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Transition-Metal Catalyzed Coupling Reactions of gem-Dibromovinyl
Derivatives

Liang, Luqi®® Zhang, Lizhi** Peng, Yongli*“ Liu, Hui*®
(“School of Materials Science and Engineering, Wuhan Institute of Technology, Wuhan 430205)
(> School of Chemical Engineering, Shandong University of Technology, Zibo, Shandong 255049)

Abstract gem-Dibromovinyl derivatives are valuable synthetic tools in organic chemistry, which have been widely applied in
the construction of founctionalized molecules. In the past few years, metal-catalyzed (such as Pd, Cu, Ag, Au and Ni)
transformations with gem-dibromovinyl derivatives have been developed and become a powerful tool for the synthesis of
alkynes, chromenes, indoles, benzindole, benzothiophene and other benzo-fused heterocycles with important physiological
activity. The progresses in transition-metal-catalyzed transformations of gem-dibromoviny derivatives since 2013 are summarized.

Keywords gem-dibromovinyl derivative; alkynyl intermediate; transition metal catalysis; coupling reaction

1 Introduction

gem-Dibromovinyl derivatives are important and inter-
esting synthetic building blocks in various chemical trans-
formations.!"! In addition, dihaloethylene functional group
is a versatile and attractive bidentate electrophile for or-
ganometallic chemistry.”?) Generally, the gem-dibromovinyl
derivatives could be synthesized via Ramirez olefination
using the Corey-Fuchs reaction with aldehyde (or ketone)
and CBrs/PPh; conveniently.®) The two halogen atoms
bonded to a vinyl carbon make these molecules more active
than the corresponding monohaloolefins in the oxidative
addition reaction of metal complexes, leading to the corre-
sponding metals catalyzed cross-coupling reaction easily. In
the synthesis of alkynes, carbocyclic compounds, hetero-
cycles, etc., gem-dibromovinyl derivatives have become
attractive units, by judicious selecting starting materials and

ligands. During the past years, transition-metal-catalyzed
transformations have been developed into one of the most
useful and powerful strategy in the furnishing of C—C
bonds in the organic reactions. In particular, transition-
metal-catalyzed transformations have been used as effective
strategies for accessing carbon and heterocycles. To syn-
thesize heterocycle, cascade reactions, which use 1,1-dibro-
movinyl derivatives as the core substrates, caused much
more attention due to their usefulness not only in the first
cyclization or alkylation, but also for further one pot pro-
cesses. In 2012, Cheluccil!! provided an elegant review on
the synthesis and metal-catalyzed reactions of gem-dihalo-
vinyl systems. During the last 10 years, numerous beautiful
works have been reported in this field. So the present review
will summarize the recent progresses on transition-metal-
catalyzed coupling reactions of gem-dibromoviny deriva-
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tives since 2012.

2 Coupling reaction of gem-dibromoal-
kene derivatives

Perumal and co-workers*! demonstrated the synthesis of
pyrrolo-/indolo[1,2-a]quinolines and naphtho[2,1-b]thio-
phenes utilizing gem-dibromovinyls and sulphonamides in
2014. This methodology proposed a two-step protocol to
construct tricyclic and tetracyclic heterocycles in one-pot
through the Cu(I)-catalyzed formation of ynamide followed
by a Ag(I)-mediated intramolecular hydroarylation. The
method has milder reaction conditions, shorter reaction time
and better yields, which is economical, practical and reliable.

Perumal et al. applied the standard conditions to the
synthesis of pyrrolo[1,2-a]quinoline derivatives (Scheme
1). The transformation proceeded well for substrates 1 and
2, especially, the valuable and active bromo could survive
under the standard conditions (3e and 3f). Next, the group
worked to achieve fused tetracyclic nitrogen analogues by
changing the heterocyclic nucleophile on the gem-dibromo-
vinyl (Scheme 1, 3g~3i). Furthermore, they applied this
methodology to synthesize other indolo[1,2-a]quinoline
analogues by modifying the substituents on sulphonamides.
These compounds were found to have photophysical prop-
erties, and a few representative examples of the pyrrolo- and
indolo[1,2-a]quinolines showed diverse fluorescence in

solution, solid and aggregate states. After successful syn-
thesis of tricyclic and tetracyclic quinolines, the team ex-
plored the applicability of introducing a thiophene ring to
the ortho-position of gem-vinyldihalide, and the reaction
proceeded smoothly to generate naphtho[2,1-b]thiophenes
with the standard Cu(I)/Ag(I) conditions in excellent yields
(Scheme 1, 3j~31).

A mechanism for the synthesis of fused nitrogen
heterocycle is introduced in Scheme 2. The trans C—Br
bond of gem-dibromovinyl 1a showed higher reactivity,
which can be first oxidized and added to Cu(I). Stereo-
selective cross-coupling with N-benzyl-4-methyl-benzene-
sulfonamide 4, followed by dehydrobromination afford
alkynylamide 5. Then, intramolecular hydrogenation
reaction can be performed through activating the triple bond
via coordination with Ag" to provide pyrrolo[1,2-a]quino-
line 3a.

Zhang and co-workers®® demonstrated the construction
of N-arylsulfonyl-1,2,3-triazole 8 using readily available
gem-dibromo-2-arylethylenes 6 in the presence of Cs>CO;
via a cascade Cu(I)-promoted Huisgen cycloaddition of the
resultant alkynes with tosyl azide in 2016 (Scheme 3).

In 2015, Rao and co-workerst® demonstrated a direct
cascade methodology for the development of 2-aryl and
2-styrylbenzofuran scaffold with 1,1-dibromoalkene and
phenol catalyzed by palladium (Scheme 4). This elastic and
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‘ H 3 mol% Cul, 5 mol% L N
N Cs,CO3, THF, rt. ST TR?
RIS + R EWG R
LAy 5 mol% AgOTf XOY
Oy EWG = Ts or Ms =%
1 2 3

Br
M
§ y Py O
X \Bn X N\nBU X N X N
N N N RN

3a 87% 3b 75% 3c 82% 3d 78%
Cl Te Me
e " D . P
\ N N Bn N
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I N N N AN
" = W, <)

3e 84% 3f 79% 3g 83% 3h 79%

T B
N ~__N Ts Ts r Ts &
A N | [ \
~Bn N N N
NN ) O
O /—S = =

3i 75% 3j 81%

3k 79% 31 83%

Scheme 1 Synthesis of pyrrolo-/indolo-/naphtho-[1,2-a]quinolines
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Scheme 2 Mechanism for the synthesis of pyrrolo[1,2-a]quinolines
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Scheme 3  Synthesis of N-arylsulfonyl-1,2,3-triazoles from 1,1-dibromo-2-arylethylenes

new process makes it facile to obtain multi-substituted
benzofurans or benzodifuran in poeqeconomic practical
manner. The strategy is a two-step one-pot process, and the
cyclization of 2-bromomovinyl phenyl ether can be
achieved in the presence of Pd(OAc), in high yield.

CBr4/PPh3 O

G, Y
OH l Br Ar2

OlA 2 S[t:'(:]z }:A@

Scheme 4 Synthesis of 2-arylbenzofuran scaffold through direct
involvement of 1,1-dibromoalkene and phenol

As shown in Scheme 5, various 2-arylbenzofurans were
synthesized using different functionalized gem-dibromides
and phenols. Phenols bearing both electron-withdrawing
and electron-rich groups afforded the corresponding
benzofurans in good to high yields.

The mechanism for the furnishing of benzofuran from
gem-dibromide and phenol is illustrated in Scheme 6. In
step one, the initial dehydrobromination of 1,1-dibromide 9
would form 1-bromoalkyne 12 with base. Furthermore, the
addition with phenol 10 was performed to provide
2-bromovinylphenyl ether 13. In step two, 2-bromovinyl-
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Scheme 5 Two-step one-pot synthesis of benzofurans

phenyl ether 13 might undergo oxidative addition, cycli-
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zation and reductive elimination to yield 2-substituted
benzofuran 11 in a one-pot process catalyzed by palla-
dium(0).

R R! .
\\ OH \\ A _/ Ar
~ Br ‘ one-pot \
NN T e
9 Br k 10

in situ Pd(0) ‘\\ Pd/!L
Br N 07 A
Ar"\"’% step 1 U\/‘ ]
- 12 R Pd(I1)Br
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SNF P o)
fi fi
{9 10 i 13 ¢ /

Scheme 6 Mechanistic pathway for the formation of benzofu-
ran from 1,1-dibromide and phenol

In 2013, Cu-promoted decarboxylative cross-coupling of
potassium alkynyl carboxylates with gem-dibromo-1-
alkenes was realized to synthesize unsymmetrical 1,3-diyne
derivatives by Fu and co-workers.l”! The method is a novel
Cu-catalyzed strategy for 1,3-diyne synthesis, which uses
gem-dibromo-1-alkenes as alkynyl electrophiles. Various of
alkenyl, alkynyl, alkyl and aryl substituted gem-dibromo-

Br

e +

KOOC——=

1-alkenes react with aryl- or alkyl-substituted propionate
esters smoothly to generate unsymmetrical 1,3-diynes and
1,3,5-triynes, showing good selectivity and functional
group compatibility.

Then, the reaction scope of gem-dibromo-1-alkene cou-
pling partners was examined (Scheme 7). The result exhib-
its that the substrates of 1,1-dibromo-1-alkenes possessing
both electron-rich and electron-deficient substitutions could
deliver the corresponding products in moderate to good
yield (16a~16j). The range of alkynyl carboxylate was
investigated and aryl propiolates bearing electron donating
or withdrawing groups such as alkoxy (16e), alkyl (16f),
chloro (16g), trifluoromethyl (16h), ester (16i) and nitro
(16j) are well tolerated. Although these products could be
obtained in moderate yields, the selectivities were very
well.

Furthermore, the unsymmetrical 1,3-diyne was applied to
the synthesis of substituted pyrrole derivatives efficiently
(Scheme 8).

Xi group™® developed a convenient method to synthesize
gem-dihaloenynes from 1,1,4,4-tetrahalo-1,3-butadienes by
the Fritsch-Buttenberg-Wiechell rearrangement. If 1,1,4,4-
tetrabromo-1,3-butadiene was treated with -Buli in tetra-
hydrofuran (THF), 18a and 18b were isolated in 53% and
54% yield, respectively (Scheme 9). When the reaction was
conducted in hexane, the gem-dibromoenyne derivatives
18a and 18b were isolated in 66% and 61% yields, respec-

Cul (10 mol%)
R2 neocuproine (10 mol%)

Rl————=—R?

R Br
14 15

Cs,C0O3 (3 equiv.)
diglyme, 100 °C,10 h

Lt ot

16a 81% 16b 83% 16¢ 75%

16d 71% 16e 75%

Q Me NO,
Y Y. Y. 7
Y 7 Y. 7
(o o
MeO Me Me

16f 74% 169 54%

16h 49%

16i 61% 16j 51%

Scheme 7 Scope of potassium alkynyl carboxylates and 1,1-dibromoalkenes

Arl———=——Ar

CuCl (10 mol%)
+ Ph—NH, —————>

Ar' ﬂ Ar2

neat ll\l

100°C, 24 h Ph

Ar' = p-anisole, Ar? = Ph, 76% yield

Ar? = m-trifluoromethylphenyl, Ar? =

Ph, 50% yield

Scheme 8 Synthesis of pyrole derivatives
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tively, which might be due to the relatively low reactivity of
the C(sp?)—Br bond. In fact, when n-BuLi was used rather
than #-BuLi, the lithio-bromo exchange in THF or in hexane
could not be observed. When the mixed polyhalogenated
conjugated butadiene of Cl, Br, I was treated with n-BuLi
using hexane as solvent, the corresponding gem-dihalo-
enyne could be obtained quantitatively as the unique prod-
uct.

Br
R g Condition 1: tBuLi, THF, 78°C  °"\7 T
RN Br Condition 2: t-BulLi, hexane, -78 °C Br R
Br 18a R = Bu, 18b R = Hex
17a,17b Condition 1: 18a, 53%, 18b, 54%
Condition 2: 18a, 66%, 18b, 61%
Br
R R
! condition 2 Br-
N
x_Br A
R Br R
Br 18a R = Bu, 95%
17c ~17e 18b R = Hex, 88%
18¢c R = Pr, 95%
Br
Bu
Bu 2N condition 2 Br
. Cl N
Bu cl Bu
Br
17f 18d, 98%

Scheme 9 Synthesis of gem-dihaloenynes

Then, they demonstrated the synthetic application of
obtained gem-dihaloenyne derivatives via Suzuki-coupling
(Scheme 10). If the o-bromo-(2,2-dibromovinyl)benzene
derivative 19 was treated with #-BuLi using hexane as
solvent, the corresponding Fritsch-Buttenberg-Wiechell
rearrangement delivered the o-bromophenyl acetylene in
86% isolated yield. Meanwhile, butatrienes derivatives
were delivered through organolithium-mediated transfor-
mation of o0-halo-(2,2-dihalopentyl)benzene 19 in THF.

REVIEW
R Pd,(dba); (2.5 mol%) R
Br. SPhos (10 mol%) Ph
P T
) Ph R

Br R  PhB(OH), (2.2 equiv.
Cs,CO;3 (3 equiv.) R = Bu, 76%
toluene, 110 °C, 2 h R = Hex, 71%

Scheme 10  Suzuki-Miyaura coupling of gem-dibromoenynes
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X R X

19 condition 1 @(K§}/\©
X

R

X =Br, R =Bu, 53%
X =Br, R = Hex, 54%

Scheme 11 Synthesis of butatrienes

In 2016, Piguel and co-workers®! reported the direct al-
kynylation at C(2) position of 3H-imidazo[4,5-b]pyridines
utilizing gem-dibromo-1-alkenes in the presence of CuBre
SMe,/DPEphos/LiO#-Bu using 1,4-dioxane as solvent at
120 C. Both electron-rich and electron-deficient gem-
dibromo olefins worked with 6-bromo-3H-imidazo[4,5-
blpyridine 20 to yield C(2)-alkynyl-3H-imidazo[4,5-b]-
pyridines 22 in medium to good yields (Scheme 12).

Subsequently, the authors explored the direct alkynyla-
tion between N(3)-MEM-3H-imidazo[4,5-b]-pyridines and
various gem-dibromoalkenes (Scheme 13). Regardless of
whether the electron-rich (22g, 22h, 22j and 22K) or elec-
tron-deficient (22i and 22l) groups on the benzene, gem-
dibromolefins reacted with N(3)-MEM-3H-imidazo[4,5-b]-
pyridines, providing the desired molecules smoothly.

Two possible pathways for direct alkylation of substrate
20 were proposed in Scheme 14. In path A, the sequence

CuBre«SMe, (10 mol%)
DPEphos (20 mol%) R X

RI-L = N\>—H + Br.
KN/ N %Rz
\

Br LiO'Bu (6.0 equiv.) S\
PG 1,4-dioxane PG
20 21 120°C, 4 h 22
Br N Br N Br
X . X . A N
Th=n  “Clh=n  “(T—n
N N 7
N \ N \ N N\
Bn PMB MEM
22a 66% 22b 65% 22c 19%
"= = M=
NT TN NT N o N7 N
Bn PMB MEM
22d 42% 22e 60% 22 33%

Scheme 12 Direct alkynylation between various N(3)-protected-6-bromo-3H-imidazo[4,5-b]pyridines and dibromoalkenes
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Scheme 13 Direct alkynylation between various N(3)-MEM-3H-imidazo[4,5-b]pyridines and dibromoalkenes
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Scheme 14 Mechanism for the direct alkynylation of 3H-imidazo[4,5-b]pyridines

begins with the coordination of copper complex 23 to the intermediate 23 and ‘BuOLi. The copper complex 25 is

nitrogen adjacent to the activatable C — H bond of
3H-imidazo[4,5-b]pyridine (N1), resulting in intermediate
24. Later, deprotonation and rearrangement lead to
2-cuprio-3H-imidazo[4,5-b]pyridine 25 with a base. On the
other hand, it is reasonable according to path B. Alkoxide
complex 26 is provided via ligand exchange between

1038 http://sioc-journal.cn/
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formed via internal deprotonation of 3H-imidazo[4,5-
blpyridine and intermediate 27. At the same time, the
dehydrobromination of the dibromoolefin produces the
corresponding bromoalkyne, which can be coupled to form
the diacetylene 28 via homo-coupling. Oxidative addition
of bromoalkyne to complex 25 produces a tetracoordinated
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copper(Ill)  intermediate 29. Subsequent reduction
elimination steps produce coupled products by reproduction
the catalyst.

Yan and Zhao’s group!!” reported a Pd-promoted
carbon-carbon bond formation strategy of two halides
(gem-dibromoalkenes and halobenzenes) in 2018. The
terminal alkyne was formed in situ by a cascade elimi-
nation-hydrodebromination process, which then afforded
the final internal alkyne in one pot. This transformation was
carried out under the classical Cu-free Sonogashira
cross-coupling condition. Aryl halides were used to couple
with gem-dibromoalkenes, rather than relatively expensive
arylboronic acids to synthesize internal alkynes.

Under the optimized conditions, several gem-dibromo-
alkenes were investigated to couple with iodobenzenes
(Scheme 15). Dibromoalkenes bearing electron-donating or
non-functionalized aryl were transformed to the corres-
ponding compounds with good yields (32a~32c¢). The
substrate bearing an ortho substituents at the aromatic ring
also proceeded efficiently to afford the corresponding
product in good yield, indicating that steric congestion did
not reduce the yield of the transformation (32g). But the
nitro-substituted substrate was an adverse reactant, and the
yield was only 4% (32e). Then, the substrate with an alkyl
substitute worked very well under the standard conditions
(321).

Based on these results, they tried to apply bromobenzenes
for a more challenging but more economical cross-coupling
partner to synthesize diarylalkynes and conjugated enynes
using Pd(OAc),/PPh;. Diaryl alkynes possessing both
electron-donating and electron-withdrawing group (32h~

32l) on two phenyl rings were generated in good to high
yields.

Usually, the reactivity of aryl chlorides is relatively low
in transition-metal-promoted cross-coupling reactions.
However, aryl chlorides with NO, group worked well with
the standard conditions, albeit at moderate yields (32m~
320) (Scheme 16).

In 2019, Shiri and co-workers!!!! realized a straight-
forward method to synthesize 3-(hetero)aryl- propynamides
from gem-bromo alkenes and isocyanates with Pd(OAc),/
Cs:CO; in N,N-dimethylformamide (DMF) at 90 C with
good selectivity (Scheme 17). Various substituted
dibromoalkenes and isocyanides were investigated as
shown in Scheme 14. The gem-dibromo-1-olefins
containing meta-, para- and ortho-electron- donating and/or
electron-withdrawing substitutions (35a~35c¢) were readily
transformed into the corresponding 3-arylpropionamides in
good to excellent yields. Then, 2-chloroquinolines
containing dibromoalkene were also investigated using the
optimized conditions, delivering the corresponding
molecule in high yields (35e~35f).

Finally, a possible pathway for palladium-catalyzed
coupling reaction of 1,1-dibromo-1-alkenes 33 with iso-
cyanates 34 was proposed (Scheme 18). The presence of
palladium(0) under base medium might activate 1,1-dibro-
mo-1-alkenes to form intermediate 36. And then, isocyanate
is inserted into 36 to generate 37. The base-induced repla-
cement of Br with OH results in the generation of inter-
mediate 38. The following reductive elimination of
palladium(II) give amide 39. Finally, the elimination of HBr

Pd/C (5 mol%)

Br Br f
j/ +R2OX Cs,CO3 (6.0 equiv.) Rl— < > R?
. DMSO
30 3 115 °C, then 80 °C
Me—< >—: Ph fBu—< >———: Ph Ph —<\ »—=—ph O2N'< > — Ph/\/
32a 80% 32b 92% 32c 88% 32d 48% 32e 4% 32f62%
Me
0 0 0
— o 1o =)L el =) ad =)
OMe OMe OMe
329 97% 32h 64% 32i 92% 32j 82%
Ph—\ O
Cl O — O OMe —
OMe
32k 84% 321 45%
Scheme 15 Synthesis of internal alkynes
Br Pd(OACc), (5 mol%)

I
+ OzNO

30a 31a

_ PPh; (10 mol%)

CSZCO3 DMSO
R 115 °C, then 60 °C

(O=ADw

32m R = Me, 40%
32n R = OMe, 54%
320 R =Cl, 39%

Scheme 16 Synthesis of diaryl alkynes from gem-dibromoalkenes and 1-chloro-4-nitrobenzene
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NH NH NH NH NH NH
Br N\ —/ ol )—Cl
N
Me OMe '\|'s MeO N
35a 82% 35b 88% 35¢c 78% 35d 93% 35e 75% 35f 79%

Scheme 17 Synthesis of various 3-arylpropynamides

PdBr ,R2NC
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R1/j5/ 34
;
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RT S oxidative 36 2
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338r addition
gl —= pdo R “PdBr

Br
Q R2 NHR2 reductive 37H O+
/N/ base elimination 2 ase
R1 35H -HBr R’I X O NBZ\
Br

Br
38

Scheme 18 Pathways involved in the Pd-catalyzed cross-coupling of 1,1-dibromo-1-alkenes with isocyanides

with base can convert 39 to the desired product pro- benzimidazole diyne derivatives with large steric hindrance
pynamide 35. were synthesized.

Bao and co-workers!'?] discovered a Cul and Pd(OAc), Substrates with different R? substituents in the 1-(2,2-
co-catalyzed cascade Ullmann-type C—N coupling in dibromovinyl)-2-(phenylethynyl)benzene component were
2014. A large amount of multi-substituted imidazole and screened (Scheme 19). The electron-donating groups pro-

Cul (10 mol%) /=N

Cs,C0O;3 (2.0 equiv.)

Br
R1_.\ A . R3._\ N\> 1,10-phenanthroline (20 mol%) N
| ! 11
¥ r Z~N R
H
R2

%B Pd(OAC), (10 mol%) _
toluene, 100 °C, 24 h 5
40 2

LY 4 R
R JEN o N
O O P O P O
N
o oo o o

42a 54% 42b 58% 42c 71% 42d 62%

—
—

dj\‘ Ph/@ ph—= Ph—— Ph
\/\/\>© // // // O2N N//
N 2
O 0D O

42e 72% 42f 62% 429 47% 42h 57% 42i 55%

N\ 7

Scheme 19 Synthesis of diynes from 1-(2,2-dibromovinyl)-2-(phenylethynyl)benzene and imidazole/benzimidazole
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moted the reaction (42¢, 42d), however, the electron-
withdrawing groups reduced the yield sharply (42a, 42b).
Alkyl groups could also work well to afford the target
molecules in moderate yield (42e).

The range of substituted benzimidazoles used in Cu/Pd
co-catalyzed cascades was also explored (Scheme 20). Due
to different nucleophilic properties, the yields of the
corresponding products of imidazole and benzimidazole are
different from each other. Generally, the yield of
benzimidazole is higher (42f, 42g). Compared with the
electron-withdrawing substitutent, the electron-donating
substitutent could promote the tandem reactions (42h, 42i).

Furthermore, various functionalized imidazole deriva-
tives were applied in the copper/palladium co-catalyzed
transformations, providing the corresponding molecules
with good yields (Scheme 20). Compared with imidazole
(44a, 44c), 4-methylimidazole was more reactive, which

indicated that the nucleophilic of imidazoles were favour
the Ullmann coupling (44b).

In 2014, Zhang group!!’! demonstrated a direct C-3
alkynylation reaction of indolizines with (2,2-dibromo-
vinyl)arenes using Pd(OAc), (10 mol%) and DPEPhos (20
mol%). This protocol showed high efficiency and good
tolerance to various functional groups.

Then the substrate scope and generality of the
alkynylation of alkynindoles and gem-dibromo-1-olefins
were screened. Various indolazine derivatives 45 were
investigated with (2,2-dibromovinyl)benzene as shown in
Scheme 21. Indoxazines with electron withdrawing groups
47a~47i at the C-1 position could be well alkynylated to
the desired molecules with good yield. The reaction of
various (2,2-dibromovinyl)arenes with indolizine-1-carbo-
nitrile was also investigated, generating the corresponding
functionalized indoxazines with good to high yields.

Cul (10 mol%) =N
Br Cs,CO;3 (2.0 equiv.) N ,\’>
N N\ 1,10-phenanthroline (20 mol%) = R
R R3—| > X
= Br 10
AN N Pd(OAc), (10 mol%) R
R2 toluene, 100 °C, 24 h S
40 43 44 R?
N N
[~ [~
N J
= =
Me
X X
442 479% " 44b 51%

Scheme 20 Scope of substituted imidazoles used in the Cu/Pd-co-catalysed cascade reaction

1 1
R Br R
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_ 4 V. /
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/ y Ph Ph
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V/ _ 7
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AT 46% 479 70% 47h 73% 47i 75%

Scheme 21 Direct C-3 alkynylation of indolizines with (2,2-dibromovinyl)arenes!!4!
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In 2014, Peiuma’s group!'¥ reported a copper-catalyzed
fast and efficient construction of 2-amidoindoles and
tetrahydroindolo[1,2-a]quinazolines with gem-dibromo-
vinylanilides and sulfonamides, which is economical and
practical.

The substrate ranges of various sulfonamides and gem-
dibromovinylanilines were screened as shown in Scheme
22. Substrates possessing electron-rich groups, halogen
substituents or heterocyclic motifs (50a~50f), provided the
indole derivatives with excellent yields. The intramolecular
N-arylation of 2-amidoindole with a proximal aryl halide
was confirmed to construct a tetrahydroindolo[1,2-a]-
quinazoline with excellent yields. Then, the Ts group of
tetrahydroindolo[ 1,2-a]quinazolines could be removed via

refluxing in the presence of bases to give indolo[1,2-a]-
quinazolines 50j~501 efficiently.

The possible mechanism for the construction of
2-amidoindoles and tetrahydroindolo[1,2-a]quinazolines
was proposed in Scheme 23. The trans carbon-bromo bond
of gem-dibromovinylanilide 48 undergos oxidative addition
to copper readily, which then couples with sulfonamide 49.
Then the following dehydrobromination reaction produces a
yamide 51. Finally, the base-induced intramolecular hydro-
amidation of ynamide leads to the formation of 2-amido-
indoles 52. With a near-end aryl halide, the intramolecular
N-arylation would perform to generate tetrahydroindolo-
[1,2-a]quinazoline or polycyclic indole 53.

. 5 mol% Cul EWG
A SIS E 10 mol% 1,10-phenanthroline R1mN/
| + &
S R TEWG Cs,CO;, THF, 80 °C N IS
i ¢
48 49 2
OMe MeQ  ome O Meq
MeO 3
Ts\ —
Ts\ -
§ § N .
NH
50a 86% 50b 80% 50c 899
. b c 89% 50d 82% 50e 87% 50f81%

Ts

\5&%}

OMe

50g 80% 50h 81% 50i 80%

-

MeO
50k 93%

(I
N \

o
N \

- Z

OMe

50§ 92% 501 87%

Scheme 22 Synthesis of various derivatives of 2-amidoindoles
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Scheme 23 Mechanism for the formation of 2-amidoindoles and tetrahydroindolo[1,2-a]quinazolines
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In 2017, Lautens’s group!'®! reported an elegant palla-
dium(0)-catalyzed construction of 2-cyanoindoles from
2-gem-dihalovinylaniline (Scheme 24). A strong catalyst
system of Zn(TFA), was used to extend the reaction activ-
ity. In addition, the usage of cyanide could be minimized by
benefiting the good solubility of Zn(CN), in a mixture of
two solvents.

Br Pd(t-BuzP), (5 mol%)
Zn(CN), (0.55 equiv.)

Zn(TFA), (10 mol% =
(TFA), (10 mol%) ™ en
K3POy4 (2 equiv.) /\ N

PhMe-DMA (V:V=3:1) R’

2
18 h, 110 °C 55 R
0 NC
Ao e e
o) N N
N~ CN H H
55a 74% 55b 53% 55¢ 61%
N CN F.
@E,}' mCN H—cN
\ N MeO N
Me H H
0,
55d 72% 55¢ 67% 55¢68%

Scheme 24 Scope of the Pd(0)-catalyzed synthesis of 2-cyano-
indoles from gem-dibromides

The author tried to survey the order of coupling reactions
and the possibility that cyanation occurred before cyclization,
while no these products were detected in reactions with
partial conversion. This transformation remains a possible
pathway since oxidative addition of palladium across the
(E)-C—Br bond would produce the kinetically favored
structure.

The possible reaction mechanism was proposed in
Scheme 25. The oxidative addition in the C—Br bond of
2-(2,2-dibromovinyl)aniline 54a provides a stable pal-
ladacycle. Deprotonation and reductive elimination of ani-
line affords 2-bromo-1H-indole. Notably, oxidative addition
into the other C—Br bond is reversible. Transmetalation

Br: Br

o
@@V Em

ZnBrCN
Base

~— PdlL ‘\ Base-HBr

\/ ©\/\(d(L

/
e
a
C
Q

212

Scheme 25 Mechanism for the reaction
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with Zn(CN), and reductive elimination could produce
1 H-indole-2-carbonitrile 55g and regenerate catalyst.

In order to prove the synthetic utility of this metho-
dology, the one-pot derivatization was conducted after
completing the palladium-catalyzed step. Then the mixture
was treated with NaN3; and NH4Cl. After heated for 14 h,
tetrazole 56 was isolated in 65% yield (Scheme 26).

Br. Br H
| (1) standard conditions A N< N
(2) NaN3 (2.0 equiv.) N NN
NH,4CI (2.0 equiv. H
NH, 4C1 (2.0 equiv.) 56

54a 110 °C,14 h
one-pot

Scheme 26 One-pot derivatization to afford the corresponding
tetrazole

In 2015, Zhang and Fan’s group!® developed an ap-
proach for the synthesis of indole-related heterocycles,
including 1H-indole-3-carbonitrile, 9H-pyrimido[4,5-b]-
indole and 9H-pyrido[2,3-b]indole derivatives. The method
shows attractive superiority such as easily achieved starting
materials, mild reaction conditions and different reaction
modes towards different target molecules with easy-to-
adjust selectivity.

The optimization to the synthesis of 3-cyano-1H-indole
and 9H-pyrimido[4,5-b]indole was explored as shown in
Scheme 27. Condition A using 1-bromo-2-(2,2-dibromo-
vinyl)benzene (1.0 equiv., 5 mmol), benzaldehyde (2.0
equiv.), aqueous ammonia (1.5 mL), 1,4-diazabicyclo-
[2.2.2]octane (DABCO) (20 mol%) and PivOH (1.0 equiv.)
with Cul (10 mol%) in DMF (1.5 mL) at 80 ‘C for 24 h
yielded 2-phenyl-1H-indole-3-carbonitrile in 62% yield. On
the other hand, condition B using 1-bromo-2-(2,2-dibro-
movinyl)benzene (1.0 equiv., 0.5 mmol), benzaldehyde (3.0
equiv.), aqueous ammonia (0.5 mL), DABCO (20 mol%)
and PivOH (1.0 equiv.) with Cul (10 mol%) in DMF (3 mL)
at 80 ‘C for 30 h provided 2,4-diphenyl-9H-pyrimido-
[4,5-b]indole 61a in 55% yield.

condition A @Z‘S\ @{/}\Ph

Br
A 60a 62% yield 61a trace
Br Ph
Br CN —N
57a condition B
e lemns Y (TS

1.0 equiv., 0.5 mmol Ph N

N N

H H

60a trace 61a 55% yield
Condition A: Condition B:

NH3°H,0 (1.5 mL)
PhCHO (2 equiv.)
Cul (10 mol%)
DABCO (20 mol%)
PivOH (1 equiv.)
DMF (1.5 mL)

NH3°H,0(0.5 mL)
PhCHO (2 equiv.)
Cul (10 mol%)
DABCO (20 mol%)
PivOH (1 equiv.)
DMF (1.5 mL)

Scheme 27 Optimization study on the formation of 3-cyano-
1H-indole and 9H-pyrimido[4,5-b]indole
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Under the above condition A, the substrate scope for the
construction of 3-cyanoindole derivatives was explored
(Scheme 28). The substituent on the aryl ring (60a~60f)
exhibited low effect on the reaction efficiency, which were
compatible well in this transformation.

R! 1 CN
Br Rl=
N iti N
i\ + RECHO + NHyH,0 2Mdiion A s )
_ Br 32 2
Br N R
H
57 58 59 60

NC NC Me NC
NC n
~

NH
NH NH O NH F

60a 62% 60b 61% 60c 64% 60d 51%
Ccl N Cl . CN
‘ \ O ‘ N O OMe
N N

H
60e 63% 60f 65%

Scheme 28 Substrate scope for the synthesis of 3-cyanoindoles

Then, the scope for the furnish of 9H-pyrimido[4,5-
blindole derivatives was also tested (Scheme 29). The
results showed that different substituted 1-bromo-2-(2,2-
dibromovinyl)benzene substrates worked with different
kinds of aryl aldehydes and aqueous ammonia smoothly,
providing lots of 9H-pyrimido[4,5-b]indoles regardless of
either electronic or spatial nature of the substituents (61a~
60e).

2
R1 . R\'] R
r iti =\ =N
XX condition B
|\ + R?2CHO + NH3°H,0 —>@_§\/)\R2
= Br N
Br N
H
57 58 59 61
Ph E Ph MeO. Ph
=N =N =N
\  J—ph \  J—pn \ N/)\ Ph
NT N N~ N N
H H H
61a 55% 61b 54% 61¢c 50%
MeQO
Y W,
=N
\ />—®*F Me =N
N O \ 7 OMe
N N
H N
61d 58% H 61e 56%
Scheme 29 Substrate scope for the synthesis of 9H-pyri-

mido[4,5-b]indoles

Furthermore, aliphatic aldehydes (58a) was subjected to
the standard conditions, delivering various 9H-pyrido[2,3-
blindoles smoothly (Scheme 30). It was found that acetal-
dehyde, butyraldehyde, propionaldehyde, 3-methylbutanal
and 3-phenylpropanal (62a~ 62f) were compatible sub-
strates to this transformation, giving a-carbolines in mod-
erate yields.

A possible pathway for the construction of 2-phenyl-1H-
indole-3-carbonitrile was proposed (Scheme 31). First, in

R R R®
\ S0 condition B '\’ -
\ + R3CH,CHO + NHzH,O ————" 2, I\ 7
N\
Pz r N
Br RS

57 58

H
59 62
= Bt ¢ Et Bn Me
/M — — = — Bn —
H N N N N N N N N N
H N H H

62a 38% 62b 46% 62c 46%

62d 42% 62e 46% 62f 43%

Scheme 30 Substrate scope for the synthesis of 9H-pyrido[2,3-b]indoles

2H, NH;
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Scheme 31
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Mechanism for the formation of 3-cyano-1H-indole
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the presence of DABCO and PivOH, the aryl amination of
1-bromo-2-(2,2-dibromovinyl)benzene (57a) catalyzed by
Cu(l) in aqueous ammonia gave 2-(2,2-dibromovinyl)-
aniline (62). Under high-concentrated ammonia (Condition
A), 2-(2,2-dibromovinyl)aniline undergoes two consecutive
intermolecular vinyl amination reactions to provide inter-
mediate  2-(2-aminophenyl)ethylene-1,1-diamine  (63).
Then, 2-(2-aminophenyl)ethylene-1,1-diamine is conden-
sed with benzaldehyde to form an imine intermediate,
which undergoes nucleophilic addition, oxidative dehy-
drogenation and elimination of NH3 to produce 2-phenyl-
1H-indole-3-carbonitrile (60a). Thereafter, possible path-
ways for the formation of 2,4-diphenyl-9H-pyrimido[4,5-
blindole and 2-methyl-9H-pyrido[2,3-b]indole was also
proposed (Schemes 32 and 33).

In Scheme 32, the nucleophilic addition of indole deriv-
atives to enamine is the crucial step for the cyclization of
pyrimidine ring. In Scheme 33, the Michael addition of
amine to a,f-unsaturated aldehyde is the key step for the
formation of pyridine ring.

In 2013, Kundu and co-workers!'”! realized a Pd/Cu and
Au/Ag catalyzed two-step strategy for the fast and efficient

W

construction of multi-functionalized indole based tricyclic
heteroaromatic derivatives. The author used gem-dibromo-
vinylanilines 64, aryl or alkyl isocyanates 65 and terminal
aryl or alkyl alkynes 66, providing various bifunctionalized
indole derivatives 67 efficiently (Scheme 34).

Under the optimized catalyst set A, the enyne-urea
derivatives delivered O-cyclized derivatives in good yields.
The electric property of substituents on any aromatic ring
showed less effect on the yields and chemoselectivities.
With condition of catalyst set B, the N-cyclized derivatives
could be produced in good yields. However, substrates with
aliphatic substituents at the alkynyl furnished the cyclized
molecules in very good yield with a nonchemoselectivity,
and the 6-endo-dig-O-cyclized product was isolated. The
positive inductive effect of the aliphatic groups which re-
duced the electrophilicity of the cationic gold intermediate,
might be responsible for the loss of the chemoselectivity.

Subsequently, the author explored the scope of 6-endo-
dig-O-cyclized products using AuCIPPhs/AgNO; (catalyst
set A) as additives and 6-endo-dig-N-cyclized products
using AuCIPPhs/AgOTf (catalyst set B) as additives
(Scheme 35).
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Scheme 32 Mechanism for the formation of 2,4-diphenyl-9H-pyrimido[4,5-b]indole
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Scheme 33 Mechanism for the formation of 2-methyl-9H-pyrido[2,3-b]indole
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Scheme 35 Scope for chemoselective O- and N-cyclization

Then the author proposed a mechanism for the
chemoselectivity (Scheme 36). According to catalyst set B,
the [PhsP-Au] 'TfO ™~ complex formed in situ activates the
triple bond by AgOTf to provide a soft electrophilic
complex 70. The nitrogen atom of urea has less negative
electricity than oxygen atom, and it favorably attacks
electron-deficient alkynes with relatively soft nucleophiles,
thereby delivering N-cyclization products. According to the
catalyst set A, the O-cyclization promoted by AuCIPPhs/
AgNO; may involve the activation of alkynes by the Au
catalyst and the coordination of Ag to the oxygen of urea to
deliver complex 73, which upon cyclization and proto-
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deauration delivers the O-cyclized product 68e. The
mechanistic exploration indicates the importance of
choosing right counterion for Au-catalyzed transformations,
becasue it might play an essential role in identifying new
region-divergence pathways, leading to diversity-oriented
synthesis.

In 2019, Liu group!® demonstrated a method to
synthesize 2-(1-phenylvinyl)-indoles, using 2-gem-dibro-
movinylanilines and hydrazones, which can be completed
in one pot within 1 h. With the standard conditions, a series
of N-tosylhydrazones and 2-gem-dibromovinylaniline 75
were examined as shown in Scheme 37. Both electron-
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donating and electron-withdrawing substitutents on the
phenyl group of N-toluenesulfonyl hydrazone (77b~77d)
showed good tolerance, delivering corresponding molecules
in medium to good yields. The 2-gem-dibromovinylaniline
derivatives (77g, 77h) also showed good compatibility to
this transformation.

A possible route including two catalytic cycles is
illustrated in Scheme 38. According to cycle A, palla-
dium(0) complex oxidized addition to gem-dibromo-
vinylaniline 75a, providing the stable palladacycle 78. The
following deprotonation gave palladium(II) complex 79,
which subsequntly formed indole derivative 80 through
reductive elimination. If the transformation was interrupted
before the conversion completed, compound 80 could be
isolated easily. Then it could be converted to 77a in high
yield under the standard conditions. According to cycle B,
the second oxidative addition of indole derivative 80 to
Pd(0) produced Pd(II) complex 81, which then generated
alkylpalladium complex 83 with carbene intermediate
which was produced from diazo intermediate 82. In the end,

the f-H elimination of compound 83 provided the corres-
ponding motif 2-(1-phenylvinyl)-indole 77a.

In 2005, Lautens and co-workers!!”] demonstrated a
strategy to synthesize 2-substituted indoles from readily
prepared ortho-gem-dihalovinylanilines through a palla-
dium-catalyzed cascade C—N/Suzuki-Miyaura coupling
(Scheme 39). Different kinds of commercial available aryl
and heteroarylboronic acids bearing diverse electronic and
steric feature were investigated. Various substituted ortho-
gem-dibromovinylanilines such as Me, OBn, CF; and
COOMe, were evaluated with arylboronic acid, providing
the desired products in good to high yield (86a~86d).

Furthermore, this reaction could also be utilized to
synthesize 1,2-disubstituted indoles efficiently (86e, 86f).
The N-arylated substrates could provide indole products
with good to excellent yields through the palladium-
catalyzed tandem cross-coupling reaction. Notably, both
alkenyl boronic acid and alkenyl catechol boronate ester
could work well using this strategy.

®
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Scheme 36 Mechanism for the chemoselectivity
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Scheme 37 Scope of N-tosylhydrazones selenophenes and gem-dibromovinylaniline derivatives
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Scheme 39 Synthesis of 2-substituted indoles and 1,2-disubstituted indoles

In 2019, Weng and co-worker?” reported an efficeint
strategy to 2-trifluoromethylthio-(seleno)-substituted ben-
zofurans catalyzed by palladium. This methodology also
allowed the synthesis of 2-trifluoromethylthio-(seleno)-
substituted benzo-fused heterocycles.

In order to investigate the substrate scope of this
trifluoromethylthiolation, a lot of 2-(2,2-dibromovinyl)-
phenols were examined with the optimized conditions as
shown in Scheme 40. The reaction worked very well with a
series of 2-(2,2-dibromovinyl)phenols to deliver functiona-
lized 2-trifluoromethylthiobenzofurans in moderate yields.
Then this method was successfully applied into the
synthesis of trifluoromethylthiolated benzothiophenes and
indoles (89g~89i).

Furthermore, this methodology was utilized in the furnish
of 2-trifluoromethylselenobenzo-fused heterocycles which
were found to be biological significance (Scheme 41). The
trifluoromethylselenolation of different 2-(2,2-dibromo-
vinyl)phenols proceeded smoothly with [(bpy)-CuSeCFs3],
and the desired trifluoromethylselenolated benzofurans
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were isolated in good or excellent yields. Meanwhile, 2-
(gem-dibromovinyl)anilines could also work very well in
the trifluoromethylselenization to produce the corres-
ponding indole derivatives (91g~91i) with low yields.

In 2017, Zeni et al?' explored a copper/palladium
catalyzed multicomponent cyclization to construct 2-sub-
stituted benzo[b]selenophenes using 2-gem-dibromovinyl
aryl selenides with a nucleophilic reagent (Scheme 42). The
co-catalyzed action between Cu and Pd was important to
obtain the desired products with good yields and avoided
the production of hydrogenated benzo[b]selenobenzene.

Substrates with both electron-donating and electron-
withdrawing groups (93b~93d) provided products in good
yields, indicating that the electronic influences of sub-
stituents on the aromatic ring of selenophenols were relative
low. Then a 2-(2,2-dibromovinyl)phenyl) ethylsulfide was
also examined, which provided the corresponding
2-bromobenzo[b]thiophene 93e in 60% yield.

Furthermore, this methodology was applied into the
coupling of gem-dibromovinyl selenides with terminal
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Scheme 40 Scope of the trifluoromethylthiolation of dibromovinyl phenols, thiophenols and anilines with (bpy)CuSCF;
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Scheme 41 Scope of the trifluoromethylselenolation of dibromovinyl phenols, thiophenols and anilines with [(bpy)CuSeCF3]
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Scheme 42 Synthesis of 2-bromobenzo[b]chalcogenophenes

alkynes (Scheme 43). First, the author investigated the
influence of dibromovinyl selenide on different terminal
alkynes. The results indicated that the esteric effects on the
alkynes influenced the yields slightly (95a~95c). Electron-
rich aryl groups (95e) of the dibromovinyl selenides
produced the corresponding compounds in good yields,
while better yields were obtained using electron-deficient
aryl groups chloro (95d and 95f).

A cyclization route is outlined in Scheme 44. Firstly, the
copper catalyst oxidizes the addition to vinyl bromide 92b
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| PhClo(PPh3), (10 mol%) mﬁ
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Scheme 43  Synthesis of 2-alkynyl-benzo[b]selenophenes

to form intermediate 96, which then provides the 2-bromo-
benzo[b]selenophene 93a via intramolecular Ullmann
reaction process followed by the nucleophilic substitution
on the selenium atom. Then another oxidative addition of
palladium(0) to 2-bromobenzo[b]selenophene 93a forms a
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palladium(II) species, which then reacts with the copper
activated alkyne to give intermediate 98. Finally, the
reductive elimination of coomplex 98 affords the desired
product 95¢g along with releasing palladium(0) for the next
cycle.

In 2012, Bao and co-workers(??! established a strategy for
the direct construction of 6H-isoindolo[2,1-a]indol-6-one
derivatives from the readily available benzoyl chlorides and
o-gem-dibromovinyl anilines (Scheme 45). Based on the
optimized conditions of the first step, they achieved palla-
dium-catalyzed C—H bond activation to produce 6H-iso-
indolo[2,1-a]indol-6-one derivatives with Pd(dppf)Cl, and
KOACc (Scheme 46).

Br: Br

|
@%R [Cu]
Se [Pd]
959 92bSeBu
W Br
SéCu(Br)L,,
B

u

98 A 96 )

)\ R

\B
J— + r
Cu—R ¢

94 —
a S—Pd@nL, Bu Br
Se
97
x S—gr BuBr
Se
Pd(O)L, 93a

Scheme 44 Mechanism for the forming 2-alkynyl-benzo[b]-
selenophenes

N Br
CuBr, DMEDA N
K,CO4
toluene, 24 h e}
100a 102

Scheme 45 Optimization of copper-catalyzed intramolecular
coupling

FIRSiRE
N
Crys e (L
N KOAG, toluene, 120 °C
O
(0]
102 101a

Scheme 46 Optimization of palladium-catalyzed C—H activa-
tion

Subsequently, the group performed the two conversions
in one-pot. And the substrate scope is listed in Scheme 47.
This transformation proceeded smoothly to deliver the
corresponding 6H-isoindolo[2,1-a]indol-6-one derivatives
in moderate yields. Notably, the active bromo could survive
very well under the standard conditions, which was poten-
tial to be applied in further cross-coupling reactions.

In 2017, Ghorai et al.!** reported a Cu-catalyzed domino/
one-pot processes for synthesizing isomers of imidazolium
from racemic and enantiomerically pure forms of activated
aziridine. The reactions underwent ring opening of Ts
protected aziridines with 2,2-dibromovinylaniline or 2-bro-
moindole derivatives, and then proceeded double C—N
bond formation or a C—N coupling under Cu-catalyzed
respectively.

In order to investigate the Sy2 nucleophilic ring-opening
reaction for activating aziridines and azetidines, the authors
proposed two routes for synthesizing two different regio-
isomers of the same imidazoindoles, involving ring opening
and cyclization using 2-bromoindoles 109 and 2,2-dibro-
movinylanilines 105 as nucleophiles (Scheme 48). In route
a, the ring opening step was achieved in the presence of
Lewis acid LiClOg4, which formed intermediate 105. On the
other hand, the ring opening step happened to the less steric
position of 103, which then gave the cyclization product
108 in one pot.

Utilizing LiClO4 (10 mol%) as a Lewis acid, adduct 105
was synthesized by ring opening of 103 and 104 (Scheme
49). Then the cyclization of 105 provided the corresponding
product in excellent yield with Cul/trans-1,2-diamino
cyclohexane (Scheme 50). Halogen substituents on aryl

cocl (1) CuBr (10mol%), DMEDA (20 mol%)
K,CO3 (1.0 equiv.) ( TLARS
\ (2) Pd(dppf)Cl, (10 mol%), KOAc (1.0 equiv.) 4
toluene, 120 °C, 24 h
1

cﬁ

101a 62% 101b 56%

OMe OMe » W

O
101f 58% 101g 62%

g
o o)
101c 61% 101d 62% 101e 67%
cl
W
N
0
101h 60% 101i 56%

Scheme 47 Synthesis of 6H-isoindolo[2,1-a]indol-6-ones
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Scheme 48 Synthetic routes to regioisomeric imidazoindoles

Br. Br
Br. Br |
| i LiCIO, (10 mol%) R
R! . N iClO4 (10 mol%) R2
YA s CH3CN, reflux NHTs
R? R N
NH, H RO
104

O

Ts/

105a 92% 105b 71%

= %‘Qﬁ gQ% " Q%

Br HN

105¢ 90%

VLB

105d 85% 105e 85% 105f 85%

Scheme 49  Substrate scope for the formation of 105

Br: Br
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Scheme 50 Synthesis of racemic imidazoindoles 106 by domino C—N, C—N cyclization

groups showed good tolerance. The tetracyclic indole
scaffolds 106e and 106f could be furnitured efficiently with
the corresponding racemic cyclopentyl- and cyclohexyl-
substituted 2,2-dibromovinylanilines 105f and 105g
(Scheme 51).

To further generalize the methods of different sub-
stitutions, the author synthesized the regioisomers 108 of
imidazoindole derivatives 106. The 2-bromoindole was
considered to be a cumbersome nucleophile, which would
attack aziridine 107 at sites with smaller steric hindrance
during the ring opening step and formed the ring opening
product 109. The intermediate 109 could then readily
undergo Cu-catalyzed C—N bond formation in a two-step
one-pot reaction to form the desired regioisomeric
imidazoindoles 108 (Scheme 52).
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Cul (10 mol%)

Br Br (£)-trans-1,2-diamino A\
' NHTs  cyclohexane (20 mol%) N NTs
K,CO; (2.0 equiv.) .
N toluene, 120 °C, 12 h, N
N : :

105f. n=1,105g: n=2

! &

106e 68% 106f 67%

Scheme 51 Synthesis of tetracyclic imidazoindoles

The author found that when enantiopure aziridines 103
were used as the substrate, the corresponding imidazo-
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indoles 108 were obtained in enantiopure style (Scheme
53). The same to all examples, the chiral centre remained
fully in the ring-opening step, thus obtaining the imidazo-

R
R2 ) (£)-trans-1,2-diamino
1’\'13 ’\SI\TF“f;,e?.USNH) @E\g,Br cyclohexane (20 mol%) N\ NTs
N—pr + AN : N NTsNa o N \)\
N R’ \\< DMF, 120 °C R

109 R’ 108

H
107 103

lium derivative 108 in enantiomerically pure form.
The possible mechanism the synthesis of imidazoindoles
is shown in Scheme 54 . With lewis acid LiClO; to active

Cul (10 mol%) R2

O N L

108a 76% 3.0 h 108b 76% 3.0 h

108¢c 77% 3.5 h

108d 80% 4.0 h 108e 81% 3.5 h

Scheme 52 Two-step one-pot strategy for the synthesis of racemic regioisomeric imidazolindoles 108

R2 s (1) NaH (1.1 equiv.) R2
{ N DMF, rt, 1.5 h N
+
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107 103 cyclohexane (20 mol%) 108

DMF, 120°C,35~6h
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'Bu; 103e: R" = Bn; 103f: R! = Me; 103g: R' = Bu

Y
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N\)N\Ts
108g gﬁ

108h 9;‘;Y
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108f 77% 108i 78% 108] 73% 108k 82%
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Scheme 53 Two-step one-pot strategy for the synthesis of nonracemic regioisomeric imidazolindole 108
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Scheme 54 Mechanisms for the synthesis of imidazoindoles
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aziridines, the intermediate 105 is generated. The nitrogen
group with lower acidity (NH) coordinate with the copper(I)
to form the Cu-complex 110, which subsequently under-
goes oxidative addition with one of the bromo atoms on the
gem-dibromide followed by reductive elimination to deliver
indole compound 111 through a favorable six-membered
cyclic intermediate. Subsequently, the same cascade
process (coordination, oxidative addition and reduction
elimination) provides the final molecule 106.

According to the synthesis of nonracemic regioisomeric
imidazolindoles, the two-step one-pot strategy is shown in
Scheme 54. The highly regioselective ring-opened product
109 was formed with strong base NaH in the first step,
which then cyclized through the intermediate 112 in the
next step to generate the desired product 108.

In 2017, Zhang and Cui’s group®! developed a Cu-
catalyzed construction of multi-substituted 2,4-diamino-
1,3,5-triazines from gem-dibromoalkenes and biguanide
derivatives under mild reaction conditions (Scheme 55).
This method used readily available starting materials, which
exhibited a wide range and good functional group tolerance.
Based on a large number of biologically active triazines, the
developed methodology would become a quite useful tool
for effectively constructing functionalized triazine deriva-
tives fused in drug discovery.

The method showed good compatibility to aryl-
substituted gem-dibromoalkenes. Substrates bearing elec-
tron-withdrawing substituents (115¢ and 115d) provided
lower yields than electron-donating examples (115a and
115b). It has also been found that heterocyclic substituted
gem-dibromo olefins were efficient substrates for oxygen-
and sulfur-involving aromatic hydrocarbons and afforded

the desired structures with high yield (115e and 115f). This
transformation also proceeded smoothly with gem-dibro-
moalkenes and cyclic amino-substituted diguanidines,
monosubstituted diguanidine (115g~ 115i), trisubstituted
diguanidine, or tetrasubstituted diguanidine. However, the
trisubstituted 115j and tetrasubstituted 115k diguanidine
showed low reactivity, resulting in low yields.

Based on the obtained results, a plausible catalytic path-
way was proposed (Scheme 56). The alkenes intermediate
116 could be generated via the insertion of [Cu]-ligand
complex to the C—X bond of 1,1-dibromoalkenes, and then
the alkyne intermediate 117 was produced from the alkenes
intermediate via dehalogenation in the presence of base. A
two-step intramolecular nucleophilic attack formed an
aza-cyclic intermediate 118, which immediately isomerized
to the aromatic product 115.

In 2013, Lautens and co-workers®! realized a palladi-
um-catalyzed cascade protocol for the construction of mul-
ti-substituted N-fused benzo[c]carbazoles through C—H
functionalization reaction of gem-dibromoolefin derivatives
(Scheme 57). An unique feature of this reaction is that both
bromides are involved in the C—H functionalization pro-
cesses.

Substrates bearing electron-donating or electron-
withdrawing substituents (120a and 120b) could provide
the desired product with relative low yields, even far from
the reactive sites, indicating that the reaction was sensitive
to the electronic effects on indole motif. The sulfonyl-
containing arene containing a thiophene substitution could
deliver the desired product in a moderate yield (120c). This
reaction can also occur based on non-sulfonyl based
N-substituents (120d and 120e).

R3
10 mol% Cul \
N _N
Br ) H NH 20 mol% Ligand R/\‘/ S Re
3 equiv. K3PO4 \r
R2 R4 dioxane, T, time N
113 14 15
NH NH
NH " 2 NH, . 2 NH, NH,
N=N N N= N N=
N //4 N/ o/
W N NMe N NMe N -
MeO N “\Me, 2 NMe 2 L Ve, NMe,
— —_ S
o) Cl o
115a 86% 115b 84% 115¢ 69% 115d 65% 115e 75% 115f 72%
NH2 NH2 NH \//\ /EMez
N= W
N/
N
/ NMe2
Q K/ MeO N/<
MeO o Me NMe, MeO
MeO .
1159 81% 115h 76% 115i 82% 115§ 34% MeO 415k 43%

Scheme 55 Scope of the synthesis of trisubstituted 1,3,5-triazines
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Scheme 57 Substrates scope of the domino reaction

Although it could not exclude the isomerization process
during this transformation, a reasonable catalytic cycle is
suggested in Scheme 58. The cycle begins with the for-
mation of active palladium(0) complex, which forms
(E)-complex 121 via the oxidative addition of palladium(0)
to (E)-Br of gem-dibromoolefins. A possible E-Z isomeri-
zation through the vinylidene intermediate provides (Z)
palladium complex 122, then affording palladacycle 123 via
the C—H bond activation. After reductive elimination,
benzo[c]carbazole derivative 124 is generated, which then
produces arylpalladium(II) species 125 through the second
oxidative addition. The second C—H bond activation of the
tethered Ts group delivers a seven-membered palladium
cycle, which subsequently undergoes reductive elimination
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to provide the final functionalized benzo[c]carbazoles 120f.

In 2018, Zhang and Fan’s group!?® developed a highly
efficient and practical method for the construction of
(2H-chromen-2-ylidene)acetate and (2H-chromen-2-ylide-
ne)ethanone derivatives. Interestingly, this cascade reaction
could distinguish between electron-withdrawing abilities
and subtle differences in individual functional groups, re-
sulting in different chemoselectivities.

The substrate scope and versatility of this tandem strat-
egy was investigated (Scheme 59). Multi-substituted aryl-
boronic acids 127 worked with (E)-3-(2-(2,2-dibromo-
vinyl)phenoxy)acrylate 126 smoothly to produce (2H-
chromen-2-ylidene)acetate 128 with acceptable yields.
Different functional groups on the arylboronic acids such as

Chin. J. Org. Chem. 2022, 42, 1033~1060
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Scheme 58 Catalytic cycle for the domino reaction
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Scheme 59 Substrate scope for the preparation of (2H-chromen-2-ylidene)-acetates

aryl, halides, alkyl and NO,, etc., were well tolerated (128c, synthesize (Z)-1-(3-phenyl-2H-chromen-2-ylidene)propan-
128b, 128d). The reaction did not show significant elec- 2-one (130a) (Scheme 60).

tronic or spatial effects, and the active Br could survive very A mechanism was proposed to explain the (Z2)-2-(3-
well with the optimized conditions. phenyl-2 H-chromium-2-methylene) subunit from (£)-3-(2-
Furthermore, the substrates with ketone were utilized to (2,2-dibromovinyl)phenoxy)acrylate and arylboronic acid
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(Scheme 61). Firstly, oxidative addition of palladium(0) to
the carbon-bromo bond of (£)-3-(2-(2,2-dibromovinyl)-
phenoxy)acrylate gives intermediate 131, which undergoes
transmetalation with (£)-3-(2-(2,2-dibromovinyl)phenoxy)-
acrylate to afford 132. Then reductive elimination provides
intermediate 133 followed by the concurrent release of
palladium(0) catalyst. Furthermore, the oxidative addition
of Pd(0) into the C—Br bond in 133 gives intermediate 134.
Subsequently, the following isomerization/coordination and
insertion to double bond produces the palladium(Il) com-
plexes 135 and 136, respectively. Then, the rotation of C—
C o-bond forms a key syn complex 137, which then un-
dergoes syn f-H elimination to afford (2)-2-(3-phenyl-2H-
chromen-2-ylidene)acetate (128a) and regenerates palla-

Br.__Br

X + R3—B(OH),

129 127

SRR
dium(0) catalyst.

In 2018, Chen and co-workers!?” successfully achieved
Ni/Ag-catalyzed cascade C — H bond activation and
cyclization with dibromoalkenes, resulting in a 3-methyl-
eneisoindolin-1-one scaffold. This protocol is easy to
handle and has good resistance to various aromatic amides
and dibromoalkenes.

The reaction of N-(quinolin-8-yl)benzamide with (2,2-
dibromovinyl)-benzene derivatives delivered kinds of
multi-substituted 3-methyleneisoindolin-1-one motifs with
good to excellent yields. N-(Quinolin-8-yl)benzamides
bearing diverse substituents (eg., F, Cl, NO, and CF3)
proceeded smoothly, providing the corresponding products
(140b~140e) in moderate yields. Subsequently, different

Pd(OAc), R3
PPhg, K,CO5 gl NN
dioxane A o™
80 OC, 24 h COR4
130

xFh
(O

130a 58% COMe

- Ph
o

130d 42% COBn

MeO N Ph Me N CgHy-4-Me

130b 55%

- Ph
(O

130e 42% COPh

COMe 130c 68% COMe

- Ph
o

130f 23% COCgH,-4-Cl

Scheme 60 Substrate scope for the preparation of (2H-chromen-2-ylidene)ethanones
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Scheme 61 Reaction pathway accounting for the formation of (£)-2-(3-phenyl-2H-chromen-2-ylidene)acetate
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dibromoalkenes were screened with standard conditions as
shown in Scheme 62. Dibromoalkene derivatives contai-
ning electron-rich substituents (such as Me, OMe and
N-propyl efc.) provide the alkynylation and cyclization
products (140f~ 140h) ranging from 54% to 81%. The
substitutions on the ortho-position of aromatic ring show
steric hindrance, which exhibit a significant influence to this
transformation, and the yield of gem-bromo olefin with
ortho-substituted group is lower than that with a substituent
at the para-position (140f).

Based on the above experimental results, a Ni(I)/Ni(IlI)
catalytic process was tooken into consideration as shown in
Scheme 63. This mechanism begins with the activation of
inert C(sp?)—H bond of N-(quinolin-8-yl)benzamide to
form the key intermediate 142, and then Ni(Il) is oxidized

by Ag,CO; to afford Ni(Ill) complex. Then, the Ni(II)
complex 142 could be oxidized insert to the bromoalkyne
formed in situ to provide intermediate 143. Then the
reductive elimination forms alkylated product 144 and
release Ni(II) complex. The silver salts oxidize Ni(Il) to
Ni(III) to continue the cycle. In the presence of Ag,COs and
tetrabutylammonium iodide (TBAI), the ortho-alkynyl
amide 144 undergoes a rapid intramolecular cyclization
reaction to produce 3-methylene isoindolin-1-one 140a.

In 2014, Tang et al.1*® explored a stereoselective one-pot
strategy for the synthesis of E-alkenyl-phosphorus com-
pounds with the nickel-zinc catalyst systems. Kinds of
P(O)H substrates reacted with 2,2-dibromovinylbenzene
efficiently as shown in Scheme 64. This Ni(Il)/Zn-catalyzed
cross-coupling is a versatile and practical strategy for the
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N
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\_Ph \_Ph \_Ph N\—Ph
140a 68% F 140b 57% 140¢ 59% ON - 140d 57%
| X
N
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N
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Scheme 62 Scope of N-(quinolin-8-yl) benzamides and dibromoalkenes
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Scheme 63 Mechanism for the forming 3-methylene isoindolin-1-one product
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Scheme 64 Reaction of gem-dibromoalkenes with P(O)H compounds

furnish of E-1-alkenylphosphonates or E-1-alkenylphos-
phine oxides.

A possible mechanism based on the above analysis and
previous reports was proposed (Scheme 65). First, the
tetracoordinated R,P(O)H could form a three-coordinated
R,P(O)  in the presence of base, which would add to the
olenic bond of gem-dibromoalkenes and followed by
protonation to give the intermediate 148. Next, both of the
routes involve elimination of the R,P(O)Br species, which
results in the Hirao-type reduction products.

In 2018, Liu and co-workers!?”! developed an effective
methodology to synthesize 3-alkynyl isocoumarin deriva-
tives through a Pd/Cu-catalyzed cascade Sonogashira
coupling and lactonization of methyl 2-(2',2'-dibromo-
vinyl)benzoate with various terminal alkynes (Scheme 66).
The scope and limitations of terminal alkynes were
explored. Various terminal alkynes bearing different

founctional groups provided the corresponding 3-alkynyl-
coumarins in moderate to good yields.

A plausible pathway is illustrated in Scheme 67. First,
oxidative addition of Pd(0) species to the (£)-bromide of
2-(20,20-dibromovinyl)benzoate 149 occurs to produce
Pd(IT) intermediate 151, and the following transmetallation
with the copper(I)-acetylide 152 forms intermediate 153.
The subsequent reductive elimination provides the mono-
bromovinyl intermediate 154 accompanying the regene-
ration of the palladiumd(0) catalyst. Secondly, the oxidative
addition of Pd(0) into (Z)-bromide 154 could form
intermediate 155. Subsequently, palladium(II) coordinates
with the oxygen of ester in complex 155 to promote the
elimination of methyl bromide and generates the palla-
dium(II) species 156. In the end, the reductive elimination
liberates the corresponding 3-alkynyl isocoumarin 150 and
palladium(0) catalyst.

S)
(O)P—H (O)P—Br (O)p—H  Br
Br base R [Ni/Zn], base
Hirao-type reduction crossing-coupling
E)
S .
R o=tr R »Br - ‘R-R RN B
O:F'.-R Protonation I:}\(Br ‘\: R major
S
el R o) o
B Br g™ | Rg (e R-R
r £ -
R \ﬁ e > .Br Br \
B
T@ oxidative addition Ni(L)
Q o
: é—R I Q II_
Ni. 7
R RNUR-R R-R Ni.
R . R R/\L,BI’
\ X PO)R; - R/\/NlLP(O)Rz
base R -NiL B g NiLBr
0 reductive elimination ligand exchange
I
R—R
N\
H R

Scheme 65 Mechanistic pathway
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Scheme 66 Tandem Sonogashira coupling/lactonization of 2-(2',2'-dibromovinyl)benzoate with terminal alkynes
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Scheme 67 Reaction mechanism of forming 3-alkynyl isocoum

3 Conclusions

The progresses on transition-metal-catalyzed coupling
reactions of gem-dibromoviny derivatives using 1,1-dibro-
movinyl derivatives as substrates since 2012 is summarized.
We have a wide overview of transition-metal-catalyzed
transformations that result in the formation of various C—
C, C—H, C—0, C—N, C—S, etc., bonds by effectively
replacing one or two halogen atoms with other atoms.
Through this strategy, 1,1-dibromoviny derivatives can
undergo selective monosubstitution and stepwise cross-
couplings with multiple reagents to provide numerous val-
uable molecules, such as stereodefined functionalized al-
kene, polyene, alkyne, polyyne and carboxylic acid deriva-
tives. Through the regulation of starting materials and re-
action conditions, alkynes, chromenes, indoles, benzindole,
benzothiophene and other benzo-fused heterocycles with

Chin. J. Org. Chem. 2022, 42, 1033~1060

© 2022 Chinese Chemical Society & SIOC, CAS

important physiological activity or synthetic value were
synthesized. There is no doubt that these elegant strategies
have set impressively high standards for future synthetic
efforts aimed at a growing number of valuable natural
products, pharmaceuticals and organic smart materials.
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