r=5.963 min (major), 7.046 min (mi-
nor). [a]5 +168.4 (¢ 0.10, CH:Cl,); m.p. 187~189 °C;
'"H NMR (600 MHz, DMSO-ds) J: 11.39 (s, 1H), 8.04~
8.00 (m, 1H), 7.89~7.83 (m, 1H), 7.49~7.44 (m, 3H),
7.39 (m, 1H), 7.23 (m, 1H), 7.10 (m, 1H), 7.03 (m, 1H),
6.95 (m, 1H), 6.88 (s, 1H), 6.82 (m, 1H), 6.74 (m, 1H),
6.21 (ddd, J/=16.7, 10.1, 9.5 Hz, 1H), 5.45 (d, J=16.7 Hz,
1H), 5.22 (d, J=10.1 Hz, 1H), 4.97 (d, J/=9.0 Hz, 1H),
3.56 (s, 3H), 2.57 (s, 3H); '3C NMR (150 MHz, DMSO-dj)
o: 172.2, 156.8, 139.4, 134.5, 134.4, 131.5, 130.2(1),
130.2(0), 129.1, 128.6, 128.3, 126.1, 125.2, 123.1, 123.0,
121.5, 120.0, 119.8, 118.9, 118.4, 114.6, 114.3(5), 114.3
(0), 111.6,111.4,111.3, 107.5, 55.0, 49.6, 39.0, 34.7, 27.4;
HRMS (ESI-TOF) caled for C3HasN4O, [M + H] ' :
497.1972, found 497.1979.

(6R,125)-5-Acetyl-6-(o-tolyl)-12-vinyl-5,6,11,12-tetra-
hydro-13H-cyclohepta[1,2-b:4,5-b"diindole-13,13-dicar-
bonitrile (3h): White solid, 60% yield (57.6 mg), 4.0 : 1
dr. Major diastereomer: 97% ee; HPLC (Chiralpak IF,
V(n-hexane)/V(i-propanol)=96/4, flow rate=1.0 mL/min,
A=254 nm), r=11.953 min (major), 14.796 min (minor).
[e]5 —137.4 (c 0.10, CH,CL); m.p. 175~177 °C; 'H
NMR (600 MHz, CDCls) ¢: 8.30 (s, 1H), 7.98~7.93 (m,
1H), 7.83 (m, 1H), 7.76~7.69 (m, 1H), 7.46~7.40 (m,
2H), 7.33~7.30 (m, 1H), 7.17 (m, 6H), 6.78 (s, 1H), 6.50
(ddd, J/=16.9, 10.3, 8.9 Hz, 1H), 5.77 (d, /=10.3 Hz, 1H),
5.57 (d, J=16.9 Hz, 1H), 5.02 (d, /=8.9 Hz, 1H), 2.77 (s,
3H), 2.35 (s, 3H); '*C NMR (150 MHz, CDCls) é: 171.0,
139.8, 138.5, 137.4, 134.6, 134.5, 131.9, 129.4, 128.4,
127.3(8), 127.3(6), 127.1, 126.7, 126.3, 125.7(3), 125.7(0),
124.0, 122.8, 120.6, 119.3, 118.8, 116.3, 114.5, 114.3,
113.1, 111.8, 110.9, 46.0, 39.9, 36.5, 28.2, 21.5; HRMS
(ESI-TOF) caled for C3H,sNsO [M+H]': 481.2023,
found 481.2027.

Minor diastereomer: 13% ee; HPLC (Chiralpak IA,
V(n-hexane)/V(i-propanol)=96/4, flow rate=1.0 mL/min,
A=254 nm), tr=16.140 min (minor), 28.878 min (major).
[e]5 —164.3 (¢ 0.10, CH,CL); m.p. 220~222 °C; 'H
NMR (400 MHz, CDCl3) o: 8.34 (s, 1H), 8.08~8.01 (m,
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1H), 7.39 (m, 3H), 7.34~7.22 (m, 3H), 7.16 (m, 2H), 7.04
(m, 2H), 6.70 (m, 1H), 6.55 (m, 1H), 6.38 (s, 1H), 5.85 (d,
J=10.5 Hz, 1H), 5.80 (d, /=17.1 Hz, 1H), 4.92 (d, J=9.2
Hz, 1H), 2.10 (s, 3H), 1.57 (s, 3H); *C NMR (100 MHz,
CDCl;) 0: 172.7, 142.4, 141.3, 141.1, 139.2, 135.3, 134.6,
132.9, 131.2, 130.0, 129.3, 128.0, 127.6, 126.2, 126.1,
125.7, 125.5, 123.0, 122.6, 120.3, 120.0, 120.0, 113.9,
113.1, 112.3, 111.8, 111.7, 111.3, 49.7, 40.1, 26.5, 19.7;
HRMS (ESI-TOF) caled for C3HasN,O [M + H] ' :
481.2023, found 481.2016.

(6S5,125)-5-Acetyl-6-(2-chlorophenyl)-12-vinyl-5,6,11,
12-tetrahydro-13H-cyclohepta[ 1,2-b:4,5-b"diindole-13,13-
dicarbonitrile (3i): White solid, 72% yield (72.1 mg), 3.0 :
1 dr. Major diastereomer: 91% ee; [a]5 +100.2 (c 0.10,
CH)Cly); m.p. 155~157 °C; HPLC (Chiralpak IF, V(n-
hexane)/V(i-propanol) = 80/20, flow rate=1.0 mL/min,
2=254 nm), tx=>5.335 min (major), 5.725 min (minor). 'H
NMR (400 MHz, CDCl;) ¢: 8.29 (s, 1H), 7.95 (m, 2H),
7.81~7.63 (m, 1H), 7.46~7.38 (m, 3H), 7.29 (m, 2H),
7.23~7.14 (m, 4H), 6.85 (s, 1H), 6.51 (ddd, /=16.9, 10.3,
8.8 Hz, 1H), 5.77 (d, J=10.3, Hz, 1H), 5.58 (d, /=16.9
Hz, 1H), 4.95 (d, J=8.8 Hz, 1H), 2.79 (s, 3H); *C NMR
(100 MHz, CDCI3) d: 170.8, 138.6, 138.0, 134.8, 134.6,
134.4, 131.2, 129.1, 128.6, 128.4, 128.2, 127.2(4), 127.2
(0), 126.5, 126.3, 125.9, 124.1, 122.8, 120.4, 119.9, 119.4,
115.7, 114.5, 114.3, 112.9, 111.6, 111.4, 46.2, 39.9, 37.2,
28.1; HRMS (ESI-TOF) calcd for C3;H2CIN,O [M+H]":
501.1477, found 501.1468.

Minor diastereomer: 21% ee; HPLC (Chiralpak IA,
V(n-hexane)/V(i-propanol) = 80/20, flow rate=1.0 mL/
min, A=254 nm), {r=28.181 min (major), 9.636 min (mi-
nor). [&]5 +91.4 (c 0.10, CH.Cly); m.p. 132~134 °C; 'H
NMR (600 MHz, CDCls) o: 8.33 (s, 1H), 8.23~8.07 (m,
1H), 7.55~7.48 (m, 1H), 7.43~7.38 (m, 3H), 7.33 (m,
1H), 7.31~7.26 (m, 2H), 7.19 (m, 1H), 7.11 (m, 1H), 7.07
(m, 1H), 6.84 (m, 1H), 6.75 (s, 1H), 6.47 (ddd, J=16.8,
10.3, 8.7 Hz, 1H), 5.80~5.65 (m, 2H), 4.84 (d, /=8.7 Hz,
1H), 2.37 (s, 3H); 3C NMR (150 MHz, CDCls) 6: 171.8,
140.3, 140.1, 135.5, 135.1, 134.8, 133.0, 130.3, 130.2,
129.1(3), 129.1(0), 127.8, 127.0, 126.7, 125.7, 125.3,
123.4, 122.8, 120.5, 120.0, 119.8, 114.1, 113.2, 112.6,
112.2, 112.0, 111.4, 50.0, 41.0, 39.9, 27.2; HRMS (ESI-
TOF) calced for C3H»CIN,O [M~+H]': 501.1477, found
501.1471.

(6R,128)-5-Acetyl-6-(3-methoxyphenyl)-12-vinyl-5,6,
11,12-tetrahydro-13H-cyclohepta[1,2-5:4,5-b"]diindole-13,
13-dicarbonitrile (3j): White solid, 73% yield (72.5 mg),
5.5 1 1 dr. Major diastereomer: 98% ee; HPLC (Chiralpak
IA, V(n-hexane)/V(i-propanol) = 96/4, flow rate = 1.0
mL/min, A=254 nm), tx =25.980 min (minor), 31.995 min
(major). [a]5 — 126.5 (¢ 0.10, CH.Cl); m.p. 235~
237°C; 'H NMR (400 MHz, DMSO-ds) J: 11.60 (s, 1H),
8.05~7.96 (m, 1H), 7.84 (m, 2H), 7.48 (m, 3H), 7.26~
7.13 (m, 3H), 6.85~6.78 (m, 1H), 6.74~6.61 (m, 2H),
6.57 (m, 2H), 5.76 (d, J=10.0 Hz, 1H), 5.41 (d, /=16.6
Hz, 1H), 4.49 (d, J=10.1, 1H), 3.62 (s, 3H), 2.85 (s, 3H);
3C NMR (100 MHz, DMSO-ds) 6: 171.7, 159.3, 143.4,
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139.0, 134.9, 134.2, 129.7, 129.3, 128.8, 126.4, 126.1,
125.4(7), 125.4(6), 123.5, 122.1, 119.9, 119.0, 118.2,
117.8, 116.8, 115.4, 114.1, 113.3, 113.1, 111.9, 111.2,
108.6, 55.0, 47.1, 40.0, 37.3, 28.1; HRMS (ESI-TOF)
caled for CyHysN4sO, [M + H] ©: 497.1972, found
497.1973.

Minor diastereomer: 93% ee; HPLC (Chiralpak IA,
V(n-hexane)/V(i-propanol)=96/4, flow rate=1.0 mL/min,
A=254 nm), r=38.758 min (minor), 48.078 min (major).
(o5 —97.5 (c 0.10, CH2Cly); m.p. 211~213°C; 'H NMR
(400 MHz, DMSO-ds) 6: 11.53 (s, 1H), 8.05 (m, 1H),
8.01~7.96 (m, 1H), 7.76~7.71 (m, 1H), 7.50 (m, 3H),
7.21 (m, 2H), 7.14 (m, 1H), 6.86 (s, 1H), 6.76 (m, 1H),
6.52~6.42 (m, 2H), 5.70 (m, 1H), 5.32 (d, J=16.6 Hz,
1H), 4.95 (d, /=10.0 Hz, 1H), 4.83 (d, J=9.2 Hz, 1H),
3.57 (s, 3H), 2.82 (s, 3H); '3C NMR (100 MHz, DMSO-dj)
0: 172.4, 159.2, 144.8, 138.0, 134.4(9), 134.4(8), 130.8,
130.0, 129.5, 128.4, 126.4, 125.4, 123.3, 122.3, 122.2,
120.1, 118.9, 118.6, 117.7, 115.2, 114.6, 114.2, 113.8,
112.9, 111.9, 110.7, 106.3, 54.9, 49.7, 38.7, 37.1, 28.0;
HRMS (ESI-TOF) caled for C3HasN4O, [M + H] ' :
497.1972, found 497.1973.

(6R,125)-5-Acetyl-6-(m-tolyl)-12-vinyl-5,6,11,12-tetra-
hydro-13H-cyclohepta[1,2-b:4,5-b"]diindole-13,13-dicar-
bonitrile (3k): White solid, 63% yield (60.5 mg), 3.1 : 1
dr. Major diastereomer: 98% ee; HPLC (Chiralpak IA,
V(n- hexane)/V(i-propanol) =96/4, flow rate=1.0 mL/min,
A=254 nm), x=16.505 min (minor), 18.962 min (major).
[e]5 —134.4 (c 0.10, CH,ClL); m.p. 180~182 °C; 'H
NMR (600 MHz, DMSO-ds) 6: 11.62 (s, 1H), 8.04~7.96
(m, 1H), 7.89~7.81 (m, 2H), 7.53~7.41 (m, 3H), 7.17
(m, 3H), 7.03 (m, 1H), 6.89 (s, 1H), 6.85 (m, 1H), 6.68 (m,
1H), 6.59 (s, 1H), 5.86~5.61 (d, /=10.2 Hz 1H), 5.38 (d,
J=16.7 Hz, 1H), 4.46 (d, J=10.1 Hz, 1H), 2.85 (s, 3H),
2.18 (s, 3H); 3C NMR (150 MHz, DMSO-ds) J: 171.8,
141.8, 139.3, 137.7, 1349, 134.2, 129.3, 128.8, 128.5,
127.3, 127.2, 126.5, 126.2, 125.5, 125.4, 123.8, 123.5,
122.0, 119.9, 118.2, 117.8, 117.0, 115.4, 114.1, 113.2,
111.9, 108.5, 47.1, 40.0, 37.3, 28.1, 21.2; HRMS (ESI-
TOF) caled for C3Ha4N4NaO [M+Na]': 503.1842, found
503.1829.

Minor diastereomer: 22% ee; HPLC (Chiralpak IF,
V(n-hexane)/V(i-propanol)=96/4, flow rate=1.0 mL/min,
A=254 nm), r=17.818 min (minor), 20.511 min (major).
[y —168.2 (¢ 0.10, CH.CL); m.p. 175~177 °C; 'H
NMR (600 MHz, CDCl3) J: 8.30 (s, 1H), 8.25 (m, 1H),
7.78 (m, 1H), 7.67 (m, 1H), 7.47~7.40 (m, 2H), 7.39~
7.34 (m, 1H), 7.28~7.18 (m, 2H), 7.05 (m, 1H), 6.95 (m,
2H), 6.85 (s, 1H), 6.82~6.78 (m, 1H), 5.91 (ddd, J=16.7,
10.1, 8.8 Hz, 1H), 5.27 (d, J/=16.7 Hz, 1H), 5.08 (d, /=
10.1, 1H), 4.37 (d, J=8.7, 1H), 2.75 (s, 3H), 2.18 (s, 3H);
13C NMR (150 MHz, CDCl3) 6: 171.7, 142.6, 139.2, 138.2,
1349, 134.8, 130.7, 129.3, 128.7, 128.3, 128.1, 127.6,
127.3, 125.5, 124.4, 123.7, 123.2, 123.0, 121.0, 119.9,
118.8, 114.5, 114.4, 114.1, 113.9, 111.5, 107.3, 52.1, 39.3,
38.0, 28.0, 21.7; HRMS (ESI-TOF) calcd for C3Has4Ny-
NaO [M+Na]": 503.1842, found 503.1825.
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(6R,125)-5-Acetyl-6-(3-chlorophenyl)-12-vinyl-5,6,11,
12-tetrahydro-13H-cyclohepta[ 1,2-b:4,5-b"]diindole-13,13-
dicarbonitrile (31): White solid, 75% yield (75.1 mg), 5.1 :
1 dr. Major diastereomer: 95% ee; HPLC (Chiralpak IF,
V(n-hexane)/V(i-propanol) = 80/20, flow rate = 1.0
mL/min, A=254 nm), {=5.007 min (major), 5.420 min
(minor). [ar]; — 187.5 (¢ 0.10, CH.Cl); m.p. 230~
232 °C; 'H NMR (400 MHz, CDCls) 6: 8.30 (s, 1H),
8.01~7.96 (m, 1H), 7.80 (m, 1H), 7.75~7.70 (m, 1H),
7.48~7.44 (m, 2H), 7.39 (m, 1H), 7.28~7.23 (m, 2H),
7.20~7.16 (m, 2H), 7.09 (m, 1H), 6.98 (m, 1H), 6.69 (s,
1H), 6.50 (ddd, J=16.9, 10.3, 9.1 Hz, 1H), 5.80 (d, J=
10.3 Hz, 1H), 5.57 (d, J=16.9 Hz, 1H), 4.51 (d, J=09.1
Hz, 1H), 2.87 (s, 3H); *C NMR (100 MHz, CDCl5) &:
171.0, 143.9, 138.8, 134.8(5), 134.8(2), 134.4, 129.8,
128.8, 128.4, 127.4, 127.4, 127.2(5), 127.2(1), 126.5,
125.9, 125.1, 124.1, 123.2, 121.1, 119.7, 117.8, 117.7,
114.4, 114.0, 113.1, 111.9, 110.5, 46.8, 39.9, 37.6, 28.4;
HRMS (ESI-TOF) caled for C3HxCINGO [M+H] ' :
501.1477, found 501.1482.

Minor diastereomer: 75% ee; HPLC (Chiralpak IA,
V(n-hexane)/V(i-propanol) = 90/10, flow rate=1.0 mL/
min, A=254 nm), ®&=10.370 min (minor), 11.726 min
(major). [e]5 — 110.0 (¢ 0.10, CH.ClL); m.p. 175~
177 °C; '"H NMR (400 MHz, CDCls) 6: 8.32 (s, 1H),
8.29~8.24 (m, 1H), 7.81~7.73 (m, 1H), 7.71~7.64 (m,
1H), 7.46 (m, 2H), 7.41~7.35 (m, 1H), 7.32~7.21 (m,
2H), 7.16~7.07 (m, 2H), 7.01 (s, 1H), 6.92 (m, 2H), 5.88
(ddd, J=16.6, 10.1, 8.3 Hz, 1H), 5.24 (d, /=16.7 Hz, 1H),
5.12 (d, /=10.1 Hz, 1H), 4.38 (d, /=8.3 Hz, 1H), 2.81 (s,
3H); 3C NMR (100 MHz, CDCI5) &: 171.5, 144.8, 138.6,
134.8(5), 134.8(0), 134.4, 130.5, 129.6, 129.1, 129.0,
127.5, 127.3, 126.9, 125.7, 125.6, 123.9, 123.5, 123.3,
121.2, 120.0, 118.5, 114.4, 114.1, 113.9, 113.6, 111.6,
107.8, 51.7, 39.2, 37.8, 28.2; HRMS (ESI-TOF) calcd for
C31H2CIN,O [M+H] ": 501.1477, found 501.1476.

(6R,125)-5-Acetyl-6-(naphthalen-1-yl)-12-vinyl-5,6,11,
12-tetrahydro-13H-cyclohepta[ 1,2-b:4,5-b"]diindole-13,13-
dicarbonitrile (3m): White solid, 72% yield (74.4 mg),
4.7 : 1 dr. Major diastereomer: 90% ee; HPLC (Chiralpak
IA, V(n-hexane)/V(i-propanol) = 96/4, flow rate = 1.0
mL/min, A=254 nm), tr=22.465 min (major), 25.326 min
(minor). m.p. 223~225 °C; [a]; — 100.0 (¢ 0.10,
CH,CL); 'H NMR (400 MHz, CDCls) §: 8.47 (m, 1H),
8.26 (s, 1H), 8.11 (m, 1H), 7.97 (m, 1H), 7.84~7.80 (m,
1H), 7.79~7.72 (m, 2H), 7.50~7.27 (m, 9H), 7.26~7.13
(m, 1H), 6.43 (ddd, J=16.9, 10.3, 8.9 Hz, 1H), 5.66 (d,
J=10.3 Hz, 1H), 5.43 (d, /=16.9 Hz, 1H), 5.04 (d, /=28.8
Hz, 1H), 2.73 (s, 3H); *C NMR (100 MHz, CDCl) &:
171.0, 139.5, 136.2, 134.9, 134.7, 134.6, 131.5, 129.6,
129.0, 128.6, 128.3, 127.4, 126.6(3), 126.6(0), 126.3,
126.1, 125.8, 124.9, 124.7, 124.3, 124.1, 122.9, 121.0,
119.3, 118.2, 117.2, 114.6, 114.3, 113.1, 112.1, 111.2,
45.8, 39.9, 36.2, 28.1; HRMS (ESI-TOF) caled for
C35sH24N4NaO [M+Na]": 539.1842, found 539.1845.

Minor diastereomer: 76% ee; HPLC (Chiralpak IF,
V(n-hexane)/V(i-propanol) = 80/20, flow rate = 1.0
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mL/min, A=254 nm), rR=7.565 min (minor), 8.609 min
(major). [ar]h —86.7 (¢ 0.10, CH,Cly); m.p. 200~202 °C;
"H NMR (400 MHz, CDCl;) é: 8.30 (s, 1H), 8.13 (m, 1H),
8.00~7.89 (m, 1H), 7.83 (m, 2H), 7.44~7.29 (m, 5H),
7.29~7.18 (m, 4H), 7.07 (s, 1H), 7.01 (m, 1H), 6.63 (m,
1H), 6.47 (m, 1H), 5.77~5.59 (m, 2H), 4.90 (d, J=9.0
Hz, 1H), 1.99 (s, 3H); '*C NMR (100 MHz, CDCls) ¢:
172.5, 141.4, 138.9, 135.2, 134.8, 133.9, 132.3, 130.4,
130.1, 128.9, 128.8(6), 128.8(0), 127.7, 126.8, 126.5,
126.0, 125.5, 125.2, 124.2, 123.5, 123.1, 122.6, 120.3,
120.0(4), 120.0(1), 114.1, 113.4, 113.3, 112.2, 111.3,
111.0, 50.4, 40.2, 29.8, 26.9; HRMS (ESI-TOF) calcd for
C35sH24N4NaO [M+Na]": 539.1842, found 539.1835.

(6R,125)-5-Acetyl-6-(naphthalen-2-yl)-12-vinyl-5,6,11,
12-tetrahydro-13H-cyclohepta[ 1,2-b:4,5-b"]diindole-13,13-
dicarbonitrile (3n): White solid, 73% yield (75.4 mg),
4.2 I 1 dr. Major diastereomer: 96% ee; HPLC (Chiralpak
IF, V(n-hexane)/V(i-propanol) = 90/10, flow rate = 1.0
mL/min, A=254 nm), tx=28.713 min (major), 10.826 min
(minor). [ar]y —275.2 (¢ 0.10, CH.ClL); m.p. 220~
222 °C; 'H NMR (400 MHz, CDCl;) d: 8.27 (s, 1H),
8.06~7.97 (m, 1H), 7.94~7.88 (m, 1H), 7.81~7.74 (m,
2H), 7.74~7.64 (m, 2H), 7.51~7.44 (m, 3H), 7.44~7.36
(m, 3H), 7.33~7.21 (m, 3H), 6.88 (s, 1H), 6.46 (ddd, J=
16.9, 10.3, 9.0 Hz, 1H), 5.70 (d, /=10.3 Hz, 1H), 5.43 (d,
J=16.9 Hz, 1H), 4.63 (d, J=9.1 Hz, 1H), 2.83 (s, 3H); 1°C
NMR (100 MHz, CDCl;) o: 171.0, 139.2(3), 139.2(0),
134.8, 134.6, 133.2, 132.4, 129.0, 128.9, 128.5, 128.1,
127.7, 127.5, 127.4, 126.5, 126.4, 126.1, 126.0, 125.8,
124.6, 124.1, 123.1, 121.0, 119.7, 118.0, 117.9, 114.5,
114.2, 113.2, 111.8, 110.4, 46.6, 40.0, 38.0, 28.3; HRMS
(ESI-TOF) calcd for C3sHaNsNaO [M+Na]': 539.1842,
found 539.1844.

Minor diastereomer: 85% ee; HPLC (Chiralpak IF,
V(n-hexane)/V(i-propanol) = 80/20, flow rate=1.0 mL/
min, A=254 nm), {r=7.875 min (major), 9.433 min (mi-
nor). [&]5 —186.8 (¢ 0.10, CH,CL); m.p. 210~212 °C;
'"H NMR (400 MHz, CDCl;) 6: 8.32~8.24 (m, 2H),
7.89~7.84 (m, 1H), 7.76~7.72 (m, 1H), 7.71~7.67 (m,
1H), 7.63 (m, 2H), 7.50~7.44 (m, 2H), 7.42~7.33 (m,
4H), 7.31~7.24 (m, 3H), 7.14 (s, 1H), 5.93 (ddd, J=16.7,
10.0, 8.5 Hz, 1H), 5.18 (d, J/=16.7 Hz, 1H), 4.90 (d, J=
10.1 Hz, 1H), 4.39 (d, J=8.5 Hz, 1H), 2.73 (s, 3H); 13C
NMR (100 MHz, CDCls) d: 171.7, 140.3, 138.9, 134.9(3),
134.9(1), 133.2, 132.2, 130.4, 129.3, 129.1, 128.5, 128.0,
127.7, 127.4, 126.3, 126.0, 125.9, 125.6, 125.4, 123.8,
123.3, 123.2, 121.1, 120.0, 118.8, 114.5, 114.2, 114.1,
114.0, 111.6, 107.7, 52.0, 39.4, 384, 28.0; HRMS
(ESI-TOF) calcd for C3sHaNsNaO [M+Na]': 539.1842,
found 539.1847.

(6R,125)-5-Acetyl-6-(3,4-dichlorophenyl)-12-vinyl-5,6,
11,12-tetrahydro-13H-cyclohepta[1,2-b:4,5-b"]diindole-13,
13-dicarbonitrile (30): White solid, 72% yield (77.1 mg),
3.1 I 1 dr. Major diastereomer: 93% ee; HPLC (Chiralpak
IF, V(n-hexane)/V(i-propanol) = 80/20, flow rate = 1.0
mL/min, A=254 nm), =~=4.943 min (major), 5.466 min
(minor). [ar]y —205.2 (¢ 0.10, CH.ClL); m.p. 177~
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179 °C; '"H NMR (600 MHz, DMSO-dg) 6: 11.67 (s, 1H),
8.04~7.96 (m, 1H), 7.91~7.85 (m, 1H), 7.81 (m, 1H),
7.58~7.43 (m, 4H), 7.24~7.13 (m, 3H), 7.02 (m, 1H),
6.66 (m, 1H), 6.53 (s, 1H), 5.78 (d, /=10.3 Hz, 1H), 5.56
(d, J=16.7 Hz, 1H), 4.39 (d, /=9.8 Hz, 1H), 2.88 (s, 3H);
3C NMR (150 MHz, DMSO-ds) 6: 171.7, 143.3, 138.2,
135.0, 134.1, 131.1, 130.7, 129.1(3), 129.1(3), 129.1(1),
129.1(1), 128.5, 126.9, 126.4, 126.1, 125.9, 123.5, 122.2,
120.1, 1184, 117.8, 115.7, 115.5, 114.0, 113.1, 112.0,
109.0, 47.0, 40.0, 37.1, 28.3; HRMS (ESI-TOF) calcd for
C31H2CLNsNaO [M+Na] ": 557.0906, found 557.0918.

Minor diastereomer: 75% ee; HPLC (Chiralpak IF,
V(n-hexane)/V(i-propanol) = 80/20, flow rate=1.0 mL/
min, 1=254 nm), rr=4.669 min (major), 5.018 min (mi-
nor). [a]5 —148.7 (¢ 0.10, CH:Cl); m.p. 155~157 °C;
"H NMR (600 MHz, CDCI;) J: 8.36 (s, 1H), 8.32~8.24
(m, 1H), 7.74 (m, 1H), 7.70 (m, 1H), 7.47 (m, 2H), 7.41~
7.36 (m, 1H), 7.32~7.20 (m, 3H), 7.11 (m, 1H), 6.91~
6.85 (m, 2H), 5.88 (ddd, /=16.7, 9.5, 8.2, Hz, 1H), 5.28~
523 (d, J=16.7 Hz, 1H), 5.17 (d, J=10.1, Hz, 1H),
4.42~4.36 (d, J=8.2 Hz,1H), 2.83 (s, 3H); '3C NMR (150
MHz, CDCl3) d: 171.4, 143.0, 138.3, 134.8, 134.7, 132.5,
130.7, 1304, 130.2, 129.4, 129.0, 128.9, 127.2, 126.9,
125.9, 124.1, 123.6(2), 123.6(0), 121.3, 120.0, 118.3,
114.3, 114.2, 113.8, 113.1, 111.6, 108.0, 51.5, 39.1, 37.6,
283, HRMS (ESI—TOF) calcd fOI‘ C31H20C12N4Na0 [M+
Na]": 557.0906, found 557.0908.

(6R,125)-5-Acetyl-2-methyl-6-phenyl-12-vinyl-5,6,11,
12-tetrahydro-13H-cyclohepta[ 1,2-b:4,5-b"]diindole-13,13-
dicarbonitrile (3p): White solid, 78% yield (74.9 mg),
4.7 : 1 dr. Major diastereomer: 92% ee; HPLC (Chiralpak
IF, V(n-hexane)/V(i-propanol) = 85/15, flow rate = 1.0
mL/min, A=254 nm), {=5.699 min (major), 6.352 min
(minor). [}y —101.5 (¢ 0.10, CH.Cl); m.p. 134~
136 °C; '"H NMR (600 MHz, CDCls) é: 8.28 (s, 1H), 7.84
(m, 2H), 7.53 (s, 1H), 7.36 (m, 1H), 7.31~7.16 (m, 6H),
7.14~7.07 (m, 2H), 6.69 (s, 1H), 6.47 (m, 1H), 5.74 (d,
J=10.4 Hz, 1H), 5.50 (d, J=16.9 Hz, 1H), 4.52 (d, J=9.2
Hz, 1H), 2.82 (s, 3H), 2.53 (s, 3H); *C NMR (150 MHz,
CDCls) o: 171.1, 141.9, 138.6, 135.9, 134.9, 134.8, 128.7
(3), 128.7(0) (2C), 128.6, 127.3, 127.0 (2C), 126.8, 126.3,
125.4, 125.2, 123.0, 120.9, 119.1, 1184, 117.9, 114.6,
114.2, 113.2, 111.8, 110.0, 46.7, 39.9, 37.7, 28.3, 22.3;
HRMS (ESI-TOF) caled for C3HasN,O [M + H] ' :
481.2023, found 481.2027.

Minor diastereomer: 66% ee; HPLC (Chiralpak IF,
V(n-hexane)/V(i-propanol) = 90/10, flow rate=1.0 mL/
min, A=254 nm), {r=6.637 min (major), 7.571 min (mi-
nor). [&]5 —87.0 (c 0.10, CH.Cly); m.p. 153~155 °C; 'H
NMR (600 MHz, CDCIl3) J: 8.26 (s, 1H), 8.13~8.10 (m,
1H), 7.78 (m, 1H), 7.46 (s, 1H), 7.39~7.32 (m, 1H),
7.30~7.21 (m, 3H), 7.15 (m, 3H), 7.05~7.01 (m, 2H),
6.94 (s, 1H), 5.86 (ddd, J=16.7, 10.0, 8.7 Hz, 1H), 5.25
(d, J=16.7 Hz, 1H), 5.05 (d, /=10.1 Hz, 1H), 4.34 (d,J=
8.7 Hz, 1H), 2.76 (s, 3H), 2.53 (s, 3H); '3C NMR (150
MHz, CDCl;) d: 171.7, 142.9, 138.4, 135.7, 135.2, 134.8,
130.7, 129.3, 128.8, 128.5 (2C), 127.3 (2C), 126.7, 125.2,
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125.1, 123.2, 123.0, 120.9, 119.5, 118.8, 114.5, 1144,
114.1, 114.0, 111.5, 107.4, 52.0, 39.3, 38.1, 28.1, 22.2;
HRMS (ESI-TOF) caled for C3HysNsO [M + H]
481.2023, found 481.2015.

(6R,125)-5-Acetyl-3-methyl-6-phenyl-12-vinyl-5,6,11,
12-tetrahydro-13H-cyclohepta[ 1,2-b:4,5-b"]diindole-13,13-
dicarbonitrile (3q): White solid, 75% yield (72.0 mg),
3.9 I 1 dr. Major diastereomer: 95% ee; HPLC (Chiralpak
IF, V(n-hexane)/V(i-propanol) = 80/20, flow rate = 1.0
mL/min, A=254 nm), =x=4.628 min (major), 5.151 min
(minor). [er]y —133.6 (¢ 0.10, CH.ClL); m.p. 117~
119 °C; 'H NMR (400 MHz, CDCls) é: 8.24 (s, 1H), 7.83
(m, 1H), 7.73 (s, 1H), 7.61 (m, 1H), 7.38 (m, 1H), 7.29~
7.17 (m, 6H), 7.12~7.04 (m, 2H), 6.75 (s, 1H), 6.49 (m,
1H), 5.76 (d, J/=10.3 Hz, 1H), 5.50 (d, J=16.9 Hz, 1H),
4.54 (d, J=9.1 Hz, 1H), 2.82 (s, 3H), 2.53 (s, 3H); 3C
NMR (100 MHz, CDCl3) 6: 170.9, 141.8, 139.5, 134.8,
133.8, 132.8, 128.8, 128.7(2) (2C), 128.7(0), 127.7, 127.4,
127.1, 127.0 (2C), 126.8, 126.3, 123.0, 120.9, 1194,
118.5, 118.0, 114.2, 114.1, 113.2, 111.8, 109.9, 46.8, 39.9,
37.7, 28.3, 21.6; HRMS (ESI-TOF) calcd for C3»HasN4O
[M-+H]": 481.2023, found 481.2025.

Minor diastereomer: 60% ee; HPLC (Chiralpak IA,
V(n-hexane)/V(i-propanol) = 80/20, flow rate=1.0 mL/
min, A=254 nm), {r=5.484 min (major), 6.093 min (mi-
nor). [&]5 —97.4 (c 0.10, CH.Cly); m.p. 144~146 °C; 'H
NMR (400 MHz, CDCl;) J: 8.23 (s, 1H), 8.01 (s, 1H),
7.83~7.76 (m, 1H), 7.56 (m, 1H), 7.41~7.34 (m, 1H),
7.31~7.21 (m, 3H), 7.15 (m, 3H), 7.07~6.94 (m, 3H),
5.84 (ddd, /=16.6, 10.0, 8.7 Hz, 1H), 5.24 (d, /=16.7 Hz,
1H), 5.03 (d, /=10.0 Hz, 1H), 4.35 (d, J=8.7 Hz, 1H),
2.76 (s, 3H), 2.54 (s, 3H); *C NMR (100 MHz, CDCl;) ¢:
171.5, 1429, 139.2, 134.8, 133.6, 133.1, 130.7, 1294,
128.9, 128.5 (2C), 127.6, 127.3 (2C), 126.9, 126.7, 123.3,
122.9, 121.0, 119.7, 118.7, 114.6(0), 114.6(0), 114.0,
113.8, 111.5, 107.2, 52.1, 39.3, 38.0, 28.1, 21.7; HRMS
(ESI-TOF) caled for C3H,sNsO [M-+H]': 481.2023,
found 481.2028.

(6R,125)-5-Acetyl-8-methoxy-6-phenyl-12-vinyl-5,6,11,
12-tetrahydro-13H-cyclohepta[ 1,2-b:4,5-b"]diindole-13,13-
dicarbonitrile (3r): White solid, 75% yield (74.4 mg),
5.3 1 1 dr. Major diastereomer: 98% ee; HPLC (Chiralpak
IA, V(n-hexane)/V(i-propanol) = 96/4, flow rate = 1.0
mL/min, A=254 nm), {r=24.841 min (minor), 28.923 min
(major). [a]5 —139.2 (¢ 0.10, CHxCl); m.p. 220~
222 °C; 'H NMR (400 MHz, CDCl;) J: 8.18 (s, 1H),
8.04~7.92 (m, 1H), 7.85~7.66 (m, 1H), 7.48~7.37 (m,
2H), 7.22 (m, 5H), 7.10 (m, 2H), 6.88 (m, 1H), 6.67 (s,
1H), 6.46 (m, 1H), 5.74 (d, J/=10.4 Hz, 1H), 549 (d, J=
16.9 Hz, 1H), 4.51 (d, J=9.2 Hz, 1H), 3.90 (s, 3H), 2.85
(s, 3H); 3C NMR (100 MHz, CDCl;) 6: 171.1, 155.2,
141.9, 139.6, 134.5, 130.0, 129.4, 128.7 (2C), 128.6,
127.8, 127.4, 127.0 (2C), 126.9, 126.2, 125.7, 124.0,
119.6, 118.2, 114.3, 114.2, 113.3, 113.2, 112.6, 110.2,
99.5, 56.2, 46.8, 39.9, 37.8, 28.4; HRMS (ESI-TOF) calcd
for C3,HasN4O, [M+H]": 497.1972, found 497.1976.

Minor diastereomer: 83% ee; HPLC (Chiralpak AD,
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V(n-hexane)/V(i-propanol) = 80/20, flow rate=1.0 mL/
min, A=254 nm), {r=6.686 min (major), 7.399 min (mi-
nor). [a]5 —147.5 (¢ 0.10, CH:Cl,); m.p. 189~191 °C;
"H NMR (600 MHz, CDCl3) 6: 8.27~8.22 (m, 1H), 8.15
(s, 1H), 7.71~7.63 (m, 1H), 7.50~7.41 (m, 2H), 7.27 (m,
1H), 7.20~7.15 (m, 3H), 7.13 (m, 1H), 7.07~7.01 (m,
2H), 6.92 (m, 1H), 6.90 (s, 1H), 5.85 (ddd, /=16.6, 10.0,
8.7 Hz, 1H), 5.27 (d, J=16.7 Hz, 1H), 5.07 (d, J=10.1
Hz, 1H), 4.35 (d, J=8.8 Hz, 1H), 3.87 (s, 3H), 2.78 (s,
3H); 3C NMR (100 MHz, CDCI5) é: 171.7, 155.2, 142.9,
139.3, 134.8, 130.6, 129.9, 129.7, 129.4, 128.5 (2C), 127.4
(2C), 127.3, 126.8, 125.5, 123.8, 123.1, 120.0, 114.5,
114.2,114.0, 113.9, 113.6, 112.3, 107.6, 100.3, 56.1, 52.1,
39.3, 38.3, 28.1; HRMS (ESI-TOF) calcd for C3>HasN4O»
[M-+H]": 497.1972, found 497.1949.

(6R,12S)-5-Acetyl-8-chloro-6-phenyl-12-vinyl-5,6,11,
12-tetrahydro-13H-cyclohepta[ 1,2-b:4,5-b"]diindole-13,13-
dicarbonitrile (3s): White solid, 67% yield (67.1 mg),
4.3 I 1 dr. Major diastereomer: 95% ee; HPLC (Chiralpak
IA, V(n-hexane)/V(i-propanol) = 80/20, flow rate = 1.0
mL/min, A=254 nm), x=>5.193 min (minor), 6.122 min
(major). [a]5 —125.5 (¢ 0.10, CH.ClL); m.p. 153~
155 °C; '"H NMR (400 MHz, CDCls) 6: 8.30 (s, 1H),
8.04~7.94 (m, 1H), 7.78 (m, 1H), 7.77~7.73 (m, 1H),
7.49~7.42 (m, 2H), 7.28~7.19 (m, 4H), 7.15 (m, 1H),
7.07 (m, 2H), 6.66 (s, 1H), 6.47 (m, 1H), 5.77 (d, /=104
Hz, 1H), 5.51 (d, J=16.9 Hz, 1H), 4.52 (d, J=9.1 Hz,
1H), 2.87 (s, 3H); 3C NMR (100 MHz, CDCls) 6: 171.0,
141.4, 139.2, 134.5, 133.1, 130.3, 128.8 (2C), 128.3(4),
128.3(0), 127.3, 127.0(2), 127.0(0) (2C), 126.8, 126.6,
125.8, 124.1, 123.4, 119.6, 118.1, 117.5, 114.4, 114.0,
113.1, 112.8, 110.1, 46.7, 39.9, 37.7, 28.4; HRMS (ESI-
TOF) caled for C3HCINgNaO [M+Na]': 523.1296,
found 523.1297.

Minor diastereomer: 82% ee; HPLC (Chiralpak IA,
V(n-hexane)/V(i-propanol) = 90/10, flow rate=1.0 mL/
min, A=254 nm), ®=10.423 min (minor), 11.396 min
(major). [ar]h —89.2 (¢ 0.10, CH,Cly); m.p. 167~169 °C;
"H NMR (400 MHz, CDCI;) J: 8.34 (s, 1H), 8.28~8.21
(m, 1H), 7.73 (m, 1H), 7.71~7.65 (m, 1H), 7.45 (m, 2H),
7.30~7.22 (m, 1H), 7.22~7.13 (m, 4H), 7.04~6.96 (m,
2H), 6.89 (s, 1H), 5.84 (m, 1H), 5.26 (d, J=16.7 Hz, 1H),
5.07 (d, /=10.0 Hz, 1H), 4.35 (d, /=8.7 Hz, 1H), 2.78 (s,
3H); 3C NMR (100 MHz, CDCI5) &: 171.6, 142.4, 138.8,
134.8, 133.1, 130.4, 130.3(0), 130.2(6), 128.6 (2C), 127.3
(2C), 127.2, 126.9, 126.9, 125.6, 123.8, 123.7, 1234,
119.9, 118.2, 114.4, 114.1, 113.9(4), 113.9(0), 112.6,
107.4, 52.0, 39.2, 38.1, 28.1; HRMS (ESI-TOF) calcd for
C31H2CIN,O [M+H] ": 501.1477, found 501.1470.

(6R,128)-5-Acetyl-8-fluoro-6-phenyl-12-vinyl-5,6,11,
12-tetrahydro-13H-cyclohepta[ 1,2-b:4,5-b"]diindole-13,13-
dicarbonitrile (3t): White solid, 72% yield (69.7 mg),
4.6 . 1 dr. Major diastereomer: 94% ee; HPLC (Chiralpak
IA, V(n-hexane)/V(i-propanol) =80/20, flow rate=1.0 mL/
min, A=254 nm), {x=>5.308 min (minor), 5.891 min (ma-
jor). [l —162.5 (¢ 0.10, CH,CL); m.p. 186~188 °C;
"H NMR (400 MHz, CDCIl;) J: 8.29 (s, 1H), 8.05~7.96
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(m, 1H), 7.80~7.70 (m, 1H), 7.50~7.42 (m, 3H), 7.31~
7.16 (m, 4H), 7.13~7.04 (m, 2H), 6.97 (m, 1H), 6.65 (s,
1H), 6.46 (ddd, J=16.9, 10.4, 9.8 Hz, 1H), 5.76 (d, J=
10.4, Hz, 1H), 5.51 (d, J=16.9 Hz, 1H), 4.53 (d, J=9.2
Hz, 1H), 2.85 (s, 3H); '*C NMR (100 MHz, CDCls) ¢:
171.0, 158.7 (d, J=236.6 Hz), 141.5, 139.3, 134.5, 131.3,
130.6, 128.8 (2C), 128.4, 127.7 (d, J=9.8 Hz), 127.3,
127.0, 126.9 (2C), 126.5, 125.8, 124.0, 119.6, 118.5 (d,
J=4.6 Hz), 114.4, 114.1, 113.2, 112.6 (d, J=9.2 Hz),
111.6 (d, J=26.5 Hz), 110.0, 103.0 (d, /=23.9 Hz), 46.8,
39.9, 37.8, 28.3; 'F NMR (377 MHz, CDCl;) 6: —122.43;
HRMS (ESI-TOF) caled for C3H»nFN,O [M-+H] " :
485.1772, found 485.1773.

Minor diastereomer: 63% ee; HPLC (Chiralpak AD,
V(n-hexane)/V(i-propanol) = 90/10, flow rate=1.0 mL/
min, A=254 nm), {=12.938 min (major), 14.328 min
(minor). [ar]y — 144.0 (¢ 0.10, CH.ClL); m.p. 146~
148 °C; 'H NMR (400 MHz, CDCl3) 6: 8.29 (s, 1H),
8.27~8.22 (m, 1H), 7.71~7.63 (m, 1H), 7.50~7.41 (m,
2H), 7.38 (m, 1H), 7.25 (s, 1H), 7.23~7.13 (m, 3H),
7.10~6.92 (m, 3H), 6.87 (s, 1H), 5.86 (ddd, /=16.7, 10.1,
8.7 Hz, 1H), 5.26 (d, J=16.7 Hz, 1H), 5.07 (d, J=10.0
Hz, 1H), 4.36 (d, J=8.7 Hz, 1H), 2.76 (s, 3H); *C NMR
(100 MHz, CDCl;) ¢: 171.7, 158.7 (d, J=236.8 Hz),
142.5, 138.9, 134.8, 131.3, 130.7, 130.4, 129.7 (d, J=9.4
Hz), 128.6 (2C), 127.3 (2C), 127.2, 126.9, 125.6, 123.8,
123.3, 119.9, 1145 (d, J=5.0 Hz), 114.4, 113.9(2),
113.9(0), 112.4 (d, J=9.7 Hz), 111.9 (d, J=26.3 Hz),
107.5, 103.8 (d, J=24.2 Hz), 52.0, 39.3, 38.3, 28.1; “F
NMR (377 MHz, CDCl3) 6: —122.29; HRMS (ESI-TOF)
caled for C3HyFN4yNaO [M+Na]': 507.1592, found
507.1599.

(6R,12S)-5-Acetyl-9-chloro-6-phenyl-12-vinyl-5,6,11,
12-tetrahydro-13H-cyclohepta[ 1,2-b:4,5-b"]diindole-13,13-
dicarbonitrile (3u): White solid, 61% yield (61.1 mg),
3.6 : 1 dr. Major diastereomer: 94% ee; HPLC (Chiralpak
IA, V(n-hexane)/V(i-propanol) = 80/20, flow rate = 1.0
mL/min, A=254 nm), fr=13.518 min (minor), 14.665 min
(major). [a]5 — 113.0 (¢ 0.10, CHxCl); m.p. 234~
236 °C; 'H NMR (400 MHz, CDCls) é: 8.35 (s, 1H), 7.99
(m, 1H), 7.81~7.65 (m, 2H), 7.46 (m, 2H), 7.31~7.13
(m, 4H), 7.12 (s, 1H), 7.08~7.03 (m, 2H), 6.70 (m, 1H),
6.55~6.34 (m, 1H), 5.75 (d, J=10.0 Hz, 1H), 5.49 (d, /=
16.9 Hz, 1H), 4.50 (d, J=9.3 Hz, 1H), 2.85 (s, 3H); 13C
NMR (100 MHz, CDCl3) 6: 171.0, 141.5, 139.3, 134.9,
134.5, 129.4, 128.8 (2C), 128.3, 127.3, 127.0, 126.9 (20),
126.7, 125.9, 125.8, 124.1, 121.8, 119.6, 118.9, 118.4,
114.4, 114.0, 113.3, 111.7, 111.5, 110.1, 46.7, 39.9, 37.7,
28.4; HRMS (ESI-TOF) calcd for C31HCINsNaO [M—+
Na]': 523.1296, found 523.1289.

Minor diastereomer: 83% ee; HPLC (Chiralpak IF, V(n-
hexane)/V(i-propanol) = 80/20, flow rate=1.0 mL/min,
A=254 nm), £R=6.373 min (major), 7.392 min (minor).
[o]5 —86.7 (¢ 0.10, CHxCl,); m.p. 212~214 °C; 'H NMR
(400 MHz, CDCl3) o: 8.31 (s, 1H), 8.28~8.21 (m, 1H),
7.73~17.61 (m, 2H), 7.49~7.42 (m, 2H), 7.38 (m, 1H),
7.24~7.13 (m, 4H), 7.02~6.98 (m, 2H), 6.94 (s, 1H),
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5.86 (ddd, /=16.7, 10.0, 8.7 Hz, 1H), 5.29 (d, J/=16.6 Hz,
1H), 5.10 (d, J=10.0 Hz, 1H), 4.37 (d, J=8.7 Hz, 1H),
2.77 (s, 3H); *C NMR (100 MHz, CDCl) 6: 171.7, 142.4,
138.9, 135.1, 134.8, 130.3, 129.5, 129.2, 128.6 (20),
1279, 127.3 (2C), 127.2, 126.9, 125.6, 123.8, 123.5,
121.9, 119.9, 119.8, 114.4(5), 114.4(0), 113.8(9), 113.8(5),
111.4, 107.5, 51.9, 39.2, 38.1, 28.1; HRMS (ESI-TOF)
caled for C3;HCIN,NaO [M+Na]': 523.1296, found
523.1290.

4.3 General procedure for the synthesis of the 4

A reaction tube equipped with a magnetic stirring bar
was charged compound 3a (46.6 mg, 0.1 mmol), EtOH/
H,O (V/V=1/1, 2 mL) was added via syringe to the reac-
tion tube, then NaOH (8.0 mg, 0.2 mmol) was added, the
reaction mixture was stirred at 60 °C for 4 h until comple-
tion. The reaction mixture was diluted with ethyl acetate,
washed with brine, dried over Na;SO4 and concentrated.
The residue was purified by flash chromatography on silica
gel (petroleum ether/ethyl acetate, V/V=2/1) to give prod-
uct 4 as a white solid, 65% yield (28.7 mg), 95% ee. HPLC
(Chiralpak IF, V(n-hexane)/V(i-propanol) = 80/20, flow
rate=1.0 mL/min, A=254 nm), =7.384 min (major),
8.017 min (minor). [a]; —128.2 (¢ 0.10, CH,CL); m.p.
122~124 °C; '"H NMR (600 MHz, CDCIl;) J: 8.42 (s, 1H),
8.37 (s, 1H), 7.83 (m, 1H), 7.32~7.22 (m, 7H), 7.18 (m,
2H), 7.12 (m, 2H), 7.02 (m, 1H), 6.34 (m, 1H), 5.83~5.71
(m, 3H), 5.36 (d, J/=10.2 Hz, 1H), 5.19 (d, /=16.9 Hz,
1H), 4.53 (d, J=8.4 Hz, 1H); 3C NMR (150 MHz, CDCI;)
0: 169.3, 142.6, 137.3, 135.3, 134.9, 131.7, 131.0, 129.1
(20), 129.0, 127.9, 127.6, 127.5, 127.3, 127.2, 123.3,
122.3(2), 122.3(0), 121.2, 120.2, 119.2, 118.4(1), 118.4(0),
111.7, 111.1, 104.8, 53.2, 48.7, 41.6; HRMS (ESI-TOF)
caled for CaoH23N4O [M+H]': 443.1866, found 443.1871.

4.4 General procedure for the synthesis of the 5

Under nitrogen atmosphere, compound 3a (46.6 mg, 0.1
mmol) was added into a flame-dried Schlenk tube equi-
pped with a magnetic stirring bar. Anhydrous THF (1.0
mL) was added via syringe to the reaction tube. Then
n-Bu3SnH (145 mg, 0.5 mmol) was added, and the reaction
mixture was stirred at 55 °C for 24 h until completion. The
reaction mixture was diluted with ethyl acetate, washed
with brine, dried over Na,SO4 and concentrated. The resi-
due was purified by flash chromatography on silica gel
(petroleum ether/ethyl acetate, V/V’=4/1) to give product 5
as a white solid, 94% yield (40.0 mg), 95% ee. HPLC
(Chiralpak IA, V(n-hexane)/V(i-propanol) = 80/20, flow
rate=1.0 mL/min, A=254 nm), {x=10.653 min (major),
11.310 min (minor). [e]5 —79.8 (¢ 0.10, CHCl,); m.p.
178~180 °C; '"H NMR (600 MHz, CD,Cl,) dJ: 8.61 (s, 1H),
8.43 (s, 1H), 8.01~7.95 (m, 1H), 7.73 (m, 1H), 7.47~
7.41 (m, 2H), 7.33~7.15 (m, 9H), 6.53 (m, 1H), 5.87 (s,
1H), 5.80 (d, J/=10.4 Hz, 1H), 5.61 (d, /=16.9 Hz, 1H),
4.64 (d, J/=9.2 Hz, 1H); '3C NMR (150 MHz, CD,Cl,) ¢:
141.8, 136.5, 135.2, 135.0, 129.9, 129.3 (2C), 129.1,
127.5(5), 127.5(0), 127.4 (2C), 126.7, 125.7, 123.9, 123.2,
121.5, 121.0, 119.0, 118.3, 116.3, 115.0, 114.3, 112.0,
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111.6, 102.3, 48.4, 40.4, 39.7; HRMS (ESI-TOF) calcd for
C2oH20N;Na [M+Na] ': 447.1564, found 447.1586.

Supporting Information The HPLC, 'H NMR, 3C
NMR and °F NMR spectra of products 3a~3u, and crys-
tallographic data for the compound 3a. The Supporting
Information is available free of charge via the Internet at
http://sioc-journal.cn.

References

[1] (a) Guo, W.; Gomez, J. E.; Cristofol, A.; Xie, J.; Kleij, A. W. 4n-
gew. Chem., Int. Ed. 2018, 57, 13735.

(b) Zuo, L.; Liu, T.; Chang, X.; Guo, W. Molecules 2019, 24, 3930.

(c) Trost, B. M.; Jiao, Z.; Liu, Y.; Ming, C.; J. Hung, C.-I. J. Am.
Chem. Soc. 2020, 142, 18628.

(d) Fairuz Binte Sheikh Ismail, S. N.; Yang, B.; Zhao, Y. Org. Lett.
2021, 23,2884,

(e) Yan, B.; Guo, W. Synthesis 2022, 54, 1964.

(f) Yuan, S.-P;; Bao, Q.; Sun, T.-J.; Zhao, J.-Q.; Wang, Z.-H.; You,
Y.; Zhang, Y.-P.; Zhou, M.-Q.; Yuan, W.-C. Org. Lett. 2022, 24,
8348.

(g) Dou, P.-H.; Yuan, S.-P.; Chen, Y.; Zhao, J.-Q.; Wang, Z.-H.;
You, Y.; Zhang, Y.-P.; Zhou, M.-Q.; Yuan, W.-C. J. Org. Chem.
2022, 87, 6025.

(h) Lu, X.; Xiao, X.; Wan, C.; Wang, Z.; Liu, J. Acta Chim. Sin.
2021, 79, 751.

(i) Xu, Z.; Malik, A. U.; Shu, M.; Cui, Y. Chin. J. Chem. 2021, 39,
2774.

() Sun, Y.-L.; Tan, F.-F.; Hu, R.-G;; Hu, C.-H.; Li, Y. Chin. J.
Chem. 2022, 40, 1903.

[2] Tian, F.; Yang, W.-L.; Ni, T.; Zhang, J.; Deng, W.-P. Sci. China
Chem. 2021, 64, 34.

[3] Zhao, Z.; Yang, X.-X.; Ran, G.-Y.; Ouyang, Q.; Du, W.; Chen, Y.-C.
Org. Lett. 2021, 23, 4791.

[4] Hang, Q.-Q.; Liu, S.-J.; Yu, L.; Sun, T.-T.; Zhang, Y.-C.; Mei, G-J.;
Shi, F. Chin. J. Chem. 2020, 38, 1612.

[5] (a)Joseph, B.; Alagille, D.; Merour, J. Y.; Leonce, S. Chem. Pharm.
Bull. 2000, 48, 1872.

(b) Kamata, K.; Suetsugu, T.; Yamamoto, Y.; Hayashi, M.; Komi-
yama, K.; Ishibashi, M. J. Nat. Prod. 2006, 69, 1252.

(c) Cao, P; Liang, Y.; Gao, X.; Li, X.-M.; Song, Z.-Q.; Liang, G.
Molecules 2012, 17, 13631.

[6] (a) Napper, A. D.; Hixon, J.; McDonagh, T.; Keavey, K.; Pons, J. F.;
Barker, J.; Yau, W. T.; Amouzegh, P.; Flegg, A.; Hamelin, E.;
Thomas, R. J.; Kates, M.; Jones, S.; Navia, M. A.; Saunders, J. O.;
DiStefano, P. S.; Curtis, R. J. Med. Chem. 2005, 48, 8045.
(b) Barf, T.; Lehmann, F.; Hammer, K.; Haile, S.; Axen, E.; Medi-
na, C.; Uppenberg, J.; Svensson, S.; Rondahl, L.; Lundbdck, T.
Med. Chem. Lett. 2009, 19, 1745.
(¢) Yamuna, E.; Kumar, R. A.; Zeller, M.; Prasad, K. J. R. Eur. J.
Med. Chem. 2012, 47, 228.
(d) Liu, B.-Y.; Zhang, C.; Zeng, K.-W.; Li, J.; Guo, X.-Y.; Zhao,
M.-B.; Tu, P.-F.; Jiang, Y. Org. Lett. 2015, 17, 4380.

[7] Gierok, J.; Benedix, L.; Hiersemann, M. Eur. J. Org. Chem. 2021,

26, 3748.

[8] (a) Hamada, N.; Yoshida, Y.; Oishi, S.; Ohno, H. Org. Lett. 2017,
19, 3875.
(b) Cheng, B.; Volpin, G.; Morstein, J.; Trauner, D. Org. Lett. 2018,
20, 4358.

(c) Takeda, T.; Harada, S.; Okabe, A.; Nishida, A. J. Org. Chem.
2018, 83, 11541.

(d) Wang, Z.; Addepalli, Y.; He, Y. Org. Lett. 2018, 20, 644.

(e) Tymann, D.; Tymann, D. C.; Bednarzick, U.; lovkova-Berends,
L.; Rehbein, J.; Hiersemann, M. Angew. Chem., Int. Ed. 2018, 57,
15553.

(f) Tymann, D.; Bednarzick, U.; lovkova-Berends, L.; Hiersemann,

Chin. J. Org. Chem. 2023, 43, 2864~2877



Chinese Journal of Organic Chemistry

9]

Chin. J. Org. Chem. 2023, 43, 2864~2877

M. Org. Lett. 2018, 20, 4072.

(g) Kaufmann, J.; Jackel, E.; Haak, E. Angew. Chem., Int. Ed. 2018,
57,5908.

(h) Jadhav, A. S.; Pankhade, Y. A.; Anand, R. V. J. Org. Chem.
2018, 83, 8615.

(i) Zeng, Q.; Dong, K.; Huang, J.; Qiu, L.; Xu, X. Org. Biomol.
Chem. 2019, 17, 2326.

(j) Parker, A. N.; Martin, M. C.; Shenje, R.; France, S. Org. Lett.
2019, 21, 7268.

(k) Yuan, Y.; Guo, X.; Zhang, X.; Li, B.; Huang, Q. Org. Chem.
Front. 2020, 7, 3146.

(1) Tymann, D. C.; Benedix, L.; Iovkova, L.; Pallach, R.; Henke, S.;
Tymann, D.; Hiersemann, M. Chem.-Eur. J. 2020, 26, 11974.

(m) Mu, X.-P.; Li, Y.-H.; Zheng, N.; Long, J.-Y.; Chen, S.-J.; Liu,
B.-Y.; Zhao, C.-B.; Yang, Z. Angew. Chem., Int. Ed. 2021, 60,
11211.

(n) Dhawa, U.; Connon, R.; Oliveira, J. C. A.; Steinbock, R.;
Ackermann, L. Org. Lett. 2021, 23, 2760.

(a) Trost, B. M.; Zuo, Z.; Schultz, J. E. Chem.-Eur. J. 2020, 26,
15354.

(b) Zhao, C.; Khan, L.; Zhang, Y.-J. Chem. Commun. 2020, 56,
12431.

(¢) Du, J.; Hua, Y.-D.; Jiang, Y.-J.; Huang, S.; Chen, D.; Ding,
C.-H.; Hou, X.-L. Org. Lett. 2020, 22, 5375.

(d) Mao, B.; Liu, H.; Yan, Z.; Xu, Y.; Xu, J.; Wang, W.; Wu, Y.;
Guo, H. Angew. Chem., Int. Ed. 2020, 59, 11316.

(e) Guo, J.-M.; Fan, X.-Z.; Wu, H.-H.; Tang, Z.; Bi, X.-F.; Zhang,
H.; Cai, L.-Y.; Zhao, H.-W.; Zhong, Q.-D. J. Org. Chem. 2021, 86,
1712.

() Gao, Y.; Zhang, X.; Zhang, X.; Miao, Z. Org. Lett. 2021, 23,
2415.

(g) Garcia-Vazquez, V.; Hoteite, L.; Lakeland, C. P.; Watson, D. W.;
Harrity, J. P. A. Org. Lett. 2021, 23, 2811.

(h) Zuo, L.; Yang, Y.; Guo, W. Org. Lett. 2021, 23,2013.

(i) Yang, G; Ke, Y.-M.; Zhao, Y. Angew. Chem., Int. Ed. 2021, 60,
12775.

(j) Peng, Y.; Huo, X.; Luo, Y.; Wu, L. Angew. Chem., Int. Ed. 2021,
60, 24941.

(k) Wang, D.; Sun, J.; Yan, C.-G. Green Synth. Catal. 2022, 3, 53.
(D You, Y.; Li, Q.; Zhang, Y.-P.; Zhao, J.-Q. Wang, Z.-H.; Yuan,
W.-C. ChemCatChem 2022, 14, ¢202101887.

(m) Xu, B.; Zhang, Z.-M.; Han, J.; Gu, G.; Zhang, J. Chin. J. Chem.
2022, 40, 1407.

(n) Zhu, M.; Zhang, X.; Zheng, C.; You, S.-L. Acc. Chem. Res.
2022, 55,2510.

(o) Zhang, W.; Zhang, P.-C.; Li, Y.-L.; Wu, H.-H.; Zhang, J. J. Am.
Chem. Soc. 2022, 144, 19627.

[10]

[11]

[12]

[13]

[14]

© 2023 Shanghai Institute of Organic Chemistry, Chinese Academy of Sciences

(p) Zhang, M.-M.; Qu, B.-L.; Shi, B.; Xiao, W.-J.; Lu, L.-Q. Chem.
Soc. Rev. 2022, 51, 4146.

(q) Wang, B.-C.; Wei, Y.; Xiong, F.-Y.; Qu, B.-L.; Xiao, W.-J.; Lu,
L.-Q. Sci. China. Chem. 2022, 65, 2437.

(r) Zhang, J.; Chen, Y.; Wang, Q.; Shen, J.; Liu, Y.-Z.; Deng, W.-P.
Chin. J. Org. Chem. 2022, 42, 3051.

(s) Hui, M.; Li, B.; Gong, B.; Yao, H.; Lin, A. Chem. Commun.
2022, 58, 2850.

(a) Li, Y.; Zhu, C.-Z.; Zhang, J. Eur. J. Org. Chem. 2017, 6609.

(b) Xu, G; Chen, L.; Sun, J. Org. Lett. 2018, 20, 3408.

(c) Pirovano, V.; Brambilla, E.; Moretti, A.; Rizzato, S.; Abbiati, G.;
Nava, D.; Rossi, E. J. Org. Chem. 2020, 85, 3265.

(d) Yang, W.-L.; Li, W.; Yang, Z.-T.; Deng, W.-P. Org. Lett. 2020,
22, 4026.

(a) Zhang, H.-H.; Zhu, Z.-Q.; Fan, T.; Liang, J.; Shi, F. Adv. Synth.
Catal. 2016, 358, 1259.

(b) Liu, J.; Wang, L.; Wang, X.; Xu, L.; Hao, Z.; Xiao, J. Org. Bio-
mol. Chem. 2016, 14, 11510.

(¢) Gelis, C.; Levitre, G.; Merad, J.; Retailleau, P.; Neuville, L.;
Masson, G. Angew. Chem., Int. Ed. 2018, 57, 12121.

(d) Cheng, Q.; Xie, J.-H.; Weng, Y.-C.; You, S.-L. Angew. Chem.,
Int. Ed. 2019, 58, 5739.

(a) Nguyen, T. V.; Hartmann, J. M.; Enders, D. Synthesis 2013, 45,
845.

(b) Ylijoki, K. E. O.; Stryker, J. M. Chem. Rev. 2013, 113, 2244.

(¢) Yin, Z.; He, Y.; Chiu, P. Chem. Soc. Rev. 2018, 47, 8881.

(d) Pellissier, H. Adv. Synth. Catal. 2018, 360, 1551.

(e) Gao, K.; Zhang, Y.-G.; Wang, Z.; Ding, H. Chem. Commun.
2019, 55, 1859.

(a) Liu, Y.-Z.; Wang, Z.; Huang, Z.; Zheng, X.; Yang, W.-L.; Deng,
W.-P. Angew. Chem. Int. Ed. 2020, 59, 1238.

(b) Zheng, X.; Sun, H.; Yang, W.-L.; Deng, W.-P. Sci. China. Chem.
2020, 63, 911.

(c) Yang, W.-L.; Huang, Z.; Liu, Y.-Z.; Yu, X.; Deng, W.-P. Chin. J.
Chem. 2020, 38, 1571.

(d) Yang, W.-L.; Li, W.; Yang, Z.-T.; Deng, W.-P. Org. Lett. 2020,
22, 4026.

(e) Yang, W.-L.; Ni, T.; Deng, W.-P. Org. Lett. 2021, 23, 588.

(f) Liu, Y.-Z.; Wang, Z.; Huang, Z.; Yang, W.-L.; Deng, W.-P. Org.
Lett. 2021, 23, 948.

(g) Yang, W.-L.; Shen, J.-H.; Zhao, Z.-H.; Wang, Z.; Deng, W.-P.
Org. Chem. Front. 2022, 9, 4685.

(h) Tan, W.; Zhang, J.-Y.; Gao, C.-H.; Shi, F. Sci. China. Chem.
2023, 66, DOI: 10.1007/s11426-022-1471-2.

Gu, B.-Q.; Yang, W.-L.; Wu, S.-X.; Wang, Y.-B.; Deng, W.-P. Org.
Chem. Front. 2018, 5, 3430.

(Li, L)

28717

http://sioc-journal.cn/




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 600
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 600
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


