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Introduction

Geiparvarin (1, Figure 1) is a natural coumarin isolated from
the leaves of Geijera parviflora that has been found to exhibit
antiproliferative activity against several tumor cell lines.[1–3]

With the goal of increasing this activity, various modifications
of the basic geiparvarin structure have been made over the
past few years. Unfortunately, most attempts resulted in a loss
of activity, or at best, only a slight improvement.[4–6] The rela-
tive importance of aspects of the geiparvarin structure, such as
the 3(2H)-furanone ring, the coumarin group, and the alkeny-
loxy bridge, has been studied extensively without conclusive
results. In particular, the alkenyloxy bridge has been modified
to 1,3-butadiene[5] or spaced from the furanone ring by a ter-

penoid unit,[6] but neither of these modifications has given rise
to compounds as active as geiparvarin.

We demonstrated that demethylation of geiparvarin in its al-
kenyloxy bridge led to a series of compounds endowed with
increased cytotoxic activity.[7, 8] In pursuing our interest in the
synthesis and biological evaluation of geiparvarin derivatives
and on the basis of our previous results, we report herein the
synthesis of some new geiparvarin analogues. Moreover, we
describe their evaluation against a panel of human tumor cell
lines in vitro together with detailed experiments designed to
elucidate the mechanism(s) of their antiproliferative effect.

Results and Discussion

Chemistry

Few years ago we described the facile and convenient synthe-
sis of 7-(2-oxoethoxy)coumarins and of racemic 2-[(coumarin-7-
yl)oxy]propanal (10) in excellent overall yields (97 %).[9] On this
basis and following our preliminary results,[10] we now report
the synthesis of enantiomerically pure aldehydes (R)- and (S)-
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New geiparvarin derivatives modified at the unsaturated alke-
nyloxy bridge, where a hydrogen atom replaces the 3’-methyl
group, were synthesized and evaluated against a panel of
human tumor cell lines in vitro. These compounds demonstrat-
ed an increase in growth inhibitory activity relative to the
parent compound, geiparvarin. The activity increased even fur-
ther in the series of demethylated compounds, with the intro-
duction of a methyl group at the 1’-position of the alkenyloxy
chain. In contrast, a remarkable decrease in activity was ob-
served with the introduction of a methyl group at the 2’-posi-

tion. Interestingly, the new derivatives fully inhibited the
growth of drug-resistant cell lines, suggesting that they are
not subject to pump-mediated drug efflux. On the basis of
their cytotoxic profiles, the most active compounds (R)-4 and
(R)-5 were selected for further biological evaluation in compari-
son with the lead compound. The new derivatives strongly
induce apoptosis in a promyelocytic leukemia cell line (HL-60)
mediated by depolarization of mitochondrial transmembrane
potential and mitochondrial production of reactive oxygen
species (ROS).

Figure 1. Geiparvarin analogues and their intermediates.
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10 and (R)- and (S)-11 by starting from the readily available 7-
hydroxycoumarins, with the aim to synthesize the optically
active geiparvarin analogues 3–5 and 8 as well as compounds
6 and 9 (Figure 1).

As various attempts to resolve the mixture of Schiff bases
obtained from (R,S)-10 by reaction with an enantiomerically
pure amine failed, a different resolution method is required to
obtain enantiomerically pure aldehyde 10 on a large scale.
Enantiomerically pure (R)- and (S)-10 were obtained by the se-
quence outlined in Scheme 1: resolution of the racemic cou-
marinyloxypropionic acid 12[9] was achieved by its condensa-
tion with an enantiomerically pure alcohol or amine with sub-
sequent separation and hydrolysis of the resulting diastereo-
mers to give, after Rosenmund reduction, the required alde-
hydes. In particular, a mixture of diastereomeric esters 13 a and
13 b (de~20 %) was obtained by reaction of the acid chloride
of 12 with (1R,2S,5R)-(�)-menthol. Although this mixture af-
forded a single spot in thin-layer chromatography with differ-

ent eluents, one diastereomer easily crystallized quantitatively
from ethanol. The absolute configuration at C2 was ascer-
tained to be S (compound 13 b), with respect to the chiral
carbon atoms of menthol on the basis of X-ray crystallographic
analysis (Figure 2). The remaining mother liquors containing
almost exclusively 13 a were subjected again to crystallization
to give the required compound (see Experimental Section).

Treatment of the ester 13 a or 13 b with an alcoholic solu-
tion of sodium hydroxide at room temperature only afforded
the racemic acid 12. A convenient enantiomeric excess of the
acid (>98 % ee) was achieved when the hydrolysis was per-
formed in acetonitrile with a 10 % aqueous solution of sodium
hydroxide or potassium hydroxide at room temperature for
five days.

Optical resolution of the racemic 12 could also be attained
by reaction of the corresponding acyl chloride with (1R)-(+)-1-
phenylethanamine to give the amides 14 a,b (de~10 %)
(Scheme 1). Once again, separation of the diastereomeric
amides 14 a,b was achieved by fractional crystallization from
methanol/water. Subsequent hydrolysis with 6 m hydrochloric
acid gave the enantiomerically pure acids; the structure of (R)-

12 was determined by compari-
son of its specific rotation [a]
with that of the previously ob-
tained sample.

The optical isomers (R)- and
(S)-16 were also obtained by an
enantioselective synthesis (Mit-
sunobu reaction),[11] which allows
a ready assignment of the abso-
lute configuration. Thus, we
started by condensing (S)-ethyl-
or (R)-isobutyl lactate with 7-hy-
droxy-4-methylcoumarin (15). It
is well known that this reaction
affords the corresponding esters
with inversion of configuration;

the esters dissolved in methanol were then hydrolyzed with
10 % sodium hydroxide followed by acidification with 2.4 m hy-
drochloric acid to pH 2 to give the acids (R)- or (S)-16, respec-
tively (no racemization was observed; Scheme 2).

Finally, application of our methodology[9] to the preparation
of the enantiomerically pure acids 12 and 16 indicated that
the temperature was the most important factor in the reduc-
tion of the corresponding acyl chlorides; good yields of alde-
hydes 10 and 11 (80–90 %) were obtained only if the reaction
temperature was kept <130 8C, the temperature at which hy-
drogen chloride begins to evolve.

Notably, this approach to enantiomerically pure aryloxy alde-
hydes avoids the drawback of enantioselective hydroformyla-
tion of aryl vinyl ethers employing a chiral rhodium complex,
in which the obtained chiral non-racemic aldehyde racemizes
during the reaction.[12] Therefore, the reduction of the acyl
chlorides of enantiomerically pure acids 12 and 16 represents
a novel strategy to enantiomerically pure aryloxy aldehydes.

The easy access to enantiomerically pure aldehydes 10 and
11 allowed us to synthesize chiral geiparvarin analogues by
condensation with 5-substituted 2,2-dimethyl-3(2H)-furanones

Scheme 1. Synthesis of intermediates for the preparation of geiparvarin analogues: a) SOCl2, CHCl3, reflux;
b) (1R,2S,5R)-(�)-menthol or (1R)-(+)-1-phenylethanamine (a-methylbenzylamine), CHCl3, reflux; c) NaOH, CH3CN,
room temperature or 6 m HCl, reflux; d) H2, Pd/BaSO4, toluene.

Figure 2. ORTEP drawing for compound 13 b.
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(17 and 18) followed by dehydration of the intermediate
aldols (Scheme 3). The same procedure carried out on ketone
19 afforded the new derivatives 6 and 9.

Assignment of the configuration of the 2’–3’ double bond in
compounds 4 and 5 was achieved on the basis of H-2’–H-3’ vi-
cinal coupling constant values (~16 Hz) determined by 1H NMR
spectra. For compounds 6 and 9, and 3 and 8, the long-range
coupling constant between H-3’ and the 2’ methyl group in 6
and 9 (or H-2’ and 3’-Me in 3 and 8) is not diagnostic for struc-
tural determination (4J cisoidffi4J transoid). Stereochemistry of
the products was therefore determined by NOE experiments.
To this end, we assigned the alkenyloxy signals of H-3’ and 2’-
Me in compounds 6 and 9 (or H-2’ and 3’-Me in compounds 3
and 8) on the basis of 2D NMR experiments (gHSQC and
gHMBC). Irradiation, for example, of the signal at d= 6.33 ppm

(attributed to H-3’ in the com-
pound at lowest Rf) gives rise to
a significant enhancement on
the 1’-CH2 protons, thus confirm-
ing the E configuration of com-
pound 6 (Figure 3 a). Analogous-
ly, irradiation of the signal at d=

6.22 ppm (H-3’) of the com-
pound at the highest Rf leads to
a significant enhancement on
the 2’-Me protons, thus allowing
us to assign the Z configuration
to compound 9 (Figure 3 b). This
result was also confirmed by the
expected and significant differ-
ence (Dd= 5.62 ppm) in the

13C NMR chemical shifts between the resonances of the methyl
group at the 2’-position (d= 22.32 ppm in the Z stereoisomer
versus d= 16.70 ppm in the E isomer).

Biology

Antiproliferative activity

The new geiparvarin derivatives were evaluated for
their inhibitory effects on the proliferation of a panel
of human tumor cell lines after incubation for 72 h.
The results are reported in Table 1 (compounds 1 and
2 a are included as reference).

The introduction of a methyl group at position 1’
of geiparvarin (1) led to compounds (R)-3 and (R)-8,
which lost activity regardless of respective E or Z con-
figuration. As previously demonstrated, demethyla-
tion of the lead compound 1 led to compound 2 a,
which exhibits a significant increase in antiprolifera-
tive activity.[7, 8] The introduction of a methyl group at
position 1’ of 2 a gives two enantiomers, (R)-4 and
(S)-4, which exhibited a slight increase in activity. In-
terestingly, antiproliferative activity does not depend
on the configuration at the 1’ carbon atom.

Introduction of a methyl group at position 4 of the
coumarin ring of compounds (R)-4 and (S)-4 gives
(R)-5 and (S)-5, respectively; all these compounds
show the same cytotoxicity, suggesting that the cou-
marin moiety is not essential to this end, as previous-

ly postulated.[4–6]

Scheme 2. Synthesis of intermediates for the preparation of geiparvarin analogues: a) ethyl-(2S)-hydroxypropa-
noate, PPh3, DIAD, THF, room temperature; b) isobutyl-(2R)-hydroxypropanoate, PPh3, DIAD, THF, room tempera-
ture; c) NaOH (1.25 m), CH3OH, room temperature; d) HCl (2.4 m) ; e) SOCl2, CHCl3, reflux; f) H2, Pd/BaSO4, toluene.

Scheme 3. Synthesis of geiparvarin analogues: a) LDA, THF, �78 8C; b) 10 or 11 or 19,
THF; c) MeSO2Cl, Et3N, THF, 0 8C.

Figure 3. Significant NOE effects in compounds 6 and 9.

ChemMedChem 0000, 00, 1 – 12 � 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemmedchem.org &3&

These are not the final page numbers! ��

Geiparvarin Derivatives

www.chemmedchem.org


Introduction of the methyl group at position 2’ of com-
pound 2 b gives the two diaste-
reomers 6 and 9. A remarkable
decrease in activity was ob-
served with these compounds,
irrespective of the E or Z config-
uration. Altogether, these data
indicate that the presence of a
methyl group at the double
bond strongly decreases the an-
tiproliferative activity and simul-
taneously suggests that this part
of the molecule plays a major
role with respect to the coumar-
in moiety or to the furanone
ring.

Effect of geiparvarinACHTUNGTRENNUNGderivatives on multidrug-resistant cell lines

Although many anticancer drugs in clinical use are effective for
the treatment of various tumor types, their potential is limited
by the emergence of drug resistance. Resistance can be intrin-
sic or acquired, but in either case, tumors become refractory to
a variety of structurally diverse drugs. Therefore, we investigat-
ed the inhibitory activity of the most potent compounds 1, 2 a,
(R)-3, and (R)-5 against drug-resistant cell lines. We used the
human colon adenocarcinoma cell line (LoVo) and its doxorubi-
cin-resistant subline (LoVo/Doxo); this cell line is resistant to a
number of intercalating agents such as various anthracyclines,
mitoxantrone, and ametantrone.[13, 14] CEM, a leukemic T-lym-
phocyte line, and its subline, CEM-VBL10, were selected for by
continuous treatment with vinblastine; they show a classical
multidrug-resistance phenotype and overexpress the mdr1
gene.[15] MCF7-MDR is a human mammary carcinoma cell line
that exhibits multidrug resistance and a high-level expression
of P-glycoprotein (P-gp). MCF7-MDR cells show cross-resistance
to multiple structurally unrelated drugs including anthracy-
clines, vinca alkaloids, epipodophyllotoxins, actinomycin D, and
colchicines.[16] These cells, in addition to the overexpression of

P-gp, are endowed with a
second type of multidrug resist-
ance associated with the upre-
gulation of glutathione transfer-
ase and glutathione peroxidase.
Thus MCF7-MDR cells are known
to possess both efflux pumps as
well as increased levels of gluta-
thione peroxidase activity.[17] In
agreement with our previous re-
sults[8] in which we showed that
1 and 2 a retain activity in multi-
drug-resistant cells, the new
compounds also proved to be
fully inhibitory to these resistant
cell lines, as shown in Table 2,
suggesting that they are not

subject to the pump-mediated efflux of antitumor drugs.

Treatment with geiparvarin derivatives inducesACHTUNGTRENNUNGexternalization of phosphatidylserine in HL-60 cells

Apoptosis is characterized by a variety of morphological trans-
formations. Changes to the plasma membrane are among the
earliest of these events.[18] In apoptotic cells, the membrane
phospholipid phosphatidylserine (PS) is translocated from the
inner to the outer leaflet of the plasma membrane, thereby ex-
posing PS to the external cellular environment. Annexin V is a
35–36 kDa Ca2+-dependent phospholipid binding protein that
has high affinity for PS and binds to cells with exposed PS. We
performed bi-parametric cytofluorimetric analysis using propi-
dium iodide (PI) and annexin V–FITC conjugates, which stain
DNA and PS residues respectively.[19] Figure 4 shows the per-
centage of annexin V-positive cells after incubation of HL-60
cells in the presence of 1, 2 a, (R)-4, and (R)-5 at various con-
centrations for 24 h. A concentration-dependent induction of
apoptotic cells is observed in particular for compounds (R)-4
and (R)-5, in good agreement with cytotoxic potency.

Cell-cycle analysis

Treatment of HL-60 cells with increasing drug concentrations
led to profound changes in the cell-cycle profile (Figure 5 A

Table 1. Growth inhibitory activity of geiparvarin derivatives against a panel of human tumor cell lines.

Cell lines; GI50 [mm][a]

Compd HL-60 Jurkat CEM K562 LoVo HT-1080 MCF7

1 6.3�0.6 1.8�0.2 1.8�0.6 9.2�0.5 9.2�1.3 9.8�0.9 6.0�0.7
2 a 2.5�0.2 0.6�0.05 0.7�0.9 4.8�0.2 4.1�0.1 6.9�0.6 3.4�0.3

(R)-3 >10 >10 >10 >10 >20 >20 11.5�0.5
(R)-4 0.7�0.01 0.8�0.02 0.7�0.3 1.3�0.1 3.2�0.4 2.9�0.1 2.4�0.8
(S)-4 0.9�0.01 0.5�0.01 1.0�0.1 1.6�0.3 2.7�0.3 2.1�0.1 2.5�0.6
(R)-5 0.5�0.02 0.3�0.02 0.4�0.1 0.5�0.01 2.5�0.2 4.4�0.2 4.5�0.4
(S)-5 0.8�0.01 0.4�0.01 0.7�0.2 0.6�0.02 2.7�0.3 4.4�0.5 2.5�0.3

6 >10 >10 4.3�0.9 >10 >20 >20 6.8�0.9
(R)-8 >10 >10 >10 >10 >20 >20 13.4�0.9

9 >10 >10 6.1�0.5 >10 >20 >20 16.0�1.9

[a] GI50 : concentration at which 50 % growth inhibition of tumor cells is observed after 72 h incubation; values
represent the mean �SEM of three independent experiments.

Table 2. Effect of geiparvarin derivatives against various drug-resistant cell lines.

Cell lines; GI50 [mm][a]

Compd CEM CEM-VBL10 MCF7 MCF7-MDR LoVo LoVo/Doxo

(R)-4 0.7�0.1 0.8�0.1 (1.1) 2.4�0.2 3.0�0.5 (1.2) 3.2�0.5 1.9�0.1 (0.6)
(S)-4 1.0�0.01 0.3�0.03 (0.3) 2.5�0.3 2.9�0.3 (1.2) 2.7�0.2 1.6�0.1 (0.6)
(R)-5 1.3�0.2 1.7�0.2 (1.3) 4.5�0.4 4.0�0.6 (0.9) 2.5�0.4 2.5�0.2 (1.0)
(S)-5 0.6�0.1 0.3�0.05 (0.5) 2.8�0.3 3.1�0.3 (1.1) 2.7�0.2 1.9�0.2 (0.7)

vinblastine 0.004�0.0002 0.21�0.03 (525) 0.006�0.001 0.5�0.09 (83) ND ND
doxorubicin ND ND 0.2�0.08 20.2�1.5 (101) 0.12�0.03 13.5�0.2 (112.5)

[a] GI50 : concentration at which 50 % growth inhibition of tumor cells is observed after 72 h incubation; values
represent the mean �SEM of three independent experiments. Values in brackets are the fold resistance, which
indicates the decreased potency of the compound in the resistant cell line. ND: not determined.
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and B). Flow cytometric analysis of PI-labeled cells after incuba-
tion with the test compounds for 24 h indicated that untreated
cells show a classic pattern of proliferation, with proportional
distribution across G1 (40 %), S (47 %), and G2M (13 %) phases
(Figure 6 A). Treatment with low concentrations of 1 and 2 a
(1.0–5.0 mm) induced a remarkable concentration-dependent
accumulation of cells in the G1 phase 24 h followed by accu-
mulation in the G2M phase at higher concentrations (10–
15 mm). A concomitant decrease in S-phase cells was also ob-
served. Compound (R)-4 induces, at lower concentrations (1–
2 mm), a slight increase in the G1 phase from 40 to 50 %, fol-
lowed at higher concentrations by accumulation in the S
phase. In contrast, no G1 arrest pattern was observed with (R)-

5, but only a G2M block that occurs at 5 mm. Interestingly, the
percentage of the cell population with a hypodiploid DNA con-
tent peak (sub-G1), usually considered as apoptotic cells, is
concentration dependent for (R)-4 and (R)-5, reaching 40–60 %
at the highest concentrations tested (Figure 6 B). The other
compounds 1 and 2 a induced a significant percentage of
apoptotic cells at the highest concentrations used (10–15 mm).
This effect of geiparvarin derivatives on the cell cycle has not
been described before. A previous publication[20] reports that
geiparvarin (1) had no effect on the cell cycle of murine 3T3 fi-
broblasts, even at concentrations higher (100 mm) than those
used in the present study. This discrepancy could be explained
by geiparvarin eliciting a different response in tumor cells used
in this study as opposed to a non-tumor cell line such as
murine fibroblasts.

Figure 4. A) Representative bi-parametric histograms of HL-60 cells treated
with increasing concentrations (indicated) of compound (R)-5, and then
stained with PI and annexin V–FITC after 24 h incubation. B) Percentage of
annexin V-positive cells for compounds 1, 2 a, (R)-4, and (R)-5 at various con-
centrations after 24 h incubation. Data are expressed as the mean �SEM of
three independent experiments.

Figure 5. Cell-cycle analysis of HL-60 cells incubated for 24 h with increasing
concentrations of A) 1 and B) (R)-5, as indicated. Cells were fixed and labeled
with PI and analyzed by flow cytometry as described in the Experimental
Section.
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Geiparvarin derivatives induce depolarization ofACHTUNGTRENNUNGmitochondrial transmembrane potential

As demonstrated above, geiparvarin treatment induces apop-
tosis. This observation prompted us to investigate the activa-
tion of the apoptotic pathway after treatment. Impairment in
mitochondrial function is an early event in the executive phase
of programmed cell death in various cell types, and appears as
the result of a preliminary decrease in the mitochondrial trans-
membrane potential (Dymt).

[21, 22] Early ymt disruption would
result from the opening of mitochondrial permeability transi-
tion pores (PTP), and this permeability transition would trigger
the release of apoptogenic factors such as apoptosis-inducing
factor (AIF) or cytochrome c, capable of inducing downstream
apoptotic events.[21, 22]

We used the lipophilic cation 5,5’,6,6’-tetrachloro-1,1’,3,3’-tet-
raethylbenzimidazolcarbocyanine (JC-1) to monitor Dymt in-
duced by the test compounds. The method is based on the
ability of this fluorescent probe to selectively enter mitochon-
dria, as it reversibly changes from green to orange with in-
creasing transmembrane potential.[23] This property is due to
the reversible formation of JC-1 aggregates upon membrane
polarization that causes a shift in the emitted wavelength from

530 nm (i.e. lem of JC-1 in monomeric form) to
590 nm (lem of JC-1 aggregate) when excited at
490 nm. HL-60 cells were treated with 1, 2 a, (R)-4,
and (R)-5 at various concentrations for 24 h. Treated
cells exhibited a dramatic and concentration-depen-
dent shift in fluorescence relative to control cells, in-
dicating depolarization of ymt (Figure 7 A).

Depolarization of ymt is particularly evident for
compounds (R)-4 and (R)-5 (Figure 7 B). Notably, the
disruption of ymt is associated with the appearance
of annexin V in treated cells, where they are in the
early stages of apoptosis. In fact, dissipation of ymt is
characteristic of apoptosis, and has commonly been
observed with a variety of anticancer drugs irrespec-
tive of cell type.

Geiparvarin derivatives induce mitochondrialACHTUNGTRENNUNGproduction of ROS

Mitochondrial transmembrane potential depolariza-
tion has been associated with mitochondrial produc-
tion of reactive oxygen species (ROS).[24–26] To investi-
gate the effects of geiparvarin derivatives on the pro-
duction of ROS during apoptosis, we used the ROS-
specific fluorescence indicator hydroethidine (HE),
which fluoresces in the presence of ROS.[27, 28] The re-
sults are depicted in Figure 8 A and B. In agreement
with the depolarization of ymt, significant ROS effects
were observed particularly for compounds (R)-4 and
(R)-5 in a concentration-dependent manner.

In parallel, we evaluated the damage produced by
ROS in mitochondria by assessing the oxidation state
of cardiolipin, a phospholipid restricted to the inner
mitochondrial membrane. We used 10-N-nonyl-acri-
dine orange (NAO), a fluorescent probe that is inde-

pendent of transitions in mitochondrial membrane permeabili-
ty.[29, 30] The dye interacts stoichiometrically with intact non-oxi-
dized cardiolipin. Therefore, oxidative stress localized to mito-
chondria can be assessed by measuring NAO fluorescence.
Treated HL-60 cells showed a progressive and remarkable de-
crease in mean NAO fluorescence with increasing concentra-
tions of the four compounds, consistent with a loss of cardioli-
pin content (Figure 9 A and B).

Conclusions

In pursuing our line of research into the medicinal chemistry
of geiparvarin, we have attempted to further improve the
basic properties of the parent compound through selected
structural modifications at the alkenyloxy bridge. The introduc-
tion of a methyl group at position 1’ of compound 2 a increas-
es the antiproliferative activity. Interestingly, this effect is not
stereospecific. Further flow cytometric experiments identified
the new derivatives (R)-4 and (R)-5 as potent inducers of apop-
tosis in human leukemic HL-60 cells. Compounds (R)-4 and (R)-
5 induced annexin V-positive cells in a dose-dependent
manner. Importantly, the induction of apoptosis was also con-

Figure 6. A) Percentage of HL-60 cells at various cell-cycle phases after 24 h incubation in
the presence of 1, 2 a, (R)-4, and (R)-5 at the concentrations indicated. The percentage of
each phase of the cell cycle (G1, white bars; S, gray bars ; G2M, shaded bars) were calcu-
lated on living cells. B) Percentage of the cell population with hypodiploid DNA content
peak (apoptotic cells) after 24 h incubation in the presence of 1 (&), 2 a (*), (R)-4 (~), and
(R)-5 (!) at the indicated concentrations.
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firmed by the analysis of the cell cycle. In fact, concentrations
lower than 2.5 mm are sufficient to induce generation of hypo-
diploid (apoptotic) cells. For comparison, elevated levels of
cells in sub-G1 were observed only for concentrations greater
than 10 mm for the lead compound 1.

Malignant tumors can be resistant to treatment with chemo-
therapeutic drugs, and the mechanism of this resistance is
often mediated by overexpression of the 170 kDa P-glycopro-
tein drug efflux pump. The most active compounds (R)-4 and
(R)-5 also exhibited cytotoxic activity against the drug-resistant
cell lines CEM-VBL10 and LoVo/Doxo, which overexpress P-gp.
These results suggest that these compounds may be useful in
the treatment of drug-refractory tumors.

The apoptotic death induced by geiparvarin derivatives is as-
sociated with important changes in mitochondrial function
such as dissipation of the transmembrane potential and gener-
ation of ROS. The dissipation of ymt is associated with the ap-
pearance of apoptotic cells ; it is well established that commit-

ment to apoptosis can involve important changes in mitochon-
drial activity.

The precise targets involved in the apoptotic mechanism
remain unclear at present. Further investigations are needed to
identify the initial signal(s) as well as the molecular targets.
Identification of these specific targets may improve the biolog-
ical activity of geiparvarin, and in this context, investigations
are currently underway.

Experimental Section

General methods : Melting points were taken on a B�chi 510 appa-
ratus and are uncorrected. Elemental analyses were obtained with
a PerkinElmer 240C elemental analyzer. MS data were collected
with a Carlo Erba QMD 1000 instrument at 70 eV. Optical activity
was measured with a Jasco DIP-370 digital polarimeter (l=
589 nm). Compounds (R,S)-12,[8] 17,[31] 18,[31] and 19[32] were ob-
tained as reported. Silica gel plates (Merck F254) and silica gel 60
(Merck 230–400 mesh) were used for analytical TLC and column
chromatography, respectively. Solvents were removed under re-
duced pressure. All 1D and 2D NMR experiments were performed
on a Varian Mercury Plus spectrometer (399.95 MHz for 1H,
100.57 MHz for 13C), with a 5-mm indirect detection probe
equipped with a gradient coil at 298 K. Chemical shifts (d in ppm)
were referenced to the solvent CDCl3 (7.26 ppm for 1H and
77.00 ppm for 13C) or [D6]DMSO (2.50 ppm for 1H and 39.50 ppm
for 13C). All coupling constants are in Hz. Assignments were made
using 1H, 13C, DEPT, and NOESY 1D experiments and gHSQC,
gHMBC, gHMQC, and gCOSY 2D experiments. All pulse sequences
were used as provided by Varian, and processing was carried out
with standard Varian software.

Synthesis of compounds 3–6, 8, and 9; typical procedure : A
2.0 m solution of lithium diisopropylamide (LDA) in n-heptane/THF/
ethylbenzene (0.5 mL, 1.0 mmol) was added under N2 to a solution
of furanone 17 (95 mg, 0.8 mmol) in dry THF (10 mL) at �78 8C.
The solution was stirred for 1 h, and the solution of ketone 19
(240 mg, 1.0 mmol) in dry THF (10 mL) was added dropwise; after
4 h the temperature was slowly increased to 10 8C. The mixture
was poured onto EtOAc (25 mL) containing NH4Cl (143 mg) and fil-
tered. Removal of the solvent under vacuum left a yellow oil that
was purified by flash chromatography (EtOAc/petroleum ether (PE,
bp fraction: 40–70 8C) 3:1 as eluent, yield 65 %) and identified as
the corresponding aldol. Et3N (0.5 mL, 3.6 mmol) was added to a
solution of the aldol (117 mg, 0.33 mmol) in dry THF (10 mL); the
mixture was refrigerated to 0 8C, and a solution of methanesulfonyl
chloride (0.08 mL, 1.0 mmol) was added dropwise. The resulting
suspension was stirred at 0 8C for 5 h and then filtered through a
pad of silica treated with Et2O. Removal of the solvent left a solid
containing a mixture of compounds 6 and 9 that was resolved by
flash chromatography (EtOAc/PE40–70 1:1 as eluent). The fastest-run-
ning band (Rf = 0.37) afforded 7-{[(2Z)-3-(5,5-dimethyl-4-oxo-4,5-di-
hydrofuran-2-yl)-2-methylprop-2-en-1-yl]oxy}-4-methyl-2H-chro-
men-2-one (9) as a white waxy solid (22 %): EIMS: m/z (%) 340 [M]+

(10), 176 (5), 165 (25), 91 (8), 77 (55), 69 (100); 1H NMR (CDCl3): d=
7.50 (d, 3J = 8.8 Hz, 1 H, H-5), 6.87 (dd, 3J = 8.8 Hz, 4J = 2.6 Hz, 1 H, H-
6), 6.83 (d, 4J = 2.6 Hz, 1 H, H-8), 6.22 (q, 4J = 1.3 Hz, 1 H, H-3’), 6.14
(q, 4J = 1.2 Hz, 1 H, H-3), 5.45 (s, 1 H, H-3’’), 5.095 (s, 2 H, 1’-CH2),
2.395 (d, 4J = 1.2 Hz, 3 H, 4-CH3), 2.08 (d, 4J = 1.3 Hz, 3 H, 2’-CH3),
1.43 ppm (s, 6 H, 2 � 5’’-CH3); 13C NMR (CDCl3): d= 206.56 (C4’’),
180.81 (C2’’), 161.33 (C7), 161.07 (C2), 155.24 (C8a), 152.37 (C4),
148.42 (C2’), 125.69 (C5), 117.57 (C3’), 113.99 (C4a), 112.46 (C6),
112.25 (C3), 103.54 (C3’’), 101.61 (C8), 89.10 (C5’’), 67.98 (C1’),

Figure 7. Induction of the loss of mitochondrial transmembrane potential in
HL-60 cells by test compounds after 24 h incubation. A) Representative his-
tograms of cells incubated in the presence of (R)-5 at the indicated concen-
trations and then stained with the fluorescent probe JC-1; horizontal axes
show the fluorescence intensity of the JC-1 monomer, and vertical axes
show the fluorescence of JC-1 aggregates. B) Percentage of cells with low
ymt for compounds 1, 2 a, (R)-4, and (R)-5 after 24 h incubation; data are ex-
pressed as the mean �SEM for three independent experiments.
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23.235 (2 � 5’’-CH3), 22.32 (2’-CH3), 18.64 ppm (4-CH3); Anal. calcd
for C20H20O5 (340.37): C 70.57, H 5.92, found: C 70.68, H 5.90.

The second band (Rf = 0.27) was identified as 7-{[(2E)-3-(5,5-dimeth-
yl-4-oxo-4,5-dihydrofuran-2-yl)-2-methylprop-2-en-1-yl]oxy}-4-
methyl-2H-chromen-2-one (6), a white solid (40 %): mp: 139–
140 8C; EIMS: m/z (%) 340 [M]+ (6), 176 (2), 165 (8), 91 (10), 77 (45),
69 (100); 1H NMR (CDCl3): d= 7.53 (d, 3J = 8.8 Hz, 1 H, H-5), 6.91 (dd,
3J = 8.8 Hz, 4J = 2.55 Hz, 1 H, H-6), 6.815 (d, 4J = 2.55 Hz, 1 H, H-8),
6.34 (q, 4J = 1.1 Hz, 1 H, H-3’), 6.16 (q, 4J = 1.1 Hz, 1 H, H-3), 5.49 (s,
1 H, H-3’’), 4.61 (s, 2 H, 1’-CH2), 2.405 (d, 4J = 1.1 Hz, 3 H, 4-CH3), 2.16
(d, 4J = 1.1 Hz, 3 H, 2’-CH3), 1.42 ppm (s, 6 H, 2 � 5’’-CH3); 13C NMR
(CDCl3): d= 207.02 (C4’’), 181.93 (C2’’), 161.02(C2), 160.88 (C7),
155.20 (C8a), 152.36 (C4), 146.73 (C2’), 125.78 (C5), 115.40 (C3’),
114.23 (C4a), 112.685(C6), 112.42 (C3), 103.25 (C3’’), 101.77 (C8),
88.21 (C5’’), 72.17 (C1’), 23.16 (2 � 5’’-CH3), 18.65 (4-CH3), 16.70 ppm
(2’-CH3); Anal. calcd for C20H20O5 (340.37): C 70.57, H 5.92, found: C
70.71, H 5.72.

7-{[(2R,3E)-4-(5,5-dimethyl-4-oxo-4,5-dihydrofuran-2-yl)pent-3-
en-2-yl]oxy}-2H-chromen-2-one (R)-3 : Overall yield: 61 %, colorless
crystals ; Rf = 0.34 (EtOAc/PE40–70 1:1) ; mp: 210–211 8C; EIMS: m/z
(%) 340 [M]+ (3), 179 (50), 162 (5), 91 (19), 77 (22), 69 (100);
1H NMR (CDCl3): d= 7.63 (d, 3J = 9.5 Hz, 1 H, H-4), 7.37 (d, 3J =
8.6 Hz, 1 H, H-5), 6.81 (dd, 3J = 8.6 Hz, 4J = 2.35 Hz, 1 H, H-6), 6.71 (d,
4J = 2.35 Hz, 1 H, H-8), 6.54 (dq, 3J = 7.8 Hz, 4J = 1.3 Hz, 1 H, H-2’),
6.25 (d, 3J = 9.5 Hz, 1 H, H-3), 5.58 (s, 1 H, H-3’’), 5.20 (dq, 3J = 7.8 Hz,
3J = 6.4 Hz, 1 H, H-1’), 2.05 (d, 3J = 1.3 Hz, 3 H, 3’-CH3), 1.54 (d, 3J =
6.4 Hz, 3 H, 1’-CH3), 1.39 (s, 3 H, 5’’-CH3), 1.36 ppm (s, 3 H, 5’’-CH3);

13C NMR (CDCl3): d= 207.22 (C4’’),
182.98 (C2’’), 161.18 (C2), 160.91
(C7), 155.79 (C8a), 143.39 (C4),
136.77 (C2’), 128.92 (C5), 127.17
(C3’), 113.72 (C6), 113.32 (C3),
112.81 (C4a), 102.14 (C8), 100.34
(C3’’), 88.68 (C5’’), 71.77 (C1’), 23.08
(2 � 5’’-CH3), 20.40 (1’-CH3),
13.68 ppm (3’-CH3); Anal. calcd for
C20H20O5 (340.37): C 70.57, H 5.92,
found: C 70.39, H 6.04. Employing
DCC-CuCl in benzene at reflux for
dehydration of the aldol, com-
pound 3 was obtained in 30 %
yield.

7-{[(1R,2E)-3-(5,5-dimethyl-4-oxo-
4,5-dihydrofuran-2-yl)-1-methyl-
2-propenyl]oxy}-2H-chromen-2-
one (R)-4 : Overall yield: 67 %,
white waxy solid; Rf = 0.35 (EtOAc/
PE40–70 1:1) ; ½a�20

D =++202.2 (c = 0.46,
CHCl3) ; EIMS: m/z (%) 326 [M]+

(12), 165 (62), 162 (24), 69 (100), 65
(34); 1H NMR (CDCl3): d= 7.63 (d,
3J = 9.6 Hz, 1 H, H-4), 7.38 (d, 3J =
8.5 Hz, 1 H, H-5), 6.86 (dd, 3J =
8.5 Hz, 4J = 2.6 Hz, 1 H, H-6), 6.80
(d, 4J = 2.6 Hz, 1 H, H-8), 6.78 (dd,
3J = 15.7 Hz, 4J = 4.8 Hz, 1 H, H-2’),
6.43 (dd, 3J = 15.7 Hz, 4J = 1.6 Hz,
1 H, H-3’), 6.26 (d, 3J = 9.6 Hz, 1 H,
H-3), 5.47 (s, 1 H, H-3’’), 5.05 (qdd,
3J = 6.4 Hz, 3J = 4.8 Hz, 4J = 1.6 Hz,
1 H, H-1’), 1.56 (d, 3J = 6.4 Hz, 3 H,
1’-CH3), 1.40 (s, 3 H, 5’’-CH3),
1.39 ppm (s, 3 H, 5’’-CH3); 13C NMR

(CDCl3): d= 206.93 (C4’’), 179.97 (C2’’), 160.97 (C2), 160.56 (C7),
155.77 (C8a), 143.23 (C4), 140.35 (C2’), 128.93 (C5), 119.62 (C3’),
113.57 (C6), 113.49 (C3), 112.94 (C4a), 102.55 (C8), 102.44 (C3’’),
88.59 (C5’’), 73.61 (C1’), 23.03 (2 � 5’’-CH3), 20.73 ppm (1’-CH3); Anal.
calcd for C19H18O5 (326.12): C 69.93, H 5.56, found: C 70.19, H 5.87.

7-{[(1S,2E)-3-(5,5-dimethyl-4-oxo-4,5-dihydrofuran-2-yl)-1-
methyl-2-propenyl]oxy}-2H-chromen-2-one (S)-4 : Overall yield:
70 %; white waxy solid; ½a�20

D =�202.0 (c = 0.50, CHCl3).

7-{[(1R,2E)-3-(5,5-dimethyl-4-oxo-4,5-dihydrofuran-2-yl)-1-
methyl-2-propenyl]oxy}-4-methyl-2H-chromen-2-one (R)-5 : Over-
all yield: 68 %; white waxy solid; Rf = 0.40 (EtOAc/PE40–70 1:1) ;
½a�20

D =++272.1 (c = 1.07, CHCl3).

7-{[(1S,2E)-3-(5,5-dimethyl-4-oxo-4,5-dihydrofuran-2-yl)-1-
methyl-2-propenyl]oxy}-4-methyl-2H-chromen-2-one (S)-5 : Over-
all yield: 70 %; white waxy solid; ½a�20

D =�272.0 (c = 1.08, CHCl3).

7-{[(2R,3Z)-4-(5,5-dimethyl-4-oxo-4,5-dihydrofuran-2-yl)pent-3-
en-2-yl]oxy}-2H-chromen-2-one (R)-8 : Yield: 6 %, mp: 147–148 8C;
Rf = 0.5 (EtOAc/PE40–70 1:1) ; ½a�20

D =�4.2 (c = 0.30, CHCl3) ; EIMS: m/z
(%) 340 [M]+ (4), 179 (47), 162 (9), 91 (14), 77 (32), 69 (100);
1H NMR (CDCl3): d= 7.60 (d, 3J = 9.5 Hz, 1 H, H-4), 7.32 (d, 3J =
8.5 Hz, 1 H, H-5), 6.76 (dd, 3J = 8.5 Hz, 4J = 2.45 Hz, 1 H, H-6), 6.72 (d,
4J = 2.45 Hz, 1 H, H-8), 6.20 (d, 3J = 9.5 Hz, 1 H, H-3), 5.82 (dq, 3J =
6.4 Hz, 4J = 1.3 Hz, 1 H, H-2’), 5.69 (pseudo-quintet, 3J = 6.4 Hz, 1 H,
H-1’), 5.57 (s, 1 H, H-3’’), 1.98 (d, 4J = 1.3 Hz, 3 H, 3’-CH3), 1.48 (d, 3J =
6.4 Hz, 3 H, 1’-CH3), 1.465 (s, 3 H, 5’’-CH3), 1.44 ppm (s, 3 H, 5’’-CH3);

Figure 8. Mitochondrial production of ROS: A) Cells were incubated with the indicated concentrations of 1, 2 a,
(R)-4, and (R)-5, and after 24 h, cells were harvested and incubated with HE. B) Analysis of intracellular fluores-
cence was conducted by flow cytometry; data are represented as percentage of ethidium-positive cells and are
expressed as the mean �SEM of three independent experiments.
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13C NMR (CDCl3): d= 206.64 (C4’’), 182.99 (C2’’), 161.07 (C7 and C2),
155.69 (C8a), 143.28 (C4), 140.81 (C2’), 128.72 (C5), 126.12 (C3’),
113.40 (C6), 113.02 (C3), 112.495 (C4a), 102.96 (C3’’), 102.20 (C8),
88.69 (C5’’), 71.99 (C1’), 23.27 (5’’-CH3), 22.85 (5’’-CH3), 21.15 (3’-
CH3), 20.86 ppm (1’-CH3); Anal. calcd for C20H20O5 (340.37): C 70.57,
H 5.92, found: C 70.42, H 6.00. Employing DCC-CuCl in benzene at
reflux for dehydration of the aldol, compound 8 could be obtained
in 40 % yield.

Synthesis of enantiomerically pure aldehydes 10 and 11. These
compounds were prepared by following published procedures,
using the enantiomerically pure acids 12 and 16 as starting materi-
als.[9]

(2R)-[(2-oxo-2H-chromen-7-yl)oxy]propanal (R)-10 : Waxy solid;
½a�20

D =++44.6 (c = 1.55, CH3OH).

(2S)-[(2-oxo-2H-chromen-7-yl)oxy]propanal (S)-10 : Waxy solid;
½a�20

D =�44.0 (c = 1.01, CH3OH).

(2R)-[(4-Methyl-2-oxo-2H-chromen-7-yl)oxy]propanal (R)-11:
Waxy solid; ½a�20

D =++57.4 (c = 0.87, CHCl3).

(2S)-[(4-Methyl-2-oxo-2H-chromen-7-yl)oxy]propanal (S)-11: Waxy
solid; ½a�20

D =�57.0 (c = 0.91, CHCl3).

Synthesis of coumarinyloxypropionic acids 12 and 16 by Mitsu-
nobu reaction; typical procedure : A solution of 4-methyl-7-hy-
droxycoumarin 15 (1.56 g, 8.9 mmol), triphenylphosphine (2.6 g,

9.8 mmol), and (R)-isobutyl lactate
(1.50 mL, 10.0 mmol) in anhydrous
THF (20 mL) was stirred under N2

at room temperature for 10 min. A
solution of diisopropyl azodicar-
boxylate (DIAD; 1.8 mL, 9.15 mmol)
in anhydrous THF (8 mL) was then
added dropwise, and the resulting
mixture was stirred under N2 at
room temperature for 2.5 h. The
solvent was removed under re-
duced pressure, and the ester was
purified by flash chromatography
(EtOAc/PE40–70 1:2 as eluent). The
obtained ester usually contained
an impurity, which was removed
during the workup procedure of
the hydrolysis. The crude ester
(3.3 g) was dissolved in CH3OH
(100 mL), after which 1.30 m NaOH
(12.5 mL) was added, and the solu-
tion was stirred at room tempera-
ture for 2 h. After removal of the
solvent, the solid was dissolved in
H2O (80 mL), and the aqueous
phase was washed with EtOAc (5 �
10 mL), cooled in an ice bath, and
neutralized with 2.40 m HCl. The
obtained solid was filtered and
dried in vacuo in the presence of
P2O5. The acid (S)-16 (1.68 g,
6.8 mmol) was recovered in 76 %
overall yield. The same procedure
allowed access to the acid (R)-16
by replacement of (R)-(+)-isobutyl
lactate with (S)-(�)-ethyl lactate.

(2R)-[(2-oxo-2H-chromen-7-yl)oxy]-
propanoic acid (R)-12 : ½a�20

D =++91.6 (c = 0.84, CH3OH).

(2S)-[(2-oxo-2H-chromen-7-yl)oxy]propanoic acid (S)-12 : ½a�20
D =

�91.1 (c = 0.91, CH3OH).

2-[(4-Methyl-2-oxo-2H-chromen-7-yl)oxy]propanoic acid (R,S)-16 :
mp: 146–147 8C (lit. mp: 80–81 8C[33]) ; 1H NMR ([D6]DMSO): d= 7.66
(d, 3J = 8.8 Hz, 1 H, H-5), 6.92 (dd, 3J = 8.8 Hz, 4J = 2.3 Hz, 1 H, H-6’),
6.86 (d, 4J = 2.3 Hz, 1 H, H-8’), 6.20 (q, 4J = 1.1 Hz, 1 H, H-3’), 5.04 (q,
3J = 6.8 Hz, 1 H, H-2), 2.37 (d, 4J = 1.1 Hz, 3 H, 4’-CH3), 1.54 ppm (d,
3J = 6.8 Hz, 3 H, 3-CH3); 13C NMR (CDCl3): d= 172.43 (C1), 160.46
(C7’), 160.03 (C2’), 154.49 (C8a’), 153.27 (C4’), 126.51 (C5’), 113.45
(C4a’), 112.40 (C6’), 111.37 (C3’), 101.70 (C8’), 71.89 (C2), 18.07 (4’-
CH3), 18.00 ppm (C3).

(2R)-[(4-Methyl-2-oxo-2H-chromen-7-yl)oxy]propanoic acid (R)-
16 : ½a�20

D =++78.6 (c = 1.05, CH3OH).

(2S)-[(4-Methyl-2-oxo-2H-chromen-7-yl)oxy]propanoic acid (S)-
16 : ½a�20

D =�77.6 (c = 1.22, CH3OH).

Synthesis of 13 a and 13 b : A mixture of acid (R,S)-12 (0.400 g,
1.71 mmol) and thionyl chloride (0.87 mL, 12 mmol) was held at
reflux for 2 h in dry CHCl3 (15 mL). Excess thionyl chloride and
CHCl3 were then removed under reduced pressure to obtain the
pure acyl chloride (quantitative yield). A solution of the acyl chlo-
ride (0.432 g, 1.71 mmol) in anhydrous CHCl3 (6 mL) was added
dropwise to a suspension of (1R,2S,5R)-(�)-menthol (0.267 g,

Figure 9. A) Flow cytometry histograms of NAO-loaded cells treated with compound (R)-5 at the indicated con-
centrations and analyzed after 24 h. B) Percentage of cells with decreased NAO fluorescence after 24 h incubation
with compounds 1, 2 a, (R)-4, and (R)-5 at various concentrations; data are expressed as the mean �SEM of three
independent experiments.
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1.71 mmol), anhydrous Et3N (2 mL), and a catalytic amount of 4-di-
methylaminopyridine (DMAP) in anhydrous CHCl3 (6 mL). The re-
sulting mixture was heated at reflux for 4 h under N2, and then
cooled, diluted with CHCl3 (10 mL), and washed with 3 m HCl. The
organic phase was dried (Na2SO4), filtered, and concentrated under
reduced pressure to give a yellow oil that was subjected to flash
chromatography with EtOAc/PE40–70 1:4 as eluent. A resulting dia-
stereomeric mixture of esters 13 a and 13 b was obtained in 84 %
yield (0.532 g, 1.43 mmol). Subsequent fractional crystallizations
from EtOH gave pure 13 b (0.320 g, 0.86 mmol, 60 %) and 13 a
(0.180 g, 0.48 mmol, 34 %).ACHTUNGTRENNUNG(1R,2S,5R)-5-methyl-2-(propan-2-yl)cyclohexyl-(2R)-2-[(2-oxo-2H-
chromen-7-yl)oxy]propanoate 13 a. Colorless crystals ; mp: 80–
81 8C; EIMS: m/z (%) 372 [M]+ (20), 234 (14), 189 (26), 175 (63), 83
(100); 1H NMR (CDCl3): d= 7.60 (d, 3J = 9.5 Hz, 1 H, H-4’’’), 7.37 (d,
3J = 8.6 Hz, 1 H, H-5’’’), 6.84 (dd, 3J = 8.5 Hz, 4J = 2.3 Hz, 1 H, H-6’’’),
6.75 (d, 4J = 2.3 Hz, 1 H, H-8’’’), 6.25 (d, 3J = 9.5 Hz, 1 H, H-3’’’), 4.80
(q, 3J = 6.7 Hz, 1 H, H-2), 4.66 (td, 3J = 10.8 Hz, 3J = 4.4 Hz, 1 H, H-1’),
2.02–1.96 (m, 1 H, 6’-CHH), 1.65 (d, 3J = 6.7 Hz, 3 H, 3-CH3), 1.70–1.58
(m, 2 H, 3’-CHH, 4’-CHH), 1.52–1.40 (m, 2 H, H-5’, H-2’’), 1.40–1.30
(m, 1 H, H-2’), 1.09–0.91 (m, 2 H, 6’-CHH, 3’-CHH), 0.90 (d, 3J = 6.4 Hz,
3 H, 5’-CH3), 0.90–0.78 (m, 1 H, 4’-CHH), 0.71 (d, 3J = 6.7 Hz, 3 H, 1’’-
CH3), 0.57 ppm (d, 3J = 7.0 Hz, 3 H, 3’’-CH3); 13C NMR (CDCl3): d=
170.98 (C1), 161.01 (C2’’’), 160.85 (C7’’’), 155.74 (C8a’’’), 143.20
(C4’’’), 128.91 (C5’’’), 113.63 (C4a’’’), 113.10 (C6’’’), 112.94 (C3’’’),
102.10 (C8’’’), 75.95 (C1’), 73.09 (C2), 46.78 (C2’), 40.58 (C6’), 34.09
(C4’), 31.42 (C5’), 25.78 (C2’’), 22.95 (C3’), 21.96 (5’-CH3), 20.71 (C1’’),
18.44 (C3), 15.71 ppm (C3’’) ; Anal. calcd for C22H28O5 (372.45): C
70.94, H 7.58, found: C 71.05, H 7.44.ACHTUNGTRENNUNG(1R,2S,5R)-5-methyl-2-(propan-2-yl)cyclohexyl-(2S)-2-[(2-oxo-2H-
chromen-7-yl)oxy]propanoate 13 b : Colorless crystals ; mp: 129–
130 8C; EIMS: m/z (%) 372 [M]+ (13), 234 (26), 189 (40), 175 (35), 83
(100); 1H NMR (CDCl3): d= 7.62 (d, 3J = 9.5 Hz, 1 H, H-4’’’), 7.36 (d,
3J = 8.6 Hz, 1 H, H-5’’’), 6.83 (dd, 3J = 8.6 Hz, 4J = 2.5 Hz, 1 H, H-6’’’),
6.75 (d, 4J = 2.5 Hz, 1 H, H-8’’’), 6.26 (d, 3J = 9.5 Hz, 1 H, H-3’’’), 4.78
(q, 3J = 6.8 Hz, 1 H, H-2), 4.77 (td, 3J = 11.0 Hz, 3J = 4.4 Hz, 1 H, H-1’),
1.95–1.84 (m, 2 H, H-2’’, 6’-CHH), 1.71–1.60 (m, 2 H, 4’-CHH, 3’-CHH),
1.64 (d, 3J = 6.8 Hz, 3 H, 2-CH3), 1.50–1.36 (m, 2 H, H-5’, H-2’), 1.10
(m, 1 H, 3’-CHH), 0.96–0.80 (m, 2 H, 4’-CHH, 6’-CHH), 0.93 (d, 3J =
7.0 Hz, 3 H, 1’’-CH3), 0.86 (d, 3J = 6.5 Hz, 3 H, 5’-CH3), 0.76 ppm (d,
3J = 7.0 Hz, 3 H, 3’’-CH3); 13C NMR (CDCl3): d= 170.70 (C1), 160.85
(C2’’’), 160.61 (C7’’’), 155.55 (C8a’’’), 143.10 (C4’’’), 128.76 (C5’’’),
113.56 (C4a’’’), 113.06 (C6’’’), 112.84 (C3’’’), 102.20 (C8’’’), 75.70 (C1’),
72.92 (C2), 46.86 (C2’), 40.46 (C6’), 34.09 (C4’), 31.34 (C5’), 26.43
(C2’’), 23.27 (C3’), 21.96 (5’-CH3), 20.76 (C1’’), 18.34 (C3), 16.07 ppm
(C3’’) ; Anal. calcd for C22H28O5 (372.45): C 70.94, H 7.58, found: C
71.03, H 7.68.

X-ray crystal structure analysis for 13 b : Formula: C44H54O10, Mr =
742.87 Da, colorless crystal, monoclinic, space group: P21/a, a =
10.631(5), b = 11.431(5), c = 17.699(5) �, a= 90.000(5)8, b=
106.040(5)8, g= 90.000(5)8, V = 2067(15) �3, Z = 2, T = 293(2) K, m=
0.68 mm�1, F ACHTUNGTRENNUNG(000) = 796; 4050 reflections were collected in the
range 2.608<q<60.038 ; the final R index was 0.0421 for reflec-
tions with I>2s(I). CCDC 701551 contains the supplementary crys-
tallographic data for this paper. These data can be obtained free of
charge from The Cambridge Crystallographic Data Centre via
http://www.ccdc.cam.ac.uk/data_request/cif.

Hydrolysis of esters 13 a and 13 b. An aqueous solution of NaOH
(10 %, 0.5 mL) was added under N2 to a solution of the ester 13 a
or 13 b (0.164 g, 0.44 mmol) in CH3CN (6 mL), and the resulting
mixture was stirred at room temperature for 5 days. The solvent

was removed under reduced pressure, and the residue was sus-
pended in H2O. The resulting suspension was acidified with 10 %
HCl and extracted with CH2Cl2. The organic phase was dried and
concentrated under reduced pressure to give a solid that was sub-
ject to flash chromatography with EtOAc/PE40–70 1:4 as eluent. The
recovered acid wad dissolved in H2O (25 mL) and 2.4 m HCl was
added, under cooling, until the pH became acidic. The acid (R)-12
or (S)-12 was filtered and dried (76 mg, 0.32 mmol, 74 %; (R)-12
½a�20

D =++90.3 (c = 0.82, CH3OH); (S)-12 ½a�20
D =�89.8 (c = 0.80,

CH3OH)).

Synthesis of 14 a and 14 b. A mixture of acid (R,S)-12 (0.112 g,
0.48 mmol) and thionyl chloride (0.25 mL, 3.44 mmol) was held at
reflux for 2 h in dry CHCl3 (10 mL). Excess thionyl chloride and
CHCl3 were then removed under reduced pressure to obtain the
pure acyl chloride in quantitative yield. (R)-(+)-a-methylbenzyla-
mine (0.25 mL, 2 mmol) was added to a solution of acyl chloride in
anhydrous CHCl3 (10 mL). The resulting solution was heated at
reflux for 1 h under N2 ; after cooling to room temperature, the so-
lution was stirred overnight under N2. The solvent was removed
under reduced pressure, and the residue was purified by flash
chromatography in EtOAc/PE40–70 1:1 as eluent (0.136 g, 0.40 mmol,
84 %). 14 a and 14 b were obtained by subsequent fractional crys-
tallizations from CH3OH/H2O (2:1).

(2R)-2-[(2-oxo-2H-chromen-7-yl)oxy]-N-[(1R)-1-phenylethyl]-prop-
anamide 14 a. Yield, 40 %; mp: 114–115 8C; EIMS: m/z (%) 337 [M]+

(14), 189 (40), 176 (35), 105 (100); 1H NMR (CDCl3): d= 7.62 (d, 3J =
9.5 Hz, 1 H, H-4’’’), 7.34 (d, 3J = 9.3 Hz, 1 H, H-5’’’), 7.21–7.17 (m, 3 H,
H-2’’, H-4’’), 7.12–7.09 (m, 2 H, H-3’’), 6.80–6.77 (m, 2 H, H-6, H-8’’’),
6.48 (d, 3J = 8.6 Hz, 1 H, NH), 6.29 (d, 3J = 9.5 Hz, 1 H, H-3’’’), 5.13
(pseudo-quintet, 3J = 7.8 Hz, 1 H, H-1’), 4.73 (q, 3J = 6.7 Hz, 1 H, H-2),
1.64 (d, 3J = 6.7 Hz, 3 H, 2-CH3), 1.51 ppm (d, 3J = 7.8 Hz, 3 H, 1’-CH3);
13C NMR (CDCl3): d= 170.37 (C1), 160.07 (C2’’’), 159.78 (C7’’’), 155.56
(C8a’’’), 142.96 (C4’’’), 142.48 (C1’’), 129.09 (C5’’’), 128.54 (C3’’),
127.35 (C4’’), 125.89 (C2’’), 114.10 (C3’’’), 113.58 (C4a’’’), 112.40
(C6’’’), 103.42 (C8’’’), 75.47 (C2), 48.39 (C1’), 21.57 (1’-CH3),
18.55 ppm (2-CH3); Anal. calcd for C20H19NO4 (337.37): C 71.20, H
5.68, N 4.15, found: C 71.01, H 5.79, N 4.35.

(2S)-2-[(2-oxo-2H-chromen-7-yl)oxy]-N-[(1R)-1-phenylethyl]-prop-
anamide 14 b. Yield, 25 %; mp: 135–136 8C; EIMS: m/z (%) 337 [M]+

(12), 189 (26), 176 (46), 105 (100); 1H NMR (CDCl3): d= 7.64 (d, 3J =
9.6 Hz, 1 H, H-4’’’), 7.41 (d, 3J = 9.4 Hz, 1 H, H-5’’’), 7.38–7.32 (m, 2 H,
H-3’’), 7.31–7.25 (m, 3 H, H-2’’, H-4’’), 6.88–6.83 (m, 2 H, H-6, H-8’’’),
6.51 (d, 3J = 8.2 Hz, 1 H, NH), 6.30 (d, 3J = 9.6 Hz, 1 H, H-3’’’), 5.15
(pseudo-quintet, 3J = 7.0 Hz, 1 H, H-1’), 4.76 (q, 3J = 6.9 Hz, 1 H, H-2),
1.58 (d, 3J = 6.9 Hz, 3 H, 2-CH3), 1.41 ppm (d, 3J = 7.0 Hz, 3 H, 1’-CH3);
13C NMR (CDCl3): d= 170.02 (C1), 160.70 (C2’’’), 159.77 (C7’’’), 155.69
(C8a’’’), 142.99 (C4’’’), 142.52 (C1’’), 129.15 (C5’’’), 128.79 (C3’’-C5’’),
127.56 (C4’’), 126.01 (C2’’-C6’’), 114.17 (C3’’’), 113.67 (C4a’’’), 112.47
(C6’’’), 103.36 (C8’’’), 75.59 (C2), 48.38 (C1’), 21.58 (1’-CH3),
18.51 ppm (2-CH3); Anal. calcd for C20H19NO4 (337.37): C 71.20, H
5.68, N 4.15, found: C 71.08, H 5.70, N 4.24.

Hydrolysis of amides 14 a and 14 b. A suspension of the amide
14 b (155 mg, 0.46 mmol) in a solution of 6 m HCl (6 mL) was
heated at reflux for 15 h. After cooling to room temperature, the
solution was extracted with CH2Cl2 (3 � 5 mL), and the combined
organic extracts were dried over anhydrous MgSO4. The organic
solvent was evaporated under reduced pressure to give (S)-12 as a
yellow solid (100 mg, 0.43 mmol, 93 %, ½a�20

D =�88.8 (c = 0.8,
CH3OH).

Cell cultures. Leukemic human T-lymphocytes (Jurkat and CEM),
human promyelocytic leukemia cells (HL-60), and human chronic
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myelogenous leukemia cells (K562) were grown in RPMI-1640
medium, (Sigma-Aldrich, Milan, Italy). Human intestinal adenocarci-
noma (LoVo) cells were grown in Ham’s F-12 medium (Sigma-Al-
drich), and human fibrosarcoma (HT-1080) and breast adenocarci-
noma (MCF7) cells were grown in Dulbecco’s modified Eagle’s
medium (DMEM; Sigma-Aldrich), all of which were supplemented
with penicillin G (115 U mL�1; Invitrogen, Milan, Italy), streptomycin
(115 mg mL�1; Invitrogen), and fetal bovine serum (10 %; Invitrogen).
LoVo/Doxo cells are a doxorubicin-resistant subclone of the LoVo
cell line,[13, 14] and were grown in complete Ham’s F-12 medium
supplemented with doxorubicin (0.1 mg mL�1). CEM-VBL10 is a mul-
tidrug-resistant cell line selected against vinblastine.[15] MCF7-MDR
is a human mammary carcinoma cell line that exhibits multidrug
resistance and high levels of P-gp expression.[16, 17] They were
grown in complete DMEM supplemented with doxorubicin
(0.1 mg mL�1).

Cell-cycle analysis. For flow cytometric analysis of DNA content,
5 � 105 HL-60 cells in exponential-phase growth were treated with
the test compounds for 24 h. After this incubation period, cells
were centrifuged and fixed with ice-cold EtOH (70 %), treated with
lysis buffer containing RNAse A, and then stained with propidium
iodide (PI). Samples were analyzed on a Beckman-Coulter Epics XL-
MCL flow cytometer. For cell-cycle analysis, DNA histograms were
analyzed using MultiCycle for Windows (Phoenix Flow Systems,
USA)

Externalization of phosphatidylserine. Surface exposure of phos-
phatidylserine (PS) by apoptotic cells was measured by flow cytom-
etry with a Beckman-Coulter Cytomics FC500 (Beckman-Coulter,
USA) by adding annexin V–FITC to cells according to the manufac-
turer’s instructions (Annexin V Fluos, Roche Diagnostics). The cells
were simultaneously stained with PI. Excitation was set at 488 nm,
and the emission filters were set at 525 and 585 nm.

Assessment of mitochondrial changes. The change in mitochon-
drial transmembrane potential (Dymt) was measured with the lipo-
philic cation 5,5’,6,6’-tetrachloro-1,1’,3,3’-tetraethylbenzimidazolcar-
bocyanine (JC-1, Molecular Probes, USA) as described.[34] Briefly,
after 24 h treatment, cells were collected by centrifugation and re-
suspended in Hank’s balanced salt solution (HBSS) containing the
JC-1 at 1 mm. The cells were then incubated for 10 min at 37 8C,
centrifuged, and resuspended in HBSS. The production of ROS and
the oxidation of cardiolipin were measured by flow cytometry
using hydroethidine (HE, Molecular Probes, USA) and 10-N-nonyl-
acridine orange (NAO, Molecular Probes, USA), respectively. After
24 h treatment, the cells were collected by centrifugation and re-
suspended in HBSS containing HE (2.5 mm) or NAO (100 nm). The
cells were then incubated for 30 min at 37 8C, centrifuged, and re-
suspended in HBSS. The fluorescence was recorded directly with
the flow cytometer using an excitation wavelength of 488 nm and
emission wavelengths of 585 and 530 nm for HE and NAO, respec-
tively.
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Synthesis and Biological Evaluation of
New Geiparvarin Derivatives

New geiparvarin derivatives modified
at the alkenyloxy bridge, where the 3’-
methyl group was replaced by a hydro-
gen atom, were synthesized and evalu-
ated against a panel of human tumor
cell lines in vitro. Compounds (R)-4 and
(R)-5 show greater inhibitory activity
toward cell growth than the parent gei-
parvarin.
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