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Goniothalamin oxide (1) is a styryl lactone which was isolated from bark and leaves of several Goniothal-
amus species. This natural product has some interesting biological properties such as larvicidal and tri-
panocidal activities. However, no studies on the antiproliferative profile of goniothalamin oxide (1)
and its stereoisomers have been reported yet. Here, goniothalamin epoxide (1), isogoniothalamin epoxide
(2) and their enantiomers were prepared via epoxidation of (R)-and (S)-goniothalamin (4). A 3:2 molar
ratio in favor of goniothalamin oxide (1) and ent-1 was observed from (R)- and (5)-4, respectively, when
3-chloroperbenzoic acid (mCPBA) was employed while an increase to 6:1 molar ratio was achieved with
(S,S)-Jacobsen’s catalyst. Antiproliferative activity of these epoxides revealed that ent-isogoniothalamin
oxide (ent-2) was the most active against the eight cancer cell lines studied. These results indicate that

6S, 7R and 8R absolute configurations are beneficial for the activity of these epoxides.

© 2009 Published by Elsevier Inc.

1. Introduction

Phytochemical studies of the genus Goniothalamus have re-
sulted in the isolation and characterization of many compounds
with a variety of biological activity [1-4]. Goniothalamin oxide
(1) (Fig. 1) is a styryl lactone that was isolated from the bark and
leaves of Goniothalamus macrophyllus [5], Goniothalamus amuyon
[6], and Goniothalamus dolichocarpus [7]. The absolute configura-
tion of this natural product was determined as being (6R, 7R, 8R)
after correlation with data from X-ray diffraction studies of the
synthetic derivative isogoniothalamin oxide (2) (Fig. 1) [7]. Gonio-
thalamin oxide (1) has demonstrated to display high toxicity
against larvae of Aedes aegypti requiring low concentration to kill
50% of the larvae (LCsp=50-100 pg/mL). Recently, we have de-
scribed the tripanocidal activity of goniothalamin oxide (1) and
isogoniothalamin oxide (2) [8]. Our results have shown that both
epoxides (ICso=0.25 mM) have similar potency to promote lyses
of the trypomastigote forms of Trypanosoma cruzi [8]. In addition
to its larvicidal and tripanocidal activities, goniothalamin oxide
(1) was identified to have embryotoxic and teratogenic activities
as reported by Sam and coworkers [5].

These properties associated to goniothalamin oxide (1) must be
taken cautiously because it is well known that antiproliferative
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compounds may present significant embryotoxic and teratogenic
activities [9,10]. In fact, no study on the biological profile, particu-
larly those related to the antiproliferative activity of goniothalamin
oxide (1) as well as its stereoisomers has been reported yet.

The synthetic efforts towards goniothalamin oxide (1) and iso-
goniothalamin oxide (2) reported so far are generally carried out
through epoxidation of (R)-goniothalamin [(R)-(4)] available from
natural or synthetic origin [5,7,11-15].

Herein, we report the synthesis of goniothalamin oxide (1), iso-
goniothalamin oxide (2) and their respective enantiomers (ent-1
and ent-2) featuring epoxidation reaction using 3-chloroperben-
zoic acid (mCPBA) or (R,R)- or (S,S)-N,N'-bis(3,5-di-tert-butylsalicy-
lidene)-1,2-cyclohexane diaminomanganese(III) chloride
(Jacobsen’s catalyst) (Scheme 1). Additionally, the antiproliferative
activities of goniothalamin oxide (1), isogoniothalamin oxide (2)
and their respective enantiomers (ent-1 and ent-2) against cancer
cell lines are also described.

2. Materials and methods
2.1. Chemistry

2.1.1. General procedures

Reagents and solvents are commercial grade and were used as
supplied, except dichloromethane and triethylamine which were
distilled from calcium hydride. Chromatographic separations were
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Fig. 1. Structures of goniothalamin oxide (1) and isogoniothalamin oxide (2).

performed using 70-230 Mesh silica gel. Thin-layer chromatogra-
phy was carried out on Macherey-Nagel precoated silica plates
(0.25 mm layer thickness). IR spectra were obtained on Nicolet Im-
pact 410 FT (film or KBr). '"H NMR and '3C NMR data were recorded
on a Varian Gemini 2000 (7.0 T) or Varian Inova 500 (11.7 T) spec-
trometer. Chemical shifts are reported in § (ppm) relative to
(CHs)4Si for "TH-NMR and to CDCl; for '3C-NMR. For 'H NMR, the
chemical shifts were followed by multiplicity (s, singlet; d, dou-
blet; dd, double dublet; ddd, double double dublet; t, triplet; q,
quartet; m, multiplet) and coupling constant J reported in Hertz
(Hz). High-resolution mass spectra (HRMS) were measured on a
VG Autospec-Micromass spectrometer. Chiral GC analyses were
performed with capillary column CP-Chirasil-DEX CB fused silica
WCOT (25 m x 0.25 mm x 0.25 pum) on Agilent 6890 series GC sys-
tem. Optical rotations were measured at 25 °C with Perkin-Elmer
241 instrument.

2.1.2. Preparation of goniothalamin oxide (1) and its isomers (2, ent-1
and ent-2) using mCPBA as oxide agent

To a solution of 95.6 mg (0.48 mmol) of (R)-goniothalamin [(R)-
(4)] in 14.3 mL of CH,Cl, was added mCPBA (70% W/W, 141.2 mg,
0.57 mmol) and the mixture was stirred at room temperature.
After 5 h, saturated NaHCO5; was added until no evolution of gas
was observed. The solution was washed with ether (3 x 20 mL),
the organic phases were separated and dried with anhydrous
MgSO,. After solvent removal, the residue was purified by column
chromatography on silica gel using hexane/ethyl acetate (3:2, v/v)
as eluent. 1 and 2 were obtained in 64% yield (3:2 molar ratio,
respectively). The same procedure using (S)-goniothalamin [(S)-
(4)] afforded ent-1 and ent-2 (same ratio and yield). Goniothalamin
oxide (1) and its isomers (2, ent-1 and ent-2) where obtained as
white solids. Goniothalamin oxide (1) and ent-1: mp=90.1-
93.8°C. IR (KBr): 3420, 3062, 2960, 1724, 1631, 1466, 1398,
1377, 1259, 1043, 812, 704 cm™'. '"H-NMR (300 MHz, CDCls): 6

7.39 — 7.25 (m, 5H), 6.94 (ddd, 1H, J 9.6, 4.6 and 3.8 Hz), 6.07 (dt,
1H, J 9.9 and 1.8 Hz), 4.44 (dt, 1H, J 9.6 and 5.6 Hz), 3.89 (d, 1H, J
1.8 Hz), 3.27 (dd, 1H, J 5.4 and 1.8 Hz), 2.62 — 2.56 (m, 2H). '3C-
MNR (125 MHz, CDCl5): § 162.8, 144.3, 135.6, 128.7, 128.6 (20),
125.7 (2C), 121.5, 77.2, 61.5, 57.2, 25.9. HRMS (EI) m/z calculated
M* =216.07864, found 216.07802. [«]31 = +113.0 (c 0.8; CHCls),
[oc}zDs of ent-1=-121.0 (c 0.7, CHCl3). Isogoniothalamin oxide (2)
and ent-2: mp=112.0-113.4°C. IR (KBr): 3072, 2962, 1726,
1383, 1254, 1074, 1032, 879, 818 cm ™. "H-NMR (300 MHz, CDCl5):
5 7.41 — 7.27 (m, 5H), 6.94 (ddd, 1H, J 9.9, 5.5 and 3.1 Hz), 6.08
(ddd, 1H, J 9.9, 1.1 and 0.9 Hz), 4.70 (dt, 1H, J 10.5 and 4.3 Hz),
4.10 (d, 1H, J 2.4 Hz), 3.25 (dd, 1H, J 3.4 and 1.9 Hz), 2.74—2.50
(m, 2H). "*C-MNR (125 MHz, CDCl3): § 162.9, 144.0, 135.8, 128.6
(30), 125.6 (2C), 121.5, 75.1, 62.1, 55.0, 26.1. HRMS (EI) m/z calcu-
lated M* = 216.07864, found 216.07344. [#)3’ of 2=+31.3 (c 1.35,
CHCls), [¢)3 of ent-2 = —32.0 (c 0.9, CHCl5).

2.1.3. Preparation of goniothalamin oxide (1) and its isomers (2, ent-1
and ent-2) using Jacobsen’s catalyst

Asolution of 0.05 mol.L~! of Na,HPO4 (25 mL)was added to 5 mL
of commercially available household bleach. The pH of the resulting
buffered solution was adjusted to pH 11.3 by addition of a few drops
of 1 mol.L~! NaOH or HCI depending on the commercial solution of
NaOCl used. This solution was cooled to 0 °C and then added at once
toa 0 °Csolution containing 50 mg (0.25 mmol) of (R)-goniothalam-
in [(R)-(4)] and 15.5 mg (0.025 mmol) of (R,R)-N,N'-bis(3,5-di-tert-
butylsalicylidene)-1,2-cyclohexane diaminomanganese(Ill) chlo-
ride in 0.25 mL of CH,Cl,. The two-phase mixture was stirred at
room temperature, and the reaction progress was monitored by
TLC. After 5 h, 20 mL of saturated NaHCOs was added and this mix-
ture was washed once with 20 mL of ether. The organic phase was
separated and aqueous phase was washed twice with ether
(3 x 20 mL). The organic phases were dried with anhydrous MgSO,.
After solvent removal, the residue was purified by chromatography
on silica gel using hexane/ethyl acetate (3:2, v/v) as eluent. The
products 1 and 2 were obtained in 52% yield and 2.3:1 molar ratio,
respectively. The same procedure using (S,S)-N,N'-bis(3,5-di-tert-
butylsalicylidene)-1,2-cyclohexane diaminomanganese(Ill) chlo-
ride furnished 1 and 2 in 49% yield and 6:1 molar ratio.

2.2. Biological activities

2.2.1. Biological assay

Human tumor cell lines UACC-62 (melanoma), MCF-7 (breast),
NCI-H460 (lung, non-small cells), OVCAR-03 (ovarian), PC-3 (pros-
tate), HT-29 (colon), 786-0 (renal) and NCI-ADR/RES (ovarian
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Scheme 1. Synthesis of goniothalamin oxide (1), ent-1, isogoniothalamin oxide (2), and ent-2 from (R)- or (S)-goniothalamin (4). Conditions: (a) see Ref. [16-19]; (b) mCPBA
(70%), CH,Cl,, room temperature, 5 h (61-64%); (c) (R,R)-Jacobsen, CH,Cl,; Na,HPO,4 (0.05 mol/L) and commercial household bleach, pH 11.3 at 0 °C, then room temperature,
5 h (49-52%); (d) (S,S)-Jacobsen, CH,Cl,; NaHPO,4 (0.05 mol/L) and commercial household bleach, pH 11.3 at 0 °C, then room temperature, 5 h (49-52%).
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expressing phenotype multiple drugs resistance) were kindly pro-
vided by Frederick Cancer Research & Development Center — Na-
tional Cancer Institute — Frederick, MA, USA. Stock cultures were
grown in 5 mL of RPMI 1640 (GIBCO BRL, Life Technologies) supple-
mented with 5% of fetal bovine serum. Gentamicine (50 pg/mL) was
added to the experimental cultures. Cells in 96-well plates (100 pL
cells/well) were exposed to various concentrations of epoxides 1,
ent-1, 2 and ent-2 DMSO (0.25, 2.5, 25 and 250 pg/mL) at 37 °C, 5%
of CO,, for 48 h. The final concentration of DMSO did not affect the cell
viability. Then, a 50% of trichloroacetic acid solution was added and
after incubation (30 min at 4 °C), washing and drying, the cell prolif-
eration was determined by spectrophotometric quantification
(540 nm) of cellular protein content using sulforhodamine B assay
[16]. The background absorbencies were subtracted from the appro-
priate control and drug-blank measurements. To assess the effect of
goniothalamin oxide (1) and its isomers (2, ent-1 and ent-2) on cell
growth, three measurements were obtained at time zero (Ty) values
for all cells at the beginning of incubation, and control (C) and test (T)
values at the end of incubation without and with the test substance,
respectively. For T value <Ty (cytostatic effect), the calculation was
100x [(T — To)/C — Ty]. While for T < Ty (cytocidal effect), the calcula-
tion was 100x[(T — To)/To]. The Glsq values (test substance concen-
tration eliciting 50% inhibition of cell growth) and TGI (test
substance concentration eliciting 100% inhibition of cell growth)
were determined by non-linear regression analysis using Origin
software, version 7.5. These results presented here refer to a repre-
sentative experiment since all assays were run in triplicate and the
average standard error was always <5%.

3. Results and discussion
3.1. Chemistry

Goniothalamin oxide (1), isogoniothalamin oxide (2) and their
respective enantiomers (ent-1 and ent-2) were obtained from the
epoxidation of goniothalamin enantiomers, prepared in three steps
from trans-cinnamaldehyde, as previously described (Scheme 1)
[17-20].

Epoxidation of enantiomerically enriched (>95% enantiomeric
excess by chiral gas chromatography) (R)-goniothalamin (4) with
commercially available 70% m-chloroperbenzoic acid (mCPBA) un-
der standard conditions (1.2 equiv., CH,Cl,, rt) provided a 3:2 mo-
lar ratio of goniothalamin oxide (1) and isogoniothalamin oxide (2)
in 64% yield, after separation by column chromatography on silica
gel. The trans configuration of epoxides 1 and 2 was assigned by
the inspection of the coupling constant between H; and Hg (1.8
and 2.4 Hz, respectively). The stereochemistry of each diastereoiso-
mer was established by comparison with literature data [5]. De-
spite the good correlation of the NMR data of the two
diastereoisomers formed in the mCPBA epoxidation of (R)-goni-
thalamin (4) with those described by Sam and coworkers [5], the
optical rotation of isogoniothalamin oxide (2) prepared by us
{[at]lp =+31.3 (c 1.3, CHCl3)} was significantly different from that
described in the above reference [at]p = —106.0 (¢ 1.5, CHCl5)}. Con-
sidering that the specific optical rotation found by us for goniothal-
amin oxide (1) {[¢J% = +113.0 (c 0.8; CHCl5)} nicely matches the
one described in the literature by Sam and coworkers
{([4% = +107.0 (c 0.7; CHCls)}, we consider that a revision of the
specific optical rotation for isogoniothalamin oxide (2) may be in
order. The stereoselective epoxidation of (R)-goniothalamin (4) is
consistent with the reaction taking place at the Si face of the styre-
nic double bond to afford the major goniothalamin epoxide (1).

Accordingly, when enantiomerically enriched (>95% enantio-
meric excess) (S)-goniothalamin (4) was employed under the same
epoxidation conditions, a 3:2 molar mixture of ent-goniothalamin

oxide (ent-1) and ent-isogoniothalamin oxide (ent-2) was formed
{(ent-1: [&)3 = —121.0 (c 0.7, CHCls); ent-2: [o]¥> = —32.0 (c 0.9,
CHCls)}, respectively). It is to be noticed that the absolute value
of the specific optical rotation for ent-2 again differs from that de-
scribed in the literature for isogoniothalamin oxide (2) but is in full
agreement with the one observed in this work.

Marké and coworkers have shown that (R)-(+)-goniothalamin
oxide (1) was prepared in 19:1 diastereoisomeric ratio and 98%
yield when purified and water free mCPBA (4.0 equiv.) was em-
ployed in CH,Cl, at 0°C [14]. Similar results were recently de-
scribed by Bose and coworkers [15]. However, both Marké and
Bose also reported that the use of commercially available 70%
mCPBA in CH,Cl; at reflux provided a 3:2 mixture of (R)-goniothal-
amin oxide (1) and (R)-isogoniothalamin oxide (2), in 69% yield. In
order to secure both enantiomeric forms of goniothalamin oxide
(1) and isogoniothalamin oxide (2) for biological evaluation, we
have initially employed commercially available 70% w/w mCPBA
(1.2 equiv.) in CH,Cl; at rt which in our hands provided a 3:2 mix-
ture of the two diastereoisomers, in 64% overall yield. The diaste-
reoisomeric ratio could be determined by inspection of the 'H-
NMR spectrum of the crude mixture and it was confirmed after iso-
lation of goniothalamin oxide (1) and isogoniothalamin oxide (2)
by chromatographic separation on silica gel.

We have investigated the use of Jacobsen’s catalyst in order to
introduce chiral discrimination by the reagent [21] aiming to pre-
pare the enantiomers of isogoniothalamin oxide as the major epox-
ides. However, when (R R)-Jacobsen’s catalyst was employed in the
epoxidation of (R)-4 only a slight increase in the diastereoisomeric
ratio in favor of goniothalamin oxide (1) was observed (d.r. = 2.3:1,
52% yield). The use of (§,S)-Jacobsen’s catalyst afforded a 6:1 molar
ratio of goniothalamin oxide (1) and isogoniothalamin oxide (2)
which were obtained in a combined 49% yield. Bose and coworkers
[15] have also employed (S,S)-Jacobsen’s catalyst in the epoxidation
of (R)-goniothalamin (4) but under different experimental condi-
tions compared to those described here: either hexafluoroacetone
or acetone were employed in the presence of Oxone® in tetrabutyl-
ammonium sulfate buffered solution and acetonitrile as solvent to
afford (R)-goniothalamin oxide as the major product (98:2 and
95:5 ratio, respectively) in very good yields (90% and 80% yield).

Considering the difference in the experimental conditions em-
ployed by us and those described by Bose and coworkers [15], it
is not easy to rationalize the differences observed in both yield
and diastereoisomeric ratios. In any event, these results indicate
that the use of Jacobsen’s catalysts in the epoxidation of goniothal-
amin is not an efficient route to isogoniothalamin epoxide (2) and
are in accordance with those described by Katsuki and coworkers
for the epoxidation of trans double bonds by optically active (salen)
manganese (III) complexes derived from (S,S)-1,2-diaminocyclo-
hexane where preferencial epoxidation of the Si face of the trans
styrenic double bond (regarding the ipso carbon) was observed al-
beit in low e.e. [22]. In our case, it seems that chiral discrimination
of the diastereotopic faces of the styrenic double bond is enhanced
by the intrinsic Si face preference of the substrate (matched pair).

3.2. Biological activities

Since it is well known that different cell lines display different
sensitivities toward a cytotoxic compound, in the present study
we have used cell lines of various histological origin [MCF-7
(breast), NCI-ADR/RES (ovarian expressing the resistance pheno-
type for adryamycin), NCI-H460 (lung, non-small cells), UACC-62
(melanoma), 786-0 (kidney), OVCAR-03 (ovarian), PC-3 (prostate),
and HT-29 (colon)] for the initial evaluation of the cytotoxicity of
goniothalamin oxide (1), isogoniothalamin oxide (2) and its
respective enantiomers. Cell proliferation was determined by spec-
trophotometric assay using sulforhodamine B as protein-binding
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dye. Epoxides 1, 2, ent-1, and ent-2 were used at 0.25-250 pg/mL
and doxorubicin (DOX) at the same concentration range as positive
control (see Experimental Section for details). Concentration that
elicits 50% and 100% inhibition of cell growth (G50 and TGI, respec-
tively) were determined after 48 h of cell treatment. As shown in
Fig. 2, goniothalamin oxide (1), isogoniothalamin oxide (2) and
its respective enantiomers displayed antiproliferative activity in a
concentration-dependent way against the cancer cell lines tested.
Epoxides 1, 2, and ent-2 at 2.5 pg/mL had only a cytostatic activity
against all cancer cell lines studied (Fig. 2). On the other hand, ent-
1 at the same concentration presented cytotoxic activity against
UACC-62 (melanoma), OVCAR-03 (ovarian), HT-29 (colon), and
786-0 (kidney) cancer cell lines. At concentrations higher than
2.5 pg/mL all epoxides were cytotoxic for all cancer cell lines eval-
uated (Fig. 2). Glsp and TGI values (pg/mL) for 1, 2, ent-1, and ent-2
as well as DOX are summarized in Table 1.
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It is noteworthy that among the four epoxides evaluated, ent-2
was the most potent against the cancer cell lines studied (Table 1).
These results indicate that the 6S absolute configuration is an impor-
tant structural requirement to antiproliferative activity of ent-2. In
fact, ent-2 was 7- and 8-fold more potent than 1 and ent-1 to inhibit
the total growth of melanoma (UACC.62) cancer cells, respectively.
Additionally, ent-2 was 5-fold more potent than 2 in inhibiting the
total growth of melanome (UACC.62) cancer cells. Additionally,
the total growth inhibition (TGI) for kidney cancer cells (786-0) in
the presence of ent-2 was significantly lower (4- to 5-fold) than
when it was exposed to the other diastereoisomers. In breast cancer
cells (MCF-7), the TGI values for 1, ent-1 and 2 were 2- to 4-fold high-
er than the corresponding value determined for ent-2. Ovarian
expressing the resistance phenotype for adryamycin (NCI-ADR/
RES), lung, non-small cells (NCI-H460) and ovarian (OVCAR-03)
cancer cells were more sensitive when treated with ent-2 than 1,
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Fig. 2. Percentage growth of cancer cell for 48 h with different concentrations (0.25, 2.5, 25 and 250 pg/mL) of epoxides 1, ent-1, 2, and ent-2 against cancer cell lines. (A)
goniothalamin oxide (1), (B) epoxide ent-1, (C) isogoniothalamin oxide (2), and (D) epoxide ent-2. The experiments were done in triplicate as described in experimental
section using a panel of NCI human tumoral cells. MCF-7 (breast), NCI-ADR/RES (ovarian expressing the resistance phenotype for adryamycin), NCI-H460 (lung, non-small
cells), UACC-62 (melanoma), 786-0 (kidney), OVCAR-03 (ovarian), PC-3 (prostate), and HT-29 (colon).

Table 1

Comparison of antiproliferative activity, in pg/mL, of epoxides 1, ent-1, 2, ent-2 against cancer cell lines.

Compound UACC-62 MCF-7 NCI-H460 OVCAR-03 PC-3 HT-29 786-0 NCI-ADR/RES
Glsp® TG  Glsp® TGP Glsy® TGI°  Glsp® TGP Glsp* TGP Gls® TGP Gl TGP  Glyp® TGP

1 2.46 4.02 2.25 7.07 1.93 3.87 0.50 2.51 2.55 18.47 0.27 1.74 0.32 2.24 0.41 17.73

ent-1 2.50 4.75 2.50 15.06 2.26 4.59 240 3.74 4.52 25.22 0.41 3.76 0.56 2.56 0.82 11.83

2 0.58 3.16 2.21 7.92 1.04 4.03 0.43 2.38 2.76 16.53 0.63 2.06 0.35 2.39 0.37 6.28

ent-2 0.27 0.57 0.60 3.76 0.64 3.30 0.29 0.94 2.49 7.46 0.26 1.35 0.29 0.55 0.29 7.56

DOX* 0.02 0.19 0.20 2.68 0.02 0.11 0.19 12.91 0.14 0.41 0.25 2.26 0.03 0.25 0.09 5.31

¢ Concentrations that elicit inhibition by 50% of the cell growth (Glso in pg/mL).

P Concentrations that elicit inhibition by 100% of the cell growth (TGI in pg/mL) were determined from non-linear regression analysis using the Origin 7.5 software.

¢ Doxorubicin (DOX) was employed as positive control.
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ent-1 and 2. Prostate (PC-3) cancer cells were inhibited in same
extension when treated with 1, ent-2 and 2. Goniothalamin oxide
(1) and ent-2 were as potent as DOX in inhibiting the growth of colon
(HT-29) cancer cells (Table 1). In addition to this, the Glsq value for
ent-2 was roughly the same of that for DOX against ovarian (OV-
CAR-03) cancer cells while total growth inhibition occurred at signif-
icant lower concentration (0.94 pg/mL) when ent-2 was employed
as compared to doxorubicin (12.9 pug/mL). It is noteworthy that the
most sensible lineages (786-0, UACC-62, HT29) are not hormone
dependent, an information that might prove to be useful in the stud-
ies on the mechanism of action of these compounds.

4. Conclusion

Goniothalamin oxide (1), isogoniothalamin oxide (2) and their
enantiomers were prepared via epoxidation of (R)-and (S)-gonio-
thalamin (4) with mCPBA A 3:2 molar ratio in favor of goniothalamin
oxide (1) and ent-1 was observed from (R)- and (S)-4, respectively,
while an increase to 6:1 molar ratio was achieved when (S,5)-Jacob-
sen’s catalyst was employed. Among all epoxides, ent-2 was the most
active against the eight cancer cell lines studied. These results indi-
cate that 6S, 7R and 8R absolute configurations are beneficial for the
antiproliferative activity of these epoxides.
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