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Figure 1. Structures of resveratrol an
Short, efficient, and stereoselective synthesis of the trans-stilbenes resveratrol, DMU-212, and analogues
of both compounds are described. The synthesis of these important anti-cancer agents feature the palla-
dium catalyzed Heck–Matsuda arylation of styrenes with arenediazonium tetrafluoroborates.

� 2008 Elsevier Ltd. All rights reserved.
Resveratrol (trans-3,5,40-trihydroxystilbene) 1 is a phytoalexin
naturally occurring in more than 70 different plant species, some
of which are used for human consumption. The interest in resvera-
trol was originally sparked by epidemiological studies indicating an
inverse relationship between moderate consumption of red wine
over a long period of time and risk of coronary heart disease, the
so-called French paradox.1,2 The biological activity of resveratrol
has been well established over the past decades through a number
of physiological and pathological studies which indicate that resve-
ratrol plays an important role in the prevention of inflammation,3

heart disease,4 aging,5 and cancer.6–9 In addition, it displays radical
scavenging activity,5 neuroprotection,10 antiviral activity,11 antiox-
idant,12 lipid modification,13 platelet aggregation inhibition, and
vasodilatation.14 On the other hand, minor attention has been
devoted to lipophilic analogues of resveratrol. Recently, DMU-212
(trans-3,4,5,40-tetramethoxystilbene) 2 has emerged as a strong
candidate as an anti-cancer agent, showing chemoprotective
activity superior to that of resveratrol (Fig. 1).15–17

The carbon–carbon double bond formation is the key step in the
synthesis of trans-stilbenes requiring a high level of stereochemical
control. Several syntheses of resveratrol have already been
described in the literature.18 Classical approaches such as Wittig
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and Horner–Emmons reaction19,20 usually require relatively long
synthetic routes with variable diastereoselectivities. Additionally,
approaches involving Pd-catalyzed Heck21–26 or Suzuki27 reactions
or Ru-catalyzed cross metathesis28,29 have also been published.
Furthermore, the resveratrol analogue DMU-212 was recently
prepared by routes featuring a Heck30 and a Ramberg-Bäcklund
reaction.31

In spite of an increasing awareness of the synthetic advantages
of arenediazonium salts in Heck arylations, their use in organic
synthesis still remain scarce.32 The so-called Heck–Matsuda reac-
tion can be carried out under phosphine-free conditions, and are
much easier to handle than traditional protocols. Moreover, they
are usually faster, less costly and greener.33–37

Recent report concerning the synthesis of resveratrol by the
Heck–Matsuda approach called our attention in view of the rather
low yields obtained in the construction of the basic trans-stilbene
framework.24,38 We then decided to reinvestigate the Heck–Matsu-
da arylation of styrenes with arenediazonium salts in order to find
an efficient and short route for the synthesis of these biologically
active compounds.

We started our studies on the Heck arylation of the commer-
cially available p-methoxystyrene 4 with 3,4,5-trimethoxyphen-
yldiazonium tetrafluoroborate 3,39 under Pd2(dba)3 catalysis,
which would lead directly to the resveratrol analogue DMU-212.
We initially evaluated the effect of the solvent on the arylation
reaction (Table 1).

We first tested acetonitrile as solvent, and after 30 min at 90 �C,
the desired stilbene was obtained in an unsatisfactory yield of only
33%. Aromatic solvents such as toluene, benzene, and chloroben-
zene were also employed but these did not improve the yields of
the product (20–30% yield). Apolar solvents such as cyclohexane
or polar solvents such as DME and MeOH were inefficient and
we could not observe any formation of the product, even after
heating the reaction mixture at 90 �C for 24 h. However, when
the solvent was changed to the more coordinating benzonitrile
DMU-212 was isolated in a promising 47% yield after 10 min.
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Table 1
Studies of the effect of the solvent in the Heck arylation

MeO

OMe

OMe

N2BF4

MeO OMe OMe
+

MeO

OMe

Pd2(dba)3.dba
2 mol%

NaOAc (3 equiv)

solvent
80-90 ºC

2
3 4

# Solvent Time Yield (%)

1 MeCN 30 min 33
2 Toluene 2 h 30
3 Benzene 3 h 25
4 Chlorobenzene 30 min 25
5 Toluene-PhCN (9:1) 3 h 32
6 Cyclohexane 24 h —
7 DME 24 h —
8 MeOH 24 h —
9 PhCN 10 min 47

10a PhCN 5 h 87

a Room temperature.
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Based on this observation, we carried out the reaction at room
temperature for a period of 5 h to get the desired stilbene in a
much improved 87% yield. In all cases, irrespective to the solvent
employed, the Heck arylation was highly regio- and stereoselec-
tive, favoring the E product without detection of the Z isomer.

Further refinements of the reaction parameters were made by
varying the catalyst loading, the Pd-source and the stoichiometry
of the arenediazonium salt (Table 2). Using 1.2 equiv of the arene-
diazonium salt, benzonitrile as solvent, 4 mol % of Pd2(dba)3�dba,
and 3 equiv of NaOAc as base, the reaction went to completion
after 20 min at room temperature furnishing DMU-212 in 93%
yield (entry 1). Lowering the amount of palladium to 2 or
1 mol % resulted in a slight increase in reaction times while main-
taining the high yields obtained with 4 mol % of Pd2(dba)3�dba.
Reduction of the catalyst loading to 0.5 mol % still furnished
DMU-212 in high yield (91%) after 24 h (entry 4). Heck arylations
in acetonitrile, but now at room temperature, provided the Heck
adduct in a lower 68% yield. These results seem to indicate that
lower temperatures avoid the deleterious decomposition of the
arenediazonium salts (see entry 1 and 9, Table 1 and entry 5 and
1, Table 2) improving yields. Other sources of palladium were
Table 2
Influence of the palladium catalyst

N2BF4

MeO OMe OMe
+

OMe

3 4

# Cat. (mol %) Additi

1 Pd2(dba)3�dba (4) —
2 Pd2(dba)3�dba (2) —
3 Pd2(dba)3�dba (1) —
4 Pd2(dba)3�dba (0.5) —
5a Pd2(dba)3�dba (4) —
6 Pd(OAc)2 (4) CO
7 Pd(OAc)2 (4) DHF
8 Pd(OAc)2 (4) MeOH
9 Pd(OAc)2 (4) P(O)H

10 PEPPSI (4) —
11 POPd (4) —
12 POPd 2 (4) —

a Reaction carried out in CH3CN, at rt. Abbreviations: DHF: dihydrofuran; PEPPSI: dic
POPd: dihydrogen dichlorobis(di-tert-butylphosphinito-kP)palladate(2-); POPd2: dihydr
explored and an interesting result was achieved when Pd(OAc)2

was reduced in situ with carbon monoxide, furnishing DMU-212
in 87% yield in a very clean reaction (entry 6). Other palladium cat-
alysts and reducing agent were also tested but led to no reaction or
lower yields of the desired trans-stilbene (entries 7–12).

The above protocol was also examined with 4-acetoxystyrene
as the Heck coupling partner providing the corresponding trans-
stilbene in 95% yield. Basic hydrolysis of the acetate group gave
to the mono-hydroxylated analogue of resveratrol 6 in high yield
(Scheme 1).

We next turned our attention to the synthesis of the natural
product resveratrol. Thus, 4-methoxystyrene 4 was subjected to
the Heck arylation with arenediazonium salt 7, under palladium
catalysis. Unfortunately, the resveratrol precursor 8 was obtained
with inconsistent yields varying from 40% to 57% when using
Pd2(dba)3 and from 38% to 60% when using Pd(OAc)2 (Scheme 2).
Moreover, under these conditions we observed the formation of
several by-products causing difficulties in the purification process.

Gratifyingly, when the olefin was changed to 4-acetoxystyrene
the resveratrol precursor 9 was smoothly obtained in 95% yield,
after 3 h (4 mol % of Pd(OAc)2 under CO atmosphere). Reduction
MeO

OMe

OMe

MeO
"Pd"

NaOAc
PhCN

2

ve t (h) Yield (%)

0.3 93
0.5 93
1 93

24 91
1 68
3 87

20 30
1 —

(t-Bu)2/CO 24 —
24 —
24 —
24 —

hloro-[1,3-bis(diisopropylphenyl)imidazolylidene)]-(3-chloropyridyl)palladium(II);
ogen di-l-chlorodichlorobis(di-tert-butylphosphinito-kP)palladate(2-).
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Scheme 1. Synthesis of the mono-hydroxylated stilbene 6.

N2BF4

MeO OMe
MeO

OMe

OMe
OMe

a or b

7 4 8

Scheme 2. Reaction of diazonium salt 7 with styrene 4. Reagents and condition: (a) Pd2(dba)3 (2 mol %), NaOAc, PhCN, 25 �C, 5 h—40–57%; (b) Pd(OAc)2 (4 mol %), CO, NaOAc,
PhCN, 25 �C, 12 h—38–60%.
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Scheme 3. Synthesis of resveratrol 1.
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Scheme 4. Synthesis of the mono-hydroxylated stilbene 14.
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of the catalyst loading to 2 mol % causes a sharp decrease in yields.
The synthesis of resveratrol 1 was then completed by demethyl-
ation with BCl3 in the presence of n-Bu4NI,40 followed by deacety-
lation with aqueous sodium hydroxide. Additionally, the mono-
hydroxylated analogue of resveratrol 10 was also produced from
stilbene 9 by a simple basic hydrolysis (Scheme 3).

In order to evaluate the differences in reactivity between 4-
acetoxy and 4-methoxystyrene, we further tested both olefins in
the Heck arylation with 3,4-dimethoxybenzenediazonium salt 11
(Scheme 4). Again, the more electron-deficient styrene (R = OAc)
reacted more efficiently than the electron-rich styrene (R = OMe),
providing the corresponding trans-stilbenes 12 and 13 in 95% and
38% yields, respectively. It is worth mentioning that stilbene 14
(from hydrolysis of 12) is also a new synthetic analogue of
resveratrol.

In conclusion, we described herein a short, straightforward,
regio-, and stereoselective synthesis of resveratrol, DMU-212 and
several analogues employing a very efficient palladium catalyzed
Heck–Matsuda arylation of styrenes with arenediazonium salts
as the key step. The synthesis of resveratrol was achieved in 3 steps
with an overall yield of 72%, and DMU-212 was synthesized in a
single step with 93% yield.
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