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1. Introduction

Resveratrol (£)-5-(4-hydroxystyryl)benzene-1,3-diol, Fig.
1) is a naturally occurring polyphenolic non-flawh
compound, representative of a family of substankaswn as
phytoalexins, which promote the plant protectioaiagt attacks
by fungi and bacteria. Resveratrol has been isbldtem a
variety of plants, grape skin, vine bark, nuts,mes and berries,
among other. This compound has attracted muchtiaiteim the
last years because the various health benefitsitleen claimed
to produce, including preventive effects againstnces,
inflammation, aging, obesity, cardiovascular digsasand
neurodegeneration, many of them connected to it®xadant

activity.*™
OH
o g

OH 1

Fig. 1. Molecular structure of resveratrol.

As a consequence, there is a current interest & th
development of efficient methods for the synthedisesveratrol
and their derivatives. Several synthetic approadieege been
described for the synthesis of the title compoufsl.a trans
stilbene derivative, resveratrol synthesis can ¢edcthrough
wittig*” or Horner—-Wadsworth—-Emmchsreactions, Perkin
condensation$** and also through metal-catalysed processes,
such as cross-metathésisr cross-coupling reaction?

Among them, the latter constitute one of the most
straightforward methods to obtain either the tagehpound or
its fully methylated precursor in high yields. Oatbyields of the
target compound above 70% have been reported. bt cases,
the palladium catalyst necessary for the crossloaystep is
used in homogeneous phase in proportions rangamg ir to 4%.
Studies on the use of recoverable palladium catlyowever,
are rather scarce, in spite of the undeniableéstesf minimizing
the effective use of palladium. Very recently, Boai and co-
workers have described the use of a Pd-imine comple
immobilized on a MOF as heterogeneous catalysts tiar
synthesis of the resveratrol precurs@)-{,3-dimethoxy-5-(4-
methoxystyryl)benzen®. This catalyst can be used at least ten
times, keeping good activity and selectivity. Poexgly, lkegami
and co-workers had described the use of immobiljzathdium
species (poly{dichlorobis{-isopropylacrylamide}co-(4-di-
phenylstyrylphosphine)]palladium}f.  Unfortunately, the
recoverability and reusability of this catalyst west tested in the
case of resveratrol synthesis.

Our group has recently described the use of paifadi
nanoparticles (PdNP) immobilised on laponite (atlsgtic clay)
as an efficient and highly recoverable heterogeseatalysts for
Heck—Mizoroki reaction$’™2® Up to 75 catalyst uses have been
achieved in the case of the reaction between ioumhee and
butyl acrylate, and yet without arriving to an ireesible catalyst
deactivatiorf® In this paper, we describe the use of this catalys
for the synthesis of resveratrol, putting particidenphasis on its
recovery and reuse.
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Scheme 1. Pd-catalyzed cross-coupling between 1-iodo-3,5ethioxybenzene2 and 4-methoxystyren8)
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2. Results and Discussion

Pd nanoparticles were prepared by reduction Sfd€}, with Th_e recoverability of th_e catalyst was tesFed ilqcessive
ethanol, in the presence of polyvinylpyrrolidone VB, coupling reactions. To this end, after the firsaatéon, the
according to previously described procedifés?®The resulting ~ Products were extracted following the above-destfiprotocol,
PVP-stabilised PANP were impregnated on laponig, aising ~ and the solid dried. Then, a new lot of reagents added, and
the previously described protoddl.The solid catalyst thus the reaction repeated in the same conditions. halts of the
prepared is a free-flowing light-grey solid thancae handled €n first uses of the catalyst are gathered indabl
and used without particular precautions. The palladcontent  Taple1
of this catalyst is as low as 373@nmol g2 This catalyst was Results obtained in the reaction20nd3 in the successive uses of the same
used to promote the C—C cross-coupling betweendd-85-  catalyst samplé.
dimethoxybenzene2] and 4-methoxystyren8) (Scheme 1).

. . Conversion Isolated yield  Selectivity to4

To this end, equimolar amounts of both reagentsewer Run %) (4+5) (%) %)
adsorbed onto the solid catalyst in the presencanoéxcess of
triethylamine. After reagents and amine adsorptibe, system 1 foc Y 83
still keeps a fully solid aspect. Then the reactiess heated at
100 °C for 24 h. After this time, the reaction @udas extracted 2 100 93 87
with hexane (but heptane can also be efficientlgdutor the 3 100 93 89
same purpose) and analysed by gas chromatograpmimgpl€te
disappearance of the reagents was observed, togsitie the 4 100 96 92
appearance of two new peaks. The extract was tlitemedl
through silica, evaporated and analysed#NMR. The NMR 9 100 98 89
spectrum confirmed that the two only reaction patslwere E)- 6 100 92 91
1,3-dimethoxy-5-(4-methoxystyryl)benzene 4) ( and 1,3-
dimethoxy-5-(1-(4-methoxyphenyl)vinyl)benzenB),( the latter 7 100 99 90
appearing in a small proportiorcal 10%). The combined 8 100 99 89
isolated yield of4+5 was 95% (over 85% of the desired product
4). The resveratrol precursdrwas isolated from this mixture by 9 100 99 91
medium pressure column flash chromatography (Cdatit), 10 100 20 91

using silica gel as stationary phase amdexane/ethyl acetate

99:1 as eluent, changing to pure ethyl acetate vitherdesired Average 100 95.3+3.3 89.7+1.6
product appeared in the eluted fractions (Fig>2)p to 96% of  *Reactions carried out at 100 °C for 24 h.

the pI‘OdUCtS introduced in the Column Could be Ve[m as pure bDetermined as the disappearance bS/ gas chromatography using

samples. decane as internal standard.
2 3 4 5 6 7 9 10 11 12 14 15 16 l’,|/,8 19 21 2 23

2.50 - 100
2.25 ‘ P~ ome "
2.00 1l Mooy \\,‘;‘,‘ 80
1.75 ‘ éMe 70
1.50 ‘ 60
1.25 50
1.00 1 40
n.'.'s ey - P S Moo A_J & | 30
0.50 ¥ > Soie I:‘ 20
0.25 /\ qese OMve _\_‘J 10
0.00 ‘ 0
TO 0 1.0 20 30 40 50 6.0 7.0 80 9.0 100 11.0 12.0 13.0 14.0 15“0 16.0 17.0 18.0 19.0 20.0

Absorbance Run Length 20.0 Min Percent B

Fig. 2. Flash chromatographic purification of the resvelgtrecurso#.



4 Tetrahedron

As can be seen,
performance in the ten first uses, according witin previous
findings, surprisingly far better than that prestyufound for the
reaction between 4-methoxystryrene and iodobenZdhés also
worth noting that the concomitant product, triedmgmonium
iodide, remains deposited onto the solid togethtr thie catalyst
during the product extraction procedure. This hétpsbtain the
desired product in almost pure form upon extractioaking its
isolation easier. On the other hand, after sewatllyst uses the
mass of ammonium salt exceeds that of the sol@alysit which
makes it difficult catalyst handling and extractipnocedures.
Fortunately, as we have demonstrated in a preweork, the
ammonium salt can be completely eliminated by cakibn at
550 °C under air flow, and the resulting solidl dtéeps good
activity towards cross-coupling reactions. This abait
reactivation procedure can be used at least thmses twithout
loss of catalytic activity and selectivity. Concerning possible
product contamination by palladium, the ICP-MS gseb
carried out on the reaction products after flastotatography
did not noticed the presence of Pd above the detelitit. This
point is particularly interesting since it is gealér accepted that
Pd catalysed CC couplings take place in homogenebase,
regardless the nature of the catalyst precursahdrcase of Pd-
NP, it has been postulated that discrete speci€sl @re the true
catalyst, and that the nanoparticle acts as a Reg@rvoir®
The absence of Pd in the product means that threraémtioned
discrete species either redeposit on the Pd NPn{bang-like
catalyst) or remain adsorbed onto the inorganicpstpafter
reaction completion.

The next step for the synthesis of resveratrol istssof
methyl deprotection o# to obtain the free phenol hydroxyl
groups, which can be easily accomplished throughuige of a
Lewis acid, such as boron tribromide, in dichlorthame
(Scheme 2). This step proceeds smoothly and wih Yields.

OCHs
e ¢

OCH,
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Scheme 1. Deprotection of)-1,3-dimethoxy-5-(4-methoxystyryl)benzene
(4) leading to resveratrofl].

3. Conclusion

In conclusion, resveratrol can be straightforwarligpared in
pure form in two steps, with a total isolated yiefcta. 75-80%.
The key synthetic step, a Heck—Mizoroki C—C crosspting
reaction, is efficiently promoted by a heterogersematalyst,
consisting of Laponite-supported palladium nanagias, which
can be prepared in a straightforward way, is easlyandle and
use, and shows a high stability and robustnesseaction
conditions. Furthermore, as this catalyst can Is#yeeecovered
and reused the catalytic efficiency of the systsnveéry high

the catalyst displays an excellerwith only ten uses the effective catalyst concsign per

reaction is already as low as 0.1%, and it can ulmthér
improved). Moreover, the use of solvent is limiteahd the
reaction procedure allows a facile separation andfipation of
the desired product, free from the concomitantddry-product.

4. Experimental section

All reagents were purchased from commercial sources
(Sigma- Aldrich) and used without further purificat, unless
otherwise indicated. Although 1-iodo-3,5-dimethoaghene %)
is commercially available, it was synthesised frbshromo-3,5-
dimethoxybenzene according to the procedure destrib the
Supplementary Material. Deuterated solvents werechased
from Aldrich. All analytical pure reagents were ds&s the only
solvents in the reactions. Lapoffitelay was obtained from
Rockwood Additives Ltd. Conversions and reactioelds were
determined by gas chromatography using Agilent 88@&d
7890A gas chromatographs, provided with FID detscto
Compounds were characterised by NMR spectrometryaon
Bruker Avance 400 MHz spectrometer.

4.1.Preparation of the solid catalyst.

In a 100 mL flask, a 2 mM J}PdCl, solution was prepared by
mixing 35.4 mg of PdGI(0.2mmol), 2mL of 0.2 M HCI, and 98
mL of H,O. A mixture of 140 mL of KD, 94 mL of ethanol,
444.6 mg of poly(vinylpyrrolidone) (PVP) and 100 rof the 2
mM H,PdCJ, solution was refluxed in a 500 mL flask for 3 h
under air to synthesise the palladium nanopartigledNP)
protected by PVP. The black solution was then esatpd at
reduced pressure, and the remaining black soliddig®lved in
66 mL of ethanol. The result was a black stableN8 colloidal
suspension of palladium nanopatrticles in ethanahll of this
colloidal suspension was added, together with 6 il
dichloromethane, to a 20 mL Schlenk flask contajning of
Laponite. The resulting mixture was magneticaliyretl for 20
min. After that ethanol and dichloromethane weraoeed under
reduced pressure. The result was a powdered light golid
consisting of the PANP supported onto the Lapocidg. The
ICP-MS analysis of this solid renders a Pd contéi®t305 mg g
1, which is close to the expected theoretical vali8.318 mg g

4.2.Procedure for the Heck coupling reactions.

The reaction mixture, consisting of 79.2 mg (0.3 at)nof 1-
iodo-3,5-dimethoxybenzene2)( 67.1 mg (0.5 mmol) of 1-
methoxy-4-vinylbenzene3] and a 219.6 mg of triethylamine,
was prepared in a 5 mL vial, and then transfercee 20 mL
Schlenk flask containing 1 g of the solid catalystere the
reaction mixture got completely adsorbed. The wisgktem was
then heated to 100 °C for 24 h. After this times thaction was
cooled until 65 °C and then washed with hexanst(x10 mL
and then 2x5 mL). Finally, the residual solvent the solid
catalyst was removed at reduced pressure. Thetirgsdolid
was then ready for further reuse. The hexane dxtvaxs
analysed by gas chromatography and, after solhambval, by
NMR.

The  E)-1,3-dimethoxy-5-(4-methoxystyryl)benzene 4) (
product was purified by medium pressure column
chromatography (Combiflash®) using a silica geluocoh and a
mixture hexane /ethyl acetate 99:1 as eluent uh&él desired
product appeared in the collected fractions, aed tthanging to
pure ethyl acetate as eluent. The desired prodast igolated
(69.3 mg, 86%) as a white solid and characterizedNbIR;*®
[Found C 75.28 H 6.64 requires C, 75.53, H, 6.7GC



conditions: Agilent J&W CG Column HP-5 30 mx25 mn2®  (13)
um, helium as carrier gas, 230 °C injector T, 250dé@ector T,
20 psi head column pressure, 2 mL Thifilux, oven temperature (14)
program 70 °C (1 min), 20 °C mi 250 °C (7.5 min), retention (15)
time 11.3 min.;3y (400 Mhz, CDCJ) 7.35 (d, 2H,J= 8.7 Hz),

6.95 (d, 1HJ= 16.2 Hz), 6.83-6.80 (M, 3H), 6.57 (d, 2H,1.9  (16)
Hz), 6.29 (t, 1HJ= 1.8 Hz), 3.73 (s, 9H)ic (100.6 Mhz, CDG),
APT) 161,0 (C), 159,4 (C), 139,7 (C), 130,0 (C)8®(CH), @7
127,8 (CH), 126,6 (CH), 114,2 (CH), 99,7 (CH), 5603%); m/z (19
(EI) 270 (M.

(19)

4.3. (E)-5-(4-hydroxystyryl)benzene-1,3-diol (resvergti)

20
To a solution of4 (270 mg 1 mmol) in 20 mL of anhydrous 521;

dichloromethane at —78 °C, 4.5 mL of a solution @ivboron  (22)
tribromide in dichloromethane was added dropWisélhe

resulting solution was magnetically stirred at -9t for 2 h.  (23)
After this time, the solution was let to reach rotemperature, 24)
and then it was poured onto brine. The organic @hass (25

separated and the aqueous phase was extracte@aeibnitrile
(4x30 mL). The combined organic phases were driéth w (26)
anhydrous MgSQ filtered and the solvent was removed at

reduced pressure. The resulting product was pdriiie medium gg
pressure column chromatography (Combiflash®) usinglica  (og)

gel column and a mixture hexane /ethyl acetateak:leluent,

leading to a colourless solid (210 mg, 92%) charwtd by

NMR;*3* [Found C 73.35 H 5.36 requires C, 73.67, H, 5.30];
GC conditions: Agilent J&W CG Column HP-5 30 mx25
mmx0,25um, helium as carrier gas, 230 °C injector T, 250 °C
detector T, 20 psi head column pressure, 2 mL nfilnx, oven
temperature program 70 °C (1 min), 20 °C Thi®50 °C (7.5
min), retention time 12.9 ming, (400 Mhz, acetonegll 7.30—
7.27 (m, 2H), 6.88 (d, 1HI= 16.3 Hz), 6.75 (d, 1H]= 16.3 Hz),
6.71-6.69 (m, 2H), 6.41 (d, 207 2.2 Hz), 6.14 (d, 1H)= 2.2

Hz), 3.64 (s, 1H), 2.88 (s, 2Hj: (100.6 Mhz, acetonesdAPT) R

159.0 (C), 158.2 (C), 140.9 (C), 130.0 (C), 129CH]), 128.7 (31)

(CH), 126.6 (CH), 116.4 (CH), 105.7 (CH), 102.7 (Chi/z(EI)

228 (M"). (32)
(33)
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