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The two isomeric monoglucuronides of the stilbene triol derivative, resveratrol, are thought to have
potentially valuable biological activities, including possible antiproliferative properties, in common
with resveratrol itself. In connection with a wider interest in naturally occurring phenolic glucuro-
nides, we sought access to both of these conjugates from readily available resveratrol triesters.
Selective monodeacylation using either chemical or enzymatic hydrolyses afforded the required die-
sters: subsequent glucuronidation using the trichloroacetimidate procedure, then mild hydrolysis,
afforded the desired products. We also discovered a very mild, effective method for the anomeric
deacetylation of the readily available methyl glucuronate p-tetraacetate using N-Me piperazine en
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route to the imidate. This reagent appears to have wider value in the deprotection of relatively acti-
vated acetates. We further studied the stability of the glucuronides in aqueous solution, and found
properties, especially in the ready E/Z isomerisation of the

remarkable differences in their

rsc.li/frontiers-organic 3-glucuronide.

Introduction the par.ent5 6phenol and may indeed possess cytoprotective
properties.™
While it is still commonly believed that glucuronides of xeno-
biotics and endogenous materials are mere biological waste
byproducts, an increasing body of evidence has found that
many glucuronides have biological activity per se." A well-

known example is morphine-6-glucuronide (M6G) 1, which

has some advantages over morphine itself as an analgesic: COM COM v
better tolerance, especially reduced respiratory depression, HO Ho\wo

and longer duration of action.”™* We have recently shown that Ho HO HO HO

p-cresyl glucuronide 2, an end product of Tyr metabolism in

the gut, is significantly less toxic in human kidney cells than 1 2

As part of our continuing programme, we sought to study
the behaviour of other glucuronides of endogenous and
dietary substances: the isomeric 3-O and 4'-O-p-b-glucuro-
nides of the stilbenetriol, resveratrol 3 were of particular
interest. Resveratrol, present in various plants, nuts and red
wine skins, has been associated with diverse biological
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activities and health benefits,”® generally thought to be
associated with its radical scavenging properties. It occurs
naturally mainly as the trans (E) isomer shown, but the cis
(2) isomer 3' is always present in lesser amounts."® Interest
in 3 was greatly spurred by the discovery of its cancer che-
mopreventive effect:* more recently, the relative effects of 3
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and its glucuronide metabolites in lowering hepatic chole-
sterol have been studied."*

Clearly, efficient syntheses of the two glucuronides 4 and 5 will
depend on selective preparations of suitable di-protected inter-
mediates. Other preparations of 4 and 5 have proceeded via
ab initio synthesis of 3 from benzenoid precursors,'* or the use
of regiospecifically silylated derivatives."*'* Also Koenigs-
Knorr glucuronidation of 3 itself, followed by deprotection and
preparative HPLC of the resulting mixture of isomers has been
used.' The enzymology and uridine diphosphate glucurono-
syltransferase (UGT) specificity in the human glucuronidation
of both 3 and 3', including gender differences, have been
studied.">*®

0,CR
RCO, l N ‘

O,CR
6R=Me
15R=Pr

We considered that resveratrol triacetate 6, commercially avail-
able or readily prepared from 3 in essentially quantitative
yield,"” should be a convenient precursor. Indeed, others have
described selective monodeacylation of 6 using chemical and
enzymatic methods,"®" with conversion of the 3,4'-diacetate
into 4,'® and we aimed to build on these results.
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Regarding the conjugation step, our recent synthesis’ of
p-cresyl glucuronide 2 was a good example of successful glucur-
onidation of a phenol of low acidity with the anomeric tetraace-
tate 7. However, the success of this straightforward method
appears critically dependent on phenolic pK,: any substrate
more acidic than phenol itself (pK, = 10.0) cannot be readily
glucuronidated in this way, and we verified that this was true
with resveratrol diacetates once available. A recent thorough
study®® gave a value of pK,; = 9.2 for 3, with the 4'-OH being the
most acidic. Resorcinol (1,3-dihydroxybenzene) also has an
experimental pK,; of 9.2*' (the authors determined a theore-
tical value of 9.07) and the values for monoacylated derivatives
are expected to be lower. We therefore selected the trichloroace-
timidate method®* and found a valuable new method for
efficient anomeric deacylation of 7 under mild conditions,
giving 8 which after conversion to 9 (Scheme 1) was conjugated
with the appropriate diesters of 3 followed by deprotection of
the products to afford the desired monoglucuronides.

Results and discussion
Carbohydrate intermediates

Several reagents have been used for the conversion of tetraester
7 into hemiacetal 8 (Scheme 1), including ammonium acetate,*
ammonium carbonate,> hydrazine®>*® (with or without
buffering), morpholine,”” benzylamine®® and a tin-based
reagent.”® In addition the longer route via heavy metal-catalysed
hydrolysis of the bromosugar 10 derived from 7 is still used."
We felt that there was still room for improvement in view of the
toxicity of some of the reagents used and the inhomogeneity of
the ammonium salts. As a result, we screened a number of
amine reagents, aiming for homogeneous conditions and the
avoidance of metal reagents as a minimum.

We were pleased to find that N-methylpiperazine, pK,; =
9.14,>° (and a very weakly basic pK,, of 4.73) performed extre-
mely well in this reaction, Scheme 1. The best conditions
called for 3 eq. of the amine buffered with equimolar acetic
acid in acetonitrile: after 24 h at 20 °C, reaction was complete,
and after neutralization the hemiacetal 8 was extracted in 88%
yield, pure enough for immediate progression. It was con-
verted to the trichloroacetimidate 9 as described previously.**

M M
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Scheme 1 Carbohydrate intermediates in the glucuronic acid series.
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Resveratrol diesters: chemical hydrolysis

We studied both selective chemical and enzymic hydrolyses to
convert triacetate 6 into the 3,4"-and 3,5-diesters (Scheme 2).
Reaction of 6 with NH,OAc has been used for synthesis of the
3,4'-diester 11 in 41% yield,'® but the elaborate procedure
called for two crystallizations in addition to chromatography.
The authors reported other possible conditions: catalytic
K,CO,/EtOH, catalytic HCI/EtOH, catalytic DBU/EtOH/CH,Cl,
and catalytic Ph;P/EtOH at reflux. Using their optimum pro-
cedure, viz. NH,OAc in MeOH/THF, we could only obtain 21%
of 11, together with the 3,5-diester and mixed monoesters.
Here too, however, N-Me piperazine buffered with AcOH was a
superior alternative and allowed 11 to be isolated in 36% yield
by direct chromatography, in sufficient amount to obtain
useful quantities of the 3-glucuronide.

We also studied resveratrol tri-isobutyrate 15, Scheme 3,
hoping that the additional bulk of the esters might allow a more
controlled, selective hydrolysis. Compound 15 was obtained by
acylation of 3 with isobutyryl chloride in essentially quantitative
yield. However, there was only a slight improvement in the
mono-deacylation step. The resulting 3,4'-diisobutyrate 16,
however, gave a better yield of 17 in the glucuronidation step.

Resveratrol diesters: enzymic hydrolysis

Nicolosi et al. described the preparation of a number of resver-
atrol esters using enzymatic transesterification:'® in particular,
the 3,5-diester 13, ideal for the synthesis of the 4'-glucuronide,
was obtained in high yield by treatment of 6 with Burkholderia
cepacia and n-butanol. We did not have access to this particu-
lar enzyme, but we studied immobilized Candida enzymes,
CAL A and CAL B, which are known to be valuable in transes-
terification.*> While CAL A gave a virtually equal mixture of the
3,5- and 3,4'-diesters in moderate yield in a slow reaction (ca.
50% conversion after 72 h), CAL B showed high selectivity for
removal of the 4'-acetate in just 1 h at 45 °C. In this way, fol-
lowing removal of the enzyme and chromatography, or direct
crystallisation, the 3,5-diester 13 was obtained in 75% yield.

(i)
AcO,
AcO OAc
Z,M/We

(iii) HO.
B
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Scheme 3 Isobutyryl intermediates. Reagents: as Scheme 2.
Glucuronidation

Both diesters 11 and 13 were successfully glucuronidated
using trichloroacetimidate 9, affording 12 and 14 in 53% and
56% yields respectively, employing BF;-OEt, as the Lewis acid
catalyst. Similarly, the 3, 4'-diisobutyrate 16 gave the related
conjugate 17 in 66% yield. Neither diester gave any useful
product on Lewis acid-catalysed reaction with the
B-tetraacetate 7, using TMSOTf or BF;-OEt,.

Hydrolysis was performed using the mild conditions of
Na,CO; in aq. methanol, and the products 4 and 5 were finally
isolated as their Na salts.*" Alternatively, in this series, some-
what purer products were obtained by first isolating the free
glucuronic acid, following acidification to pH 3 using IR-120
(H") resin. The sodium salts were then obtained by adding an
equimolar amount of aq. NaHCO;. The NMR spectra (see ESIf)
were consistent with published data; Na salts of glucuronic
acids show an upfield shift of the H(5) proton, typically by
about 0.1 ppm, compared to the free acid forms.

Aqueous stability of the glucuronides

When the 'H NMR of the 3-glucuronide 4 was recorded in
D,0, we found that small extra signals (sc. <5%) were visible in
the aryl region after leaving the solution at 20 °C for several

(ii)

Scheme 2 Synthesis of resveratrol monoglucuronides. Reagents: (i) N-Me piperazine, AcOH, MeCN, 20 °C; (ii) 9, BF3-OEt,, CH,Cl,, —20 °C; (iii)
Na,COs, aq. MeOH, 0 °C to 20 °C, then IR-120 (H*) to pH 6.2, or see text; (iv) Cal-B, n-BuOH, TBME, 45 °C.
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hours on the bench. The NMR spectrum showed two AB quar-
tets which can be assigned to pairs of olefinic Hs. The multi-
plets have been simulated (see ESI{) to obtain the chemical
shifts and coupling constants (6 7.11, 6.93 and 6.61, 6.46) with J
=16.5 Hz and 12.1 Hz respectively An nOe is observed between
the resonances of the AB quartet around 6.5 ppm but is not
observed between the resonances of the AB quartet around
7 ppm consistent with the assignment of these resonances to
the olefinic protons of the Z and E isomers of 4 respectively.
Transformation of the 4(E) to the 4(Z) isomer occurs on
exposure of the solution in the NMR tube to light but is
reversed on storage in the dark. Thus, after one week in dull
ambient light, the spectrum showed the presence of two com-
pounds in a roughly 2:1 ratio. On returning the NMR tube to
the refrigerator, after ca. 7 days the "H NMR spectrum revealed
the sample was >90% E, (Fig. 1a) and after a further 7 days in
the dark of the NMR magnet the sample was 96% E, (Fig. 1b)
i.e. the Z to E isomerization is slow and happens in the dark.
On exposing the sample to bright sunlight for ca. 8 h the NMR
spectrum revealed the sample had converted to ca. 90% Z
together with a small amount of decomposition (Fig. 1c).
Finally, after seven days in the NMR magnet conversion back

B = T T

7.4 7.0 6.6
Fig. 1 Time course of the E to Z isomerization of 4: 'H NMR of the aryl
region: (a) after ca. 1 week in the dark E 90%, Z 10%; (b) after 2 weeks E
96%, Z 4%; (c) after ca. 8 h bright sunlight E 11%, Z 89%; (d) after further

5 days in dark E 45%, Z 55%.

R= Hgow%

HO

Scheme 4
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to the E isomer, which was now present as ca. 45% of the
sample, had occurred (Fig. 1d).

While such isomerization is well known for 3 and 3’ them-
selves,'®” employing a 450 W medium pressure mercury lamp,
it has not been reported for the glucuronides, and the con-
ditions are remarkably mild. In the ESIf we present a full
assignment of the "H and '*C spectra of both isomers, with
HSQC, HMBC and nOe difference analyses.

5-ds

In contrast, under identical conditions the isomeric 4'-glucuro-
nide 5 showed essentially no E/Z isomerisation after 120 h.
Instead, complete H/D exchange of the aryl Hs of the resorci-
nol ring was observed (see the spectrum in ESIf) after just
24 h, giving the tri-deuterio species 5-d;.** While this is in a
sense not surprising, as H/D exchange of aryl protons is quite
facile in phenols, it is clear that exchange under these very
mild conditions requires the free resorcinol group. The 3-glu-
curonide 4, where only free monophenols are present, showed
no observable H/D exchange under these conditions.

These results may be rationalized by postulating that the
free 4-phenol is necessary for facile E/Z isomerisation: see
Scheme 4. Ionisation of this phenol, followed by one-electron
oxidation (or direct air/light-catalysed H abstraction from start-
ing material) generates a phenoxy radical that is directly conju-
gated to the double bond, allowing an isomeric C radical to
form, which is disposed to revert to the isomeric phenoxy
radical. This mechanism is clearly inaccessible to the 4’-glu-
curonide 5.

E/Z isomerisation of resveratrol diesters

We studied the pair of diesters 13 and 16 to look for similar
behaviour, in particular to investigate whether the position of

OH
RO N
0% — O
OH 2) OH O
02 0

COzNa

Proposed mechanism for the E/Z isomerisation of glucuronide 4.
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the free phenol was important for the rate of E/Z isomerisation
as observed with 4 and 5. These compounds are water-in-
soluble, but ds-acetonitrile was a satisfactory solvent for both.
When these solutions were stored at 20 °C in the dark, no sig-
nificant E/Z isomerisation was observed for either isomer after
12 h, but in diffused sunlight over a further 12 h both under-
went isomerisation, with the 3,5-diester 13 reacting at least 5x
faster; see the spectra in the ESL.f While these further experi-
ments have introduced new variables (substituent groups,
solvent), the faster isomerisation of 13, which contains a 4’-OH
group, is consistent with the behaviour of 4 and 5. We shall
report our findings on E/Z isomerisation of a series of resvera-
trol derivatives elsewhere.

Conclusions

Convenient syntheses of both isomeric resveratrol monoglu-
curonides have been achieved from the readily available triace-
tate, using selective chemical and enzymatic deprotections to
access the necessary diesters. The glucuronidation step was
performed in good yields for both isomers using the trichlor-
oacetimidate method, and mild final deprotection was carried
out using aqueous Na,CO; solution with methanol. In the
course of these studies, we discovered that N-methylpiperazine
was a highly suitable reagent for both selective deacetylation of
the anomeric glucuronate perester and cleavage of a single
ester from resveratrol triacetate.

The final glucuronides, as their Na salts in D,0, showed
very different properties, namely ready E/Z alkene isomerisa-
tion in the case of 4 and H/D exchange in the case of 5,
mutually exclusive. We shall report the results of biological
investigations of the products in future publications.
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