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Abstract—The review summarizes new data on the introduction of alkenyl (vinyl) groups into aromatic and
heteroaromatic structures via reactions with alkenes and alkynes. The main attention is given to the charac-
terization and estimation of synthetic potential of the alkenylation of aromatic compounds with acetylene
derivatives in the presence of transition metal complexes, as well as by the action of electrophiles, Lewis acids,

and Brensted superacids.
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1. Introduction

1. INTRODUCTION

Alkenylation of arenes, i.e., introduction of an al-
kenyl or vinyl group into aromatic and heteroaromatic
systems, provides a synthetic route to derivatives of
the styrene, stilbene, chalcone, cinnamic acid, and in-
dene series, polycyclic heteroaromatic compounds, and
other classes of organic compounds that are important
from the viewpoints of both fundamental studies and
practical application. Classical alkenylation methods
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include reactions of aromatic compounds 1 with al-
kenes or their functional derivatives 2, catalyzed by
palladium complexes, which lead to the formation of
arylalkenes 3 (Scheme 1).

Scheme 1.
Ax ¢ NNy L AN
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(a) Heck—Mizoroki reaction: X = Cl, Br, I, OTf; Y = H;

(b) Suzuki—Miyaura reaction: X = BR5, BF;; Y = Cl, Br, |,

OTf; or X = Cl, Br, I, OTf; Y = BR%, BF3; (¢) Stille reaction:

X = Cl, Br, I; Y = SnR;; (d) Negishi reaction: X = ZnCl,
ZnBr; Y = Cl, Br, I, OTf.

However, in the recent years other approaches have
been extensively developed on the basis of reactions of
aromatic compounds with alkynes. According to these
approaches, alkenylation products 4 can be obtained in
several ways, including (@) catalysis by transition
metal complexes and activation of triple carbon—car-
bon bond by (b) Lewis acids, (c) electrophilic reagents,
and (d) Brensted superacids (Scheme 2). These reac-
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Scheme 2.
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tions can also be regarded as hydroarylation of acety-
lenic bond.

The present review analyzes the synthetic potential
of new methods for alkenylation of aromatic com-
pounds with alkenes and alkynes with a specific em-
phasis given to reactions involving acetylenic com-
pounds.

2. ALKENYLATION OF AROMATIC COMPOUNDS
WITH ALKENES

Up to now, the conditions, specific features, and
mechanisms of the formation of arylalkenes 3 accord-
ing to Scheme 1 have been explored in sufficient
detail, and relevant data are summarized in reviews
on the Heck—Mizoroki [1-9], Suzuki—Miyaura [6, 7,
9-11], Stille [9, 12, 13], and Negishi reactions [14—16].
In addition to these palladium-catalyzed processes, al-
kenylation of arenes can be performed in other ways
using various functsionally substituted alkenes. Among
recent developments in this field, iron(I1)-catalyzed
reactions of arylmagnesium halides 5 with a large
number of vinyl triflulromethanesulfonates 6 to give
compounds 7 [17] must be noted (Scheme 3). Oxida-
tion of Grignard compounds 5 with Fe’* ions generates
highly reactive nucleophilic species [Fe(MgX),],
which catalyze further reaction of 5 with 6. Vinyl-type
Grignard compounds 8 were reported to react with
lithium anilides 9 and a-lithiated thiophenes 10,
yielding compounds 11 and 12, respectively [18-20]

Scheme 3.
1 2 Fe® (5 mol %) 1 2
Re R thrSsecc, 15 min Ry R
ArMgX + >—< > >—<
TfO RS Ar RS
5 6 7 (51-74%)

X =Cl, Br; Ar = Ph, 4-MeOC¢H,, 4-CIC¢Hy; RY, R?,
= Alk, Ar; R* = CO,ELt.

d

(Scheme 4). Aniline derivatives 9 react in selective
fashion to give only ortho-alkenyl-substituted products
11 [18, 19].

Scheme 4.
3
: _NR L| \(\&3
R! MgCl
>:< _| (11-81%)
R2 o] - (1o) R4
8 / 2
s/
2 (60-73%)
R', R* = Alk, alkenyl, Ph; R* = H, Me; R* = H, 5-Me,

5- MeO 5-Cl, 2,3-benzo; X = H, 2(3,4)-Me, 2,6-Me,,
3(4)-MeO, 3(4)-Cl, 3-CN, 2,3-benzo.

Decomposition of diazonium salts 13 by the action
of Fe*" ions generates intermediate aryl radicals which
react with vinyl chlorides 14 to produce derivatives of
styrene, stilbene, and cinnamic acid (15, Scheme 5)
[21]. An interesting procedure for the introduction of
vinyl groups into aromatic systems was proposed by
Amatore et al. [22]. Aryl chlorides or bromides 16 re-
acted with vinyl acetates 17 in the presence of metallic
manganese and 5 mol % of CoBr,. The catalytic series
includes reduction of Co(Il) to Co(I) or Co(0) with
manganese. Low-valence or zero-valence cobalt reacts

Scheme 5.
2+
1 Fe<", DMSO—HZO 1
Lo R 2sec 20 min R/
ArN; BF;  + >:/ >:/
R? R?
13 14 15 (19-72%)

=H, Cl, CO,Et; R> = H, Cl, 4-MeOC¢H,; Ar = R°C4Hy;
=4-MeO, 4-F, 2-CO,Me.
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ALKENYLATION OF AROMATIC COMPOUNDS 3

with aryl halides 16 to give arylcobalt compounds as
key intermediates in the synthesis of target products 18
(Scheme 6).

Scheme 6.
Mn, CoBr; (5 mol %)
R 50°C, 1 5-6 R
ArX + >:CH2 >:CH2
AcO Ar
16 17 18 (16-82%)

X =Cl, Br; R' = H, Alk; Ar = C(H,R?, R? = 2(3,4)-CO,Me(Et),
2(4)-COMe, 2(3,4)-CN, 2(3,4)-MeO, 4-AcO, 4-Me,N.

An intramolecular version of the Ullmann reaction
[9], i.e., cross coupling of two sp*-carbon atoms (aryl
and vinyl) attached to halogen, was utilized in the syn-
thesis of cyclic ethers using a catalytic system com-
posed of Pd/C and metallic indium [23]. The above
new procedures for the alkenylation of aromatic com-
pounds with alkenes are characterized by high regio-
and stereoselectivity [17-23].

3. ALKENYLATION OF AROMATIC COMPOUNDS
WITH ALKYNES

This section considers alkenylation of arenes with
acetylenic compounds using various reagents and cata-
lysts. The importance and prospects in the application
of these procedure follow from their extensive use in
organic synthesis [24-31].

3.1. Reactions Catalyzed by Transition
Metal Complexes

3.1.1. Alkyne insertion into aromatic C—H bonds.
In 2000, Fujiwara and co-workers [32-35] reported on
alkyne insertion into C,.,,—H bonds in arenes 19 to
give alkenylation products 20 under catalysis by palla-
dium(II) or platinum(Il) compounds in the presence of
trifluoroacetic acid (Scheme 7). The reaction readily
occurs with benzene and its derivatives activated by
donor substituents, such as p-xylene, mesitylene, dur-
ene, pentamethylbenzene, phenols, alkyl phenyl ethers,
and naphthalene. Depending on the substitution pat-
tern, arenes 19 react according to the orientation rules
typical of aromatic electrophilic substitution.

Phenylacetylene as acetylene component gives rise
to alkenylation products 20 (R' = Ph, R* = H) formally
conforming to the Markovnikov rule; oct-4-yne, di-
phenylacetylene, and methylphenylacetylene were also
used; the latter reacted in such a way that hydrogen

Scheme 7.
R'——R? + RL@
19
R1
Pd(OAc), (0.02—5 mol %)
CF3CO0H-CH,Cly, 25°C, 1-72 h A
| _ R2

20 (45-95%)
R' = H, Me, Pr, Ph, CO,Et; R? = H, Pr, Ph, CO,H, CO,Et,

CHO, COMe; R® = H, Me, (n = 1-5), 4-t-Bu, (Me0),
(n=1-3), 4-OH, 3,4-OCH,0, 2,3-benzo.

atom added to C* to form compound 20 with R' = Ph
and R? = Me. Furthermore, conjugated acetylenic alde-
hydes, ketones, and carboxylic acids and their esters
containing a C*=C>~C'=0 fragment were involved; in
these cases, the aryl group selectively added to C°, as
in the Michael reaction [32]. The alkenylation gives
mainly anti-addition products 20. An exception was
but-3-yn-2-one which gave rise to only syn-adducts.
The yields of compounds 20 mostly exceed 45%, in
many cases reaching 90-95% [32].

The mechanism of this reaction [31] includes gen-
eration in situ of electrophilic species 21 from palla-
dium(II) acetate and trifluoroacetic acid. This species,
i.e., palladium(II) monotrifluoroacetate, can react fur-
ther along two pathways. Its reaction with an arene
(pathway «) gives c-arylpalladium complex 22 which
takes up an alkyne to produce intermediate 23. The lat-
ter can also be formed via addition of cation 21 at the
triple bond of alkyne through intermediate formation
of vinyl-type cation 24 and subsequent electrophilic
aromatic substitution of hydrogen in ArH. In the last
step, the [PdO,CCF;]" group in 23 is replaced by pro-
ton, yielding final product 20 (Scheme 8). It is not
always possible to determine which path (a or b) is
operative in each particular case [31]. However, meas-
urement of kinetic H/D isotope effects showed that
path b predominates in some intramolecular alkenyla-
tion processes [35].

Intramolecular version of this reaction ensures pre-
paration of substituted coumarins 26 (X = O) and
quinolin-2(1H)-ones (X = NH) from phenyl acetylene-
carboxylates and N-arylacetylenecarboxamides 25, re-
spectively [33, 36] (Scheme 9). Coumarin derivatives
29 can also be synthesized by reaction of phenols 27
with acetylenecarboxylic acids or their esters 28
[33, 37-39] (Scheme 10). Initially, new C—C bond is
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Scheme 8.
ArH R'———R? .
——————> ArPd(OCOCF;) ———» R'—F——R?
_H+ :
a 22 Ar—Pd(OCOCF3)
Pd(OCOCF5)" ——
21
b
;
-cacoo—H RI———=—R? , fdOCOCFy)  n RL Pd(OCOCFs)
e — R1_ J—
_H+
CF3COOH R? AR
Pd(OAc), — Pd(OCOCF3), 24 23
20 CF3COOH
Scheme 9.
2
R .
| | Pd(OAc),, CF3COOH-CH,Cl,
25°C, 0.5-5 h = X
R’ R |
X~ o N x~ o
25 26 (50-91%)

X =0, NH; R =Me, (1 = 1, 2), 4--Bu, (MeO), (n = 1-3), 3,4-OCH,0, 2,3-benzo; R> = H, Me, CsH,;, Ph.

formed between the ortho-carbon atom in phenol 27
and triple-bonded C’ atom in 28, and subsequent intra-
molecular esterification (or transesterification) yield
coumarins 29. Such reactions were reported for phenol
[39], methoxy- and methylenedioxy-substituted phen-
ols [33, 37-39], and 2-naphthol [37, 39].

Scheme 10.
OH (o)
SRR
OoX
27 28
RZ
Pd(ll) or Pt(Il) X
- e R1
—XOH
O 6]

29 (12-97%)

X =H, Me, Et; R' = H, Me, (n = 1, 2), 4-1-Bu, (Me0), (n = 1-3),
3,4-OCH,0, 2,3-benzo; R? = H, Me, CsH;;, Ph, CO,Et.

Ueura et al. [40, 41] reported on the synthesis of
a series of isocoumarin derivatives 31 by coupling of
benzoic acids 30 with internal alkynes in the presence

of rhodium(IIT) complexes and copper(Il) salts on ex-
posure to atmospheric air (Scheme 11). Benzoic acids
30 having both electron-donating and electron-with-
drawing substituents R? can be involved.

The mechanism of formation of isocoumarins 31,
proposed in [40, 41], includes initial generation of cy-
clic rhodium intermediate 32 (cf. path @ in Scheme 8),
followed by alkyne insertion into the C,,,,—Rh bond to

Scheme 11.
0
R2 OH R'—R!
30
Rh(Il1) (1 mol %) R
Cu(OAc), - H,0 (50 mol %) R
0,, DMF, 120°C, 2-10 h , 7 | X
R
X 0
0

31 (30-94%)

R' = Alk, Ph; R* =H, 2(3,4)-Me, 2-Ph, 4-Cl, 4-OH, 4-CF;,
3,5-(MeO),.
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Scheme 12.
X
/
ArCOOH Rh
RhXy ——— ! o}
—2HX
0, (2HX) 2CuX o
32
Hzo 2 CUX2 R2 — R2
RhX
R? R?
/ —
31 R? /Rh—X
X o}
o
33

give structure 33 and reductive elimination of RhX
from the latter, yielding final product 31. The role of
Cu(II) in the catalytic series is to oxidize Rh(I) to
reactive Rh(III); Cu(l) is then oxidized to Cu(II) by the
action of atmospheric oxygen (Scheme 12).

Hong et al. [42] were the first to report on the use
of rthodium complexes in the alkenylation of arenes.
Rhodium carbonyl complexes promoted the reaction of
benzene with diphenylacetylene in carbon(Il) oxide
atmosphere to produce a mixture of 1,1,2-triphenyl-
ethene (45%) and 2,3-diphenylindan-1-one (10%).
However, these studies have not received due attention
because of extreme conditions (gaseous CO under

pressure, high temperature), and only recently rhodium
catalyst have been used again in the alkenylation of
aromatic compounds [40, 41, 43, 44].

Rhodium-catalyzed reactions of 2-arylpyridines 34
with symmetric internal alkynes lead to the formation
of mono- or dialkenyl-substituted products 35 and 36,
depending on the reactant ratio; in both cases, alkenyl
group enters the ortho position with respect to the
pyridyl substituent [43]. Most reactions follow the syn-
addition pattern (Scheme 13).

Analogous ortho-alkenylation of N-benzyl aceto-
phenone imines 37 with alkynes yields the correspond-
ing syn-addition products 38 and 39 [44] (Scheme 14).

Scheme 13.
X
)
A RhCI(PPhy)s (10 mol %) _
R? toluene, 140°C, 20 h N
N/ + RA—— R?
R2 R3 X
R3
34 35 (<97%)
R3
R3
1 \ \
— R
Rh(l), R*——R? _
N
R2
R3O
R3
36 (<96%)

R'=H, 3-Me; R® = H, 2-Me, 4-Me, 2-+-BuCH,CH,; R® =Alk, Ph.
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Scheme 14.
R4
R3
NCH,Ph (1) RhCI(PPh3)3 (2 mol %) o] N NCH,Ph
toluene, 130°C, 2 h
2) H/H,0, 25°C, 12 h
R 4 == DT RZ . R2
R1 R1 = R4 R1 = R4
RS RS
37 38 (31-93%) 39 (10-44%)
R'=H, MeO, CFy; R*=H, Et, CsH;;; R* = H, Ph; R* = Bu, #-Bu, C¢H,3, Ph.
Scheme 15.
X
| ,150°C, 7-11 h
cp H p
. CpRUCI(PPh3)s, NaPFg PhaPy, |+ N N | N
Me,Si—— Ru=—-— |PFs

v \

PhsP R N

40 41 42 (75-92%)

R = CsH,, Ph, 4-MeCgHy, cyclohex-1-en-1-yl.

Terminal acetylenes (R® = H) give rise to formal anti-
Markovnikov adducts 38 and 39, presumably due to
different stabilities (ease of formation) of rhodium in-
termediates like 33 [44]. Acid treatment of the reaction
mixtures induces facile hydrolysis of monoalkenyla-
tion products to ketones 38. Such rhodium-catalyzed
reactions are generally characterized by introduction of
alkenyl substituent exclusively into the ortho position
with respect to the oxygen- or nitrogen-containing
group (Schemes 12—14). The presence of oxygen or
nitrogen atom favors formation of reactive cyclic
rhodium intermediates analogous to structure 32.

Ruthenium-catalyzed reactions [45] are mediated
by vinylidene complexes 41 generated from trimethyl-
silylacetylenes 40 [46] (Scheme 15). Complexes 41
react with pyridine with high regio- and stereoselec-
tivity to give trans-isomeric 2-alkenylpyridines 42.
The catalytic system Ni(II)-P(i-Pr);—ZnMe, was also
successfully used to effect alkenylation of substituted
pyridines at the a-position with internal alkynes [47].

3.1.2. Insertion of alkynes into C—X bonds (X =
Hlg, CN, BR,, etc.) of arenes. A particular group of
alkenylation reactions includes transition metal-cata-
lyzed insertion of alkynes into C,,n—X bonds (X =
Hlg, CN, BR;, etc.) of aromatic compounds. The
mechanism of these reactions implies initial formation
of c-arylmetal complex 44 from arene 43 [27], fol-
lowed by insertion of alkyne into the Cyro—M" bond of
complex 44, leading to structure 45. The latter reacts
with nucleophile Nu', and the subsequent reductive

elimination regenerates catalytically active form M"
and yields product 46 (Scheme 16). Here, nucleophiles
Nu may be hydride ion donors or oxygen-, nitrogen-,
and carbon-centered nucleophiles.

Scheme 16.
Ar—X ArM™X
43 ; 44
Mn=2 ‘R —R
Ar Nu NU- Ar M"X
u
>—€;_ T —
R R R R
46 45

X = Cl, Br, I, CN, BR,, N3, SnBus, CR,OH, COSAr; Nu =
H, O, C, N, etc.; M" = Pd(II), Ni(II), Pt(IT), Rh(III), Co(II).

Alkenylation of aryl iodides with alkynes catalyzed
by Pd(OAc), without phosphine ligands gives mixtures
of isomeric alkenes 47 and 48 [48, 49] (Scheme 17),
products of syn addition at the acetylenic bond pre-
vailing. The regioselectivity of this reaction is con-
trolled mainly by steric factors: aryl group adds at the
less sterically loaded triple-bonded carbon atom in the
initial acetylenic compound. 4-Phenylbut-3-yn-2-one
gives rise exclusively to E/Z-isomeric anti-Michael
adducts 47 (R' = COMe, R* = Ph) [48]. Potassium
formate acts as reducing agent (hydride ion donor).
The reaction can be performed with various aryl
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Scheme 17.

Pd(OAc), (5 mol %), HCOOK
DMF, 40°C, 0.5-36 h

Al + Rl—]—/],

R
R
Ar Ar
47 (12-79%) 48

R', R? = Alk, Ph, COMe, CH(OE?t),; Ar = Ph, 4-MeC¢Hy, 3-FC¢H,, 4-HOCgH,, 4-MeOCgHy, 4-H,NCgHy, 4-AcNHCHy,
4-MCCOC6H4, 4-MBOCOC6H4, 3-02NC(,H4.

Scheme 18.

Arl + R——— R

+ Ky[Fe(CN)g]

Pd(OAc), (2 mol %)

DMA, 120°C, 5 h R R

Ar CN
49 (12-79%)

R = n-Pr, n-Bu, Ph, 4-M6C6H4; Ar= Ph, 2-M6C6H4, 3-MCC(7H4, 4-M€C6H4, 4-M62NC6H4, 4-M€OC6H4, 4-02NC6H4,
3-CIC4Hs, 1-C1oH,.

iodides containing both electron-donating and elec-
tron-withdrawing groups.

A procedure for the synthesis of 4-arylchromenes
via reaction of aryl iodides with acetylenic alcohols
was reported in [50]. The products attract interest as
medical agents. Unsaturated nitriles 49 were synthe-
sized from aryl iodides and symmetric internal alkynes
in the presence of K4[Fe(CN)4] as source of nu-
cleophilic cyanide ions [51] (Scheme 18). The corre-

sponding syn adducts are formed with high stereo-
selectivity.

Intramolecular alkenylation of acetylenecarbox-
amides 50 opens a way to various nitrogen-containing
heterocycles 51 [52—54], including pharmacologically
important benzoazepine derivatives 51 (n = 2) [53]
(Scheme 19). Larock and co-workers developed a spe-
cific synthetic approach to heterocyclic compounds
[27] on the basis of palladium-catalyzed alkenylation

Scheme 19.

R2

x\

Pd(ll) or Rh(l)

R3
50

51 (<95%)

n=0-3; X=Cl Br, ; R' =H, (Me0),, im = 1, 2); R* R* = H, Alk, Ar.

Scheme 20.
R?2 R2
R2
R‘l \ Br(l) R1 / | \ RZ
_N Y = CH=NBu-t R Y=0H(Z=0) N
Y = NH, (Z = NH) z
54 [Pd] Y [Pd] 52
R R2———R? R
R? R?
X co X
R? R’
Y=0H (Z=0) Y = COOMe o
77 X0 Y = NH, (Z = NH)
o}
55 53
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Scheme 21.

CHO Pd(OAc), (5 mol %), AcONa
BuyNCI, DMF, 100°C 1-36 h
+ Rl—/——R? R R?
X
56 (45-99%)
X =Br, I; R!, R? = Alk, Me;Si, Ar.
Scheme 22.
(0]
R3 Pd(Il) or Co(ll)
R4 + RI——R? 0 Oié— R2
X

X =Br, I; R', R* = Alk, Ar, MeOCH,, Me;Si, CO,Me; R*
(MeO), (n=1

of ortho-halogen-substituted phenols, anilines, benzoic
acid esters, and N-tert-butyl benzaldehyde imines with
internal alkynes. Following this approach, the authors
synthesized derivatives of the benzofuran (52, Z =0),
isocoumarin (53) [55], indole (52, Z = NH) [56],
quinoline (55, Z = NH; in combination with carbonyla-
tion) [57], isoquinoline (54) [58], and coumarin series
(55, Z = O; in combination with carbonylation) [59]
(Scheme 20), as well as various polyheterocyclic com-
pounds [60]. The reactions were characterized by high
yields [27]. Likewise, carbocyclic systems 56 of the
indene series were obtained from ortho-halobenzalde-
hydes and alkynes [61] (Scheme 21). Analogous reac-
tions of ortho-haloacetophenones afforded isomeric
hydroxyindenes 57 and 58 [62—64] (Scheme 22). Un-
like palladium-catalyzed reactions [61], benzaldehydes
were converted into hydroxyindenes 57 and 58 under
catalysis by Co(Il) complexes [63].

If initial acetylenic compound has different substit-
uents at the triple bond (R' # R?), mixtures of two
isomeric indenones 56 [61] or hydroxyindenes 57/58
[63] are usually obtained. The isomer ratio depends on

(45-99%)

=H, Me, Pr, Bu, Ph, 4-CF;C¢H., 4-MeOC¢H,; R* = H, 4-¢-Bu,
-3), 4,5-OCH,0.

both steric factor [61] and electronic properties of the
R' and R? substituents [63, 64] in intermediate palla-
dium or cobalt complexes. Bulky substituents, such as
t-Bu, CMe,OH, and SiMe; groups, appear in position 2
of the indene system in products 56 [61]. Among
isomers 57 and 58, those having strong electron-with-
drawing groups on C? (R' or R* = CO,Me, CO,E) pre-
dominate [63].

An interesting procedure for the synthesis of 2,3-di-
(or 2-mono)substituted indenes was developed on the
basis of reaction of ortho-bromobenzylzinc bromide
with various acetylenic substrates in the presence of
Ni(II) complexes as catalysts [65].

Alkenylation can also be performed with func-
tionalized arenes ArX (43), e.g., aromatic nitriles (X =
CN). For example, aromatic and heteroaromatic ni-
triles react with acetylenes in the presence of Ni(Il)
complexes to give the corresponding alkenes 59 with
trans-oriented aryl (hetaryl) and cyano groups [66—68]
(Scheme 23). Aromatic nitriles having both electron-
donating and electron-withdrawing substituents are
active in this process. The cyano group in the initial

Scheme 23.
Ni(ll) (10 mol %), PMe3 (10 mol %) 1 2 2 1
toluene, 100°C, 15-159 h R R R R
ArCN + R'—— >:< + >:<
Ar CN Ar CN
59 (36-96%)
R', R? = Alk, Me;Si; Ar = Ph, 4-MeCgH,, 4-BrCgHy, 4-CICgH,, 4-PhCeHy, (MeO),CeHs_, (1 = 1-3), 2-CF3CgH.,

4-MeCOC4H4, 4-MeOCOC¢H,4, 4-OCHCgHy, 2-furyl, 2-thienyl, pyridin-2(3,4)-yl.
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nitrile acts as nucleophilic species Nu . Unsymmetrical
acetylenes (R' # R?) give rise to mixtures of two
regioisomeric nitriles 59; here, the major isomer is that
in which bulkier substituent R' or R” is attached to the
carbon atom bearing the cyano group [66, 68].

A general method for the synthesis of styrene,
stilbene, and cinnamic acid derivatives 61 and 62 is
based on the reaction of aromatic organoboron com-
pounds with alkynes, catalyzed by Pd(II), Ni(Il), and
Rh(I) complexes [69—-74]. The reaction involves
stereoselective syn-addition at the triple C=C bond.
Sterically unhindered terminal acetylenes 60 (R* = H)
react to produce formal Markovnikov adducts 61
[69, 71]. Unsymmetrical internal acetylenes 60 (R' #R?)
give rise to mixtures of isomers 61 and 62 whose ratio
depends on the steric and electronic properties of the
R' and R? substituents [70, 71] (Scheme 24). The aryl
group in the organoboron compound adds mainly at
the less sterically hindered triple-bonded carbon atom
in 60 [70, 71]. The corresponding Michael adducts 61
(R*> = CO,Me, CO,Et) are formed as the major prod-
ucts from alkyl acetylenedicarboxylates 60 (R* =
CO,Me, CO,EY) [71].

Scheme 24.
ABX + RI—=——R?
60
1 2 2 1
PA(Il), Ni(I), orRh() R\ R R A&
> (o« V—=(
Ar H Ar H

61 (97%) 62

X = (HO),, (RO),, PhyNa; R', R? = H, Alk, Ph, CO,Alk.

Apart from aryl halides, aromatic nitriles, and or-
ganoboron derivatives, other functionalized ArX com-
pounds can be subjected to alkenylation, in particular
those with X = Nj [74], SnBus [75], CR,OH [76], and
COSAr [77]. Alkyne insertion into the corresponding
Carom—X bonds is catalyzed by palladium [74-76] and
platinum complexes [77].

Thus reactions of arenes with acetylenic com-
pounds, catalyzed by transition metal complexes (Pd,
Pt, Rh, Ru, Ni, Co) underlic a number of highly ef-
ficient methods for the introduction of alkenyl substit-
uents into aromatic and heteroaromatic systems. Inter-
and intramolecular reactions of this type involve broad
ranges of structurally diverse aromatic and acetylenic
substrates. In many cases intermolecular alkenylation
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processes are characterized by good stereoselectivity,
and they give mainly the corresponding products of
syn-addition at the triple C=C bond.

3.2. Reactions Catalyzed by Lewis Acids

Coordination of a Lewis acid at a triple C=C bond
provides electrophilic activation of acetylenic carbon
atoms in species like 63. In the limiting case, forma-
tion of vinyl-type cation 64 is possible, and its sub-
sequent reaction with an aromatic compound could
give structure 65 and then final product 66 [28, 30]
(Scheme 25). Various compounds can act as Lewis
acids in such reactions, in particular Al(III), Sn(IV),
Ga(Ill), Fe(IIl), In(III), Sc(Ill), Pt(II), Pt(IV), Au(l),
Au(III), and other compounds.

Scheme 25.
LAY
LA |
R————R R—='=—R
o+
63
. LA ArH Ar LA
—_— R—:< T» —
R B R R
64 65
o Ar H
"t o _
-LA
R R
66

Yamaguchi et al. [78, 79] were among the first who
reported on effective application of Lewis acid in the
alkenylation of arenes. Acetylene and terminal alkynes
regioselectively reacted with phenols in the presence
of tin(IV) chloride in combination with tributylamine
to give o-vinylphenols 67 (Scheme 26). However, this

Scheme 26.
OH
X@ + R——R
SnCly (2 equiv), BuzN (2 equiv) OH
MeCN or PhCl, 60-90°C, 0.5-7 h Z
X N | CHy

67 (38-92%)

X = H, 2(3.4)-Me, 2(3,4)-t-Bu, 2(3,4)-MeO, 2(3,4)-F, 4-Cl,
4-Me;N, 2(4)-F, 2(4)-CN, 3(4)-O,N; R = H, CsHy;, Ph,
Ph(CHz)z, 4-MeOC(,H4.
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reaction cannot be performed with internal alkynes, for
probable intermediates were postulated to be alkynyl-
(trichloro)tin derivatives which can be generated only
from terminal acetylenes.

Gallium(III) chloride was used to catalyze alken-
ylation of polymethyl- and polymethoxy-substituted
benzenes, naphthalene, and other polycyclic aromatic
hydrocarbons with trimethylsilylacetylene [80—82].
The products were the corresponding anti-Markovni-
kov adducts 68 (Scheme 27) owing to electronic effect
of the trimethylsilyl group on the positive charge
distribution over acetylenic carbon atoms in cationic
intermediates analogous to structure 63 [80] (a similar
pattern of the addition to trimethylsilylalkynes was
described in [78]). The trimethylsilyl group in com-
pounds 68 can readily be replaced by hydrogen upon
treatment with trifluoroacetic acid, which opens a way
to a series of substituted styrenes.

Scheme 27.

x@ + MeSi—=——H
(1) GaCl; (1 equiv)
\ SiMe3
x‘@/\/

(2) MeLi
(3) H20
68 (41-76%)

X =Me, (n = 1-3), (MeO), (n = 1-3), 2,3-benzo.

Iron(II) chloride as Lewis acid makes it possible to
perform alkenylation with a broader series of acety-
lenic compounds, including phenylpropynoic acid de-
rivatives in which the basicity of the triple C=C bond
is reduced. These reactions give mainly anti-addition
products [83] (Scheme 28). Platinum chlorides PtCl,
[84] and PtCly [85] are also Lewis acids capable of
coordinating at triple bond in alkynes. The system

Scheme 28.
Me Me
+ Ph———COOEt
Me
FeClz (20 mol %) Me Me
MeNO,, 80°C, 38 h
= YCOOEt
Me Ph

Z (anti): E (syn) = 94:6 (42%)

PtCl,—AgOTTf catalyzed alkenylation of polymethyl-
and hydroxy-substituted benzenes, as well as of naph-
thalene, with ethyl propynoate to produce cis-3-aryl-
prop-2-enoates in regio- and stereoselective fashion
[84]. Platinum(IV) chloride was used as catalyst in the
intramolecular cyclization of acetylenic ethers to
obtain heterocyclic compounds of the chromene series
[85—87]. Platinum chloride-catalyzed intra- [88] and
intermolecular [89] alkenylation of aromatic systems
with acetylenic compounds underlay methods for the
synthesis of biologically active coumarin and pyrrole
derivatives.

In the recent time, gold(I) and gold(IIl) complexes
have been extensively used in organic synthesis as
catalysts ensuring electrophilic activation of various
organic substrates [90-92]. Gold chlorides AuCl; and
AuCl have found application as Lewis acids promoting
reactions of alkynes with arenes [93—97]. In these reac-
tions, alkenylation occurred only with electron-rich
aromatic m-systems such as polyalkyl-, hydroxy-, and
methoxy-substituted benzene and naphthalene deriva-
tives [93-95], as well as furans [96] and indoles [97].
Gold chlorides were shown to activate alkyl- and aryl-
acetylenes [93, 95, 96], conjugated acetylenic ketones,
and alkyl propynoates [93, 94]. Among the alkenyla-
tion products, those resulting from anti-addition at the
C=C bond prevailed [93, 94].

Such Lewis acids as Sc(I1I), In(I1l), Zr(IV), Hf(IV),
Lu(III), Y(III), and Yb(III) trifluoromethanesulfonates
catalyzed alkenylation of benzene and its polymethyl-,
halogen-, and methoxy-substituted derivatives with
aryl- and diarylacetylenes [98—101]. Metal trifluoro-
methanesulfonates favored predominant anti-addition
of hydrogen and aryl group at the triple bond [98—100].

The catalytic activity of Sc(OTf);, In(OTf);, and
Hf(OTf); considerably increases in the presence of
ionic liquids [99]. Moreover, Choi et al. [100] reported
that even a catalytic amount (5 mol %) of a ionic liquid
based on 1-butyl-3-methylimidazolium catalyzed al-
kenylation of arenes with acetylenic compounds in the
absence of metal trifluoromethanesulfonate. The use of
ionic liquids made it possible to perform alkenylation
with acetylenic compounds in which the triple bond
is conjugated with an electron-withdrawing group, in
particular with acetylenecarboxylic acid amides and
esters [99] and but-3-yn-2-one [100].

Such Lewis acids as AlBr; and AICIl; have recently
been reported to catalyze reactions of acetylenic
carbonyl compounds 69 or a,B-acetylenic alcohols 70
with benzene to give substituted indenes 71 [102—104]
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Scheme 29.

o PhH, AlX3 (5 equiv)

R
1

PR PhH, AlXs (5 equiv)

Ar 3 2 1/\/ 60°C, 1h O’ 60°C, 5-15 min Ar 3:2 1|<
R 3 RPh

69

71 (20-94%)

Ar
70

X= Cl, Br; R= H, Me, Ph, Ar= Ph, 4-MCC6H4, 2,4-M62C(,H3, 2,4,6-MC3C6H2, 4-M60C6H4, 4-FC6H4.

(Scheme 29). In the synthesis of indenes 71 from
ketones 69, the condensation involves two benzene
molecules and cationic intermediates generated from
the acetylenic compound. These intermediates possess
two electrophilic centers: carbonyl carbon atom acti-
vated by aluminum halide and vinyl-type cationic
center on C°, the latter appearing as a result of protona-
tion of the C=C bond [102, 104]. Alcohols 70 lose the
hydroxy group by the action of AlBr;, prop-2-yn-1-yl
cations thus formed react with benzene, and the sub-
sequent intramolecular alkenylation leads to the forma-
tion of indene ring [103, 104].

Availability of a large series of Lewis acids makes
it possible to vary experimental alkenylation condi-
tions over a wide range and select appropriate initial
compounds (arenes and alkynes), so that target prod-
ucts with a required structure can be obtained. How-
ever, the alkenylation is possible only with aromatic
compounds possessing sufficiently high m-nucleo-
philicity, in particular with benzene and its derivatives
containing electron-donating alkyl, alkoxy, and hy-
droxy groups. Presumably, electrophilic activation of
alkynes by the action of Lewis acids is not very strong,
and the positive charge induced on the acetylenic
carbon atoms in intermediates 63 and 64 (Scheme 25)
is relatively small.

3.3. Reactions in the Presence of Electrophilic
Reagents

Like Lewis acids, addition of an electrophile at
a triple bond yields cationic intermediate analogous to
63 or 64, and these intermediates are capable of react-
ing with aromatic systems to produce the correspond-
ing alkenylation products. Various compounds, e.g.,
[Ibpy]BF, [105, 106], IC1 [107-109], I, [108], NBS
[108], 4-O,NC¢H4SCI [108], and PhSeCl [108], were
successfully used as source of electrophilic species in
the intramolecular alkenylation of ortho-alkynylbi-
phenyls 72, which resulted in the formation of phe-
nanthrene structures 73 (Scheme 30). Here, even acet-
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ylenic compounds 72 having electron-withdrawing
groups (R3 = 4-XC¢Hy, where X = NO,, CO,Et) were
reactive [108].

Scheme 30.
R3

R1 R2

72
E RS
E* (EY), CH,Cls,
—751t0 25°C, 0.5-32 h
b )R
R’ R2
73 (<99%)

E' (EY) = I' (IbpyBF,, ICl, 1), Br' (NBS), 4-O,NC4H,S"

(4-0,NC¢H,SCI), PhSe" (PhSeCl); R', R? = H, MeO, O,N,

CHO, Ph, PhC=C, 2,3-benzo; R* = Bu, Me;Si, Me;SiCH,,
4-XCgH, (X = H, Me, MeO, O,N, CO,Et), 2-thienyl.

The same electrophiles were used to obtain substi-
tuted quinolines (X' = N, Z' = CR?) [110], naphtha-
lenes (X' = CR?, Z' = CR*) [111], and 2-naphthols 75
(X" = CN, Z' = COH) [111] from the corresponding
amines (X = NH, Z = CHR?), a,B-acetylenic alcohols
(X = CHR®, Z = CR*OH), and acetylenic ketones 74
(X = CH,, Z = C=0) (Scheme 31). Analogous intra-
molecular cyclization of alk-2-yn-1-yl ethers by the
action of I, or ICl gave substituted 3-iodo-2H-benzo-
pyrans [112]. The syntheses of iodo derivatives 73 and
75 (E = 1) is especially important, for such compounds
can be brought into palladium-catalyzed Sonogashira,
Heck—Mizoroki, and Suzuki-Miyaura reactions, car-
bonylation, intra- and intermolecular cyclizations, etc.
[107-112].

2,2,2-Trichloro(bromo)-1,3 ,st—benzodioxaphos—
phole 76 and its substituted derivatives were reported
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Scheme 31.

(1) E" EY)

(2) [O] (X = NH) or —H,0 [Z = CR5(OH)]

75 (18-99%)

E' (EY) =I" (IbpyBF,, ICI), Br' (NBS), PhSe" (PhSeCl); R* = Alk, OAlk, SiMes, alkenyl, Ar, CO,Alk; R? = H, 4-Me, 3(4)-MeO,
4-F, 4-CO,Et, 3-O,N, 3,4-benzo; X = NH, Z = CHR? (R® = H, Me), X' = N, Z' = CHR?; X = CHR* (R* = H, Me), Z = CR’(OH)
(R’ =H, Me), X'=CR*, Z'=CR’; X = CH,, Z = CO, X' = CH, Z' = C(OH).

Scheme 32.

o)

\ _
PCl; + Ar——=
/

o

76

CHaCly, 20°C, 3 h N
pCl ——
(0] >—H cl =
+

o
~p—cl

Ar
Ar

77 78 (83-92%

Ar = 4-XCgH, (X = H, Cl, Br).

to act as electrophiles in reactions with terminal aryl-
and alkylacetylenes [113—121]. It was presumed that
the electrophilic phosphorus atom in molecule 76 adds
at the triple C=C bond to give structure 77 as primary
intermediate [113, 114]. The latter undergoes a series
of transformations, finally leading to alkenylation
products 78 (Scheme 32). The reaction is accompanied
by chlorination of the benzene ring in 76.

3.4. Reactions in Superacids

Brensted superacids like HSO3;F and CF;SO;H and
conjugated Brensted—Lewis superacids (HSO;F—SbFs,
CF;SO;H-SbFs, HF-SbF;) are characterized by
a strong protonating power and weak nucleophilicity
and are unique media for generation of cationic species
and studying their reactivity [122]. Protonation of
triple C=C bond in superacids give vinyl type cations
79 [123-132] which act as electrophiles toward aro-
matic m-systems; as a result, the corresponding alkenyl
derivatives are formed (Scheme 33).

Scheme 33.
H* (superacid) + X
R———————X R—:<
H
79
ArH R &
—_—
—H* : i
Ar H

Arylacetylenes 80 containing an electron-with-
drawing group X conjugated with the triple bond are
converted into cations 81 in superacids [104, 127-133]
(Scheme 34). Such cations may be regarded as super-
electrophilic species [134] since the electrophilicity
(positive charge) on the vinylic carbon atom is en-
hanced due to the presence of neighboring solvated or

Scheme 34.
5+ 5—
H*, —75 to 25°C L ST
Ar———X Ar—:< (superacid)
H
80 81
Ar
R -75to 25°C
—. X
0.25-2 h N X
R I
+ l
—H — H
syn-82
Ar
H
Superacid, —30 to 25°C Rl NN
l _ X
up to 95% anti-82

X = CO,H, CO,Me, CN, COMe, COPh, COCO,Et, COCFs3,

PO(OEt),; R' = H, Me, (n = 1-4), (MeO), (n = 1,2), OH,

1,2-Cl, 1-O,N-2,4,6-Mes, 1-SO,F-2,3,5,6-Mes, 1-MeCO-

2,3,5,6-Mey, NH3-Me, (n = 1-4); Ar = R’C¢H,, [R? = H, Me,
(n=1-5), 4-MeO, 4-F].
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completely protonated acceptor group X. Cations 81
effectively react with benzene, alkylbenzenes, meth-
oxy- and hydroxy-substituted arenes, and also with
compounds possessing reduced m-nucleophilicity
(1,2-dichlorobenzene, 2,4,6-trimethylnitrobenzene,
arylammonium ions), and various sterically hindered
arenes [130—132]. The primary alkenylation products
are kinetically controlled syn-adducts 82 which under-
go transformation into thermodynamically more stable
anti-adducts 82 at higher temperature [130-132].

Arylacetylenes 80 in which the aromatic ring con-
tains one to three methyl groups are fairly reactive
n-nucleophiles. Provided that no external m-nucleo-
phile is present in the reaction mixture, cations 84 gen-
erated from such acetylenes, e.g., from 83, attack
aromatic m-system in initial compound 83 to give
dimers 85 [131] (Scheme 35).

Variation of electron-withdrawing power of the
substituent X in structures 80 changes m-nucleophil-
icity of the aromatic ring therein and electrophilicity of
cations 81 generated therefrom. For example, com-
pounds 86a and 86b react with HSO;F along different
pathways, depending on the nature of the X group. As
a result of solvation in superacid (complete protona-

tion), ketone group (X = COMe) [131] becomes
a stronger electron acceptor than ester group (X =
CO,Me) [130], and the para-tolyl fragment in 86a
(X = COMe) becomes a weaker m-nucleophile than the
corresponding fragment in 86b (X = CO,Me). On the
other hand, cation 87a is more electrophilic than 87b.
Therefore, cation 87a does not attack weakly nucleo-
philic aromatic n-system of initial compound 86a but
reacts with HSO3;F molecule to give fluorosulfonate 88
[131, 135, 136]. By contrast, cation 87b preferentially
reacts with the para-tolyl fragment in 86b, which
possesses a sufficient nucleophilicity, yielding dimer
89 [127, 129, 130] (Scheme 36).

If initial acetylenic compound does not contain
strong electron-withdrawing groups such as X in struc-
tures like 80, its reaction in superacid cannot be
stopped at the stage of formation of monoalkenylation
product like 82. For example, 2-, 3-, and 4-ethynyl-
pyridines react with benzene in CF;SO;H to give
1-pyridyl-1,1-diphenylethanes as a result of addition of
two benzene molecules to the triple bond in the initial
compound [137].

Superacids also promote intramolecular alkenyla-
tion. Cyclization of 1,3-diarylprop-2-yn-1-ones 90

Scheme 35.
X
Me
HSO3F, —75 to -50°C + H
0.3-1h O O
4>
Me Me Me Me Me
84 85 (10-60%)
X =COMe, COPh, PO(OEt),.
Scheme 36.
OSO,F
HSO3F, =30°C, 1 h COMe
X =COMe
X
*/J\H 8 (80%)
HSO5F /@/
s, ]
Me
86a, 86b 87a, 87b 86b, HSO4F
-75°C,0.5h
X =COOMe

89 (64%)

X = COMe (a), CO,Me (b).
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Scheme 37.

H* (superacid)

R X

Ar

90

Ar
91 (<95%)

R=H, Me, (n = 1, 2), 3-MeO; Ar = 4-XC¢H, (X = H, Me, MeO).

leads to 3-arylindenones 91 in nearly quantitative yield
[123-126] (Scheme 37). N,3-Diphenylprop-2-ynamide
is converted into 4-phenylquinolin-2-one via intramo-
lecular ring closure in various superacidic systems
[138, 139]. Trifluoromethanesulfonic acid imide pro-
moted transformation of (4-triisopropylsiloxybut-3-yn-
I-yl)arenes into 1-triisopropylsiloxydihydronaphtha-
lenes [140, 141].

However, large-scale application of Brensted super-
acids (HSOsF, CF;SO;H, etc.) involves serious dif-
ficulties related to their utilization. Therefore, exten-
sive studies are performed with the goal of developing
more ecologically more friendly alternative super-
acidic reagents such as strong Lewis acids and solid
superacids. Koltunov et al. [138] and Sartori et al.
[142] demonstrated the possibility of using zeolites
(solid strong acids) to catalyze alkenylation of arenes
with acetylenic compounds. This promising line re-
quires further studies.

4. CONCLUSION

One of the most potent methods for the alkenyla-
tion of aromatic compounds, Heck—Mizoroki reaction,
has been discovered about 40 years ago [9]. Since that
time, the set of available methods in organic chemistry
was enriched with many new procedures for alkenyla-
tion of arenes via reactions with alkenes and alkynes.
In the past decade, reactions with acetylenic com-
pounds have been studied especially extensively. These
reactions are characterized by high regio- and stereo-
selectivity, and they ensure preparation of many im-
portant but previously inaccessible compounds. At
present, studies in this line are becoming a specific
field of the chemistry of acetylenic compounds.
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