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Abstract

Abstract

Transition metal-catalyzed carbonylation of nitrogen-containing heterocycles via C-H
activation

Zechao Wang
Leibniz-Institut fiir Katalyse e.V. an der Universitét Rostock

The dissertation is mainly concerned with the development of transition metal-catalyzed
carbonylation of nitrogen-containing compounds via C-H activation, which includes different catalysts,
various nitrogen-containing substrates, safe CO surrogates, and the applications of novel carbonylative
methods. We have described a palladium-catalyzed carbonylation of aromatic C-H bonds with alcohols
using Mo(CO)s as the CO Source. Then we have synthesized 3-methyleneisoindolin-1-ones and
2-phenylisoindolin-1-ones via C-H carbonylation using Mo(CO)s as well. In addition, a convenient
procedure for the synthesis of 3-acylindoles from simple indoles and aryl iodides has been established
via C-H carbonylation. Furthermore, we have described a copper-catalyzed double carbonylation
reaction of indoles with alcohols using C¢O0¢-8H,0 as the CO Source. Besides, we have described many
control experiments to understand the transition metal-catalyzed carbonylation mechanisms such as

the palladium, the ruthenium, and the copper catalytic cycle.

Ubergangsmetall-katalysierte Carbonylierung von stickstoffhaltigen Heterocyclen
Uber CH-Aktivierung

Zechao Wang
Leibniz-Institut fiir Katalyse e.V. an der Universitdt Rostock

Die vorliegende Dissertation beschaftigt sich hauptsdchlich mit der Entwicklung der
Ubergangsmetall-katalysierten ~ Carbonylierung  von  stickstoffhaltigen  Heterocyclen  iber
CH-Aktivierung, der verschiedenen Katalysatoren, der verschiedenen stickstoffhaltige Substrate,
sicheren CO-Surrogaten und der Anwendung neuartiger carbonylierender Methoden. Wir haben eine
Palladium-katalysierte Carbonylierung von aromatischen CH-Bindungen mit Alkoholen beschrieben,
wobei Mo(CO)g als CO-Quelle verwendet wurde. Weiterhin wurden 3-Methylenisoindolin-1-one und
2-Phenylisoindolin-1-one lber CH-Carbonylierung mit Mo(CO)¢ synthetisiert. Darliber hinaus wurde
ein effizientes Verfahren zur Synthese von 3-Acylindolen aus einfachen Indolen und Aryliodiden tber
die C-H-Carbonylierung entwickelt. AnschlieRend wird eine kupferkatalysierte Doppelcarbonylierung
von Indolen mit Alkoholen mit C¢Og 8H,0 als CO-Quelle beschrieben. SchlieBlich wird auf diverse
Kontrollexperimente eingegangen, die zum Verstindnis der Ubergangsmetall-katalysierten
Carbonylierungsmechanismen im Falle des Katalysezyklus von Palladium, Ruthenium und Kupfer

beitragen.
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Bu Butyl
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Boc Butyloxycarbonyl

BQ 1,4-Benzoquinone

cat. Catalyst

co Carbon monoxide

cod Cycloocta-1,5-diene
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Cy Cyclohexyl
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NMR Nuclear Magnetic Resonance

NuH Nucleophile
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pK, Acid dissociation constant
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Introduction

1. Introduction

Transition metal-catalyzed carbonylation reactions have already become one of the most powerful
reactions in the toolbox of modern organic chemists.'” Since the pioneering work by Heck in 1974
with palladium catalyst,m it became one of the most preferred ways of introducing a carbonyl group in
organic molecules with various nucleophiles. During last decades, many achievements have been
made in this area. However, the interests have been mainly focused on the utility of aryl halides as the
starting materials for the formation of carbon-metal bond via the oxidative addition of metal catalyst
to the C-X bond.” However, the pre-functionalization of arene is required to synthesize the aromatic
halides, which causes the waste of halogens. At this point, the straightforward taking advantage of
hydrocarbon itself will enhance the efficiency. The inert C-H bond activation has also experienced
impressive improvements as it can avoid the pre-functionalization step, which is environmentally
benign and green.m As compared with the non-carbonylative C-H functionalization reactions, the
reports on C-H carbonylation reactions are fewer, indicating that this research area still faces many
challenges: (i) The research of catalyst in C-H activation cabonylation is mainly on palladium catalyst.

(ii) Carbon monoxide is utilized as the CO source in most research.”

Carbon monoxide is the mainly applied carbonyl source. With carbon monoxide as a carbonyl
source, valuable carbonyl-containing organic molecules can be easily prepared. Although CO as one of
the cheapest carbonyl sources, holding advantages in industrial scale applications, its special
characters (eg., high toxicity, smell-less, flammable, and etc.) limit its usage in laboratories. Notably,
the CO pressure is usually high in carbonylations. Hence, the developing of synthetic procedures
based on CO surrogates will be meaningful for the synthetic community,le] The typical known CO

surrogates are listed in Scheme 1.1. ‘CO gen’ (A),m pivaloyl chloride (B),m )[8]

and silacarboxylic acids (C
are sufficient to promote carbonylative transformations. N-formylsaccharin (D) is known as a CO
source for the transition metal-catalyzed carbonylation of aryl halides to access aryl aldehydes as
well.”) However, the atom efficiency and waste generation for CO alternatives A-D still remain to be
concerned. CO, (E) becomes an ideal C1 building block in organic synthesis because of its abundance,
nontoxicity, and recyclability. Notably, the catalytic in situ generation of CO from CO, reduction and its
incorporation in the following carbonylation reactions has been realized." It is a promising process
using CO, instead of CO as a carbonyl resource. However, the substrate scope is limited by the
required reductants. It is well known that CO can be released from formic acid (F; R=H) by dehydration
in sulfuric acid (Morgan reaction).[n] Methanol (G) is an abundant and potentially renewable chemical
and can be a carbonyl source as well.™ In addition, formaldehyde (H) is also an atom economic CO
surrogate for carbonylation reactions with suitable reactivity.[B] Formamides (I) have already been

used for the carbonylation.[14] Recently, our group developed benzene-1,3,5-triyl triformate (TFBen, J)

as a kind of convenient and efficient CO source for the first time.!”® The character of TFBen as a potent
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and non-reacting CO source has been proven by the numerous synthetic applications in carbonylation
reactions. 1,3,5-trihydroxybenzene, the starting material for TFBen synthesis, is an abundant and
naturally occurring substance which is recovered during the product purification process. Moreover,
transition metal carbonyls are useful in organic synthesis, which can release CO gas. A variety of

transition metal carbonyls have been reported in carbonylation reactions such as Cr(CO)G,”G]

Mo(CO)e,™" W(CO)s,*® and Co,(CO)s.™

A potential drawback of them is the presence of
stoichiometric amounts of additional transition metals in the reaction mixture. It is a major problem
on an industrial scale. However, the preparative ease of this system far outweighs this disadvantage
for small applications in research laboratories. When one compares classical carbonylations with those
carried out with solid CO surrogates, the ease with which many syntheses can be conducted quickly
and safely, results in an overall reduction in the cost per compound. Besides, hexaketocyclohexane
octahydrate (C;04-8H,0, L) as a non-toxic solid is an attractive CO source, which was formed by

oligomerization of carbon monoxide through the formation of molybdenum carbonyls.m] Among all

the candidates, Mo(CO)gs and C¢04-8H,0 were studied in my research.

o
cocl o 2
cl ph. | S/
Si” “OH N%
e} bh H
e}
A B c D
o
o) o
co M
2 HXOR MeOH HXH H r\‘j
E F G H 1
H
A 0
o o o o
o) o) - 8H,0
Py i M(CO), o o
H™ O 0~ H 5
J K L

Scheme 1.1 Typical CO surrogates.

Nitrogen-containing compounds (Scheme 1.2), such as indoles, lactams, carbazoles, pyrroles,
imidazoles, pyridines, isoquinolines, isoquinolones, azobenzenes, pyridones, and ketimines, have been
found to be important in natural products, synthetic intermediates, pharmaceutical agents, wide
range of potential biological activities, and therapeutically useful materials.”” For this reason, more
and more synthetic chemists are interested in the construction and functionalization of heterocyclic
cores. On the other hand, carbonylations have already been applied in the C-H activation of

nitrogen-containing compounds in past years. Therefore, it is important to broaden the area of C-H
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carbonylation using nitrogen-containing compounds. In my experiments, pyridines, ketimines,

azobenzenes and indoles are discussed as the nitrogen-containing substrates.

Indole Lactam Carbazole Pyrrole
(0]
AN Z "N SN N
N ) _ \
Imidazole Pyridine Isoquinoline Isoquinolone
1
O e R o
N
N ‘ \N’R
%
Azobenzene Pyridone Ketimine

Scheme 1.2 Nitrogen-containing compounds.

Above all mentioned, this dissertation mainly focuses on developing new methods of transition

metal-catalyzed C-H carbonylation of nitrogen-containing compounds using different CO surrogates.

1.1 Palladium-catalyzed carbonylation of nitrogen-containing compounds via C-H activation

1.1.1 C-H carbonylation without directing group

In 2011, Lei and co-workers reported a protocol for a palladium-catalyzed C-H carbonylation of
heteroarenes using alcohols as the nucleophiles (Scheme 1.3).[22] Aliphatic alcohols and aromatic
alcohols worked well under the conditions. Both electron-donating and electron-withdrawing
substituents on indole ring were well tolerated in this reaction. Thiophene and benzo[b]thiophene
were also investigated and C-H activation predominantly occurred at C2 position in this oxidative
carbonylation. In addition, when NH indoles were employed in this oxidative carbonylation, the
regioselectivity of the oxidative process was switched in favor of reaction at NH site. This reaction with
primary and secondary alcohols could afford the corresponding carbamates. Various indoles with both
electron-donating and electron-withdrawing groups were tested and the N-carbonylation products
were formed in good to excellent yields. Halogen substituents were well tolerated in this

carbonylation as well.

Later on, they developed a palladium/copper co-catalyzed oxidative double C-H carbonylation of
diphenylamines with DTBP as the oxidant under 1 bar of CO (Scheme 1.4).[23] This reaction delivered
an efficient and atom economic way to access synthetically useful acridones. Various acridones were

synthesized in good to high yields. Diphenylamines with electron-donating substituents, such as OMe,
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OEt, and t-Bu, gave in high yields of products. The electron-withdrawing group on the aromatic ring
could also furnish the desired products. However, the yield was slightly lower. In addition, substitution
on the ortho- or meta-position of the diphenylamines could lead to the desired products in good yield.
It was worth noting that 2-benzylisoindolin-1-one was obtained in 70% vyield under the standard
conditions when they used dibenzylamine as the substrate. They also demonstrated the post synthetic

transformations of nitrogen-containing acridones.

Gaunt and co-workers developed a general process for the palladium-catalyzed carbonylation of
methylene C-H bonds at the 8-position to an unprotected aliphatic amine (Scheme 1.5).[24] The
operationally straightforward palladium-catalyzed process exploited a distinct reaction pathway,
wherein a sterically hindered carboxylate ligand orchestrated an amine attack on a palladium
anhydride to transform aliphatic amines into B-lactams. The reaction was well worked with a wide
range of amines. Branching at the a- and B-carbon atoms on the non-reacting side of the amine was
well tolerated to provide the B-lactams in good yields. A variety of functional groups, such as alkene,
ester, arene, and oxetane moieties, could be accommodated by the reaction, which afforded the
corresponding B-lactams in good yields. Among these, they noted that: i) A thioether motif neither
deactivated the catalyst nor succumbed to oxidation; ii) The free NH 8-lactam can be obtained

through photochemical cleavage of an N-benzyl derivative; iii) The reaction could be performed on

gram scale.
o
R
R2©r\> RZL A \
= =
N N
R PPh; (5 mol%) R
3 0, 3
/F\’\ . cO + ROH PdCly(PPhs), (2.5 mol%) /R’\ o up to 88% yield
% E% (1 bar) Cu(OAc), (10 mol%) % EM 32 examples
N8 Toluene/DMSO, 90°C " ~S  0O-R
X RZL A \
R A\ (AN
= N /R
H /o
o
CO,nBu o CO,nBu oo CO,nBu CO,CsHq
n
N N N N
\ \ \ \
65% 72% 50% 76%
N\y—CO,nBu @ /@
Q/ @COQ”BU N\ F N\
CO,nBu CO,nBu
79% 70% 68% 92%

Scheme 1.3 Pd-catalyzed C-H carbonylation of heteroarenes.
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H
PdCl, (10 mol %), Cu(OPiv), (20 mol%) SN,
R | R upto 85yield
DTBP (3 equiv.), DMSO, CO (1 bar) = = 18 examples
(e}
©/\ /\© PdCI, (10 mol %), Cu(OPiv), (20 mol%)
N—Bn
DTBP (3 equiv.), DMSO, CO (1 bar)
O

70%

CH,COOH
1. BrCH,COOC,Hs, NaH i

N
2. NaOH, 2 M HCI 90%

H
N
©/ \© 1. NaH, CHl | BF,
2. Grignard reagent N
3. Tetrafluoroboric acid ‘ O
35%

Scheme 1.4 Pd/Cu co-catalyzed oxidative double C-H carbonylation.

R' H Pd(O,CR), (5-10 mol%), RCO,H (25 mol%) R le)
Cu(OAc), (10 mol%), BQ (1 equiv.), CO (1 bar) ‘N
sz\ Quinoline or Quinuclidine (10 mol%) R? :,H

Toluene, 120 °C

=

Y

Q be
T Ty ey
HsC' TH, HyC -’/CH3 c .,/H
70% 79% 90%

Scheme 1.5 Pd-catalyzed carbonylation of methylene C-H bonds.

1.1.2 C-H carbonylation with directing group

In 2012, Guan and co-workers developed a palladium-catalyzed C-H bond carbonylation of N-alkyl
anilines for the synthesis of isatoic anhydrides (Scheme 1.6).[25] A key intermediate was isolated and
characterized through the mechanism experiment. This reaction tolerated a wide range of functional
groups, such as methyl, methoxyl, fluoro, chloro, bromo, formyl aldehyde nitro, acetyl, and ester
groups, which gave the corresponding substituted isatoic anhydrides in good to high yields. Generally,
the electron-rich substrates showed more reactivity, which was consistent with an electrophilic
palladation mechanism. Ortho-substituted anilines gave low yields of the corresponding isatoic

anhydrides. The steric effect was observed in the transformation, which improved the regioselectivity
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of the carbonylation of meta-substituted anilines. Only less sterically hindered products were
obtained. Different alkyl substituents on the anilines were also investigated. N-ethyl, propyl, or
cyclohexyl substituted anilines could be used and provided the corresponding carbonylation products
in moderate to good yields. The mechanism was investigated. A stoichiometric reaction of Pd(OAc),
with N-methylaniline was conducted under a CO atmosphere in the absence of Cu(OAc),, which

delivered a palladium complex.

) 3
N__O
N NH  pg(0Ac), (5 mol%), KI (20 mol%) R N7 up 1o 86% yield
N Cu(OAc), (2.2 equiv.) AN 21 examples
CO (1 bar), CHsCN, 60 °C o
\ \ on
_OH
NH _ N-Pd o
@[ Pd(OAc), (1 equiv.), CO (1 bar) @ D Cu(OAc), (2.2 equiv.), KI (1 equiv.) \(
H CHZCN, 1t, S h ~Pd—N CO (1 bar), CH4CN, 60 °C 0
oC bH AN 5

Scheme 1.6 Pd-catalyzed carbonylation of N-methyl anilines for the synthesis of isatoic anhydrides.

Subsequently, Guan’s group and Lei’'s group reported palladium-catalyzed oxidative C-H
carbonylations of N-alkylanilines with alcohols for the synthesis of o-aminobenzoates under mild
balloon pressure of CO (Scheme 1.7).[26] Various aliphatic alcohols and phenol were tolerated in the
reaction to afford the o-aminobenzoates in good yields. This reaction was sensitive to electronic
features of the N-methylanilines. Both electron-donating and electron-withdrawing groups such as
methyl, methoxyl, chloro, and bromo groups on phenyl rings were worked smoothly. However,
N-methylanilines with electron-rich substrates were more reactive because of their slightly stronger
nucleophilicity. However, the strong electron-donating methoxy group on the phenyl ring decreased
the yield of the reactions because of the formation of an isatoic anhydride byproduct.

R R!
! Pd(OAc), (5 mol%) !

N Cu(OAc), (1.1 equiv.), KI (20 mol? NH
a) Guan's group R+ + CO +ROH u(OA), (1.1 equiv.), KI (20 mol%) R up to 77 % vyield
=z H (1 bar) KOACc (3 equiv.), DMF, 100 °C O~R2 23 examples

(¢]
R! R!
NH Pd(OAc), (5 mol%), O, (1 bar) NH
2 : o o .
b) Lei's group R@ . CO +ROH Cu(OPiv), (60 mol%), KI (50 mol%) i A up to 88 % yield
Z H (1 ban) DMSO/Toluene/CH;CN, 90 °C = O\RZ 19 examples
(¢]

Scheme 1.7 Pd-catalyzed carbonylation of N-methyl anilines and alcohols.
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In 2013, Lei and co-workers developed a straightforward approach for the synthesis of
3-methyleneindolin-2-one derivatives by using commercial and simple tertiary anilines, olefins, and
CO gas. (Scheme 1.8).[27] Both electron-donating and electron-withdrawing substituents on the aryl
ring of substituted styrenes were well tolerated under the conditions. The position of substituent on
aryl ring had little influence. N,N-dimethylanilines bearing halogens and electron-withdrawing
substituents afforded the corresponding 3-methyleneindolin-2-ones in moderate to good yields.
Several experiments were carried out to study the reaction mechanism, indicating that the C-H

cleavage might be involved in the rate-determining step.

R‘l R']
N PdCly(PPhg), (10 mol%) :
TN UR? Cu(OAc),°H,0 (30 mol%) NN o vi
R+ + R 2"M2 R O upto 81 % yield
Z>H HOAC (50 mol%), CO/O, (1 bar) Z 19 examples
Toluene/DMF, dppp (10 mol%) R3
24 h, 100 °C

73% (3.4/1) 48% (3.1/1) 67% (2.7/1)

Scheme 1.8 Pd/Cu-catalyzed C-H carbonylation of tertiary anilines.

Recently, they reported a palladium-catalyzed intramolecular aerobic oxidative amine directed C-H
carbonylation reaction of tertiary naphthalen-1-amines, which provided an efficient protocol towards
the synthesis of biologically and synthetically useful heterocycles (Scheme 1.9).[28] Substrates
substituted with halogens including Cl and Br furnished the corresponding carbonylation products in
moderate to good vyields. However, substrates substituted with NO,, COOMe and other
electron-withdrawing groups gave low yields of products in this protocol. Both electron-donating and
electron-withdrawing substituents on the benzene ring of 4-phenylnaphthalen-1-amine derivatives
were well tolerated under the conditions. Besides, this protocol could also be applied to
N,N-dialkylnaphthalen-1-amines with different N-alkyl substituents such as Et, Bu, and Oct. The
intermolecular KIE experiments were carried out, suggesting that C-H bond cleavage might be

involved in the rate-determining step.
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N Cu(OAC),*H,0 (30 mol%) 0 N

PdCl, (10 mol%), HOAc (40 mol%) up 10 72% yield
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Scheme 1.9 Pd-catalyzed intramolecular aerobic oxidative amine directed C-H carbonylation.

Orito and co-workers developed a palladium-catalyzed carbonylation of secondary
w-phenylalkylamines that afforded a variety of five- or six-membered benzolactams (Scheme 1.10).[29]
This reaction was carried out in a phosphine-free catalytic system using Pd(OAc),, Cu(OAc), in an
atmosphere of CO gas containing air. From the results, they also found that benzylic amines
underwent carbonylation at a rate much faster than that of the corresponding phenethylamines. In
addition, the rate of the five-membered ring formation was 11 times greater than that of the

six-membered ring formation. Benzylic amines with electron-withdrawing groups or electron-donating

groups could also undergo smoothly.

0, 0,
R1©/(/\¥‘NH Pd(OAc), (5 mol%), Cu(OAc), (50 mol%) R171 X RJ*R
= R Toluene, reflux, CO (1 bar) = n=1or2
O
N
(o]

O

~o
—pr N—Pr N—Pr
NC N—Pr
o) o)

68% 74%

(0]
87% 67%
N N - —
©;?‘Pr OQ? “Pr é@N Pr N—Pr
o) o MeOOC
(0] O

o

oN

64% 86% 76% 72%

Scheme 1.10 Pd-catalyzed carbonylation of amines.
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In 2010, Gaunt demonstrated amine directed palladium-catalyzed C-H carbonylations, which
proceeded at room temperature and tolerated various functional groups (Scheme 1.11).[3°] The nature
of the arene could also be varied with naphthalene, pyrrole and indole derived heteroarenes affording
carbonylation products in good vyields. Interestingly, straight chain amines required to use a more
sterically hindered aryl group to suppress addition of the amine to BQ. This reaction could not work
with arenes displaying strongly electron withdrawing groups. To further understand the mechanism,
they prepared amine with the 4-methoxyphenyl group. They found that carbopalladation proceeded
at room temperature providing a dimeric complex. When the palladacycle was subjected to a CO
atmosphere in the presence of BQ, it underwent carbonylation to a synthetically versatile

intermediate dihydro-2-quinolone.

RZ
H R3
N N‘Ar Pd(OAc), (10 mol%), CO (1 bar), O, (1 bar) Rl =
_— R3 NaOAc (2 equiv.), HOAc, BQ (2 equiv.), rt Z

up to 90% yield
Ar 19 examples

52% 84%
N-MPMP
H o o
90% 65% 83%

Scheme 1.11 Amine directed Pd-catalyzed C-H bond carbonylation.

Shi and co-workers developed a palladium catalyzed ortho-olefination of N,N-dimethylbenzylamines
(Scheme 1.12).[31] Notably, LiCl was found to promote this carbonylation reaction. Methanol, ethanol,
and other long chain aliphatic alcohols were suitable in this reaction. However, steric hindered
alcohols performed low efficiency. Other nucleophiles, such as phenol and amines, completely failed
under the conditions. They also used different substituents on the phenyl ring of
N,N-dimethylbenzylamines. Both electron-donating groups and electron-withdrawing groups were
tolerated in this reaction. Further transformation to afford ortho-functionalization of substituted
toluene in one pot was explored. Under reductive hydrogen atmosphere with Pd/C as catalyst, the
N, N-dimethylaminomethyl group could be converted into a methyl group. Further studies to combine

ortho-carbonylation and hydrogenation into one pot were conducted.
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one pot, 41%

~N
PdCl,,(5 mol%) CooR?
b CUOAC), (2 equlv) R ~ up to 78% yield
= LiCl (50 mol%), CO (1 bar) Pz 21 example
TFE/HOAC, 85 °C, 48 h
COOEt Pd/C (10 mol%), H, (1 bar) COOEt o0
(]
EtOH, 55°C, 8 h
PdCl,,(5 mol%)
Cu(OAc), (2 equiv.) Pd/C (10 mol%), H, (1 bar) COOEt
LiCI (50 mol%), CO (1 bar) K,CO3 (6 equiv.)

TFE/HOAC, 85 °C, 48 h

EtOH, 55 °C, 8 h

Scheme 1.12 Pd-catalyzed ortho-carbonylation of N, N-dimethylbenzylamines.

Recently, Zhu, Zhang, and Das reported palladium-catalyzed C-H carbonylations of biaryl-2-amine to
form phenanthridinones, respectively (Scheme 1.13).[32] In this reaction, unprotected aniline-nitrogen
was used as a directing group to prepare free NH-lactams. The major challenge of using free aniline as
a directing group in C-H aminocarbonylation reaction was its incompatibility with the oxidative
reaction conditions and urea byproduct formation. The reaction conditions of Zhu’s group and Zhang’s

group were similar. They both used palladium salt as the catalyst and Cu(TFA), as the oxidant under

CO atmosphere. However, Das’s group used DMF as the CO source and O, as the oxidant.

Pd(MeCN),Cl, (5 mol%)
Cu(TFA), (1 equiv.)

TFA (1 equiv.), CO (1 bar)
1,4-Dioxane, 110 °C

Pd(OAc), (3 mol%)
Cu(TFA), (1.5 equiv.)

=
2 liRz
X
a) Zhu's group R
& NH,
=
2 ;7R2
b) Zhang's group R1,; o=
NH,
=
2 ;7R2
c) Das's group RL; N s
= NH,

Scheme 1.13 Pd-catalyzed C-H aminocarbonylation of unprotected anilines.

In 2010, Yu and co-workers developed a palladium-catalyzed amide directed C-H carbonylation of
N-arylamides under CO atmosphere (Scheme 1.14).[33] Substrates with a quaternary a-carbon atom
gave good to excellent yields of the succinimide products. Products containing ether groups could also

be obtained in good yields. The benzyl moiety proved to be a better protecting group than the TIPS

CO (1 bar), TFE, 70°C, 3 h

o Pd(OAC), (10 mol%)

AgOTf (40 mol%)

N
\ 140 °C, O, (1 bar), 24 h

10

R2

up to 91% yield
29 examples

up to 96% yield
19 examples

up to 90% yield
8 examples
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group for B-hydroxyl substrates, while TBS-protected substrates gave none of the desired product.
Notably, this method was also effective for the carbonylation of methylene C-H bonds in cyclopropane
substrates. To demonstrate the synthetic utility of this reaction, succinimide product was subjected to

two different ring-opening conditions to obtain either 1,4-dicarboxylic acid or 1,4-dicarbonyl

molecule.
F F
oF CF, Pd(OAC), (10 mol%) F CF,4
AgOAc (2 equiv.), TEMPO (2 equiv.) o .
R! up to 99% yield
R2 N F KH,PO, (2 equiv.), CO (1 bar) R! N F 12 examples
H F n-Hexane, 130 °C, 18 h R? o F

o ‘ oF CFs
HONO _TFA, HOAc. NeoMe | N
MeOH, rt, 6 h N F
o reflux o H F

Scheme 1.14 Pd-catalyzed C-H carbonylation of N-arylamides.

Lloyd-Jones and Booker-Milburn reported a palladium-catalyzed C-H carbonylation of
N-methoxybenzamides under 1 bar of CO, which provided a direct route to substituted phthalimides
(Scheme 1.15).[34] The reaction proved to be very sensitive to the solution phase CO concentration,
increasing the CO pressure (2-4 bar) or diluting with N, (1:1) resulted in reduced yields. Surprisingly,
they found that the “reduced volume” Radleys tubes were found to be optimal, whereas reactions in a

standard round-bottom flask under identical conditions resulted in consistently poor yields.

o
\ Pd(OAC); (5 mol%) o
NN CO(1ban), BQ (2equiv) ST\ upto95% yields
R _ H L 10 examples
H HOAc, 110 °C, 5-8 h
o)
o) 0
/ /
N-O N-O
o) 0
76% 54% 73% 30%
83% 92% 53% 42%

Scheme 1.15 Pd-catalyzed C-H carbonylation of N-methoxybenzamides.

In 2016, Carretero and co-workers developed a palladium-catalyzed C-H carbonylative cyclization of

N-(2-pyridyl)sulphonyl (N-SO,Py)-protected amines by using palladium catalyst and Mo(CO)¢ as a CO

11
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source (Scheme 1.16).[35] This carbonylation protocol relied on the directing group N-SO,Py, which
proved to be easily removed. This procedure also allowed late-stage modifications of more-complex,
functional compounds such as dipeptides or tripeptides, thereby illustrating the capacity of the
bidentate N-SO,Py directing group to override other inherent substrate coordinating elements, as well
as broad functional group tolerance. In addition to providing an attractive solution to the difficulties in
handling hazardous CO gas, the use of Mo(CO)s as a solid CO source in substoichiometric amount
(0.33 equiv.) ensured the palladium-catalytic activity. Indeed, significantly lower efficiency was
observed when the reactions were carried out under 1 bar of CO, or in the presence of increased the
amount of Mo(CO)s. A series of experimental and DFT mechanistic studies were carried out to further

study the mechanism.

PyOS O H Pd(OAc), (10 mol%) PyO,S

o
/ \ N
HN,. N\ N., .COOMe  Mo(CO), (0.33 equiv.) o “"LNWN"’ COOMe
H o AgOAc (1.5 equiv.) ﬁ Ho g

BQ (2 equiv.), HFIP, 110 °C

Scheme 1.16 Pd-catalyzed carbonylative cyclization of amines.

As shown in Scheme 1.17, Driver and co-workers reported a palladium-catalyzed
aminocarbonylation of aryl C-H bonds using nitroarenes as the nitrogen source and Mo(CO), as the CO
source.”® This intermolecular C-H bond functionalization did not require any ligand. The electronic
nature of the nitroarene impacted the success of the reaction with the highest yields when
electron-deficient substituents were present on the nitroarene. However, increasing the steric
environment around the nitro group had a detrimental effect on the reaction. Additionally, the
mechanism experiments indicated that the palladacycle catalyst served to reduce the nitroarene to a
nitrosoarene and activated the C-H bond. Besides, the C-H bond activation step was both the

product-determining and the turnover-limiting step.

In 2014, our group described a palladium-catalyzed carbonylative [3+2+1] annulation of
N-aryl-pyridine-2-amines with internal alkynes by C-H activation (Scheme 1.18).[37] Mo(CO)s was
applied as a solid CO source and the reaction proceeded in an atom economic manner. Different kinds
of internal alkynes were tested in our system. Alkynes substituted with electron-donating groups such
as n-butyl or electron-withdrawing groups such as fluoro, bromo, acetyl, and trifluoromethyl were
tolerated in our procedure with good vyields. The substitutes on the N-arylpyrine-2-amine were
detected as well. The N-aryl-pyridine-2-amines bearing electron-donating groups, such as methyl and
methoxyl, worked well with synthetically useful yields as well as electron-deficient substrates. To gain
some detail of the mechanism, the KIE experiment was conducted. The KIE was 1.0, indicating that the

C-H activation step was reversible and might not be the rate-determining step for this procedure.

12



Introduction

Ru/\ a1
‘ N NO2 N
. K _Pd(OAc), (10 mol%), Mo(CO)s (2 equiv. o /@R3
Z | —+R® PivOH (0.5 equiv.), DCE,120 °C, air, 12 h N up to 91% yield
R2- | % R2 H 28 examples
NS
® [ [
_N o /©/COOM9 N o /©/CF3 N o /©/Br /©/COOM8
N
N N
H H H
80% 70% 8% 69%
‘ X
X
\ _N COOMe N N COOMe . COOMe
N COOMe o} /@/ /@/ No Q
N
N | H H
MH
58% 91% 58% 45%

Scheme 1.17 Pd-catalyzed aryl C-H bond aminocarbonylation.
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H
N . .
Rall X ‘ A Rl-=——R? L-proline (20 mol%), BQ (2 equiv.) up to 84% yield
\F N AgOAC (2 equiv.), HOAc P 19 examples
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Scheme 1.18 Pd-catalyzed carbonylative [3+2+1] annulation of N-aryl-pyridine-2-amines.

Recently, our group reported a palladium-catalyzed carbonylative cyclization

N-arylpyridin-2-amines via C-H activation using DMF as the CO surrogate (Scheme 1.19).[38] In this

reaction, both electron-donating and electron-withdrawing substituted N-arylpyridin-2-amines were

transformed into carbonylation products in moderate to good yields. Benzene rings bearing halide,

phenyl and benzyloxy groups at para-positions were well tolerated to give the corresponding products

in good vyields. The 13CO-IabeIIing DMF experiment and other control experiments proved that the

carbonyl group of DMF was the CO source in this methodology. Moreover, the KIE experiment

13
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suggested that C-H activation step might not be involved in the rate-determining step under our

conditions.

Pd(OAc), (5-10 mol%

H )
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Scheme 1.19 Pd-catalyzed carbonylative cyclization of arenes by C-H Activation.

1.2 Ruthenium-catalyzed carbonylation of nitrogen-containing compounds via C-H activation

1.2.1 C-H carbonylation without directing group

In 1992, Murai and co-workers reported Rus(CO),,-catalyzed C-H carbonylation of pyridine (Scheme
1.20).[39] In this reaction, pyridine was also employed as a solvent and the reaction was conducted at
150 °C under 10 bar of CO. Conversion of 1-hexene to the pyridyl ketone mixture was 65% after 16
hours. Only ortho-substituted products were observed, making the reaction highly regioselective. The
kinetics of the acylation reaction was examined in some detail. The reaction exhibited first-order rate
kinetics with respect to pyridine and Ru3(CO);, and was zero-order in CO pressure (3-10 bar) and olefin

concentration.

X R Ru3(CO)y X R NS R
= CO (10 bar), 150 °C = _

Scheme 1.20 Ru-catalyzed C-H carbonylation of pyridines.

In 1996, Murai and co-workers demonstrated Ruz(CO)q,-catalyzed C-H carbonylation of imidazoles
(Scheme 1.21).[401 The reaction of 1,2-dimethylimidazole with 1-hexene under 20 bar of CO in toluene
at 160 °C for 20 hours in the presence of Ru;(CO);, gave the carbonylative products with a linear to

branched ratio of 94:6. The coupling occurred highly regioselectively at the 4-position. No
14



Introduction

5-heptanoylation isomer was detected. Different olefins such as alkyl, aryl, and trialkylsilyl substituted
alkenes were utilized in this reaction. Surprisingly, they found that the linear to branched ratio was
affected by the steric factor and that the reaction of electron deficient olefins such as acrylonitrile and

ethyl acrylate did not proceed.

R
\N/\> . g Rus(CON, (4 m0i%), CO (20 ban) \NW ) \NWR
)QN )\\ /\\

Toluene, 160 °C, 20 h N o) N o]

>93:1
up to 95% yield
13 examples

Scheme 1.21 Ru-catalyzed C-H carbonylation of imidazoles.

Later on, they extended this Ru;(CO),,-catalyzed C-H carbonylation reaction.”” A wide range of
olefins with various functional groups were utilized in the carbonylation reaction. Other
five-membered N-heteroaromatic compounds, such as pyrazoles, oxazoles, and thiazoles, could also
work well. The reactivity of the five-membered heterocycles corresponded to the pK, of the conjugate
acid of these heterocycles. High pK, of the substrate gave the high reactivity. It indicated that the pK,
values were related to the ability of the nitrogen atom in the substrates to coordinate to a ruthenium
center. The coordination of the substrates to the ruthenium center in the catalyst complex was a

necessary prerequisite for the carbonylation to proceed.

In 1998, they described Ru;(CO)q,-catalyzed siteselective carbonylation at a C-H bond 68 to the
nitrogen (Scheme 1.22).[42] Imidazoles were used as the substrates with olefins under 5 bar of CO in
toluene at 160 °C for 20 hours. Interestingly, the carbonylation occurred highly siteselectively at the
4-position. Higher CO pressure suppressed the coordination of substrates to the ruthenium center,
which was essential for the metal to cleave the C-H bond. The effects of substituents (R* and RZ) on

the reaction were examined. The bulkiness of R* appeared to be an important factor.

: S
RjN’<R N’\<N
\ 0,
N . R Ru3(CO)45 (4 mol%), CO (5 bar)

Toluene, 160 °C, 20 h R

o
up to 87% vyield

15 examples

Scheme 1.22 Ru-catalyzed siteselective carbonylation of imidazoles.
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1.2.2 C-H carbonylation with directing group

Murai and Chatani developed ruthenium-catalyzed carbonylations at a C-H bond in a phenyl ring
under CO (20 bar) and ethylene at 160 °C (Scheme 1.23).[43] Carbonylation took place selectively at the
ortho C-H bond in the phenyl ring using directing groups such as pyridine, oxazoline, oxazine, oxazole,
pyrazole, and thiazoline. It was found that the siteselectivity was determined by steric factors. Olefins
such as propene and trimethylvinylsilane in place of ethylene could be used in the carbonylation
reaction, while other olefins, such as 1-hexene, tert-butylethylene, vinylcyclohexane, isoprene,
1,5-hexadiene, cyclohexene, 1,5-cyclooctadiene, styrene, methyl acrylate, vinyl acetate,
allyltrimethylsilane, and triethoxyvinylsilane did not afford the carbonylation products. The results of
deuterium labelling experiments suggested that the catalysis involved reversible C-H bonds cleavage
and that the rate-determining step was not the cleavage of the C-H bond. The results of kinetic study

of the effects of CO pressure showed that the reaction rate accelerated with decreasing CO pressure.

DG

DG O
Ru3(CO)45 (5 mol%)
+ —
CO (20 bar), 160 °C

Scheme 1.23 Ru-catalyzed siteselective carbonylation of heterocycles.

In 2009, Chatani and co-workers described that aromatic amides having a pyridin-2-ylmethylamine
moiety underwent ortho carbonylation of C-H bonds, leading to phthalimides using Ru3(CO),, as the
catalyst (Scheme 1.24).[44] In this reaction, a wide variety of functional groups, including methoxy,
amino, ester, ketone, cyano, chloro, bromo groups, could be substituted for aromatic amides in high
yields. After they examined the regioselectivity of the carbonylation using meta-substituted aromatic
amides, they found that electronic effects were not dominant factors. However, the steric nature of
the substituents was a significant effect on the regioselectivity of the reaction. To further understand
the reaction mechanism, 'H NMR experiments on a stoichiometric reaction were performed. A new
ruthenium complex was formed as a single organometallic product. Unfortunately, no reaction
occurred for the reaction in the presence of ruthenium complex as a catalyst under the standard
reaction conditions without H,0, which indicated that the presence of H,0 was required for the
conversion of ruthenium complex into an active catalytic species. Thus, they suggested that ruthenium
complex was not included in the main catalytic cycle. However, an active catalytic species was

probably generated from ruthenium complex by reduction under water-gas-shift reaction conditions.
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Scheme 1.24 Ru-catalyzed siteselective carbonylation at ortho C-H bonds in aromatic amides.

Subsequently, they reported a highly regioselective carbonylation reaction of unactivated C(spa)-H

bonds by Ru3(CO);, (Scheme 1.25).[45] In this reaction, the presence of the 2-pyridinylmethylamine

moiety in the amide was crucial. The reaction showed a preference for C-H bonds of methyl groups as

opposed to methylene C-H bonds. Five-membered-ring closure occurred preferentially over

six-membered-ring formation in substrates containing multiple methyl substituents. The reaction

tolerated a variety of functional groups such as OMe, Cl, CF3;, CN, and Br under the conditions. An

intramolecular competition experiment was carried out to further understand the mechanism, which

indicated that the cleavage of the C-H bond was the rate-determining step. The stoichiometric

reaction of an amide with Ru3(CO);, gave a dinuclear ruthenium complex in which the

2-pyridinylmethylamino moiety was coordinated to the ruthenium center in an N,N manner.

Toluene, H,0 (2 equiv.),160 °C, 24 h

ﬂb”ﬁ@ﬂbﬁb

o
Ruz(CO);5 (5 mol%)
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H ‘ 16 examples
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N
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Scheme 1.25 Ru-catalyzed cyclocarbonylation of aliphatic amides.
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Based on their previous reports, they described a ruthenium-catalyzed carbonylation of ortho C-H
bonds in arylacetamides, which delivered six-membered-ring products (Scheme 1.26).[46] They
examined the effect of directing groups on the progress of the carbonylation of the C-H bond of
phenylacetic amides. Directing groups amides with shorter and longer carbon chains did not give the
corresponding carbonylation products. The results proved that coordination was a key step for the
reaction to proceed. Moreover, this reaction tolerated a variety of functional groups such as OMe, Cl,
CF3, CN, and Br. It was also applicable to the carbonylation of heteroaromatic rings, such as thiophene
and indole. To gain insight into the reaction mechanism, a deuterium labelling experiment was carried
out. No H/D exchange at ortho-position was detected in the recovered starting amide, indicating that
the cleavage of the C-H bond was irreversible. Curiously, unexpected and significant amount of H/D

exchange took place at 5-position of the product.

(0]
N Ru3(CO)45 (5 mol%)
H/\O CO (10 bar), ethylene (7 bar) N ‘ A up to 93% yield
N
7 Toluene, H,0 (2 equiv.) o N~ 14 examples
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o) fe) 54% H (0]
NS Ru3(CO)4, (5 Mol%) N N \ NN
CO (10 bar), ethyl 7b |
g Hol (10 bar), ethylene (7 bar) P HD H/D o Nr
Dy ‘ Toluene, H,O (2 equiv.),160 °C, 3 h Ds— ‘ *
NS N D D
D

66%, no H/D exchange

Scheme 1.26 Ru-catalyzed cyclocarbonylation of arylacetamides.

Our group developed a general and selective ruthenium-catalyzed carbonylation with heteroarene
bearing ortho-directing groups (Scheme 1.27).[47] The carbonylation of 2-arylpyridines and related
derivatives proceeded highly selective with water as the solvent. Using aryl iodides with either
electron-donating or electron-withdrawing groups led to the formation of the corresponding
benzophenone derivatives in moderate to good vyields. However, aryl iodides with
electron-withdrawing groups were less reactive than the ones with electron-donating groups. Aryl
iodides substituted with alkyl groups in ortho-, meta-, or para-position were all effective. Directing
groups such as pyrazole and pyrimidine could make this reaction work as well. Remarkably,

stoichiometric amounts of organometallic reagents were avoided in this reaction.

A ruthenium-catalyzed carbonylation reaction of alkenes via C-H activation was reported by our
group (Scheme 1.28).[48] Styrenes bearing either electron-donating or electron-withdrawing groups
gave the corresponding ketone derivatives in moderate to good yields. No general trend was observed
if the styrene was substituted in ortho-, meta-, or para-position. Besides, we found that the use of an

excess amount of the styrene derivative in some cases also led to olefin dimerization, especially for
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styrenes substituted with electron-withdrawing groups. Next, we turned our attention to the variation
of the heteroarene and the directing group. Heteroarene substituted with a strong donating group
delivered the best result. This reaction could also bear directing groups such as pyrazole and

pyrimidine. H/D exchange experiments were performed. The results confirmed the reversibility of the

metalation step.

RuCly(cod) (5 mol%)

DG ' KOAC (0.2 equiv.) DG 0 N Y
N § NaHCO, (2 equiv.) SN N G= | ‘ 4\
R1L + || R? R:L | R2 _N N\?N N
= _— CO (30 bar) = = i~ o i
H,0, 20 h, 120 °C
| S ‘ A | X m
\
_N o N o _N o N N o

91%

54% 63%

Scheme 1.27 Ru-catalyzed carbonylative C-C coupling in water by directed C-H activation.

R1L\ T

CO (30 bar)
RuCl,(cod) (5 mol%)

DG O

N 2 _ - m !\
A R2 Rl R DG= L _N N__N N
= H,0, 24 h, 130 °C .~ upto94% yield $ o

19 examples

A ‘\
‘/No /NO
o OO

69%

79%

74% CF,

Fs

51%

87%

Scheme 1.28 Ru-catalyzed carbonylation of alkenes.
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1.3 Copper-catalyzed carbonylation of nitrogen-containing compounds via C-H activation

1.3.1 C-H carbonylation with directing group

In 2015, Ge and co-workers developed a carbonylation of C(spz)-H and C(sps)-H bonds through
nickel/copper synergistic catalysis under O, with the assistance of a bidentate directing group.
(Scheme 1.29).[49] The C(sp’)-H activation was featured with high regioselectivity and good
compatibility with a broad range of functional groups such as methoxyl, methyl, halogen (F, Cl, and Br),
cyano, trifluoromethyl, and nitro groups. Additionally, substrates with electron-withdrawing groups on
the phenyl ring gave lower yields compared with those with electron-donating groups. Unfortunately,
heteroaromatic substrates failed to provide any desired products. The C(sp3)-H activation showed a
predominant preference for the a-methyl groups over the a- methylene and 8- or y-methyl groups.
Good yields were obtained with 2,2-disubstituted propanamides bearing either the linear or cyclic
chains. Mechanistic studies suggested that this reaction was performed through nickel/copper
synergistic catalysis with the nickel species initiating the C-H activation of an amide to generate a
nucleophile and DMF providing an electrophile by the copper species. Interestingly, it was found that
C-H bond cleavage of aromatic amides was a reversible step, while C-H bond cleavage of aliphatic
amides was the rate-limiting step, indicating that C-H activation on sp3 carbons was a more

challenging process compared with sp2 carbons. Remarkably, DMF was used as the CO source.

(0]
Cu(acac), (20 mol%), Nil, (10 mol% N
NXYTON | (acac), ( ). Nil; ( 0, rI N up to 87% yield
RT _ H N Li,CO3, (0.4 equiv), THAB (1 equiv.) Z 15 examples
H O N

DMF, O, (1 bar), 160 °C

o
O R
R " Cu(acac), (20 mol%), NiBr, (10 mol%) R?QN up to 81% yield
R H I NayCos, (0.3 equiv), TBAPFs (1 equiv.) 12 examples
H S DMF, O, (1 bar), 160 °C O Ny

Scheme 1.29 Carbonylation of C(spz)—H and C(sp3)—H bonds via Cu/Ni synergistic catalysis.

Recently, they reported a copper-promoted siteselective carbonylation of C(spz)-H and C(sp3)-H
bonds using nitromethane as the CO source with the assistance of an 8-aminoquinolyl auxiliary
(Scheme 1.30).[50] The C(spz)-H carbonylation featured high regioselectivity. A wide range of functional
electron-donating groups and electron-withdrawing groups were well tolerated. The C(spa)-H
carbonylation showed high siteselectivity as well. KIE studies indicated that the C(sp3)—H bond
breaking step was reversible, whereas the C(spz)-H bond cleavage was an irreversible but not the
rate-determining step. Control experiments suggested that the substrate underwent a
dehydrogenative coupling reaction with nitromethane, followed by a Nef reaction to form the

carbonylation product.
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o]
Cu(OAc);, (10 mol%), Ag,CO3 (2 equiv.) A
RN | * CHNO, - . R N up to 93% yield
> H N s Na,HPO, (1 equiv.), DMF, 140 °C 19 examples
o N\ /)
Cu(OAc), (1 equiv.)

0
]
K5S,0g, (2 equiv.), PhCOONa (0.5 equiv.) R
R! * CH3NO, : , RZ] N up to 73% yield
R% N | Al,O; (2 equiv.), DMPU (2 equiv.) i exar;p‘l'es
Ny 1,4-Dioxane/i-PrOH, 165 °C
(e} N\ /

Scheme 1.30 Cu-promoted siteselective carbonylation of C(spz)-H and C(spa)-H bonds.

1.4 Rhodium-catalyzed carbonylation of nitrogen-containing compounds via C-H activation

1.4.1 C-H carbonylation without directing group

In 2011, Li and co-workers demonstrated a rhodium-catalyzed C-H carbonylation of indoles under 1
bar of CO (Scheme 1.31).[Sl] Various substituted indoles with linear or cyclic alcohols could afford the
carbonylation products. Significant electronic effects of the substituents on the benzene ring of
N-methyl indole toward reactivity were observed. Electron-deficient indoles gave better yields under
the reaction conditions. Interestingly, substituents at the N-position of indole also significantly
influenced the efficiency of the direct C-H carbonylation. The N-benzyl indole and its derivatives
further substituted by electron-donating methyl groups at the 5-position or 6-position worked
efficiently. However, only a trace amount of products could be observed when indole was
N-substituted by strong electron-withdrawing groups such as Ts and Boc, indicating that the presence
of Ts or Boc rendered the indole ring highly electron-deficient and retarded electrophilic metalation.
Replacing indole with N-substituted pyrrole proceeded smoothly. Surprisingly, NH-free indole could

also be regioselectively carboxylated at the C3 position instead of the NH position.

H COOR
N Rh(cod)Cl], (4 mol%) , CO (1 bar N
RZ@S . Rop —[Rn(cod)Cll; (4 mol%) , O (1 bar) R2L N up to 92% yield
Z N K,S,0g (4 equiv.), toluene Z~N 25 examples
R! 110 °C, 24-48 h R
CO,(CHz)3CH3 \@[g 0,(CH2),CH3 /©[§02(CH2)SCH3 CO,CH,CH(CH3),
86% 69% 85% 92%
o o) 2(CH2)3CH3 CO,(CH,)3CH3 CO,(CH,)3CH3
@g@ QE& Qb
N
\
76% 52% 41% 27%

Scheme 1.31 Rh-catalyzed direct carbonylation of indoles.
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1.4.2 C-H carbonylation with directing group

In 2000, Murai and co-workers reported a rhodium-catalyzed C(sps)-H carbonylation reaction
(Scheme 1.32).[52] They used cyclic amines as the substrates in conjunction with a rhodium complex
and 2-propanol providing saturated ketones. No other regioisomeric products were observed. It was
noteworthy that the nature of the substituents on the pyridine ring had a significant effect on the
yields of products. Steric hindrance around the pyridine nitrogen and electron-deficient pyridine

dramatically decreased the product yields.

- Sy

0,
2* R [RhCI(cod)], (4 mol%), CO (10 bar) 4p 1o 84% yield
|

N
(0]
R-t N i-PrOH, 160 °C RhN 9 examples
v (5 atm) , v

Scheme 1.32 Rh-catalyzed C(sp3)—H carbonylation of heterocycles.

In 2004, Takahashi described a rhodium-catalyzed C-H carbonylation of azobenzenes (Scheme
1.33).[53] This reaction was in the presence of nitrobenzene as a hydrogen acceptor and gave four-ring
heterocyclic products in good yields. They examined the reactivity of azobenzene derivatives bearing
electron-donating and electron-withdrawing groups at meta-position or para-position relative to the
azo group. The results indicated that the substituents gave a little electronic influence on the reactivity
of azobenzene towards the carbonylation. However, decreasing the electron density on the phenyl
ring would depress the C-H activation at ortho-position. In addition, the steric factor gave a strong

effect on the carbonylation.

R K
NI NO,
0,
N ‘,\‘l + [Rh(CO),Cl]5 (1.2 mol%) N BN N\N R up to 85% yield
RF CO (70 bar), 190 °C, 18 h = 9 examples
=
@mL) o

Scheme 1.33 Rh-catalyzed cyclocarbonylation of azobenzenes.

Guan and co-workers reported a rhodium-catalyzed oxidative carbonylation of arenes and
heteroarenes with carbon monoxide and alcohols (Scheme 1.34).[541 Oxone was utilized as an
inexpensive oxidant in this reaction. This reaction showed high regioselectivity and tolerated many
good functional groups such as ester, trifluoromethyl, halogen and ether groups. Up to 96% yield of
ortho-substituted aryl or heteroaryl carboxylic esters were obtained. They also found that
electron-rich arenes showed more reactivity and gave slightly higher yields than electron-deficient
arenes. Different directing groups, such as pyrazole, pyrimidine, and quinoline, could also work well

under the conditions and generate the carbonylation products in moderate to good yields. Various
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alcohols were tested and worked well in this carbonylation reaction. Notably, both steric hindrance

and boiling point of alcohols played important roles in the transformation.

[Rh(cod)CI], (2 mol%)

+ R20OH - up to 96% vyield
Oxone (3 equiv.), 110 °C 22 examples
Toluene, CO (2 bar)
[ &
2N N
o~ o (CH2)CHs o (CH2)iCHa /(CH2)4CH3
40% 82% 88% 90%
X

[ Y

N’ N __ N
66% 80% 35% 80%

F3

Scheme 1.34 Rh-catalyzed carbonylation of heteroarenes.

In 2011, Rovis and co-workers reported a rhodium-catalyzed oxidative carbonylation of benzamides
with carbon monoxide (Scheme 1.35).[55] Various amides bearing alkyl groups at the nitrogen atom
proceeded smoothly to deliver phthalimides in excellent yields. Substrates bearing p-methoxy and
p-phenyl substituents were efficient. Amides with electron-withdrawing groups provided phthalimides
in low vyields. Substitution at the meta-position led to 3-substituted phthalimides as single
regioisomers. Amides with ortho-substituted groups such as methoxy, methyl, phenyl and fluoro

afforded phthalimides in minimal yields.

(o} (e}

R RNCP*(MeCN)5(CIO,); (5 mol%) o
R - - R+ N-R up to 95% yield
J H Ag,CO;3 (2 equiv.), KH,PO, (2 equiv.) L 19 exan:pl os

CO (1 bar), -AmOH, 100 °C

(@)
o (6] 0] (0]
N N—n-Bu N—n-Hex N—
(0] (0] (0] (0]
87% 92% 89% 86%
2 \ o 0 o)
(0]
N— N— N— N—
(@) Br CO,Me
| (@] 0 b} e}
82% 95% 33% 43%

Scheme 1.35 Rh-catalyzed C-H carbonylation of benzamides.
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Jiao and co-workers developed a rhodium-catalyzed carbonylation of simple anilines with carbon
monoxide and alkynes (Scheme 1.36).[56] A variety of N-methylanilines bearing electron-donating
groups, such as OMe, NHAc, Me, t-Bu, proceeded well under the conditions. N-methylanilines with
weak electron-withdrawing groups such as Ph and Cl could also perform well. However, strong
electron-withdrawing groups, such as F, COOMe, CN, and NO,, were relatively sluggish and provided
moderate yields. It was noteworthy that tetrahydroquinoline, tetrahydro-1H-benzo[b]azepine, and
dihydrodibenzooxazepines performed smoothly to give moderate to good yields. Moreover, many
aliphatic and aromatic internal alkynes were employed in this procedure as well, which gave the
corresponding products in moderate to good vyields. Besides, several isotope-labelling experiments
were conducted. An intermolecular KIE of K,/Kp = 1.25 was determined for the annulation reaction,
which suggested that C-H bond cleavage was not involved in the rate-determining step of the catalytic

cycle.

HN Rh(PPh3);ClI (2 mol%)
SN +  RI—R¢ Cu(OAc), (2 equiv.) up to 92% yield
R2- _ Li,CO3 (0.5 equiv.), CO (1 bar) 38 examples
Xylene, 130 °C, 36 h
o]
7~
HN Rh(PPha)sCl (2 mol%) >N | Bu
| Yy, * Bu—="Bu CUlORS), (2 equlv.) Ny NBu KE=125
Jelbs Li,CO5 (0.5 equiv.), CO (1 bar) Hs/Ds—r _

Xylene, 130 °C, 6 h

Scheme 1.36 Rh-catalyzed C-H carbonylation of anilines.

Recently, they reported an efficient rhodium-catalyzed C-H cyclization of simple anilines, alkynes,
and carbon monoxide (Scheme 1.37).[57] Compared to their previous paper, there were three
advantages in this procedure: i) A wide range of anilines were employed in this carbonylation protocol;
ii) O, was utilized as the environmentally friendly oxidant for this reaction; iii) This reaction provided a
three component cyclization approach to N-heterocycles with CO, which was used as a prominent C1
synthon in organic synthesis. In general, both electron-donating and electron-withdrawing
substituents of anilines were well tolerated under the conditions. Primary anilines and secondary
anilines containing electron-donating or electron-withdrawing groups reacted smoothly. Control
experiments showed that no desired product was observed in the absence or presence of CO, which
indicated that the formation of formylated aniline was not involved in this process. In addition, they
conducted a DFT investigation, suggesting that Cu catalyst played a pivotal role in the transformation.

CO insertion and alkyne insertion in the Rh(lll) species were the key processes in this reaction.
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(0]
RZ
NH, [Rh(CO,)Cl], (2 mol%) HN |
i 0,
‘ § ¢ RI— g3 Cu(OPiv), (10 mol%) q N R3
RF/ PivOH (1 equiv.), CO/O, (1 bar) R
PhCl, 130 °C, 36 h
up to 92% yield
O (6] (0] O
B
HNY Bu AN Bu HNY Bu AN Y
Bu Bu Bu Bu
_0 COOMe
67% 45% 79% 81%
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tBu
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Scheme 1.37 Rh-catalyzed cyclization of anilines.

1.5 Cobalt-catalyzed carbonylation of nitrogen-containing compounds via C-H activation

1.5.1 C-H carbonylation with directing group

In 1955, Murahashi reported a cobalt carbonylation to synthesize phthalimidines (Scheme 1.38).[58]
In this reaction, diphenylmethanimine was the substrate, using dicobalt octacarbonyl as the catalyst

under 100-200 bar of CO at 220-230 °C for 5-6 hours, affording 2-phenylphthalimidine in 80% yield.

o /@ Cox(CO)g (11 MoI%) CQN@
©/\N CO (100-200 bar)

220-230°C, 5-6 h o
80% yield

Scheme 1.38 Co-catalyzed carbonylation to synthesize phthalimidines.

In 2014, Daugulis and co-workers demonstrated a cobalt-catalyzed C-H carbonylation of
aminoquinoline benzamides (Scheme 1.39).[59] Reactions proceeded at room temperature in
trifluoroethanol solvent, using oxygen from air as an oxidant. Halogen, nitro, ether, cyano, and ester
functional groups were tolerated well. Carbonylation of aminoquinoline p-toluoylamide could also be
carried out on 5 mmol scale, giving carbonylation product in 91% vyield. It indicated that scale-up of
the reaction was feasible. The directing group could be removed by treatment with ammonia,
affording a high yield of a phthalimide derivative. Two control experiments were performed to
determine the source of the oxidant. First, p-toluoylamide of aminoquinoline was carbonylated

without opening of the reaction vial to air. CO was delivered from a balloon equipped with a needle.
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The NMR vyield of product was 83%. Second, the reaction was carried out in a CO-filled Schlenk flask
with exclusion of oxygen. The NMR yield of the product was 20%. This result indicated that oxygen

was delivered to the reaction via slow diffusion of air through the surface of the balloon.

Co(acac), (20 mol%)
NaOPiv (2 equiv.) up to 94% yield
Mn(OAc) *H,0 (1 equiv.) 14 examples
(1 bar), CF3CH,0H, rt, 16-60 h
Control experiments

o Co(acac), (20 mol%)
N NaOPiv (2 equiv.)
H N ‘ Mn(OAC)3*H,0 (1 equiv.)

CO (1 bar), CF3CH,OH, rt

a) Balloon with CO, reaction vial not opened to air 83% NMR yield
b) Schlenk flask purged with CO, exclusion of air 20% NMR vyield

Scheme 1.39 Co-catalyzed carbonylation of aminoquinoline benzamides.

Recently, they developed a method for cobalt-catalyzed, aminoquinoline directed C(spz)-H bond
carbonylation of sulphonamides (Scheme 1.40).[601 The reaction proceeded in a dichloroethane solvent,
diisopropyl azodicarboxylate as a CO source, Mn(OAc), as a co-oxidant and potassium pivalate as a
base. Both electron-rich and electron-poor substrates afforded corresponding products in moderate to
good vyields. The reaction tolerated many functional groups such as alkoxy, iodo, bromo,
trifluoromethoxy, trifluoromethyl, chloro, fluoro, naphthyl, unsaturated ester, and amide groups.

Nitro-substituted sulphonamides did not give any carbonylation product.

O
\\S//O

\ 0, T \

/\ Co(OAc), (30 mol%), DIAD (5 equiv.) R N up to 73% yield

‘©/ KOPiv (2 equiv.), Mn(OAc), (2 equiv.) 14 examples
DCE, 100 °C, 24-30 h O Ny
O (6] O (6]
\\S \//O \\S \//O \\S \//O \\S \//O
N N N N
o Ph |
O N N/ O N N/ O N N/ O N N/

71% 59% 57% 73%
o} o, o
FsC ‘sfo Cl ‘sfo S/
N N N
O N O N N o NG
47% 48% 69% 51%

Scheme 1.40 Co-catalyzed carbonylation of aryl sulphonamides.

26



Introduction

In 2016, Zhang and co-workers developed an approach for the C-H bond carbonylation of
benzamides (Scheme 1.41).[61] They used Co(OAc),"4H,0 as a catalyst and diisopropyl azodicarboxylate
as a nontoxic carbonyl source. Aromatic amides with electron-donating (Me, OMe, t-Bu) or
electron-withdrawing (acetyl, halide) groups at para-position showed good compatibility. For
meta-substituted benzamides, it was found that the reactions occurred at both ortho-positions, but
the less hindered ortho-position was favored. The Ky/K, value of 1.39 suggested that C-H bond
cleavage probably occurred in the rate-determining step. In addition, they found that radical
scavengers, such as TEMPO and BHT, significantly suppressed the reaction, which indicated that a

single electron transfer process might be involved in the reaction.

o Co(OAC),*H,0 (20 mol%)
N N Ag,CO5(2 equiv.), PivOH (2 equiv.) R N N 0 0 85% yield
. . ! u o Yyl
R JH L \ DIAD (2 equiv.), air = 23 examples
1,4-Dioxane, 100 °C, 16 h O N\ /

(e} (e} (o] (o]
84% 85% 74% 63%
o] /- o] ]
(@] Cl
' N : N
o N o N O Ny ca ON
68% 49% 71% 61%

Scheme 1.41 Co-catalyzed carbonylation of benzamides with DIAD.

Zhong and co-workers described a cobalt-catalyzed ortho C-H carbonylation of benzylamines with
diethyl azodicarboxylate via C-H activation (Scheme 1.42).1%% They used picolinamide as a traceless
directing group, which accessed a variety of N-unprotected isoindolinones with excellent
regioselectivity. Benzylamines containing electron-withdrawing groups proceeded in better yields than
those with electron-donating counterparts. In addition, the substitution patterns of aryl moieties had
a slight effect on this reaction. It was note of that this process exhibited excellent selectivity for
meta-substituted substrates at 6-position. Additionally, this carbonylation strategy was also
compatible with various aromatic or heteroaromatic substituted amines. Remarkably, diethyl

azodicarboxylate was utilized as the environmentally benign carbonyl source.
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R2 O Co(OAC)*H,0 (20 mol%) R?
Ag,CO3 (2 equiv.), PivOH (2 equiv.) X
el STTUNTNTS 2rs R NH up to 94% yield
- H N__~ DEAD (2 equiv.), TFE, 120 °C, air, 24 h Z 24 examples
O
Ph
/@QNH /@QNH NH NH
F F3C
e} o} o] o)
82% 94% 91% 69%
0o S Br
O (o] O o)
64% 82% 68% 61%

Scheme 1.42 Co-catalyzed carbonylation of benzamides with DEAD.

Recently, Sundararaju, Gaunt, and Lei reported cobalt-catalyzed C-H carbonylative cyclizations of

aliphatic amides, respectively (Scheme 1.43).[63] Central to the success of this procedure was the

stabilizing effect of the quinolinamide directing group. Notably, Ag salt was crucial to this reaction.

Various substituted propanamides were selectively transformed into corresponding succinimides in

good to high yields.

Co(acac), (10 mol%)

(0]
0 Ag,COj (3 equiv.) )
1 R
a) Sundararaju's group FF;2 N NaOOCPh (20 mol%) R2 N |
Ho Ne ‘ CgH5CF3, CO (2 bar) Nx
R H s O
150 °C, 24-36 h R
Co(acac), (10 mol%) o
) % Ag,CO; (3 equiv.) )
R i R
b) Gaunt's group R2 N NaOOCPh (1.5 equiv.) R?&i ‘
y H o N PhCI, CO (1 bar) o NN
160°C, 21 h
Co(acac), (15 mol%) o
0 NH4OAc (1 equiv.) ;
c) Lei's group SQ%N Ag,CO;3 (2.5 equiv.) R?&i
R
" Hon PhCI, CO (1 bar) o Ns

120°C, 24 h

Scheme 1.43 Co-catalyzed C-H carbonylative cyclization of aliphatic amides.
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Objectives of this work

2. Objectives of this work

As described in the introduction, transition metal-catalyzed carbonylation reactions have attracted
numerous attentions during the past several decades as they serve as a powerful synthesis toolkit for
the chemists. Although many studies have been accomplished in this field, there are still so many
parts to be discussed. The objectives of this work focus on different catalysts, various
nitrogen-containing substrates, safe CO surrogates, and the applications of novel carbonylative
methods. As we all know, palladium-catalyzed carbonylation reactions via C-H activation have been
reported widely. However, other transition metal catalysts such as copper and ruthenium are very
limited. Herein, palladium, ruthenium, and copper are selected as the catalysts which are highly
efficient to construct various carbonyl compounds. In addition, nitrogen-containing compounds such
as 2-substituted pyridines, ketimines, azoarenes, and indoles are used as the substrates which are
important skeletons in natural products and pharmaceutical molecules. Series of nucleophiles such as
alcohols and amines are discussed in this dissertation as well. In order to overcome the limitations of
gaseous carbon monoxide in synthetic application, the development of CO surrogates to access safer
and more operator friendly carbonylation reactions has been desirable. Molybdenum hexacarbonyl
and hexaketocyclohexane are utilized as the solid CO sources which are cheap and easily handling in
laboratory. Moreover, we have described many control experiments to further understand the
transition metal-catalyzed carbonylation mechanisms such as the palladium, the ruthenium, and the

copper catalytic cycle.
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3. Summary of works

Following the objectives in this dissertation and based on the understanding of fundamental
organometallic chemistry and transition metal-catalyzed carbonylations, the development of different
transition metal-catalyzed carbonylations of nitrogen-containing compounds via C-H activation is

described in this dissertation.

Palladium-catalyzed oxidative carbonylation of aromatic C-H bonds with alcohols using
molybdenum hexacarbonyl as the carbon monoxide source (Adv. Synth. Catal. 2016, 358, 2855-2859).
In this paper, a mild and general procedure for palladium-catalyzed alkoxycarbonylation of arenes with
Mo(CO)s as the CO source was developed (Scheme 3.1). A variety of primary, secondary and tertiary
alcohols could be applied as substrates under our reaction conditions and gave the corresponding
esters in moderate to good yields. High regioselectivity as well as good functional group tolerance
could be demonstrated. The desired carbonylation products were isolated in moderate to good yields.
Nitrogen heterocycles, such as pyrazole and pyrimidine, served as efficient directing groups and
generated the carbonylation products in good yields under the optimal conditions. Additionally, only

0.4 equivalent of Mo(CO)s as a solid and safe CO source was required for this new procedure.

DG DG 9
Pd(OA 10 mol%), Ag,CO;5 (3 iv. C.
| N 4 RIOH + Mo(CO)g (OAc), ( . mol%), Ag, : 3 (3 equiv.) 6/ OR!
/\/RZ (0.4 equiv.) NaOAc (2 equiv.), BQ (2 equiv.), DCE, 80 °C /\’RZ
o
19, 2° & 3% alcohols up to 80% vyield

21 examples

h [ & [
‘/No N N /NOJ\
o o~ o o

80% 78% 74% 57%
(3 s re X8
o 0 0 o
62% 56% 45% 52%
) ’ - g
o s A 99 N
O Q | O N N
~
O\ O\ o)
50% 61% 64% 40%

Scheme 3.1 Pd-catalyzed carbonylation of C-H bonds with alcohols.
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Palladium-catalyzed carbonylative synthesis of 3-methyleneisoindolin-1-ones from ketimines with
hexacarbonylmolybdenum as the carbon monoxide source (ChemCatChem 2017, 9, 94-98). In this
paper, we also used Mo(CO)s instead of carbon monoxide as the CO source to synthesize
3-methyleneisoindolin-1-ones  (Scheme 3.2). Among the heterocyclic scaffolds, the
3-methyleneisoindolin-1-one skeleton was one of the most important structures in nature products
and pharmaceutical molecules. Traditionally, 3-methyleneisoindolin-1-ones were prepared from
phthalimides. In this case, a new palladium-catalyzed carbonylative intramolecular cyclization of
ketimines via C-H bond activation was developed. In the presence of a palladium catalyst and Mo(CO)g

(0.3 equiv.), the desired substituted 3-methyleneisoindolin-1-ones were isolated in moderate to good

yields.
R3 R3
~ _R2 Pd(OAc), (10 mol%), BQ (3 equiv.) X / )
g N + Mo(CO)g . . Ry _L_N-R
= H (0.3 equiv.) Li,CO5 (2 equiv.), DCE, 80 °C, 20 h
(0]

up to 86% yield
17 examples

o o o o .
N-NH /:/ >\_© @ N
N-NH | N-NH N-NH
o) Y Y y

86% 83% 51% 74%
Ph
Q o)
o)
@Cl @C% ] cl
N—NH N—NH N
N—NH
0 o)
o o)
81% 80% 66% 39%

Scheme 3.2 Pd-catalyzed carbonylative synthesis of 3-methyleneisoindolin-1-ones.

Palladium-catalyzed carbonylative cyclization of azoarenes (ChemCatChem 2017, 9, 3637-3640). In
this paper, a palladium-catalyzed carbonylative synthesis of substituted 2-arylindazolones from
symmetrical and unsymmetrical azoarenes was developed (Scheme 3.3). With Mo(CO)¢ (0.8 equiv.) as
a solid CO source, moderate to good vyields of the desired products were obtained with high
regioselectivity through C-H bond activation. Readily available aniline could also be applied, and a
good yield of the target product was obtained. Notably, the reaction tolerated a variety of functional

groups, including fluoro, bromo, methoxy, phenoxy, and trifluoromethyl groups.
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Scheme 3.3 Pd-catalyzed carbonylative cyclization of azoarenes.

3-Acylindoles synthesis: ruthenium-catalyzed carbonylative coupling of indoles and aryl iodides
(Org. Lett. 2017, 19, 4680-4683). In this paper, we used ruthenium as the catalyst which was attractive
due to their relative low cost and high reaction selectivity. We developed an interesting procedure for
the synthesis of 3-acylindoles (Scheme 3.4). Through ruthenium-catalyzed carbonylative C-H
functionalization with Mo(CO)¢ as the solid CO source, moderate to good yields of the desired
products could be prepared with good functional group tolerance. Using iodoarenes with either
electron-donating or electron-withdrawing groups led to the formation of the corresponding
carbonylation products in moderate to good vyields. Substrates tolerated various functional groups
such as Bn, OMe, CF;, Cl, F, and COOMe. lodoarenes substituted with functional groups at
meta-position could give higher yields than that at para-position. N-Substituted indoles could be
readily carbonylated with iodoarenes to provide moderate to good vyields of the corresponding
carbonylation products. The methyl group at 2-position of indoles played a crucial role in the

carbonylative C-H activation reaction.
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Scheme 3.4 Ru-catalyzed carbonylative coupling of indoles and aryl iodides.

Copper-catalyzed double carbonylation of indoles using hexaketocyclohexane as the carbon
monoxide source (Chem. Commun. 2018, 54, 4798-4801). In this paper, copper was used as the
catalyst. The CO source used in this reaction was Cs;0¢-8H,0 which was formed by oligomerization of
carbon monoxide through the formation of molybdenum carbonyls. The use of C;0¢8H,0 as an
inexpensive and environmental friendly CO source made this reaction attractive in organic synthesis.
We developed a new copper-catalyzed double carbonylation of indoles and alcohols with C¢0¢-8H,0
as a solid and safe CO source (Scheme 3.5). In the presence of 1 equivalent of C¢04-8H,0, various
alcohols were carbonylated in moderate to good yields. Primary and secondary alcohols worked well
under our reaction conditions and gave the double carbonylation products in moderate to good yields.
Both aliphatic alcohols and aromatic alcohols were applicable as reaction partners. A series of
functional groups, such as OMe, Ph, CF;, Cl, and Br were compatible under our conditions, which gave
the desired double carbonylation products in good isolated yields. However, no product was detected

when COOMe group substituted at 2-position of indole.
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Scheme 3.5 Cu-catalyzed double carbonylation of indoles.
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Abstract: With molybdenum hexacarbonyl as the
carbon monoxide source, a general palladium-cata-
lyzed carbonylative transformation of the C-H
bond on aromatic rings to produce esters has been
developed. Good yields of the corresponding prod-
ucts have been obtained with wide functional group
tolerance and excellent regioselectivity. A variety of
aliphatic alcohols are suitable reactants here.

Keywords: carbonylation; C—H activation; molyb-
denum hexacarbonyl; palladium catalyst; 2-phenyl-

pyridines

Carboxylic esters are important chemicals with wide
applications in fine chemicals, natural products, and
polymers.!! Traditionally, esters are mainly prepared
from the corresponding carboxylic acids or their de-
rivatives and alcohols. Alternatively, direct oxidative
esterifications of aldehydes, alcohols and arenes with
alcohols have been investigated as well.””!

On the other hand, transition metal-catalyzed car-
bonylation reactions have already become a powerful
tool in modern organic synthesis.”! By incorporating
carbon monoxide as an inexpensive and abundant C,;
source, numerous carbonyl-containing compounds can
be easily prepared. Depending on the nucleophiles,
esters can be effectively produced when alcohols are
added (called alkoxycarbonylation). However, most
of the known alkoxycarbonylation procedures need
aryl halides or analogues as the starting materials
which require pre-activation steps.

Based on the achievements in transition metal-cata-
lyzed C-H activation reactions,”"! the merging of car-
bonylation and C—H bond activation in ester synthesis
will be attractive. Indeed, some interesting transfor-
mations have been achieved recently. In 2009, a gener-
al rhodium-catalyzed carbonylation of arenes to pro-

Adv. Synth. Catal. 2016, 358, 2855 - 2859 Wiley Online Library
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duce esters was reported.”! By using Oxone as the ox-
idant under a carbon monoxide (2 bar) atmosphere,
the desired esters were formed in good to excellent
yields with primary alcohols. Compared with expen-
sive rhodium catalysts, palladium catalysts were ex-
plored in this topic as well. In 2010, Z. J. Shi and co-
workers reported a novel palladium-catalyzed ortho-
carbonylation of NN-dimethylbenzylamines to pro-
duce the corresponding ortho-methyl benzoates.
With Cu(OAc), as the oxidant, moderate to good
vields of the desired products were isolated. LiCl was
found to play an important role here. In 2013, B. E
Shi and co-workers reported an interesting palladium-
catalyzed alkoxycarbonylation procedure for the syn-
thesis of aryl carboxylic esters via C-H activation
under an atmospheric pressure of carbon monoxide.[”!
With oxygen as the co-oxidant, good yields of the de-
sired products can be achieved with 2-arylpyridines
and primary alcohols as the reactants. More recently,
Lei®™ and Guan® reported their achievements on pal-
ladium-catalyzed carbonylative syntheses of o-amino-
benzoates from N-alkylanilines via C—>H activation.
With a copper(Il) salt, KI and oxygen as the oxida-
tion system, good yields of o-aminobenzoates can be
isolated in both cases.

However, the above discussed procedures all re-
quire carbon monoxide gas as the CO source and pri-
mary or secondary alcohols as the reaction partner.
Although carbon monoxide, as one of the cheapest C;
sources, does hold a non-replaceable position in in-
dustrial scale applications, its high toxicity and odour-
less character limit its usage in laboratories. Hence,
the development of new procedure based on CO sur-
rogates will be interesting for the synthetic communi-
ty'” Among all the candidates, Mo(CO)¢ as a non-
toxic solid is an attractive CO source."!! Against this
background, we wish to report herein a general palla-
dium-catalyzed oxidative carbonylation of aromatic
C—H bonds with Mo(CQO); as the CO source. In the
presence of only 0.4 equivalent of Mo(CQO),, various

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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kinds of alcohols were carbonylated in moderate to
good yields. In addition to 2-arylpyridine derivatives,
1,2-diphenyldiazene, 1-phenyl-1H-pyrazole and 2-phe-
nylpyrimidine are all suitable substrates here. Not
only primary alcohols, but also secondary and tertiary
alcohols are applicable as reaction partners.

Our initial investigation was started with 2-phenyl-
pyridine (1a, 1equiv.) and methanol (2a, 15 equiv.),
Pd(OAc),,(10 mol%), [Mo(CO)] (1 equiv.), BQ (ben-
zoquinone, 2 equiv.), NaOAc (2 equiv.) and Ag,CO;
(3 equiv.) in chlorobenzene and, to our delight, a 45%

Table 1. Optimization of the reaction conditions.

~ X
| =N Pd(OAc),, BQ | _N
oxidant, solvent 0
+ MeOH + [Mo(CO)s] ——— >
base or acid O/
temp., 18 h
1a 2a 3a
Entry Temp.[°C] Base orAcid  Oxidant  Solvent Yield [%]®!
1 130 NaOAc Ag,CO5 PhCI 45
2 130 NaOAc Ag,CO; (2equiv)  PhCl 40
3 130 NaOAc - PhClI 23
4 130 - Ag,CO; PhCI 36
5 130  NaOAc (4 equiv.) Ag,CO; PhCI 4
6 130 NaOAc Ag,0 PhCl  trace
7 130 NaOAc AgNO3 PhCI 34
8 130 NaOAc Cu(OAc), PhCI trace
9 130 NaOAc CuCl, PhCI trace
10 130 NaOAc CuO PhCI 20
" 130 NaOAc K2S,0g PhClI trace
12 130 NaOAc oxone PhCI 29
13 130 Na,COj Ag.CO;, PhCI 10
14 130 NaHCO4 AgsCO; PhCI 12
15 130 KOAc AgsCO; PhCI 8
16 130 KoCO3 Ag,CO3 PhCI 20
17 130 Cs,CO;5 Ag;CO; PhCI trace
18 130 LioCO3 Ag,CO5 PhCI trace
19 130 DBU AgoCO; PhCI 0
20 130 HOAc Ag,CO; PhCI 0
21 100 NaOAc Ag,CO3 MeOH 43
22 100 NaOAc Ag,CO4 DCE 81
23 130 NaOAc AgzCOs5 DMSO 0
24 130 NaOAc Ag,CO5 HOAc 0
25 80 NaOAc Ag,CO3 DCE 56l
26 80 NaOAc Ag,CO3 DCE 570
27 80 NaOAc Ag,CO, DCE 85 (80)!
28 80 NaOAc Ag,CO4 DCE  82ff
B Reaction conditions: 1a (0.5 mmol, 1equiv.), 2a

(7.5 mmol, 15equiv.), [Mo(CO)¢ (0.5 mmol, 1equiv.),
Pd(OAc), (0.05 mmol, 10 mol%), BQ (1 mmol, 2 equiv.),
base or acid (1 mmol, 2 equiv.) and oxidant (1.5 mmol,
3 equiv.), solvent (2 mL) for 18 h in a sealed tube.

1 Yields were determined by GC-MS. Isolated vyield is

given in parenthesis.

[Mo(CO)g4] (0.1 mmol, 0.2 equiv.).

[Mo(CO)4] (0.15 mmol, 0.3 equiv.).

[Mo(CO)g] (0.2 mmol, 0.4 equiv.).

[Mo(CO)] (0.25 mmol, 0.5 equiv.).

=T Ew

-}
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yield of the desired carbonylation product 3a was
formed after 18 h at 130°C (Table 1, entry 1). In our
further optimization studies, we found that the use of
BQ was essential for the formation of the carbonyla-
tion products 3. Presumably, BQ can facilitate the re-
ductive elimination step.”! The yield of product 3a
was decreased when we changed the amounts of
NaOAc or Ag,CO; used (Table 1, entries 2-5). Vari-
ous other oxidants such as Ag,0, AgNO,;, Cu(OAc),,
Cu(Cl,, CuO, K,S,0q, and Oxone were tested in this
reaction as well (Table 1, entries 6-12). However,
none of them could give improved results.

Then the effects of other bases and acids were in-
vestigated (Table 1, entries 13-19). NaOAc was found
to be the best base here, whereas Na,CO;, NaHCO;,

Table 2. Carbonylation of 2-phenylpyridine with different al-
cohols.!

N
[ N Pd(OAc), |l |
= Ag,CO5 )
+ RIOH + [Mo(CQ)y] — = R
NaOAc, BQ 5 )
DCE, 80 °C
1a 3
| B
=N N
o) e
o o
3a, 80% 3b, 78% 3c, 74%
| A
N =N
O /I\ [ O I J'\/
0 o’Hs\ 0
3d, 57% 3e, 62% 3f, 56%
| X
~N =N
o 0 o]
O,J< A A
39, 45%, 3h, 52% 3i, 50%
| B
N N
i g O
J\K O/V o
3j, 41% k, 44% 31, 43%

[ 2_-Phenylpyridine 1a (0.5 mmol), alcohol 2 (7.5 mmol),
[Mo(CO)s (0.2mmol), Pd(OAc), (0.05mmol), BQ
(1 mmol), NaOAc (1 mmol) and Ag,CO; (1.5 mmol) in
DCE (2 mL) at 80°C for 18 h, isolated yields.
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KOAc¢, K,CO,, Cs,CO,;, and Li,CO; were all found to
be inferior. DBU inhibited the reaction completely
(Table 1, entry 19). No carbonylation product could
be detected when AcOH was added (Table 1,
entry 20). The solvent was found to function critically
in this reaction. The yield decreased to 43% when
MeOH was applied as the solvent (Table 1, entry 21)
and no desired product can be observed when DMSO
(dimethyl sulfoxide) or AcOH was used (Table 1, en-
tries 23 and 24). However, 81% of the desired product
3a can be formed when DCE (1,2-dichlorocthane)
was applied as the reaction medium (Table 1,
entry 22). To our surprise, the yield can even be fur-
ther improved by using 0.4 equiv. of Mo(CO),
(Table 1, entry 27).

Table 3. Carbonylation of arenes with methanol.[
DG

With the optimized conditions in hand (Table 1,
entry 27), a screening of different alcohols was per-
formed subsequently. As shown in Table 2, various
primary, secondary and tertiary alcohols worked well
under our reaction conditions and gave the corre-
sponding esters in moderate to good yields. Neverthe-
less, no desired product could be detected when
phenol, benzyl alcohol or amines was applied instead
of aliphatic alcohols.

Successively, various directed arenes (1b—j) were
screened with methanol (Table 3). Delightfully,
a series of functional groups, such as Me, OMe, CF,
and Br were compatible under our conditions, and
gave the desired carbonylation products 4 in moder-
ate to good isolated yields (Table 3, entries 1-4). In

Pd(OAC),
A CcoO
Xy + MeQOH + [Mo(CO
l ) e [Mo(CO)] NaOAc, BQ G)L
’\Rz DCE, 80°C
1 2a
Entry Substrate Product Yield[b] Entry Substrate Product Yield®]
~ =
| | /
Sy X |
N N \
1 " 78% 6 N
0 64%
1b 4b O
] " @ @
S
2 4 \N 76%
o} ° |
~o g
7
. LT og q
= | = |
Y
3 (@] 0,
FiC FC 55% N
0 8
1d 4d O~ < 61%
= | = | 4 O
Br. \N Br. \N . ﬂ N’ |
4
O Cl >
48% 3 Cl \N N
o 0 63%
1e 4e
Z ol 1 4j O~
I
. S X
5 = N i N
\ \
0 61%
1f 4f O\

el Reaction conditions: 1 (0.5 mmol), methanol 2a (7.5 mmol), BQ (1 mmol), [Mo(CO),] (0.2 mmol), Pd(OAc),
(0.05 mmol), NaOAc (1 mmol) and Ag,CO; (1.5 mmol) in DCE (2 mL) at 80°C for 18 h.

) Isolated yields.
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the case of the analogues 1f and 1g, the reaction
worked efficiently and gave the corresponding car-
bonylation product 4f and 4¢g in 61% and 64% yields,
respectively. Interestingly, 1,2-diphenyldiazene, 1-
phenyl-1H-pyrazole and 2-phenylpyrimidine as exam-
ples of substrates with easily removable directing
groups were found to be suitable substrates here as
well (Table 3, entries 7-9).%! Nitrogen heterocycles,
such as pyrazole and pyrimidine, served as efficient
directing groups and generated the carbonylation
products in good yields under the optimal conditions
(Table 3, entries 7 and 8). Good yields of the desired
products were isolated (4i—4j; 40-63% ). It’s important
to mention that 2-ethylpyridine, aniline, acetanilide,
N,N-dimethylbenzylamine, and N,N-dimethylbenza-
mide were all tested under our standard conditions,
but no carbonylation products could be observed.

A plausible reaction pathway is proposed on the
basis of the above results and previous studies
(Scheme 1)." The reaction started with C—H bond
activation of 2-phenylpyridine 1a which generates di-
meric palladium intermediate A, that undergoes
ligand exchange to provide intermediate B. Subse-
quently, a six-membered cyclic intermediate C is gen-
erated through the coordination and insertion of CO
into the Pd—C bond. The final product will be elimi-
nated after reductive elimination of intermediate C
promoted by BQ which could also acts as a co-oxi-
dant. The meanwhile formed Pd(0) will be re-oxidized
to Pd(II) to complete the catalytic cycle.

In conclusion, we have developed a mild and gener-
al procedure for palladium-catalyzed alkoxycarbony-
lation of arenes with Mo(CO), as the CO source. A

RS | =
| =N =N
O oxidant 1a
Pd(OAGC)s
OR! >/’
0
3 Pd
BQ

| =
I = /N\ N4
1 s
/N\]:»dll‘oR Pdﬂ P
O ~
" Ac
A

C
l \ base
=N

Spil-oR! R'OH

Mo(CO)s —» CO B

Scheme 1. Proposed mechanism.
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variety of primary, secondary and tertiary alcohols
can be applied as substrates here. Additionally, only
0.4 equivalent of Mo(CO), as a solid and safe CO
source is required for this new procedure. High regio-
selectivity and good functional group tolerance can be
demonstrated, the desired carbonylation products
were isolated in moderate to good yields.

Experimental Section

General Procedure for Palladium-Catalyzed
Oxidative Carbonylation

In a 25-mL sealed tube, a mixture of 2-substituted pyridine
1 (0.5 mmol, 1.0equiv.), alcohol 2 (7.5 mmol, 15 equiv.),
Pd(OAc), (11.2 mg, 0.05 mmol, 10 mol%), Ag,CO; (414 mg,
1.5mmol, 3.0equiv.), Mo(CQO), (52.8mg, 0.2 mmol,
0.4 equiv.), BQ (108 mg, 1.0 mmol, 2equiv.) and NaOAc
(82 mg, 1.0 mmol, 2 equiv.) in DCE (2.0 mL) was stirred at
80°C under air. After 18 h, the mixture was cooled to room
temperature. The residue was diluted with H,O (10 mL) and
extracted with EtOAc (3x10mL). The organic solvent was
then evaporated under vacuum. The crude products were
purified by using column chromatography on silica gel (pen-
tane/ethyl acetate) to give the pure products.
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Palladium-Catalyzed Carbonylative Synthesis of
3-Methyleneisoindolin-1-ones from Ketimines with
Hexacarbonylmolybdenum(0) as the Carbon Monoxide

Source

Zechao Wang, Fengxiang Zhu, Yahui Li, and Xiao-Feng Wu*®

An interesting procedure for the palladium-catalyzed carbony-
lative synthesis of 3-methyleneisoindolin-1-ones from keti-
mines was established. By using Mo(CO), (0.3 equiv.) as the
solid CO source and through C(sp*)—H bond activation, the de-
sired 3-methyleneisoindolin-1-ones were isolated in moderate
to good yields.

The presence of the heterocyclic motif dominates in biological-
ly active molecules.! Among the heterocyclic scaffolds, the 3-
methyleneisoindolin-1-one skeleton is one of the most impor-
tant structures present in nature products and various pharma-
ceutical molecules (Scheme 1) For example, AKS 186 (I) is
a known vasoconstriction inhibitor,” compound Il has been
reported to have anesthetic activity,”? and compound IlI ex-
hibits sedative activity (Scheme 1).%¢ Additionally, 3-methyle-
neisoindolin-1-ones also serve as key intermediates in organic
synthesis.”

ON jjw NINE‘2 j%\iQF
©{ &

1 n mn
AKS 186
(vasoconstriction inhibitor)

Scheme 1. Representative pharmaceutical molecules.

As a result of the proven importance of 3-methyleneisoindo-
lin-1-ones, considerable attention has been devoted to devel-
oping new procedures for their preparation. Traditionally, 3-
methyleneisoindolin-1-ones are prepared from phthalimides,
either by the Wittig reaction or by the addition of organome-
tallic reagents followed by a dehydration sequence.” Alterna-
tive procedures have also been established. Most of the report-

[a] Z Wang, F. Zhu, Y. Li, Prof. Dr. X.-F. Wu
Leibniz-Institut fiir Katalyse e.V. an der Universitdt Rostock
Albert-Einstein-Stralle 29a, 18059 Rostock (Germany)
E-mail: xiao-feng.wu@catalysis.de

Supporting Information for this article can be found under http://
dx.doi.org/10.1002/cctc.201601306.
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ed methods involve the use of o-(1-alkynyl)benzamides as the
substrates or intermediates through heteroannulation to give
the final target products.”’ Recently, procedures based on C—H
activation have also been developed. In 2013, Li, Zhou, and co-
workers reported a novel rhodium-catalyzed annulation of aryl
ketone O-methyl oximes with isocyanates for the synthesis of
3-methyleneisoindolin-1-ones.” Good vyields of the desired
products could be obtained by C—H bond activation. In 2014,
ruthenium-catalyzed C—H bond activation was applied in the
synthesis of 3-methyleneisoindolin-1-ones. By cyclization of
benzimidates or aromatic nitriles with alkenes through C—H
bond activation, moderate to good vields of the desired prod-
ucts were obtained.”® More recently, a palladium-catalyzed
cyclization of readily available carboxamides with carboxylic
acids or anhydrides to produce isoindolinones was reported.”
A broad range of substrates could be applied to give the de-
sired products in good yields with good functional group
tolerance.

On the other hand, transition-metal-catalyzed carbonylation
reactions have already become one of the most powerful reac-
tions in the toolbox of modern organic chemists."” With
carbon monoxide (CO) as the C, source, valuable carbonyl-con-
taining organic molecules can be easily prepared. Hence, the
development of new carbonylative transformations is mean-
ingful. Additionally, given the abovementioned importance of
heterocycles, the application of carbonylation in the synthesis
of heterocycles is even more attractive."” Indeed, carbonyla-
tion procedures for the synthesis of 3-methyleneisoindolin-1-
ones have been developed. A procedure involving a palladi-
um-catalyzed Sonogashira coupling/carbonylation/hydroamina-
tion sequence in phosphonium salt based ionic liquids was re-
ported in 2008 by Alper and co-workers.*” Good yields of the
desired products were produced from 2-haloiodobenzenes. Re-
cently, Gabriele, Mancuso, and co-workers developed an inter-
esting Pdl-catalyzed cyclization of 2-alkynylbenzamides with
secondary amines under oxidative carbonylation conditions.
Good yields of 3-[(dialkylcarbamoyl)methylenelisoindolin-1-
ones were obtained."? Jiang's group reported an attractive
method for the palladium-catalyzed carbonylation of aromatic
oximes for the preparation of 3-methyleneisoindolin-1-ones
through C—H bond activation."” With oximes as the substrates
under an atmosphere of carbon monoxide, good yields of the
desired heterocycles were isolated. More recently, Huang and
co-workers developed a novel procedure for the rhodium-cata-
lyzed oxidative carbonylation of ketimines."¥ Good yields of 3-

© 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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methyleneisoindolin-1-ones were obtained under a CO atmos-
phere (3.0 MPa) by C—H activation. Although carbon monoxide
as one of the cheapest C, sources has advantages in terms of
industrial-scale applications, its special properties (e.g., high
toxicity, odorless nature, flammability, and etc.) limit its use in
laboratories. Hence, the development of synthetic procedures
based on CO surrogates will be interesting for our synthetic
community.™ Among all the candidates, Mo(CQ), as a nontoxic
solid is an attractive CO source.™ With this background, we
wish to report here a new palladium-catalyzed carbonylative
intramolecular cyclization of ketimines through C—H bond acti-
vation with [Mo(CQ),] as the solid and safe CO source. In the
presence of a palladium catalyst and Mo(CO), (0.3 equiv.), the
desired substituted 3-methyleneisoindolin-1-ones were isolated
in moderate to good yields.

Our initial investigation started with the reaction of 1-
phenyl-2-(1-phenylethylidene)hydrazine (1a) in the presence of
Pd(OAc), (10 mol%), [Mo(CO)J (1equiv), and Cu(OAc),
(2 equiv)) in 1,2-dichlorcethane (DCE) at 80°C; to our delight,
desired N-(1-methylene-3-oxoisoindolin-2-yl)benzamide (2a)
was formed in 33% vyield after 20 h (Table 1, entry 1). On the
basis of this initial finding, various oxidants were subsequently
tested. The yield of product 2a decreased to 18% upon using
AgOAc as the oxidant (Table 1, entry 2). No product could be
detected with PhI(OAc), or K,S,0, as the oxidant (Table 1, en-
tries 3 and 4). Improved results were obtained upon using BQ

Table 1. Optimization of the reaction conditions.”
fo) (0]
©\KN\N Pd(OAc); N_N?_,_Q
H [Mo(CO)g], 20 h
0
1a 2a
Entry Oxidant Base Solvent Yield™ [9%]
1 Cu(OAc), - DCE 33
2 AgOAc - DCE 18
3 PhI(OAc), - DCE 0
4 K;S,0¢ - DCE 0
5 BQ = DCE
6 BQ NaOAc DCE 51
7 BQ K,CO; DCE
8 BQ Cs,C0, DCE 43
9 BQ CsF DCE 49
10 BQ Li,CO, DCE 56
1 BQ DBU DCE trace
12 BQ (3 equiv) Li,CO; DCE 74
13 BQ (4 equiv) Li,CO; DCE 55
14 BQ (3 equiv.) Li,CO,4 toluene 54
15 BQ (3 equiv.) Li,CO; DMSO 28
16 BQ (3 equiv.) Li,CO, 1,4-dioxane 15
17 BQ (3 equiv.) Li,CO, DMF trace
189 BQ (3 equiv.) Li,CO, DCE 84 (86)
19 BQ (3 equiv.) Li,CO, DCE 58
[a] Reaction conditions: 1-phenyl-2-(1-phenylethylidene}hydrazine (1a;
0.5 mmol, 1 equiv.), [Mo(CO),] (0.5 mmol, 1 equiv.), Pd(OAc), (0.05 mmol,
10 mol %), oxidant (1 mmol, 2 equiv.), base (1 mmol, 2 equiv.), and solvent
(2 mL) for 20 h at 80°C in a sealed tube. [b] Yield was determined by GC-
MS. Yield of isolated product is given in parentheses. [c] [Mo(CO)]
(0.5 mmol, 0.3 equiv.). [d] [Mo(CO),] (0.5 mmol, 0.2 equiv.).
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(1,4-benzoquinone) as the oxidant (Table 1, entry 5). To im-
prove the outcome further, the effects of the base were inves-
tigated (Table 1, entries 6-11). Positive effects were observed
with NaOAc, CsF, and Li,CO;, and a 56% vyield was achieved
with Li,CO; (Table 1, entry 10). However, only a trace amount
of the desired product was detected in the presence of 1,8-dia-
zabicyclo[5.4.0lundec-7-ene (DBU) (Table 1, entry 11). Upon
varying the loading of BQ, 3 equivalents of BQ gave the best
results (Table 1, entry 12). Screening of the solvents revealed
that toluene, DMSO (dimethyl sulfoxide), 1,4-dioxane, and DMF
(N,N-Dimethylformamide) were all inferior to DCE (Table 1, en-
tries 14-17). Interestingly, upon adding 0.3 equivalents of
Mo(CO)s, the targeted 3-methyleneisoindolin-1-one was isolat-
ed in an improved 86 % yield (Table 1, entry 18).

With the optimized conditions, we focused our attention on
the scope of the substrates. Overall, all the substrates studied
were conveniently converted into the corresponding carbony-
lated products in moderate to good yields (Table 2, see prod-
ucts 2a—-q). Substrates with methyl or methoxy groups on the
benzene ring were explored and afforded the corresponding
products in moderate to goed yields (Table 2, see products 2b,
2d, 2h, 2i, 2j). If the methoxy group was substituted at the
meta position of the substrate, only a trace amount of desired
product 2r was detected by GC-MS. Interestingly, (E)-N'-[1-(cy-
clohex-1-en-1-yl)ethylidene]benzohydrazide could also be ap-
plied as a starting material, and it gave corresponding pro-
duct 2c in 51% yield without further optimization. In addition
to benzohydrazide, other related derivatives could also be ap-
plied. 4-Chlorobenzohydrazide, 4-(trifluoromethyl)benzohydra-
zide, and 4-methoxybenzohydrazide were all shown to be
proper substrates here and gave the desired products in 43-
81% yield (Table 2, see products 2e-m). (E)-N-[1-Oxo-3-(2-phe-
nylethylidene)isoindolin-2-yllbenzamide derivatives were also
produced in moderate yields (Table 2, see products 2k-m).
The use of aniline as a directing group was tested, and 3-meth-
ylene-2-phenylisoindolin-1-one 2n was produced in 66 % yield
under the standard conditions. O-Methylhydroxylamine and
acetohydrazide were also viable directing groups, and they
gave corresponding products 20 and 2p-q in moderate
yields. However, no product was detected with phenylhydra-
zine as the directing group under our conditions (see com-
pound 2s). To our delight, 2,4-diphenylphthalazin-1(2 H)-one
(4a) was produced in 31 % yield from 1-(diphenylmethylene)-2-
phenylhydrazine (3a) with high selectivity by using phenylhy-
drazine as the reaction partner (Scheme 2).

To prove the applicability of this procedure, a one-pot syn-
thesis was performed (Scheme 3). Acetophenone was treated
with benzohydrazide in DCE for 10 h, and this was followed by
the addition of our catalyst system; N-(1-methylene-3-oxoisoin-
dolin-2-yl)benzamide was isolated in 45 % yield.

On the basis of these results, a plausible reaction mechanism
is proposed (Scheme 4). First, palladium acetate reacts with
imine 1 to give ortho-activated palladium complex A. Under
the assistance of base, complex B is generated by isomeriza-
tion of the imine and ligand exchange by the coordination of
CO. Moreover, CO is released from Mo(CO), by coordination of
BQ. Acylpalladium C as the key intermediate is formed after

© 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Table 2. Palladium-catalyzed carbonylative synthesis of substituted 3-methyleneisoindolin-1-ones.”’

R3 R3
. Pd(OAC), BQ /
s SR . >~ R4 T ON-r?
R'9G Li,CO3, [Mo(CO)g) L
DCE, 80 °C, 20 h 5
1a 2a
O ) O O )
p.Y
N-NH /(j/;{(N_NH | N-NH N-NH dN-NH
~
o)
o) B 0 o] 0
2a, 86% 2b, 83% 2¢, 51% 2d, 47% 2e, 74%
Q o o o
N-NH N=NH N-NH N-NH
o} 5 o) 0
2f, 81% 29, 80% 2h, 75% 2i, 78%
Ph Ph Ph
o}
Cl ] © g% ) Q
N-NH c °
. N-NH N-NH N-NH A
o} o) 0 o
2j, 43% 2k, 45% 21, 39% 2m, 46%
o} 0 o}
, o e O
N N-O N-NH N-NH N-NH N-NH
cl
o (@] (o] o} /0 (o] e}
2n, 66% 20, 23% 2p, 43% 2q, 48% 2r, trace 2s,0

[a] Reaction conditions: substrate 1 (0.5 mmol, 1.0 equiv.), Pd(OAc), (0.05 mmol, 10 mol %), [Mo(CO),] (0.15 mmol, 0.3 equiv.), BQ (1.5 mmol, 3 equiv.), Li,CO,
(1.0 mmol, 2 equiv.), DCE (2.0 mL), 80°C, 20 h, air; yields of isolated products are given.

~ R
N
T Pd(OAC), (10 mmol%)
N Xantphos (10 mmol%) /- Pd(OAc), 1
! BQ (2 eq.), Mo(CO)g (0.5 eq.)
O O HOAgc, 110°C, 18 h

3a 31% s R
N

Scheme 2. Carbonylative synthesis of 2,4-diphenylphthalazin-1(2 H)-one. F'%
Xantphos = 4,5-bis(diphenylphosphino)-9,9-dimethylxanthene. A d "OAc

R
N

a ? 1) DCE, 80°C, 10 h O\>—<j> Pe o
©A+ @ﬁ'NHZ 2) Pd(OAc),, BQ, N=HE C o N
Li,COs, [Mo(COJe] Y W\ Pij” B
CcO

80°C, 20 h
' 2a

Scheme 3. One-pot synthesis from acetophenone. Scheme 4. Proposed reaction mechanism.
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the reaction of CO with complex B. The final product is then
eliminated after reductive elimination of intermediate C, and
the formed Pd°® species is reoxidized to Pd' to complete the
catalytic cycle. However, a Pd"/Pd¥ cycle cannot be excluded
here.

In summary, an interesting palladium-catalyzed carbonylative
synthesis of substituted 3-methyleneisoindolin-1-ones from ke-
timines was developed. With the use of Mo(CO), (0.3 equiv.) as
the solid CO source, moderate to good yields of the desired
products were obtained by C—H bond activation.

Experimental Section

General procedure for the synthesis of ketohydrazones 1a-s:
Benzonylhydrazine {408 mg, 3 mmol, 1.5 equiv.) was added to
a stirred solution of acetophenone (240 mg, 2 mmol, 1 equiv) in
ethanol (15 mL) at 80°C. After heating the mixture for 10 h, the
solvent was evaporated under vacuum. The crude product was pu-
rified by recrystallization from pentane to afford hydrazine 1a as
a white solid.

General procedure for the palladium-catalyzed cyclocarbonyla-
tion reaction to give 2a-s: In a 25 mL sealed tube, a mixture of
ketohydrazone 1 (0.5 mmol, 1.0equiv), Pd{OAc), (11.2mg,
0.05 mmol, 10 mol%), [Mo{CO);] (39.6 mg, 0.15 mmol, 0.3 equiv.),
BQ (162 mg, 1.5 mmol, 3 equiv), and Li,CO, (74 mg, 1.0 mmol,
2 equiv.) in DCE (2.0 mL) was stirred at 80°C in air. After 20 h, the
mixture was cooled to room temperature. The residue was diluted
with H,0 (10 mL) and extracted with EtOAc (3x 10 mL). The solvent
was then evaporated under reduced pressure. The crude product
was purified by column chromatography (silica gel, pentane/ethyl
acetate) to give pure product 2.

General procedure for the one-pot synthesis of cyclocarbonyla-
tion product 2a: In a 25mL sealed tube, benzonylhydrazine
{136 mg, 1 mmol, 1 equiv.) was added to a stirred solution of ace-
tophenone (120 mg, 1 mmol, 1 equiv) in DCE (5 mL) at 80°C. The
mixture was heated for 10h, and then Pd{OAc), (22.4 mg,
0.1 mmol, 10 mol%), [Mo(CO),] (79.2 mg, 0.3 mmol, 0.3 equiv.), BQ
(324 mg, 3.0mmol, 3equiv), and Li,CO; (148 mg, 2.0 mmol,
2 equiv.) were added into the sealed tube. Then, the mixture was
stired at 80°C in air for 20 h. The residue was diluted with H,O
{10 mL) and extracted with EtOAc (3x10mL). The solvent was
then evaporated under reduced pressure. The crude product was
purified by column chromatography (silica gel, pentane/ethyl ace-
tate —4:1) to give pure product 2a as a yellow oil.

General procedure for the palladium-catalyzed cyclocarbonyla-
tion reaction to give 4a: In a 25 mL sealed tube, a mixture of 1-
{(diphenylmethylene}-2-phenylhydrazine (3a; 0.5 mmol, 1.0 equiv),
Pd{OAc), (11.2mg, 0.05mmol, 10mol%), Xantphos (25.9 mg,
0.05 mmol, 10 mmol%), [Mo(CO),] (66 mg, 0.25 mmol, 0.5 equiv.),
and BQ (162 mg, 1.0 mmol, 2 equiv.) in HOAc (2.0 mL) was stirred
at 110°C in air. After 18 h, the mixture was cooled to room temper-
ature. The residue was diluted with H,O {10 mL) and extracted
with EtOAc (310 mL}. The solvent was then evaporated under re-
duced pressure. The crude product was purified by column chro-
matography (silica gel, pentane/ethyl acetate) to give pure product
4a.

ChemCatChem 2017, 9, 94-98 www.chemcatchem.org
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Palladium-Catalyzed Carbonylative Cyclization of

Azoarenes

Zechao Wang,” Zhiping Yin,” Fengxiang Zhu,”” Yahui Li,”” and Xiao-Feng Wu*!

In this communication, we established an interesting palladi-
um-catalyzed carbonylation protocol for the intramolecular
cyclization of azoarenes. With Mo(CO), as the solid CO source
and through C(sp®)—H bond activation, a series of azoarenes
were transformed into the corresponding 2-arylindazolones in
moderate to good yields. Notably, not only symmetrical azoar-
enes, but also unsymmetrical substrates underwent the reac-
tion with excellent regioselectivity.

Among the core interests of organic chemistry is the use of
easily available substrates for the preparation of valuable com-
pounds. The abundance and diversity of starting materials can
promise accessibility and variability of the related products,
which can then be used in subsequent applications. From
commercially accessible chemicals, thousands of anilines and
nitrobenzenes are already in storage. They are usually used as
parent molecules for the synthesis of azoarenes through vari-
ous well-established methods (Scheme 1)."¥ Azoarenes them-

ap=19% 4 ar-NH2

— +
‘--T_"_ Ar-/NZBFd
o =
ArO g ap-NM2

Scheme 1. Procedures for the preparation of azoarenes.

selves are recognized as a highly important class of com-
pounds owing to their applications as dyes, indicators, food
additives, pigments, nonlinear optics, photochemical switches,
and pharmaceuticals.” Generally, azoarenes are readily accessi-
ble through the dimerization of anilines,”" condensation of ani-
lines with nitrosoarenes (Mills reaction),”’ reaction of nitroar-
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enes with aromatic amines,” or electrophilic reactions of di-
azonium salts with organometallic reagents.

Owing to the easy availability of azoarenes, many synthetic
procedures have been developed for their transformations.
Among them, 2-arylindazolones, a class of biological mole-
cules, have also been reported to be preparable from azoar-
enes (Scheme 2)."' However, drawbacks including harsh reac-

Gror Gy
]

F F

Scheme 2. Selected examples of biologically active 2-arylindazolones.

tion conditions (15.0 MPa and 190°C), multiple steps, very lim-
ited substrate scope, and low efficiency still exist. On the other
hand, transition-metal-catalyzed carbonylative transformations
have already been accepted as powerful methods in modern
organic chemistry® Although carbon monoxide gas is cheap
and abundant, small-scale carbonylation reactions, which are
correlated with the synthesis of fine chemicals, would be more
desirable if they could be performed with CO surrogates.”
With this background, a method for the carbonylative synthe-
sis of 2-arylindazolones from azobenzenes under CO-gas-free
conditions is very attractive.

Our initial investigation started with the reaction of azoben-
zene (1a) in the presence of PdCl, (10 mol%), Mo(CO),
(1 equiv.), and p-benzoquinone (BQ, 2 equiv) in hexafluoriso-
propanol (HFIP) at 100°C. To our delight, desired 2-phenyl-1,2-
dihydro-3H-indazol-3-one (2a) was formed in 13% yield after
24 h (Table 1, entry 1). On the basis of this initial finding, vari-
ous solvents were then tested. Product 2a was obtained in
10% vyield upon using 2,2,2-trifluorethanol (TFE) as the solvent
(Table 1, entry 2). Only a trace amount of product 2a was de-
tected with 1,2-dichloroethane (DCE), 1,4-dioxane, and H,0 as
the reaction media (Table 1, entries 3-5). Delightfully, upon
using acetic acid (HOAc) as the solvent, product 2a was ob-
tained in 73% yield (Table 1, entry 6). Acetic acid is widely
used in the chemical industry as a polar protic solvent, and ap-
proximately 20% of acetic acid (1 million tonnes per year) is
used for the production of terephthalic acid.®! To improve the
yield further, the effect of the oxidant was also investigated

© 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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H
v S raco L O
SLAEEEE
H o]
1a 2a
Entry Catalyst Oxidant Solvent Yield [%6]"
1 PdCl, BQ HFIP 13
2 PddCl, BQ TFE 10
3 PdCl, BQ DCE trace
4 PdCl, BQ dioxane trace
5 PdCl, BQ H,O trace
6 PdCl, BQ HOAc 73
7 PdCl, Ag,CO, HOACc 18
8 PdCl, K,S,04 HOAc 12
9 PdCl, Ce(S0.), HOAC 33
10 PdCl, BQ (1 equiv.) HOAc 39
n PdCl, BQ (2.5 equiv.) HOAc 61
12 PdCl, BQ (3 equiv.) HOAc 50
13 PdCl, BQ (4 equiv.) HOAc 32
14 Pd(MeCN),Cl, BQ HOAc a4
15 Pd(cod)Cl, BQ HOAc 41
16 [Pd(cinnamy/)Cl], BQ HOAc 52
17 Pd(OACc), BQ HOACc 28
189 PdCl, BQ HOAc 54
194! PdCl, BQ HOACc 81 (83)
[a] Reaction conditions: azobenzene (1a; 0.3 mmol, 1 equiv.), Mo(CO),
(0.3 mmol, 1equiv), [Pd] (0.03 mmol, 10mol%), oxidant (0.6 mmol,
2 equiv.), and solvent (2 mL) at 100°C for 24 h in a sealed tube. [b] Yield
was determined by GC by using n-hexadecane as the internal standard.
Yield of isolated product is given in parentheses. [c] Mo(CO), (0.18 mmol,
0.6 equiv.). [d] Mo(CO), (0.24 mmol, 0.8 equiv.).

(Table 1, entries 7-13). However, Ag,CO;, K,S,0, and Ce(S0O,),
all displayed inferior reactivities (Table 1, entries 7-9). By vary-
ing the loading of BQ, we discovered that 2 equivalents of BQ
was the optimal amount (Table1, entries 6,10-13).
Pd(MeCN),Cl,, Pd(cod)Cl, (cod=cyclooctadiene), [Pd(cinna-
myl)Cl],, and Pd(OAc), as commonly applied palladium precur-
sors were tested as well, but they did not give better results
(Table 1, entries 14-17). Interestingly, upon adding Mo(CO),
(0.8 equiv.), the yield of desired 2-phenyl-1,2-dihydro-3H-inda-
zol-3-one (2a) was improved further to 839% yield (Table 1,
entry 19). Notably, the model reaction was also performed with
other CO sources [e.g., formic acid, benzene-1,3,5-triyl trifor-
mate, CO (0.1 MPa), CO (0.1 MPa)+ Mo(CO)s (10 mol%)], but
none of them gave a detectable amount of the product. These
results implied that Mo(CO), might play several roles in this
transformation. Additionally, in the failed reactions, azoben-
zene decomposed and produced N-acetylaniline.

With the optimized conditions in hand, we focused our at-
tention on the substrate scope of this transformation (Table 2).
Overall, all of the substrates studies were conveniently convert-
ed into corresponding carbonylated products 2a-q in moder-
ate to good yields. Symmetrical azoarenes were explored and
afforded corresponding products 2a-c in good yields. A range
of unsymmetrical azoarenes smoothly underwent carbonyla-
tion to produce 2-arylindazolones 2d-q in moderate to good
yields. No regioselectivity problems occurred in this catalytic
system. Notably, the reaction tolerated a variety of functional

ChemCatChem 2017, 9, 3637 — 3640 www.chemcatchem.org
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groups, including fluoro, bromo, methoxy, phenoxy, and tri-
fluoromethyl groups. Interestingly, the C—H activation carbony-
lative reaction also took place for substrates containing a
methyl group in the ortho position of the phenyl ring to give
products 2d-i. The reaction of an azoarene with a fluoro sub-
stituent proceeded to give 2d in 75% yield. We also investigat-
ed the effects of various substituents on the regioselectivity of
the reaction and found that the carbonylative reaction took
place mainly on the aromatic ring that was not substituted
(Table 2, see products 2h-q). Substrates with a bromo or tri-
fluoromethyl group performed better than those with a me-
thoxy or phenoxy group. However, no product was detected if
the azobenzene contained a heterocyclic ring under our condi-
tions (Table 2, see products 2r and 2s).

To obtain further insight into the reaction, an experiment
with deuterium azobenzene was also performed (Scheme 3).
Under our standard reaction conditions, the kinetic isotopic
effect (KIE), K/Ky, was determined to be 2, which indicated
that the C—H activation process might have been the rate-de-
termining step for this transformation.”! Additionally, no N-H
deuterated product (i.e., N-D) was detected.

To prove the applicability of this procedure, a one-pot syn-
thesis was also performed (Scheme 4). Aniline and nitrosoben-
zene were applied as the substrates in HOAc for 18 h. Then

H
Nw
C-O
N PdCly, Mo(CO)s O =
T — : —_—— +
1p; BQ,100°C H
N X 16 h, HOAC N —
N L \_7p,
o]

& [Dg]-2a

Scheme 3. Deuterium experiment.

our catalyst system was introduced, and the mixture was
stired for 36 h. 2-Phenyl-1,2-dihydro-3H-indazol-3-one (2a)
was isolated in 64 % yield as the desired product.

On the basis of our observations, a most possible reaction
mechanism is proposed (Scheme 5). Palladium acetate first
reacts with azobenzene (1a) to give ortho-activated palladium

NH; NO 1)HOAc, 70 °C N,
SEEo] )
2) PdCl,, Mo(CO)s,

BQ, 100°C, 36 h o
2a 64% yield

Scheme 4. One-pot procedure from aniline.

complex A. Subsequently, six-membered cyclic intermediate B
is generated through coordination and insertion of CO into the
Pd—C bond. Intermediate C as the key intermediate can be
formed by insertion of the palladium catalyst. Final product 2a
is then eliminated after acidolysis of intermediate C with acetic
acid. Moreover, regenerated free Pd" is ready for the next cata-

© 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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H
1a

Table 2. Palladium-catalyzed carbonylative synthesis of substituted 2-arylindazolones.”!

= 2
Ne s IR __PdCl, Mo(CO)p
N

BO. AcOH, 100 °C

to oo o9 Go-

2a, 83% 2b, 81% 2c, 79% 2d, 75% 2e, 40%
H H H H
/ N, N, N, N,
—< >— N )— N—@ N F N—@
0 0 0
0 o) \
2f, 45% 29, 70% 2i, 78% 2h, 76% 2j, 52%
H H H H
N, 7 N > N N
O T T T O
o o 0 0 Br O PH
2k, 56% 21, 58% 2m, 46% 2n, 61% 20, 55%
H H
Qo0 OO
o CF3 O OPh 0 o]
2p, 65% 2q, 45% 2r,0 25,0

@ 0.
o<

(2.0 mL), 100°C, 24 h, air; yields of isolated products are given.

[a] Reaction conditions: substrate 1 (0.3 mmol, 1.0 equiv.), PdCl, (0.03 mmol, 10 mol%), Mo(CO), (0.24 mmol, 0.8 equiv.), BQ (0.6 mmol, 2 equiv.), HOAc

e

1a

@jN_Q Pa(Ih @
: O

HOAc

Scheme 5. Proposed reaction pathway.

lytic cycle. In this process, the role of BQ is to stabilize Pd" to
avoid the generation of palladium black, and it might also
assist in the release of CO from Mo(CQ),. However, a Pd"/Pd%/
Pd" or Pd"/Pd"/Pd" cycle cannot be excluded here.
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In summary, an interesting palladium-catalyzed carbonylative
synthesis of substituted 2-arylindazolones from symmetrical
and unsymmetrical azoarenes was developed. With Mo(CO),
(0.8 equiv.) as the solid CO source, moderate to good yields of
the desired products were obtained with high regioselectivity
through C—H bond activation. Readily available aniline could
also be applied, and a good yield of the target product was
obtained.

Experimental Section
General procedure for the synthesis of azobenzenes 1a-s

Method A (1a-g): A mixture containing the aniline derivatives
(10 mmol), CuBr (0.6 mmol), pyridine (1.8 mmol), and toluene
(10 mL) was stirred at 60°C in air for 24 h. After cooling to room
temperature and concentrating under vacuum, the residue was pu-
rified by flash chromatography (pentane) to give product 1a-g.
The spectroscopic and analytical data of substrates 1a-c and 1e-g
were known.

Method B (1h-s): A mixture of nitrosobenzene (2 mmol), aniline
(2.6 mmol), and acetic acid (5 mL) was stirred at 70°C in air for
20 h. After cooling to room temperature and concentrating under
vacuum, the residue was purified by flash chromatography (pen-
tane) to give product 1h-s. The spectroscopic and analytical data
of substrates 1h-1l, 1n-p, and 1s were known.

© 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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General procedure for the palladium-catalyzed cyclocarbo-
nylation

In a 25mL sealed tube, a mixture of azoarene 1 (0.3 mmol,
1.0 equiv.), PdCl, (5.3 mg, 0.03 mmol, 10 mol%), Mo(CO}, (63.4 mg,
0.24 mmol, 0.8 equiv.), and BQ (0.6 mmol, 2 equiv.) in HOAc (2 mL)
was stirred at 100°C in air. After 24 h, the mixture was cooled to
room temperature. The residue was diluted with H,O (10 mL) and
extracted with EtOAc (3 x 10 mL). The solvent was then evaporated
under vacuum. The crude product was purified by column chroma-
tography (silica gel, pentane/ethyl acetate) to give pure product 2.

General procedure for the KIE experiment

In a 25 mL sealed tube, a mixture of azobenzene (1a; 27.3 mg,
0.15 mmol), [D,]-azobenzene ([D,,l-1a; 28.8 mg, 0.15 mmol), PdCl,
(53 mg, 0.03 mmol, 10 mol%), Mo(CO), (634 mg, 0.24 mmol,
0.8 equiv.), and BQ (0.6 mmol, 2 equiv.} in HOAc {2 mL) was stirred
at 100°C in air. After 16 h, the mixture was cooled to room temper-
ature. The residue was diluted with H,O {10 mL) and extracted
with EtOAc (3x10 mL). The solvent was then evaporated under
vacuum. The crude product was purified by column chromatogra-
phy (silica gel, pentane/ethyl acetate=6:1) to give pure products
2aand [Dy]-2a.

One-pot synthesis of cyclocarbonylation products 2a

In a 25 mL sealed tube, aniline (60.5 mg, 0.65 mmol, 1.3 equiv.} was
added to a stirred solution of nitrosobenzene (53.5 mg, 0.5 mmol,
1 equiv.) in HOAc {5 mL) at 70°C. The mixture was heated for 18 h,
and then PdCl, (8.8 mg, 0.05 mmol, 10 mol%), Mo(CO), (105.6 mg,
0.4 mmol, 0.8 equiv), and BQ (1 mmol, 2 equiv.) were added into
the sealed tube. Then, the mixture was stirred at 100°C in air for
36 h. The residue was diluted with H,O {10 mL) and extracted with
EtOAc (3x10mL). The solvent was then evaporated under
vacuum. The crude product was purified by column chromatogra-
phy (silica gel, pentane/ethyl acetate—6:1) to give pure produc-
t 2a as a white solid.
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ABSTRACT: A novel and convenient procedure for the
synthesis of 3-acylindoles from simple indoles and aryl iodides
has been established. Through ruthenium-catalyzed carbon-
ylative C—H functionalization of indoles, with Mo(CO); as the
solid CO source, the desired indol-3-yl aryl ketones were

H
/ |
Y [RuCly{p-cymene)];
LA~ MOk + [ ) — 2B TFA

o
¢, HFIP,100°C,30h
R

isolated in moderate to good yields. Not only N-alkylindoles but also N-H indoles can be applied here.

uring the past years, transition-metal catalysts have been

extensively explored as a topic of new C—C bond
formation through direct C—H activation." Among the various
noble metal catalysts, ruthenium catalysts are attractive due to
their relative low cost and high reaction selectivity.”® Several
challenging transformations have been realized with ruthenium
complex as the catalyst, such as C—H alkenylation,’ arylation,’
and alkyne annulations.” However, the reports on ruthenium-
catalyzed carbonylation reactions are still very limited. In 1992,
Moore's group reported a Ruy(CO)j,-catalyzed sp* C-H
carbonylation of aromatic heterocycles with olefins.” This
reaction exhibited high regioselectivity and high catalyst
turnover frequencies. Subsequently, Murai’s group studied the
Ru;(CO),,-catalyzed carbonylative coupling reaction of
imidazoles with olefins, which has good yields, impressive
catalytic efficiency, and wide functional group compatibility.”
Then Chatani and co-workers demonstrated Ru;(CO),,-
catalyzed carbonylative transformation of sp” C—H and sp’
C—-H with pyridine as the directing group.” The desired
carbonylation products were formed in moderate to good
yields. More recently, Beller’s group reported a [Ru(cod)CL,],-
catalyzed directing group assisted carbonylative C—H activation
of arenes.'’ The reactions were carried out in water and aryl
iodides and styrenes were used as the coupling partners.
Indoles have been studied as well, but the presence of the
directing group was essential.

On the other hand, 3-acylindoles are common structural
motifs in many biologically active compounds, natural
products,'" and pharmaceutical compounds,'* such as indiacen
A, indiacen B, and MK-0533. Additionally, 3-acylindoles have
been applied as key intermediates for synthesis of some other
value-added compounds as well."*® Because of the versatile
values and applications, their preparation attracts much interest.
Traditional procedures include Friedel—Crafts acylations,"
Vilsmeier—Haack-type reactions,"* and indole Grignard reac-
tions."> The most frequently used Friedel—Crafts reaction
requires troublesome N-protection, especially for indoles
bearing an electron-donating group with a stoichiometric
Lewis acid promoter and strict exclusion of moisture. Hence,
alternative methods for 3-acylindole preparation are highly

W ACS Pub"cations © 2017 American Chemical Society 4680

desired. Carbonylative 3-acylation of indoles is one of the most
straightforward procedures. In 2015, Arndtsen’s group
demonstrated a palladium-catalyzed carbonylative couplin§ of
heterocycles with aryl iodides via C—H functionalization.'® 3-
Acylindoles can be effectively produced under CO pressure.
Meanwhile, Guan and co-workers described a novel palladium-
catalyzed carbonylative coupling of indoles with aromatic
boronic acids.'” With the addition of I, and KOH, via in situ
generation of 3-iodoindole intermediates,'® good yields of 3-
acylindoles can be prepared with a wide range of functional
groups tolerance. More recently, the application of visible light
in carbonylative synthesis of 3-acylindoles has been realized by
the groups of Gu'” and Li and Liang™ as well. With the
assistance of photoredox catalysts under high CO pressure
(70—80 bar), 3-acylindoles were formed at room temperature.
In this paper, we report here a new procedure for the synthesis
of 3-acylindoles. With ruthenium as the catalyst using simple
indoles and readily available aryl iodides as the substrates, the
desired 3-acylindoles can be produced even from N-H indoles.
Notably, Mo(CQ), has been applied as the solid and safe CO
source here.

Our initial investigation began with 1,2-dimethyl-1H-indole
(1a, 1 equiv) and iodobenzene (2a, 2 equiv), [RuCl,(p-
cymene)], (5 mol %), and [Mo(CO)] (1 equiv) in HFIP
(hexafluoroisopropanol). To our delight, 20% yield of the
desired carbonylation product 3a was formed after 30 h at 100
°C (Table 1, entry 1). Subsequently, various ruthenium
catalysts such as CpRuCI(PPh;),, [RuCl,(cod)],, and
RuCl,(PPh,); were tested (Table 1, entries 2—4). Unfortu-
nately, none of them could give improved results. Then the
effects of bases and acids were investigated (Table 1, entries 5—
14). TFA was found to be the best in this reaction, whereas
K,HPO,, Li,CO,, LiBr, LiCl, KH,PO,, and MesCO,H (2, 4, 6-
trimethylbenzoic acid) were all found to be inferior. Et;N and
DBU inhibited the reaction completely, and no conversion of
la was observed (Table 1, entries 5 and 6). Only a trace of

Received: July 27, 2017
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Table 1. Optimization of Reaction Conditions”

e
m@

Ru}, Mo{CO
_ [RulLMo(CQl A

Lo
%

HFIP, 100 °C, 30 h

1a 3a
entry catalyst base/acid additive  yield” (%)
1 [RuCly(p-cymene) ], 22 (20)
2 CpRuCl{PPh,), 0
3 [RuCl,(cod)], <5
4 RuCl,(PPhs); 0
S [RuCl,(p-cymene)], Et,N 0
6 [RuCl,y(p-cymene) ], DBU 0
7 [RuCl,(p-cymene) ], K,HPO, 15
8 [RuCl,(p-cymene) ], Li,CO, 32
9 [RuCl,(p—cymene)], LiBr 40
10 [RuCl,(p-cymene) ], LiCl 35
11 [RuCl,(p-cymene)], KH,PO, 42 (40)
12 [RuCl,(p-cymene) ], CH,S0,H <5
13 [RuCl,(p-cymene) ], MesCO,H 28
14 [RuCly(p-cymene) ], TFA 45
15° [RuCl,(p-cymene) ], TFA 48
16° [RuCl,(p-cymene) ], TFA FeCl; 44
17° [RuCl,(p-cymene) ], TFA MgCl, 46
18° [RuCly(p-cymene) ], TFA ZnCl, 50
19° [RuCly(p-cymene) ], TFA ZnBr, 55
2094 [RuClL(p-cymene)], TFA ZnBr, 35
21°¢ [RuCl,(p-cymene)], TFA ZnBr, 62 (61)
225F [RuCl,(p-cymene) ], TFA ZnBr, 57

“Conditions: 1a (0.2 mmol, 1 equiv), 2a (0.4 mmol, 2 equiv), catalyst
(0.01 mmol, 5 mol %), Mo(CO), (0.2 mmol, 1 equiv), base/acid (0.2
mmol, 1 equiv), additive (0.08 mmol, 40 mol %), HFIP (1 mL),
stirring at 100 °C for 30 h under air. IE’Ylelds were determined by GC
using n-hexadecane as the internal standard Isolated yield is in

parentheses. “TFA (0.06 mmol, 30 mol %). “Mo(CO); (0.1 mmol, 0.5
equlv) “Mo(CO), (0.3 mmol, 1.5 equiv). fMo(CO)é, (0.4 mmol, 2
equlv i

carbonylation product 3a could be detected when CH,SO,H
was added (Table 1, entry 12). Further study showed that a
lower amount of TFA led to higher yield (48%; Table 1, entry
15). To further improve the outcome, different additives were
used in this reaction (Table 1, entries 16—19). Surprisingly, we
found that ZnBr, can give the carbonylation product in 55%
yield (Table 1, entry 19). Replacement of ZnBr, with FeCl,,
MgCl,, or ZnCl, proved detrimental to the efficiency of the
process, with product 3a being formed in diminished 449, 46%,
and 50% yield, respectively (Table 1, entries 16—18). Notably,
the amount of Mo(CO); played a crucial role for the outcome
of this reaction (Table 1, entries 20 and 21). The yield could be
improved by increasing the amount of Mo(CO), to 1.5 equiv,
and we could obtain the carbonylation product 3a in 61% yield
(Table 1, entry 21). In addition, the model reaction was also
performed with other CO sources such as formic acid, CO,
Cr(CO), Co,(CO),, and Fe,(CO)y. However, none of them
gave better results (see the Supporting Information). These
results imply that Mo(CO), might play several roles in this
transformation. In the case of temperature testing, we found
that less than 5% of the desired product was formed at 80 °C
and the yield decreased as well at higher temperature (120 °C;
28% yield). Importantly, no product could be detected in the
absence of ruthenium catalyst. Additionally, less than 10% of

4681

the desired product could be detected when the reaction was
performed under pure O, (1 bar) pressure or argon
atmosphere. These results suggest that the oxygen in air joined
in the reaction, but pure oxygen destroyed the catalyst activity.

With the optimized conditions in hand (Table 1, entry 21),
we began to investigate the scope of iodoarenes subsequently.
As shown in Scheme 1, carbonylation of 1,2-dimethyl-1H-

Scheme 1. 3-Acylindole Synthesis: Variation of Aryl Iodides”

| [RuCla{p-cymenel; (5 mol %) Sy } ’
Mo(CO)g (1.5 equiv) R
m e ZnBr (40 mol %) 4
N X TFA (30 mol %) N
\ R HFIP, 100 °C, 30 h \
1a 2 3
(C. b
e
3a, 61% 3b, 56%

COOMe

3, 65%

3i, 61%

3j, 41% 3k, 63%

“Reaction conditions: 1,2-dimethyl-1H-indole 1a (0.2 mmol, 1 equiv),
iodoarenes 2 (0.4 mmol, 2 equiv), [RuCl,(p-cymene)], (0.01 mmol, 5
mol %), Mo(CO), (0.2 mmol, 1 equiv), TFA (0.06 mmol, 30 mol %),
ZnBr, (0.08 mmol, 40 mol %), HEFIP (1 mL), 100 °C, 30 h, air,
isolated yield.

indole with iodoarenes proceeded smoothly under our standard
reaction conditions. Using iodoarenes with either electron-
donating or electron-withdrawing groups led to the formation
of the corresponding carbonylation products in moderate to
good yields. Substrates can tolerate various functional groups
such as Bn, OCH,, CF; Cl, F, and COOMe. However,
iodoarenes substituted with OH or NO, could not give the
desired carbonylation product. No carbonylation products
could be obtained with 3-iodopyridine as the substrate.
Importantly, the position of substituent R' had a critical effect
on this carbonylation reaction. Iodoarenes substituted with
functional groups in the meta position could give higher yields
than that in the para position (3e vs 3f, 3i vs 3j).

Next, various indoles were investigated for further extending
the substrates scope (Scheme 2). N-Substituted indoles can be
readily carbonylated with iodoarenes to provide moderate to
good yields of the corresponding carbonylation products (4a—
d). A yield of 70% can be achieved with —COOMe-decorated
aryl iodide. Remarkably, free NH-indoles can be successfully
applied as well (4e—i) and gave good yields of the desired
products with total chemoselectivity. Here, the obtained N-H
free 3-acylindole products (4e—i) are ready for further C—N
coupling reactions. However, we could not detect the products
4j or 4k when indole or 3-methyl-1H-indole was used as the
substrate. These results revealed that the methyl group on the

DOI: 10.1021/acs.orglett.7b02320
Org. Lett, 2017, 19, 4680-4683
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Scheme 2. 3-Acylindole Synthesis: Variation of Indoles”

| [RuClz(p-cymene)]; (5 mol %)

S Mo(CO)s (1.5 equiv)
= N &2

_ ZnBrp (40 mol %)
T OTFAGOmOI %) (30 mol %)
R? R HFIP, 100 °C, 30 h

o) O 0, o) COOMe
o)
N N N o)
\_ s L_\ \ f
N
4a,61% 4b, 63% 4c, 70%

de, 40% 41, 56% 4g, 55%
4, 60% 4,0

“Reaction conditions: indoles 1a (0.2 mmol, 1 equiv), iodoarenes 2
(0.4 mmol, 2 equiv), [RuCl,(p—cymene)], (0.01 mmol, 5 mol %),
Mo(CO), (0.2 mmol, 1 equiv), TFA (0.06 mmol, 30 mol %), ZnBr,
(0.08 mmol, 40 mol %), HFIP (1 mL), 100 °C, 30 h, air, isolated yield.

2-position of indoles played a crucial role in the carbonylative
C—H activation reaction. Additionally, heterocycles such as
benzothiazole, benzothiophene, and pyrrole were also tested in
the reaction conditions, but none of them could give the
desired carbonylation products.

On the basis of the above results and literature, we postulated
a possible reaction mechanism for the ruthenium-catalyzed
carbonylation of indoles (Scheme 3). First, indoles were
activated and transformed into the corresponding organo-
metallic reagents in the presence of ZnBr,, TFA, and

Scheme 3. Proposed Reaction Mechanism
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molybdenum slat. The in situ generated zinc reagent then
moved to transmetalation with ruthenium catalyst to produce
the ruthenium intermediate A. Following this, the ruthenium
species A underwent oxidative addition upon formation of
intermediate B. Subsequently, intermediate C was generated
through the coordination and insertion of CO into the Ru—C
bond. Finally, the terminal product could be eliminated through
reductive elimination, and the active ruthenium catalyst for the
next catalytic cycle was regenerated under the presence of air.

In summary, we have developed an interesting procedure for
the synthesis of 3-acylindoles. Through ruthenium-catalyzed
carbonylative C—H functionalization with Mo(CO), as the
solid CO source, moderate to good yields of the desired
products can be prepared with good functional group tolerance.
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Pd/C-Catalyzed Aminocarbonylation of Aryl lodides with
Anthranils in Water Using Mo(CO), as the CO Source

Zechao Wang,” Zhiping Yin,® and Xiao-Feng Wu

Abstract: A convenient procedure for the synthesis of N-
(2-carbonylaryl)benzamides has been developed. Through
Pd/C-catalyzed aminocarbonylation of anthranils with vari-
ous hindered and functionalized aryl iodides, the desired
amides were afforded in moderate to good vyields. The
protocol is advantageous due to the recyclable Pd/C cata-
lyst, safe Mo{CO), as the solid CO source, and environmen-
tally benign water as solvent. No inert atmosphere protec-
tion is needed.
o

Transition-metal-catalyzed aminocarbonylation is an interesting
and important chemical transformation method for the direct
synthesis of aromatic amides through coupling of aryl, hetero-
aryl, or alkynyl halides with amines, which are important build-
ing blocks for various natural products and designed pharma-
ceutical molecules."! Some heterocyclic amides are reported as
the potential CNS (central nervous system)-active com-
pounds.? Therefore, a large number of methods toward
amides synthesize have been developed. Since the first report
on palladium-catalyzed aminocarbonylation of aryl halides with
carbon monoxide from Heck and Schoenberg in 19747 this
transformation has been studied by different groups with
various homogeneous palladium catalysts*® such as
PdX,(PPh;),,*’ Pd(dppp)Cl, Pd(OAc),/DCPP [DCPP = 1,3-bis(di-
cyclohexylphosphino)propane] Pd(OAc),/xantphos,”  and
Pd(OAc),/PPh;.® Concerning the nitrogen partners applied in
aminocarbonylation reactions, mostly amines,” but also
amides,"™ and even organic nitro compounds'” have all been
studied.

Anthranil, a class of benzo-fused heterocycle that contains a
N—O bond in the ring, has been applied as a reagent in nickel-
catalyzed cross-coupling with organozinc reagents and ring ex-
pansion reactions with aryldiazoacetates."” More recently, an-
thranils have been used as a nitrogen source by many research
groups.”* ¥ Hashmi and co-workers studied the C—H annula-
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tion of anthranil derivatives with alkynes to produce unpro-
tected 7-acylindoles with gold as the catalyst."” Meanwhile,
Li's group™™ and Jiao's group" have studied the application
of anthranils as N-source in various C—H activation reactions;
various amides were produced in good yields. Tiwari and co-
workers developed a novel copper-catalyzed synthesis of func-
tionalized quinolines from ketones and anthranils with aza-Mi-
chael addition as the key step."® Inspired by these interesting
achievements, and also based on our continuing interests in
carbonylation chemistry, we became interested in using an-
thranil as a nitrogen source in aminocarbonylation. Herein, we
wish to report our new results on aminocarbonylation of aryl
iodides with anthranils for the synthesis of N-(2-carbonylaryl)-
benzamides. With Pd/C as a recyclable catalyst, using
Mo(C0),'" as the solid and safe CO source, and water as the
green solvent, the desired amides were formed in good yields.
Additionally, the reactions were carried out under air; no inert
atmosphere protection is needed.

Our initial investigation was started with anthranil (1a,
1 equivalent), iodobenzene (2a, 2.5 equivalents), Pd/C
{10 mol %), [Mo{CO)] (1 equivalent), and Cs,CO; (2 equivalent)
in distilled water. To our delight, 16% yield of the desired car-
bonylation product 3a was formed after 18 hours at 80°C
(Table 1, entry 1). Subsequently, various bases were tested
(Table 1, entries 2-5). Et;N (triethylamine) was found to be the
best in this reaction, whereas DBU (1,8-diazabicyclo[5.4.0]un-
dec-7-ene), DABCO (1,4-diazabicyclo[2.2.2]octane), and DIiPEA
(N ,N-diisopropyl-ethylamine) were all found to be inferior. To
further improve the outcome, different additives were used in
this reaction (Table 1, entries 6-8). Surprisingly, we found that
the desired product 3a can be formed in 62% yield with TBAB
(tetrabutylammonium bromide) as the additive (Table 1,
entry 6). Replacement of TBAB with TBAC (tetrabutylammoni-
um chloride) or TBAHS (tetrabutylammonium hydrogen sul-
fate) proved to be detrimental to the efficiency of the process,
with product 3a being formed in 56% and 49% yields, respec-
tively (Table 1, entries 7 and 8). Next, we increased the amount
of TBAB to 5 mol% and 10 mol% in the reaction conditions
(Table 1, entries 9-10); however, the yield of product 3a de-
creased. Different loadings of Et;N affected the reaction yields,
and we obtained 73% yield of product 3a with 3 equivalents
of Et;N (Table 1, entries 11 and 12). Notably, the amount of
Mo(CO), played a crucial role for the outcome of this reaction
(Table 1, entries 13-15). The yield of the desired product could
be improved to 83% by adding 0.5 equivalent of Mo(CO),
(Table 1, entry 14). Additionally, the vyield decreased with
1.5 equivalents of iodobenzene, and only 32% of the desired

© 2017 Wiley-YCH Verlag GmbH & Co. KGaA, Weinheim
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Table 1. Optimization of the reaction conditions.”™
Os_H
X
_PdIC, Mo(CO)s _ N /[j
@:./ @ Heo 18h o
3a

Entry Base Additive Yield[%]"™
1 Cs,CO, = 16
2 Et;N - 42
3 DBU - trace
4 DABCO = trace
5 DIPEA - 37
6 EtsN TBAB 62
7 Et,N TBAC 56
8 Et;N TBAHS 49
9 Et;N TBAB (5 mol%) 58
10 Et;N TBAB (10 mol %) 51
n Et;N (1 equiv) TBAB 33
12 Et;N (3 equiv) TBAB 73
13! Et:N (3 equiv) TBAB 44
14 Et;N (3 equiv) TBAB 83 (81)
158 Et;N (3 equiv) TBAB 76
[a] Reaction conditions: 1a (0.3 mmol, 1 equiv), 2a (0.75 mmol, 2.5 equiv),
Pd/C (3.2 mg, 10 mol%), Mo(CO); (0.3 mmol, 1equiv}, base (0.6 mmol,
2 equiv), and additive (3 mol %) in distilled H,0 (2 mL) was stirred at 80°C
for 18 h under air. [b] Yields were determined by GC using n-hexadecane
as the internal standard. [c] Mo(CO); (0.09 mmol, 0.3 equiv). [d] Mo(CO),
(0.15 mmaol, 0.5 equiv). [e] Mo(CO), (0.24 mmol, 0.8 equiv).

product could be detected with one equivalent of iodoben-
zene. The same yield can be obtained if the reaction was per-
formed under argon, which proves that this system is tolerant
to aerobic conditions.

With the optimized conditions in hand (Table 1, entry 14), a
series of aryl iodides were subsequently tested. As shown in
Scheme 1, various aryl iodides with either electron-donating or
electron-withdrawing groups worked well under our reaction
conditions and gave the corresponding amides in moderate to
good yields. Substrates can tolerate various functional groups
such as CH,, Benzyl, OCH,, CF,, Br, Cl, F, and COOMe. However,
aryl iodides substituted with OH, NH, or NO, could not give
the desired carbonylation products. The system permitted the
reaction of sterically hindered aryl iodides such as 2-iodo-
toluene, 2-iodoanisole, 1-chloro-2-iodobenzene and 2-bromoio-
do-benzene with anthranils providing 70%, 75%, 689%, and
63% yield, respectively (3¢, 3g, 31, 3m). The reaction of the
heterocyclic iodide 3-iodopyridine with anthranil proceeded
smoothly under these reaction conditions, and provided 75%
yield of the desired product 3o. Interestingly, methyl 4-iodo-
benzoate reacted with anthranil and provided the highest
yield of the corresponding product 3 p of 889%.

Then, various anthranils were investigated to further extend
the substrates scope (Scheme 2). Several substituted anthranils
performed well and delivered the corresponding amides in
moderate to good yields. Owing to the mild reaction condi-
tions, different functional groups, such as F, Cl, CF;, and NMe,,
can be contained in the substrates. In addition, introduction of
a substituted methyl group into the 3-position of the anthranil
ring was fully tolerated, giving the desired amides in 85% and
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Scheme 1. Amide synthesis; variation of aryl iodides. Reaction conditions:
Anthranil 1a (0.3 mmol, 1 equiv), aryl iodides 2 (0.75 mmol, 2.5 equiv), Pd/C
(3.2 mg, 10 mol %), Mo(CO), (0.15 mmol, 0.5 equiv), Et;N (0.9 mmol, 3 equiv),
TBAB (0.009 mmol, 3 mol %), H,O (2 mL), 80°C, 18 h, air, isolated yield.

86% vyields (4a and 4f). Additionally, as one advantage of
using a heterogeneous catalyst, catalyst recycling experiments
were performed as well. In our model system, the catalyst
could be reused several times (see Supporting Information),
and 54% yield could still be achieved on the third run. 4-Bro-
moisoxazole was tested with iodobenzene as well, but no de-
sired product could be detected.

To understand the mechanism, some control experiments
were performed. From Scheme 3a and 3 b, we found that the
cleavage of N-O bond would take place in the presence of
Pd/C and the presence of Mo(CO), improves the yield
(Scheme 3¢). In the absence of Mo(CO),, no direct crosscou-
pling product 2-(phenylamino)benzaldehyde could be detect-
ed but only 2-aminobenzaldehyde was formed in 30% yield
(Scheme 3d). These results show the importance of Pd/C and
the dual roles of Mo(CO), (to promote the generation of 2-ami-
nobenzaldehyde, and act as a CO source). We could produce
N-phenylbenzamide in 76% yield when aniline was used in-
stead of anthranil under our standard conditions (Scheme 3e).
Then, D,0 was used as the solvent in Scheme 3f. We could
only produce 3a in 80% yield, and no deuterated product was

@ 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Scheme 2. Amide synthesis; variation of anthranils. Reaction conditions: An-

thranils 1 (0.3 mmol, 1 equiv), aryl iodides 2 (0.75 mmol, 2.5 equiv), Pd/C

(3.2 mg, 10 mol %), Mo(CO), (0.15 mmol, 0.5 equiv), Et;N (0.9 mmol, 3 equiv),

TBAB (0.009 mmol, 3 mol %), H,O (2 mL), 80°C, 18 h, air, isolated yield.
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Scheme 3. Control experiments, isolated yield.
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detected, which could be due to the instability of the N-D
bond. Notably, PhOTf can be applied as the substrate as well,
thereby providing the desired product in 65% vyield without
any further optimization (Scheme 3g). 2-aminobenzaldehyde
was also tested, giving 83% of the corresponding product
under our standard conditions (Scheme 3 h).

According to the control experiments, we postulated a pos-
sible reaction mechanism for this palladium-catalyzed amino-
carbonylation (Scheme 4). Firstly, the iodobenzene reacted

o
©)LN :
H
H o
NEt;
/

Pd—I

d Mo(CO)g [;I/CHO @

A

Pd—I co
t

B Mo(CO)g

Scheme 4, Proposed mechanism.

with palladium to give the aryl palladium complex A. Then,
carbon monoxide, which was produced from Mo(CO),, coordi-
nated and inserted into palladium complex A to generate the
acyl palladium complex B. This acyl palladium complex B react-
ed with 2-aminobenzaldehyde to give the final product and re-
generate the palladium catalyst for the next catalytic cycle.

In conclusion, we have developed a convenient procedure
for the synthesis of N-(2-carbonylaryl)benzamides. Moderate to
good yields of the desired amides could be prepared with
good functional group tolerance. Additionally, this procedure
also features advantages such as a recyclable Pd/C catalyst,
safe Mo(CQ), as the solid CO source, water as an environmen-
tally benign solvent, and no inert gas requirement.

Experimental Section

General procedure: In a 25 mL sealed tube, a mixture of anthranils
1 (0.3 mmol, 1 equiv), aryl iodides 2 (0.75 mmol, 2.5 equiv), Pd/C
(3.2 mg, 10 mol %), Mo(CO), (0.15 mmol, 0.5 equiv), Et;N (0.9 mmol,
3 equiv), and TBAB (0.009 mmol, 3 mol%) in distilled water (2 mL)
was stirred at 80°C under air. After 18 h, the mixture was cooled to
room temperature. The residue was diluted with H,O solution
(10 mL) and extracted with EtOAc (3x10mL). The solvent was
then evaporated under vacuum. The crude products were purified
by using column chromatography on silica gel (pentane/ethyl ace-
tate 4:1-2:1) to give the pure products.
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With hexaketocyclohexane octahydrate as the carbon monoxide
source, a novel procedure for copper-catalyzed direct double
carbonylation of indoles has been established. Using alcohols as
reaction partners, moderate to good yields of the desired double
carbonylation products have been obtained. Wide functional group
tolerance and substrate scope can be observed.

Transition-metal-catalyzed carbonylation reactions have already
become one of the most powerful tools in modern organic
chemistry." To date, most of the efforts have been focused on
monocarbonylation processes, while double carbonylation with
the introduction of two adjacent carbonyl groups into organic
molecules has been less explored.” The challenge comes from the
high reactivity of the acyl-metal intermediate, which is more trend
to go reductive elimination, decarbonylation or nucleophilic
attract. Hence, in the reported achievements, hesides the need
for palladium as a catalyst, usually high CO pressure { > 50 bar)
is necessary together with aryl iodides as substrates.’
Additionally, although carbon monoxide is considered as
one of the cheapest C1 sources and possesses non-replaceable
advantages in industrial scale applications, its special charac-
teristics {e.z., being highly toxic, odor-less, flammable, etc.)
limited its usage in laboratories. These properties also make
special equipment {CO detector, autoclave, ete.) obligatory.
Hence, the development of CO surrogates and exploration
of their synthetic applications have become a new topic in
chemistry research.® The known CO surrogates have common
drawbacks including low efficiency, low stability and/or high
activation energy, efc. In our effort to perform research on CO
sources,” hexaketocyclohexane octahydrate comes to our mind.®
Hexaketocyclohexane octahydrate {Cs06-8H,0) is a kind of non-
toxic stable solid.” It was originally produced by oligomerization
of carbon monoxide, and can be considered to be six-fold of
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carbon monoxide {Cs0s* & 6 x CO) with 100% atom efficiency
and as the CO source. Because the ring of hexaketocyclohexane
is highly strained, it can potentially decompose to CO in the
reaction solution.® In this case, the CO concentration in the real
solution can be significantly increased without affecting
the catalyst center. And new reactivities can potentially be
observed which are difficult in the case of pressurized carbon
monoxide gas.

Our initial investigation started with the reaction of indole (1a)
with methanol {2a), in the presence of Cq0¢-8H;O (1 equiv.), 15
mol% of Cu{OAc); and Ag,CO; {1 equiv.) in CH;CN at 80 °C. To our
delight, the double carbonylation product 3a was formed in 23%
vield after 20 hours {Table 1, entry 1). Based on this initial finding,
various oxidants such as K;5;05 BQ {1,4-benzoquinone), O,
AgOAc, AgOTH, and AgTFA were tested subsequently. Unfortunately,
none of them could give improved results (Table 1, entries 2-7).
Then the amount of Ag,CO; was varied (Table 1, entries 8-11).
Surprisingly, 5 equivalents of Ag,CO; gave the best result (Table 1,
entry 10). In order to further improve the reaction outcome, the
effects of acids were investigated as well {Table 1, eniries 12-16).
TFA can improve the yield of the double carbonyladon product
0 40% (Table 1, entry 16), whereas HOAc, PivOH, PhCOOH, and
CH;S0;H were all found to be inferior. In the loading variation of
TFA, 4 equivalents of TFA can give 3a in the highest yield {Table 1,
entries 17-19). In addition, a series of copper catalysts and
palladium catalysts were tested as well {Table 1, entries 21-28).
When using CuBr{Me,5) as the catalystand 1,10-phen as the ligand
(see the ESIT), we can ohtain 3a in the highest vield (69%; Table 1,
entry 24). Subsequently, various commonly applied solvents were
tested as well, such as HFIP {hexafluoroisopropanol), H,O, HOAc,
DMSO {dimethyl sulfoxide), toluene, DCE (1,2-dichloroethane),
DMF {NN-dimethylmethanamide), 1,4-dioxane, and THF (tetra-
hydrofuran), and no better results could be obtained {see the ESIT).
Then the amounts of the catalyst, methanol and Cs04 8H,0 were
varied as well, the yields of the target product decreased (see the
ESIT). Interestingly, Mo{CO); and CO (1 bar} were applied instead of
Cs06-8H,0 in the model reaction, but only a trace amount of the
desired product could be detected.

This journal is @ The Roval Society of Chemistry 2018
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Table 1 Optimization of the reaction conditions® Table 2 Double carbonylation of indoles with alcohols?
o -R’
s} o) 0
(8] CuBr{Me,8). Ag;CO5 o
@\ - MeGH = BHO 806G N @E\q;wo,_' . _ 110phen TFA {
CH4CN, 20 h N CHaCN, 80°C, 200 .
H H
1a 3a 3
Entty  Oxidant Acid Catalyst yield? (%) 5 O o oTh oth
G Q o]
1 Ag,C05 - Cu(DAC), 23 0 o 0 o
2 K,S,05 - Cu(DAc), ] 3 N X 3
3 BQ — Cu(DAc), 0 N N N N
4 0, — Cu(DAC), 0 i H H
5 AgDAc S GU(OAC)Z Trace 3a, 67% 3b, 56% 3, 0% 3d, 72%
6 AgOTE — Cu(DAc), Trace
7 AgTFA — Cu({DAc), Trace & o o oty ot G B
8 Ag,CO; (3 eq) — Cu(DAc), 25 G
g Ag,CO, (deq) — Cu{0Ac), 30 L ° 0 o L °
10 Ag,CO; (5 eq) — Cu({DAc), 36 q 3 3
11 Ag,COs (6 eq)  — Cu(DAc), 35 H N N N
c
12° AgyCO;5 HOAc Cu(DAC), 26 38, 73% st 70 5y Bl S50
13 Ag,C0; PivOH Cu(DACc), 30
14° Ag,CO, PhCOOH Cu(DACc), 36
15° Ag,CO; CH;80;H Cu(0Ac), 27 ’w/\
16° Ag,CO, TEA Cu(DAC), 40
157 Ag,C0, TFA (3 eq)  Cu(DAc), a1
18° Ag,CO; TFA (4 eq)  Cu(DAc), 46
19° Ag,C0, TFA (5 eq)  Cu(DAc), 40 .
20¢ Ag,CO, TFA Cu(OAc), 55 B Bi580% AR
214 Ag,CO; TFA CuBr, 52
598 Ag,C0; TFA CuCl, 54
237 Ag,CO0; TFA Cul 58(57)
249 Ag,CO; TFA CuBr(Me;S)  69(67)
25% Ag,CO; TFA Cu(acac), 48
26¢ AZ,CO, TEA PA(DAC), 58
277 Ag,C0; TFA PdCl, 58 31, 51% 3m 53% an, es% 30,54%
28¢ Ag,CO, TEA PA(TFA), 56
@ Reaction conditions: indole 1a (0.2 mmol, 1 equiv.), methanol 2a
(6 mrmnol, 30 equiv.), Cs0s §H20 (0.2 mrnol, 1 equiv.), oxidant (0.2 mrmol,
1 equiv.), acid (0.2 mmol, 1 equiv.), and catalyst (0.03 mmol, 15 mol%)
in CH;CN (1 mL) for 20 h at 8¢ °C in sealed tubes in air. ¥ Yields were
determined by GC using n-hexadecane as the internal standard. Isolated N 3p, 55% 3q,82% 3, 55%

yields are in parentheses. © Ag,CO; (1 mrnol, 5 equiv.). ¢ Ag,CO;, (1 mmol,
5 equiv.), TFA (0.8 mmol, 4 equiv.), and 1,10-phen {0.06 mimol, 3¢ mol%).

With the optimized conditions in hand {Table 1, entry 24,
screening of different alcohols was performed subsequently. As
shown in Table 2, various primary and secondary alcohols
worked well under our reaction conditions and gave the corres-
ponding double carbonylation products in moderate to good
vields. However, tertiary alcohols such as tert-butanol and fert-
amyl alcohol give only trace amounts of the desired double
carbonylation products. To our delight, benzylic alcohols can
be applied under our reaction conditions as well to give the
corresponding products in moderate vields without any further
optimization.

Successively, various indoles were investigated for further
extending the substrate scope (Table 3). To our delight, a series
of functional groups, such as OMe, Ph, CF;, Cl, and Br, were
compatible under our conditions, which gave the desired double
carbonylation products 4 in moderate to good isolated yields.
2-Phenyl substituted indole can be transformed as well, and the
desired methyl 2-oxo-2-{2-phenyl-1H-indol-3-yl)acetate {4f) was
isolated in 42% yield. Unfortunately, no target product could
be detected when the COOMe group was substituted at the

This journal is ® The Royal Society of Chemistry 2018

*@@xb @v%

N
H 3s. 53% 3t, 45% 3u, 43%

Q
F
()
@Tt J
H F
g F

v, 32%

@ Reaction conditions: indole 1a (0.2 mmol, 1 equiv.), alcohols 2
(6 mmol, 30 equiv.), CeOs8H,O (0.2 mmol, 1 equiv.), CuBr(Me,S)
(0.03 mmol, 15 mol%), 1,10-phen (.06 mmol, 30 mol%), Ag,CO;
(1 mrmol, 5 equiv.), TFA (0.8 mmol, 4 equiv.), CH;CN (1 mL), 20 h,
80 °C, air, isolated yield.

2-position of indole. Comparing 4g with 4i, we found that the
yield of the double carbonylation product decreased when there
is a substitution at the 4-position of the indole applied, which
can be explained by the steric hindrance effects. Not only N-H
free indoles, but also N-Me substituted indoles can be applied.

In order to get some insight into the reaction pathway, control
experiments were carried out. We found hexaketocyclohexane

Chem. Commun, 2018, 54, 4758-4801 | 4799
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Table 3 Double carbonylation of indoles with methanol®

o, 7

CuBr(Me»S), AgsCO;5 5
1,10-phen, TFA
2 Rz+ru'|z=_-0H+ 8H20 sl S | Y R?
N CHien, 80°¢, 200 U, L
R H
4
\

Ai:\\ /?

R
1
Ny
o}
N
N N
4a, B5% 4b, 70% 4c, 68% 4d, 64%
N N N,
o] e} o}
o}
4 Br 2
o] 0 ql &
p Fh ': r:
N H H
4, 67% 9% 4g, 33% 4h, 61%
o
Q
N /@jt4
N cl
H
Br
4i, 62% 4j. 62% 4k, 60% 5%

“ Reaction conditions: indoles 1 (6.2 mmol, 1 equiv.), methanol 2a
(6 mmol, 30 equiv.), Cg0g8H,O (0.2 mmol, 1 equiv.), CuBr(Me,S)
(0.03 mmol, 15 mol%), 1,10-phen (0.06 mmol, 30 mol%), Ag,CO,
(1 mmol, 5 equiv.), TFA (0.8 mmol, 4 equiv.), CH;CN (1 mL), 20 h,
80 °C, air, isolated yield.

octahydrate to be stable at 80 °C in MeCN in the absence of a
catalyst {Scheme 2, egn (a)). Carbon monoxide gas can be detected
after the addition of Ag,CO; (Scheme 2, eqn {b}). However, by
performing the model reaction system under CO gas {1 bar) with
standard conditions, only a trace amount of methyl 2-{1H-indol-3-
yl)-2-oxoacetate could be detected {Scheme 2, egn {c]).

Here, it is also important to mention that a monocarbonyla-
tion product can be detected in some cases during the optimiza-
tion process. In order to extend the use of hexaketocyclohexane
octahydrate as the CO source, we performed further studies to
increase the yield of the monocarbonylation product. To our
delight, the monocarbonylation product 5a can be obtained in
46% vield by using chlorobenzene as the solvent at 130 °C for
20 hours {Scheme 1).

The possibility that involves glyoxal as the intermediate can be
excluded during the experiment as shown in Scheme 2, eqn {d). In
the absence of indole, under standard conditions, butyl formate can
be detected in GC-MS {Scheme 2, egn (e)). Based on our results, a
possible reaction pathway is proposed (Scheme 3). In the presence
of a catalyst and alcohol, hexaketocyclohexane octahydrate was

CuBr{Me;8), Ag;CO;
m+ MeOH + 8H20 _ 1ACphen TFA 4
PhCI, 130 °C, 20 h N

Scheme 1 Cu-catalyzed monocarbonylation of indole.
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o CH:CN 80°C
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A92003 Ar 20h
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b i LIPS R

CH3CN. 20h N
80°C <5

+ MeOH + CO(1ban
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i
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XK
Pedt
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L

o}
e} BuOH + * 8 H0 i .
) 20 - nditions H/I'LO,BU Detected in GC-MS

0 Q
Q

Scheme 2 Control experiments.

Q. O e}
“8H0 + ron 2R, A )LO,R — 1L g
5 5 5 H o
0 / \
R
0, .0
@ [Catal] @ )]\ CEK/[M]

Scheme 3 Proposed reaction pathway.

transformed into CO and the corresponding alkyl formate via a
carboalkoxy complex C. The presence of TFA can promote the
formation of intermediate A.” Then complex A reacted with CO
to give the acyl intermediate B. After transmetalation with carbo-
alkoxy complex C, the key intermediate D was formed,'” which can
produce the final double carbonylation product after reductive
elimination. As alkyl formate and the carboalkoxy complex C
further decomposed into CO and alcohol at high temperature, only
the monocarbonylation product was produced by the reaction
between complex B and alcohol.

In summary, a novel procedure for copper-catalyzed double
carbonylation of indoles with alcohols viz C-H bond functionalization
has been developed. With hexaketocyclohexane octahydrate as the
CO source, the desired products were produced in moderate to good
vields. And monocarbonylation can be realized as well. C.04-8H,O
has heen explored as an efficient CO source for the first time.
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