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Transition-Metal-Catalyzed Carbonylative Synthesis and
Functionalization of Heterocycles

Yin, Zhiping' ~ Wang, Zechao' =~ Wu, Xiao-Feng*
(Leibniz-Institut fiir Katalyse e.V. an der Universitdit Rostock, Albert-Einstein-Strafse 29a, 18059 Rostock, Germany)

Abstract Heterocycles are ubiquitous in natural products, pharmaceuticals, organic materials, and numerous functional mol-
ecules. These structural units probably constitute the largest and most varied family of organic compounds. Hence the devel-
opment of new procedures for heterocycles synthesis has been a hot research topic for over centuries. Among all the new syn-
thetic methods, transition-metal-catalyzed reactions are attractive. Those reactions can formulate complicated heterocycles
efficiently from available starting materials under mild conditions and atom economical routes. Among them, transi-
tion-metal-catalyzed carbonylation reaction has become an efficient and useful tool in organic synthesis since the first hydro-
formylation reaction developed by W. Reppe at BASF in the 1930s. Since then impressive progress has been achieved in this
area. In nowadays, various types of carbonylation reactions were established. Substrates including aryl halides, olefins, alkynes
or simply C—H bond can be activated and produce the corresponding carbonyl-containing compounds smoothly. On the other
hand, carbon monoxide was discovered and identified in the 18th century. Since the first applications in industry around 80
years ago, academic and industrial laboratories have explored uses of CO in chemical reactions broadly. However, because of
the special physical properties of CO, organic chemists were often reluctant to apply carbonylations frequently in laboratories.
Hence, different kinds of CO surrogates were developed and applied in carbonylation reactions, such as metal carbonyl com-
pounds M(CO),, formates, alcohols, formic acid, aldehyde, biomass and carbon dioxide. Those CO surrogates offer interesting
opportunities for carbonylation reactions. This account mainly outlines our progress in the development of transi-
tion-metal-catalyzed carbonylative synthesis and functionalization of heterocycles from 2012 to 2018. With copper, palladium,
rhodium, ruthenium and iridium as the catalysts and relying on the activation of carbon-halogen and carbon-hydrogen bonds,
we are able to synthesis various of heterocycles by using CO gas or CO surrogates as the C1 building blocks.

Keywords transition metal catalyst; carbonylation; heterocycle synthesis; CO surrogates; cyclization; Cascade reaction

1 Introduction drugs hold heterocycles as their core structure. Hence, ex-
tensive efforts have been focused on the development of

Heterocyclic compounds are an integral part of many efficient approaches for the synthesis of heterocycles.

biologically active molecules and many currently marketed
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Considering the synthetic value of carbonylation reactions
and the importance of heterocycles preparation, the merg-
ing of these two topics offers interesting possibilities for
organic synthesis. Although a number of reviews on cata-
lytic carbonylation reactions as well as on the synthesis of
heterocycles already exist, no general summary on transi-
tion metal catalyzed carbonylation synthesis of heterocy-
cles via activation of C—H or C—X bond by using CO gas
and CO surrogates have been published so far.!"! Here we
report a summary of our group's recent progress in this
area, and this account mainly divided into four parts ac-
cording to the different bonds activated (C—H or C—X)
and the different CO sources applied (CO gas or CO sur-
rogates).

2 Synthesis of heterocycles through ac-
tivation of C—X with CO gas

21 Synthesis of five-membered heterocycles
through activation of C—X with CO gas

Furanones are important compounds with various bio-
logical activities, such as anti-inflammatory, cardiotonic,
analgesic, anticonvulsant and antiviral activity. In 1993,
Eaton group'® reported a catalytic iron-catalyzed [4+1]
cycloaddition with allenyl ketones, aldehydes, and carbon
monoxide to give alkylidenebutenolides. Our group de-
veloped a general and efficient palladium-catalyzed car-
bonylation coupling reaction of aryl iodides with benzyl
acetylenes under CO atmosphere. Various furanones were
prepared in excellent yields from the corresponding benzyl
acetylenes. Interestingly, when aliphatic alkynes were used
as substrates, the corresponding alkynones were formed in
good yields, which might come from the fact that the ben-
zylic hydrogen atoms are more activated than the aliphatic
hydrogen atoms.

Meanwhile, density functional theory (DFT) calcula-
tions were also carried out to understand the reaction
pathway. The most probable reaction mechanism is pro-
posed (Scheme 1). The reaction begins with the oxidative
addition of PhX to the Pd° center, followed by CO coordi-
nation and insertion to form acyl complex 1. Then complex
2 are formed through a ligand exchange of X with the al-
kynyl moiety, which undergoes reductive C-C coupling to
afford complex 3. The isomerization of complex 3 forms
complex 4. Further CO insertion forms complex 5 and
subsequent reductive CO coupling forms the product and
regenerate the catalyst.[*"

For the synthesis of some other furanone derivatives, a
new palladium-catalyzed double carbonylation procedure
by coupling of aryl halides, CO and terminal alkenes was
developed later (Scheme 2). Different aryl bromides and
iodides transformed into the corresponding furanones in
modest and good yields. Using this new atom-efficient
carbonylation reaction, a total of 18 different 4-aryl-
furanones were synthesized in up to 87% yield."’!

Meanwhile, a one-pot synthesis of benzoxazoles from
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Pd(OAc), (2 mol%)
TFP (4 mol%)

DIPEA (2 equiv.)
THF, 25°C, 20 h

[
R1:—(j/+ CO+/\Ar
=

(101 kPa)
benzyl acetylenes

18 examples, 82% ~ 99% yield

Pd(OAc), (2 mol%)

R2 TFP (4 mol%)
X - N .
RZ:_/ + (co) + é/\c DIPEA (2 equiv.)

(101 kPa) THF, 25°C, 20 h
aliphatic alkynes
(o}
R2
~ X
2 X
R N | R3

6 examples, 62% ~ 88% yield

PhX + CO
Ar/\io
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X
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Scheme 1 Palladium-catalyzed carbonylative coupling of aryl
iodides and acetylenes

aryl bromides and 1,2-dibromobenzenes (Scheme 3) was
developed. The first step is a palladium-catalyzed ami-
nocarbonylation of bromobenzene under 200 kPa of NH;j
and CO in 1,4-dioxane, which gave the desired product
benzamide successfully. Then treated this crude mixture
with Cul/DMEDA/K,CO; under 110 ‘C, various 2-aryl-
substituted benzoxazoles were produced in moderate to
good yield."! In addition, a general palladium-catalyzed
carbonylation synthesis of different 2-aryloxzolines was
also represented. Bromobenzene and 2-chloroethylamine
were selected as the substrates, various five-membered-
ring oxazolines were synthesized successfully under 1.0
MPa CO in the presence of Pd(OAc),/BuPAd,/NEt; with
the yield up to 89%.")
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PdBr, (5 mol%)
« Ligand (10 mol%) O
X NEt; (1.5 equiv.
R +(co + ZoRe 3 (1.5 equiv.) 0 )
Z MeCN, 140 °C, 20 h X
(8.0 MPa) X=Brorl R1-—/ R2
23 examples

39% ~ 87% yield

O
(0}
Y
n-Hex

X=1,68%
X =Br, 83% 100 °C

S n-Hex n-Hex

X =Br, 45%

Scheme 2 Synthesis of furanones from aryl halides and alkenes

PA(OAG), (2 mol%) 0
Br BuPAd, (6 mol%) AN
A + cO ————— R ! NHy
_ NH; (200 kPa) —
(200 kPa) 1,4-dioxane
100°C,20 h

R T / /,
Cul (5 mol%) XN \ g2

DMEDA (10 mol%) 16 examples
K>COj3 (3 equiv.) 39% ~ 71% vyield
110°C, 20 h two steps
Br Pd(OAc), (2 mol%)

X 0
R1:_<:r + (CO) + HaNe~g, BuPAd, (6 mol%)
= NEt; (3 equiv.)

(1.0 MPa) Toluene, 110 °C, 16 h
O/>
R1;\ N
L
16 examples

50% ~ 89% yield

Scheme 3  Synthesis of benzoxazoles from aryl bromides

Due to our ongoing interest in the carbonylation reac-
tions and the crucial of furans, a palladium-catalyzed dou-
ble carbonylation coupling of aryl halides and aliphatic
alkynes to give furan heterocycles was developed (Scheme
4). The most sensible mechanism based on detailed DFT
calculation results is proposed. The first step is the So-
nogashira-type formation of alkynone intermediate 7, and
then acyl insertion to the isomerized allene 8 from the
formed alkynone 7. The crucial step is a concerted ring-
closure and Pd shift, which is also the rate-determining
step. The last step is f-H elimination with the formation of

furan product and the regeneration of the catalyst by the
base.®!
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Scheme 4 Synthesis of furan derivatives

Imide derivatives, especially phthalimides, are an im-
portant class of compounds with various biological activi-
ties. A convenient double carbonylation of o-dibromoben-
zenes with various 2-amino pyridines by using Pd(OAc),
and cataCXium A as the catalyst system was estabilished
(Scheme 5). More importantly, this procedure is also suita-
ble for the synthesis of biological compounds containing
phthalimide groups.!”! Interestingly, after changing the base
from NEt; to 1,8-diazabicyclo[5.4.0Jundec-7-ene (DBU) or
1,5-diazabicyclo[4.3.0]non-5-ene (DBN), they were found
act as both base and nucleophile in the reaction. Hydrolysis

Pd(OAc), (2 mol%)

Br
A o,
R + (co )\/ Rr2 CataCXium A (6 mol%)
= B H N NEt; (3 equiv.), DMAc

r
(3.0 MPa) o 100°C, 20 h
N=
X
N—( <0
VP
R o)
12 examples

61% ~ 84% yield
[Pd(cinamyl)Cl], (1.5 mol%)

X
X DPPP (3 mol%
@ - e,
= X or DBN Toluene/H,0, 140 °C, 16 h
(1.0 MPa) o
N
|// ‘\_\
3 (0]
R 0 U
n=1or3 Jn

12 examples
25% ~ 96% yield

Scheme 5 Synthesis of imide derivatives
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leading to the ring opening reaction of DBU or DBN, dif-
ferent caprolactam and butyrolactam were synthesized in
one-pot with the yield up to 96%."!

The application of encapsulation has been extended
from pharmacy to other realms. In organic synthesis, rea-
gent capsules can help to resolve the compatibility problem
of reagents in multicomponent processes. A facile method
for encapsulating smelly liquid sulfur chemicals and its
application for the synthesis of thiophenes and benzothio-
phenes was estabilished (Scheme 6). In this process, the
capsule plays a crucial role in solving the selectivity of
multicomponent reactions as well as avoiding the deactiva-
tion of catalysts.!”!

PdCI,(PPh3), (2 mol%)
NEt; (3 equiv.)

reagent capsule A b\
THF, 40 °C, 14 h EtO,C

then 80 °C, 10 h

% Etozc
EtO,C R EtO,C

Ar=| + | CO + =

(300 kPa)
33 examples

44% ~ 75% yield

65% 71% 73%
EtOQC Et(;%\n-C5H1 1
60% 55%
EtO,C R EtO,C
68% 52% 55%

Reagent capsule A = EtOH (0.20 mL) solution of ethyl
thioglycolate (0.55 mmol) and DBU (0.55 mmol)

Scheme 6 Synthesis of thiophenes derivatives

22 Synthesis of six-membered heterocycles
through activation of C—X with CO gas

Flavones are an important class of products with a range
of biological activities. In view of the structure of flavones,
carbonylation reactions should be an efficient method for
their construction. Actually, the application of carbonyla-
tion reaction in flavone synthesis has been shown by dif-
ferent groups,'” 2-iodophenol derivatives and terminal
acetylenes were used as start materials in these reactions.
In 2012, the first carbonylative reaction of bromobenzene
and hydroxyacetophenone was reported, the yield of the
desired products can be up to 85% when DPPB and DBU
were used as the ligand and base (Scheme 7). Different
bromobenzenes including hetero-bromobenzenes were
transformed into the corresponding flavones in moderate to
good yields.""! Considering for the advantages of hetero-
geneous catalysts, we also developed a highly efficient and
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selective Pd/C catalyzed cyclo-carbonylation reaction of
2-iodophenol and ethynylbenzene. Et,NH was the best
base and gave the desired product up to 98% yield. Both
aromatic terminal acetylenes and aliphatic terminal acety-
lenes worked well in this condition, gave the correspond-
ing flavones in 61%~98% yields. Furthermore, Pd/C as
the heterogeneous catalysts, the reusability experiment was
tested and the yield was 55% after five times running.!'*!

Pd(OAC), (2 mol%)

. Q DPPB (2 mol%)
DBU (2 equiv.
R v (CO) gl (2 equiv.)
= ' DMSO, 120 °C, 16 h
(500 kPa) OH
0

28 examples
59% ~ 85% yield

Pd/C (1 mol%)

|
A Et. NH (2 equiv.
@ +1CO + =—R 2 au.)
= OH Toluene
(2.0 MPa) R®

110°C, 20 h
18 examples
61% ~ 98% yield

Q.

1 Run = 95% yield
2 Run = 89% yield
3 Run = 80% yield
4 Run = 69% yield
5 Run = 55% yield

Pd/C (1 mol%)
EtoNH (2 equiv.)

Toluene

ZOMPB 110°C, 20 h

Scheme 7 Synthesis of flavones derivatives

Regarding the synthesis of 2,3-disubstituted chromones,
we also discovered an unexpected palladium-catalyzed
carbonylation reaction from 2-bromofluorobenzenes and
ketones (Scheme 8). According to the results of control
experiments, the possible reaction mechanism was pro-
posed. The first step is a palladium catalyzed carbonylative
arylation of deoxybenzoin generated an enol ester 13 in-
stead of a 1,3-diketone. Then this carbonylation event was
followed by the Claisen-Hasse rearrangement and followed
an intramolecular SyAr reaction to give the product chro-
mones. The reaction displays good tolerance to various
substituent groups at different positions on the start mate-
rials in moderate to good yield.!"*!

Quinazolinones are an important class of heterocycle,
and many synthetic procedures have been developed for
their preparation. Among them, 2-aminobenzamides with
benzyl alcohols, acyl chlorides or their derivatives are the
typical methodologies. From a synthetic point of view and
the significant of carbonylation transformations, our group
established a series of elegant palladium-catalyzed car-
bonylation coupling system for the synthesis of different
quinazolinones. In 2014, a four-component method for the
synthesis of quinazolinones was developed (Scheme 9). By
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2> Pd(OAc), (2 mol%)

Br DPPP (3 mol%) —R!
+ (co Cs,CO3 (3 equiv.)
F DMAc, 120 °C, 20 h
(1.0 MPa) R1 | —Rr2
28 examples
O O O Ph 59% ~ 85% yield

©:Pd(II)L,,Br
F 11

CcO + Ph\%\

CsBr Ph

Scheme 8 Synthesis of 2,3-disubstituted chromones

B HC(OMe);

| / + or + (co + R®NH,
ri . NH2 HCOEY: 45 ypa)
o) o)
©\)LN/Ph
N/)
92% 68%

Pd(OAC), (2 mol%)

BuPAd, (6 mol%) Q R2
DIPEA (2 equiv.) X N~
10
1,4-dioxane, 120 °C, 16 h L~ N)\H
26 examples

60% ~ 92% yield

™ ™ G
J J J

60% 84%

o) o) 0 0
N/) N” N/) N/) N” N/)

69% 70%

F 84% 85%

Scheme 9 Synthesis of quinazolinones

using N,N-diisopropylethylamine (DIPEA), Pd(OAc)y/
BuPAd, as the catalyst system, 2-bromoaniline, aniline,
triethyl orthoformate and CO proceeded smoothly in
1.4-dioxane gave 3-phenyl-4(3H)-quinazolinone up to 92%
yield. Aromatic amines and hetero-aromatic amines with
different substitutes participated smoothly in our condition.
Notably, the benzylamines and aliphatic amines were also
successfully transformed into the corresponding quinazo-
linones."*!

Given the advantage of heterogeneous catalysts, the ap-
plication of Pd/C as a heterogeneous catalyst for the four-
component carbonylation reaction was studied. To our
delight, when 2-iodoaniline was selected as model sub-
strate, in the presence of DIPEA, Pd/C and toluene the
desired product was provided in 96% yield (Scheme 10).
The result of substrates scoping showed a good tolerance
of various aromatic amine derivatives and aliphatic
amines. Moreover, Pd/C was found to be effectively recy-
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cled for four consecutive cycles in our recycling experi-
ments.!'”

Following the same idea, an efficient novel palladium
catalyzed carbonylation/intramolecular nucleophilic aro-
matic substitution reaction to give pyridoquinazolones has
been developed (Scheme 11). The reaction showed good
regioselectivity for the formation of both linear and angu-
lar fused isomers, which could simply be controlled by the
choice of base (NEt; or DBU). Whereas in the presence of
DBU the linear products 16 were obtained, NEt; gave the
angular derivatives 17. The strength of the base may play a
pivotal role in this process (the acidities of the conjugate
acids are pK,=12 and 10.8 for DBU and NEt; (triethyla-
mine), respectively). Indeed, NMR spectroscopic experi-
ments confirmed that DBU deprotonates 2-aminopyridine
to a major extent to afford the 2-imino-2H-pyridin-1-ide
which was not observed in the presence of NEt;.!'%)

http://sioc-journal.cn/ 577
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Br NH; Pd/C (1 mol%)
N N DIPEA (3 equiv.)
I// + CH(OMe); + (CO + g R2
NH, Toluene 110°C, 20 h )
R (1.0 MPa)
24 examples
91% ~ 98% yield
, NH,  Pd/C (1 mol%) /@
DIPEA (3 equw)
+CH(OMe); + (CO +
NH Toluene, 110 °C, 20 h
2 (1.0 MPa)
1 Run = 94% yield
2 Run = 81% yield
3 Run = 76% yield
4 Run = 64% yield
5 Run = 51% yield
Scheme 10 Pd/C catalyzed the synthesis of quinazolinones
Pd(OAc), (2 mol%)
Br
XN N7 BuPAd, (6 mol%)
R +(co + )I\j—Rz e —
Pz E H,N = DBU or NEt;, DMA
(500 kPa) 120 OC, 16 h
17 examples 10 examples
25% ~ 80% yield  60% ~ 78% yield
(0] O NH
/
N NF N
16
Ao
Oy — L L
N | F N
|
N
. e /
DBUl X
=
HN
F
Scheme 11 Synthesis of linear and angular fused quinazolinones
Combining the same substrate 1-bromo-2-fluoro- Br Pd(OAc), (2 mol%)
. . . . X NH - HCI BuPAd, (6 mol%)
benzenes with amidines under the catalytic palladium sys- RH- + (co + 2 .
tem, the corresponding quinazolinones can also be formed Z (1.0 MPa) H,N™ "R? DIPEA (4 equiv.)
. . . o}
in moderate to excellent yields (Scheme 12). Different DMAc, 140°C, 22 h
types of double nucleophiles, such as N-N, N-C, and O-C, N NH
can be effectively applied as coupling partners. The corre- R PN
sponding six-membered heterocycles were isolated in N~ "R
moderate to good yields.!'”? 17 examples

Continuing to expand the protocols for the synthesis of
quinazolinones, an interesting reaction was carried out
with 2-aminobenzamides, bromobenzenes, DBU, and
Pd(OAc),/BuPAd, in dimethylformamide (DMF) under
1.0 MPa of CO at 120 °C. Various substitutes at different
positions of bromobenzenes were transformed into the
corresponding quinazolinones (Scheme 13)."! Since the
variation of 2-aminobenzamide is very limited, a method-
ology with widely available substitutes is more attractive
and necessary. In 2014, a cascade synthesis of quinazoli-
nones from 2-aminobenzonitriles and aryl bromides via
palladium-catalyzed carbonylation reaction was developed
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17% ~ 99% yield

0
N” >Ph

94% 8%
o)
NH
NH PN
N/)\ |
81% 24% N CFs

Scheme 12 Synthesis of quinazolinones from amidines
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0

Br Pd(OAC) (2 mol%)
X 0

- {\/E . (. NH, BuPAd, (6 mol%)
% F NH, DBU (2 equiv.)

DMF, 120 °C, 16 h

L
N/)\Ar

22 examples
59% ~ 96% yield

Pd(OAc), (2 mol%)
BuPAd, (6 mol%)

KQCO3 (25 eqUiV.)

(1.0 MPa) DMSO/H,0,120 °C, 16 h
0
X NH
X
N R
=
26 examples

30% ~ 91% yield

Scheme 13  Synthesis of quinazolinones from aminobenzamides
and aminobenzonitriles

in our group. The reactions go through aminocarbonylation
of aryl bromides-hydration of nitriles-cyclization se-
quence."”!

In contrast, starting from commercially available
2-bromoanilines and 2-bromobenzyl amines, with the as-
sistance of a palladium catalyst, isoindolo[1,2-b]-
quinazolin-10(12H)-ones can be isolated in good yields
(Scheme 14). Notably, this procedure proceeded in a high-
ly selective manner and atom economy; two molecules of
CO were incorporated into the substrates selectively."

Pd(OAGC); (2 mol%)
X BuPAdj (6 mol%)
X = i
X @ e
NH2 500 kpa) B ' '
o
= N
R Il L )=
TR,
12 examples R

27% ~ 81% yield

Scheme 14 Synthesis of isoindolo[1,2-b]-quinazolin-10(12H)-
ones

The reagent capsule was essential to solve problems re-
lated to the poisoning of the transition-metal catalyst as
well as the compatibility of the various reagents in the
one-pot process. An efficient palladium-catalyzed car-
bonylation method for preparing thiochromenones in a
four-component reaction that makes use of a reagent cap-
sule has been developed based on these merits (Scheme
15). With substituted phenylacetylenes and aliphatic al-
kynes, moderate to good yields of the desired products
were achieved. This is the first example of applying a rea-

Chin. J. Org. Chem. 2019, 39, 573~590
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gent capsule for preventing catalyst poisoning and unde-
sired side reactions in a multicomponent reaction.*"

Pd(OAC), (4 mol%), NEt; (3 equiv.)
{BuzP*HBF, (8 mol%)

! MeCN (0.25 mol/L)
R'y— +(CO + =—R?

Na,S*9H,0 (1 equiv.) in capsule

(500 kPa) 40°C, 24 h, then 80 °C, 12 h

64% 61% 54%

Scheme 15 Synthesis of thiochromenones in four-component
reactions

Benzoxazinones represent a class of annulated nitrogen
heterocycles that are of interest in organic synthesis due to
their various biological activities. By starting from readily
available 2-bromoanilines, inexpensive acid anhydrides,
CO and K,PdCly; as the catalyst precursor, various
2-alkylbenzoxazinones were synthesized in good yields
(Scheme 16).1*

Br KoPdCl, (2 mol%)

LN BuPAdj (4 mol%)
RHL +(CO +(R’CO),0 ———
NH, DIPEA (2.2 equiv.)
(500 kPa) Toluene,100 °C, 16 h
X (0]
1N
R A
N~ "R?
0 (0]
(0]
N/)\ N//kPh
90% 86%
o (0]
N/)\/\ N/)\CF;:,
88% 74%

Scheme 16 Synthesis of alkylbenzoxazinones.

http://sioc-journal.cn/ 579



BIKE

A general and straightforward methodology for the car-
bonylative synthesis of pharmacologically interesting
phthalazinones has been established by using Pd(OAc),/
DPPF as the catalysts. MgSO, was used as the additive to
facilitate the condensation step in the domino sequence.
Starting from readily accessible 2-bromobenz-aldehydes or
2-bromoacetophenone and hydrazines, twenty different
phthalazinones were synthesized in moderate to good iso-
lated yields (Scheme 17).”*! When simply changing the
hydrazines with 2-bromoanilines, a concise and highly
versatile method for the synthesis of functionalized isoin-
dolinones was estabilished. Various 2-bromoanilines un-
dergo palladium-catalyzed carbonylation with 2-formyl-
benzoic acid under a convenient and mild procedure to
give good to excellent yields of the corresponding isoindo-
linones."**

Pd(OAC); (2 mol%)
DPPF (2 mol%)

—— = .
DBU (1 equiv.)
MgSOQO4 (1 equiv.)
DMSO, 100 °C, 16 h

Br H

10 +

R' _ o CO +H2N/ ~R2
(1.0 MPa)

X N
R'— N
Z N\R2
o]
20 examples
60% ~ 85% yield
Pd(TFA), (2 mol%)
X R4 P!Bus*HBF 4 (6 mol%)
F NEt; (3 equiv.)
MeCN, 105 °C, 16 h

B HoN
R +(co + |

CHO 800 kpa) B

(0]

—

O
O

7 examples
32% ~ 66% yield

Scheme 17 Synthesis of phthalazinones and isoindolinones

In 2013, our group reported a palladium-catalyzed car-
bonylative synthesis of coumarins from salicylic aldehydes
and benzyl chlorides (Scheme 18). Various coumarins
were produced in good to excellent yields. Concerning the
reaction pathway, we proposed a palladium catalyzed oxyl-
carbonylative reaction and followed an intramolecular
condensation.*”!

Through palladium-catalyzed carbonylative coupling of
2-aminobenzylamine with aryl bromides, we reported an
efficient method for the synthesis of quinazolines (Scheme
19). The reactions followed an aminocarbonylation-
condensation-oxidation sequence in a one-pot one-step
manner. The preliminary investigation showed DMSO
serves as both solvent and oxidant in this procedure.* By
simply changing the electrophile bromobenzene to o-di-
bromo-benzene, an interesting and double carbonylation
reaction for the synthesis of isoindoloquinazolinones has
been developed. Several kinds of isoindoloquinazolinones
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Pd(OAc), (2 mol%)
HO -~ 1 DPPF (2 mol%)

R
S NEt; (2 equiv.)
1,4-dioxane, 100 °C, 16 h

0 N Q. O
R._/ p
Ar

20 examples
30% ~ 95% yield

76% 30%
0._0 0.0
=
A -~ %
Cl
95% 44%

Scheme 18 Synthesis of coumarins

Pd(OAc), (5 mol%)
N Br H,N = BuPAd, (10 mol%)
R + (CO + e I
l H.N X DBU (3 equiv.), DMSO
(1.0 MPa) 2 140°C, 36 h
XY SN
RZ- A
X
N | Qg
17 examples &

5% ~ 93% yield

Pd(OAc), (2 mol%)

RZ:_C[BF+ D . H,N /——:—R3 BuPAd, (6 mol%)
Pz Br HoN N NEt; (3 equiv.)
(1.0 MPa) 2 DMAc, 120 °C, 16 h
e}
A
N

10 examples
10% ~ 84% vyield

Scheme 19 Carbonylation reactions of aminobenzylamine with
bromobenzene or o-dibromobenzene

were produced and isolated in moderate to good yields.
This procedure enriched the synthesis method of isoindol-
oquinazolinones and helped in exploring the biological
applications of batracylin derivatives.”*”

In 2014, a palladium-catalyzed double-carbonylation
process for the synthesis of quinazolinediones has been
developed (Scheme 20). Starting from commercially
available 2-bromobenzonitriles and 2-bromoanilines, a
series of isoindolo[1,2-b]quinazoline-10,12-diones were
synthesized in a straightforward manner with good isolated
yields. At least five different C—C and/or C—N bonds are
selectively formed in this 3-component reaction, which
likely proceeds through sequential carbonylation-cycliza-
tion-isomerisation-carbonylation steps.'**!
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Pd(OAC); (2 mol%)

O Br - LN Br  p'BuseHBF, (6 mol%)
R _ * * R Pz NEt; (3 equiv.)
CN (500 kPa) 2 Toluene, 120 °C, 20 h
0

20 examples
37% ~ 88% yield

Scheme 20 Synthesis of quinazolinediones

2.3 Synthesis of seven-membered heterocycles
through activation of C—X with CO gas

Seven-membered heterocycles are received continuing
attention as their skeletons are widely present in numerous
pharmaceuticals and natural products. Among these sev-
en-membered heterocycles, benzoxazepinones represent a
class of versatile compounds owing to their promising
pharmaceutical and biological activities. Conventional
routes to benzoxazepinones and their derivatives usually
involve several steps, and isolation of intermediates. In
2015, our group'® reported a highly-efficient one-pot pal-
ladium-catalyzed amino-carbonylation/SyAr approach to
dibenzoxazepinones and pyridobenzoxazepinones (Scheme
21). 2-Aminophenol was employed as model substrates to
react with 2-bromofluorobenzene or 3-bromo-2-chloro-
pyridine.

Br HN Pd(OAc), (2 mol%)
R1+\ + () + 2 | Ny _, BuPAd, (6 mol%)
N CoP Ho™ N DBU (3 equiv.)
(1.0 MPa) 0 DMSO, 120 °C, 24 h
H
R1|_
| / \
__\RZ
62 examples

54% ~ 90% yield

Pd(OAC); (2 mol%)
BuPAdj (6 mol%)

Na,COj3 (3 equiv.)

N HO
(1.0 MPa) DMSO, 120 °C, 12 h
o)
H
3 M
R Al N
N ——\R4
16 examples

27% ~ 85% yield

Scheme 21 Carbonylation reactions of 2-aminophenols with
2-bromofluorobenzenes or 3-bromo-2-chloropyridines

A cascade procedure for the synthesis of 2,3-dihydro-
benzodioxepinone from 2-bromophenols and epoxides was
estabilished as well. Starting from commercially available
substrates, moderate to good yields of versatile desired
products were obtained in a good regioselectivity (major
product™>90%) under mild conditions (Scheme 22). The
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reactions went through nucleophilic ring-opening of epox-
ides and subsequent palladium-catalyzed intramolecular
alkoxylcarbonylation.”"!

O Pd(OAc), (2 mol%)

Br
X i 0
R’ : + (co) + binap (3 mol%)
= OH K3POy4 (3 equiv.)

(500 kPa) DMF, 100 °C, 16 h

o ]

13 examples, 66% ~ 98% yield
(0] e}
e} e}
)—Ph )—M3
(0] o

90% yield, rr =90:10
(0]
0
v

70% yield, rr > 99:1

79% yield, rr = 95:5

}ph

85% vyield, rr = 90:10
Scheme 22  Synthesis of benzodioxepinone

3 Synthesis of heterocycles through ac-
tivation of C—H with CO gas

Among all the heterocycles, quinolin-2(1H)-ones are an
important class of natural products with a wide range of
biological activities, such as anticancer, antibacterial, anti-
viral, antibiotic activity and so on. Additionally, quinolin-
2(1H)-ones have also been used as valuable synthetic in-
termediates in organic synthesis. In 2016, a novel and effi-
cient iridium-catalyzed carbonylative annulation of simple
anilines with internal alkynes for the straightforward syn-
thesis of halogen-containing quinolin-2(1H)-ones was de-
veloped (Scheme 23). The reaction proceeds without
pre-activation and directing groups through direct N—H
and C—H bond activation with a broad substrate scope,
high efficiency, and excellent selectivity. Remarkably,
halogen functional groups can be well tolerated here, and
this is the first example of iridium-catalyzed carbonylative
C—H activation of anilines.*" The first step is the oxida-
tion of Ir' to Ir'"! which then get ready for the catalytic cy-
cle. Then, a nitrogen bonded iridium complex will be
formed after ligand exchange with aniline derivative which
will produce iridium formamide intermediate after CO
insertion. A five-membered iridium cycle through ortho
C—H bond activation will be produced from the iridium
formamide complex. After the insertion of internal alkyne,
seven-membered iridium cycle will be formed which then
give the final quinolin-2(1H)-ones after reductive elimina-
tion and the together formed Ir' will be reoxidized into Ir™
by copper salt.
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[Ir(COD)CI], (2.5 mol%)
PPh3 (15 mol%)
Cu(OAc), (2 equiv.)

NaOOCCF; (50 mol%)
p-xylene, 120 °C, 20 h

R2 R2

NH
N +(co + ||
|

H (3.0MPa) R?

R2
|

LN N. O
R'5—
NP g

R2

22 examples
31% ~ 93% yield

93% 68% 64%
I|3h
N._O N._O
@g[n-ﬁ & n-Pr
Br n-Pr Br n-Pr
31% 61%
|
N._O
L \
R N-H

NS

0 N
| | Ph/ [Ir]'”
[|r]|l|

Scheme 23  Synthesis of benzodioxepinone

Inspired by this positive result, we also expand the irid-
ium-catalyzed carbonylation reactions. In 2016, the first
carbonylative annulation reaction for the direct synthesis of
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coumarins from phenols and alkynes was reported
(Scheme 24). With iridium as the catalyst and copper as
the promotor, various coumarins were prepared in good to
excellent yields and with good selectivity at atmospheric
pressure. Interestingly, when AcOH and bis(2-methoxy-
phenyl)(phenyl)phosphane were used, the isomer product
flavones was got. Various flavones were also isolated in
moderate to good yields with excellent regioselectivity and
functional group tolerance by using the iridium catalyst
system. This is the first example of direct carbonylation
annulation of non-preactivated phenols and alkynes to
produce flavones, with the choice of ligand proving to be
critical for the success of this transformation.”” More re-
cently, with palladium as the catalyst, the carbonylative
cyclization of terminal alkynes with phenols was realized
as well.’*!

4 Synthesis of heterocycles through ac-
tivation of C—X with CO surrogates

4.1 Mo(CO)s as CO surrogate

Since the highly toxic and flammable properties of car-
bon monoxide, performing carbonylation reactions without
the use of CO are highly desired and will contribute to the
further improvement of sustainable chemistry. Among the
candidates, Mo(CO)g as an air-stable and non-toxic solid is
an attractive CO source. Therefore, a general and conven-
ient methodology for 2-amino benzoxazinone synthesis
using 2-bromoanilines and isocyanates as substrates and
Mo(CO)s as a solid CO surrogate was developed (Scheme
25). This reaction can tolerate both electron-donating and
electron-withdrawing groups and give the corresponding
benzoxazinones up to 90% yield. Remarkably, 3-phenyl-
quinazoline-2,4(1H,3H)dione as one of the most possible
products is not detected in this transformation. We propose
that Mo(CO)s may act as a Lewis acid and coordinate with
20 to assist in the formation of 2-amino-
benzoxazinones.™*!

With Mo(CO)s as a solid CO surrogate, a novel and
convenient way to synthesize N-phenylquinazolinones
through aminocarbonylation of 2-aminobenzonitriles with
bromoarenes was developed (Scheme 26). Aryl bromides
and 2-aminobenzonitrile derivatives were selected as the
substrates, various quinazolinones can be formed by the
assistance of urea hydroperoxide (UHP) in 25%~76%
yields of two steps.* Later on, a procedure for palladi-
um-catalyzed carbonylation synthesis of quinazolinones
from 2-bromoformanilides and nitro compounds in 41%~
97% yields was also reported. Selective reduction of the
nitro group in the presence of other sensitive competing
functionalities was a challenging problem, and the com-
patibility between the conditions of nitro reduction and
aminocarbonylation was hard to be achieved. In this trans-
formation, both aromatic nitros and aliphatic nitros were
found to be suitable substrates. Moreover, Mo(CO), was
not only a CO source but also a nitro compound reducing
reagent and a cyclization promoter.””
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R2 PPh; (12 mol%)
~OH Cu(OAc), (1 equiv.) P
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23 examples
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Scheme 24 Iridium catalyzed the synthesis of coumarins and flavones

N-Substituted phthalimides represented an important
class of biologically active molecules. Regarding their im-
portance, a palladium-catalyzed carbonylation synthesis of
phthalimides from 1,2-dibromoarenes with Mo(CO)s was
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demonstrated (Scheme 27). The reaction tolerated various
functional groups on the aromatic rings and gave the cor-
responding phthalimides up to 84% yield.!*"
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Pd(OAc), (3 mol%) Q
N ©

N Br BuPAd, (6 mol%) y
R4 + (Mo(CO)g» + R2NCO - R J_
% K3POy4 (2 equiv.) Z NP NHR2

NH, -
(1.5 equiv.) Toluene, 120 °C, 16 h
22 examples
40% ~ 90% yield

NHPh
07 NH Ln

Pd
“Br

CoO

Scheme 25 Synthesis of benzoxazinone by using Mo(CO)s.

(1) Pd(OACc); (3 mol%)
BuPAd, (6 mol%)
DBU (1.5 equiv.) SN NH

Br HoN
X 2 1
R1_:/ + CMo(COW + /_:R2 DMF, 130°C, 16h R~ ¢
NH, (1.5 equiv) o (2) UHP (1.8 equiv.)
100°C, 7 h 4 examples R2
25% ~ 76% yield
Pd(OAc), (2 mol%), BuPAd, (6 mol%) Q Ré
S NEt; (2 equiv.), N, (1.0 MPa) X N7
R3:- +(Mo(CO)s» + R*NO, R3-1— J
Z 1,4-dioxane, 140°C, 16 h ZNN

NHCHO (1 aqui
(1 equiv.) 26 examples
41% ~ 97% yield

Scheme 26 Synthesis of quinazolinones by using Mo(CO),

Pd(OAC); (3 mol%)

5 BuPAd, (6 mol%) 0
X DBU (2 equiv.) X
RS- + (Mo(CO)s> + RNH, R N-R?
Pz Toluene, 100 °C, 16 h =
(1 equiv.)
20 examples

2% ~ 84% yield

o] 0 O 0

N—n-Bu N— ©5:<N N—pentyl
Ph /7 Q F

o) 0 o = o)

84% 84% 74% 60%

Scheme 27 Synthesis of phthalimides by using Mo(CO),
Chin. J. Org. Chem. 2019, 39, 573~590
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Indoles were important skeletons in material science and
pharmaceuticals. Recently, a variety of methodologies
have been published. Our group””! has elaborated a versa-
tile method to form different kinds of N-benzoylindoles via
palladium-catalyzed aminocarbonylation of aryl bromides
with Mo(CO)s (Scheme 28). In this reaction, DBU was
used as the base due to its ability to coordinate at the mo-
lybdenum to promote the in situ release of CO. K;PO,4 can
increase the yield of the reaction as a base.

Pd(OAG), (3 mol%)
BuPAd, (6 mol%)

Br DBU (1 equiv.
R1:_\ + (Mo(CO) + @ (eq _)
Z N K3POy4 (1 equiv.)
(1 equiv.) H  DMF, 120°C, 16 h, Ar

G,
27 examples
18% ~ 97% vyield

N=
o \ 4
89% 28%
o o
m )\Q\NMez
39% 53%

Scheme 28 Synthesis of N-benzoylindoles by using Mo(CO),

4.2 Formic acid as a CO surrogate

Formic acid represents an interesting and potential
bio-renewable compound that can act as a carbon monox-
ide precursor for the production of value-added chemicals.
With formic acid as the CO source and Ac,O as the acti-
vator, a novel method for the synthesis of a variety of
2-benzylideneindolin-3-ones was reported (Scheme 29). A
plausible reaction mechanism was proposed, a palladium
catalyzed carbonylation reaction of 2-iodoanilines and al-
kynes gave the alkynyl ketone intermediate, which formed
the final product 2-benzylideneindolin-3-ones through a
ring closing reaction with the assistance of PPh;. Further-
more, using the same condition, different 2-iodophenols
and terminal alkynes transformed into the corresponding
aurones in moderate to good yield."**

4.3 Miscellaneous

Compared to many other CO surrogates, paraformalde-
hyde is more desirable since it is a solid, cheap, stable,
easily-to-handle and exhibits low toxicity. In 2014, our
group established a simple and general method for the
synthesis of benzoxazinone derivatives from N-(o-bromo-
aryl)amides and paraformaldehyde (Scheme 30). The
starting materials can be easily prepared from 2-bromo-
anilines and acid chlorides or anhydrides. This method
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Pd(PPh3)4 (5 mol%)

| NEt3 (6 equiv.)
A Ac,0 (2 equiv.
RU- + |[HCOOH + R2—= 20 (2 equiv)
= NH toluene, r.t.,, 2 h
2 (2 equiv.) then 70 °C, 18 h
N R
(0]
23 examples

54% ~ 81% yield

Pd(PPhs), (3 mol%)

| NEt; (5 equiv.)
X Ac,0 (2 equiv.
R + |[HCOOH + RX= 20 (2 equiv)
= . toluene, 80 °C, 18 h
OH (2 equiv.)
O
C="
(6]
15 examples

51% ~ 82% yield

Scheme 29 Synthesis of 2-benzylideneindolin-3-ones and au-
rones by using formic acid

Pd(OAC); (4 mol%)

By XantPhos (6 mol%)
JL (CH,0), :
N toluene, KOAc (2 equiv.)
H (5 equiv.) o 100°Cor120°C, 18h
IR
Z N OR2
o o
@° ? 2
N/)\ N/)\Ph N/ CF3
45% 75% 36%
80% 4% 78%
o
F F5CO
Et
N/)\t-Bu N//K(
F 66% 59% Et

Scheme 30 Synthesis of benzoxazinones by using paraformal-
dehyde

provided a practical pathway for the carbonylation synthe-
sis of various benzoxazinone heterocycles in moderate to
good yields.*”!

5 Synthesis of heterocycles through ac-
tivation of C—H with CO surrogates

5.1 Mo(CO)s as a CO surrogate

The transition-metal-catalyzed direct functionalization
of inert C—H bonds for the synthesis of complex mole-
cules matched well with the concept of sustainable devel-
opment as it avoids tedious and sluggish pre-activations. In
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2014, a novel procedure for the synthesis of highly substi-
tuted 2-quinolinones by carbonylation cyclization of
N-aryl-pyridine-2-amines and internal alkynes through C—
H activation was reported. Mo(CO)s was applied as a solid
CO source, the reaction proceeded in an atom economic
manner, and various 2-quinolinone derivatives were pre-
pared in moderate to good yields.*”” When we chose nor-
bornene as the coupling partner, an interesting transfor-
mation on palladium-catalyzed carbonylative C—H activa-
tion of arenes with norbornene has been developed. Vari-
ous 5-(pyridin-2-yl)-hexahydro-7,10-methanophenan-
thridin-6(5H)-ones were produced in moderate yields. The
product can also be oxidized to the corresponding 5-
(pyridin-2-yl)-tetrahydro-7,10-methanophenanthridin-
6(5H)-one by using 2,3-dichloro-5,6-dicyano-p-benzo-
quinone (DDQ) as the oxidant (Scheme 31).1*"

Apart from using N-aryl-pyridine-2-amines as the di-

recting group, we also tested other directing groups for the
functionalization or synthesis of the heterocycles. For ex-
ample, in 2016, a general palladium-catalyzed carbonyla-
tion transformation of the C—H bond on aromatic rings to
produce esters by using 2-arylpyridine derivatives as the
substrates was reported (Scheme 32). Good yields of the
corresponding products have been obtained with wide
functional group tolerance and excellent regioselectivity. A
variety of aliphatic alcohols are suitable reactants here."**!

Furthermore, two interesting palladium-catalyzed car-
bonylation protocols for the intramolecular cyclization of
azoarenes and ketimines were also established. With
Mo(CO); as the solid CO source and through C(sp®)—H
bond activation, a series of azoarenes and ketimines were
transformed into the corresponding 2-aryl-indazolones and
3-methyleneisoindolin-1-ones in moderate to good yields
(Scheme 33).1**!

Pd(OAC), (10 mol%) | \
R3 L-proline (20 mol%) =N
BQ (2 equiv.)
RI-— Mo(CO)s” + \ \ N._O
AgOAc (2 equiv.)
(1.2€quv.)  R2  {oac (2 mL), 140 °C, 24 h g3
R2
19 examples
13% ~ 80% yield
RZ;‘/\l
H&N
H Pd(OAC), (10 mol%) N o
N N BQ (1 equiv.)
R Y\ R2 + (Mo(CO)g> + - R
ANy NH Dioxane/HOAc (V/V = 2/0.1) =
(0.8 equiv.) 150 °C, 48 h
12 examples
18% ~ 74% yield
Scheme 31 Synthesis of quinolinone derivatives
Pd(OAc), (5 mol%)
z BQ (2 equiv.)
\N + (MoCOP + RZOH Ag,CO3 (3 equiv.) /RZ
RI_ NaOAc (2 equiv.) R Y
1 B |
H (1.2 equiv.) DCE, 80 °C, 18 h
21 examples
40% ~ 80% yield
M) ) ® )
N N N N N
[ J\ JtB
Cl o~ o o t-Bu o~
63% 57% 45% 80%
» N I\
N | N O N O
e o/
2 QO ©/K ° @A
61% 64% 40% 61%

Scheme 32 Functionalization of 2-arylpyridine
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PdCl, (10 mol%)

H
! 2
LR , N —
Ne L BQ (2 equiv.) N O
N >N + (Mo(CO R4 N 4
R ( ),6 AcOH (2 mL),100 °C, 24 h % \ g2
ZSH (0.8 equiv.) o
17 examples, 45% ~ 83% yield
5 R5
R Pd(OAC), (10 mol%) f
~ _R* ™ BQ (2 equiv.) Ro X N_R
. i _
R3 N Qe )_6 Li,CO3 (2 equiv.) L
ZNH (03equiv)  pcE, 80°c, 20 h o

18 examples, 23% ~ 86% yield

Scheme 33 Synthesis of 2-arylindazolones and 3-methyleneisoindolin-1-ones

Among the various noble transition-metal catalysts, ru-
thenium catalysts are attractive due to their relative low
cost and high reaction selectivity. Several challenging
transformations have been realized with ruthenium com-
plex as the catalyst, however, the reports about ruthenium
catalyzed carbonylation reactions are still very limited. In
2017, our group developed a convenient procedure for the
synthesis of 3-acylindoles from simple indoles and aryl
iodides. Through ruthenium-catalyzed carbonylative C—H
functionalization of indoles, with Mo(CO)j as the solid CO
source, the desired indol-3-yl aryl ketones were isolated in
moderate to good yields. Not only N-alkyl indoles but also
N-H indoles can be applied in this reaction (Scheme 34).1/

H [
R1{>f\gf + (Mo(CO)» +]] S
Z~N X

\ (1.5 equiv.)

[RuCly(p-cymene)],
(10 mol%)
ZnBr; (40 mol%)

TFA (30 mol%)

? R2 HFIP, 100 °C, 30 h, air

56% 61%

Scheme 34 Ruthenium-catalyzed functionalization of indoles

5.2 Formic acid as a CO surrogate

Benzofuranones and isobenzofuranones are very im-
portant structural moieties which present in numerous
pharmaceutical compounds and biological molecules. Thus
the development of new synthetic methods for such moie-
ties is always under demand. In 2016, a convenient palla-
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dium-catalyzed carbonylation synthesis of benzofu-
ran-2(3H)-ones by using commercially available phenols
and aldehydes as the substrates with formic acid as the CO
precursor was reported, and benzofuran-2(3H)-ones have
been prepared in moderate to good yields. Both aromatic
and aliphatic aldehydes are applicable in this reaction
(Scheme 35).14”!

Pd(PPhs), (5 mol%)

OH P(o-tolyl)3 (20 mol%)
TFA (15 mol%)
=z N2
H R
R1—§\/© + \HCooly + o Ac,0 (3 equiv.)
(3 equiv.) PhCI, 130 °C, 20 h
(0]
(6]
2
= R
R1_
N

19 examples, 45% ~ 85% yield

Scheme 35 Synthesis of benzofuran-2(3H)-ones

5.3 Miscellaneous

Among all the possible CO candidates, DMF is an at-
tractive one because it is cheap and easily accessible. The
first general palladium-catalyzed carbonylation cyclization
of N-arylpyridin-2-amines by C—H activation using DMF
as the CO surrogate was developed. Various quinazoli-
nones were formed in moderate to good yields with good
functional group tolerance. A *CO-labelled DMF study
and other control experiments indicated that the carbonyl
group of DMF is the CO source in this methodology. The
kinetic isotope effect (KIE) value suggested that the C—H
activation step might not be involved in the
rate-determining step under our conditions.*) Meanwhile,
the heterogeneous catalyst Pd/C was also applicable in this
reaction (Scheme 36).[*”

Hexaketocyclohexane octahydrate (C¢O4*8H,0) is a
kind of nontoxic stable solid. It was originally produced by
oligomerization of carbon monoxide, and can be consid-
ered to be six-fold of carbon monoxide with almost 100%
atom efficiency. Because the ring of hexaketocyclohexane
is highly strained, it can potentially decompose to CO in
the reaction solution. Very recently, our group developed a
novel procedure on copper-catalyzed double carbonylation
of indoles with alcohols via C—H bond functionalization
(Scheme 37).**! Using alcohols as reaction partners,
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" Pd(OAC); (5 ~ 10 mol%)
- X N/\ KszOg (3 eqUiV.)

R‘I_ _RZ
N NJ'\/ DMF/TFA (V/V = 2/2)
H ° 140 °C, 22 h

XN
10 ' R2

19 examples, 23% ~ 93% yield

N H NI/\_RZ Pd/C (10 wt.%, 5 mol%)
' NJ\/ K,S,05 (3 equiv.)
H DMF/TFA (VIV = 2/2)
140 °C, 22 h, O, (101 kPa)

o}

R N /\_Rz
= N/)\/
15 examples, 21% ~ 71% yield
Scheme 36 Synthesis of quinazolinones by using DMF
moderate to good yields of the desired double carbonyla-

tion products have been obtained. Wide functional group
tolerance and substrate scope can be observed.

H T CuBr(Me,S) (15 mol%)
1N © v 1,0-phen (15 mol%)
R * *8H,0  + R?0H .
Z=N o o Ag,COj3 (5 equiv.)
H 0 CH3CN, 80 °C, 20 h
1 equiv. 2
(1 equiv.) o OR
(0]
RN N
Z =N
H

0,
67% 63% 54%
Oo—\ — —
fo) Ph o (o] o (6]
Br
0 o) o)
> N N—Ph
N N N
62% H 33% H 399
70% 55%

Scheme 37 Double carbonylation of indoles by using C¢Og

Benzene-1,3,5-triyl triformate (TFBen) is a stable and
non-reacting CO surrogate was developed in our group.!*”
Recently, we achieved a CO gas-free palladium-catalyzed
carbonylative procedure for the synthesis of bis(indolyl)-
methanes.”” With TFBen as the solid CO source, aryl io-
dides and indoles were transformed into the corresponding
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bis(indolyl)methane derivatives in moderate to excellent
yields (Scheme 38). Based on our mechanistic studies,

PdCIz(PPhs)z (0.1 mmol)

P(o-tolyl)3 (0.1 mmol)
m O/ EtzN (1.0 mmol)
N

HCO,H (1.5 mmol)
TFBen (0 5 mmol)
DMSO, 70 °C, 24 h

(1.2 mmol)

Scheme 38 Synthesis of bis(indolyl)methane derivatives

Chin. J. Org. Chem. 2019, 39, 573~590



Chinese Journal of Organic Chemistry

ACCOUNT

the reaction system can be divided into two parts: the first
part is the reductive carbonylation of aryl iodides to pro-
duce benzaldehydes in situ; the second part is the formic
acid promoted nucleophilic addition of indoles to benzal-
dehydes to give the final products.

6 Summary

Transition metal catalyzed carbonylation reactions al-
ready became the most important methods for organic
synthesis in academic as well as industry. Despite various
kinds of novel carbonylation reactions have been devel-
oped over the past decades, several challenge problems
still exist, which need to be solved. Generally, catalyst
efficiency in such reactions is still low, relatively harsh
reaction conditions and additional additives are needed to
activate the alternative CO surrogates, which mean addi-
tional cost and waste. Besides, the regioselectivity and
sustainability in most cases were inefficient, and most of
those cases need relatively high-pressure CO. All of these
disadvantages limited the widely application of transition
metal catalyzed carbonylation reactions.

What are the goals for the future years in carbonylation
reactions? Regarding the CO sources, the inexpensive,
easily available, and less toxic CO surrogates should be
discovered and applied more in organic chemistry. Apart
from metal carbonyl compounds, formic acid and alde-
hyde, the in situ reduction of CO, to CO is the most prom-
ising method since the greenhouse effect. In addition, bio-
mass, which is also a readily available and renewable re-
source, offers potential opportunities for the future re-
search. In the case of catalysts, up until now, palladium
catalysts dominate the most cases in the carbonylation re-
actions. The other cheap catalysts like iron, cobalt, man-
ganese, and copper have not yet been systemically ex-
plored.
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