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Introduction

Natural products remain the most important source of inspira-
tion for medicinal chemists in the development of new anti-
cancer drugs. These privileged structures, with their inherent
drug-likeness, have proven to be an extremely powerful tool
to aid the discovery of potent and selective antitumor drugs
for a wide variety of cellular targets.[1] Phytochemicals have
provided an abundant source of novel therapeutics for the
treatment of human cancers. In this particular context, natural
dietary agents including fruits, vegetables, and spices have
shown their ability to suppress cancers.[2]

Avocado has received considerable attention due to its
chemoACHTUNGTRENNUNGpreventive properties. Although epidemiological studies
have shown the health benefits of avocado, the cellular and
molecular mechanisms of the phytochemicals responsible for
cancer prevention are largely unknown.[3] Avocados contain a
number of phytochemicals, however, we have focused our at-
tention on the so-called “aliphatic acetogenins”. Aliphatic aceto-
genins are long aliphatic hydrocarbon chains (C16 to C21) with
varying degrees of saturation, and three oxygenated functional
groups (1,2,4-trihydroxy or 1,2-dihydroxy-4-oxo). The former
have shown moderate cytotoxicity against cancer cell lines[4]

whilst the latter appear to be promising cancer chemopreven-
tive agents.[5] It was reported earlier that the absolute configu-
ration of the secondary hydroxyl group in this type of products
is not a critical factor for biological activity.[5] Figure 1 shows
representative examples of the natural products found in avo-
cado, including the long chain 1,2-dihydroxy-4-oxo ACHTUNGTRENNUNGalkanols
persenone A (1), persenone B (2), persin (3) and ACHTUNGTRENNUNGisopersin (4).

Persenones A (1) and B (2) have a common b’-hydroxy-a,b-
unsaturated ketone framework. Recently, we reported the syn-
thesis of a library of a,b-unsaturated ketones, and their cyto-
toxic activity against both sensitive and resistant human solid
tumor cell lines.[6] The b’-hydroxy-a,b-unsaturated ketone
moiety was established as the pharmacophore with the sub-
stituents modulating the biological activity. An additionalACHTUNGTRENNUNGadvantage of the synthetic derivatives is their fast, simple, ACHTUNGTRENNUNGand

versatile synthesis. Thus, b’-hydroxy-a,b-unsaturated ACHTUNGTRENNUNGketones
can be synthesized in a single step using a modular andACHTUNGTRENNUNGdiversity-oriented method.[7] This multicomponent domino pro-
cess is promoted by inexpensive and environmentally friendly
iron ACHTUNGTRENNUNG(III). Multicomponent reactions[8] have attracted the atten-
tion of synthetic and medicinal chemists, as they constituteACHTUNGTRENNUNGefficient tools for the modular and diversity-oriented con-ACHTUNGTRENNUNGstruction of molecular complexity.

In this study, we report the synthesis and cytotoxic activity
of selected derivatives of b’-acyloxy-a,b-unsaturated ketones
against a panel of representative human solid tumor cells :
A2780 (ovarian), SW1573 (non-small cell lung), HBL-100
(breast), T-47D (breast) and WiDr (colon). Growth inhibition pa-
rameters were determined using the NCI protocol with slight
modifications.[9] For the most active compounds, cell cycle and
apoptosis studies were performed to deduce their possible
mechanism.

Novel antiproliferative b’-acyloxy-a,b-unsaturated ketones were
obtained by means of an iron ACHTUNGTRENNUNG(III)-catalyzed multicomponent
domino process (ABB’ 3CR). The most active derivatives displayed
GI50 values in the range of 0.5–3.9 mm against a panel of repre-
sentative human solid tumor cell lines: A2780, SW1573, HBL-100,

T-47D and WiDr. Analysis of cells following 24 h exposure to
these drugs showed cell cycle arrest in the S and G2/M phase, in
a dose-dependent manner. Our data indicate that the b’-acyloxy-
a,b-unsaturated ketones cause permanent damage to the cells
and induce apoptosis.
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Results and Discussion

Synthesis of a-Branched a,b-unsaturated ketones

The reaction of aldehydes and olefins under iron ACHTUNGTRENNUNG(III) catalysis is
a versatile process that leads to a wide variety of derivatives.[10]

In this particular context, we have focused our attention on
the coupling of an aliphatic aldehyde 5 and a propargylic alco-
hol 6, in which the alkyne group is internal. The catalytic
system is compatible with unprotected alcohols and their cor-
responding acetates (Scheme 1). This single step strategy
allows the synthesis of a-branched a,b-unsaturated ketones
8 a–b. A proposed mechanism for this reaction is shown in
Figure 2. The Lewis acid FeX3 activates aldehyde 5, which con-
denses with the propargylic derivative 6. This adduct converts
to the cyclic intermediate 7, which after a rearrangement gives
compound 8.

Synthesis of linear b’-hydroxy a,b-unsaturated ketoneACHTUNGTRENNUNGderivatives

Our approach to the synthesis of the b’-hydroxy-a,b-unsatur-ACHTUNGTRENNUNGated ketone pharmacophore is based on a three-componentACHTUNGTRENNUNGreaction (3CR) between homopropargylic alcohols and alde-
hydes. The b’-hydroxy-a,b-unsaturated ketone fragment arises
from the chemo-differentiated incorporation of two aldehyde
units and one homopropargylic alcohol unit. The proposed
mechanism for this ABB’ 3CR[11] is outlined in Figure 3. Two

ACHTUNGTRENNUNGimportant consequences can be seen from the mechanism.ACHTUNGTRENNUNGFirstly, the method allows preparation of cross-over products
when two different aldehydes are being reacted (R3¼6 R4). Sec-
ondly, this synthetic strategy does not tolerate homopropargyl-
ic acetates, and therefore the acetylated derivative of com-
pound 15 cannot be synthesized in a one-pot reaction. We ap-
plied this versatile synthetic methodology to prepare the set
of b’-hyd ACHTUNGTRENNUNGroxy-a,b-unsaturated ketone derivatives and evaluat-
ed their antiproliferative activity.[6]

Antiproliferative activity

The in vitro antiproliferative activity of all compounds wasACHTUNGTRENNUNGassessed in A2780, SW1573, HBL-100, T-47D and WiDr human
solid tumor cells, and the results are shown in Table 1. The GI50

Figure 1. Naturally occurring 1,2-dihydroxy-4-oxo alkanols found in avocado.

Scheme 1. Synthesis of a-branched a,b-unsaturated ketones: a) FeCl3,
CH2Cl2, RT, 1 min.

Figure 2. The proposed mechanism for the synthesis of compound 8.

Figure 3. Iron ACHTUNGTRENNUNG(III) catalyzed ABB’ 3CR domino process.
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values[12] for branched a,b-unsaturated ketones show that the
acetylated derivative 8 b is 9 times more potent than the alco-
hol 8 a in the ovarian cell line A2780, and 5 and 12 times more
potent in the drug-resistant cell lines SW1573 and WiDr, re-
spectively. However, in T-47D cells the difference is smaller
(1.5-times). This observation, together with the presence of
acetyl groups in naturally occurring alkanols (1-4), encouraged
us to study the effect of hydroxyl protection on linear b’-hy-
droxy-a,b-unsaturated ketones. In a preliminary cytotoxicity
screen,[6] compounds 16 a was as potent, and derivative 17 a
was more potent than the branched analogue 8 a. Derivatives
16 a and 17 a were selected as representative examples of
linear b’-hydroxy-a,b-unsaturated ketones, and the correspond-
ing acetates 16 b and 17 b were prepared by standard meth-
ods (Scheme 2). In addition to the acetates, derivative 17 c,
which bears a benzoyl group, a more bulky group than the
acyl group, was prepared.

The biological activity of the acylated compounds 16 b and
17 b revealed a similar trend; the acetates were more potent
than the free hydroxy parent compounds (Table 1). The effect
is most evident in the drug-resistant breast cancer cell line ACHTUNGTRENNUNGT-
47D. Compound 16 a was inactive (GI50>100 mm) against ACHTUNGTRENNUNGT-
47D, whilst the analogous acetyl compound 16 b shows a GI50

value of 18 mm. Similarly, the acetate 17 b was nine times more
potent against T-47D cells than the free hydroxy derivative
17 a. The benzoate 17 c was more potent than the parent com-
pound 17 a, and displayed a similar activity profile to the corre-
sponding acetate 17 b. Compound 17 b was the most potent

derivative of the series with GI50

values in the range of 0.5–
3.9 mm against all cell lines.

Lipophilicity

Lipophilicity is associated with
drug solubility and drug permea-
bility through cell membranes.[13]

For this reason, lipophilicity is an
important physicochemical prop-
erty to take into account in the
design and development of a
drug. The octanol/water parti-

tion coefficient expressed in a logarithmic form (Clog P) is
widely used for calculating drug lipophilicity. It is usually calcu-
lated from the sum of partition coefficients of the chemical
fragments composing the molecule. Clog P[14] values for all
tested compounds are given in Table 1, and are in the range
3–7. Overall, lipophilicity is not sufficient to explain the ob-
served differences in terms of antiproliferative activity.

Stability test

The modest yields obtained for the acylation of the linear b’-
hydroxy a,b-unsaturated ketones 16 a and 17 a raised concern
about the stability of the products. In particular, these acetates
might be prone to elimination. To determine whether the ace-
tate derivatives were stable under the conditions used in the
biological experiments, we designed and performed a drug
stability test. The UV spectrum of a phosphate buffer saline
(PBS) solution (pH 7.4) of compound 17 a or 17 b (200 mm),
was recorded at different time intervals. No substantial
changes were observed in the UV spectra, indicating that the
compounds were stable under the experimental conditions.

Cell cycle assay

Cell cycle control is the major regulatory mechanism of cell
growth.[15] Many cytotoxic agents and/or DNA damaging
agents arrest the cell cycle at the G0/G1, S, or G2/M phase, and
then induce apoptotic cell death. We examined cell cycle
phase distribution by flow cytometry to determine whether
cell growth inhibition involved cell cycle changes. The effect
on the cell cycle was assessed in the five human solid tumor
cell lines after 24 h exposure to the most active compounds
17 a–c. Cells were exposed to each agent at two different drug
concentrations (high and low), which were chosen based on
two premises :[16] The GI50 values of compounds 17 a–c, and the
sensitivity of the cell line to drug treatment, since at higher
drug doses cell death prevents examination of the cell cycle
phase distribution. The most sensitive cells (A2780) were ex-
posed to 5 (low) and 10 mm (high), and the SW1573 and HBL-
100 cells were treated with 10 (low) and 20 mm (high). Finally,
the drug-resistant cell lines T-47D and WiDr were treated with
20 (low) and 30 mm (low) of derivatives 17 a–c. Control cells
were incubated in the absence of test drug.

Table 1. Lipophilicity and GI50 values of selected derivatives against human solid tumor cells.[a]

Compound Clog P[b] A2780ACHTUNGTRENNUNG(ovarian)
SW1573ACHTUNGTRENNUNG(lung)

HBL-100ACHTUNGTRENNUNG(breast)
T-47DACHTUNGTRENNUNG(breast)

WiDrACHTUNGTRENNUNG(colon)

8 a 3.09 18 (�2.5) 24 (�3.3) n.t. 38 (�5.3) 19 (�8.7)
8 b 4.21 2.1 (�0.4) 1.8 (�1.4) n.t. 25 (�0.2) 3.5 (�2.1)

16 a 5.52 26 (�2.0) 25 (�4.2) n.t. >100 31 (�6.2)
16 b 6.42 13 (�3.8) 23 (�2.4) n.t. 18 (�2.6) 18 (�2.4)
17 a 4.48 2.1 (�1.0) 3.8 (�1.3) 2.3 (�0.3) 17 (�6.7) 2.9 (�1.5)
17 b 5.37 0.5 (�0.2) 2.2 (�0.5) 1.8 (�0.7) 2.0 (�0.9) 3.9 (�1.6)
17 c 7.07 1.2 (�0.5) 3.2 (�1.4) 1.6 (�0.8) 1.7 (�0.8) 3.1 (�0.2)

[a] Values are given in mM and are means of at least three experiments; standard deviation is given in paren-
theses. [b] Ref. [14] .

Scheme 2. Synthesis of novel b’-hydroxy-a,b-unsaturated ketone derivatives.
a) Ac2O, py, RT, o/n; b) BzCl, py, RT, o/n.
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The results of cell cycle distributions of samples collected
from control and treated cells are summarized in Figure 4. In
all cell lines, compounds 17 a–c induced cell cycle arrest in the

S or G2/M phases, in a dose dependent manner. The increase
in S or G2/M phase is concomitant with a decrease in the G0/G1

compartment. Remarkable results were obtained for the resist-
ant T-47D cells (Figure 4). When the breast cancer cells were
treated at a low drug concentration (20 mm) a similar level of
arrest in both the S and G2/M phases was observed for deriva-
tives 17 a–c. However, at 30 mm (the high drug dose) only ac-
cumulation in the G2/M phase was observed for compounds
17 a–b (Figure 5). Concomitant with this increase in the per-
centage of cells in the G2/M phase was a parallel decrease in
the percentage of cells in the G0/G1 phase. Compound 17 c
showed no differences at the low and high drug doses.

These results suggest that derivatives 17 a–c inhibit prolifer-
ation of the selected cell lines via S and/or G2/M phase arrest
of the cell cycle. Differences have been observed between
compounds 17 a–b and derivative 17 c in A2780 and T-47D
cells. These differences cannot be explained in terms of GI50

values. Similar to analogues 17 a–b, cell cycle arrest in the G2/
M phase has been observed in T-47D cells treated with the
natural product persin (3).[17]

The a,b-unsaturated ketone fragment is a Michael acceptor
that can interact with nucleophiles inside the cell. Consequent-
ly, permanent damage to cells is likely to occur. Thus, we ex-

posed cells to drugs 17 a–c for a 24 h period, after which time
the drug was washed away and cells were kept in a drug free
medium for an additional period of 24 h, the so-called 24+24
drug schedule. Cells were then collected and their cell cycle
distribution was examined. The drug doses chosen for these

Figure 4. Cell cycle phase distribution in T-47D cells. a) untreated T-47D cells
(C) and T-47D cells treated with compounds 17 a-c for 24 h at low (L) and
high (H) dose concentrations; b) cells treated with the 24+24 drug schedule.
Values represent means of at least two experiments. Dotted area = G0/G1,
lined area = S, filled area = G2/M.

Figure 5. Histogram of T-47D cells after exposure to analogues 17 a–c
(30 mm for 24 h). a) control ; b) compound 17 a ; c) compound 17 b ; d) com-
pound 17 c. Dotted area = G0/G1, lined area = S, filled area = G2/M.
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experiments were 10 mm (A2780), 20 mm (SW1573, HBL-100
and WiDr) and 30 mm (T-47D).

Overall, compounds 17 a–c induced cell cycle arrest in all
cell lines, which was persistent after the drug was washed
away and cells had a 24 h period to recover. With the excep-
tion of A2780 cells, the percentage of cells in the S and G2/M
phase represent more than 60 % of the cell population. The re-
sults indicate that the compounds permanently damage the
cells, causing an accumulation of cells in the S and G2/M
phases prior to cell death. No clear difference was observed
between the effects of the drugs 17 a–c.

Interestingly, in the breast cancer cell lines (HBL-100 and T-
47D) the G2/M compartment was larger after the overall treat-
ment (Figure 4 b) when compared to 24 h drug exposure (Fig-
ure 4 a). However, this effect was not observed for the lung
and colon cancer cell lines. Our findings in the breast cancer
cell lines seem parallel to those that define persin (3) as a po-
tential cancer therapeutic agent against breast cancer.[17, 18]

Annexin V binding

Apoptosis or programmed cell death is a highly regulated
form of cell death involving multiple signaling pathways. It is
an energy-requiring process that is triggered when a cell has
been damaged and cannot recover.[19] At the onset of apopto-
sis, the phosphatidyl choline residues of the cell membrane are
trans ACHTUNGTRENNUNGlocated from the inner to the outer membrane surface.
Annexin V-FITC is a fluorescent marker for the detection of
phosphatidyl choline residues in
cell membranes by flow cytome-
try. In combination with propidi-
um iodide (PI), the method
allows discrimination between
viable cells (Annexin V�/PI�),
cells in early apoptosis (Annexin
V+/PI�), cells in late apoptosis
(Annexin V+/PI+) and necrotic
cells (Annexin V�/PI+).

Exposure of the cell lines to
compounds 17 a–c for 24 h did
not give a sufficient amount of
apoptotic cells for analysis. From
the cell cycle studies, we found
that the sub-G0 peak in the his-
tograms was most evident with
the 24+24 drug ACHTUNGTRENNUNGschedule.

The drug doses used were
5 mm (A2780), 10 mm (SW1573
and HBL-100), and 15 mm (T-47D
and WiDr). Control cells were in-
cubated in the absence of test
drug. The results from the con-
trol and treated human breast
cancer T-47D cells are shown in
Figure 6. This assay quantified
the number of apoptotic cells ;
overall, the drug treatment sig-

nificantly increased the proportion of apoptotic cells. These re-
sults demonstrate the ability of these compounds to induce
apoptosis in all cell lines. A subtle difference was observed be-
tween the free hydroxyl compound 17 a and its acylated deriv-
atives 17 b–c in the breast cancer cells (T-47D), the latter being
more potent cytotoxic agents.

Currently available anticancer therapeutics are expensive,
toxic, and can have limited effectiveness in treating the dis-
ease. For this reason, natural products continue to be a valua-
ble source of novel antitumor drugs or lead compounds. In
this study, we have used the 1,2-dihydroxy-4-oxo alkanols pres-
ent in avocado as templates to design new drugs.

The straightforward synthesis of compounds 17 a–c and
their biological activity as cell cycle arresting agents make
them relevant leads for the development of novel chemo-ACHTUNGTRENNUNGtherapeutics. Our results indicate that the compounds induce
permanent damage in a panel of representative human cancer
cell lines. Although the exact target remains unknown, we
showed that the compounds are able to induce apoptosis,
even after drugs were washed away and cells were allowed to
recover for a 24 h period in drug-free medium. Our new com-
pounds show a similar effect on breast cancer cell lines as the
results reported for persin (3).[17] Furthermore, the antiprolifera-
tive activity of compounds 17 a–c is not limited to drug-sensi-
tive cell lines, such as A2780 and HBL-100, but also to moreACHTUNGTRENNUNGresistant cell lines such as T-47D and WiDr.[20]

While defects in the G0/G1 arrest checkpoint may enhanced
cell proliferation, defects in the G2/M arrest checkpoint cause

Figure 6. Annexin V and PI staining of untreated T-47D cells (Control) and T-47D cells treated for 24 h with com-
pounds 17 a–c, followed by a 24 h drug-free period (24 + 24 drug schedule). Viable cells are Annexin� and PI�,
early apoptotic cells are Annexin+ and PI�, and late apoptotic cells are Annexin+ and PI+. Quantification of
apoptosis showed the percentage of cells that were apoptotic.
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the cell to enter mitosis and undergo apoptosis. Induction of
apoptosis is the most potent defense against cancer. Indeed,
the immune system destroys cancerous cells, and most chemo-
therapeutic and chemopreventive agents inhibit tumor cell
proliferation, by inducing apoptosis. Therefore, drugs that
induce cell cycle arrest in the G2/M phase are valuable candi-
dates for cancer chemotherapy. In addition, the G2/M phase of
the cell cycle is the most radiosensitive phase, and this proper-
ty is exploited in clinical trials combining anticancer drugs with
radiation therapy.[21]

Conclusions

In conclusion, we have synthesized a series of b’-acyloxy-a,b-
unsaturated ketones in a limited number of steps. These com-
pounds show remarkable biological activity towards human
cancer cell lines, including cell cycle arrest and apoptosis in-
duction. More experiments are needed to validate the useful-
ness of these derivatives as potential therapeutics in combina-
tion with existing chemo- and radiotherapy, or alone. In light
of the differences observed in the biological activity of com-
pounds 17 a–c, a more detailed structure–activity relationship
study may be necessary in order to establish the scope and
limitations of the new pharmacophore, b’-hydroxy-a,b-unsat-ACHTUNGTRENNUNGurated ketone, and its acylated derivatives.

Experimental Section

Chemistry

DCM and THF were distilled under N2 from CaH2 and Na/benzo-
phenone, respectively, immediately prior to use. All other chemi-
cals were of reagent grade and were used without further purifica-
tion. Thin layer chromatography was carried out on aluminum
sheets coated with silica gel 60F254. Plates were developed using
a solution of vainillin (6 g) in AcOH (40 mL), H2SO4 (30 mL) and
EtOH (450 mL). Flash chromatography was performed using silica
gel 0.25 mm E. Merck silica gel (60F-254). IR spectra were recorded
on a Bruker IFS 55 spectrometer model. 1H NMR spectra were re-
corded at 300 MHz, 13C NMR spectra were recorded at 75 MHz. The
samples were dissolved in CDCl3 unless otherwise noted. Elemental
analyses were obtained using an EA 1108 CHNS-O FISONS--ACHTUNGTRENNUNGinstrument.

Experimental details for the synthesis of compounds 8 a–b, 16 a
and 17 a, together with their spectroscopic data, have beenACHTUNGTRENNUNGreported previously.[22] Additional information, including analytical
and spectral characterization data for compounds 16 b, 17 b, and
17 c, UV spectrum for compounds 17 a and 17 b recorded from the
stability experiment, and cell cycle phase distribution of cells treat-
ed with compounds 17 a–c, can be found in the SupportingACHTUNGTRENNUNGInformation.

(E)-1-Hexyl-3-oxo-4-undecenyl acetate (16 b): Acetic anhydride
(170 mL, 1.8 mmol) was added to a solution of (E)-11-hydroxy-hep-
tadec-7-en-9-one (16 a, 325 mg, 1.21 mmol) in pyridine (1.2 mL) at
RT and the mixture was stirred overnight. The solvent was evapo-
rated in vacuo and the crude was purified by flash chromatogra-
phy (n-hexane/EtOAc, 15 %) to give the acetate 16 b as an oil
(218 mg, 0.70 mmol, 58 % yield). 1H NMR (300 MHz, CDCl3, 25 8C):
d= 6.88 (m, 1 H), 6.08 (d, J = 1.3, 15.8 Hz, 1 H), 5.25 (m, 1 H), 2.87

(dd, J = 6.8, 15.5 Hz, 1 H), 2.65 (dd, J = 6.0, 15.5 Hz, 1 H), 2.22 (m,
3 H), 1.99 (s, 3 H), 1.57 (brs, 2 H), 1.43 (brs, 2 H), 1.28 (brs, 12 H),
0.84 ppm (m, 7 H); 13C NMR (300 MHz, CDCl3, 25 8C): d= 197.3 (C),
170.4 (C), 148.5 (CH), 130.3 (CH), 70.8 (CH), 44.3 (CH2), 34.1 (CH2),
32.6 (CH2), 32.5 (CH2), 31.6 (CH2), 31.5 (CH2), 29.0 (CH2), 28.8 (CH2),
28.1 (CH2), 28.0 (CH2), 25.1 (CH2), 22.6 (CH3), 14.0 ppm (CH3); FT-IR
(CHCl3): ñ= 2929.1, 2858.8, 1716.4, 1462.7 cm�1; elemental analysis
calcd (%) for C19H34O3 (310.47): C 73.50, H 11.04; found C 73.54,
H 10.95.

(E)-1,5-Dicyclohexyl-3-oxo-4-pentenyl acetate (17 b): Acetic anhy-
dride (165 mL, 1.74 mmol) was added to a solution of (E)-1,5-dicy-
clohexyl-5-hydroxypent-1-en-3-one (17 a, 308 mg, 1.17 mmol) in
pyridine (1.2 mL) at RT and the mixture was stirred overnight. The
solvent was evaporated in vacuo and the crude was purified by
flash chromatography (n-hexane/EtOAc, 15 %) to give acetate 17 b
as an oil (187 mg, 0.61 mmol, 52 % yield). 1H NMR (300 MHz, CDCl3,
25 8C): d= 6.73 (dd, J = 6.8, 16.0 Hz, 1 H), 6.0 (dd, J = 1.2, 16.0 Hz,
1 H), 5.11 (m, 1 H), 2.72 (ddd, J = 7.9, 15.6, 23.5 Hz, 2 H), 2.09 (m,
1 H), 1.96 (s, 3 H), 1.54 (m, 11 H), 1.15 ppm (m, 10 H); 13C NMR
(300 MHz, CDCl3, 25 8C): d= 197.7 (C), 170.1 (C), 152.7 (CH), 127.6
(CH), 73.8 (CH), 41.4 (CH2), 41.1 (CH), 40.4 (CH), 31.5 (CH2), 28.5
(CH2), 27.7 (CH2), 26.0 (CH2), 25.8 (CH2), 25.7 (CH2), 25.6 (CH2), 25.4
(CH2), 20.8 ppm (CH3); FT-IR (CHCl3): ñ= 2928.0, 2853.0, 1735.4,
1450.0, 1370.0, 1240.9, 1022.6 cm�1; MS (EI) m/z 263 [M�Ac]+ ; ele-
mental analysis calcd (%) for C19H30O3 (306.44): C 74.47, H 9.87;
found C 74.48, H 10.02.

(E)-1,5-dicyclohexyl-3-oxo-4-pentenyl benzoate (17 c): Benzoyl
chloride (216 mL, 1.86 mmol) was added to a solution of (E)-1,5-di-
cyclohexyl-5-hydroxypent-1-en-3-one (17 a, 328 mg, 1.25 mmol) in
pyridine (1.2 mL) at RT and the mixture was stirred overnight. The
solvent was evaporated in vacuo and the crude was purified by
flash chromatography (n-hexane/EtOAc, 15 %) to give benzoate
17 c as an oil (191 mg, 0.53 mmol, 42 % yield). 1H NMR (300 MHz,
CDCl3, 25 8C): d= 7.99 (d, J = 7.02 Hz, 2 H) 7.51 (m, 1 H), 7.39 (t, J =
7.76 Hz, 2 H), 6.75 (dd, J = 6.74, 16.01 Hz, 1 H), 6.04 (dd, J = 1.0,
15.0 Hz, 1 H), 5.40 (dd, J = 5.8, 7.3 Hz, 1 H), 2.95 (dd, J = 7.6, 15.1 Hz,
1 H), 2.85 (dd, J = 5.2, 13.4 Hz, 1 H), 2.05 (m, 1 H), 1.70 (m, 11 H),
1.14 ppm (m, 10 H); 13C NMR (300 MHz, CDCl3, 25 8C): d= 197.8 (C),
165.6 (C), 152.9 (CH), 132.6 (CH), 130.2 (CH), 129.0 (CH), 128.0 (CH),
127.7 (CH), 74.7 (CH), 41.5 (CH2), 41.2 (CH), 40.3 (CH), 31.4 (CH2),
28.8 (CH2), 27.7 (CH2), 26.1 (CH2), 25.8 (CH2), 25.8 (CH2), 25.6 (CH2),
25.4 ppm (CH2); FT-IR (CHCl3): ñ= 2927.2, 2853.1, 1718.0, 1450.0,
1272.6, 1111.5, 711.5 cm�1; MS (EI) m/z 263 [M�Bz]+ ; elemental
analysis: calcd (%) for C24H32O3 (368.60): C 78.22, H 8.75; found
C 78.24, H 8.87.

Stability test for compound 17 b : In order to test the stability of
compound 17 b under physiological pH, the following experimen-
tal procedure was run on a UV Transparent Greiner 96-well plate
(Sigma, St Louis, MO). Phosphate buffered saline (PBS) solution
(200 mL) (Sigma, St. Louis, MO) was added to each experimental
well. The wells were treated with compound 17 a or 17 b in DMSO
(1 mL, 0.04 m), DMSO alone (1 mL) was added to the control wells.
The plate was warmed to 37 8C and kept at this temperature until
the end of the experiment. Each sample was tested in quintupli-
cate. The UV spectrum of each cell was recorded in the wavelength
range 200–300 nm at the experimental time intervals 0, 24 and
48 h of incubation.

Biology

All starting materials were commercially available research-grade
chemicals and used without further purification. RPMI 1640
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medium was purchased from Flow Laboratories (Irvine, UK), fetal
calf serum (FCS) was from Gibco (Grand Island, NY), trichloroacetic
acid (TCA) and glutamine were from Merck (Darmstadt, Germany),
and penicillin G, streptomycin, DMSO and sulforhodamine B (SRB)
were from Sigma (St Louis, MO).

Cells, culture and plating : The human solid tumor cell lines A2780
and SW1573 were used in this study. Cells were maintained in
25 cm2 culture flasks in RPMI 1640 supplemented with 5 % heat in-
activated fetal calf serum and 2 mm l-glutamine in a 37 8C, 5 %
CO2, 95 % humidified air incubator. Exponentially growing cells
were trypsinized and re-suspended in antibiotic containing
medium (100 units penicillin G and 0.1 mg of streptomycin per
mL). Single cell suspensions displaying>97 % viability by trypan
blue dye exclusion were subsequently counted. After counting, di-
lutions were made to give the appropriate cell densities for inocu-
lation onto 96-well microtiter plates. Cells were inoculated in a
volume of 100 mL per well at densities of 7000 (A2780), 6000
(SW1573 and HBL-100) and 15 000 (WiDr and T-47D) cells per well,
based on their doubling times.

Chemosensitivity testing : Chemosensitivity tests were performed
using the SRB assay of the NCI with slight modifications.[9] Briefly,
compounds were initially dissolved in DMSO at 400 times the de-
sired final maximum test concentration. Control cells were exposed
to an equivalent concentration of DMSO (0.25 % v/v, negative con-
trol). Each agent was tested in triplicate at different dilutions in the
range of 1–100 mm. The drug treatment was started on day 1 after
plating. Drug incubation times were 48 h, after which time cells
were precipitated with 25 mL ice-cold TCA (50 % w/v) and fixed for
60 min at 4 8C. Then the SRB assay was performed. The optical den-
sity (OD) of each well was measured at 492 nm, using BioTek’s
PowerWave XS Absorbance Microplate Reader. Values were correct-
ed for background OD from wells only containing medium. The
percentage growth (PG) was calculated with respect to untreated
control cells (C) at each of the drug concentration levels based on
the difference in OD at the start (T0) and end of drug exposure (T),
according to NCI formulas. Therefore, if T is greater than or equal
to T0 the calculation is 100 � [(T<M->T0)/ ACHTUNGTRENNUNG(C<M->T0)] . If T is less
than T0 denoting cell killing the calculation is 100 � [(T<M->T0)/
(T0)] . The effect is defined as percentage of growth, where 50 %
growth inhibition (GI50), total growth inhibition (TGI), and 50 % cell
killing (LC50) represent the concentration at which PG is + 50, 0,
and �50, respectively. With these calculations a PG value of 0 cor-
responds to the number of cells present at the start of drugACHTUNGTRENNUNGexposure, while negative PG values denote net cell kill.

Cell cycle analysis : Cells were seeded in a six well plates at a den-
sity of 0.7–1 � 106 cells/well. After 24 h the products were added to
the respective well and incubated for an additional period of 24 h.
Cells were trypsinized, harvested, transferred to test tubes (12 �
75 mm) and centrifuged at 1500 rpm for 10 min. The supernatant
was discarded and the cell pellets were re-suspended in 200 mL of
cold PBS and fixed by the addition of 3 mL ice-cold 70 % EtOH.
Fixed cells were incubated overnight at �20 8C after which time
were centrifuged at 1500 rpm for 10 min. The cell pellets were re-
suspended in 500 mL PBS. Then, 20 mL of DNAse-free RNAse
(200 mL mL�1) and 10 mL of PI (40 mL mL�1) were sequentially added.
The mixture was incubated in the dark at 37 8C for 30 min. Flow cy-
tometric determination of DNA content (25 000 cells/sample) was
analyzed on a FACS Calibur Flow Cytometer (Becton Dickinson, San
Jos�, CA, USA). The fractions of the cells in G0/G1, S, and G2/M
phase were analyzed using cell cycle analysis software, ModFit LT
3.0 (Verity Software House, Topsham, ME, USA).

Annexin V binding : Cells were seeded in six well plates at a densi-
ty of 0.25–0.5 � 106 cells. After 24 h, the test drug was added and
the cells incubated for period of 24 h. Then, the medium was re-
moved with suction and substituted by drug-free fresh medium.
Cells were incubated for an additional period of 24 h. Then, cells
were trypsinized, harvested, transferred to test tubes (12 � 75 mm)
and centrifuged at 400 g for 10 min. The supernatant was discard-
ed and the cells pellets were re-suspended in 100 mL of ice-cold
1 � Binding Buffer (0.1 m Hepes/NaOH (pH = 7.4) 1.4 m NaCl,
25 m m CaCl2).

Annexin staining protocol was performed according to the manu-
facturer’s protocol (Annexin V-FITC apoptosis detection Kit I,
Becton Dickinson, San Jos�, CA), with minor modifications. Cells
were stained by the addition of both 5 mL Annexin V-FITC and 5 mL
PI solution. Samples were gently vortexed and incubated for
15 min at RT in the dark. Then, 400 mL of 1x binding buffer was
added to each tube. The samples were analyzed by flow cytometry
using Cell Quest Pro software (Becton Dickinson, San Jos�.CA). Typ-
ically, 10, 000 events were collected using excitation/emission
wavelengths of 488/525 and 488/675 nm for Annexin V and PI, re-
spectively. Results were processed using WinMDI 2.8 free software.
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