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Abstract

This review aims at summarizing the recent significant advances in catalytic methods available for the synthesis of stilbene and functionalized
stilbenes with an emphasis on their phytoalexins. Most strategies developed so far involve palladium-mediated coupling reactions. Among
them, the Heck and Suzuki reactions stand out for their synthetic versatility and efficiency, but the Stille and Negishi reactions have also
found useful applications. Palladium also served as a catalyst to convertZ-stilbenes into the correspondingE-isomers. Other transition metal
promoted stilbene syntheses include the McMurry coupling of aldehydes and ketones and alkene cross metathesis. Because non transition
metal catalyzed syntheses of hydroxystilbenes continue to attract a lot of attention, significant recent developments in this area are also
reported.
© 2004 Elsevier B.V. All rights reserved.

Keywords: Carbon–carbon double bond formation; Isomerization; Palladium; Resveratrol

1. Introduction

Although stilbene itself (1,2-diphenylethene) is not a nat-
ural product, a large number of its derivatives have been

∗ Corresponding author. Tel.:+32-4-366-3463; fax:+32-4-366-3497.
E-mail address: af.noels@ulg.ac.be (A.F. Noels).

isolated from various plant species. Among these naturally
occurring stilbenoid compounds, polyhydroxystilbenes and
their glucosides are currently attracting considerable atten-
tion, because of their wide range of biological activities
and potential therapeutic value. These molecules are found
mainly among members of the vegetable kingdom classified
as spermatophytes, but also in bryophytes and pteridophytes
[1]. Numerous structural variations have been identified,

0010-8545/$ – see front matter © 2004 Elsevier B.V. All rights reserved.
doi:10.1016/j.ccr.2004.02.011
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Fig. 1. Structures of some important phytoalexins.

depending on the configuration of the carbon–carbon double
bond, the number of hydroxyl functionalities, and the ex-
tent to which the phenol groups are substituted with sugars,
methoxy, or other alkoxy groups.

Frequently encountered natural hydroxylated stilbenes
include inter alia resveratrol (E-3,5,4′-trihydroxystilbene),
which has been identified in more than 70 different plant
species, pterostilbene (a dimethylated derivative of resver-
atrol), piceid (the 3-�-d-glucoside of resveratrol), and
viniferins, which are resveratrol oligomers (seeFig. 1).
The utmost importance of viniferins and of stilbene deriva-
tives in phytology lies in their property of acting as “plant
antibiotics” by inhibiting the growth of pathogenic fungi.
As such, they are classified as phytoalexins (from the Greek
��ε��, �������, to repel, to ward off). Phytoalexins are de-
fense compounds that plants, notably grapevines, synthesize
in response to pathogen agents and abiotic stress. Among
them, resveratrol and its glucoside have been identified as
two of the major active compounds of stilbene phytoalex-
ins. Their structures, together with some other important
phytoalexins, are shown inFig. 1.

The biological activity of natural phenolic compounds
has been well established over the past decades through
a number of physiological and pathological studies. Most
of them concerned molecules possessing a flavonoid struc-
ture, but the stilbenoid derivatives were also investigated.
Resveratrol is presumed to be beneficial for the human
health and is a constituent of traditional oriental medicines.
In the western world, the interest in stilbene derivatives
present in grapevines was stimulated when epidemiological
studies showed an inverse correlation between red wine
consumption and the incidence of cardiovascular diseases,
the so-called “French paradox”[2]. Resveratrol is thought
to be responsible for this Mediterranean diet effect, where
high fat intake coupled with moderate wine consumption
leads to abnormally low rates of heart diseases and cancers.
More recently, resveratrol has also drawn a lot of publicity,
because of its various therapeutic properties, which include
anti-oxidative and antimutagenic activities[3]. Resveratrol
is an inhibitor of the dioxygenase activity of lipooxyge-
nase and protects against platelet aggregation[4,5]. Its
field of application also extends to antifungal, cytotoxic,
anti-inflammatory, antivirus, and antibacterial uses[6,7].

Although there are fewer studies about related molecules,
it seems that the glucoside derivatives are more efficiently
absorbed that the aglycontrans-resveratrol itself. Indeed,
trans-piceid also displays highly interesting physiological
properties[8].

Given the minute amounts of resveratrol and its analogues
present in plants, it comes as no surprise that other sources of
supply than nature are needed in order to satisfy the increas-
ing demand for stilbene derivatives. Reliable and efficient
synthetic methods are therefore highly desirable. The first
laboratory preparation of resveratrol dates back to 1941[9].
Since then, organic synthesis has attained an unprecedented
sophistication due in large measure to the influx of recent,
rapidly evolving organometallic methodologies. With the ad-
vent and continuing refinement of transition metal assisted
organic synthesis, a number of new reactions have not only
expanded the scope of fundamental transformations avail-
able to chemists, but also imparted greater latitude to their
practical application.

The search for selective carbon–carbon coupling reactions
has commanded the attention of organic chemists from the
very origin of the science. In particular, the problem of C=C
double bond formation remained an extremely sensitive is-
sue until the discovery of the Wittig reaction in 1953. Yet,
however useful this reaction and its variations are, they re-
main stoichiometric in essence and limited to molecules con-
taining a carbonyl functionality. The first significant catalytic
breakthrough in the field was the discovery in the 1970s of
the reductive dimerization of C=O double bonds of aldehy-
des and ketones into olefins upon treatment with low-valent
titanium species (the McMurry reaction, seeSection 3.2)
[10]. Since these early days, several catalytic approaches
have been proposed and investigated for the synthesis of
stilbenoid compounds. Among them, methods based on the
Heck and Suzuki reactions stand out for their synthetic ver-
satility and efficiency. Recent progress in olefin metathesis,
and more specifically the emergence of new catalysts for ef-
ficient and selective cross metathesis, also paves the way to
future exciting developments.

This review aims at summarizing the recent significant ad-
vances in catalytic methods available for the synthesis of stil-
bene and functionalized stilbenes with an emphasis on their
phytoalexins. To the best of our knowledge, the last surveys
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related to this topic date back to 1983[11] and 1985[12],
respectively, although the latter article was exclusively de-
voted to “classical” synthetic approaches (Wittig-type chem-
istry) and did not include metal-catalyzed reactions. In this
rapidly expanding field, palladium-mediated coupling re-
actions have been the most widely used so far. Accord-
ingly, they are reviewed first in this article. Other transition
metal promoted stilbene syntheses are reported next, be-
fore addressing the point of stilbene isomerization. Because
non transition metal catalyzed syntheses of hydroxystilbenes
continue to attract a lot of attention, significant recent de-
velopments in this area are also included at the end of this
contribution.

2. Palladium-catalyzed syntheses of stilbenes

2.1. The Heck reaction

The palladium-catalyzed olefination of aryl halides,
generally known as the Heck reaction (or Mizoroki-Heck
reaction), is a well-established method for effecting C–C
coupling reactions. Because it is remarkably chemoselective
and amenable to a large variety of starting materials, it has
become one of the true power tools of contemporary organic
synthesis[13–16]. The reaction is catalyzed by either Pd(0)
or Pd(II) complexes in solution, usually in the presence of a
stoichiometric amount of a base. A coordinating ligand, most
often a phosphine, is added. According to this approach,
stilbenes may be obtained by coupling a styrene with an
aryl derivative Ar–X. Three Heck products may be formed:
the cis- and trans-stilbenes, and 1,1-diphenylethylene
(Scheme 1). The regioselectivity of the addition can be con-
trolled by a careful choice of the reaction conditions[17].

The Heck reaction is now so widely used that writing
a comprehensive survey covering its different applications
looks like a hopeless task. An excellent review discussing

[Pd] / L
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X

Scheme 1.
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AcO OAc

I

+

(E)-Resveratrol

Scheme 2.

the mechanistic aspects, the intriguing flexibility and adapt-
ability, as well as the unpredictability of palladium-catalyzed
arylations and vinylations of olefins was published in 2000
[13]. To cite but a few recent results in the field of styrene
synthesis, the Heck reaction provided a ready access to
oligomeric styrylpyrroles[18], oligo(phenylenevinylene)
derivatives[19], stilbenoid dendrimers[20], and new non
linear optical electron donor–acceptor substituted stilbene
derivatives[21]. It also served as the key step in the syn-
thesis of various polyhydroxylated stilbenes, including
resveratrol (Scheme 2) [22] and related highly oxygenated
stilbenoid dimers[23].

2.1.1. Aryl halides as electrophiles
Industrial applications of the Heck reaction are rare be-

cause the reactivity of aryl halides decreases dramatically in
the order ArI > ArBr� ArCl, which means that the cheap
chlorides and even some bromides do not afford sufficiently
high yields, turnover numbers (TONs), and selectivities. A
lot of efforts has been put recently into improving the cat-
alyst activity in order to overcome these limitations. For
instance, Beller and Zapf have demonstrated that the cou-
pling of styrene with chloro- and bromoarenes proceeded
smoothly in the presence of palladium acetate Pd(OAc)2 and
phosphites P(OR)3 as ligands (Scheme 3) [24].

Another study by Reetz et al. revealed that the use of
simple palladium salts in the presence of tetraphenylphos-
phonium chloride, Ph4PCl, instead of phosphine or phos-
phite ligands led to highly active catalytic systems, even
with chloroarenes. Optimization of the reaction between
chlorobenzene and styrene showed that a Ph4PCl/Pd mo-
lar ratio of 6 led to the best results. Sodium acetate was
suitable as a base andN-methylpyrrolidinone (NMP)
served as solvent. Interestingly, the regioselectivity for
the E-1,2-stilbene was enhanced upon addition of a small
amount ofN,N-dimethylglycine (DMG), as the yield of the
1,1-isomer decreased (Scheme 4) [25].
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Complexes of Pd(II) with chelating phosphines are also
efficient catalysts for Heck reactions of standard aryl bro-
mides and iodides with styrene. Yields are excellent and
turnover numbers very high. It is, however, preferable to
use preformed complexes rather then attempting to gen-
erate active species in situ from a Pd(0) or Pd(II) source
and a diphosphine[26]. Further improvement of catalyst
efficiency resulted from the development of new palladium
pincer complexes (Fig. 2). Andersson et al. have synthesized
a bis-chelated, air-stable aliphatic PC(sp3)P pincer Pd(II)
complex (1), which displayed a high catalytic activity for
the Heck coupling reaction between styrene and iodoben-
zene (yield= 95%, TON= 190–200)[27]. The stabilizing
effects imposed by chelation and/or steric shielding of the
metal center were held responsible for the prolonged catalyst
stability after long reaction times at high temperature. Good
results were also obtained with the phosphinito PC(sp2)P
pincer palladium complex [PdCl{C6H3(OPPri2)2-2,6}] (2),
which catalyzed the olefination of a broad scope of aryl

Pd

P

P

OCOCF3

t-Bu
t-Bu

t-Bu
t-Bu

Pd

O P

O P

Cl

i-Pr
i-Pr

i-Pr
i-Pr

1                                                      2

Fig. 2. Palladium PCP pincer catalysts for stilbene synthesis via Heck
reactions.

chlorides in high yield (81–99%) andtrans-selectivity
[28].

The most severe drawbacks associated with the Heck
reaction result from the oxidative degradation and other
side reactions observed with phosphines, hence the im-
portance of investigating non phosphine-based complexes
as catalyst precursors. Indeed, nitrogen-, oxygen-, and
sulfur-containing palladacycles can provide excellent al-
ternatives to their phosphorus-based counterparts for the
catalytic coupling of aryl halides with styrene. For in-
stance, good results were obtained withortho-metallated
oxime and amine palladacycles3 and4 bearing a saturated
N-heterocyclic carbene ligand (Fig. 3). These metal com-
plexes displayed a very high thermal stability and were
insensitive toward air and moisture. A small amount of cat-
alyst precursor (0.002–0.02 mol%) was sufficient to obtain
an excellent activity and high TONs for the reaction of
aryl bromides Ar–Br (Ar= C6H5, C10H7, 4-MeCOC6H4,
4-CNC6H4) with styrene in the presence of sodium acetate

NMe2
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N

N
Cl

Ph

Ph

N

R
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OH

N

N
Cl

Ph

Ph

R = Me, Ph

3                                          4

Fig. 3. Non phosphine-based palladium catalysts for stilbene synthesis
via Heck reactions.



K. Ferré-Filmon et al. / Coordination Chemistry Reviews 248 (2004) 2323–2336 2327

N2 BF4

R

i-Pri-Pr

i-Pr i-Pr

N N

Cl

R'

Pd(OAc)2 (2 mol%)

THF, r.t., 3-5 h

67-91%R = H, 2-Me, 3-Me, 4-Me, 2-OMe, 4-OMe, 4-Br
R' = H, OMe

R'

R

Scheme 5.

Br H2C CH2
LiCl, Et3N, NMP, 100 ˚C

A                                     B

Pd(OAc)2 (1 mol%)
P(o-Tol)3 (4 mol%)

97% A/B : 97/3

2

Scheme 6.

as a base and NMP as solvent. Yields were lower with
chloroarenes (34–76%, TON= 1705–4111), although the
substrates investigated possessed an activatingpara-acetyl
or para-cyano group on their aromatic ring[29] (see also
ref. [30,31]).

Palladium(II) supported on hydrotalcite was an efficient
and reusable catalyst for heterogeneous Heck reactions be-
tween substituted aryl halides and styrene. Stilbene deriva-
tives were isolated in moderate to good yields (48–87%) and
the catalyst could be recycled without any treatment[32].
The Heck arylation of styrene was also carried out in the
absence of any ligand under normal atmosphere using col-
loidal palladium(0) generated in situ from PdCl2 and sodium
formate as reducing agent[33].

2.1.2. Aryldiazonium salts as electrophiles
Besides halides and triflates, other electrophiles have been

tested in Heck-type reactions. Among them, aryldiazonium
salts are even more reactive than aryl iodides and do not re-
quire the presence of a base nor phosphine ligands. Indeed,
coupling reactions with diazonium salts are fast and proceed
smoothly, but usually require a relatively high load of palla-
dium (1–2 mol%). For instance, a 1:1 mixture of palladium
acetate and an imidazolinium salt (2 mol% each) readily ary-
lated olefinic substrates in high yield at room temperature
(Scheme 5). The acetate anion presumably served as a base
to produce the active palladium catalyst in this system. It is

N2 BF4

R
Si(OEt)3 R

R

R = 2-Me, 2-CO2Me, 4-Cl, 4-Br, 4-I, 4-Me, 4-OMe, 4-NO2

Pd(OAc)2 (2 mol%)

MeOH, 60 ˚C, 1 h
2

45-72%

Scheme 7.

noteworthy that the diazonium salts could be generated in
situ from the corresponding aniline precursors. However, the
coupling products were obtained in lower yield (17–62%)
under these conditions than with the preformed diazonium
electrophiles[31].

2.1.3. Heck reactions with ethene
Symmetricaltrans-stilbenes may be formed by a two-fold

coupling of ethene with two equivalents of bromoarene
[34,35]. The ratio of stilbene to by-products (styrene and
1,1-substituted adducts) depends on the solvent, the ethy-
lene pressure, and the bromoarene concentration. Addition
of lithium chloride increases the regioselectivity. This ap-
proach also leads to the formation of a small amount of
oligomers and polymers of poly(p-phenylenevinylene). The
best conditions for the palladium-catalyzed coupling of bro-
mobenzene with ethylene are summarized inScheme 6 [34].

Since the above procedure involves the introduction
of ethylene in a 1:2 stoichiometric ratio compared to the
halogenoarene, it is necessary to control precisely the
amount of gas used. This usually implies a complex exper-
imental set-up. To circumvent this constraint, liquid vinyl-
trialkylsilanes and vinyltrialkoxysilanes were used as more
convenient to handle ethylene substitutes. For example, a
double Heck reaction of aryldiazonium salts with vinyltri-
ethoxysilane led to symmetrictrans-stilbene derivatives in
moderate to good yields (Scheme 7) [36].
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In 2002, Jeffery and Ferber reported a highly selec-
tive one-flask synthetic procedure for the construction
of symmetrical and unsymmetricaltrans-stilbene deriva-
tives based on two sequential Heck-type reactions using
vinyltrimethylsilane as ethene equivalent. This strategy
is illustrated in Scheme 8for the synthesis of methy-
lated resveratrol. Treatment of 4-methoxyiodobenzene with
vinyltrimethylsilane under arylation-desilylation condi-
tions produced 4-methoxystyrene, which was arylated by
3,5-dimethoxyiodobenzene in the same flask. Demethylation
of the trimethoxystilbene by boron trichloride/tetra-n-butyl-
ammonium iodide in a subsequent step cleanly afforded
resveratrol in 61% overall yield[37].

2.1.4. Decarbonylative Heck reactions
The decarbonylative Heck reaction is known since

the beginning of the eighties. Spencer has described the
palladium-catalyzed arylation of alkenes with aroyl chlo-
rides in the presence of a tertiary amine[38,39]. He
has also applied this method to the arylation of ethy-
lene into styrene and stilbene derivatives, the ratio of
styrene to stilbene being dependent on the ethylene pres-
sure [40]. More recently, this coupling method was em-
ployed for the synthesis of the phytoalexin resveratrol.
3,5-Diacetoxybenzoic acid chloride was coupled with
4-acetoxystyrene in the presence of palladium acetate and
N,N′-bis-(2,6-diisopropylphenyl)dihydroimidazolium chlo-
ride to give resveratrol triacetate in 73% yield (Scheme 9).
The nature of the added base was critical for the success
of the transformation. Non-coordinating amines such as
N-ethylmorpholine (NEM) andN,N-dimethylbenzylamine
proved optimal. Resveratrol itself was obtained in pure
form from the triester by basic hydrolysis in THF fol-
lowed by acidification. An overall 53% yield was achieved

i-Pri-Pr

i-Pr i-Pr

N N

Cl

COCl

AcO

AcO

OAc

AcO

AcO
OAc

Pd(OAc)2 (1 mol%)

NEM, p-xylene, 120 ˚C, 3.5 h

73%

Scheme 9.

starting from commercially available�-resorcylic acid
(3,5-dihydroxybenzoic acid)[41,42].

2.2. The Suzuki reaction

In addition to conventional Heck reactions of unsaturated
compounds with aryldiazonium salts or organic halides as
electrophiles, the use of nucleophilic organoboron species
has attracted substantial attention for the synthesis of stil-
bene derivatives. The palladium cross coupling of boranes or
boronic acids and esters with organic halides or diazonium
salts (known as the Suzuki reaction) is usually highly se-
lective and tolerant of functional groups on either coupling
partners. Reagents are easy to prepare and largely insensi-
tive toward water.

The Suzuki coupling between a 1,1-bromofluorostyrene
and a phenylboronic acid served as a general method for
the synthesis of polyhydroxylated stilbenes monofluorinated
on the central double bond[43]. Cross-couplings between
styrylboronic acid and aryldiazonium salts using a catalytic
system based on palladium(II) acetate together with an im-
idazolinium ligand precursor also led to the formation of
various stilbene derivatives. The reactions proceeded in the
absence of any added base under mild conditions and with
high yields (68–87%) (Scheme 10). Diazonium ions could
be generated in situ without significant detrimental conse-
quences, provided that reaction times were extended[30].

Palladium-catalyzed cross coupling of arylboronic acids
with alkenes in acetic acid at 25◦C afforded stilbene deriva-
tives in satisfactory to good yields (63–99%) (Scheme 11).
Experimental evidences indicated that the reaction most
likely occurred via oxidative addition of Pd(0) to a
carbon–boron bond[44]. Conversely, Pd(II)-promoted cat-
alytic pathways took over when an appropriate oxidant such
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B(OH)2
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AcOH, 25 ˚C, 20-27 h
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R2

R1
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R
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R1 = H, Ph ; R2 = H, Ph ; R3 = H, Ph, 4-MeC6H4

Scheme 11.

as copper(II) acetate[45] or molecular oxygen[46] was
introduced in the reaction medium (Scheme 12).

2.3. The Stille reaction

The palladium-catalyzed coupling of organotin reagents
with organic electrophiles such as aryl and vinyl halides or
triflates is known as the Stille reaction. In comparison to
the Suzuki coupling, the Stille reaction does not require the
addition of a base and is applicable to a wider spectrum of
electrophiles, including saturated aliphatic halides and some
alcohol derivatives. However, although organostannanes are
extremely valuable synthetic intermediates because of their
compatibility with most functional groups and the mildness
of their reaction conditions, hardly any syntheses of stil-
bene derivatives via Stille vinylation were reported in the
literature.

Ar-B(OH)2 R1

Ph

R2

Ar
Ph

R2

R1

PdII / Oxidant

Ar

Ph A

Ph

B3-AcPh

B

BPh

Ph B

Ph
Ph

Ph
Ph

Ph
Ph

3-AcPh
Ph

Ph
Ph

Ph
Ph

Ph

Ph

Ph

Ph

Ph

82

Yield (%)ConditionsaOlefin Product

86

69
(1/1.5)

82

a A : Pd(OAc)2 (5 mol%), Cu(OAc)2, LiOAc, DMF, 100 ˚C, 4 h

B : Pd(OAc)2 (10 mol%), O2, Na2CO3, DMF, 50 ˚C, 3 h

90

Scheme 12.

�-Styryltrimethyltin was reacted with a number of aryl-
diazonium salts to give the 1,2-disubstituted (cine) products
in moderate to poor yields[47]. The same reaction carried
out with halopyridines yielded mixtures ofcine and ipso
(1,1-disubstituted) isomers, with electron-withdrawing sub-
stituents shifting the ratio toward formation of theipso iso-
mers[48]. Organic tellurides reacted more efficiently with
various alkenes in the presence of Pd(II) salts to give the
corresponding substituted stilbenes. The reaction was first
carried out using a stoichiometric amount of palladium ac-
etate or chloride together with triethylamine, but it became
catalytic when an oxidant (silver acetate) was added to the
system (Scheme 13) [49].

2.4. The Negishi reaction

It is noteworthy that the majority of methods described
so far allowed the formation of either mixtures ofE-
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1) t-BuLi, -78 to 0 ˚C,
then ZnCl2, THF, 0 to 23 ˚C

2) Pd(PPh3)4, reflux,

3) TBAF 71%

Scheme 14.

and Z-stilbenoids or of pureE-isomers. In order to ob-
tain aZ-configuration of the double bond in diarylalkenes,
Bosanac and Wilcox have applied a variant of Negishi’s
process. In this palladium-catalyzed reaction, an organo-
zinc reagent was coupled with an organohalide to yield
the Z-adduct, as illustrated inScheme 14. Deprotection of
the t-butyldimethylsilyl-capped benzyl alcohol was carried
out with tetra-n-butylammonium fluoride (TBAF) to af-
ford (Z)-4-hydroxymethyl-4′-phenylstilbene in 71% overall
yield. Incidentally, this alcohol was designed to act as an
ancillary group for the automated synthesis of�-ketoesters
through an ingenious isomerization/precipitation strategy,
theZ-isomer being soluble in the reaction medium, whereas
the E-isomer is insoluble, allowing reaction products to be
isolated by simple filtration[50].

3. Coupling reactions with non palladium-based
metal catalysts

3.1. Heck-type reactions

Other metals than palladium were investigated as cat-
alysts for the vinylation of aryl halides in Heck-type
reactions. The platinum complex Pt(COD)Cl2 (COD is

CHO

R

ZnX

R1

NiCl2(PPh3)2 (3 mol%)

R

R1

R X

Me3SiCl, THF, r.t., 8 h

Yield (%)

H
2-OMe
4-OH
4-Cl
H
H
H
4-OMe

H
H
H
H
3-Cl
3-Br
4-Br
H

Cl
Cl
Cl
Br
Br
Br
Br
Cl

88
79
78
87
81
63
85
92

R1

Scheme 15.

1,5-cyclooctadiene) allowed the formation of stilbene via
the coupling of iodobenzene with styrene, although the
conversion and the selectivity were not impressive (27%
yield of trans-stilbene) [51]. The efficiency of two cop-
per(I) catalysts, viz. CuBr and CuI, was somewhat better
(46–80% yield) [52], but superior results were obtained
with triphenylphosphino complexes of cobalt, rhodium, and
iridium. Indeed, all three CoCl(PPh3)3, RhCl(PPh3)3, and
IrCl(CO)(PPh3)2 species afforded stilbene in the 80% yield
range after 24 h of reaction at 110◦C [53]. Heterogeneous
catalysts based on cobalt, nickel, or copper were also inves-
tigated. They were prepared by reducing the corresponding
metal halides onto alumina or HY zeolite and gave mod-
erate to good yields (50–85%) of 4-substituted stilbenes
[54].

In 2002, a convenient method for the efficient and highly
stereoselective synthesis ofE-alkenes from the correspond-
ing aldehydes and functionalized organozinc reagents in the
presence of a silylating agent and a catalytic amount of
NiCl2(PPh3)2 was devised. For the benzylic zinc halides,
reactions could be carried out at room temperature and af-
forded the correspondingE-stilbenes in good yields after 8 h
at room temperature (63–92%,Scheme 15) [55].

The rhodium-catalyzed addition of various boronic acids
to styrene took place in organoaqueous media with high
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selectivities and yields. Stilbene derivatives were obtained
in 84–99% isolated yields in the presence of [Rh(COD)Cl]2
as catalyst (Scheme 16). The addition of water-soluble lig-
ands like the tris(m-sulfonatophenyl)phosphane trisodium
salt (TPPTS) or tris(m-carboxyphenyl)phosphane trilithium
salt (m-TPPTC) allowed to recycle the rhodium catalyst,
although yields were then lower (24–96%)[32]. A phase
transfer agent (sodium dodecyl sulfate, SDS), was required
with the bis(p-sulfonatophenyl)phosphane dipotassium salt
ligand (TPPDS)[56].

3.2. The McMurry coupling of aldehydes and ketones

Aldehydes and ketones undergo reductive dimerization
to yield alkenes upon treatment with low-valent titanium
reagents. Such a carbonyl coupling reaction is usually re-
ferred to as the McMurry coupling. It plays a significant role
in the synthesis of phytoalexins, because it provides a ready
access to symmetrical stilbenes from the corresponding alde-
hydes or ketones[10]. Thus, symmetrical polyalkoxy- and
polysilyloxystilbenes were obtained by reductive coupling of
alkoxy- and silyloxybenzaldehydes, respectively, with zinc
and titanium tetrachloride (Scheme 17) [57,58]. All the prod-
ucts isolated under these conditions possessed atrans double
bond. Some of these compounds showed rather potent ne-

n(RO)

(OR)nCHO
n(RO) 1) Zn, THF, 0 ˚C

2) TiCl4, CH2Cl2, reflux

R = Me, i-Pr, t-butyldimethylsilyl

Benzaldehyde

71
57
42
52
79
66

Yield (%)Stilbene

2,2'-dimethoxy
3,3'-dimethoxy
3,3',5,5'-tetramethoxy
4,4'-di-t-butyldimethylsilyloxy
3,3',5,5'-tetra-t-butyldimethylsilyloxy
3,3',5,5'-tetraisopropoxy

2-methoxy
3-methoxy
3,5-dimethoxy
4-t-butyldimethylsilyloxy
3,5-di-t-butyldimethylsilyloxy
3,5-diisopropoxy

Scheme 17.

matocidal activity, but only after the phenol functionalities
were totally or partially deprotected[57].

Although the McMurry coupling reaction usually gives
almost exclusivelyE-stilbenes, theZ-isomers may be pre-
dominantly obtained if geometric constraints control the ori-
entation of the two carbonyl moieties[59]. Mixed coupling
reactions usually lead to a statistical mixture of all possible
alkenes. Reasonable yields of a single cross-coupled prod-
uct can nevertheless be achieved if one of the substrates is
introduced in excess or if the two substrates exhibit suffi-
ciently different redox potentials. Furthermore, mixed cou-
pling reactions are also favored when one of the components
is a diaryl ketone. Indeed, coupling of a diaryl ketone with
an equimolar amount of any ketone or aldehyde predomi-
nantly yields the mixed coupled product. This strategy has
been used as the key step in the synthesis of the antitumor
agent tamoxifen and a series of its derivatives (Scheme 18)
[60–62].

3.3. Alkene cross metathesis

Olefin metathesis reactions have been known for a number
of years, but their application to organic synthesis was rather
limited until the discovery of highly efficient, well-defined
initiators tolerant of many functionalities by Grubbs and



2332 K. Ferré-Filmon et al. / Coordination Chemistry Reviews 248 (2004) 2323–2336

O

O

OR

OR OR

TiCl4 / Zn

R = H : 98%, Z/E = 7:1
R = CH2CH2NMe2 (Tamoxifen) : 88%, Z/E = 3:1

1,2-dimethoxyethane
-10 ˚C to reflux

Scheme 18.

Schrock in the early 1990s (seeFig. 4). Since then, spec-
tacular advances were made in designing even more active
catalysts and understanding their mode of operation. De-
spite intense research in the field, cross metathesis (CM)
has not yet reached the same level of recognition than ring
closing metathesis (RCM) or ring opening metathesis poly-
merization (ROMP) within the chemical community. This
is largely due to inherent difficulties in controlling selectivi-
ties. Minimization of unproductive self-coupled alkenes and
concomitant maximization of the desired cross product is a
crucial issue to address when performing CM, together with
controlling the stereochemistry of the newly formed double
bond. Catalytic engineering is currently making fast progress
to relieve these concerns, and a general empirical model has
recently been proposed for the prediction of chemo-, regio-,
and stereoselectivity in olefin cross metathesis[63].

To the best of our knowledge, only two examples of stil-
bene formation by cross metathesis have been reported so
far. The coupling of terminal alkenes to give symmetrical
internal olefins was investigated by Schrock and coworkers
in 1994 using a range of molybdenum(VI) imido alkylidene
complexes. Onlytrans-stilbene was obtained when styrene
served as substrate, but the yields remained low except when
complex6 was employed as catalyst under carefully adjusted
conditions (Scheme 19) [64].

More recently, solid-phase cross metathesis of styrenyl
ether with substituted styrenes afforded stilbenoid deriva-
tives in high yields and with completeE-selectivity using the
ruthenium–carbene complex (SIMes)(PCy3)Cl2Ru=CHPh
(8) as catalyst. Preliminary experiments showed that when
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R
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N N
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Fig. 4. Well-defined metal-alkylidene catalysts for alkene metathesis.
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Scheme 19.

two different styrenes were allowed to react freely in so-
lution without any polymer anchorage, homo- and cross
coupling products were obtained in a rather statistical 1:1:1
distribution (77–98% yield) and formed an inextricable
mixture. Conversely, when 4-vinylphenol was attached to a
Merrifield resin and the resulting supported styrenyl ether
was coupled with various styrene derivatives, cross cou-
pling products could be isolated in high yields (>95%) after
filtration and cleavage of the resin with 20% trifluoroacetic
acid (TFA) in dichloromethane (Scheme 20) [65]. Thus, the
advantages of the solid-phase metathesis approach lie in the
expected inhibition of the supported substrate self-coupling,
as well as the ease of product separation from the reaction
mixture.

4. Palladium-catalyzed isomerization of stilbenes

Stilbene remains one of the most popular models for
studying theE–Z photoisomerization of polyenes, a topic
that has recently been reviewed[66]. The photochemical iso-
merization of arylethenes usually takes place in the excited
state through rotation around the C=C double bond. For in-
stance, highly branched stilbene dendrimers with molecular
weights of over 6000 underwentE–Z isomerization in less
than 10 ns, the lifetime of the excited singlet state[67].

In many stilbene syntheses (e.g., through Wittig reactions
or olefin cross metathesis) mixtures ofE- and Z-isomers
are formed. Efficient and mild methods for isomerizing the
Z-isomers into the (usually) biologically activeE-isomers
in the series of hydroxy- or alkoxy-substituted stilbenes are



K. Ferré-Filmon et al. / Coordination Chemistry Reviews 248 (2004) 2323–2336 2333

HO

Cl

O

O

HO

X

X

X

(10 eq.)

20% TFA/CH2Cl2

r.t., 30 min

a Isolated yield (over three steps) after cleavage of the resin

X = H, 4-Cl, 4-CF3, 4-OAc, 4-Me, 4-OMe, 3,4-(OCH2OCH3)2, 3,4-(OAc)2

[Ru] cat. 8 (20 mol%)
benzene, 80 ˚C, 12 h

NaI, Cs2CO3

DMF, 80 ˚C, 12 h

54-81%a

Scheme 20.

MeO

MeO OMe

OMe

PPh3 Cl

OMeMeO

CHO

MeO
OMe

OMe

1) n-BuLi, THF, -78 to 0 ˚C

92% (E/Z = 1:1)

then                 , THF, -78 ˚C

(MeCN)2PdCl2 (10 mol%)

CH2Cl2, r.t., 12 h

94%

Scheme 21.

rare. Radical or photochemical methods are useful but of-
ten involve rather harsh reaction conditions. A convenient
new method for the conversion of alkene mixtures or pure
Z-arylalkenes into the correspondingE-isomers using a pal-
ladium(II) complex was reported in 2002[68]. Although
the catalyst loading was rather high (10 mol%), the syn-
thetic potential of the methodology was demonstrated in the
case of trimethoxyresveratrol. Thus, a 1:1Z/E mixture of
this stilbene afforded the pureE-isomer in 94% yield using
bis(acetonitrile)palladium(II) chloride in dichloromethane at
room temperature (Scheme 21).

5. Variae: non transition metal catalyzed syntheses of
hydroxystilbenes

Wittig-, Wittig–Horner-, or Horner–Emmons reactions
and their variations are still popular synthetic tools for the
preparation of potentially biologically active polyphenolic
stilbenes or their alkoxy and glycoside derivatives, which
include inter alia the combretastatin and resveratrol families
of phytoalexins[42,57,69–73]. As an alternative to the clas-
sical Wittig conditions, potassium hydroxide and a catalytic
amount of 18-crown-6 were used for the synthesis ofmeta-
and para-substituted stilbene derivatives in a solid–liquid
biphasic system. Interestingly, benzyltriphenylphosphonium
iodides always led to an almost completeZ-stereospecificity
(Z/E > 98:2) regardless of the nature of the substituents on
the benzyl group, whereas benzyldiphenylchlorophospho-
nium bromides exhibited the opposite behavior (Z/E < 2 :
98) [74].

The preparation of symmetric stilbenes from phospho-
nium salts under an oxygen atmosphere in the presence of
vanadyl acetylacetonate, VO(acac)2, was reported in 2002
by Shi and Xu. This reaction is believed to proceed via
an oxidative coupling of ylides generated in situ from the
corresponding phosphonium salts, as shown inScheme 22
[75]. A solid–liquid biphasic system (K2CO3/PhCH3) with
18-crown-6 as phase transfer agent was suitable for phos-
phonium salts having an electron-withdrawing or a weak
electron-donating substituent on the benzyl group (method
A). Ylide precursors bearing strong electron-donating
substituents on their benzyl group required the use of a
strong base under strictly anhydrous conditions (potassium
t-butoxide in dichloromethane, method B).Z/E mixtures of
olefins were isolated in moderate to good yields, depending
on the reaction conditions adopted. The stereoselectivies
observed were generally the same as those obtained under
typical Wittig conditions. Yet, it is noteworthy that applying
method B to methoxystyrene derivatives afforded stilbenoid
compounds with a preferentialZ-configuration.

The reaction of the trimethylsilyl ether of 3,5-dimethoxy-
benzyl alcohol with benzaldehyde and benzaldehyde deriva-
tives in the presence of lithium powder and a catalytic
amount of naphthalene (4 mol%) gave access to the hy-
droxylated stilbenes pinosilvine, resveratrol, and piceatan-
nol after subsequent dehydration and demethylation steps.
Overall yields were negatively affected by the difficulty to
quantitatively condense the silyl ether with the benzalde-
hyde. Attempts to improve the outcome of this critical
first step remained unsuccessful[76]. In another variation
on aldol-type reactions, the synthesis of resveratrol and of



2334 K. Ferré-Filmon et al. / Coordination Chemistry Reviews 248 (2004) 2323–2336

Br

Br

F
F

F

Cl

CF3
F3C

CF3

Cl

Me
Me

Me

Cl

MeO

Cl

OMe

MeO                                      MeO

OMe OMe

OMe

MeO                                           OMe

Br Br

A

A

A

A

B

B

A

Halide Product
Reaction
conditions

Isolated
yield (%) Z/E

93

83

84

75

55

51

70

1.7:1

1.6:1

1.3:1

1.3:1

98:2

>98:<2

Method A: PhMe, K2CO3 (2.5 eq.), 18-crown-6 (0.01 eq.), O2 atm., VO(acac)2 (0.01 eq.), 60-70 ˚C
Method B: CH2Cl2, t-BuOK (1.5 eq.), 18-crown-6 (0.01 eq.), O2 atm., VO(acac)2 (0.01 eq.), r.t.

RCH2X RCH2PPh3 Br RCHO
PPh3

R

R
[O]

RCH=PPh3
Base RCH=PPh3

O=PPh3

Scheme 22.

pinostilbene was achieved through benzylic deprotonation
of a 	6-arene-Cr(CO)3 complex and subsequent coupling of
the resulting anion withpara-anisaldehyde. In this case, the
condensation was facilitated by the presence of the tricar-
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H H
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H H

17%

+

7%

Scheme 23.

bonylchromium moiety and the key adduct was obtained in
85% yield[77]. The Perkin reaction was also recently revis-
ited for the synthesis of resveratrol and related compounds.
Thus, methyl or isopropyl ethers ofp-hydroxyphenylacetic
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acid and 3,5-dihydroxybenzaldehyde were condensed into
methoxy or isopropoxy arylcinnamic acids in 66 and 72%
yield, respectively, in the presence of triethylamine and
acetic anhydride at 90◦C. These acids were then decar-
boxylated upon treatment with copper chromite in quinoline
to yield the corresponding stilbene derivatives. In a final
step, the protecting alkoxy groups were cleaved with boron
trichloride. The isopropyl ethers could be removed quanti-
tatively at lower temperature than their methyl counterparts,
thereby avoiding any unwanted isomerization[78].

The biochemistry of the stilbenoids is very rich and still
largely unexplored in its synthetic aspects. It is noteworthy
that resveratrol is also the biosynthetic progenitor of a fam-
ily of oligostilbenoid polyphenols[6]. In living organisms,
these oligomers are generated by oxidative phenolic cou-
pling and some of them display interesting biological activ-
ities. To date, only a few stilbenoid dimers were prepared
in the laboratory by oxidative coupling with one-electron
oxidants (Scheme 23) [23], but this research area remains
largely uncharted.

Acknowledgements

The financial support of the EU, through grant TMR-HPRN
CT 2000-10 “Polycat”, is gratefully acknowledged.

References

[1] J. Gorham, The Biochemistry of the Stilbenoids, Chapman & Hall,
London, 1995.

[2] S. Renaud, M. de Lorgeril, Lancet 339 (1992) 1523.
[3] M. Jang, L. Cai, G.O. Udeani, K.V. Slowing, C.F. Thomas, C.W.W.

Beecher, H.H.S. Fong, N.R. Farnsworth, A.D. Kinghorn, R.G. Mehta,
R.C. Moon, J.M. Pezzuto, Science 275 (1997) 218.

[4] M.C. Pinto, J.A. Garcia-Barrado, P. Macias, J. Agric. Food Chem.
47 (1999) 4842.

[5] L. Frémont, Life Sci. 66 (2000) 663.
[6] T. Ito, T. Tanaka, M. Iinuma, I. Iliya, K.-I. Nakaya, Z. Ali, Y.

Takahashi, R. Sawa, Y. Shirataki, J. Murata, D. Darnaedi, Tetrahedron
59 (2003) 5347.

[7] G.J. Soleas, E.P. Diamandis, D.M. Goldberg, Clin. Biochem. 30
(1997) 91.

[8] M. Ibern-Gomez, S. Roig-Perez, R.M. Lamuela-Raventos, M.C. de
la Torre-Boronat, J. Agric. Food Chem. 48 (2000) 6352.

[9] E. Späth, K. Kromp, Chem. Ber. 74 (1941) 189.
[10] J.E. McMurry, Chem. Rev. 89 (1989) 1513.
[11] K.B. Becker, Synthesis (1983) 341.
[12] M. Julia, Pure Appl. Chem. 57 (1985) 763.
[13] I.P. Beletskaya, A.V. Cheprakov, Chem. Rev. 100 (2000) 3009.
[14] K.C. Nicolaou, E.J. Sorensen, Classics in Total Synthesis, VCH,

Weinheim, 1996.
[15] W. Cabri, I. Candiani, Acc. Chem. Res. 28 (1995) 2.
[16] M. Beller, T.H. Riermeir, G. Stark, in: Transition Metals for Organic

Synthesis, Wiley-VCH, Weinheim, 1998, p. 208.
[17] M.T. Reetz, G. Lohmer, R. Lohmer, E. Westermann, Ger. Offen.,

DE 19843012 (2000).
[18] L.F. Tietze, G. Nordmann, Synlett (2001) 337.
[19] T. Maddux, W. Li, L. Yu, J. Am. Chem. Soc. 119 (1997) 844.

[20] S. Sengupta, S.K. Sadhukhan, R.S. Singh, N. Pal, Tetrahedron Lett.
43 (2002) 1117.

[21] K.D. Belfield, C. Chinna, K.J. Schaffer, Tetrahedron Lett. 38 (1997)
6131.

[22] M. Guiso, C. Marra, A. Farina, Tetrahedron Lett. 43 (2002) 597.
[23] N.F. Thomas, K.C. Lee, T. Paraidathathu, J.F.F. Weber, K. Awang,

D. Rondeau, P. Richomme, Tetrahedron 58 (2002) 7201.
[24] M. Beller, A. Zapf, Synlett (1998) 792.
[25] M.T. Reetz, G. Lohmer, R. Schwickardi, Angew. Chem. Int. Ed. 37

(1998) 481.
[26] B.L. Show, S.D. Perera, Chem. Commun. (1998) 1863.
[27] S. Sjövall, O.F. Wendt, C. Andersson, J. Chem. Soc., Dalton Trans.

(2002) 1396.
[28] D. Morales-Morales, R. Redon, C. Yung, C.M. Jensen, Chem. Com-

mun. (2000) 1619.
[29] S. Iyer, A. Jayanthi, Synlett (2003) 1125.
[30] M.B. Andrus, C. Song, Org. Lett. 3 (2001) 3761.
[31] M.B. Andrus, C. Song, J. Zhang, Org. Lett. 4 (2002) 2079.
[32] R. Amengual, V. Michelet, J.-P. Genêt, Tetrahedron Lett. 43 (2002)

5905.
[33] A.F. Schmidt, V.V. Smirnov, J. Mol. Catal. A: Chem. 203 (2003) 75.
[34] S. Klingelhöfer, C. Schellenberg, J. Pommerehne, H. Bässler, A.

Greiner, W. Heitz, Macromol. Chem. Phys. 198 (1997) 1511.
[35] J. Rümper, V.V. Sokolov, K. Rauch, A. de Meijere, Chem. Ber./Recl.

130 (1997) 1193.
[36] S. Sengupta, S. Bhattacharyya, S.K. Sadhukan, J. Chem. Soc., Perkin

Trans. 1 (1998) 275.
[37] T. Jeffery, B. Ferber, Tetrahedron Lett. 44 (2003) 193.
[38] H.-U. Blaser, A. Spencer, J. Organomet. Chem. 233 (1982) 267.
[39] A. Spencer, J. Organomet. Chem. 265 (1984) 323.
[40] A. Spencer, J. Organomet. Chem. 247 (1983) 117.
[41] M.B. Andrus, J. Liu, E.L. Meredith, E. Nartey, Tetrahedron Lett. 44

(2003) 4819.
[42] M. Andrus, E. Meredith, PCT Int. Appl., WO 01/60774 (2001).
[43] S. Eddarir, Z. Abdelhadi, C. Rolando, Tetrahedron Lett. 42 (2001)

9127.
[44] C.S. Cho, S. Uemura, J. Organomet. Chem. 465 (1994) 85.
[45] X. Du, M. Suguro, K. Hirabayashi, A. Mori, T. Nishikata, N. Hagi-

wara, K. Kawata, T. Okeda, H.F. Wang, K. Fugami, M. Kosugi, Org.
Lett. 3 (2001) 3313.

[46] Y.C. Jung, R.K. Mishra, C.H. Yoon, K.W. Jung, Org. Lett. 5 (2003)
2231.

[47] K. Kikukawa, H. Umekawa, T. Matsuda, J. Organomet. Chem. 311
(1986) C44.

[48] S.-H. Chen, Tetrahedron Lett. 38 (1997) 4741.
[49] Y. Nishibayashi, C.S. Cho, S. Uemura, J. Organomet. Chem. 507

(1996) 197.
[50] T. Bosanac, C.S. Wilcox, Tetrahedron Lett. 42 (2001) 4309.
[51] A.A. Kelkar, Tetrahedron Lett. 37 (1996) 8917.
[52] S. Iyer, C. Ramesh, A. Sarkar, P.P. Wadgaonkar, Tetrahedron Lett.

38 (1997) 8113.
[53] S. Iyer, J. Organomet. Chem. 490 (1995) C27.
[54] S. Iyer, V.V. Thakur, J. Mol. Catal. A: Chem. 157 (2000) 275.
[55] J.-X. Wang, Y. Fu, Y. Hu, Angew. Chem. Int. Ed. 41 (2002) 2757.
[56] M. Lautens, A. Roy, K. Fukuoka, K. Fagnou, B. Martin-Matute, J.

Am. Chem. Soc. 123 (2001) 5358.
[57] M.A. Ali, K. Kondo, Y. Tsuda, Chem. Pharm. Bull. 40 (1992) 1130.
[58] Y. Pasturel-Jacopé, G. Solladié, J. Maignan, Fr. Demande, FR

2829759 (2003).
[59] M. Sukwattanasinitt, R. Rojanathanes, T. Tuntulani, Y. Sritana-Anant,

V. Ruangpornvisuti, Tetrahedron Lett. 42 (2001) 5291.
[60] J. Shani, A. Grazit, T. Livshitz, S.J. Biran, J. Med. Chem. 28 (1985)

1504.
[61] P.L. Coe, C.E. Scriven, J. Chem. Soc., Perkin Trans. 1 (1986) 475.
[62] S. Top, A. Vessières, C. Cabestain, I. Laios, G. Leclercq, C. Provot,

G. Jaouen, J. Organomet. Chem. 637–639 (2001) 500.
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