Introduction

Resveratrol (5-[2-(4-hydroxyphenyl)vinyllbenzene-1,3-diol,
14) and its metabolite piceatannol (4-[2-(3,5-dihydroxyphenyl)-
vinyllbenzene-1,2-diollb) are polyphenolic phytoalexins pro-
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In 0.1 M phosphate buffer, pH 3.0, and at 3C, resveratrol §)-3,4,5-trihydroxystilbene,1a), an
antioxidant and cancer chemopreventive phytoalexin, reacted smoothly:& 861 mM concentration

with excess nitrite ions (N©) to give a complex pattern of products, including two novel regioisomeric
o-nitro (3a) and 3-nitro (4) derivatives along with someEj-3,4,5-trihydroxy-2,3-dinitrostilbene §),

four oxidative breakdown products, 4-hydroxybenzaldehyde, 4-hydroxy-3-nitrobenzaldehyde, 3,5-
dihydroxyphenylnitromethane, and 3,5-dihydroxybenzaldehyde, two dimers, the resvetxdehy-
drodimer6 and restrytisol B {), and the partially cleaved dim& The same products were formed in

the absence of oxyget,'>N HMBC and LC/MS analysis of the crude mixture obtained by reaction of

la with Na'®NO; suggested the presence of 'FH4-tetrahydroxye-nitro-a,3-dihydrostilbene §) as
unstable intermediate which escaped isolation. Under similar conditions, the structurally related catecholic
stilbene piceatannol )-3,3,4,5-tetrahydroxystilbenelb) gave, besidesH)-3,3,4,5-tetrahydroxyps-
nitrostilbene 8b), 3,4-dihydroxybenzaldehyde and small amounts of 3,5-dihydroxybenzaldehyde.
Mechanistic experiments were consistent with the initial generation of the phenoxyl radital adf
4'-OH, which may undergo free radical coupling with N&x thea- or 3-position, to give eventually
nitrated derivatives and/or oxidative double bond fission products, or self-coupling, to give dimers. The
oxygen-independent, NO -mediated oxidative fission of the double bond under mild, physiologically
relevant conditions is unprecedented in stilbene chemistry and is proposed to involve breakdown of
hydroxynitro(so) intermediates of the tyge

* Corresponding author. Phonet-39-081674132. Fax+39-081674393.
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duced by various plants, including grapes, berries, and peanuts,
in response to microbial attaékCurrently, they are under
intensive study for their many potent biological activities,
suggesting a potential role in the prevention of coronary heart
disease and as cancer chemopreventive ag@usides acting

(1) Ku, K. L.; Chang, P. S.; Cheng, Y. C.; Lien, C. ¥. Agric. Food
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as inhibitors of specific enzymes such as cyclooxygefage,
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considering that NO-derived species are important mediators/

has been shown to be an efficient scavenger of cytotoxic oxygencontributory factors in the inflammatory response and in

and nitrogen speciés? Studies of structureactivity relation-
ships indicate that the antioxidant activity d stems from the

carcinogenesi® The major physiologic metabolite of NO is
nitrite (NO, ™), which is present at high levels (3@10uM) in

peculiar oxygenation pattern on the planar stilbenic skeleton, saliva and is also found in polluted drinking waters, vegetables
featuring as a crucial determinant of the radical scavenger (e.g. spinaches), fertilizers, and preserved/pickled néafs.

activity the 4-OH group, synergistically supported by the 3-

Within the stomach and other acidic compartments supporting

and 5-OH groups on the resorcin moiety. The efficiency of the nitrous acid (HNGQ) formation?> NO,~ may cause nucleobase
4'-OH group as a hydrogen donor is enhanced by the transdeamination and interstrand cross-link formation and production

double bond, which increases both its acitfignd the resonance
stabilization energy of the phenoxyl radical derived from H-atom
abstraction, as confirmed by semiempirical (PN1and DFT2-14

analysis.
OH
X g R

1a:R=H
1b: R= OH

HO

OH

of mutagenicN-nitrosamineg® Determining the susceptibility
of lato react with acidic N@ and the identity of the reaction
products is therefore of particular interest to predict the possible
transformations and fate dfa in the stomach in the presence
of high NO,~ levels. In this connection it is worth noting that
1b has recently been shown to react efficiently with acidic nitrite
via a regioselective nitration at the double bond se€tStudies

of the nitr(os)ation chemistry dfaare also expected to provide
a convenient entry to novel stilbene derivatives of potential
synthetic and pharmacological interest, e.g. in the field of
cyclooxygenase inhibitors and antiestrogenic compotiidg.

Because of the central relevance to the antioxidant activity ~ This study describes the isolation and structural characteriza-
of 1aas well as to the process of biotransformation by the plant tion of the main products formed by acid-promoted reaction of

pathogens into a range of oligomer spedfed! the oxidation

chemistry ofla has been the subject of considerable interest,

and several aspects have been clariffed? Little is known,
by contrast, on the reaction @& with reactive nitrogen species
derived from nitric oxide (NO¥! the only relevant paper dealing
with the peroxynitrite-induced conversion to oxidation prodfcts.

lawith NO,~ under mild conditions, with the view to filling a
major gap in the chemistry of this bioactive stilbene and to
gaining an improved background for further studies of the
biological activity of this phytoalexin. Further interest of this
study stems from the potential bioactivity of the oxidation/
nitration products oflLa against phytopathogenic fungi which

This represents a considerable gap in stilbene chemistryis currently under scrutiny.
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Results and Discussion

Acid-Promoted Reaction of 1a with NG~. Product Char-
acterization. In a first series of experimentsa (1 x 1072 M)
was reacted with N&@ (5 molar equiv) in 0.1 M phosphate
buffer, pH 3.0. Reverse phase HPLC analysis of the reaction
mixture afte 3 h indicated complete substrate consumption and
the presence of a complex pattern of products (Figure 1, plot
A), two of which (g 29.2, product V, angk 37.9 min, product
VII) displayed intense UV absorption at 320 nm.

The complexity of the reaction mixture was confirmed by
TLC analysis of the ethyl acetate extractable fraction which
showed seven bands Bt 0.36, 0.40, 0.48, 0.55, 0.69, 0.78,
and 0.84, two of whichR 0.36 and 0.55) exhibited a marked
bathochromic shift on exposure to alkali. At lower concentra-
tions of bothla (2.5 x 1075 M) and NG~ (8 molar equiv added
with stirring ove 2 h at 15 minintervals of time), that is, under
conditions aimed to model interactions that may occur in the
gastric compartment during digestion following continuous
elevated nitrite intake, the product pattern was slightly different
(Figure 1, plot B). In particular, formation of VIl and the product

(22) Ohshima, H.; Tatemichi, M.; Sawa, Arch. Biochem. Biophys.
2003 417, 3—11.
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FIGURE 1. HPLC elution profile of the reaction mixture dfa with NO,~

40 min

in 0.1 M phosphate buffer, pH 3.0, at 3C, at 3 h reaction time at

different concentrations: plot A, 1.0 103 M 1a 5.0 x 10°M NO;; plot B, 2.5x 10°°M 1a 2.0 x 10~ M NO,". Elution conditions: eluant

A, detection at 280 nm.

attg 24.2 min (IV) was enhanced, while an abatement of those
at tg 12.2 (1), 15.5 (), 20.9 (Ill), and 32.3 (VI) min was

phenol moieties but lacked the pair of doublets for the trans
protons on the stilbene double bond. These were replaced by a

observed; moreover, novel species, for example that eluted atlH singlet appearing downfield at8.14, suggesting a strong

tr 38.7 min (VIII), were present. Under such conditions (2.5
1075 M 1a, 1 mM NO;"), a pseudo-first-order rate constant of
(9.9 4+ 0.5) x 103 s7! for 1a decay was determined.

For products isolation, the reaction bd (1 x 103 M) with
NO,~ (5 molar equiv) was run on a preparative scale and the

deshielding effect caused by a spatially close nitro group. A
distinct cross-peak in thid, 13C HMBC spectrum between the
resorcin proton resonances@6.36 and a deshielded carbon
signal atdé 147.7 supported nitration on theposition of the
stilbene system. On this basis, the product was formulated as

ethyl acetate extractable fraction was subjected to careful TLC (E)-3,4,5-trihydroxy-c-nitrostilbene 8a). The isolated yield of

fractionation.

The compound &® 0.40 (VI) was identified as the dimé
previously isolated fronSmilax bracteatahizomes?® while
products aR 0.69 and 0.84, corresponding to Il and Il in the
elutogram in that order, were identified as 4-hydroxybenzalde-
hyde (4%) and 4-hydroxy-3-nitrobenzaldehyde (1%), respec-
tively, by comparison with authentic samples.

HO o,N
o p
HO
OH OH
3a:R=H
OH 3b: R= OH
OH
H
© NO,

4. R

OH 5 R
The product aR 0.36 (V) gave a pseudomolecular ion peak

[M — H]™ in the ESI-/MS spectrum atvz 272, suggesting a

nitrated derivative ofla. TheH NMR spectrum featured the

expected resonances for unchanged resorcin and 4-substitute

(29) Li, S. Y.; Fuchino, H.; Kawahara, N.; Sekita, S.; SatakeJM\at.
Prod. 2002 65, 262—266.
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3awas 4%.

The band eluting aR 0.48 proved positive to the Griess
reagent for nitroso compounds or nitrite-releasing spefiés
NMR analysis it was shown to consist of an intimate mixture
of two products at a 2:1 ratio. The major product was identified
as 3,5-dihydroxybenzaldehyde (compound eluting under peak
I in the elutogram of Figure 1) by comparison of the spectral
features with those of an authentic sample. The signals of the
IH NMR spectrum pertaining to the minor component included
those typical of a resorcin moiety and a 2H singlet .48
for a methylene group apparently linked to a nitro grotic(
NMR: ¢ 81.8). Accordingly, the compound was assigned the
structure of (3,5-dihydroxyphenyl)nitromethane. LC/EBWUS
analysis of theR; 0.48 band showed, in addition to a peak due
to 3,5-dihydroxybenzaldehydéx(15.1 min), a peak ak 13.9
min displaying a pseudomolecular ion peak fMNa]t at m/z
192.

The product aR; 0.55 (VII) was evidently an isomer @,
as inferred from the pseudomolecular ion peak fivVH]~ in
the ESI-/MS spectrum atVz 272. Inspection of théH NMR
spectrum revealed the characteristic signals for the trans double
bond (2H singlet ad 7.14 in (C),CO, appearing as a couple
of doublets § = 16.4 Hz) até 6.96 and 7.01 in CBDD) and
awe resorcin ring but indicated a substituted phenol ring, as

enoted by an ABX spin system (doublet @t7.20, double

(30) Klebanoff, S. JFree Radical Biol. Med1993 14, 351—360.
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TABLE 1. NMR Spectral Data (ppm) for 3a, 4, and 5 ((C¥).CO)

3a 4 5
H(J,Hz) 18C 1H (J, Hz) 13C 1H (J, Hz) 18C
1 133.9 139.8 136.8
2 6.36(d,2.0) 109.3 6.61(d, 2.0) 106.0 130.5
3 160.1 159.6 156.0
4 6.53(t,2.0) 104.6 6.33(t, 2.0) 103.4 6.53(d, 2.0) 103.0
5 160.1 159.6 162.0
6 6.36(d,2.0) 109.3 6.61(d, 2.0) 106.0 6.79 (d, 2.0) 107.5
a 147.7 7.14(s) 130.5 7.42(d, 16.0) 125.5
B 8.14(s) 134.8 7.14(s) 126.4 7.15(d, 16.0) 130.0
1 123.3 131.3 129.8
2 7.21(d,8.8) 134.3 8.23(d, 2.4) 123.3 8.27(d, 2.0) 1235
3 6.79(d,8.8) 116.4 135.3 135.0
4 160.9 154.5 154.0
5 6.79(d,8.8) 116.4 7.20(d, 8.8) 121.0 7.25(d, 8.0) 120.5
6 7.21(d,8.8) 134.3 7.97(dd,8.8,2.4) 1355 8.00(dd,8.0,2.0) 134.8

doublet at 7.97, and deshielded doubleta8.23). These data,
along with 2D NMR analysis, allowed formulation of the
product as)-3,4,5-trihydroxy-3-nitrostilbene 4).3! The prod-
uct was isolated in 1% yield. Notablg, was also obtained in
45% formation yield by reaction ofa (3.5 x 1072 M) with
NO,~ (0.35 M) in acetonitrile containing 2.5% acetic acid. In
this conditions no detectable formation 4 was observed.
The compound aR: 0.78 was characterized as a dinitro
compound (ESHMS: pseudomolecular ion peaks [M H]™
and [M+ NaJ*t atm/z 319 and 341, respectively). Thd NMR

JOC Article

the splitting patterns of the aliphatic protonsda8.40 (t,J =
9.2 Hz), 3.96 (tJ = 9.2 Hz), 5.00 (d,J = 9.6 Hz), and 5.50 (d,
J = 8.6 Hz) were in agreement with those reported for a-cis
trans-trans configuratiotf as illustrated in structur@.

At 3 x 10°® M concentrationlareacted with NG~ (0.2 x
1073 M, added in eight portions at 15 min intervals) to give
mainly the two nitration product3a and4 and 3,5-dihydroxy-
benzaldehyde and 4-hydroxybenxaldehyde, with little or no
detectable dimers formation (HPLC evidence).

Close inspection of the aqueous phase after extraction and
workup revealed the presence in all cases of chromatographically
ill-defined materials, presumably oligomers and polymers, which
could not be identified. Whether other dimers, e.g. restrytisols
A and C!5 are produced in the mixture remains uncertain,
although, if present, they would be only minor constituents. In
no case, however, coutthns<-viniferin3233pe detected (HPLC
evidence in mixtures spiked with an authentic sample).

Acid-Promoted Reaction of 1b with NG~. Product
Characterization. At 2 x 107> M concentration 1b reacted
with NO,~ (4 molar equiv added in four portions at 30 min
intervals of time) in 0.1 M phosphate buffer, pH 3.0, at°&7
to give the nitro derivative8b as the major produéf. Close
inspection of the mixture revealed small amounts of two
additional species, of which one was isolated and identified as
3,4-dihydroxybenzaldehyde (19%) while the other was identified
as 3,5-dihydroxybenzaldehyde by comparison of chromato-

spectrum showed the signals for a trans double bond, agraphic properties with an authentic sample.

substituted phenol ring (doublet at7.25, double doublet at
8.00 and deshielded doublet@B.27), and two doublets] (=

2.0 Hz) atd 6.53 and 6.79. On this basis the product was
formulated ask)-3,4,5-trihydroxy-2,3-dinitrostilbene §) (1%
yield). NMR data assignments f@g, 4, and5 are reported in
Table 1.

With the attempt to isolate the products IV and VIII, the
reaction ofla (2.5 x 107> M) and NG~ (8 molar equiv) was
run on preparative scale. TLC fractionation of the ethyl acetate
extracts allowed isolation of four main bandsRat0.09, 0.36,
0.55, and 0.69. The product Bf 0.09, corresponding to VIII,
was identified as the resveratr&@)(dehydrodime® (4% yield)
by comparison with literature data!® whereas the species at
R: 0.36, 0.55, and 0.69 were identified 3&(3%), 4 (5%), and
4-hydroxybenzaldehyde (4%), in that order.

HO

HO

Because of the difficulties to isolate product IV by the above

Effects of Oxygen, Oxidant, and pH on Product Stability
and Distribution from 1a. No significant change in product
distribution was observed when the reaction of 102 M la
with NO,~ was run under an oxygen-depleted atmosphere, care
being taken to avoid contact with air prior to workup.
Furthermore, the reaction g with NO,~ was also run under
an 180, atmosphere and products were analyzed for incorpora-
tion of the label. LC/ESH/MS analysis of the reaction mixture
confirmed the expected lack of incorporation'®D within the
main reaction products, including notably the aldehyde deriva-
tives. Taken together, these observations ruled out any signifi-
cant involvement of @ in the nitration, dimerization, and
aldehyde-forming pathways.

To gain some insights into the mechanism of dimerization
and oxidative cleavage, the behavior Iaf with one-electron
oxidants at acidic pH was investigated. Oxidation of 025
103 M lawith 0.25x 1073 M CAN in 0.1 M phosphate buffer,
pH 3.0, resulted in the formation 6fand7 as the main products
as well as of 4-hydroxybenzaldehyde and 3,5-dihydroxyben-
zaldehyde in comparable amounts but in much lower yields than
in the reaction with N@". Interestingly, oxidation ofLa with
KsFe(CN)} at pH 7.0 led to the formation of both aldehyde
products and the dimes but no detectabl&, suggesting that
the latter reflects a specific acid-mediated oxidation pathway
of la

procedure, an alternative approach was pursued, involving To establish possible relationships between reaction products,
column chromatography of the ethyl acetate extract of the additional experiments were directed to investigate the fate of
reaction mixture on Sephadex LH-20 followed by preparative isolated aldehydes, nitrated derivatives, and dimers on exposure
HPLC. This methodology allowed isolation of the product that to NO,~ under the usual reaction conditions. Careful monitoring
could be identified as restrytisol'B(7) (1%) by NMR analysis of the reaction course by HPLC or TLC at various intervals of
and comparison with literature data. The stereochemical featurestime showed that 4-hydroxybenzaldehyde, 3,5-dihydroxyben-
of 7 were deduced from thtH NMR spectrum: in particular,

(32) Amalfitano, C.; Evidente, A.; Surico, G.; Tegli, S.; Bertelli, E.;
(31) For the sake of simplicity, throughout this paper, the same numbering Mugnai, L Phytopathol. Mediterr200Q 39, 178-183.

system as forla was adopted fod, which assigns numbers—5 to the
resorcin moiety and numbers$-16' to the phenol moiety.

(33) Li, W.-W.; Ding, L.-S.; Li, B.-G.; Chen, Y.-ZPhytochemistrj1 996
42, 1163-1165.
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SCHEME 1
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zaldehyde, and (3,5-dihydroxyphenyl)nitromethane irRi@&48

OH

via an initial oxidative step (probably via H-atom transfe#®

band remained unchanged in 0.1 M phosphate buffer, pH 3.0, though electron transfer has also been proptséeading to

at 37°C, with or without added N@, after 24 h. Conversely,
under the typical reaction conditiond,smoothly decayed to
give 4-hydroxy-3-nitrobenzaldehyde and (3,5-dihydroxyphenyl)-
nitromethane, whil&a gave rise to 4-hydroxybenzaldehyde as
the main product. Under the same conditiérgave the cleaved
dimer 2.

Mechanistic Issues.The products obtained by exposure of
lato acidic NGQ~ suggest competing reaction channels that lead
to nitration, dimerization, and cleavage of the stilbene double
bond. When N@™ is exposed to acids, nitrous acid (HN@K,
= 3.25P* is formed which decomposes according to the
following equilibria:

NO,” + H" = HNO,
HNO, + H" =NO" + H,0
NO" + NO, = N,0O,

N,O, = NO + NO,

To distinguish between several possible mechanistic path-

ways, theO,0,0-trimethyl derivative ofla, prepared by a
reported procedur¥, was allowed to react with acidic NO
under the same conditions used i@ and HPLC analysis did

not reveal appreciable conversion to products. This observation

would suggest that reaction @f with acidic NG~ proceeds

(34) InCRC Handbook of Chemistry and PhysiéSth ed.; Lide, D. R.,
Ed.; CRC Press: Boca Raton, FL, 1995.
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the delocalized '4phenoxyl radical as a common intermediate
from which the nitration, dimerization, and aldehyde-forming
paths depart. Oxidation dfa (E°*, = +1.14 V vs saturated
calomel electrode in C}CN)® may be brought about by HNO
(the reduction potential for the equation HN® HT + e~ =
NO + H,0 is +0.996 V at pH= 0)3¢ or by the NQ produced
by decomposition of HN®(the reduction potential for N+
e = NO; is 0.99 V)37

Formation of nitration products would involve coupling of
the phenoxyl radical with N@at the 3- and a-positiong8:39
(Scheme 1). According to this scheme, double bond nitration
to give 3a follows from a nitro quinone methide intermediate
and is in line with the reactivity of the'4$henoxyl radical at
the a-position predicted by computational studies at the
semiempirical' and the DFT213levels. This mechanism is akin
to that proposed for nitration dfb leading to3b?” and reflects
again the dominant role of the 4-OH group in directing the
reactivity of phenolic stilbenes toward the double bond.
However, at variance wittha, 1b does not undergo significant
ring nitration.

Oxygen-independent formation of aldehydes by oxidative
fission of the double bond under mild conditions of physiologi-

(35) Wright, J. S.; Johnson, E. R.; DiLabio, G. A. Am. Chem. Soc.
2001, 123 1173-1183.

(36) Takahama, U.; Oniki, T.; Hirota, S. Agric. Food Chem2002
50, 4317-4322.

(37) van der Vliet, A.; Eiserich, J. P.; Halliwell, B.; Cross, C.EBiol.
Chem.1997, 272, 7617-7625.

(38) Al-Obaidi, U.; Moodie, R. BJ. Chem. Soc., Perkin Trans. 2: Phys.
Org. Chem. (19721999)1985 3, 467-472.



Acid-Promoted Reaction of Regatrol with Nitrite

ppm
- 365
370
375

- 380

L 385

-390

- 395

ppm

FIGURE 2. H,>N HMBC spectrum of the ethyl acetate extractable
fraction of the reaction mixture ofa with [**N]NaNO;, at pH 3.0.
Arrows indicate cross-peaks of identified products (see text).

cal relevance has apparently escaped the attention of previou

workers in the chemistry oda and related natural stilbene
antioxidants. To the best of our knowledge, formation of

4-hydroxybenzaldehyde and 3,5-dihydroxybenzaldehyde (as

O-methyl derivatives) was reported only by harsh ozonolytic
splitting of the double bond of th®,0,0-trimethyl derivative
of 1a%0 It is also noteworthy that aldehyde formation is
enhanced in the N©-induced reaction compared to the CAN
oxidation at pH 3.0, suggesting a specific N@lependent
mechanism. The identification of (3,5-dihydroxyphenyl)ni-

JOC Article

of (3,5-dihydroxyphenyl)nitromethane ar@l(mixture of di-
astereoisomers). Consistent with this interpretation, LCHSI
MS analysis of two separate mixtures obtained from reaction
of 1a with 1*N-labeled and unlabeled NO indicated in both
cases a species elutedi@tl4.1 min giving a pseudomolecular
ion peak [M + NaJ* at m/z 315 and 314, respectively,
confirming the presence & (Figure 3). Label incorporation
was observed also in the case 34 (tg 31.8 min) and4 (tr
46.5 min), showing pseudomolecular ion peaks-MH]* and
[M + NaJt atm/z 275 and 297, respectively.
Cleavage of a nitrohydroxy derivative akin&rom 4 could
account for the formation of 4-hydroxy-3-nitrobenzaldehyde.
Formation of 3,5-dihydroxybenzaldehyde is however incom-
patible with reaction pathways involving, since it does not
seem to arise from (3,5-dihydroxyphenyl)nitromethane. A
plausible route would be through hydrolysis of an oxime
intermediaté® produced by cleavage of a nitrosohydroxy species
akin to8, arising by coupling of NO with the'4henoxyl radical
of 1a To test the proposed route, 3,5-dihydroxybenzaldoxime
was prepared by reaction of 3,5-dihydroxybenzaldehyde with
H,OH in 1.2 M sodium acetate at 8@€C** and exposed to
O,~ under the usual reaction conditions: HPLC analysis of
the reaction mixture showed a ca. 50% consumption of the
oxime after 2 h, with concomitant formation of 3,5-dihydroxy-
benzaldehyde. 3,5-Dihydroxybenzaldoxime was also detected
in trace amounts by careful HPLC analygis 11.4 min, eluant
A) in the reaction mixture ofa (1 x 1073 M) with NO,™ (5 x
1073 M).
Mechanisms similar to those described above can be envis-
aged for cleavage dfb.

tromethane among the products argues strongly for an oxidative Dimerization oflais well documentet#1945and occurs via

fission pathway involving nucleophilic attack of water to the
nitro quinone methide intermediate in Scheme 1 to giveR#
tetrahydroxye-nitro-a.,3-dihydrostilbene §), which would un-

dergo fragmentation to give 4-hydroxybenzaldehyde and (3,5-

dihydroxyphenyl)nitromethane. Unfortunately, all attempts to
isolate the postulated hydroxynitro derivati@groved unsuc-

coupling of the resulting phenoxyl radical. Formation7oin
small amounts by N@-induced oxidation ofla is however
noteworthy, since this dimer was previously described only by
enzymatic oxidation produced by a fungal grapevine pathi§gen
but was never obtained by chemical oxidation under mild
conditions. Present data indicate that one-electron oxidants, like

cessful, due to the apparent instability of this species during CAN, can induce formation of and that the heterocyclic
chromatographic separation and workup. In an attempt to 0xygen derives from bO rather than @ because of the apparent
demonstrate its formation, the reaction was carried out with 2.5 formation of this dimer under &depleted atmosphere. A

x 107> M la andN-labeled NQ~ under the usual reaction

possible mechanism is depicted in Scheme 2.

conditions. Direct analysis of the crude ethyl acetate extractable This mechanism is akin to that proposed for the biogenesis

fraction byH,'5N HMBC revealed, as expected, two significant
series of cross-peaks, correlating the proton resonancéatof
0 8.23 (appearing as a triplet € 2.4 Hz) because of the further
splitting by coupling with'>N) and¢ 7.20 with a nitrogen signal
at 0 373 and the proton signals 8a at 6 8.14 (doubletJ =
4.0 Hz) andd 6.36 with a nitrogen resonance @878 (Figure
2). Another cross-peak correlating a proton signal &95 with

a nitrogen signal ab 383 (Figure 2, region A) was considered
to be indicative of the presence of tdésomer of3a.4!

In addition, two intens@°N resonances were detectabledat
388 and 392 (Figure 2, region B), denoting nitro groups linked
to sp’ carbons1#2These resonances (cross-peaks with proton
signals in the rangé 5.4—5.6) may be attributed to the nitrogens

(39) Oldreive, C.; Zhao, K.; Paganga, G.; Halliwell, B.; Rice-Evans, C.
Chem. Res. Toxicol998 11, 1574-1579.

(40) Fronza, G.; Fuganti, C.; Serra, S.; Cisero, M.; Koziefl. Agric.
Food Chem2002 50, 2748-2754.

(41) Napolitano, A.; Panzella, L.; Savarese, M.; Sacchi, R.; Giudicianni,
I.; Paolillo, L.; d’Ischia, M.Chem. Res. ToxicoR004 17, 1329-1337.

(42) Napolitano, A.; Crescenzi, O.; Camera, E.; Giudicianni, |.; Picardo,
M.; d’Ischia, M. Tetrahedron2002 58, 5061-5067.

of tricuspitadol A, a diastereocisomer af isolated from
Parthenocissus tricuspidatd and for the formation of related
tetrahydrofuran derivatives by chemical oxidation of caffeic acid
under acidic condition®’ Formation of7 in acidic but not in
neutral medium is in line with previous observations and
indicates that KO can act as a nucleophile toward the quinone
methide only when acidic catalysis is provided.

Cleaved dime@ may derive at least in part by NO-induced
oxidation of6. The likely mechanism would involve free radical
addition of NG to the double bond followed by recombination
of the -nitroalkyl radical with another molecule of NGb give
a nitronitrito adduct!484° which would suffer subsequent

(43) Lee, J. G.; Kwak, K. H.; Hwang, J. Petrahedron Lett199Q 31,
6677-6680.

(44) Ley, J. P.; Bertram, H.-Bioorg. Med. Chen2001, 9, 1879-1885.

(45) Takaya, Y.; Terashima, K.; lto, J.; He, Y.-H.; Tateoka, M.;
Yamaguchi, N.; Niwa, MTetrahedron2005 61, 10285-10290.

(46) Lins, A. P.; Felicio, J. D.; Braggio, M. M.; Roque, L. C.
Phytochemistryi991, 30, 3144-3146.

(47) Fulcrand, H.; Cheminat, A.; Brouillard, R.; Cheynier,Rhytochem-
istry 1994 35, 499-505.
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FIGURE 3. (A) LC/ESIH/MS elution profile of the ethyl acetate extractable fraction of the reaction mixtute wfith 1>N-labeled NQ~ at pH

3.0. (B) ESH/MS spectrum of the species elutingtatl4.1 min in the ethyl acetate extractable fraction of the reaction mixtude @fith 15N-
labeled NQat pH 3.0. (C) ESHMS spectrum of the species elutingtatl4.1 min in the ethyl acetate extractable fraction of the reaction mixture
of 1a with unlabeled N@™ at pH 3.0.
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cleavage? This mechanism, which does not require a phenolic Experimental Section
oxidation step, would become operative under forcing conditions Preparation of 3,5-Dihydroxybenzaldoxime.3,5-Dihydroxy-

such as tho_se leading to t.he formatl_on20f . benzaldoxime was prepared by a general procedure reported in the
The reaction pathways illustrated in Schemes 1 and 2 entail jjieratures Briefly, to 3,5-dihydroxybenzaldehyde (50 mg, 0.36
that product distribution mirrors the relative concentrations of mmol) dissolved in water (4.2 mL) was added a solution of,NH
reacting free radical species in the medium. The incomplete massOH-HCI (14 mg, 0.20 mmol) and C#£0ONax 3 H,O (27 mg,
balance, due to the presence of other ill-defined species that0.20 mmol) in water (4.8 mL), and the mixture was taken under
escaped isolation and characterization, prevents a more detailegtirring at 80°C. After 2 h, the mixture was cooled and extracted
mechanistic analysis, so it is possible that other reaction With ethyl acetate (3 3 mL). The combined organic extracts were
pathways ofla are operative. However, the above schemes dried over NaSQ, and evaporated to dryness. The residue was
establish the central role of thé-@H group in directing the dissolved in ethyl acetate and fractionated by preparative TLC to

: : : = _ give 3,5-dihydroxybenzaldoximéz(0.43, 30 mg, 54% yield).
main reaction pathways dfa with acidic NG~ toward the 3,5-Dihydroxybenzaldoxime: IH NMR 6 6.38 (1H, ) = 2.0

double bond., which is ampst signifigant quthme of thi; study. Hz). 6.63 (2H, d.J = 2.0 Hz), 7.96 (1H, s); ESHMS:m/z 154

In conclusion, the chemistry described in this paper discloses (v + H]*). 3,5-Dihydroxybenzaldoxime was reacted with NaNO
unusual reactions of phenolic stilbene antioxidants with,NO  ynder the same conditions as foa, and the reaction mixture was
in acidic medium, highlighting the hitherto overlooked suscep- periodically analyzed by HPLC (gradient elution: water, solvent
tibility of 1ab to oxidative cleavage under mild conditions of A; acetonitrile, solvent B; from 2 to 30% BR5 min; from 30 to
physiological relevance, and the formationdfinder nonen- ~ 60% B, 25-70 min; 60% B, 76-75 min, eluant A).
zymatic conditions. Nitration ofais also of chemical interest Reaction of 1a with NaNG,. General Procedure.To a solution
as it may provide an entry to novel functionalized stilbene ©f 1@ (10 mg, 44umol) in methanol (0.5 mL) was added 0.1 M

At ; : : phosphate buffer (pH 3.0) (44 mL) followed by Nab@5 mg,
derivatives via proper manipulation 8 and4. 0.22 mmol), and the mixture was taken under vigorous stirring at

room temperature. After 3 h, at complete consumption of the

20 ((;(11823’5\161‘{1;5':52%6%; Camera, E; Picardo, M.; d’Ischia, MOrg. Chem. substrate (HPLC analysis, eluant A), the mixture was extracted with
(49) Golding, P.. Powell, J. L; Ridd, J. H. Chem. Soc., Perkin Trans.  Si1Y! acetate (3« 30 mL) and the combined organic layers were

21996 813-819. ' ' ' ' dried over NaSQO, and taken to dryness. The residue was dissolved
(50) Bryant, D. K.; Challis, B. C.; lley, 3. Chem. Soc., Chem. Commun.  in methanol and analyzed by HPLC (eluant A), TLC, and LC/MS.

1989 1027-1028. In other experiments, the reaction d was run (i) as above with
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SCHEME 2
1a
1[01
B 0
HO
o 0
I I
oS o
H V OH HO
OH o)
OH |
oS Do
OH HO
7
laat 3x 106 or 25 x 106 M concentration, with 0.2 1073 M (3 x 50 mL), and the combined organic layers were dried over
NaNGQ;, added in eight portions at 15 min intervals, and at'@7 Na&SQO, and taken to dryness. The residue was analyzed by HPLC
(i) under an argon atmosphere, and (iii) undef&Dp atmosphere. (eluant A).
When required, N&NO, was used in the reaction of 26106 M Reaction of 1b with NaNQ,. Isolation of (E)-3,3,4,5-Tet-
laand the mixture was worked up as above and directly analyzed rahydroxy-$-nitrostilbene (3b) and 3,4-Dihydroxybenzaldehyde.
by NMR and LC/MS. For kinetic experimenis (2.5 x 1075 M) The reaction ofLb with NaNQ, was run as previously describéd,

was reacted with Ix 102 M NaNO, added in one portion. In and the mixture was analyzed by HPLC (gradient elution: 3% TFA,
control experiments, the reaction was carried out under the solvent A; acetonitrile, solvent B; from 2 to 30% B;-Q5 min;
conditions of the general procedure without added NafR@action from 30 to 60% B, 1545 min; 60% B, 45-55 min, eluant B).
of 1a (3.5 x 1072 M) with NaNO, (0.35 M) was also run in For preparative purposes the reaction was carried out using 45 mg
acetonitrile containing 2.5% acetic acid; the reaction course was of the starting material. After workup of the reaction mixture, the
followed by HPLC (eluant A). Reaction of 3,8-trimethoxystilbene  residue (65 mg) was fractionated by preparative HPLC (3% -FFA
(2.5 x 1074 M) with NaNO, (1 x 103 M) was carried out at pH acetonitrile, 70:30 v/v) to giv8b?’(tg 18.0 min eluant B, 36 mg,
3.0, and the reaction course was followed by HPLC (gradient 68% yield) and 3,4-dihydroxybenzaldehydg 11.0 min eluant B,
elution: water, solvent A: acetonitrile, solvent B; from 20 to 80% © Mg, 19% yield).
B, 0—45 min; 80% B, 4555 min). Isolation of rac-(2R,3R)-3-(3,5-Dihydroxyphenyl)-2-(4-hy-
Reaction of 1a with CAN.To a solution ofLa (10 mg, 44umol) droxyphenyl)-2,3-dihydrobenzofuran-5-carbaldehyde (2), )-

; 3,4 ,5-Trihydroxy- a-nitrostilbene (3a), E)-3,4,5-Trihydroxy-3'-
in methanol (0.5 mL) was added 0.1 M phosphate bulffer (pH 3.0) nitrostilbene (4) 3! (E)-3,4,5-Trihydroxy-2,3'-dinitrostilbene (5),
(275 mL) followed by CAN (24 mg, 44imol), and the mixture 3 5-Dihvd b ldehvde. (3.5.Dihvd henvinit th
was taken under vigorous stirring. After 1 h, the mixture was ©;—nydroxybenzaideny e, (3,5-Dihydroxyphenyl)nitromethane,

extracted with ethyl acetate 350 mL) and the combined organic ég}'ﬁ;ﬁgﬁ%ﬂg&g‘é@ ?hnedr‘e‘r;\i%/igrrio;ffyv-ifr; r&gﬂg%:fg;ggg
layers were dried over N8O, and taken to dryness. The residue ’

out as in the general procedure using 400 mg of starting material.
was analyzed by HPLC (eluant A). After workup of the reaction mixture, the residue (380 mg) was
Reaction of 1a with KsFe(CN). To a solution ofla (10 mg, fractionated by preparative TLC to givda (R; 0.36, 18 mg, 4%
44 umol) in methanol (0.5 mL) was added 0.1 M phosphate buffer yield, >95% purity),22° (R; 0.40, 10 mg, 2% yield;> 90%purity),
(pH 7.0) (175 mL) followed by KFe(CN) (14 mg, 44umol), and 4 (R:0.55, 5 mg, 1% yield>98% purity), 4-hydroxybenzaldehyde
the mixture was taken under stirring. After 1 h, the mixture was (R 0.69, 8 mg, 4% yield); (R 0.78, 4 mg, 1% yield>90% purity),
acidified with 0.5 M HCI to pH 3 and extracted with ethyl acetate and 4-hydroxy-3-nitrobenzaldehyde 0.84, 4 mg, 1% yield). The
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fraction (5 mg) eluting atR 0.48 was found to consist of

Panzella et al.

using 50 mg of the starting material. After workup of the reaction

3,5-dihydroxybenzaldehyde and (3,5-dihydroxyphenyl)nitromethane. mixture, the residue (45 mg) was fractionated on a Sephadex LH-
3a, 4, 3,5-dihydroxybenzaldehyde, 4-hydroxybenzaldehyde, or 20 column (50 cmx 2 cm) using 95% ethanol as the eluant.

theR; 0.48 band was exposed to Nablhder the standard reaction

Fractions were collected on the basis of HPLC analysis (eluant A)

conditions, and the products formed were analyzed by HPLC (eluant and further purified by preparative HPLC (watexcetonitrile, 70:

A) and TLC.

3a. UV Amax CH3OH, 276, 356 nm; CEDH/0.1 M NaHCQ,
pH 8, 302, 451 nm!H and3C NMR: see Table 1. HR ESI-/MS:
found m/z 272.0563 (M — H]~), calcd for G4H10NOs m/z
272.0559.

4. UV Amax CH3OH 303, 323, 396 nm; C4#0H/0.1 M NaHCQ,
pH 8, 331, 464 nmtH and3C NMR: see Table *H NMR (CDs-
OD): 6 6.20 (1H, t,J = 2.0 Hz), 6.49 (2H, dJ = 2.0 Hz), 6.96
(1H, d,J = 16.4 Hz), 7.01 (1H, dJ = 16.4 Hz), 7.13 (1H, dJ =
8.8 Hz), 7.83 (1H, ddJ = 8.8, 2.0 Hz), 8.14 (d, 1H] = 2.0 Hz).
HR ESI-/MS: foundm/z 272.0555 ([M— H] ™), calcd for G4Hi0-
NOs m/z 272.0559.

5. UV Amax CH3zOH 300, 394 nm; CHOH/0.1M NaHCQ, pH
8, 317, 399 nm!H and3C NMR: see Table 1. HR ESIMS:
found m/z 319.0561 (M + H]*), caled for G4H11N>O; miz
319.0566; founan/z 341.0380 ([M+ Na]"), calcd for G4H1oN2O7-
Na m/z 341.0386.

R 0.48 Band.'H NMR resonances for (3,5-dihydroxyphenyl)ni-
tromethane:d 5.48 (2H, s), 6.42 (1H, 1) = 2.0 Hz), 6.50 (2H, d,

J = 2.0 Hz).3C NMR resonances for (3,5-dihydroxyphenyl)ni-
tromethane:6 81.8 (CH), 103.9 (CH), 110.6 (2x CH), 135.0
(C), 160.8 (2x C). LC/IESH-/MS: tg 13.9 min,m/z 192 ([M +
Na]t). HR ESH-MS: found 192.0279 (Mt Na]*), calcd for GH7-
NO4Na m/z 192.0273.

Isolation of rac-5-{ (2R, 3R)-2-(4-Hydroxyphenyl)-5-[(1E)-2-
(3,5-dihydroxyphenyl)vinyl]-2,3-dihydrobenzofuran-3-yl} benzene-
1,3-diol (6). For preparative purposes the reactionlef (2.5 x
1075 M) with NaNO, (8 molar equiv) was carried out using 50 mg
of starting material. After workup of the reaction mixture, the
residue (45 mg) was fractionated by preparative TLC to gié8
(R¢ 0.09, 2 mg, 4% vyield, purity 95%),3a (2 mg, 3% vyield) 4 (3
mg, 5% vyield), and 4-hydroxybenzaldehyde (1 mg, 4% yietd).
was exposed to NaNQunder the standard reaction conditions, and

the products formed were analyzed by HPLC (eluant A) and TLC.

Isolation of rac-5,5-[(2R,3R,4R,55)-2,5-Bis(4-hydroxyphenyl)-
tetrahydrofuran-3,4-diyl]bis(benzene-1,3-diol) (7).The reaction
of 1a(2.5 x 10°5 M) with NaNO, (8 molar equiv) was carried out
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30 v/v) to give7* (tg 24.2 min eluant A, 1 mg, 1% yield; 95%
purity).

Isolation of trans-e-Viniferin. Wood from grapewine plants
infected with fungi associated with esd@haeoacremonium aleo-
philum, Phaeomoniella chlamydospaqriaomitiporia mediterranep
was lyophilized and milled under nitrogen to obtain a fine powder.
After treatment with petroleum ether 480 to remove lipids, the
powder was extracted twice (3 h and overnight) with methanol (1:
15 w/v) in the dark with stirring. The extracts were filtered and
taken to dryness. The residue was dissolved in methanol and
purified by silica gel column chromatography using chloroferm
methanol, 80:20 v/v, as the eluant. The fraction containiags
e-viniferin (HPLC analysis: wateracetonitrile gradient from 80:
20 to 33:67 in 90 mintg 56.9 min) was further fractionated by
preparative TLC (chloroformmethanol, 80:20 v/v) to give the pure
compouné® (R 0.51).
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