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Transition-Metal-Catalyzed Hydroarylation Reactions of Alkynes Through
Direct Functionalization of C—H Bonds: A Convenient Tool for Organic
Synthesis
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Direct functionalization of aromatic C-H bonds with alkynes
provides an efficient synthetic protocol involving fewer reac-
tion steps without need for prefunctionalization. This micro-
review presents an overview of the recently developed tran-
sition-metal-catalyzed hydroarylation reactions of alkynes.

Special attention is paid to hydroarylation through alkyne ac-
tivation processes and through arene activation processes.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2009)

1. Introduction

Direct functionalization of C-H bonds in hydrocarbons
with the aid of a catalyst is a challenging subject in organic
chemistry because of low reactivity of the C—H bond and
has recently been studied with great interest.[!] Direct func-
tionalization of hydrocarbons in organic synthesis has the
advantage that halogenated compounds or related sub-
strates are not required as starting materials and so the
number of reaction steps required is reduced. Such pro-
cesses are therefore also attractive as environmentally be-
nign and efficient syntheses.

Hydroarylation of alkynes can formally be regarded as a
reaction in which both aryl and hydrogen moieties of an
aromatic compound add across a triple bond, providing a
direct and efficient approach to the synthesis of aromatic
alkenes. This microreview focuses on the hydroarylation re-
actions of alkynes??! developed in recent years, which are
mainly divided into two pathways: through alkyne acti-
vation and through arene activation, as shown in Schemes 1
and 2.

[a] Department of Chemistry and Applied Chemistry, Faculty of
Science and Engineering, Saga University,
Honjo-machi, Saga 840-8502, Japan
Fax: 88-952-28-8548
E-mail: kitamura@cc.saga-u.ac.jp

M] Ar—H

[

—-H*

\/ o M] H* \/ o H
Ar - [M] Ar

Scheme 1.
Ar—H w Ar—[M]—H .
A, M-H - M A, H
)= )=
Scheme 2.

(1) Through Alkyne Triple Bond Activation

A triple bond is activated by coordination with a cationic
metal and shows electrophilic character. This activated al-
kyne undergoes an electrophilic substitution with an elec-
tron-rich arene to form an arylvinylmetal complex. Finally,
the vinyl complex is protonated to form an aryl-alkene. The
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mode of addition is therefore trans, whereas the regiochemi-
stry is controlled by the electronic nature of the substituent
on the triple bond.

(2) Through Arene C-H Bond Activation

A metal complex that is nucleophilic in nature undergoes
C-H bond activation by oxidative addition to form an aryl-
metal complex, which adds to a triple bond in a syn manner
to form an arylvinylmetal complex. Reductive elimination
gives an aryl-alkene product. The presence of a directing
group on the arene ring accelerates this C-H bond acti-
vation, also controlling the regiochemistry.

Synthetically useful characteristics of hydroarylation of
alkynes are as follows.

(1) This process gives conjugated aromatic alkenes, which
are important intermediates for functional materials and
pharmaceuticals.

(2) This process provides direct synthesis of aryl-alkenes
from simple arenes. Although aryl-alkenes have been widely
synthesized by the well known Heck reaction, Stille reac-

Stereochemistry

tion, Suzuki-Miyaura coupling reaction, and related reac-
tions, synthesis with such reactions requires prefunctionali-
zation of arenes to halides or triflates. The hydroarylation
process is therefore an efficient alternative for aryl-alkene
synthesis.

(3) This process is a catalytic, highly atom-economical, and
environmentally benign reaction.

(4) This hydroarylation process affords stereo- or regio-de-
fined isomers of aryl-alkenes different from those obtained
in the Heck reaction, as illustrated in Scheme 3.

2. Hydroarylation of Alkynes through Alkyne
Activation

2.1 Simple Addition of Arenes to Alkynes

A simple addition of an aromatic C-H bond to a triple
bond in most cases proceeds in an electrophilic manner and
can be applicable to a wide range of substrates because the
process does not require a directing group. A typical hy-
droarylation reaction is a Pd(OAc),-catalyzed reaction be-
tween an alkyne and an arene under acidic conditions.!

_ Heck reaction Ar The reaction was initially thought to proceed through C-
Ar—X + _\0025t COoEt H activation of the arene followed by trans addition of a
hydroarylation with 2 pallqdium—arene bpn@ across an alkyne, but mechanistic
a cationic catalyst studies based on kinetic isotope effects have suggested that
Ar—H + =—CO,Et Al COLEt the reaction proceeds by electrophilic aromatic substitution
with a metal-activated alkyne.[*!
This hydroarylation reaction in most cases takes place at
Regiochemistry room temperature and affords hydroarylation products
Heck reaction Ar both regio- and stereoselectively.l?] The reaction between
Ar—X + :\ph \:\ ethyl propiolate and pentamethylbenzene (Scheme 4), for
- Ph example, gives ethyl cis-pentamethylcinnamate in a high
hydroarylation with . . . T
a cationic catalyst Ar yield. Since alkynes activated by cationic Pd catalysts show
Ar—H + =—Ph = high electrophilicity in hydroarylation, electron-rich arenes
Ph such as durene, mesitylene, and xylene give good results in
Scheme 3. this reaction. Although the reaction between ethyl phenyl-
propiolate and pentamethylbenzene gives a high yield of the
hydroarylation product after 5 h, after 12 h the same reac-
okt 1 mol-% Pd(OAc), x tion affords a 98% yield of the diarylpropenoic acid
+ =
’ TFA, CH,Cly, r.t., 2 h COoEt
85% CoE 1 mol-% Pd(OAc), N
+ = t
@ : 5;/\ " TeA ok . COE
CO,Et CO,Et CO,Et
X X
X=0H 57%
45% (20 h) 49% (24 h) 45% (24 h) X =Br 46%
Scheme 4. Scheme 6.
Ph Ph
5 mol-% Pd(OAc), N N
+ Ph—==—CO,Et +
jib\ TFA, CH,Cly, rt. Ii\c’oﬁ COH
5h 71% 5%
12h 0% 98%
Scheme 5.
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(Scheme 5) originating from hydrolysis of the correspond-
ing ethyl ester with TFA, due to a long reaction time.

This hydroarylation reaction shows chemoselectivity and
is tolerant towards the presence of functional groups such
as OH and Br (Scheme 6). The reaction with mesityl bro-
mide gives no debrominated product, suggesting that no
Pd° species is involved in this hydroarylation reaction.

A chelating N-heterocyclic dicarbene palladium(IT) com-
plex also acts as a catalyst in hydroarylation of alkynes
(Scheme 7). Although this hydroarylation reaction affords
low levels of conversion at room temperature, an increase
in the reaction temperature to 80 °C gives complete conver-
sion. The use of this dicarbene Pd" complex has the advan-
tage that the reaction proceeds with a low loading (0.1 mol-
%) of the catalyst to yield hydroarylation products in good
yields.

Palladium-catalyzed hydroarylation of alkynes has been
applied to simple heterocycles such as pyrroles and in-
doles,[! taking place in AcOH or CH,Cl, under mild condi-
tions. The reaction between ethyl phenylpropiolate and pyr-
role gives the hydroarylation product in 76% yield
(Scheme 8). This procedure has been extended to a direct
synthesis of the p-alkenylpyrrole fragment of hemin
(Scheme 9).1}

@ 5 mok-% Pd(OAc) COE
N~ + Ph—=—COEt N 7
H AcOH, rt., 2h H Pph
76%
Scheme 8.

Hydroarylation of aryl-substituted alkynes with electron-
rich arenes is catalyzed by AuCl; activated by silver salts
such as AgSbF4.[®l In the case of terminal aryl-alkynes,
complete regioselectivity in favor of the 1,1-diarylethenes is
observed. The reaction between phenylacetylene and mesit-
ylene in the presence of AuCl; and AgSbF, for example,
gives 1-mesityl-1-phenylethene in 86% yield (Scheme 10).
On the other hand, the hydroarylation of electron-deficient

el
J\PdJ\N

CO,Et

58%

B’ Br Me

alkynes such as ethyl propiolate is effectively catalyzed by
Ph;PAuCl or Et;PAuCl activated with AgSbF¢ or BF5-OEt,

(Scheme 11).
1.5 mol-% AuClj ph
3.0 mol-% AgSbFg
+ Ph
CH3NO,, 50°C, 4 h
86%

Scheme 10.
1 mol-% PhsPAUCI
5 mol-% BF5OEt, O
+ =—CO.Et
CH3NO,, 50 °C, 14 h CO2Et
90%
Scheme 11.

AuCls-catalyzed hydroarylation of electron-deficient al-
kynes can be also conducted under solvent-free conditions.
In the presence of AuCls/3 AgOTTf (2.5 mol-%), pentameth-
ylbenzene reacts with ethyl propiolate at 23 °C to afford the
hydroarylation product in 99% yield (Scheme 12).°

2.5 mol-% AuCly/3AgOTf N
CO,Et

Jge—

CO,Et
23°C, 48 h

99%
Scheme 12.

Although Pd-catalyzed hydroarylations of ethyl pro-
piolate with simple arenes provide ethyl cis-cinnamates with
high regio- and stereoselectivities, such hydroarylations also
give diethyl (1E,3Z)-4-arylbuta-1,3-diene-1,3-dicarboxyl-
ates as byproducts.[3 Because of the formation of these aryl-
butadiene derivatives, the hydroarylation reactions display
low chemoselectivities and decreased yields of the desired
cinnamates. On the other hand, hydroarylations of ethyl
propiolate proceed selectively to give the cinnamates with-
out the formation of the arylbutadienes when a Pt!! cata-
lyst — PtCl,/AgOAc — is used instead of Pd(OAc),.l?! The

Ph

b\ 5 mok-% Pd(OAC),
EOC + Ph—=—CO,Et

N
H

Scheme 9.
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PtCl,/AgOAc catalyst is low in activity, however, suggesting
that a more cationic Pt catalyst is required to improve the
activity. As shown in Scheme 13, in the presence of PtCl,/
AgOTI a5 catalyst, mesitylene reacts with ethyl pro-
piolate at room temperature to afford ethyl cis-trimethylcin-
namate in 86% yield after 15 h. When propiolic acid is used
instead of ethyl propiolate, the yield of the desired product
is improved to 94%.

2.5 mol-% PtCIL/AgOTf N
T oA CO.Et
TFA, CHoCly, rt., 15 h 2
86%
2.5 mol-% PtCl/AgOTf N
* = coN CO.H
TFA, r.t., 15 h 2

94%
Scheme 13.

The PtCl,/AgOTf catalyst is selective and effective for the
hydroarylation of propiolates, leading to the predominant
formation of cis-cinnamates. However, this catalyst exhib-
ited low reactivity toward less reactive aromatic substrates
and could not be applied to hydroarylation with benzene
as a representative aromatic compound. Among platinum
catalysts, K,PtCl, has been found to be more effective in
combination with AgOTf:'!l the hydroarylation of propi-
olic acid with benzene proceeds effectively in the presence
of K,PtCl,/AgOTf as catalyst to give cis-cinnamic acid in
54% yield at room temperature or in 61% yield at 40 °C
(Scheme 14). As would be expected, representative electron-
rich aromatic substrates give high yields of cinnamic acid
derivatives in hydroarylations with this catalyst, as shown
in Scheme 14.

2.5 mol-% K2PtC4
5 mol-% AgOTf

@ + =—COH

TFA

Z COM
AN X
X
COH o COH OO

96% (r.t., 15 h) 96% (rt., 15 h)

Scheme 14.

+ ==—CO,R

Scheme 15.
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Polyolefins are ubiquitous commercial polymers, and in-
troduction of functional groups into these polymers is an
important approach in the development of new polymer
materials. Hydroarylation in the presence of the K,PtCly/
AgOTf catalyst has been applied to polystyrenes
(Scheme 15)."1' A polystyrene block copolymer reacts with
propiolic acid in the presence of K,PtCl; (10 mol-%) and
AgOTf (40 mol-%) in TFA and CHClI; at 60 °C to give alk-
enylated polystyrene block copolymer with 30% introduc-
tion of acrylic acid moiety after 24 h. The same reaction
between the polystyrene block copolymer and methyl pro-
piolate also leads to 35% introduction of methyl acrylate
moiety, but the reaction between polystyrene and methyl
propiolate results in only 7% introduction of methyl acry-
late moiety.

Metal triflates such as In(OTf)s, Sc(OTf);, and Zr(OTf),
catalyze the hydroarylation of aryl-alkynes to afford 1,1-
diaryl alkenes in high to excellent yields.'3) The reaction
between phenylacetylene and p-xylene at 85 °C in the pres-
ence of In(OTf); (10 mol-%) proceeds smoothly to give 1-
phenyl-1-xylylethene in 80% yield after 19 h (Scheme 16).
The same reactions in the presence of Sc(OTf); or Zr-
(OTf), afford the same product in 92 and 53% yields,
respectively.

Ph
10 mol-% In(OThH3

+ Ph

85°C,19h
80%

Scheme 16.

The catalytic activities of metal triflates in hydroaryla-
tions of alkynes can be enhanced by using an ionic li-

N
CO,H

54% (rt., 70 h)
61% (40 °C, 40 h)

X
COLH

Br
88% (40 °C, 40 h)

83% (40 °C, 40 h)

10 mol-% K2PtC|4

TFA, CHCI3
60°C,24h
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quid.'¥ Hydroarylation of 1-phenylprop-1-yne with ben-
zene in the presence of 10 mol-% Sc(OTf); in 1-butyl-3-
methylimidazolium hexafluoroantimonate ([bmim][SbF])
is complete within 4 h and affords 1,1-diphenylprop-1-ene
in an excellent yield (Scheme 17), whereas without use of
an ionic liquid the reaction gives a low yield (27%) of the
product after 96 h. Of the imidazolium salts tested,
[bmim][X] (X = SbFg, PF¢, BF,4, OTf, SF¢, and PF4 anions)
provide the most active reaction media for hydroarylation.

{\N@)N/\/\] [x’} [bmin][X]
% X = SbFg, PFg, BF 4, OTF
lonic liquid Ph
10 mol-% Sc(OTH)3 X
@ + Ph——
[bmim][SbFg]
85°C, 4 h 91%

Scheme 17.

Hydroarylation of aryl-substituted alkynes with use of
an iron catalyst has been achieved, as shown in
Scheme 18.1'3] The use of such a ubiquitous metal has re-
cently attracted much attention, because iron is abundant,
economical, and environmentally friendly. The reaction be-
tween phenylacetylene and mesitylene proceeds smoothly in
the presence of FeCl; (10 mol-%) in CH3NO, to produce
1-mesityl-1-phenylethene in 86% yield. Other electron-rich
aromatics also give good results.

10 mol-% FeClz Ph
ArH + Ph

CHaNO,, rt, 5h AF

European Journal
of Organic Chemistry

2.2 Hydroarylation of Propiolates with Phenols to Afford
Coumarins

Electron-rich alkoxy-substituted phenols undergo hy-
droarylation with propiolates in the presence of Pd(OAc),
as catalyst in mixed solvent systems containing TFA. The
subsequent intramolecular transesterification of the hydro-
arylation product takes place immediately to form a couma-
rin derivative, as shown in Scheme 19. This process provides
a direct synthesis of coumarins from phenols and pro-
piolates.l'!

Hydroarylation

CO,Et

Intramolecular

OH 0._0
R ~ | COLEY| transesterification R—/ |
S = A =

R’ R'

Scheme 19.

The scope of this process is illustrated in Scheme 20: the
reaction between ethyl phenylpropiolate and 3,4,5-tri-
methoxyphenol in the presence of a catalytic amount of
Pd(OAc), in TFA proceeds smoothly at room temperature
to give 5,6,7-trimethoxy-4-phenylcoumarin in a high yield.
Coumarin derivatives can be also obtained in good to high
yields from other electron-rich starting phenols, as shown.

A simpler direct route to coumarin derivatives is ac-
complished by treatment of phenols with propiolic acids
(Scheme 21).1'71 This process is not accompanied by the for-
mation of alcohols as byproducts, nor does it require aryl

Ph Ph Ph 5 mMol-% o
MeO OH Pd(OAc), MeO 0o
\©/ + Ph—=—=—CO,H P
TFA, r.t,, 42 h
Ph
86% 87% 93% 65%
Scheme 18. Scheme 21.
MeO OH
© 1-2.5 mol-% Pd(OAc), ~ Me© 0.0
+ Ph—==—CO,Et P
MeO TFA, rt.,6-18 h MeO
MeO MeO Ph
87-93%
o 0.__0 MeO 0__0 MeO 0.__0 0.__0
SO O Oy aC
Ph MeO  Ph Ph O Ph
93% 56% 85% 88%
MeO 0.__0 MeO 0__0O MeO. 0.__0
MeO MeO  Me MeO  CgHqq
59% 97% 96%
Scheme 20.
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esters of propiolic acids for synthesis of coumarins by intra-
molecular hydroarylation as described later.

Instead of TFA, formic acid is the choice of solvent in
reactions involving ethyl propiolates and phenols, although
a Pd® species, rather than Pd', is involved as an active spe-
cies in the reaction in HCOOH. Treatment of ethyl pro-
piolate with 3,5-dimethoxyphenol in the presence of
(dba);Pd,*CHCl; (5 mol-%) and NaOAc (20 mol-%) in this
acid at 50 °C affords 5,7-dimethoxycoumarin in 88% yield
(Scheme 22).'81 Under these conditions, several coumarin
derivatives are prepared in reactions involving electron-rich
phenols such as phloroglucinol, 3.4,5-trimethoxyphenol,
3,4-methylenedioxyphenol, 3-methoxyphenol, 3-methoxy-5-
methylphenol, 5-methoxyresorcinol, and 2-naphthol.

5 mol-%

MeO OH Pd,(dba)s CHCls MeO 0.0

+ =—CO,Et =
20 mol-%
MeO MeO

NaOAc, HCOOH 88%
25°C

Scheme 22.

Hydroarylation of propiolates with phenols has been ap-
plied to the synthesis of calanolides A and B, which are
active against AZT-resistant strains of HIV-1.['"1 The key
step in this synthesis is the palladium-catalyzed coumarin-
forming reaction (Scheme 23).

Syntheses of coumarins from phenols and propiolic acids
can also be conducted with Pt catalysts such as PtCl,/

OH
2.5 mol-%

COLEt Pdydbas
+/\/ T
HCOOH o %
o OH N

Calanolide B Calanolide A
Scheme 23.
R1 — R2 + / \ 3
77 R
nHex nHex
B |
Meo” S Me~ O -
S o
OMe Me
63% (85 °C, 95 h) 88% (60 °C, 24 h)
Scheme 25.
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AgOTf and K,PtCl,/AgOTT.2% The reactions between sub-
stituted propiolic acids and electron-rich phenols proceed
selectively to afford coumarins in good to high yields.

2.3 Double Hydroarylation of Alkynes

Hydroarylation of alkynes with arenes forms aromatic
alkenes, which in cases of reactions with electron-rich ar-
enes such as alkoxy-substituted benzenes and heteroarom-
atics can undergo subsequent hydroarylation. Double hy-
droarylation thus takes place in these cases. Reactions be-
tween ethyl propiolate and electron-rich arenes such as ani-
sole, 1,4-dimethoxybenzene, or 1,3,5-trimethoxybenzene, in
the presence of, for example, Pd(OAc), (1 mol-%), give
double hydroarylation products, albeit the yields are low.!

Pyrrole and indole undergo double hydroarylation in the
presence of a Pd(OAc), catalyst in AcOH at room tempera-
ture when ethyl but-2-ynoate and oct-2-ynoate are em-
ployed.[®l The reaction between ethyl but-2-ynoate and pyr-
role in the presence of Pd(OAc), (5 mol-%) in AcOH at
room temperature affords ethyl 2,2-dipyrrolylbutanoate in
57% yield after 24 h (Scheme 24).

5 mol-% Pd(OAc), N

/\—/\/ \ COEt
N~ t = COEt \ | JNH
H AcOH, r.t, 24 h _

57%
Scheme 24.

Hydroarylation with heteroaromatic compounds or elec-
tron-rich heteroaromatics occurs efficiently when indium
triflate is used as a catalyst.?!) The reactions of hex-1-yne
or phenylacetylene with thiophenes or 2-methylfuran pro-
ceed in the presence of In(OTf); (10-20 mol-%) in 1,4-diox-
ane to afford 2,2-dithienyl- or difuryl alkanes in good
yields, as shown in Scheme 25.

On the other hand, the reactions of pyrroles give mix-
tures of a,a’, a,B, and B,B’ adducts, suggesting that the dis-
tributions of the regioisomers vary with bulkiness of the
substituent on the nitrogen atom, as shown in Scheme 26.
The reaction between oct-1-yne and N-unsubstituted pyr-
role forms the a,a” adduct 2,2-bis(2’-pyrrolyl)octane as the
major product, whereas the reactions of N-methyl- and N-
butylpyrroles result in the major formation of the 3,3’ ad-

© 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

1
10-20 mol-% In(0Th3 Ar R
2

1,4-dioxane Ar R
60-130 °C Ar = heteroaryl

Ph Me
| AN
s\ CO,Et
Bt~ S _~ s -
— Me
Me— |
Et S

43% (130 °C, 60 h) 75% (95 °C, 50 h)
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ducts. N-Isopropyl- and -triisopropylsilyl-substituted pyr-
roles give only B,B’ adducts. Isomerization from a,a’ to ,B’
adducts is suggested.

nHex—= + ﬂ

10 mol-% In(0Tf)3

E 1,4-dioxane
85°C
nHex nHex _ nHex
N L RN7
N + N +
R < “NR R 4 AN 4 AN
— NR NR
a,o'-adduct a,B-adduct f3,3'-adduct
time yield o, oo, o Bp
R=H 0.5h 79% 66 @ 34 : <1
R =Me 5h 93% 1 :15 : 85
R = nBu 1.5h 90% 0 6 : 94
R =iPr 3h 86% 0: 0 : 100
R=(@Pr)3Si 70h(110°C) 61% 0 0 : 100
Scheme 26.

When gold(IlI)-catalyzed hydroarylation of alkynes is
applied to heterocycles such as indole and benzofuran, two
equivalents of the heterocycles add to one molecule of ethyl
propiolate (Scheme 27).1221

5 mol-% N COEt
\ L AuCls
+ =—CO,Et X
X CH4CN, rt. /
X
X=NMe 74%
X=0  58%

Scheme 27.

Use of a cationic binuclear catalyst — [(Mes;PAu),Cl]-
BF, — is able to effect the hydroarylation of alkynes with
2-substituted furans.[>31 This hydroarylation gives a double
hydroarylation product in good yields (Scheme 28). Because
the intermediate single-hydroarylation product cannot be
detected or isolated, the second addition is believed to be
faster than the first one.

2.5 mol-% | AN Fh
[(MesgPAU),CIIBF 4
M /@ * Ph—= Me” Oz
& "o 50°C, 7d P
5%  Me
Scheme 28.

Platinum-catalyzed hydroarylation of alkynes has been
extended to thiophenes.?*! Treatment of thiophenes with
ethyl propiolate or propiolic acid in TFA in the presence of
K,PtCl,/AgOTf as catalyst affords 3,3-bis(thienyl)propi-
onates and -propionic acids, respectively, in good to high
yields (Scheme 29). As in the previous example, the first
hydroarylation with thiophenes proceeds effectively and the
subsequent one occurs immediately afterwards, to afford
the doubly thienylated products.

Eur. J. Org. Chem. 2009, 1111-1125
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2 mol-% K2PtC|4 S

A s — COR 8 mol-% AgOTf ¢ : | p
S TFA, 40°C, 6-15 h
CO.R
R =Me 50%
R=H 91%
Scheme 29.

3. Intramolecular Hydroarylation of Alkynes
through Alkyne Activation

The hydroarylation methodology has been extended to
the intramolecular version, allowing the synthesis of hetero-
cycles and carbocycles. In particular, such intramolecular
hydroarylation reactions are suitable for the synthesis of
heterocycles, because of the mildness of the reaction condi-
tions in most cases. Six-membered heterocycles and car-
bocycles have been synthesized by this hydroarylation
method.

3.1 Coumarins

Whereas the hydroarylation of ethyl propiolates affords
cis-cinnamates, aryl propiolates undergo intramolecular hy-
droarylation to give coumarin derivatives, as shown in
Scheme 30.53%:25 The reaction of 4'-tert-butylphenyl phenyl-
propiolate in the presence of Pd(OAc), (1 mol-%) in a
mixed solvent containing TFA, for example, gives 6-tert-
butyl-4-phenylcoumarin in 90% yield within 30 min. Very
recently, this reaction has been examined with an iron cata-
lyst.l?®] Intramolecular hydroarylation proceeds in the pres-
ence of FeCl; (20 mol-%) in nitromethane at 80 °C to afford
the same product in 53 % yield after 72 h. Various aryl alky-
noates smoothly undergo intramolecular hydroarylation in
the presence of Pd(OAc), as the catalytic system in TFA.

Similarly, intramolecular hydroarylation of aryl pro-
piolates to afford coumarins can be carried out with a gold
catalyst.’] The reactions of phenyl propiolates in dichloro-
ethane at 50 °C in the presence of AuCls/3 AgOTT (5 mol-%)
give coumarins in good to high yields (Scheme 31).

Hf(OTf),-catalyzed intramolecular hydroarylation in the
ionic liquid [bmim][SbF¢] has been extended to coumarin
synthesis.'¥l Reactions in the presence of HFf(OTf),
(10 mol-%) in mixtures of [bmim][SbF¢] and methylcyclo-
hexane at 85 °C afford coumarins in good yields after 9 h
(Scheme 32).

3.2 Quinolinones

Intramolecular hydroarylation has been applied to the
synthesis of the nitrogen-containing 2(1H)-quinolinone het-
erocycles.’®231 Reactions of alkynanilides in the presence
of Pd(OAc), (2 mol-%) proceed smoothly in mixed solvents
containing TFA at room temperature to give 2(1H)-quinol-
inones in good yields, as shown in Scheme 33.

Because direct intermolecular reactions between alkynoic
acids and anilides do not afford 2(1H)-quinolinones
1117
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0._0O o. .o

/©/ 1 mol-% Pd(OAG),
tBu =

I TFA, CHoCly Bu

Ph rt,05h Ph

90%

0._0 Me 0__0 Me 0__0 MeO 0.__0
R Me Ph Me Ph MeO  Ph

R=Me  90% (0.5 h) 87% (0.5 h)

R=CsHyq 71% (0.5 h)
R=H

60% (0.5 h)

o CHO

MeO  Ph

65% (0.5 h) 71% (1 h)

Scheme 30.

0. _0 5mol-% 0.__0
AuClz/3 AgOTf
It 7 R
R

84%

CH,CICH,CI, 50 °C R=Me 99%
R R=Ph 73%
Scheme 31.
- @/O O 10 mol-% Hf(OThH, @ 0.0
R'—
A | | ] N Z
[obmim][SbFg],
R methylcyclohexane R
85°C,9h
o. _O 0.0 0.__0
Ph O Me O Ph
51% 89% 55%
Scheme 32.

(Scheme 34), the intramolecular hydroarylation process of-
fers a unique and efficient method for the synthesis of these
heterocycles.

75% (1 h)

85% (0.5 h) 91% (0.5 h)

iPr Me
0.0 0.0 0.0 00
Pz
= Z Z Me
Ph
Me Ph Ph

79% (5 h) 50% (10 h)
o
2 mol-% Pd(OAc)z ol |
AN =
TFA CH2CI2
R
H
O MeO N O MeO N.__O
¢ p
n- C5H11 n-i C5H11 Ph
91% 5% 82%

Scheme 33.

sis.l! The intramolecular hydroarylation of phenylpropiolic
acid 3,4,5-trimethoxyanilide in [bmim][SbF4] and methylcy-
clohexane is catalyzed by Hf(OTf), (10 mol-%) and affords
the corresponding quinolinone in 72% yield (Scheme 35).

H
O 10 mol-% Hf(OTf); MeO N._O
Q/ T [omim][SbFg] Meom

methylcyclohexane MeO Ph

85°C,9h 72%
Hydroarylation in the presence of Hf(OTf), as catalyst
in an ionic liquid can be applied to quinolinone synthe-  Scheme 35.
H
_~_NH, 2 mol-% Pd(OAG), N | N__O
R'—O/ + R COH —FH—— NP
TFA, CHoCl, R

A

Scheme 34.
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3.3 Chromenes

Intramolecular hydroarylation of aryl propargyl ethers
leads to the formation of 2H-chromenes, as shown in
Scheme 36.2°1 Sesamol propargyl ether reacts in the pres-
ence of Pt(MeCN), as catalyst to afford 6H-[1,3]diox-
olo[4,5-g]chromene in 95% yield. In the presence of a cat-
ionic catalyst such as [Au(PPh;)CIl)/AgBF,, a symmetrical
chromene dimer is obtained together with the 2H-
chromene. In contrast, the catalyst [Au(PPh;3)CI[/HBF, se-
lectively gives the chromene.

Chromene synthesis through intramolecular hydroaryl-
ation has been applied to a total synthesis of (*)-degue-
lin,?”) which has been shown to be an efficacious chemopre-
ventitive agent both in in vitro and in in vivo models.
Scheme 37 shows this total synthesis, in which a key step
involves platinum-catalyzed 6-endo hydroarylation of the al-
kynone derived in three steps from 3,4-dimethoxyphenol.
The intramolecular hydroarylation of the alkynone in the
presence of PtCl, (5 mol-%) in dioxane at 65 °C affords the
desired chromene derivative, but the yield is only 40%. In
contrast, the reaction in the presence of PtCl, (5 mol-%) in
toluene at 55 °C gives the desired cyclization product in an
excellent yield. Finally, the chromene is converted into the
target molecule in 86% yield. (*)-Deguelin is thus synthe-
sized in six linear steps in 68% yield.

0.09 mol-% Pt(MeCN),Cl,

oy
ey

acetone, reflux, 16 h

3 mol-% [Au(PPh3)CI]
6 mol-% AgBFg

CH,Cly, 23°C, 1 h

3 mol-% [Au(PPh3)CI]
6 mol-% HBF 4

MeOUO
MeO ﬂ

CHoCly, 23°C, 1 h

Scheme 36.
N ey
MeO OH 100% Meo o
/87%
Me
Me
Q.
MeO 5mol-% PtCh 100
jij\ toluene, 55 °C MeO
e
MeO O 91%
Scheme 37.

Eur. J. Org. Chem. 2009, 1111-1125

© 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

European Journal
of Organic Chemistry

3.4 Dihydroquinolines

Intramolecular hydroarylation of N-propargyl-N-tosyl
anilines proceeds in the presence of PtCl, as catalyst in tolu-
ene at reflux to form N-tosyl-1,2-dihydroquinolines in low
to good yields (Scheme 38).12641

R! Ts R! Ts
R2 N 055 mol-% Ptcl,  RZ N
R3 m toluene, reflux, 177 h  R3 Z
R4 R4
R'=R*= OMe, RZ=R3=H ca20%
R'=R*=H,R°=R3=0Me 48%
R'=H,R2=R3=R*=0OMe 76%
Scheme 38.

However, the use of a cationic Au' catalyst formed in situ
from [Au(PPh;)Me] and HBF,, which presumably forms
[Au(PPh3)]BF,, improves the reaction to afford the dihy-
droquinolines in good yield at 23-50 °C (Scheme 39).[26
Satisfactory results are also obtained with catalysts formed
from [Au(PPh;3)Cl] (3 mol-%) and AgBF,; or AgSbFq
(3 mol-%) in CH,Cl, as the solvent.

95%
o) O
< +
e} P4
70%
MeO Z
70%
MeO
MeO
(e}
H
(e}
~T0 o)
H Me

MIENS
+)Deguelin
(*)Deg Me

86%

1. BCl3, CHxCl,, -78 °C
2. KOAc, EtOH, reflux
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1 1
) RIS 3mok% [AuPPhgMe] _, R Ts
R N 6 mol-% HBF 4 R N
R3 ﬂl toluene, 23°C,4 h R3 Z
R4
R! =R“=0Me2 R2=R3=H 71%
R'=R*=H,R?=R%®=0Me 71%
R'=H,RZ=R®=R%=OMe 92%
Scheme 39.

Silver-catalyzed domino reactions of simple anilines and
alkynes efficiently generate 1,2-dihydroquinoline deriva-
tives;?® an example is shown in Scheme 40. This reaction
is believed to proceed through three different sub-reactions
to form the dihydroquinoline core (Scheme 41), including
the formation of a ketimine, subsequent addition of phenyl-
acetylene to form a propargylaniline, and intramolecular
hydroarylation. The dihydroquinolinine then finally un-
dergoes further intermolecular hydroarylation to give the
final product. Various polysubstituted dihydroquinoline de-
rivatives are obtained from phenylacetylenes and anilines in
good yields by use of a combined AgBF,/HBF, system.

Selective formation of 1,2-dihydroquinolines is achieved
through the use of a gold(I) carbene complex as catalyst
under microwave conditions.””! In the reaction between
phenylacetylene and p-toluidine (Scheme 42) the reaction
time is considerably shortened to 40 min.

5 mol-% AgBF4 Ph
Me 7 mol-% HBF 4
8 mol-% BF3-OEt, =
+Ph—= Me
160-190 °C N" pn
NH» Ph 79%

On the other hand, indoline, a secondary amine, reacts
with alkynes in the presence of a Au' phosphane complex
as catalyst.[*”) Treatment of indoline with phenylacetylene
in the presence of the Au! phosphane complex/AgOTf
(5 mol-%) in MeCN gives a 1,2-dihydroquinoline in 91%
yield under microwave irradiation conditions. This reaction
can be carried out in MeNO, as solvent with Au' catalyst/
AgSbFg at room temperature without microwave irradia-
tion, although it now requires a much longer time (23 h;
Scheme 43).

5 mol-%
NH Au' cat/AgSbFg N
+ =R R
MeNO, rt., 23 h =
R
Ph
Bu 58-95%
|
Au' cat: F"*Au cl
tBu

Scheme 43.

3.5 Carbocycles

Benzonorcaradine derivatives have been synthesized
from styrenes and diynes containing propargyl ester moie-
ties by [4+3] annulation (Scheme 44).3% This synthesis in-
volves a cationic gold(I)-catalyzed tandem-cyclopropan-
ation/hydroarylation reaction as shown in Scheme 45.

Iron(IIT) chloride promotes intramolecular hydroaryl-
ation of aryl-alkynes to give dihydronaphthalene deriva-
tives.3!] The reactions of 1,4-diarylbut-1-ynes in the pres-
ence of FeCl;:6 H,O (10 mol-%) in dichloroethane at room
temperature or 40 °C afford 1-aryl-3,4-dihydronaphthalenes

Scheme 40. in good yields (Scheme 46).
H Ph
Ph Ph—— N
Oym + = Ol 2= 1
Ph
Ph Ph
SoNE_ NS e
Intramolecular N Int lecul N
! Ph ntermolecular
hydroarylation H hydroarylation H Ph
Ph
Scheme 41.
M Ph Au' cat:
e 5 mol-% Au' cat/AgOTF Pr Pr
15 mol-% NH,4PFg Me X =\
+ Ph—== N N
Me
MeCN, 150 °C, 40 min NG, h
NH (microwave irradiation) H iPr Au jpr
2 71% |
Cl
Scheme 42.
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=
Bzo. Z .+ @/\
S
R

Scheme 44.

Cyclopropanation
X

=
RCOO. Z 4

Scheme 45.

10 mol-% FeClz6H,0

Ar

Ar
Ar: Me—@— Q MeO—@

84% (rt,1h)  72% (40°C,5h) 82% (r.t., 0.5 h)

nas

86% (40°C,1.5h) 87% (rt., 5 h)

CH,CICH,CI, r.t. or 40 °C

Scheme 46.

4. Hydroarylation of Alkynes through Arene
Activation

Hydroarylation of alkynes through C-H bond activation
of arenes was first achieved in Rh-catalyzed reactions be-
tween arenes and internal alkynes.’? Reactions between di-
phenylacetylene and arenes proceed in the presence of
Rh4(CO);» (1 mol-%) under CO (25 kgem™2 at room tem-
perature) at 220 °C to give aryl-alkenes in good yields after
7 h (Scheme 47).

The distributions of positional isomers from anisole and
toluene show that the ortho position in anisole and the meta
position in toluene are the most reactive sites. This reaction
has also been applied to five-membered heterocycles such
as furans, thiophenes, and N-methylpyrroles to give the cor-

Ar—H

+

1 mol-% Rh4(CO)12 Ph.  Ph

Ar H

Ph Ph

CO (25 kglem?), 220 °C, 7 h

Ar = Ph (45%)

Ar=MeCgHy (24%; o/mip =6 :65: 29)
Ar = MeOCgHy4 (42%; o/m/p = 64 : 26 : 10)
Ar=FCgHy4 (49%; o/m/p=70:22 :8)

Scheme 47.
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=]
™ R=H 80%
NS
R=4-Me 85%
or 50 °C ~ R=2-Me 82%

<
90

RCOO™

Hydroarylation
RCOO™

responding vinyl-substituted heterocycles in good yields.
Similar hydroarylations of alkynes have been shown to pro-
ceed in the presence of RhCI(CO)(PMes), under photo-
chemical conditions.?#

Dinuclear palladium complexes catalyze syn-hydroaryl-
ation of alkynes with arenes.*> The reaction between hex-
3-yne and benzene in the presence of Pd,Tol,(u-OH)(p-
dpfam) {dpfam = N,N’-bis[2-(diphenylphosphanyl)phenyl]-
formamidinate} (2 mol-%) and tri(nBu)borane at 100 °C
quantitatively affords (E)-3-phenylhex-3-ene after 4 h
(Scheme 48). The hydroarylation of hex-3-yne with mono-
substituted benzenes such as toluene, anisole, methyl benzo-
ate, and chlorobenzene gives (FE)-3-arylhex-3-enes in good
yields with an approximate 2:1 ratio of the meta and para

[33]

isomers.
2 mok-% ; NN ;
PhsP—Pd._ Pd—PPhs
Et—=——Et To 9 Tol _H
+

Ph—H B(n-Bu)z 100°C, 4 h Et'  Et
100%

Scheme 48.

Similar hydroarylations of alkynes with pyrroles and
thiophenes proceed under the same conditions.** The reac-
tions with pyrroles give mixtures of 2- and 3-alkenylpyr-
roles, whereas the reactions with thiophenes afford 2-alken-
ylthiophenes.

A nickel catalyst with tricyclopentylphosphane as a li-
gand activates Ar—H bonds in N-protected 3-substituted in-
doles to promote hydroarylation of alkynes (Scheme 49).37]
The reaction between 3-cyano-1-methylindole and oct-4-
yne in the presence of Ni(cod), (10 mol-%) and PCyps
(10 mol-%) in toluene at 35 °C, for example, gives a hydroa-
rylation product in 95% yield. The presence of electron-
withdrawing substituents at the 3-positions in N-methylin-
doles gives good results under mild conditions. Other het-
erocycles such as imidazoles, benzofuran, benzothiophenes,
benzoxazole, and 4,5-dimethylthiazole also participate in
these hydroarylation reactions.
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R
Q_§ 10 mol-% Ni(cod), R
> 10mol% PCypy Q—\S\(\
M 7 ~Pr
+ Ve toluene, 35 °C N

Me  pr

Pr—=——Fr R=CN 95% (18 h)
R=CO,Me 85% (15 h)
R=COMe 70% (30 h)
R = CHO 91% (6 h)
Scheme 49.

Hydroarylation of alkynes with pyridine is catalyzed by
a combination of Ni(cod), and Lewis acids such as ZnMe,,
ZnPh,, and AlMe; (Scheme 50).1334 The Ni(cod),-catalyzed
reaction between pyridine and oct-4-yne in toluene at 50 °C
in the presence of ZnMe, and ZnPh, affords a C-2 alkenyl-
ated pyridine in 95 and 96% yields, respectively, whereas
the use of AlMe; as a Lewis acid catalyst dramatically
changes the reaction outcome, affording the pyridine with
a dienyl substituent at C-2 in 82% yield. In this reaction, a
Lewis acid activates the C(2)-H bond of pyridine by coordi-
nation with the nitrogen atom to enable oxidative addition
of the same bond to a nickel(0) species.

When pyridine N-oxides are employed in place of pyr-
idines in Ni(cod),-catalyzed reactions with oct-4-ynes, the
hydroarylation reaction proceeds without the need for
Lewis acids under mild conditions to afford the correspond-
ing 2-alkenylated pyridine N-oxides in good yields.[38%]

The presence of a directing group on an arene ring pro-
motes efficient, selective activation of the ortho C—H bond.
Hydroarylation of alkynes with aromatic ketones takes
place regioselectively;>*! the reaction between a-tetralone
and  1-(trimethylsilyl)propyne in the presence of
RuH,(CO)(PPhs); in toluene at 135 °C, for example, gives
the hydroarylation product with high regioselectivity in
83% yield (Scheme 51). Heteroaromatic ketones such as fu-

2-Phenylpyridines undergo regioselective hydroarylation
with internal alkynes in the presence of RhCI(PPhj); as cat-
alyst.[*%] In these reactions, the pyridyl group acts as the
directing group: the reaction between 2-(o-tolyl)pyridine
and but-2-yne in the presence of RhCI(PPhs); (10 mol-%)
and PPh; (10 mol-%) in toluene at 140 °C for 20 h gives
the corresponding ortho-alkenylated product in 96% yield
(Scheme 52). In the case of 2-phenylpyridine the doubly
ortho-alkenylated product is formed as the major product.

Me = |
SN 10mol-% RhCIPPhy);  Me (7]
10 mol-% PPh3 \N
.
Me—=——Me toluene, 140 °C, 20 h “ "Me
o6% Me
Scheme 52.

Similarly, 1-naphthols undergo hydroarylation with in-
ternal alkynes in the presence of [IrCl(cod)], as catalyst to
afford 8-alkenyl-1-naphthols (Scheme 53).14! In these reac-
tions, the hydroxy groups act as directing groups to cause
alkenylation at the peri position. The reaction between 1-
naphthol and oct-4-yne in the presence of [IrCl(cod)],
(0.5 mol-%), PtBus (1.5 mol-%), and Na,COj3 (5 mol-%) in
toluene at reflux, for example, gives the corresponding 8-
alkenyl-1-naphthol in 83% yield after 2 h. A sterically hin-
dered phosphane ligand is suitable for this reaction.

OH
0.5 mol-% [IrCl(cod)l> nPr
1.5 mol-% PtBugj ~_hPr
5 mol-% NayCOs OH
+
nPr—=—=—nPr toluene, reflux, 2 h
83%

ryl and thienyl ketones also undergo these hydroarylations  Scheme 53.
with silylacetylenes.
3 mol-% Ni(cod),
12 mol-% P(iPr)s nPr
= 6 mol-% LA = = X nPr
- | + nPr—==—npr | + \
N toluene, 50 °C, 24 h SN A npr SNTONE ey
nPr nPr
LA = ZnMe, 95% 5%
LA = ZnPhy 96% 3%
LA = AlMe3 5% 82%
Scheme 50.
Imine moieties act as directing groups in the presence of
o a rhenium catalyst to promote activation of ortho C-H
SiMes bonds in aldimines. Although the reactions between 1-
Me / 1. . . . .
RUH(CO)(PPha)s o phenylprop-1-yne and aromatic aldlmlpes in the presence
- of [ReBr(CO);(thf)], as catalyst result in the formation of
* toluene, 135 °C, 3 h indene derivatives,*?! hydroarylation is observed in the reac-
Me————SiMe; tions of heteroaromatic compounds — such as furans, in-
83% doles, and thiophenes — bearing imino groups.[*’! The reac-
tion between diphenylacetylene and a furan derivative bear-
Scheme 51. pheny y
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H
H Bu 2.5 mol-% o
=N [ReBr(CO)3(thf -
+ Ph—=—Ph
/\ CH,CICH,CI el
0 115°C, 24 h Ph

Scheme 54.

ing an imino group at its 3-position in the presence of
[ReBr(CO);(thf)], (2.5 mol-%), for example, gives an 2-alk-
enylated furan-3-carbaldehyde in 89% yield, with a 89:11
ratio of stereoisomers (E and Z; Scheme 54). During col-
umn chromatography the imino group is hydrolyzed to the
aldehyde carbonyl group.

In an o-alkynyl biaryl system, a triple bond promotes
ortho C—H activation by coordination and participates in
hydroarylation. The reaction of 2-(phenylethynyl)biphenyl
in the presence of Pd(OAc), (5 mol-%) and 1,1’-(diisopro-
pylphosphanyl)ferrocene (d-iPrpf, 7 mol-%) in toluene at
120 °C gives 9-benzylidene-9H-fluorene in 98% yield
(Scheme 55).#4 This intramolecular hydroarylation pro-
ceeds through S5-exo-dig-type carbocyclization, unlike in the
case of electrophilic activation of the triple bond followed

by 6-endo-dig carbocyclization.
120°C,25h Ph

5 mol-% Pd(OAc),
7 mol-% d- lPrpf

\\ toluene,
Ph 98%

Scheme 55.

5. Hydroarylation Involving Two Alkyne
Components

Although arylbutadienes are useful and versatile com-
pounds, they have not been prepared by a hydroarylation
technique. Pd(OAc),-catalyzed hydroarylation of alkynes
with simple arenes in the presence of TFA proceeds in re-
gio- and stereoselective manner to give cis-aryl-substituted
alkenes.’] In the case of ethyl propiolate, an arylbutadiene
is formed as a minor product. However, little attention has
been paid to the formation of arylbutadienes from simple
arenes and alkynes by means of the hydroarylation method.

Ar—H + = — Ar X
/\/\||-|
(Y
Scheme 56.
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89% (E, Z 89:11)

In the process leading to arylbutadienes, two alkyne mole-
cules are formally incorporated into an aromatic C-H
bond, as shown in Scheme 56.

The selective formation of arylbutadienes has been
achieved when a palladium complex with a bidentate phos-
phane ligand — Pd(dppe)(OAc), [dppe = 1,2-bis(diphenyl-
phosphanyl)ethane] — is used as a catalyst.[** Reactions be-
tween arenes (2 mmol) and ethyl propiolate (2 mmol) in the
presence of this complex (0.005 mmol) in TFA and CH,Cl,
at 30 °C for 5h give the corresponding arylbutadienes in
good to high yields both regio- and stereoselectively
(Scheme 57). Among other bidentate phosphane ligands,
1,2-bis(diphenylphosphanyl)methane is found to be effec-
tive when the reaction is carried out in neat TFA.

The presence of a Lewis acid such as ZnMe, in Ni-
(cod),-catalyzed reactions between pyridines and oct-4-yne
causes C-2 alkenylation of pyridines, whereas the use of
AlMejs results in C-2 dienylation of pyridines.*® Reactions
between pyridines and oct-4-yne in the presence of Ni-
(cod), (3 mol-%), P(iPr); (12 mol-%), and AlMe; (6 mol-%)
in toluene at 50 °C for 24-40 h give the corresponding 2-
dienylpyridines in 46-82% yields (Scheme 58). The strong
Lewis acidity of AlMe; under milder conditions thus favors
the dienylation process of pyridines over the alkenylation
process.

6. Conclusions

We have developed hydroarylation reactions of alkynes
catalyzed by transition metals, especially Pd and Pt. These
reactions have been demonstrated to be useful for the syn-
thesis of thermodynamically unstable cis-cinnamic acids,
aromatic and heteroaromatic alkenes, coumarins, isoquinol-
inones, and arylbutadiene derivatives. In different reactions,
other transition metals have been reported to be effective
for hydroarylation of alkynes. Au, In, Sc, Zr, Hf, and Fe
act as effective catalysts. These catalysts activate alkynes to
promote reactions with arenes by electrophilic aromatic
substitution. On the other hand, hydroarylation also pro-
ceeds through activation of arenes by oxidative addition of
aromatic C-H bonds to transition metals, such as Rh, Pd,
Ni, Ru, and Re, although most reactions require higher
temperatures. Because hydroarylation with alkynes is an ef-
ficient and atom-economic process, this should provide
wide applications for synthesis of valuable compounds such
as functional materials and pharmaceuticals.
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0.5 mol-% Pd(dppe)(OAc),

Ar—H +

AN COE

=—CO,Et

TFA, CH,Cl,, 30°C, 5 h

N\ COE N\ CORE -
CO,Et CO,Et CouEt

76%

82%

CO,Et

. CO,Et

91%

N COZE O

NN COEL NN COE
CO,Et O

OMeO2Et CO,Et
54% 70% 53%

OH
73% 66%
Scheme 57.
R 3 v) i
mol-% Ni(cod), R nPr
U 12 mol-% P(iPr)3
| 6 mol-% AlMes ~ | Xy NPT
NS
N
N toluene, 50 °C, 24-40 h SN SnPr
nPr———nPr nPr
R=H  82%
R=Ph  64%
R=MeO 46%
Scheme 58.
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