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Identification of a Terphenyl Derivative that Blocks the Cell Cycle in the G—G; Phase and

Induces Differentiation in Leukemia Cells
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To further explore the SAR of resveratrol-relateans-stilbene derivatives, here we describe the synthesis

of (a) a series of 3,5-dimethoxy analogues in which a variety of substituents were introduced at positions
2', 3, 4, and 5 of the stilbene scaffold and (b) a second group of derivatives (2-phenylnaphthalenes and
terphenyls) that incorporate a phenyl ring as a bioisosteric replacement of the stilbene alkenyl bridge. We
thoroughly characterized all of the new compounds with respect to their apoptosis-inducing activity and
their effects on the cell cycle. One of the new derivativiE3g, behaved differently from the others, as it

was able to block the cell cycle in they&G; phase and also to induce differentiation in acute myelogenous
leukemia HL60 cells. Compared to resveratrol, the synthetic terpi&gdhowed a more potent apoptotic

and differentiating activity. Moreover, it was active
cells that were resistant to resveratrol.

Introduction

The stilbene scaffold is a basic element for a number of
biologically active natural and synthetic compounds, and in
accordance with Evans’ definition, it can be considered as a
privileged structuré. One of the most relevant and studied
stilbenes is resveratrollg, 3,4,5-trihydroxytransstilbene;
Chart 1), a phytoalexin present in grapes and other food
products:® endowed with several different biological properties
and able to act and bind at different cellular tardéts.

The interesting chemopreventiveand chemotherapeufic!
properties associated with resveratrol offer promises for the
design of new chemoterapeutic agents, and in this context,

several studies have been reported describing the synthesis and

antitumor evaluation of these types of stilbene derivatige¥

Resveratrol has also been shown to induce apoptosis in
different cancer cell line$1"-1° Since reduced apoptosis has
been implicated in the development and progression of malig-
nant tumor¥2! and in the occurrence of chemoresistant
phenotyped?-25 resveratrol-induced apoptosis might therefore
contribute to its antitumor activity. However, resveratrol is not
a potent cytotoxic compound when compared with other
chemotherapeutic drugs. Recently, we observed in different
cancer cell lines that, to obtain the induction of apoptosis in
50% of cells, a resveratrol concentration about 10 times higher
than its 1Go was necessanp.

Because of our ongoing interest in finding new apoptosis-
inducing agents, we are particularly intrigued by molecular
scaffolds that allow the parallel synthesis of substituted deriva-
tives. Actually, the parallel procedure is suitable for rapidly

on both multidrug resistance and Bcr-Abl-expressing
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3a: Ry=OH, Rp=R;=R,=H (55%)°

3b: Ry=R3=R,=H, Rp=OH (50%)?

3¢: Ry=R,=R4=H, Rs=OCHj (70%)?

3d: R4=OH, R;=OCHs, Rs=R,=H (50%)?

3e: Ri=R4=H, R2=OCH2CH3, R3=°H (45%)3
3f: Ry=OH, R,=R3=H, R,=CI (50%)°

3g: Ry=H, R;=R,=OCH3, R;=OH (45%)?
3h: R4=H, R2=R4=C(CH3)3, R3=0H (40%)a

aQverall yield.

obtaining variously substituted analogues, particularly when @ small library of resveratrol analogues bearing the 3,5-
structure-based design strategy is not applicable due to the lackdimethoxy motif at the A phenyl ring and amino, methoxy, and

of knowledge of a specific target. Thus, we recently synthesized
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hydroxy functions at the'3and/or 4-positions?® Many deriva-
tives turned out to be more active than resveratrol as apoptosis-
inducing agents in HL60 leukemia cells. Besides, some of them
were active toward resistant HL60R cells, and their activity was
higher than that of several classic chemotherapeutic agents. Also,
considering the importance of the 3,5-dimethoxy motif in
conferring proapoptotic activity to stilbene-based compounds,
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OR
aReagents and conditions: (a) Pd{PJa, ag NaCOs, toluene/EtOH 3:1, reflux, 5 h; BMF, THF, rt, 3 h.

we compared the cellular effects of pterostilbeBa) @nd 3-
hydroxypterostilbene2p) with those of their corresponding
natural 3,5-hydroxy analogues, resveratia)(@and piceatannol
(1b), respectively’’ The 3,5-dimethoxylated compounds differed
with respect tola and 1b not only in their pattern of activity

substitution of the alkenyl bridge. Thus, we obtained both
2-phenylnaphthalené&,c,d (Schemes 1 and 2), and terphenyls
13a—i (Schemes 1 and 2), all of which present the resveratrol-
like pattern of oxygenated phenyl rings, i.e., one para-substituted
and one di-meta-substituted phenyl connected by an unsaturated/

on sensitive and resistant cells but also regarding the effects onaromatic system. One of these compound@l8g behaved

the cell cycle and apoptotic pathways. Moreover, H2drand
2b were less toxic to normal hemopoietic stem cells than to the
leukemia and lymphoma cells.

To further explore the SAR of this class of derivatives, here

differently than the others, as it was able to block the cell cycle
in the G—G; phase and also to induce differentiation in HL60
cells.

we describe the synthesis of a series of resveratrol analoguesChemistry

(3a—h, Chart 1) in which a variety of substituents were
introduced at positions'23, 4, and 5 of the stilbene scaffold
while the 3,5-dimethoxy motif was maintained. We thoroughly
characterized all of the new derivatives with respect to both
their apoptosis-inducing activity and their effects on cell cycle

The compounds were obtained following different parallel

synthetic pathways (Schemes 1 and 2) carried out in a Carousel

reaction station.
To prepare thérans-stilbene derivative8a—h (Chart 1), we

by carrying out experiments on leukemia cell lines HL60, took advantage of a standard Wittig reaction between the

HLB0OR (MDR expressing), and K562 (apoptosis resistant).

appropriate aromatic aldehydes and the aromatic 3fitfésee

Some of the compounds turned out to be active as apoptosisthe Supporting Information).

inducing agents; however, they did not reveal significant profile
variations in terms of cytotoxicity and effects on cell cycle with
respect to resveratrol and our previous stilbene derivaffves.

The 2-phenylnaphthalene derivatives and the terphenyls were
obtained as shown in Scheme 1. A cross-coupling Suzuki
reaction between 3,5-dimethoxyphenylboronic ag3éP and

Given these results, we aimed at increasing the structuralthe appropriate 2-bromonaphthalene derivatises$, or bro-

diversity of the new molecules by synthesizing a second series

moiodobenzene (ortho, meta, or para isomers) in the presence

of derivatives, which incorporate a phenyl ring as a bioisosteric of a catalytic amount of tetrakis(triphenylphosphine)palladium
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Scheme 2
7a, 13b,d,f

OH OH OH OH

OO O o O O O OH
HO O O

7d (93%) Ho OH

13g (60%) O 13i (80%)

OH 13h (60%)
aReagents and conditions: (a) BBCH,Cl,, —78 °C, 18 h.

Table 1. ICso (uM + SE) and AGp (uM + SE) Values of Resveratrol§), PterostilbeneZa), Stilbene Derivative8a—h, 2-Phenylnaphthalenes
7a,c,d and Terphenyld3a—i in Sensitive HL60, MDR HL60R, and Bcr-Abl-Expressing K562 Cells

HL60 HL60R K562

compounds 162 AC5ob ICs¢? ACsob ICse? Acsob
resveratrol {a) 5.0+ 0.8 50+ 6 60+ 7 >100 28+ 2 >100
pterostilbeneZa) 35+4 75+ 5 42+ 3 85+ 11 10+ 3 45+ 7
3a 9.0+ 0.6 35+ 4 68+ 7 >100 24+ 2 72+ 8
3b 23+5 58+ 5 >100 >100 26+1 70+ 13
3c 25+03 4.0+ 0.3 8.0+ 0.9 50+ 2 10+1 25+ 4
3d 3.5+ 04 15+ 2 34+5 82+ 10 8.0+ 0.8 28+ 2
3e 11+ 2 18+ 2 42+ 6 98+ 10 18+ 3 60+ 9
3f 14+ 2 29+ 5 73+8 >100 16+ 1 55+ 7
3g 20+ 2 79+ 6 >100 >100 23+ 4 75+5
3h 84+ 6 >100 >100 >100 >100 >100
7a 76+ 3 91+ 18 >100 >100 >100 >100
7c 10+1 19+1 16+ 2 33+ 6 42+ 5 55+ 4
7d 28+ 4 48+ 7 53+ 3 92+ 15 20+ 4 84+ 13
13a 25+0.2 30+ 3 23+ 3 32+ 4 35+5 42+ 5
13b 75+ 7 >100 >100 >100 >100 >100
13c 48+ 0.7 23+ 2 20+ 2 48+ 2 14+ 2 27+3
13d 50+ 7 >100 80+ 12 >100 10+ 2 50+ 5
13e 5.0+ 0.3 10+ 3 28+ 2 24+ 4 14+ 2 18+ 3
13f 7.0+04 15+ 2 16+ 2 48+ 5 6.0+ 0.8 8.0+ 0.7
139 7.0+1.2 25+ 3 23+ 4 60+ 9 20+ 2 75+ 12
13h 27+3 63+5 58+ 9 >100 20+ 2 75+ 9
13i 35+03 9.0+ 0.7 12+ 3 40+ 3 8.0+ 0.6 38+4

aConcentration able to inhibit 50% of cell growthConcentration able to induce apoptosis in 50% of cells.

gave the 2-phenylnaphthalene derivativa® and the biphenyl effects of each compound on cell cycle were studied by flow
dimethoxy derivatives8—10, respectively. A second Suzuki cytometry after staining cells with propidium iodide. Moreover,
cross-coupling between compour@is10and the boronic acids ~ for compounds able to block cells in they&G; phase, we
11 and 12 provided the required terphenyl8a—f. Removal investigated the ability to induce cell differentiation by evaluat-
of the tert-butyldimethylsilyl (TBDMS) group from derivative  ing the expression of CD11b, CD11c, and CD14 on HL60 cells.
7b using tetrabutylammonium fluoride afforded compoutod

Finally, the parallel demethylation of trimethoxy derivativies Results

and 13b,d,f with BBr3 afforded 7d and 13g—i (Scheme 2). The antiproliferative and apoptosis-inducing activities of the
Compound¥a,c,d were recently described by Minutolo et3l. new compounds are summarized in Table 1, and these data are
within a series of resveratrol analogues tested against humancompared to those obtained with natural stilbenes resveratrol
breast cancer cells. (1a) and its 3,5-dimethoxy analogue pterostilbea)( Anti-

. proliferative and apoptosis-inducing activities were expressed
Biology as 1Gs (concentration able to inhibit 50% of cell growth) and

All compounds considered in this study were tested for their ACsp (concentration able to induce apoptosis in 50% of cells),
antiproliferative and proapoptotic activities on sensitive acute respectively.
myelogenous leukemia HL60 cells, multidrug resistance (MDR)-  Within the 3,5-dimethoxystilbene seriga—h, the best results
expressing HLGBOR cells, and Bcr-Abl-expressing K562 cells. were obtained with compour8t bearing a #methoxy function.
The antiproliferative activity of each compound was evaluated The activity of 2-hydroxy derivative3a was higher than that
by counting cells with an automatic cell counter; apoptosis was of pterostilbene Za) on HL60 cells, but it became lower on
evaluated by morphological assay and annexine V test. The HL60R and K562 cells. When the hydroxy function was moved
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to the 3 position, as in compoun8b, the cytotoxic effects o 3
decreased on both HL60 and HLG60R cells. In the subset of the 3
B-ring disubstituted compounds, the introduction of tHe 2
hydroxy and 3methoxy functions, as in compoundd,
increased the proapoptotic activity on all cell lines tested in this
study. The potency dropped by removing therthoxy group
and introducing a 5Cl as in 3f. By appending an ethoxy
function in 3-position of pterostilbene, we obtained compound
3e, which showed a better activity on HL60 cells with respect
to the parent compounda. The analogue3g bearing 35'-
dimethoxy substitution was slightly less active than pterostilbene
(28), and the activity decreased further with the53di-tert-
butyl analoguedh, which was the least active one of this series.
In summary, these 3,5-dimethoxansstilbenes showed a
cytotoxic profile comparable to that of other stilbene derivatives
earlier synthesized by ¥§?”even though some compounds of
the previous series were more potent on HL60 cells.

Regarding the naphthalene derivativesc,d, compoundrc,
which may be considered a pterostilbene analogue, showed an
interesting activity on MDR-expressing HL60R cells, while the
trimethoxy derivative7awas poorly active in all cell lines. The
cytotoxic activity of 7d was similar to that of the parent
compound resveratrolL§). e

Among the terphenyl derivatives, compouridac,e,g were FL2H
effective antiproliferative and proapoptotic ggents;.in contrast, Figure 1. Cell cycle distribution of HL60 cells exposed for 24 h to
compoundsl3b,d,h showed a lower cytotoxic activity. Com-  gome representative stilbene, naphthalene, and terphenyl compounds
pounds13f and 13i were the most potent compounds of the presented in this study: (a) control, ) (30 «M), (c) 3¢ (10 zM),
series. (d) 7c (20 uM), (e) 13f (30 uM), (f) 13i (20 uM).

Despite some evident effects of the structural changes on both
the antiproliferative and proapoptotic actions of compounds, no §
clear SAR pattern could be identified throughout the series.

The effects of compounds on cell cycle were evaluated in
HL60 cells by flow cytometry after staining cells with propidium
iodide. Analysis of sub-g-G; (apoptotic peak), &-Gs, S, and
G,—M peaks revealed that all compounds presented in this study
caused a recruitment of cells in S op-GM phases, except for
the terphenyll3g which blocked cells in @-G;. In Figure
1b—f, the flow cytometric analyses of the most representative
derivatives3c, 3d, 7c, 13f, and13i are reported, compared to
untreated HL60 cells (Figure 1la). Compoudd (Figure 1b)
caused a clear recruitment of cells in S phase and a decrease of
cells in the G—M phase; compoundéc and 13f (Figure 1d,e)
induced a recruitment of cells in S and-&M phases and a
decrease of the &5 G; peak, and compound and13i (Figure 1000
1c,f) caused a marked block of cells in the-®/1 phase. All FL2H FL2H
compounds induced the appearance of a sgb@ apoptotic Figure 2. Cell cycle distribution of HLG0 cells exposedrf8 h (b)
peak. Similar results were previously described for resveratrol, ngozsdég f(gz g)ssr?ttl\g ‘if %AS%f(gécegygit‘:c')slt”b“t'on of HL60 cells
piceatannol, and other natural stilbedég'*¢ Figure 2b-d P a ¢ '

shows the effects of compourttBg on cell cycle after 8 hjy 4 60 cells. Moreover, we compared the differentiating effect
(Figure 2b), 24 h (Figure 2c), and 96 h (Figure 2d). The block of 13gwith that of resveratrola), because previous evidence
of cell cycle in G—G; is evident in Figure 2bd when jndicated that resveratrol was able to induce cell differentiation
compared to the control (Figure 2a). An apoptotic suW-G, in some promyelocytic leukemia cell linéCells were exposed
peak was observed in HL60 cells exposed3gfor 24 and 96 15 104M 13gor 10uM resveratrol. After 72 h, the expression
h (Figure 2c,d). In contrast, the suly-8G; peak was very low  of cD14 (monocytic marker), CD11b, and CD11c (granulocytic
in the sample exposed tt8g for 8 h (Figure 2b). markers) was evaluated by flow cytometry. About 60% of HL60
Given the above results, althougilBgwas not the most potent  cells exposed tol3g became CD14, CD11b, and CD1lc
compound as regards the cytotoxic activity, we considered it positive, while less than 25% of HL60 cells exposed to
worth further study, because it was the only one able to arrestresveratrol became positive to these markers (Table 2). As
the cell cycle in the -G, phase. The &-G; recruitment  shown in Figure 3af, HL60 cells differentiated in metamy-
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appeared afte8 h when HLG0 cells were exposed to 5Bl of elocytes, myelocytes, monocytes, and granulocytes after 4 days
13g using a lower concentration (M), we observed a - exposure to 1M 13g Of interest, some monocytes derived
G, block after 96 h (Figure 2d). from HL60 cells exposed for 4 days to 1M 13g became

Considering the ability o13gto induce a stable block inthe  specialized macrophages able to phagocyte fragments of apo-
Go—G; phase, we investigated its effect on cell differentiation ptotic cells (Figure 3f).
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Figure 3. Morphologic changes observed in HL60 cells (promyelocytic acute leukemia) afte9678 exposure td.3g (10 uM): (a) control
(promyelocytes); (b) myelocytes and a metamyelocyte (72 h after expostBgjtac) myelocyte-, metamyelocyte-, and monoblast-derived cells
(96 h after exposure); (d) metamyelocyte- and monoblast-derived cells (96 h after exposure); (e) band neutrophil (96 h after exposure); ¢giphagocyt

of apoptotic bodies by a macrophage (96 h after exposure).

Table 2. Expression of Monocytic (CD14) and Granulocytic (CD11b,
CD11c) Markers in HL60 Cells before (control) or 4 days after
Treatment with 1Q«:M 13g or 10uM Resveratrol {a)

compounds CD14 (%) CD11b (%) CDl11c (%)
control 0.2 0 0
139 58 62 60
resveratrol {a) 23 24 22

In contrast, other trinydroxylated resveratrol-like compounds
(7d, 13h, 13i) did not induce differentiation.

Discussion

As an extension of our previous studi&¥ on the SAR of
transstilbene derivatives, we synthesized a series of 3,5-
dimethoxy analogues in which a variety of substituents were
introduced at positions' 23, 4, and 5 of the stilbene scaffold.
Moreover, in an attempt to increase the diversity of the
compounds while the basic structural motif of resveratrol was

retained, we obtained both some naphthalene and some terphen
derivatives. Notably, the latter two structures do not bear the

we showed the high potency of-Bydroxypterostilbene2p).2”
None of the variations presently introduced into the B ring of
the compounds allowed us to improve the antiproliferative and
proapoptotic profile of our leadb. We studied not only sensitive
HL60 cells but also resistant HL60OR and Bcr-Abl-expressing
K562 cells: despite some good potency showed by stilbene
derivatives3c and 3d on sensitive cells, the antiproliferative
and eventually the proapoptotic actions were not maintained
against resistant and Bcr-Abl-expressing cells. Among the
naphthalene-based compounfdsc,d, none gave better results
with respect to the parent stilbene derivatidespterostilbene
(2a), and resveratrol 1@) in terms of antiproliferative and
proapoptotic activities. More interesting were the results ob-
tained with the terphenyl derivative&3a—i. Among the
compounds belonging to this class, the best results regarding
the proapoptotic activity were obtained with the differently
substituted derivatived3¢ 13f, and 13i, suggesting that the
ortho-substitution motif in the terphenyl architecture plays a

)qrevalent role in determining this type of activity.

The lack of clearly identifiable SARs within the whole series

ethylene double bond that is the main reason for the chemicalas well as within each of the subsets (stilbenes, naphthalenes,

and metabolic instability of stilbene compourid%* By the

terphenyls) points to a complex mechanism of action for all of

use of this approach, we earlier disclosed a terphenyl analoguethese molecules. In principle, however, this is not surprising

of stilbene-based arotinoid that surprisingly supported cell
growth and inhibited apoptost.The same strategy was also
recently exploited by Minutolo et al., who carried out a study
on the ceramide-mediated proapoptotic activity of some vari-
ously hydroxylated and methoxylated naphthalefies.

given their at least qualitative stereoelectronic similarity to
resveratrol, whose mechanism of apoptosis induction is still
controversial. We have already discussed the discrepancies of
opinion about this aspect in a previous pafer.

Although the trihydroxylated terphengBgwas not the most

All of the compounds presented in this paper were prepared potent compound presently synthesized, it showed the most
through parallel synthesis, taking advantage of the standardpeculiar biological profile. In fact13g caused a block of cell

Wittig reaction for stilbenes and of cross-coupling Suzuki

protocol for naphthalenes and terphenyls. This synthetic ap-

proach proved to be efficient to rapidly obtain small sets of

cycle in the G—G; phase, while resveratrél>¢ as well as the
other stilbenes or stilbene mimetics studied in this and previous
works?2%27induced a recruitment of cells in S opGM phases.

compounds and appropriate when random substitutions haveMoreover, whereas at higher concentratib®g was able to

to be explored in the lack of either a specific target or a clearly
defined SAR pattern.

Initially, the stilbene compound3a—h were studied in vitro
for both cell growth inhibition and the ability to induce apoptosis
in leukemia and lymphoma cells. In our previous wéftkye
pointed out the importance of a hydroxy function at the'C-3
position of the stilbene scaffold, and in a further development,

induce apoptosis both in sensitive and resistant cell lines, when
used at low concentration (M) for 72—96 h, it was able to
induce a differentiation of HL60 cells. This is indeed a
remarkable feature, if one considers that currently there is only
one drug é&ll-transretinoic acid, ATRA) available in dif-
ferentiation therapy to treat patient with acute promyelocytic
leukemia (APL)3%2 Remarkably, however, the differentiating
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effects of13gare, in part, different from those of ATRA, as  two phases were separated. The aqueous layer was washed with
the latter induces in vitro a prevalent granulocytic differentiation Et:O, and the organic phases were combined and washed with 1
of APL blasts, whilel3ginduces a granulocytic and monocytic M NaOH followed by brine. The ethereal solution was dried over

differentiation36a® Moreover, no morphological aspects of Na,SO, and evaporated. Purification of each crude product by flash

macrophages able to phagocyte apoptotic cells have beenchromathog_raphy using petr_oIeL_Jm ether/ethyl acetate yielded the
described for ATRA corresponding terphenyl derivativé8a—f.

- ; ; g General Parallel Procedure for Demethylation to Trihydroxy
Recently, Asou et al. first described the differentiating Derivatives 7d, 13 g-i. In four distinct reactors, the trimethoxy

roperties of resveratrol in a series of myeloblastic leukemia .~ . . .

(F:)ellz.32 The differentiating effects of resver)rgltrol were higher in genvatlves7a and 13b,c<1),f(1 equiv) were dissolved in anhydrous

. ‘ H,Cl, (10 mL) at—78°C. Then, BBg (1 M in CH,Cl,, 3 equiv)
NB4 and U935 cell lines but were poor in HL60 cells. The \ya5 added to each solution, and the resulting reaction mixture was
mechanism by which resveratrol induces differentiation is not ajlowed to warm to room temperature for 20 h, cooled &C0
known, although it has been suggested that a decrease in activityand treated as follows. Each solution was poured ing®,Hand
of NF-«B could be associated with the terminal differentiation the two phases were separated. The aqueous layer was washed twice
induced by the compound. In the present work, we observed with CH;Cl,, and the organic phases were combined and washed
that resveratrol was able to induce the expression of differentiat-with a 1 M solution of sodium thiosulfate followed by-8. The
ing markers in less than 25% of HL60 cells, whildginduced organic layer was dried over MO, and evaporated to dryness.
differentiation in about 60% of cells. Of interedf3ginduced Purification of each crude product by flash chromathography using
a myeloid differentiation of HL60 cells with the appearance of Petroleum ether/ethyl acetate yielded the corresponding trihydroxy
cells in different phases of differentiation; after 96 h of treatment, derivatives7d, 13g-i.
metamyelocytes and band neutrophils were the most representa-
tive cells. The presence of macrophages able to phagocyte
apoptotic bodies suggests that differentiation induced. By

IS nqt only rr;orpholog;cgls btl:t alsod fL;]nctf?SI.A Finally, IEI a Supporting Information Available: General chemical methods,
previous work, some o observed that was unable  getajled biological protocols, general methods for the synthesis of

to induce apoptosis in HL60 cells after 48 h of treatment; in gtlhene derivative8a—h, synthesis of 3,5-dimethoxyphenylboronic
contrast,13gwas able to induce apoptosis after 24 h. acid4, physical and spectroscopic data for compoudaish, 7a—

In conclusion, compared to resveratrol, the synthetic terphenyl d, and 13a—i, and elemental analysis results. This material is
13gshowed a more potent apoptotic and differentiating activity. available free of charge via the Internet at http://pubs.acs.org.
Moreover,13gwas active on both MDR and Bcr-Abl-expressing
cells that were resistant to resveratrol. For these characteristicsReferences
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Acknowledgment. This work was supported by a PRIN
Project Grant from MIUR, ltaly.

and differentiating compounds for the treatment of acute to Drug Candidates-Natural Products as Guiding Principles in the
leukemias. As a final observation from a chemical perspective, ESS'ZQO% ;T‘l 523;3”;333598“ Compound Librarigsigew. Chemint.
we Wa_nt to re_mark that the ththnyI §Caﬁ0|d proved to be a 2) Hdrt, J. H. R‘ole of Phytoétilbenes in Decay and Disease Resistance.
versatile architecture for the identification of small molecules Annu. Re. Phytopathal 1991, 19, 437—58.
useful as chemical probes to study cell functions and mecha- (3) Burns, J.; Yokota, T.; Ashihara, H.; Lean, M. E. J.; Crozier, A. Plants
nisms Foods and Herbal Sources of ResverattoRgric. Food Chen002

’ 50, 33373340.

. . (4) Soleas, G. J.; Diamandis, E. P.; Goldberg, D. M. Resveratrol: A
Experimental Section Molecule Whose Time Has Come? And Goi@ih. Biochem 1997,

General Parallel Procedure for the Synthesis of Derivatives 30 91-113. = . .
7a, b, 8-10. In five distinct reactors, 2-Br-naphthalengsand 6 ®) gé%r_ng%. L. Biological Effects of Resveratrdlife Sci.2000 66,
ando-, m-, andp—iodobromoben_zene (1.0 equiv) Were_dissqlved in (6) Jang, M.; Cai, L.; Udeani, G. O.; Slowing, K. V.; Thomas, C. F.;
toluene (10 mL). Then, 3,5-dimethoxyphenylboronic adid2 Beecher, C. W. W.; Fong, H. H. S.; Farnworth, R. N.; Kinghorn, A.
equiv) in EtOH (3 mL) and aqueous b&O; (2 M, 3.0 equiv) were D.; Metha, R. G.; Moon, R. C.; Pezzuto, J. M. Cancer Chemopre-
added to each reactor, and the resulting mixtures were deoxygenated \éemlve é”\c_t'v'welggsgi\ée?ltgl_l.z goNatural Product Derived from
; : ; rapes.Scienc 4 .

e o) e s () Gl G Gtban, . Sl A Y, s, Y Bonaic,

! 9 ’ B. Resveratrol and Cancer. Chemoprevention, Apoptosis and
N for 5 h, cooled to room temperature, and treated as follows. Chemoimmunosensitizing Activitie€urr. Med. Chem.-Anti-Cancer
Each solution was poured into a mixture of®and E;O, and the Agents2003 3, 77—-93.
two phases were separated. The aqueous layer was washed with (8) Mgbonyebi, O.; Russo, J.; Russo, I. Antiproliferative Effect of
Et,0, and the organic phases were combined and washed with 1 Synthetic Resveratrol on Human Breast Epithelial Céils.J. Oncol

1998 12, 865-869.
(9) Gautam, S. C.; Xu, Y. X.; Dumaguin, M.; Janakiraman, N.; Chapman,
R A. Resveratrol Selectively Inhibits Leukemia Cells: A Prospective

M NaOH followed by brine. The ethereal solution was dried over
Na,SO, and evaporated. Purification of each crude product by flash

chromathography using petroleum ether/ethyl acetate 9.5:0.5 or 9.9: Agent for Ex Vivo Bone Marrow Purging3one Marrow Transplant

0.1 yielded the corresponding (3,5-dimethoxyphenyl)naphthalenes 200Q 25, 639-645.

7a,b and the biphenyldimethoxy derivativ8s-10. (10) Mitchell, S. H.; Zhu, W.; Young, C. Y. Resveratrol Inhibits the
General Parallel Procedure for the Synthesis of Terphenyl Expression and Function of the Androgen Receptor in LNCP Prostate

Cancer CellsCancer Res1999 59, 5892-5.
(11) Schneider, Y.; Vincent, F.; Duranton, B.; Badolo, L.; Gosse, F.;
Bergmann, C.; Seiler, N.; Raul, F. Anti-Proliferative Effect of

Derivatives 13a-f. Each of the three bromobiphenyldimethoxy
derivatives8—10 (2.0 equiv) was dissolved in toluene (20 mL) and

each was partltloned in two distinct reactors. 4-Substituted- Resveratrol, a Natural Component of Grapes and Wine, on Human
phenylboronic acid 1 or 12 (2 equiv), in EtOH (3 mL), and aqueous Colonic Cancer CellsCancer Lett.200Q 158 85-91.
Na,COs (2M, 3.0 equiv) were added to each set of three reactors (12) geCitLiC, J. |'-D;; t_CthafleSéS-l, Mt"; Steve‘dnil M-tF- _G-I; :jNeswe!k 'tA""tD'
containingd—10, and the resulting six mixtures were deoxygenated yninesis, Antitumor =valuation, and Apoplosis-noicing fActivity
with a st?gam of M After 10 m?n Pd(PPY. (0.05 equiv))/gwas of Hydroxylated E)-StilbenesJ. Med. Chem2005 48, 1292-1295.

. ’ 4 \F- . (13) Pettit, G. R.; Grealish, M. P.; Jung M. K.; Hamel, E.; Pettit, R. K;
added, and each mixture was brought to reflux, allowed to stir under Chapis, J. C.; Schmidt, J. M. Antineoplastic Agents. 465. Structural
N, for 3—12 h, cooled to room temperature, and treated as follows. Modification of Resveratrol: Sodium Resveratrin Phosphhtiled.

Each solution was poured into a mixture oftand E3O, and the Chem 2002 45, 2534-2542.



3018 Journal of Medicinal Chemistry, 2006, Vol. 49, No. 10

(14) Kim, S.; Ko, H.; Park, J. E.; Jung, S.; Lee, S. K.; Chun, Y. J. Design,
Synthesis, and Discovery of Noveans -Stilbene Analogues as Potent
and Selective Human Cytochrome P450 1B1 Inhibit@rsMed.
Chem 2002 45, 160-164.

(15) Thakkar, K.; Geahlen, R. L.; Cushman, M. Synthesis and Protein-
Tyrosine Kinase Inhibitory Activity of Polyhydroxylated Stilbene
Analogues of Piceatannal. Med. Chem1993 36, 2950-2955.

(16) Cushman, M.; Nagarathnam, D.; Gopal, D.; He, H. M.; Lin, C. M.;
Hamel, E. Synthesis and Evaluation of Analogues Bf-1-(4-
Methoxyphenyl)-2-(3,4,5-trimethoxyphenyl)ethene as Potential Cy-
totoxic and Antimitotic AgentsJ. Med. Chem1992 35, 2293~
2306.

(17) Clement, M. V.; Hirpara, J. L.; Chawdhury, S. H.; Pervaiz, S.
Chemopreventive Agent Resveratrol, a Natural Product Derived from
Grapes, Triggers CD95 Signaling-Dependent Apoptosis in Human
Tumor Cells.Blood 1998 92, 996-1002.

(18) Huang, C.; Ma, W. Y.; Goranson, A.; Dong, Z. Resveratrol
Suppresses Cell Transformation and Induces Apoptosis through a
p53-Dependent Pathwagarcinogenesid999 20, 237—242.

(19) Surh, Y. J.; Hurh, Y. J,; Kang, J. Y.; Lee, E.; Kong, G.; Lee, S. J.
Resveratrol, an Antioxidant Present in Red Wine, Induces Apoptosis
in Human Promyelocytic Leukemia (HL-60) CeliSancer Lett1999
140, 1-10.

(20) Arens, M. J.; Wyllie, A. H. Apoptosis: Mechanism and Roles in
Pathology.Int. Rev. Exp Pathol 1991, 32, 223-254.

(21) Daniel, P. T. Dissecting the Pathways to Deatrukemia200Q 14,
2035-204.

(22) Hickman, J. A. Apoptosis and Chemotherapy ResistaBoe. J.
Cancer1996 32A 921-926.

(23) Hannun, Y. A. Apoptosis and the Dilemma of Cancer Chemotherapy.

Blood 1997, 89, 1845-1853.

Prokop, A.; Wieder, T.; Sturm, |.; Essman, F.; Seeger, K.; Wutcher,

C.; Ludwig, W. D. Henze, G.; D&en, B.; Daniel, P. T. Relapse in

Childhood Acute Lymphoblastic Leukemia is Associated with a

(24

Decrease of the Bax/Bcl-2-Ratio and Loss of Spontaneous Caspase-3

Processing in VivoLeukemia200Q 14, 1606-1613.

Raisova, M.; Bektas, M.; Wieder, T.; Daniel, P.; Eberle, J.; Orfanos,

C. E.; Geilen, C. C. Resistance to CD95/Fas-Induced and Ceramide-

Mediated Apoptosis of Human Melanoma Cells, Is Caused by a

Defective Mitochondrial Cytochrome C Relea$&BS Lett.200Q

473 27-32.

Roberti, M.; Pizzirani, D.; Simoni, D.; Rondanin, R.; Barucchello,

R.; Bonora, C.; Buscemi, F.; Grimaudo, S.; Tolomeo, M. Synthesis

and Biological Evaluation of Resveratrol and Analogues as Apop-

tosis-Inducing Agents). Med. Chem2003 46, 3546—-3554.

Tolomeo, M.; Grimaudo, S.; Di Cristina, A.; Roberti, M.; Pizzirani,

D.; Meli, M.; Dusonchet, L.; Gebbia, N.; Abbadessa, V.; Crosta, L.;

Barucchello, C.; Grisolia, G.; Invidiata, F.; Simoni, D. Pterostilbene

and 3-Hydroxypterostilbene Are Effective Apoptosis-Inducing Agents

in MDR and BCR-ABL-Expressing Leukemia Cellgt. J. Biochem.

Cell Biol. 2005 37, 1709-1726.

(28) Amorati, R.; Lucarini, M.; Mugnaini, V.; Pedulli, G. F.; Roberti,
M.; Pizzirani, D. Antioxidant Activity of Hydroxystilbene Derivatives
in Homogeneous Solutiod. Org. Chem2004 69, 7101-7107.

(29) (a) Mertz, E.; Elmer, S. L.; Balija, A. M.; Zimmerman, S. C.
Integrating Chemosensors for Amine-Containing Compounds into
Cross-Linked Dendritic HostJ.etrahedror2004 60, 11191-11204.

(b) Barber, C. G.; Fish, P. V.; Dickinson, R. P. Isoquinolines as
Urokinase Inhibitors. Patent No. 9920608, 1999, 95 pp.

(30) Minutolo, F.; Sala, G.; Bagnacani, A.; Bertini, S.; Carboni, I.;
Placanica, G.; Prota, G.; Rapposelli, S.; Sacchi, N.; Macchia, M.;
Ghidoni, R. Synthesis of a Resveratrol Analogue with High Cera-
mide-Mediated Proapoptotic Activity on Human Breast Cancer Cells.
J. Med. Chem2005 48, 6783-6786.

(25)

(26)

@7

Roberti et al.

(31) (a) Rigolio, R.; Miloso, M.; Nicolini, G.; Villa, D.; Scuteri, A,;
Simone, M.; Tredici, G. Resveratrol Interference with the Cell Cycle
Protects Human Neuroblastoma SH-SY5Y Cell from Paclitaxel-
Induced ApoptosisfNeurochem. In2005 46, 205-211. (b) Castello,

L.; Tessitore, L. Resveratrol Inhibits Cell Cycle Progression in U937

Cells.Oncol. Rep2005,13, 133-137. (c) Chen. Y.; Tseng, S. H,;

Lai, H. S.; Chen W. J. Resveratrol-Induced Cellular Apoptosis and

Cell Cycle Arrest in Neuroblastoma Cells and Antitumor Effects on

Neuroblastoma in MiceSurgery2004 136, 57—66. (d) Wolter, F.;

Akoglu, B.; Clausnitzer, A.; Stein, J. Downregulation of the Cyclin

D1/Cdk4 Complex Occurs During Resveratrol-Induced Cell Cycle

Arrest in Colon Cancer Cell Lines. Nutr. 2001, 131, 2197-2203.

(e) Park, J. W.; Choi, Y. J.; Jang, M. A,; Lee, Y. S.; Jun, D. Y.; Suh,

S. |.; Baek, W. K.; Suh, M. H.; Jin, I. N.; Kwon, T. K. Resveratrol,

a Natural Product Derived from Grapes, Has Been Shown To Prevent

Carcinogenesis in Murine Model€ancer Lett2001, 163 43—49.

Asou, H.; Koshizuka, K.; Kyo, T.; Takata, N.; Kamada, N.; Koeffler,

H. P. Resveratrol, a Natural Product Derived from Grapes, Is a New

Inducer of Differentiation in Human Myeloid Leukemiamt. J.

Hematol.2002 75, 528-533.

(33) (a) Metzler, M.; Neumann, H. G. Epoxidation of the Stilbene Double

Bond, a Major Pathway in Aminostilbene Metaboliskenobiotica

1977, 7, 117-132. (b) Matzler, M. Metabolic Activation of Dieth-

ylstilbestrol. Indirect Evidence for the Formation of a Stilbene Oxide

Intermediate in Hamster and R&iochem. Pharmacoll975 24,

1449-1453. (c) Trela, B. C.; Waterhouse, A. L. Resveratrol:

Isomeric Molar Absorptivities and Stabilityl. Agric. Food Chem

1996 44, 1253-1257.

Simoni, D.; Giannini, G.; Roberti, M.; Rondanin, R.; Baruchello,

R.; Rossi, M.; Grisolia, G.; Invidiata, F. P.; Aiello, S.; Marino, S.;

Cavallini, S.; Siniscalchi, A.; Gebbia, N.; Crosta, L.; Grimaudo, S.;

Abbadessa, V.; Di Cristina, A.; Tolomeo, M. Studies on the Apoptotic

Activity of Natural and Synthetic Retinoids: Discovery of a New

Class of Synthetic Terphenyls That Potently Support Cell Growth

and Inhibit Apoptosis in Neuronal and HL-60 Cells.Med. Chem.

2005 48, 4293-4299.

(35) (a) Fenaux, P.; Le Deley, M. C.; Castaigne, S.; Archimbaud, E.;
Chomienne, C.; Link, H.; Guerci, A.; Duarte, M.; Daniel, M. T.;
Bowen, D. Effect ofall-trans Retinoic Acid in Newly Diagnosed
Acute Promyelocytic Leukemia. Results of a Multicenter Randomized
Trial. European APL 91 GrouBlood 1993 82, 3241-3249. (b)
Ohno, R.; Ohnishi, K.; Takeshita, A.; Tanimoto, M.; Murakami, H.;
Kanamaru, A.; Asou, N.; Kobayashi T.; Kuriyama K.; Ohmoto E.;
et al. all-trans Retinoic Acid Therapy in Relapsed/Refractory or
Newly Diagnosed Acute Promyelocytic Leukemia (APL) in Japan.
Leukemial994 8, S64-S69.

(36) (a) Lee, K. H.; Chang, M. Y.; Ahn, J. |; Yu, D. H.; Jung, S. S.;

Choi, J. H.; Noh, Y. H.; Lee, Y. S.; Ahn, M. J. Differential Gene

Expression in Retinoic Acid-Induced Differentiation of Acute Pro-

myelocytic Leukemia Cells, NB4 and HL-60 CelBiochem. Biophys.

Res. Commur002 296, 1125-1133. (b) Qin, S.; Yamamura, H.

Up-Regulation of Syk Activity during HL60 Cells Differentiation

into Granulocyte but Not into Monocyte/Macrophage-Linedgje-

chem. Biophys. Res. Commu®97, 236, 697—701.

Simoni, D.; Invidiata, F. P.; Rondanin, R.; Grimaudo, S.; Cannizzo,

G.; Barbusca, E.; Porretto, F.; D’Alessandro, N.; Tolomeo, M.

Structure-Activity Relationship Studies of Novel Heteroretinoids:

Induction of Apoptosis in the HL-60 Cell Line by a Novel Isoxazole-

Containing Heteroretinoidl. Med. Chem1999 42, 4961-4969.

JM0602530

(32)

(34)

(37



