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a b s t r a c t

Ten novel a-santonin derivatives have been synthesized as cytotoxic agents. The in vitro antitumor
activity of these compounds has been evaluated against cancer cells lines. Structure-activity relationships
indicate that a-methylene-g-lactone and endoperoxide functionalities play important roles in conferring
cytotoxicity. The compounds 2e4, possessing the a-methylene-g-lactone group showed IC50 values
between 5.70 and 16.40 mM. Mixture of isomers 5 and 6, with the a-methylene-g-lactone and endo-
peroxide functionalities, displayed the greatest activity, with IC50 values between 1.45 and 4.35 mM. The
biological assays conducted with normal cells revealed that the compounds 2, 5 and 6 are selective
against cancer cells lines tested. Bioactive lactones described herein and in our previous report did not
cause disruption of the cell membrane in mouse erythrocytes.

� 2010 Elsevier Masson SAS. All rights reserved.
1. Introduction

Sesquiterpene lactones (SQLs) are an important class of natural
products found in plants of the Asteraceae family, formed by
condensation of three isoprene units and subsequent enzyme-
mediated cyclizations andoxidative transformationswhichproduce
either cis- or trans-fused lactones [1]. Several natural and synthetic
sesquiterpene lactones have been reported to possess anti-infla-
matory, phytotoxic, antiprotozoal and cytotoxic activities [2e9].

These different activities have been ascribed mainly to the a-
methylene-g-lactone and a,b-unsaturated cyclopentanone func-
tionalities, which are prone to react with suitable nucleophiles, e.g.,
cysteine thiol groups, in a Michael addition reaction [10e16].

Several studies indicate that the mechanism by which SQLs
exert their cytotoxic activities is strongly related to their inhibitory
effect on many thiol-containing enzymes, involved in the synthesis
and processing of proteins, RNA and DNA [17e19]. In addition, SQLs
inhibit the cell growth by inducing apoptosis in many types of cell
lines [20,21]. The DNA-fragmentation and apoptosis activity of
sesquiterpene lactones is mediated by glutathione depletion of the
cells and is related to the binding between a-methylene-g-lactone
groups and thiols [22]. This was also confirmed in a study of
x: þ55 31 3899 3065.
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arteminolides (another group of sesquiterpenes) where structural
changes in the lactone ring changed the activity of these
compounds against various cancer cell lines [23]

Another important structural factor related to the bioactivity of
SQLs is the presence of an endoperoxide bridge, such as that
observed in the structure of artemisinin, well known for its anti-
malarial and phytotoxic activities [24]. Such activities seem to be
related to the generation of reactive oxygen species [25].

In our previous report, we have described the synthesis of a-
santonin derivatives. Some of which possessing the a-methylene-g-
lactone group in their structure, exerted relatively high cytotoxic
activity against cancer cells in vitro [16]. In our ongoing effort to
discover novel cytotoxic compounds [16,26e31], we describe herein
the preparation of new a-santonin derivatives. We also report the
evaluationof thecytotoxiceffectsof these lactonesagainst tumorcells
as well as an evaluation of the cell membrane disruption, whichmay
beonemechanismbywhich bioactive lactones described herein (and
in our previous report) [16] exert their cytotoxic activities.
2. Results and discussion

2.1. Synthesis

The sesquiterpene lactones 2e6, 8 and 11e14 were synthesized
by a series of reactions as shown in Scheme 1. The isolated products
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Scheme 1. (i) hn, AcOH/H2O 1:1 v/v, 25 �C, 21 h, (2)/48%, (3)/36%; (ii, iii, iv, ix) hn, distilled acetaldehyde, 25 �C, 22 h, (11)/45%, (12)/36%, (13)/45%, (14)/52%; (v) hn, anhydrous
acetonitrile, 16 h; (vi) hn, O2, rose bengal, anhydrous acetonitrile, 25 �C, 5 h, (5 and 6)/29%; (vii) LDA, PhSeCl, THF, �78 �C, 3 h, (8)/49%; (viii) H2O2, AcOH, THF, 0 �C, 1 h, (9)/73%.
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were fully characterized by IR spectroscopy, 1H and 13C NMR
spectroscopy, and high resolution mass spectrometry (HRMS).

Irradiation of compound 1, whose synthesis was described in
our previous report, with high pressure mercury lamp (125 W),
using acetic acid/water mixture (1:1 v/v) as solvent in borosilicate
reactor, afforded 11,13-dehydroisofotosantonic acid (2) and natural
product parishin A (3) in 48% and 36% yields, respectively. Parishin
A (3) was first reported from Artemisia tridentata ssp. tridentata f.
parishii (Gray) Beetle [32] subsequently from an unidentified
Eriocephalus species [33] and, more recently, from Irexis chinensis
Nakai (Compositae), known as Siyekucai a perennial plant that
grows in various places in China. This plant is used in the folk
medicine in China for the treatment of bronchitis, pneumonia,
pharyngitis, dysentery, and poisonous indigestion on the basis of its



F.F.P. Arantes et al. / European Journal of Medicinal Chemistry 45 (2010) 6045e6051 6047
antifebrile, antidotal, and analgesic effects [34,35]. Although the
isolation of 10a-hydroxy-3-oxo-1,7aH,6bH-guaia-4,11-dien-6,12-
olide (parishin A) has been reported, to our knowledge, there is no
report describing its synthesis. The spectroscopic data for the
synthesized material were very similar to those of the natural
product parishin A reported previously [34]. The infrared spectrum
of synthesized compound 3 showed a broad band at 3445 cm�1

associated with OeH stretching and two intense bands at 1768 and
1699 cm�1, corresponding to carbonyl stretching of the lactone and
ketone, respectively. The 1H NMR spectrum exhibited two singlets
arising from methyl groups (dH 0.97 ppm and dH 1.92 ppm), two
doublets (dH 5.60 and 6.30 ppm, J ¼ 3.0 Hz) due to the double bond
exocyclic, two double doublets related to the H-atoms alpha to the
ketone carbonyl, along with characteristic signals with appropriate
chemical shifts and coupling constants for the other H-atoms. The
13C NMR spectrum showed a signal (dC 74.66 ppm) corresponding
to the carbon linked to the hydroxyl group alongwith others signals
which helped to confirm the identity of the synthesized natural
product parishin A (3).

The melting point (177.0e178.1 �C) for the synthesized material
was slightly lower than those observed for the natural material
(185.5e186.5 �C), whereas the optical rotation ([a]20D þ72.8�) was
almost equal ([a]20D þ73.2�). According to Chapman and Englert
[36], the formation of the acid 2 involves the participation of the
intermediates 4 and 9. The guaianolide 3, however, is formed by
water nucleophilic attack on the carbon C-10 of compound 1 [37].

Photochemical reaction of compound 1 in a quartz reactor, using
low pressure mercury lamp (4 � 15 W) as source of ultraviolet
radiation and anhydrous acetonitrile as solvent, gave, after 16 h of
reaction, 11,13-dehydromazdasantonin (4) in quantitative yield.

In order to incorporate a suitable endoperoxide bridge at the
desired compound, (4) was submitted to photooxygenation reac-
tion in borosilicate reactor, using high pressure mercury lamp
(250 W), radiating in the visible region, acetonitrile as solvent and
rose bengal as photosensitizer. This reaction afforded a mixture of
isomers (5) and (6) at a ratio of 1:1.4, in 29% yield. The infrared
spectrum of mixture of isomers showed two intense bands at
1741 cm�1 and 1789 cm�1, corresponding to carbonyl stretching of
the ketone and lactone, respectively. Note that the band associated
with stretching of the ketone carbonyl appearedwith wave number
much higher (1741 cm�1) than that observed for the equivalent
band (1661 cm�1) associated with the starting material (4). The 1H
and 13C NMR spectra showed all signals in duplicate. The pair of
doublets observed at dH 4.65 and dH 4.72 in the 1H NMR spectrum
and the six signals around dC 80.00 in the 13C NMR spectrum, along
with other signals, assisted in confirming the formation of the
isomeric mixture (5) and (6).

The compound 11,13-dehydrolumisantonin (9), which showed
relatively high cytotoxic activity against several tumor lines tested,
had been synthesized in our previous report with an overall yield of
5% [16]. We have now developed a newmethod of synthesis of this
compound aiming to improve overall yield. Treatment of lumi-
santonin (7), whose synthesis was described in our previous report,
with lithium diisopropyl amide (LDA), produced in situ, by reaction
between diisopropylamine and butyl lithium, followed by capture
of the organolithium with phenyl selenium chloride produced the
unpublished selenide 8 in 49% yield. Subsequent treatment of the
compound 8 with hydrogen peroxide gave 9 in 30% overall yield.
Due to high overall yield obtained by this method, it becomes more
useful the synthesis of 9 via lumisantonin (7). This newmethodwas
also applied to the compound 10a-acetoxy-3-oxo-1,7aH,6bH-
guaia-4,11-dien-6,12-olide (10), which had been synthesized in our
previous report with an overall yield of 1%. However, the reaction of
formation of the intermediate selenide failed denying access to the
next intermediate.
Compounds 1, 2, 3 and 9 were submitted to reactions of acet-
aldehyde photoaddition to the group a-methylene-g-lactone,
producing the compounds 11, 12, 13 and 14 in 45%, 36%, 45% and
52% yield, respectively. This reaction is the first step of the synthetic
route of oxetane lactones [38]. Oxetane ring containing compounds
have been reported to display a wide range of biological activities
and this structural feature is regarded to be essential for their
bioactivity [39]. Thus, the synthesis and further evaluation of the
cytotoxicity of oxetane lactones would allow us to assess how the
replacement of a-methylene-g-lactone group by ring oxetane
would affect the cytotoxic activity of sesquiterpene lactones.
However, due to the structural complexity of the lactones 1, 2, 3 and
9, it was not possible to obtain their corresponding oxetane.

The infrared spectra of compounds 11e14 showed a strong
absorption around 1717 cm�1 due to C]O stretching of the acetyl
group added. 1H NMR spectra of these compounds exhibited singlet
around dH 2.20, arising from methyl of the acetyl group and two
double doublets (around dH 2.60 and dH 3.00 ppm) related to
methylene group alpha to the ketone carbonyl of the acetyl group.
The presence of these signals along other signals assisted in con-
firming the formation of the compounds 11e14. The a-orientation
of the aliphatic chain in C-11 was assigned from the value of J7,11
(12.0 Hz) similar to those found for others eudesmanolides and
guaianolides with H-11b [40,41]. The proposed stereochemistry
was confirmed by NOEDIFF experiment analysis, where it was
detected NOE between the irradiated hydrogen H6-b and the
hydrogen H11.

2.2. Cytotoxicity assay

The cytotoxicity of the sesquiterpene lactones (2e6; 8 and
11e14) was assessed against four tumor cell lines, HL-60
(leukemia), SF-295 (central nervous system), HCT-8 (colon) and
MDA-MB-435 (melanoma), using a previously described MTT assay
[21]. Doxorubicin was used as positive control in this experiment.
The IC50 values of these compounds are summarized in Table 1.
Compounds 2 and 3, possessing the a-methylene-g-lactone group,
showed high cytotoxicity against HL-60, SF-295 and HCT-8 tumor
cells lines, with IC50 values in the range of 5.70e16.40 mM. Inter-
estingly, these compounds did not exhibit potency against MDA-
MB-435 tumor cell line (IC50 > 100 mM). In the study of Zhang et al.
[35], the natural product parishin A (3), isolated from I. chinensis,
showed moderate cytotoxic potency against WI-38 (fibroblasts),
VA-13 (lung) and HepG2 (human hepatoma) human cancer cell
lines, with IC50 of 24.0, 22.0, and 23.0 mM, respectively.

Compound 4, which also shows the a-methylene-g-lactone
group in its structure, was moderately potent against HL-60 and
MDA-MB-435 tumor cells lines, with IC50 of 11.90 and 8.60 mM,
respectively, however, it was inactive against other tumor cells
tested (IC50 > 100 mM).

Addition of an endoperoxide bridge at compound 4, giving the
mixture of isomers 5 and 6, significantly increased the potency
against tumor cells lines tested, with IC50 values of 1.45 mM (HL-60),
2.54 mM (SF-295), 4.35 mM (HCT-8) and 3.26 mM (MDA-MB-435).
Judging by the potency of the compound 4, the endoperoxide group
is an important structural feature for engendering good activity of
isomeric mixture of 5 and 6. Compound 8 showed IC50 of 8.73 mM
against HL-60 tumor cell line but was unable to significantly inhibit
other cells line growths (IC50 > 100 mM).

The cytotoxicity of the compounds 2 and 3 and isomeric mixture
5 and 6 were also evaluated against normal cells (PBMC). The
compound 2 was less toxic for PBMC, except for MDA-MB-435
cancer cell; these data show that the tumor cells were more
sensitive than the normal cells. However compound 3 showed
similar levels of cytotoxicity towards both tumor and normal cell



Table 1
Cytotoxic activity (IC50 [mM]) of lactones derivatives of a-santonin.

Cell lines Lactones

2 3 4 5 and 6 8 11 12 13 14 Doxorubicin

Tumor cells
HL-60 8.70

6.87e11.07
5.70
4.56e6.84

11.90
8.62e16.41

1.45
1.45e1.81

8.73
6.98e10.97

>100 >100 >100 >100 0.04
0.02e0.04

SF-295 16.40
14.49e18.69

10.30
9.16e11.45

>100 2.54
1.81e2.90

>100 >100 >100 >100 >100 0.48
0.40e0.52

HCT-8 12.20
10.68e14.11

8.30
6.41e10.94

>100 4.35
1.45e12.33

>100 >100 >100 >100 >100 0.02
0.02e0.04

MDA-MB-35 >100 >100 8.60
7.48e10.10

3.26
2.90e3.98

>100 >100 >100 >100 >100 0.96
0.68e1.32

Normal cells PBMC 30.50
21.76e48.47

8.30
5.73e11.83

Nd 36.05
25.53e50.9

Nd Nd Nd Nd Nd 1.66
0.88e2.84

Doxorubicin was used as positive control.
Data are presented as IC50 values and 95% confidence interval from two independent experiments, performed two times. Nd: not determined.
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lines. The mixture of isomers 5 and 6 was selective against all
cancer cells tested (Table 1).

Addition of the acetyl group at the a-methylene-g-lactone
group of 1, 2, 3, 4 giving 11, 12, 13 and 14, respectively, resulted in
decreased potency, which hinted at the importance of the a-
methylene-g-lactone functionality.
2.3. Hemolytic activity

In order to verify whether the observed cytotoxic activity is
related to membrane disruption, compounds 1, 9 and 10, described
in our previous report, and 2e6 described herein were tested for
their ability to induce lysis of mouse erythrocytes. The erythrocyte
membrane is a dynamic structure that can dictate significant
changes in its interaction with drugs [42]. The results revealed that
these compounds did not show any hemolytic activity, suggesting
that cytotoxic activity was not related to the lytic properties or
membrane instability.
3. Conclusion

In conclusion, we described the first synthesis of the natural
product parishin A and also preparation of another nine new
a-santonin derivatives. The cytotoxicity of all synthesized
compounds was evaluated against four tumor cell lines, HL-60, SF-
295, HCT-8 and MDA-MB-435. Mechanisms by which bioactive
lactones described herein, and in our previous report, exert their
cytotoxic activities were also examined. Some of these derivatives
(2e6) showed relatively high cytotoxicity against the tumor cells
with IC50 values varied from 1.45 to 16.40 mM, although they are
less potent than control reference. Sesquiterpene lactones evalu-
ated in this study did not cause disruption of the cell membrane in
mouse erythrocytes. Compound 2 is selective against cancer cells
tested, except against MDA-MB-435, and demonstrate lower cyto-
toxic potency against normal cells represented by PBMC. Data
suggest that PBMC are more sensitive to compound 3 than cancer
cells. Mixture of isomers 5 and 6 is selective against all cancer cells
tested (Table 1).

From the structure-activity relationships inferred, we may
conclude that a-methylene-g-lactone functionality and endoper-
oxide unit play important roles for conferring cytotoxic activity to
these sesquiterpene lactones. On the basis of the above results, the
synthesis of other derivatives with good activity as well as more
detailed studies of the mechanisms by which the most active
compounds presented here exert their biological activities are
ongoing in our laboratories.
4. Material and methods

4.1. Synthesis

Solvents were purified as described by Perrin and Armarego
[43]. Commercial a-santonin was purchased from Aldrich (Mil-
waukee, WI, USA) and utilized without further purification.
Infrared spectra were recorded on a Perkin Elmer Paragon 1000
FTIR spectrophotometer, using potassium bromide (1% w/w) disk
scanning from 500 to 4000 cm�1. Flash column chromatography
was performed using Crosfield Sorbil C60 silica gel (32e63 mm).
Analytical thin layer chromatography analyses were conducted on
precoated silica gel plates. Melting points were determined on an
electrothermal digital apparatus model MQAPF-301 (Micro-
quimica, Brazil), without correction. The 1H and 13C NMR spectra
were recorded on VARIAN MERCURY 300 at 300 and 75 MHz,
respectively, using CDCl3 as solvent and TMS as internal standard.
Low resolution mass spectra were obtained on SHIMADZU GCMS-
QP5050A instrument by direct injection using the following
temperature program: 40 �C/min until temperature reaches 60 �C;
then 80 �C/min until temperature reaches 300 �C; detector temp:
280 �C. Values are reported as a ratio of mass to charge (m/z) in
Daltons and relative intensities are quoted as a percentage value.
HRMS data were recorded under different conditions of ionization
on a Fisons Autospec-oaTof (resolution ¼ 10.000 FWHM): chemical
ionization in CIþ mode (compounds 2, 8, 11e14); chemical ioniza-
tion in CI� mode (compound 3); electron impact (EIþ) (compounds
5, 6, 9) and electrospray (ESIþ) (compound 4). Optical rotation, [a]D,
was measured using a (B þ S) Bellingham þ Stanley Ltd. manual
polarimeter.

4.1.1. Synthesis of 11,13-dehydroisofotosantonic acid (2) and 10a-
hydroxy-3-oxo-1,7aH,6bH-guaia-4,11-dien-6,12-olide (3)

A solution of compound 1 (500 mg, 2.05 mmol) in a mixture of
water (80mL) and acetic acid (80mL) in a pyrex vesselwas degassed
by a flow of nitrogen for 30 min. The reaction mixture was then
irradiated with a high pressure mercury lamp (125W) for 21 h. The
solvent was evaporated under reduced pressure (60 �C) to give
a yellow oil which was purified by flash column chromatography
(hexane-ethyl acetate 1:2 v/v) yielding 2 as a white solid (0.258 g,
0.98 mmol) in 48% yield and compound 3, also as a white solid
(0.191 g, 0.73 mmol) in 36% yield. Data for (2): mp 155.0e156.2 �C;
[a]20D�21.1� (c 0.38, CH2Cl2); IR (KBr): nmax 2600e3400, 2987, 2925,
2867, 1772, 1703, 1247, 1005 cm�1; 1H NMR (300 MHz, CDCl3):
d 1.36e1.52 (dddd,1H, J7a,8az J7a,6z J7a,7e¼ 12.6 Hz, J7a,8e ¼ 3.9 Hz,
H7a), 1.63 (s, 3H, H14), 1.77 (s, 3H, H15), 1.85e2.00 (m, 1H, H8a),
2.15e2.30 (dddd, 1H, J7e,7a ¼ 12.6 Hz, J7e,8a ¼ 4.8 Hz, J7e,6 ¼ 3.3 Hz,
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J7e,8e ¼ 2.4 Hz, H7e), 2.60e2.75 (m, 1H, H6), 2.80e2.90 (ddd, 1H,
J8e,8a ¼ 14.1 Hz, J8e,7a ¼ 3.9 Hz, J8e,7e ¼ 2.4 Hz, H8e), 2.93e3.01
(ddd,1H, J2,20 ¼17.4Hz, J2,3¼6.6Hz, J2,5¼1.8Hz,H2), 2.94e3.10 (ddd,
1H, J20 ,2 ¼ 17.4 Hz, J20 ,3 ¼ 7.8 Hz, J20 ,5 ¼ 1.2 Hz, H20), 4.10 (dddd, 1H,
J5,2¼1.8 Hz, J5,20 ¼1.2 Hz, J5,3¼1.8 Hz, J5,6¼ 11.2 Hz, H5), 5.40 (d,1H,
J13,130 ¼ 3.3 Hz, H13), 5.71 (ddd, 1H, J3,2 ¼ 7.8 Hz, J3,20 ¼ 6.6 Hz,
J3,5¼1.8 Hz, H3), 6.10 (d,1H, J130 ,13¼ 3.3Hz, H130); 13C NMR (75MHz,
CDCl3): d 20.25 (C15), 22.43 (C14), 25.94 (C7), 30.21 (C8), 33.97 (C2),
51.68 (C6), 83.49 (C5), 111.14 (C3), 117.94 (C13), 127.37 (C9), 131.74
(C10), 139.72 (C11), 140.35 (C4), 170.36 (C12), 177.63 (C1); MS, m/z
(%): 262 (18) [Mþ], 244 (15), 229 (5), 216 (46), 202 (92),189 (59),173
(46),159 (13),145 (29),131 (31),117 (22),105 (42), 91 (72), 77 (49), 65
(32); 53 (100); HRMS (CIþ) C15H18NaO4 (MNaþ) requires 285.1097,
found 285.1098.

Data for (3): mp 177.0e178.1 �C; [a]20D þ72.8� (c 1.07, MeOH);
[a]20D þ62.5� (c 0.40, CH2Cl2); IR (KBr): nmax 3445, 3062, 2970,
2930, 2863, 1768, 1699, 1641, 1257, 1142, 1115, 959 cm�1; 1H NMR
(300 MHz, CDCl3): d 0.97 (s, 3H, H14), 1.40e1.60 (dddd, 1H,
J80 ,7z J80 ,8z J80 ,9¼ 11.1 Hz, J80 ,90 ¼ 3.6 Hz, H80), 1.80e1.91 (m, 2H, H90

and OH), 1.92 (s, 3H, H15), 2.08 (dt, 1H, J9,90 ¼ 13.5 Hz,
J9,80 ¼ J9,8 ¼ 3.6 Hz, H9), 2.20e2.35 (m, 1H, H8), 2.54 (dd, 1H,
J20 ,2 ¼ 20.1 Hz, J20 ,1 ¼ 5.4 Hz, H20), 2.60 (dd, 1H, J2,20 ¼ 20.1 Hz,
J2,1 ¼ 3.6 Hz, H2), 3.00 (td, 1H, J7,80 ¼ J7,6 ¼ 11.1 Hz, J7,8 ¼ 1.5 Hz, H7),
3.20e3.30 (m, 1H, H1), 4.80 (d, 1H, J6,7 ¼ 11.1 Hz, H6), 5.60 (d, 1H,
J13,130 ¼ 3.0 Hz, H13), 6.30 (d, 1H, J130 ,13 ¼ 3.0 Hz, H13

0
); 13C NMR

(75 MHz, CDCl3): d 9.73 (C15), 21.52 (C14), 25.21 (C8), 37.47 (C2),
44.78 (C7), 45.08 (C9), 50.76 (C1), 74.66 (C10), 82.14 (C6), 121.03
(C13), 137.93 (C4), 143.12 (C11), 161.22 (C5), 169.18 (C12), 207.94
(C3); MS, m/z (%): 262 (100) [Mþ.], 244 (31), 229 (10), 219 (49), 204
(47),191 (66),174 (60), 173 (60),159 (46), 145 (61), 131 (51), 117 (47),
110 (36), 91 (73), 77 (52), 67 (64), 53 (99); HRMS (CI�) C15H17O4
(M � H)� requires 261.1132, found 261.1135.

4.1.2. Photochemical synthesis of 11,13-dehydromazdasantonin (4)
A solution of 1 (500 mg, 2.00 mmol) in anhydrous acetonitrile

(250 mL) in a quartz tube was degassed by a flow of nitrogen for
30 min. The reaction mixture was then irradiated under four low
pressure mercury lamps (4 � 15 W) for 16 h. The solvent was
evaporated under reduced pressure (40 �C) to give a yellow oil
(500 mg, 2.00 mmol) in 100% yield. [a]20D þ80.0� (c 0.30, CH2Cl2);
IR (KBr): nmax 2971, 2934, 2875, 1782, 1661, 1626, 1027,
981,713 cm�1;. 1H NMR (300 MHz, CDCl3): d 1.26 (s, 6H, H14 and
H15), 1.68e1.82 (m, 1H, H8e), 2.30e2.40 (dddd, 1H,
J8a,8e y J8a,9a y J8a,9e y J6,7 ¼ 10.8, J8a,7 ¼ 3.3, H8a), 2.53e2.61 (m,
2H, H9a, H9e), 2.68e2.70 (ddd, 1H, J7,8e ¼ 12.3, J7,6 ¼ 10.8, J7,8a ¼ 3.3,
H7), 4.50 (d, 1H, J6,7 ¼ 10.8; H6), 5.50 (d, 1H, J13,130 ¼ 3.0, H13), 6.08
(d, 1H, J3,4 ¼ 9.9, H3), 6.18 (d, 1H, J130 ,13 ¼ 3.0, H130), 7.22 (d, 1H,
J4,3 ¼ 9.9, H4); 13C NMR (75 MHz, CDCl3): d 21.18 (C8), 24.88 (C14),
25.43 (C15), 25.94 (C9), 46.17 (C7), 50.28 (C1), 79.64 (C6), 118.84
(C13), 123.68 (C3), 125.72 (C5), 138.12 (C4), 138.88 (C11), 152.28
(C10), 170.57 (C12), 205.77 (C2); MS, m/z (%): 244 (99) [Mþ.]: 229
(36), 215 (42), 201 (76), 187 (42), 145 (32), 131 (17), 115 (29), 91 (71),
77 (52), 65 (52), 53 (95), 39 (100); HRMS (ESIþ) C15H17O3 (MHþ)
requires 245.1178, found 245.1172.

4.1.3. Synthesis of mixture of isomers (5) and (6)
A solution of compound 4 (450 mg, 1.84 mmol) in a mixture of

anhydrous acetonitrile (250 mL) and rose bengal (15 mg) in a pyrex
vessel was bubbled by a flow of oxygen for 30 min. The reaction
mixture was then irradiated with a high pressure mercury lamp
(250 W) for 5 h. The solvent was evaporated under reduced pres-
sure (60 �C) to give a yellow oil which was purified by flash column
chromatography (hexane-ethyl acetate 3:2 v/v) yielding the
mixture of isomers 5 and 6 as a white solid (150 mg, 0.54 mmol) at
a ratio of 1:1.4, in 29% yield. Mp 160.1e163.5 �C; [a]20D �11.5� (c
0.80, CH2Cl2); IR (KBr): nmax 3062, 2973, 2939, 2878, 1784, 1741,
1673, 1469, 1385, 1251, 1129, 1044, 977 cm�1; 1H NMR (300 MHz,
CDCl3): d 1.12 (s, 3H, H15), 1.16 (s, 3H, H150), 1.29 (s, 3H, H14), 1.32 (s,
3H, H140), 1.75e2.41 (m, 8H, H8a, H8e, H8a0, H8e0, H9a, H9e, H9a0,
H9e0), 2.63e2.75 (m, 1H. H70), 2.96e3.09 (m, 1H. H7), 4.49 (dd, 1H,
J6,7 ¼ 12.0, J6,4 ¼ 2.1, H6), 4.64 (dd, 1H, J60 ,70 ¼ 12.6, J60 ,40 ¼ 2.7, H60),
4.65 (d, 1H, J3,4 ¼ 6.6; H3), 4.72 (d, 1H, J30 ,40 ¼ 6.6, H30), 5.52 (d, 1H,
J13,130 ¼ 3.0, H13), 5.54 (d, 1H, J1300 ,13000 ¼ 3.0, H1300), 6.21 (d, 1H,
J130 ,13 ¼ 3.0, H130), 6.24 (d, 1H, J13000 ,1300 ¼ 3.0, H13000), 6.57 (dd, 1H,
J4,3 ¼ 6.6, J4,6 ¼ 2.1, H4), 6.68 (dd, 1H, J40 ,30 ¼ 6.6, J40 ,60 ¼ 2.7, H40); 13C
NMR (75 MHz, CDCl3): d 19.45e46.37 (C15, C14, C7, C8, C9, C1, C150,
C140, C70, C80, C90, C10), 77.26e86.59 (C3, C6, C10, C30, C60, C100),
115.55e149.72 (C4, C5, C11, C13, C40, C50, C110, C130), 169.48 (C120),
169.52 (C12), 204.67 (C20), 204.84 (C2); MS,m/z (%): 276 (0.3) [Mþ.],
247 (1), 244 (1), 233 (6), 178 (6), 149 (13), 133 (4), 121 (10), 95 (10),
91 (16), 70 (100), 53 (38); HRMS (EIþ) C15H16O5 (Mþ) requires
276.0998, found 276.0973.

4.1.4. Synthesis of phenylselenyl-lumisantonin (8)
To a mixture of anhydrous diisopropylamine (1.60 mL,

11.00 mmol) and anhydrous THF (8.00 mL) in a two necked round
bottomed flask under nitrogen atmosphere at �78 �C, was added
n-BuLi (8.80 mL, 10.32 mmol). The mixture was stirred for 30 min
and lumisantonin (2.50 g, 12.2 mmol) in anhydrous THF (30 mL)
was added. Phenyl selenium chloride (2.15 g, 11.00 mmol) in
anhydrous THF (20 mL) was added to the reaction mixture after
30 min and stirred for a further 20 min at �78 �C. Distilled water
(30 mL) was added to the mixture at 25 �C; the resulting mixture
was transferred to a separatory funnel, and extracted with DCM
(3 � 30 mL). The combined organic layers was washed with brine
(30 mL), dried with anhydrous magnesium sulphate, filtered, and
concentrated under reduced pressure. The residue was purified by
flash column chromatography eluted with hexane/ethyl acetate
(3:2 v/v), yielding compound (8) as a white solid (1.94 g,
4.82 mmol) in 49% yield. Mp 198.9e199.7 �C; [a]20D þ15.5� (c 0.84,
CH2Cl2); IR (KBr): nmax 3068, 2952, 2875, 1770, 1701, 1570, 1475,
1440,1031, 999, 752, 693 cm�1; 1H NMR (300MHz, CDCl3): d 1.12 (s,
3H, H14), 1.25 (s, 3H, H13), 1.59 (s, 3H, H15), 1.40e1.55 (m, 1H, H9e),
1.80e2.00 (m, 4H, H7, H8e, H8a, H9a), 4.3 (d, 1H, J6,7 ¼ 10.8, H6),
6.00 (d, 1H, J3,4 ¼ 5.7, H3), 7.30 (t, 1H, J30 ,40 y J30 ,20 ¼ 8.1, H30e H50),
7.40 (tt, 2H, J40 ,30 ¼ 8.1, J40 ,20 ¼ 1.5, H40), 7.60 (d,1H, J4,3 ¼ 5.7, H4), 7.62
(dd, 2H, J20 ,40 ¼ 1.5, J20 ,30 ¼ 8.1, H20e H60); 13C NMR (75 MHz, CDCl3):
d 7.75 (C13), 17.28 (C14), 20.59 (C9), 22.83 (C15), 29.96 (C8), 40.58
(C5), 43.06 (C1), 49.44 (C10), 50.21 (C11), 53.45 (C7), 75.73 (C6),
124.19 (C10), 129.45 (C30e C50), 130.16 (C40), 131.72 (C3), 138.43 (C20e
C60), 157.86 (C4), 176.38 (C12), 206.80 (C2); MS, m/z (%): 402 (9)
[Mþ.], 244 (93), 216 (100), 201 (17), 188 (34), 173 (18), 157(18), 105
(30), 91 (46), 77 (49), 65 (23), 55 (44), 41 (53). HRMS (CIþ)
C21H22NaO3Se (MNaþ) requires 425.0627, found 425.0622.

4.1.5. Synthesis of 11,13-dehydrolumisantonin (9)
To a solution of compound 8 (0.450 g, 1.13 mmol) in anhydrous

THF (6 mL), and acetic acid (0.20 mL) in a two necked round
bottomed flask at 0 �Cwas added hydrogen peroxide 30% (0.80mL).
The mixture was stirred for 1 h at 0 �C, and the reaction was
quenched with aqueous sodium bicarbonate (2 mol L�1, 10 mL). The
mixture was transferred into a separatory funnel, and extracted
with diethyl ether (3 � 30 mL). The combined organic layers was
washed with brine (30 mL), dried with anhydrous magnesium
sulphate, filtered, and concentrated under reduced pressure. The
residue was purified by flash column chromatography eluted with
hexane/ethyl acetate (2:1 v/v) to afford compound 9 as a yellow
solid (0.200 g. 0.82 mmol) in 73% yield. Mp¼ 153.1e154.2 �C; [a]20D
�91.3� (c 1.22, CH2Cl2); IR (KBr): nmax 2929, 2876, 1776, 1698, 1568,
1381, 1258, 1134, 1039, 1073, 976, 838, 689 cm�1; 1H NMR
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(300 MHz, CDCl3): d 1.17 (s, 3H, H14), 1.25 (s, 3H, H15), 1.30e1.40
(dddd, 1H, J8a,8e y J8a,9a y J8a,7 y J6,7 ¼ 11.2, J8a,9e ¼ 2.6, H8a),
1.88e2.00 (m, 2H, H9a, H9e), 2.14e2.21 (m,1H, H8e), 2.56e2.65 (m,
1H, H7), 3.82 (d, 1H, J6,7 ¼ 11.2, H6), 5.50 (d, 1H, J13,130 ¼ 3.1, H13),
6.06 (d, 1H, J3,4 ¼ 5.8, H3), 6.19 (d, 1H, J130 ,13 ¼ 3.1, H130), 7.65 (d, 1H,
J4,3 ¼ 5.8, H4); 13C NMR (75 MHz, CDCl3): d 7.50 (C15), 16.92 (C14),
20.99 (C8), 28.62 (C9), 40.48 (C5), 43.23 (C1), 45.49 (C7), 50.13
(C10), 77.55 (C6), 119.24 (C13), 131.49 (C3), 138.36 (C11), 157.10 (C4),
170.00 (C12), 206.40 (C2); MS,m/z (%): 244 (30) [Mþ.], 229 (11), 215
(10), 201 (15), 173 (19), 145 (17), 105 (20), 84 (100), 77(32), 53 (72),
51 (98). HRMS (EIþ) C15H16O3 (Mþ) requires 244.1099, found
244.1093.

4.1.6. Typical procedure for the synthesis of compounds 11e14
To a pyrex vessel, equipped with a solution of Ni (II) and Co (II)

as a filter, were added the startingmaterial (1e3, 9; 0.35 mmol) and
45 mL of distilled acetaldehyde. The reaction mixture was degassed
by a flow of nitrogen for 30 min and then irradiated with a high
pressure mercury lamp (125 W) for 22 h. The filter solution was
prepared by mixing NiSO4.6H2O (46 g) and CoSO4.7H2O (14 g) and
100 mL of water. At the end of the reaction, the mixture was
concentrated under reduced pressure with the addition of small
amounts of cyclohexane. The reactionmixturewas purified by flash
column chromatography eluted with an appropriated mixture of
solvents.

4.1.6.1. 3-Oxo-7aH,6,11bH-13-acetyl-eudesma-1,4-dien-6,12-olide
(11). White solid; Yield: 45%; mp 165.3e166.2 �C; [a]20D þ55.5�

(c 0.18, CH2Cl2); IR (KBr): nmax 3002, 2931, 2872, 1781, 1717, 1663,
1635,1613, 1458, 1372, 1152, 1036 cm�1; 1H NMR (300MHz, CDCl3):
d 1.32 (s, 3H, H16), 1.38e1.50 (m, 1H, H8a), 1.70e2.00 (m, 4H, H7,
H8e, H9e, H9a), 2.12 (s, 3H, H17), 2.22 (s, 3H, H15), 2.60 (dd, 1H,
J13,130 ¼ 18.3, J13,11 ¼ 7.5, H13), 2.90 (ddd, 1H, J11,7 ¼ 12.0, J11,13 ¼ 7.5,
J11,130 ¼ 3.9, H11), 3.10 (dd, 1H, J130 ,13 ¼ 18.3, J130 ,11 ¼ 3.9, H130), 4.8 (d,
1H, J6,7 ¼ 11.1, H6), 6.20 (d, 1H, J2.1 ¼ 9.6, H2), 6.60 (d, 1H, J1,2 ¼ 9.6,
H1); 13C NMR (75 MHz, CDCl3): d 11.12 (C17), 23.78 (C9), 25.29
(C16), 30.37 (C15), 38.05 (C8), 41.49 (C10), 41.51 (C11), 42.19 (C13),
52.43 (C7), 81.88 (C6), 126.12 (C2), 129.10 (C4), 150.93 (C5), 155.17
(C1), 176.75 (C12), 186.53 (C3), 205.40 (C14); MS,m/z (%): 288 (0.01)
[Mþ.], 245 (0.13), 230 (9), 187 (6), 173 (8), 135 (29), 91 (18), 77 (13),
65 (10), 55 (17), 53 (9), 43 (100), 41 (16); HRMS (CIþ) C17H20NaO4
(MNaþ) requires 311.1254, found 311.1256.

4.1.6.2. 13-Acetylisophotosantonic acid (12). Yellow oil; Yield: 36%;
[a]20D þ33.2� (c 0.18, CH2Cl2); IR (KBr): nmax 2600e3400, 2923,
2857, 1778, 1716, 1160, 1007 cm�1; 1H NMR (300 MHz, CDCl3):
d 1.36e1.52 (dddd, 1H, J7a,8a y J7a,6 y J7a,7e ¼ 12.6, J7a,8e ¼ 3.9, H7a),
1.63 (s, 3H, H16), 1.77 (s, 3H, H17), 1.80e2.00 (m, 3H, H6, H7e, H8a),
2.22 (s, 3H, H15), 2.00 (dd, 1H, J13,130 ¼ 18.3, J13,11 ¼ 7.2, H13), 2.80
(ddd, 1H, J8e,8a ¼ 13.2, J8e,7a ¼ 3.9, J8e,7e ¼ 1.8, H8e), 2.89e3.01 (m,
3H, H2, H20, H11), 3.02e3.10 (dd, 1H, J130 ,13 ¼ 18.3, J130 ,11 ¼4.5, H130),
4.20 (m, 1H, H5), 5.60 (dt, 1H, J3,2 y J3,20 ¼ 7.1, J3,5 ¼ 1.8, H3); 13C
NMR (75 MHz, CDCl3): d 20.17 (C17), 22.36 (C16), 28.10 (C7), 30.43
(C15), 30.56 (C8), 33.91 (C2), 42.37 (C13), 42.77 (C11), 53.30 (C6),
83.81 (C5), 110.85 (C3), 127.52 (C9), 131.29 (C10), 140.16 (C4), 177.64
(C1, C12), 205.74 (C14); MS,m/z (%): 306 (11) [Mþ.], 288 (8), 263 (5),
248 (63), 230 (67), 212 (25), 191 (54), 175 (40), 163 (28), 145 (42),
131 (59), 119 (26), 105 (41), 91 (71), 77 (41), 55 (100); HRMS (CIþ)
C17H22NaO5 (MNaþ) requires 329.1359, found 329.1362.

4.1.6.3. 10a-Hydroxy-3-oxo-1,7aH,6,11bH-13-acetyl-guaia-4-en-
6,12-olide (13). Yellow oil; Yield: 45%; [a]20D þ18.2� (c 0.44,
CH2Cl2); IR (KBr): nmax 3441, 3062, 2923, 2853, 1769, 1697, 1643,
1454, 1165, 989 cm�1; 1H NMR (300 MHz, CDCl3): d 0.94 (s, 3H,
H16), 1.35e1.60 (m, 1H, H80), 1.65e1.80 (m, 2H, H90,OH); 1.89 (s, 3H,
H17), 1.93e2.10 (m, 2H, H8, H9), 2.24 (s, 3H, H15), 2.31e2.43 (dddd,
1H, J7,11 y J7,80 y J7,6 ¼ 11.1, J7,8 ¼ 1.2. H7), 2.46e2.54 (dd, 1H,
J20 ,2 ¼ 19.5, J20 ,1 ¼ 5.4, H20), 2.46e2.64 (dd, 1H, J2,20 ¼ 19.5, J2,1 ¼ 2.7,
H2), 2.70 (dd, 1H, J13,130 ¼ 18.0, J13,11 ¼ 5.4, H13); 2.80 (ddd, 1H,
J11,7 ¼ 12.0, J11,13 ¼ 5.4, J11,130 ¼ 4.5, H11), 3.00 (dd, 1H, J130 ,13 ¼ 18.0,
J130 ,11 ¼ 4.5, H130), 3.20 (m, 1H, H1), 4.85 (d, 1H, J6,7 ¼ 11.1, H6); 13C
NMR (75 MHz, CDCl3): d 9.69 (C17), 21.49 (C16), 26.05 (C8), 30.50
(C15), 37.36 (C2), 41.21 (C13), 45.41 (C11), 46.57 (C9), 50.65 (C7),
53.66 (C1), 74.60 (C10), 82.03 (C6), 143.38 (C4), 161.29 (C5), 176.32
(C12), 205.34 (C14), 207.99 (C3); MS,m/z (%): 306 (6) [Mþ.], 288 (2),
270 (3), 245 (5), 217 (3), 203 (4), 191 (6), 175 (4), 149 (8), 133 (10),
105 (7), 91 (8), 77 (6), 55 (9), 43 (100); HRMS (CIþ) C17H22NaO5
(MNaþ) requires 329.1359, found 329.1362.

4.1.6.4. 13-Acetyllumisantonin (14). White solid; Yield: 52%; mp
170.1e171.4 �C; [a]20D þ36.3� (c 0.22, CH2Cl2); IR (KBr): nmax 3070,
2931, 2872, 1782, 1717, 1700, 1570, 1159, 1000; 1H NMR (300 MHz,
CDCl3): d 1.11 (s, 3H, H16), 1.24 (s, 3H, H17); 1.25e1.35 (m, 1H, H8a),
1.70e2.00 (m, 4H, H7, H8e, H9e, H9a), 2.22 (s, 3H, H15), 2.60 (dd,
1H, J13,130 ¼ 18.3, J13,11 ¼ 7.2; H13), 2.80 (ddd, 1H, J11,7 ¼ 12.3,
J11,13 ¼ 7.2, J11,130 ¼ 3.9, H11), 3.04 (dd, 1H, J130 ,13 ¼ 18.3, J130 ,11 ¼ 3.9,
H130), 3.86 (d, 1H, J6,7 ¼ 10.8, H6), 6.00 (d, 1H, J3,4 ¼ 5.7, H3), 7.60
(d, 1H, J4,3 ¼ 5.7, H4); 13C NMR (75 MHz, CDCl3): d 7.65 (C17), 17.38
(C16), 23.14 (C8), 29.78 (C9), 30.38 (C15), 40.67 (C5), 41.93 (C11),
42.04 (C13), 42.90 (C1), 47.88 (C7), 50.20 (C10), 78.27 (C6), 131.68
(C3), 157.74 (C4), 177.64 (C12), 205.38 (C14), 206.76 (C2); MS, m/z
(%): 288 (0.6) [Mþ.], 270 (10), 245 (3), 227 (10), 191 (59), 173 (48),
157 (15), 145 (50), 131 (18), 117 (12), 107 (100), 91 (47), 77 (23), 55
(45); HRMS (CIþ) C17H20NaO4 (MNaþ) requires 311.1254, found
311.1255.

4.2. MTT assay

The cytotoxicity of the synthesized compounds was evaluated
against HL-60 (leukemia), SF-295 (central nervous system), HCT-8
(colon), and MDA-MB-435 (melanoma) human cancer cell lines, all
obtained from the National Cancer Institute, Bethesda, MD, USA.
The cells were grown in RPMI-1640 medium supplemented with
10% fetal bovine serum, 2 mM glutamine, 100 mg/mL streptomycin
and 100 U/mL penicillin, and incubated at 37 �C with a 5% CO2
atmosphere.

The tumor cell growth was quantified by the ability of living
cells to reduce the yellow dye 3-(4,5-dimethyl-2-thiazolyl)-2,5-
diphenyl-2H-tetrazolium bromide (MTT) to a purple formazan
product [44]. For all experiments, the cells were seeded in 96-well
plates (105 cells/well for adherent cells or 0.5 � 105 cells/well for
suspended cells in 100 mL of medium). After 24 h, the compounds
(0.09e25 mg/mL), dissolved in DMSO, were added to each well
(using the HTS d high-throughput screening d Biomek 3000 d

Beckman Coulter, Inc. Fullerton, California, USA) and incubated for
72 h. Doxorubicin (Sigma Aldrich Co., St Louis, MO, USA) was used
as a positive control. At the end of the incubation, the plates were
centrifuged and the medium was replaced by fresh medium
(150 mL) containing 0.5mg/mLMTT. After 3 h, the formazan product
was dissolved in 150 mL DMSO and the absorbance was measured
using a multiplate reader (DTX 880 Multimode Detector, Beckman
Coulter, Inc. Fullerton, Califórnia, USA). The drug effect was quan-
tified as the percentage of control absorbance of reduced dye at
595 nm.

4.3. Hemolytic assay

The test was performed in 96-well plates following the method
described by Costa-Lotufo et al. [45]. Each well received 100 mL of
0.85% NaCl solution containing 10 mM CaCl2. The first well was the
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negative control that contained only the vehicle (distilled water or
DMSO10%), and, in the secondwell,100 mL of the test substance that
was diluted to half was added. The compounds were tested at
concentrations ranging from 10 to 200 mg/mL. The serial dilution
continued until the eleventh well. The last well received 20 mL of
0.1% Triton X-100 (in 0.85% saline) to obtain 100% hemolysis
(positive control). Then, each well received 100 mL of a 2% suspen-
sion of mouse erythrocytes in 0.85% saline containing 10mM CaCl2.
After incubation at room temperature for 30 min and centrifuga-
tion, the supernadant was removed and the liberated hemoglobin
was measured spectroscopically as absorbance at 540 nm.

4.4. Normal cell assay

The cytotoxic effects of the synthesized compounds were eval-
uated against PBMC (Peripheral Blood Mononuclear Cells) from
healthy donors, using Alamar Blue assay. Heparinized blood (from
healthy, non-smoker donors who had not taken any drug at least 15
days prior to sampling) was collected and PBMC were isolated by
a standard method of densityegradient centrifugation over Ficoll-
Hypaque. PBMC were washed and re-suspended at a concentration
of 3 � 105 cells mL�1 in RPMI-1640 medium supplemented with
20% fetal bovine serum, 2 mM glutamine, 100 U mL�1 penicillin,
100 mg mL�1 streptomycin at 37 �C with 5% CO2. Phytohemag-
glutinin (2%) was added at the beginning of culture. After 24 h of
culture, cells were treated with the test compounds.

In order to investigate selectivity of the compounds towards
a normal proliferating cell, the Alamar Blue assay was performed
with PBMC after 72 h drug exposure [46]. Briefly, PBMCwere plated
in 96-well plates (3 � 105 cells/well in 100 mL of medium). After
24 h, the compounds (0.09e25 mg mL�1) dissolved in DMSO were
added to each well (using the HTS e high-throughput screening e

biomek 3000-Beckman Coulter, Inc. Fullerton, California, USA) and
incubated for 72 h. Doxorubicin was used as positive control.
Twenty-four hours before the end of the incubation, 10 mL of stock
solution (0.312 mg mL�1) of the Alamar Blue (resazurin e Sigma
Aldrich Co. e St. Louis, MO/USA) were added to each well. The
absorbance was measured using a multiplate reader (DTX 880
Multimode Detector, Beckman Coulter, Inc. Fullerton, California,
USA). The drug effect was quantified as the percentage of control
absorbance at 570 nm and 595 nm.

4.5. Statistical analysis

The IC50 values and their 95% confidence intervals (95% CI) were
obtained by nonlinear regression using the Prism Program
(GraphPad Software Inc., San Diego, CA).
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