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’ INTRODUCTION

Human hepatocellular carcinoma (HCC) is the sixth most
frequent cancer worldwide.1 The aberrant activation of onco-
genes, such as the Ras, likely contributes to the development of
HCC.2 The Ras proteins are membrane-anchored guanine-
nucleotide binding proteins and function as biological switches
that can mediate signal transduction between G-protein-coupled
receptors and downstream events, such as mitogen-activated
protein kinase (MAPK) and Akt.3,4 The activation of MAPK and
Akt signaling regulates cell proliferation, migration, differentia-
tion, and apoptosis.5�9 Notably, the mutations of the Ras genes
usually result in the constitutive activation of Ras-GTP
(guanosine triphosphate) proteins and overstimulation of down-
stream signaling, promoting the development and progression of
tumors in human.10 Previous studies have shown that Ras
mutations occur in human HCC and human hepatoma cell
lines,11,12 and Ras and related signaling regulate the development
and progression of HCC.13,14 Given that there is no effective
chemotherapy for HCC, the development of new therapeutic
agents that inhibit the Ras-related signaling pathway will be of
great significance.

Farnesylthiosalicylic acid (FTS), a novel Ras inhibitor, struc-
turally resembles the carboxyl-terminal farnesylcysteine group,
similar to all Ras proteins. FTS can dislodge the Ras protein from
its anchorage domains and facilitate its degradation, thus redu-
cing cellular Ras content, and functions as a Ras antagonist in

cells, inhibiting tumor cell proliferation.15�18 The potential of
FTS for the treatment of human HCC has been tested; however,
its therapeutic efficacy is limited.19 Therefore, development of
novel Ras inhibitors with potent anti-HCC activity is of pharma-
ceutical importance.

High levels of nitric oxide (NO) and its metabolic derivatives,
the reactive nitrogen species (RNS) and reactive oxygen species
(ROS), can modify functional proteins by S-nitrosylation, nitra-
tion, and disulfide formation, leading to bioregulation, inactiva-
tion and cytotoxicity, particularly in tumor cells.20 Indeed,
previous studies have shown that the synthesized NO-releasing
compounds have strong cytotoxicity against human carcinoma
cells in vitro and inhibit cancer growth and metastasis in vivo.21�23

Furoxans are thermally stable compounds and represent an
important class of NO donors, which can produce high levels
of NO in vitro and inhibit the growth of tumors in vivo.24�26 Our
previous studies have developed a number of promising furoxan-
based NO releasing anticancer drug candidates that have selec-
tive cytotoxicity against HCC cells.24,27,28 Given that FTS can
inhibit the Ras-related signaling and sensitize tumor cells to
apoptotic inducers, we hypothesized that novel types of furoxan/
FTS hybrids could inhibit the Ras-related signaling and tumor
cell proliferation and produce high levels of NO, leading to
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ABSTRACT:Novel furoxan-based nitric oxide (NO) releasing
derivatives (8a�p) of farnesylthiosalicylic acid (FTS) were
synthesized. Compound 8l displayed the strongest inhibition
on the proliferation of human hepatocellular carcinoma (HCC)
cells in vitro, superior to FTS, sorafenib, and furoxan moiety,
selectively induced high frequency of HCC cell apoptosis, and
produced high levels of NO in HCC cells but not in nontumor
liver cells. Furthermore, 8l exhibited low acute toxicity to mice
and significantly inhibited the growth of HCC tumors in vivo
and the Ras-related signaling in the tumors. Therefore, our
novel findings may provide a new framework for the design of new NO-releasing furoxan/FTS hybrids for the intervention of
human HCC.
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potent cytotoxicity against HCC cells. Therefore, a total of 16
target compounds (8a�p) were designed and synthesized by
coupling the carboxyl group of FTS with phenylsulfonyl-sub-
stituted furoxan through various diol or alkanolamine linkers.
Their in vitro and in vivo anti-HCC activities, NO-releasing
ability, acute toxicity, and inhibitory effect on the Ras-related
signaling were evaluated. Herein, we report the synthesis and
biological evaluation of these compounds.

’RESULTS AND DISCUSSION

Chemistry. The substituted furoxans were prepared in a four-
step sequence. The starting material benzenethiol (2) was
converted to 2-(phenylthio)acetic acid (4) by treatment with
chloroacetic acid (3). Compound 4 was oxidized by 30% H2O2

aqueous solution to give 2-(phenylsulfonyl) acetic acid (5) and
reacted with fumingHNO3 to form diphenylsulfonylfuroxan (6),
which was then converted to various monophenylsulfonylfurox-
ans (7a�p) by treatment with corresponding diol or amino-
substituted alcohol. Finally, the resulting furoxans were treated
with S-trans,trans-FTS (1) to give the target compounds (8a�p),
as shown in Scheme 1. The products 8a�p were purified by
column chromatography, and their structures were characterized
by IR, 1H NMR, MS, and elemental analyses. The purity of
individual compounds was determined by high-performance
liquid chromatography (HPLC, see the Supporting In-
formation). Individual compounds with purity of >95% were
used for subsequent experiments.
In Vitro Assessment.The effects of individual compounds on

the proliferation of humanHCC SMMC-7721, Bel7402, HepG2,
and Hep3B cells was evaluated byMTT assay using FTS, 7l (NO
donor moiety), and sorafenib as positive controls. The IC50

values of individual compounds against each tumor cell line are
presented in Table 1. Ten out of 16 compounds displayed
inhibitory effects on the proliferation of HCC cells, which were
superior to FTS, some even stronger than sorafenib or 7l. For
example, the inhibitory effects of 8i, 8k, 8l, 8n, and 8o (IC50 =
5.35�12.20 μM) on the proliferation of Hep 3B cells were
slightly stronger than that of sorafenib (IC50 = 14.08 μM), much
stronger than that of FTS (IC50 = 63.75 μM). Notably, the IC50

of 8l (1.36�5.35 μM) against four HCC cells was 3�8-fold less
than those of sorafenib (IC50 = 10.26�17.30 μM), 4�15-fold
less than that of 7l (IC50 = 17.58�20.98μM), andmuch less than
that of FTS (IC50 = 63.75�107.51 μM), respectively. The strong
inhibition of 8l on the proliferation of these HCC cells may
reflect the synergistic effect of high levels of NO and potent
inhibition of the Ras-related signaling of the new hybrid.
Furthermore, we tested whether the strong inhibition of

individual compounds on the proliferation of HCC cells could
be associated with high levels of NO production in HepG2 cells.
HepG2 and nontumor LO2 cells were exposed to each com-
pound (100 μM) for varying durations (30�300 min). The
levels of nitrite/nitrate produced in the lysates of these cells were
characterized by the Griess assay (Figure 1). As expected,
treatment with FTS resulted in little nitrite/nitrate in any of
the tested cells. In contrast, treatment with individual furoxan/
FTS hybrids promoted variable levels of nitrite/nitrate produc-
tion in HepG2 cells. Treatment with low inhibitory 8d and 8m
produced lower levels of nitrate/nitrite in these cells. However,
treatment of compounds such as 8l or 8o with high inhibitory
activity produced significantly higher levels of nitrate/nitrite in
these cells. More importantly, the levels of nitrate/nitrite pro-
duced by those compounds were positively correlated with their
inhibitions on the proliferation of HCC cells in vitro (R = 0.63,

Scheme 1. Synthesis of Compounds 8a�pa

aReagents and conditions: (a) ClCH2COOH, NaOH(aq), 140 �C, 2 h. (b) 30% H2O2, AcOH, room temperature, 3 h. (c) Fuming HNO3, 90 �C, 4 h.
(d) Diol or alkanolamine, THF, 30% NaOH, room temperature, 4�8 h. (e) Compound 1, DCC, DMAP, CH2Cl2, room temperature, 6�12 h.
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p < 0.05, determined by Pearson's correlation analysis). In addi-
tion, treatment with these compounds, particularly for those with
strong inhibition, resulted in high levels of nitrite/nitrate pro-
duction selectively in HepG2 cells. Evidently, the levels of
nitrite/nitrate produced by 8l or 8o in HepG2 cells were much
higher than that in LO2 cells. Therefore, some new compounds
can produce high levels of NO selectively in HCC cells, which is

associated with their strong inhibition against HCC cell prolif-
eration in vitro.
High levels of NO produced in HCC by these new furoxan/

FTS compounds may result in selective inhibition on the
proliferation of HCC and may even be cytotoxic to HCC. To
test this hypothesis, we determined the inhibition of compound
8l on the proliferation of Hep3B cells and nontumor liver LO2
cells in vitro. While treatment with 12.5 μM 8l promoted nearly
90% of the inhibition in Hep3B cells, the same treatment only
induced 10% of inhibition in LO2 cells, which was similar to that
of unmanipulated cells in our experimental condition (data not
shown, Figure 2). Apparently, 8l has selective inhibition on the
proliferation of HCC cells in vitro.
Given that FTS can sensitize tumor cells to apoptotic inducers

and high levels of NO are cytotoxic to HCC cells, we further
tested whether treatment with 8l could selectively induce HCC
cell apoptosis in vitro. Hep3B and nontumor LO2 cells were
treated with 8 μM 8l, 7l (NO donor moiety of 8l), FTS, or
vehicle for 48 h, respectively. The cells were harvested and
stained with Annexin V and propidium iodide (PI), and the
percentages of apoptotic cells were determined by flow cytome-
try analysis (Figure 3). Treatment with FTS did not cause both

Figure 2. Inhibition of 8l on the proliferation of Hep3B and LO2 cells.
Hep3B and LO2 cells were treated with the indicated concentrations of
8l for 48 h. The inhibitory effect on the proliferation of 8l was
determined by MTT assay. Data are expressed as means ( SEMs of
inhibition (%) from three independent experiments.

Figure 3. Compound 8l selectively induces Hep3B cell apoptosis in
vitro. Hep3B and LO2 cells were treated in duplicate with 8 μM 8l, 7l,
FTS, or vehicle control for 48 h, respectively. The cells were harvested
and stained with Annexin V and PI, followed by flow cytometry analysis.
Data are expressed as means ( SEMs of each group of cells from three
separate experiments. *p < 0.05 vs LO2 cells; #p < 0.05 vs the other
groups, respectively, determined by X2 tests.

Table 1. IC50 Values of 8a�p against Four Human HCC Cell
Lines

in vitro inhibition of HCC proliferation (IC50, μmol/L)a

compd Hep 3B Hep G2 SMMC-7721 Bel-7402

FTS 63.75 107.51 71.22 76.13

sorafenib 14.08 11.49 17.30 10.26

7l NDb 17.58 18.25 20.98

8a >50 >50 >50 >50

8b >50 >50 >50 >50

8c >50 >50 >50 >50

8d 34.31 >50 37.14 35.82

8e 38.57 >50 43.71 >50

8f >50 >50 >50 >50

8g 22.36 41.91 27.65 19.22

8h >50 >50 >50 >50

8i 7.18 11.09 16.23 12.36

8j 18.83 29.15 19.74 21.99

8k 12.20 15.22 8.70 18.11

8l 5.35 1.36 4.72 4.48

8m 31.50 >50 34.97 21.14

8n 8.48 10.88 14.93 10.71

8o 10.35 13.70 14.56 8.60

8p ND ND ND ND
aThe inhibitory effects of individual compounds on the proliferation of
cancer cell lines were determined by theMTT assay and expressed as the
IC50 (a dose achieved 50% inhibition in the proliferation of cancer cells
cultured). bND, not determined.

Figure 1. Variable levels of NO were produced by the compounds.
HepG2 and LO2 cells were treated with each compound at 100 μM, and
the contents of nitrate/nitrite in the cell lysates were determined by
Griess assay through the duration of 30�300 min. The individual values
were determined by measuring absorbance at 540 nm and calculated
according to the standard curve. Data shown are the mean values (
SEMs of individual compounds at 240 min post-treatment in individual
types of cells from three experiments, and similar patterns of nitrate/
nitrite production in these cells were observed at other experimental
time points (data not shown).
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Hep3B and LO2 cell apoptosis as the percentages of apoptotic
Hep3B and LO2 cells were similar to those of the cells treated
with vehicle. Furthermore, treatment with 7l induced moderate
frequency of Hep3B cell apoptosis, whereas treatment with 8l
triggered nearly 65% of Hep3B cell apoptosis. More importantly,
treatment with 8l did not cause nontumor LO2 cell apoptosis.
These data indicated that the new furoxan/FTS hybrid 8l
selectively induced high frequency of HCC cell apoptosis.
In Vivo Anti-HCC Activity of 8l. To evaluate the safety of 8l,

groups of female KM mice were injected intraperitoneally with a
single dose of 8l at 585.9, 468.8, 375.0, 300.0, and 240.0 mg/kg or
vehicle control, respectively, according to our pilot study. The
survival of mice was monitored up to 14 days postinjection
(Table 2). Treatment with 8l at a high dose (585.9 mg/kg) killed
almost all mice, and the LD50 value of 8l is 467.1 mg/kg for this
strain of mice. In contrast, injection with 8l at 240.0 mg/kg, like
with vehicle alone, did not cause any abnormality in the mice
throughout the observation period, suggesting injection with 8l
at or below this dose may be safe for mice.
To evaluate the in vivo activity of 8l, BALB/c nude mice were

inoculated subcutaneously with SMMC7721 cells. After the
establishment of solid tumor, the mice were randomized and
treated with 15 or 60 mg/kg of 8l, positive control FTS (16 mg/
kg), or vehicle alone, respectively. Treatment with vehicle alone
did not change the growth of tumors in vivo because the dynamic
increases in the volumes of HCC tumors in the vehicle-treated
mice were similar to those in untreated controls (data not
shown). In contrast, treatment with 8l at 15 mg/kg significantly
inhibited the growth of HCC tumor (p < 0.01 vs. controls).
Treatment with 60 mg/kg of 8l enhanced the inhibitory effect on
the growth of HCC tumors (p < 0.01 vs treatment with 15 mg/
kg), and its inhibitory effect was slightly stronger than that of FTS
treatment (Figure 4). Importantly, the tumor weights in the mice
treated with 8l at 15 or 60mg/kg were 0.98( 0.19 or 0.72( 0.33
g, respectively, which were significantly less than those from the
vehicle-treated controls (1.53( 0.71 g, p < 0.01). Together, our
data clearly demonstrate that 8l is a relatively safe reagent and can
inhibit the growth of HCC in vivo.
Effect of 8l on the Ras-Related Signaling. Finally, we

examined the effect of treatment with 8l on the Ras-related
signaling in vivo. The expression and phosphorylation levels of
the Ras-related signal events, Akt, extracellular signal-regulated
kinase (ERK), and c-Raf in the homogenates of liver tumors
dissected from the mice that had been treated with FTS, vehicle
control, and 15 or 60 mg/kg of 8l were determined by immuno-
blotting assays. Treatment with FTS inhibited the phosphoryla-
tion of c-Raf, Akt, and ERK, while treatment with 8l further
down-regulated the phosphorylation levels of these events in the
liver tumor (Figure 5A). Quantitative analysis revealed that

similar levels of Akt expression were detected in these groups
of liver tumors, and the relative levels of Akt phosphorylation in
the FTS-treated tumors were significantly lower than those in
control tumors (Figure 5B). The levels of Akt phosphorylation in
the 8l-treated tumors were further reduced significantly, as
compared with those in the FTS-treated tumors. Furthermore,
similar patterns of the inhibition of c-Raf and ERK phosphoryla-
tion by 8l were observed although treatment with either com-
pound significantly down-regulated the expression of ERK in
these groups of liver tumors. These data clearly indicated that
treatment with 8l inhibited the ERK expression and the c-Raf,
Akt, and ERK phosphorylation in the liver tumors, which may
contribute to the inhibition of tumor growth in vivo. The
significantly higher inhibition of 8l on the Ras-related signaling
suggests that high levels of NO produced by 8lmay enhance the
inhibition of FTS on the Ras-related signaling in the liver tumors.
Structure�Activity Relationships (SARs). Analysis of SAR

revealed that 8a�p with different linkers displayed variable
inhibitory effects on the proliferation of HCC cells. The com-
pounds (8i�o) linked with alkanolamine exhibited stronger
inhibitory effects than the compounds (8a�h) linked with diol.
The different pharmacological profile of these compounds may
be attributed to the fact that the linkers modulate the struc-
ture, stability, metabolism, penetrability, and activity of these

Table 2. Acute Toxicity of 8l in Mice

no. of dead mice

dose (mg/kg) no. of mice 1 h 4 h 1 day 2 days 3 days 4 days 5�14 days total death survival (%) on day 14

585.9 10 0 0 2 2 1 2 1 8 20

468.8 10 0 0 1 0 2 1 0 4 60

375.0 10 0 0 0 1 1 0 0 2 80

300.0 10 0 0 0 0 1 0 0 1 90

240.0 10 0 0 0 0 0 0 0 0 100

vehicle 10 0 0 0 0 0 0 0 0 100

Figure 4. Effect of 8l on the growth of HCC tumors in vivo. BALB/c
nude mice were inoculated with SMMC7721 cells. After establishment
of solid tumor, the mice were randomized and treated with solvent
control, FTS, or 8l at the indicated doses, respectively, and the growth of
tumors was measured longitudinally. Data are expressed as means (
SEMs of tumor volumes at each time point for each group of mice (n = 6
per group). The kinetics of HCC tumor growth in untreated controls
was similar to that of solvent controls (data not shown).
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compounds in HCC. It is likely that the ester compounds can
usually be metabolized into the corresponding acid and alcohol,
which may lead to the partial loss of their inhibitory activity.
Indeed, the ester derivatives of FTS such as 8a�c displayed the
lowest activity against HCC cells. In sharp contrast, the amide
derivatives of FTS such as 8l had the strongest inhibitory activity
among the compounds tested. The higher inhibitory activity of 8l
may come from higher levels of NO release and stronger
inhibition of the Ras-related signaling in comparison with the
ester derivatives. Furthermore, among the amide derivatives of
FTS, compounds 8i, 8k, and 8o with an aminoethanol linker had
higher inhibition on the proliferation of HCC cells than those
with an aminopropanol linker, like 8j. The different activity of
those compounds may stem from the variable metabolic path-
ways since it is known that the aminoethanol can be oxidized and
contribute to the formation of glycine, and the aminopropanol is
usually metabolized rapidly by aminopropanol-dehydrogenase in
the liver.29,30 Strikingly, the compound 8m with a pyrrolidinyl-
methanol linker displayed the lowest inhibition on the prolifera-
tion of HCC cells. However, the precise mechanisms underly-
ing the SAR of these furoxan/FTS hybrids remain further
investigation.

’CONCLUSIONS

In summary, most novel furoxan-based NO-releasing deriva-
tives of FTS displayed a strong inhibition on the proliferation of
HCC cells in vitro, particularly for 8l, which had a great potency
superior to sorafenib, produced high levels of NO in HCC cells,
and induced high frequency of HCC cell apoptosis in vitro.
Interestingly, the cytotoxicity of 8l appeared to be selectively
against HCC. Evidentially, 8l exhibited very weak activity against
human nontumor liver LO2 cells and produced low levels of NO
in LO2 cells. The low cytotoxicity of 8l against nontumor cells,
together with low acute toxicity in mice, suggests that 8lmay be a
relative safe anti-HCC agent. More importantly, treatment with
8l inhibited the growth of HCC tumors and the Ras-related
signaling in vivo. Apparently, the synergic effect of high levels of
NO production and strong inhibition on the Ras-related signal-
ing contributed to its potent cytotoxicity against HCC. Accord-
ingly, 8lmay be a promising candidate for further intensive study.

Therefore, our novel findings may provide a new framework for
the design of new NO-releasing furoxan/FTS hybrids for the
intervention of human HCC.

’EXPERIMENTAL SECTION

Melting points of individual compounds were determined on a Mel-
TEMP II melting point apparatus and uncorrected. Optical rotations
weremeasured with a JASCOP-1020 polarimeter (cell length, 100mm).
Infrared (IR) spectra (KBr) were recorded on a Nicolet Impact 410
instrument (KBr pellet). 1H NMR spectra were recorded with a Bruker
Avance 300 MHz spectrometer at 300 K, using TMS as an internal
standard. MS spectra were recorded on a Shimadzu GC-MS 2010 (EI)
or a Mariner Mass Spectrum (ESI). Element analysis was performed on
an Eager 300 instrument. All compounds were routinely checked by
TLC and 1HNMR. TLCs and preparative TLCwere performed on silica
gel GF/UV 254, and the chromatograms were conducted on silica gel
(200�300 mesh) and visualized under UV light at 254 and 365 nm. All
solvents were reagent grade and, when necessary, were purified and
dried by standards methods. Solutions after reactions and extractions
were concentrated using a rotary evaporator operating at a reduced
pressure of ca. 20 Torr. Organic solutions were dried over anhydrous
sodium sulfate. Compounds 1�3 were commercially available. Com-
pounds 4�6 and 7a�i were synthesized, as previously described.24

General Procedure for the Preparation of 7j�p. Compound
6 (1.0 g, 2.7 mmol) in 15 mL of THF was mixed with corresponding
alkanolamine (10.9 mmol) by stirring at 0 �C, followed by reaction with
1 mL of 15% NaOH at room temperature for 4�12 h with stirring. The
mixture was concentrated in vacuo, dissolved in 15 mL of H2O, and
extracted with CH2Cl2 (10 mL � 3). The organic layer was combined,
washed with water and saturated NaCl solution sequentially, dried over
anhydrous Na2SO4, and concentrated in vacuo. The crude product was
purified by column chromatography (EtOAc to MeOH/CH2Cl2 1:8 v/v)
to give the title compounds (50�88%).
4-(3-Aminopropoxy)-3-(phenylsulfonyl)-1,2,5-oxadiazole-

2-oxide (7j). The title compound was obtained starting from 6
and propanolamine. White waxy solid, 70% yield. Analytical data for
7j: 1H NMR (CDCl3, 300 MHz): δ 8.05 (m, 2H, Ar�H), 7.75 (m, 1H,
Ar�H), 7.61 (m, 2H, Ar�H), 4.54 (t, 2H, J = 6.0 Hz, OCH2), 2.96 (t,
2H, J = 6.6 Hz, NCH2), 2.03 (m, 4H, NCH2CH2, NH2). MS (ESI) m/z =
300 [M þ 1]þ. Anal. calcd for C11H13N3O5S: C, 44.14; H, 4.38; N,
14.04. Found: C, 43.87; H, 4.60; N, 13.91.

Figure 5. Immunoblot analysis of the expression and phosphorylation of Akt, ERK, and c-Raf in the tumors. Individual liver tumors from the mice that
had been treated with vehicle (control), FTS, or different doses of 8l were homogenized, and their lysates were subjected to immunoblot analysis using
anti-Akt, antiphospho-Akt (Ser473), anti-ERK, antiphospho-ERK (Thr202/Tyr204), antiphospho-c-Raf (Ser259), and anti-β-actin antibodies,
respectively. (A) A representative blot. Data shown are a representative image from six separate experiments. (B) Quantitative analysis. The relative
levels of each signaling event to control β-actin were determined by densimetric scanning. Data are expressed as means( SDs of each protein of each
group (n = 6 per group) from six separate experiments. #p < 0.05 vs control; *p < 0.05 vs FTS, determined by Student's t test.
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4-(2-(Methylamino)ethoxy)-3-(phenylsulfonyl)-1,2,5-oxa-
diazole-2-oxide (7k). The title compound was obtained starting
from 6 and 2-(methylamino)ethanol. Yellow cream, 50% yield. This
product was unstable and was used for the next step without any further
purification.
3-(Phenylsulfonyl)-4-(2-(piperazin-1-yl)ethoxy)-1,2,5-oxa-

diazole-2-oxide (7l). The title compound was obtained starting
from 6 and 2-(piperazin-1-yl)ethanol. Pale yellow waxy solid, 56% yield.
Analytical data for 7l: 1H NMR (CDCl3, 300 MHz): δ 8.06 (d, 2H, J =
7.5 Hz, Ar�H), 7.78 (m 1H, Ar�H), 7.64 (m, 2H, Ar�H), 4.56 (t, 2H,
J = 5.7 Hz, CH2O), 2.94 (m, 6H, HN(CH2)2, NCH2), 2.64 (m, 4H,
(CH2)2N), 1.99 (m, 1H, NH); MS (ESI) m/z = 355 [M þ 1]þ. Anal.
calcd for C14H18N4O5S: C, 47.45; H, 5.12; N, 15.81. Found: C, 47.22;
H, 5.38; N, 15.66.
(S)-3-(Phenylsulfonyl)-4-(pyrrolidin-2-ylmethoxy)-1,2,5-

oxadiazole-2-oxide (7m). The title compound was obtained start-
ing from 6 and (S)-pyrrolidin-2-ylmethanol. Pale yellow waxy solid, 88%
yield. Analytical data for 7m: [R]D24: �2.36. 1H NMR (CDCl3, 300
MHz): δ 8.07 (d, 2H, J = 7.8 Hz, Ar�H), 7.75 (m, 1H, Ar�H), 7.61 (m,
2H, Ar�H), 4.31(m, 2H, OCH2), 3.69 (m, 1H, NCH), 3.07 (m, 2H,
NCH2), 2.02 (m, 1H, NH), 1.91 (m, 4H, CHCH2CH2). MS (ESI) m/z =
326 [M þ 1]þ. Anal. calcd for C13H15N3O5S: C, 47.99; H, 4.65; N,
12.92. Found: C, 47.83; H, 4.99; N, 12.53.
3-(Phenylsulfonyl)-4-(piperidin-4-yloxy)-1,2,5-oxadiazole-

2-oxide (7n). The title compound was obtained starting from 6 and
piperidin-4-ol. White solid, mp 78�81 �C, 61% yield. Analytical data for
7n: 1H NMR (CDCl3, 300 MHz): δ 8.05 (m, 2H, Ar�H), 7.77 (m, 1H,
Ar�H), 7.66 (m, 2H, Ar�H), 5.05 (m, 1H, OCH), 3.00 (m, 4H,
N(CH2)2), 1.90 (m, 5H, C(CH2)2, NH). MS (ESI) m/z = 326 [M þ
1]þ. Anal. calcd for C13H15N3O5S: C, 47.99; H, 4.65; N, 12.92. Found:
C, 48.26; H, 4.52; N, 12.97.
4-(2-(2-Hydroxyethylamino)ethoxy)-3-(phenylsulfonyl)-

1,2,5-oxadiazole-2-oxide (7o). These two compounds were ob-
tained starting from 6 and diethanolamine. Pale yellow waxy solid, 65%
yield. Analytical data for 7o: 1H NMR (CDCl3, 300 MHz): δ 8.05 (d,
2H, J = 7.5 Hz, Ar�H), 7.77 (m, 1H, Ar�H), 7.63 (m, 2H, Ar�H), 4.55
(m, 2H, OCH2), 4.12 (m, 1H, OH), 3.84 (m, 2H, HOCH2), 3.15 (m,
2H, NCH2), 2.92 (t, 2H, J = 5.1 Hz, HOCH2CH2), 2.27 (m, 1H, NH).
MS (ESI)m/z = 330 [Mþ 1]þ. Anal. calcd for C12H15N3O6S: C, 43.76;
H, 4.59; N, 12.76. Found: C, 43.29; H, 4.55; N, 12.72.
4,40-(2,20-Azanediylbis(ethane-2,1-diyl)bis(oxy))bis(3-(phen-

ylsulfonyl)-1,2,5-oxadiazole-2-oxide) (7p). The title compound
was obtained starting from 6 and diethanolamine. Pale yellowwaxy solid,
8% yield. Analytical data for 7p: 1HNMR (CDCl3, 300MHz): δ 8.07 (d,
4H, J = 8.1 Hz, Ar�H), 7.74 (m, 2H, Ar�H), 7.60 (m, 2H, Ar�H), 7.31
(m, 2H, Ar�H), 4.62 (m, 4H, 2 � OCH2), 3.52 (m, 4H, 2 � NCH2).
MS (ESI) m/z = 554 [M þ 1]þ. Anal. calcd for C20H19N5O10S2: C,
43.40; H, 3.46; N, 12.65. Found: C, 43.16; H, 3.71; N, 12.49.
General Procedure for the Preparation of 8a�p. To a

solution of 1 (400 mg, 1.12 mmol) in dry CH2Cl2 (40 mL), 7a�p
(1.23 mmol), dicyclohexylcarbodiimide (DCC) (270 mg, 1.34 mmol),
and 4-dimethylaminopyridine (DMAP) (100 mg, 0.82 mmol) was
added, and the mixture was stirred at room temperature for 6�12 h.
After filtration, the filtrate was evaporated to dryness in vacuo, and the
crude product was purified by column chromatography [petroleum
ether (PE)/EtOAc = 6:1 to 3:1 v/v] to yield 8a�p (46�70%).
3-(Phenylsulfonyl)-4-(2-(2-((2E,6E)-3,7,11-trimethyldode-

ca-2,6,10-trienylthio)benzoyloxy)ethyloxy)-1,2,5-oxadiazole-
2-oxide (8a). The title compound was obtained starting from 1 and
7a. Colorless viscous liquid, 61% yield. Analytical data for 8a: IR
(KBr, cm�1): 3418, 2925, 1715, 1613, 1452, 1171. 1H NMR (CDCl3,
300MHz): δ 8.03 (m, 2H, Ar�H), 7.91 (m, 1H, Ar�H), 7.70 (t, 1H, J =
7.5 Hz, Ar�H), 7.60 (m, 2H, Ar�H), 7.41 (m, 1H, Ar�H), 7.25 (m,
1H, Ar�H), 7.12 (m, 1H, Ar�H), 5.31 (m, 1H, SCH2CH), 5.05 (t, 2H,

J = 7.2 Hz, 2 � CH2CH=CCH3), 4.58 (t, 2H, J = 6.0 Hz, COOCH2),
4.50 (t, 2H, J = 6.0 Hz, OCH2), 3.54 (d, 2H, J = 7.5 Hz, SCH2),
1.87�2.00 (m, 8H, 2 � CHCH2CH2CH), 1.55�1.68 (m, 12H, 4 �
CHdCCH3). MS (ESI) m/z = 627 [M þ 1]þ. Anal. calcd for
C32H38N2O7S2: C, 61.32; H, 6.11; N, 4.47. Found: C, 61.55; H, 5.87;
N, 4.30.
3-(Phenylsulfonyl)-4-(3-(2-((2E,6E)-3,7,11-trimethyldode-

ca-2,6,10-trienylthio)benzoyloxy)propoxy)-1,2,5-oxadiazole-
2-oxide (8b). The title compound was obtained starting from 1 and
7b. Colorless viscous liquid, 70% yield. Analytical data for 8b: IR
(KBr, cm�1): 3422, 2965, 1712, 1615, 1553, 1450, 1248, 1170. 1H
NMR (CDCl3, 300MHz):δ 8.05 (m, 2H, Ar�H), 7.94 (m, 1H, Ar�H),
7.73 (t, 1H, J = 7.5 Hz, Ar�H), 7.62 (m, 2H, Ar�H), 7.44 (m, 1H,
Ar�H), 7.28 (m, 1H, Ar�H), 7.15 (m, 1H, Ar�H), 5.33 (m, 1H,
SCH2CH), 5.08 (m, 2H, 2� CH2CH=CCH3), 4.61 (t, 2H, J = 6.0 Hz,
COOCH2), 4.51 (t, 2H, J = 6.0 Hz, OCH2), 3.57 (d, 2H, J = 7.5 Hz,
SCH2), 2.36 (m, 2H, CH2CH2CH2), 1.89�2.02 (m, 8H, 2 �
CHCH2CH2CH), 1.50�1.68 (m, 12H, 4 � CHdCCH3). MS (ESI)
m/z = 641 [Mþ 1]þ. Anal. calcd for C33H40N2O7S2: C, 61.85; H, 6.29;
N, 4.37. Found: C, 61.62; H, 6.08; N, 4.22.
3-(Phenylsulfonyl)-4-(4-(2-((2E,6E)-3,7,11-trimethyldode-

ca-2,6,10-trienylthio)benzoyloxy)butoxy)-1,2,5-oxadiazole-
2-oxide (8c). The title compound was obtained starting from 1 and
7c. Colorless viscous liquid, 64% yield. Analytical data for 8c: IR
(KBr, cm�1): 3408, 2931, 1709, 1462, 1281, 1058. 1H NMR (CDCl3,
300MHz): δ 7.95 (m, 2H, Ar�H), 7.43 (m, 2H, Ar�H), 7.42 (t, 2H, J =
7.5 Hz, Ar�H), 7.29 (m, 2H, Ar�H), 7.14 (m, 1H, Ar�H), 5.33 (m,
1H, SCH2CH), 5.06 (m, 2H, 2�CH2CHdCCH3), 4.35 (t, 2H, J = 6.9
Hz, COOCH2), 3.70 (t, 2H, J = 6.0 Hz, OCH2), 3.57 (m, 2H, SCH2),
1.83�2.02 (m, 12H, 2 � CHCH2CH2CH, CH2CH2CH2CH2),
1.50�1.68 (m, 12H, 4 � CHdCCH3). MS (ESI) m/z = 655 [M þ
1]þ. Anal. calcd for C34H42N2O7S2: C, 62.36; H, 6.46; N, 4.28. Found:
C, 62.23; H, 6.60; N, 4.27.
3-(Phenylsulfonyl)-4-(4-(2-((2E,6E)-3,7,11-trimethyldode-

ca-2,6,10-trienylthio)benzoyloxy)but-2-ynyloxy)-1,2,5-oxa-
diazole-2-oxide (8d). The title compound was obtained starting
from 1 and 7d. Colorless viscous liquid, 61% yield. Analytical data for 8d:
IR (KBr, cm�1): 3327, 2928, 1718, 1624, 1450, 1243, 1056. 1H NMR
(CDCl3, 300 MHz): δ 8.06 (d, 2H, J = 7.8 Hz, Ar�H), 8.01 (d, 1H, J =
7.8 Hz, Ar�H), 7.74 (t, 1H, J = 7.2 Hz, Ar�H), 7.62 (m, 2H, Ar�H),
7.47 (t, 1H, Ar�H), 7.33 (m, 1H, Ar�H), 7.20 (m, 1H, Ar�H), 5.33
(m, 1H, SCH2CH), 5.12 (m, 4H, 2 � CH2CHdCCH3, COOCH2),
5.00 (s, 2H, OCH2), 3.60 (d, 2H, J = 7.2 Hz, SCH2), 1.88�2.04 (m, 8H,
2 � CHCH2CH2CH), 1.48�1.68 (m, 12H, 4 � CHdCCH3). MS
(ESI)m/z = 651 [Mþ 1]þ. Anal. calcd for C34H38N2O7S2: C, 62.75; H,
5.89; N, 4.30. Found: C, 62.48; H, 6.11; N, 4.13.
3-(Phenylsulfonyl)-4-(3-(2-((2E,6E)-3,7,11-trimethyldode-

ca-2,6,10-trienylthio)benzoyloxy)butoxy)-1,2,5-oxadiazole
2-oxide (8e). The title compoundwas obtained starting from 1 and 7e.
Colorless viscous liquid, 57% yield. Analytical data for 8e: IR
(KBr, cm�1): 3441, 2925, 1708, 1615, 1450, 1248, 1170, 1057. 1H
NMR (CDCl3, 300 MHz): δ 8.08 (d, 2H, J = 7.8 Hz, Ar�H), 7.93 (d,
1H, J = 7.5 Hz, Ar�H), 7.73 (m, 1H, Ar�H), 7.64 (m, 2H, Ar�H), 7.43
(t, 1H, J = 7.2 Hz, Ar�H), 7.30 (m, 1H, Ar�H), 7.16 (m, 1H, Ar�H),
5.40 (m, 1H, SCH2CH), 5.08 (m, 2H, 2 � CH2CHdCCH3), 4.56
(t, 2H, J = 6.0 Hz, OCH2), 4.31 (m, 1H, OCH), 3.56 (d, 2H, J =
7.2 Hz, SCH2), 2.28 (m, 2H, CHCH2), 1.89�2.02 (m, 8H, 2 �
CHCH2CH2CH), 1.50�1.68 (m, 12H, 4 � CHdCCH3), 1.47 (d,
3H, J = 6.3Hz, CHCH3).MS (ESI)m/z = 655 [Mþ 1]þ. Anal. calcd for
C34H42N2O7S2: C, 62.36; H, 6.46; N, 4.28. Found: C, 62.11; H, 6.85;
N, 4.38.
3-(Phenylsulfonyl)-4-(5-(2-((2E,6E)-3,7,11-trimethyldode-

ca-2,6,10-trienylthio)benzoyloxy)pentyloxy)-1,2,5-oxadia-
zole-2-oxide (8f). The title compound was obtained starting from 1
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and 7f. Colorless viscous liquid, 68% yield. Analytical data for 8f: IR
(KBr, cm�1): 3441, 2925, 1710, 1615, 1552, 1450, 1248, 1170. 1HNMR
(CDCl3, 300 MHz): δ 8.04 (d, 2H, J = 7.5 Hz, Ar�H), 7.96 (d, 1H, J =
7.8 Hz, Ar�H), 7.73 (m, 1H, Ar�H), 7.59 (m, 2H, Ar�H), 7.42 (m,
1H, Ar�H), 7.32 (m, 1H, Ar�H), 7.14 (m, 1H, Ar�H), 5.34 (m, 1H,
SCH2CH), 5.09 (m, 2H, 2� CH2CHdCCH3), 4.44 (t, 2H, J = 6.3 Hz,
COOCH2), 4.37 (t, 2H, J = 6.6 Hz, OCH2), 3.58 (d, 2H, J = 7.8 Hz,
SCH2), 1.89�2.02 (m, 8H, 2�CHCH2CH2CH), 1.50�1.70 (m, 18H,
4� CHdCCH3, CH2CH2CH2CH2CH2). MS (ESI) m/z = 669 [Mþ
1]þ. Anal. calcd for C35H44N2O7S2 3 5.5H2O: C, 54.74; H, 7.22; N, 3.65.
Found: C, 54.66; H, 6.92; N, 3.60.
3-(Phenylsulfonyl)-4-(2-(2-(2-((2E,6E)-3,7,11-trimethyldo-

deca-2,6,10-trienylthio)benzoyloxy)ethoxy) ethoxy)-1,2,5-
oxadiazole-2-oxide (8g). The title compound was obtained starting
from 1 and 7g. Colorless viscous liquid, 67% yield. Analytical data for 8g:
IR (KBr, cm�1): 3451, 2924, 1712, 1617, 1449, 1249, 1170. 1H NMR
(CDCl3, 300 MHz): δ 7.96 (d, 1H, J = 7.8 Hz, Ar�H), 7.91 (d, 2H, J =
7.2 Hz, Ar�H), 7.62 (t, 1H, J = 7.5 Hz, Ar�H), 7.49 (m, 2H, Ar�H),
7.30 (m, 2H, Ar�H), 7.16 (m, 1H, Ar�H), 5.33 (m, 3H, SCH2CH,2�
CH2CHdCCH3), 4.37 (m, 4H, 2�CH2O), 3.73 (m, 4H, CH2OCH2),
3.58 (d, 2H, J = 7.2 Hz, SCH2), 1.89�2.02 (m, 8H, 2 �
CHCH2CH2CH), 1.50�1.68 (m, 12H, 4 � CHdCCH3). MS (ESI)
m/z = 671 [Mþ 1]þ. Anal. calcd for C34H42N2O8S2: C, 60.87; H, 6.31;
N, 4.18. Found: C, 60.59; H, 6.52; N, 3.97.
3-(Phenylsulfonyl)-4-(6-(2-((2E,6E)-3,7,11-trimethyldode-

ca-2,6,10-trienylthio)benzoyloxy)hexyloxy)-1,2,5-oxadiazole-
2-oxide (8h).The title compoundwas obtained starting from 1 and 7g.
Colorless viscous liquid, 65% yield. Analytical data for 8g: IR
(KBr, cm�1): 3420, 2930, 1710, 1615, 1450, 1248, 1170. 1H NMR
(CDCl3, 300 MHz): δ 8.04 (m, 2H, Ar�H), 7.95 (m, 1H, Ar�H), 7.75
(t, 1H, J = 7.5 Hz, Ar�H), 7.61 (m, 2H, Ar�H), 7.43 (m, 1H, Ar�H),
7.30 (m, 1H, Ar�H), 7.15 (m, 1H, Ar�H), 5.34 (m, 1H, SCH2CH),
5.08 (m, 2H, 2�CH2CHdCCH3), 4.42 (t, 2H, J = 6.3 Hz, COOCH2),
4.34 (t, 2H, J = 6.6 Hz, OCH2), 3.57 (d, 2H, J = 7.5 Hz, SCH2),
1.89�2.02 (m, 8H, 2 � CHCH2CH2CH), 1.50�1.68 (m, 16H, 4 �
CHdCCH3, COOCH2CH2, CH2CH2O), 1.25 (m, 4H, OCH2CH2-
CH2CH2). MS (ESI) m/z = 683 [M þ 1]þ. Anal. calcd for C36H46-
N2O7S2: C, 63.32; H, 6.79; N, 4.10. Found: C, 63.06; H, 6.98; N, 3.80.
3-(Phenylsulfonyl)-4-(2-(2-((2E,6E)-3,7,11-trimethyldode-

ca-2,6,10-trienylthio)benzamido)ethyloxy)-1,2,5-oxadiazole-
2-oxide (8i). The title compound was obtained starting from 1 and 7i.
Colorless viscous liquid, 67% yield. Analytical data for 8i: IR
(KBr, cm�1): 3333, 2928, 1621, 1554, 1453, 1260, 1167, 1021. 1H
NMR (CDCl3, 300 MHz): δ 8.02 (d, 2H, J = 7.8 Hz, Ar�H), 7.70 (m,
2H, Ar�H), 7.55 (t, 2H, J = 7.8 Hz, Ar�H), 7.36 (m, 2H, Ar�H), 7.18
(m, 1H, Ar�H), 5.25 (m, 1H, SCH2CH), 5.08 (m, 2H, 2 �
CH2CHdCCH3), 4.64 (t, 2H, J = 4.8 Hz, CH2O), 3.96 (m, 2H,
NCH2), 3.53 (d, 2H, J = 7.2 Hz, SCH2), 1.89�2.02 (m, 8H, 2 �
CHCH2CH2CH), 1.50�1.68 (m, 12H, 4 � CHdCCH3). MS (ESI)
m/z = 626 [Mþ 1]þ. Anal. calcd for C32H39N3O6S2 3 0.2H2O: C, 61.06;
H, 6.31; N, 6.68. Found: C, 61.22; H, 6.78; N, 6.23.
3-(Phenylsulfonyl)-4-(3-(2-((2E,6E)-3,7,11-trimethyldode-

ca-2,6,10-trienylthio)benzamido)propoxy)-1,2,5-oxadiazole-
2-oxide (8j). The title compound was obtained starting from 1 and 7j.
Colorless viscous liquid, 67% yield. Analytical data for 8j: IR
(KBr, cm�1): 3444, 1630, 1552, 1449, 1168, 1068. 1H NMR (CDCl3,
300 MHz): δ 8.00 (d, 2H, J = 7.5 Hz, Ar�H), 7.74 (t, 1H, J = 7.5 Hz,
Ar�H), 7.61 (m, 3H, Ar�H), 7.40 (m, 2H, Ar�H), 7.30 (m, 1H,
Ar�H), 5.26 (m, 1H, SCH2CH), 5.07 (m, 2H, 2 � CH2CHdCCH3),
4.59 (t, 2H, J = 6.0 Hz, OCH2), 3.71 (d, 2H, J = 7.8 Hz, SCH2), 3.55 (d,
2H, J = 7.5 Hz, NCH2), 2.26 (m, 2H, NCH2CH2), 1.89�2.02 (m, 8H,
2� CHCH2CH2CH), 1.50�1.68 (m, 12H, 4� CHdCCH3). MS (ESI)
m/z = 640 [Mþ 1]þ. Anal. calcd for C33H41N3O6S2: C, 61.95; H, 6.46;
N, 6.57. Found: C, 61.70; H, 6.70; N, 6.30.

4-(2-(N-Methyl-2-((2E,6E)-3,7,11-trimethyldodeca-2,6,10-
trienylthio)benzamido)ethoxy)-3-(phenylsulfonyl)-1,2,5-
oxadiazole-2-oxide (8k). The title compound was obtained starting
from 1 and 7k. Colorless viscous liquid, 60% yield. Analytical data for 8k:
IR (KBr, cm�1): 3281, 2925, 1627, 1552, 1448, 1372, 1157. 1H NMR
(CDCl3, 300 MHz): δ 8.07 (d, 2H, J = 7.5 Hz, Ar�H), 7.94 (m, 1H,
Ar�H), 7.76 (m, 1H, Ar�H), 7.59 (m, 3H, Ar�H), 7.31 (m, 2H,
Ar�H), 5.30 (m, 1H, SCH2CH), 5.07 (m, 2H, 2 � CH2CHdCCH3),
4.77 (m, 2H, OCH2), 4.06 (d, 2H, J = 7.8 Hz, SCH2), 3.53 (m, 2H,
NCH2), 3.02 (m, 3H, NCH3), 1.89�2.02 (m, 8H, 2� CHCH2CH2CH),
1.50�1.68 (m, 12H, 4�CHdCCH3). MS (ESI)m/z = 640 [Mþ 1]þ.
Anal. calcd for C33H41N3O6S2 3 1.5H2O: C, 59.44; H, 6.55; N, 6.30.
Found: C, 59.61; H, 6.19; N, 6.23.
3-(Phenylsulfonyl)-4-(2-(4-(2-((2E,6E)-3,7,11-trimethyldo-

deca-2,6,10-trienylthio)benzoyl)piperazin-1-yl)ethoxy)-1,2,
5-oxadiazole-2-oxide (8l). The title compound was obtained start-
ing from 1 and 7l. Colorless viscous liquid, 63% yield. Analytical data for
8l: IR (KBr, cm�1): 3427, 2925, 1616, 1448, 1169, 1010. 1H NMR
(CDCl3, 300 MHz): δ 8.05 (d, 2H, J = 7.8 Hz, Ar�H), 7.75 (m, 1H,
Ar�H), 7.61 (m, 2H, Ar�H), 7.38 (m, 1H, Ar�H), 7.28 (m, 3H,
Ar�H), 5.28 (m, 1H, SCH2CH), 5.08 (m, 2H, 2 � CH2CHdCCH3),
4.58 (t, 2H, J = 5.1 Hz, CH2O), 3.84 (d, 2H, J = 4.5 Hz, NCH2), 3.56 (m,
2H, SCH2), 2.91 (m, 4H, CON(CH2)2), 2.63 (m, 4H, N(CH2)2),
1.89�2.04 (m, 8H, 2 � CHCH2CH2CH), 1.50�1.67 (m, 12H, 4 �
CHdCCH3). MS (ESI) m/z = 695 [M þ 1]þ. Anal. calcd for
C36H46N4O6S2: C, 62.22; H, 6.67; N, 8.06. Found: C, 61.95; H, 6.83;
N, 7.96.
(S)-3-(Phenylsulfonyl)-4-((1-(2-((2E,6E)-3,7,11-trimethyl-

dodeca-2,6,10-trienylthio)benzoyl)pyrrolidin-2-yl)methoxy)-
1,2,5-oxadiazole-2-oxide (8m). The title compound was obtained
starting from 1 and 7m. Colorless viscous liquid, 65% yield. Analytical
data for 8m: [R]D24: �36.4. IR (KBr, cm�1): 3474, 2965, 1630, 1552,
1448, 1169. 1H NMR (CDCl3, 300 MHz): δ 8.05 (m, 2H, Ar�H), 7.93
(m, 1H, Ar�H), 7.76 (m, 1H, Ar�H), 7.61 (m, 2H, Ar�H), 7.43 (t, 1H,
J = 7.2 Hz, Ar�H), 7.39 (m, 1H, Ar�H), 7.29 (m, 1H, Ar�H), 5.19 (m,
1H, SCH2CH), 5.07 (m, 2H, 2 � CH2CHdCCH3), 4.90 (m, 1H,
NCH), 4.65 (m, 2H, OCH2), 3.51 (d, 2H, J = 7.8 Hz, SCH2), 3.30 (m,
2H, NCH2), 1.89�2.02 (m, 8H, 2� CHCH2CH2CH), 1.50�1.68 (m,
16H, 4� CHdCCH3, CHCH2CH2). MS (ESI) m/z = 666 [Mþ 1]þ.
Anal. calcd for C35H43N3O6S2: C, 63.13; H, 6.51; N, 6.31. Found: C,
62.95; H, 6.44; N, 6.29.
3-(Phenylsulfonyl)-4-(1-(2-((2E,6E)-3,7,11-trimethyldode-

ca-2,6,10-trienylthio)benzoyl)piperidin-4-yloxy)-1,2,5-oxa-
diazole-2-oxide (8n). The title compound was obtained starting
from 1 and 7n. Colorless viscous liquid, 70% yield. Analytical data for 8n:
IR (KBr, cm�1): 3432, 2929, 1623, 1440, 1285, 1169, 1085. 1H NMR
(CDCl3, 300 MHz): δ 8.05 (m, 2H, Ar�H), 7.77 (t, 1H, J = 7.2 Hz,
Ar�H), 7.63 (m, 2H, Ar�H), 7.40 (m, 1H, Ar�H), 7.26 (m, 3H,
Ar�H), 5.27 (m, 1H, SCH2CH), 5.18 (m, 2H, 2 � CH2CHdCCH3),
5.08 (m, 1H, OCH), 3.88 (m, 2H, SCH2), 3.47 (m, 4H, N(CH2)2),
1.89�2.02 (m, 12H, 2 � CHCH2CH2CH, C(CH2)2), 1.50�1.68 (m,
12H, 4� CHdCCH3). MS (ESI)m/z = 666 [Mþ 1]þ. Anal. calcd for
C35H43N3O6S2: C, 63.13; H, 6.51; N, 6.31. Found: 62.88; H, 6.74;
N, 6.07.
4-(2-(N-(2-Hydroxyethyl)-2-((2E,6E)-3,7,11-trimethyldo-

deca-2,6,10-trienylthio)benzamido)ethoxy)-3-(phenylsulfonyl)-
1,2,5-oxadiazole-2-oxide (8o). A solution of 1 (0.36 g, 1.00 mmol)
and oxalyl chloride (0.5 mL) in dry dichloromethane (5 mL) was stirred
at room temperature for 4 h. The solvent was removed under reduced
pressure. The crude residue was dissolved in 5 mL of dichloromethane
and slowly added to the mixture of 8o (0.33 g, 1.00 mmol) and
triethylamine (0.3 mL) in 10 mL of dichloromethane under an ice bath,
and stirring was continued for 12 h. After filtration, the filtrate was
evaporated to dryness in vacuo, and the crude product was purified by
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column chromatography (PE/EtOAc = 5:1�1:1) to yield as colorless
viscous liquid (420 mg, 62%). Analytical data for 8o: IR (KBr, cm�1):
3450, 1703, 1625, 1548, 1450, 1253, 1171. 1H NMR (CDCl3, 300
MHz): δ 8.05 (d, 2H, J = 7.8 Hz, Ar�H), 7.75 (m, 1H, Ar�H), 7.61 (m,
2H, Ar�H), 7.38 (m, 1H, Ar�H), 7.28 (m, 3H, Ar�H), 5.28 (m, 1H,
SCH2CH), 5.08 (m, 2H, 2� CH2CHdCCH3), 4.58 (t, 2H, J = 5.1 Hz,
CH2O), 3.84 (t, 2H, J = 4.5Hz, NCH2), 3.56 (m, 2H, SCH2), 2.91 (m, 3H,
CH2OH), 2.63 (m, 2H,NCH2), 1.89�2.04 (m, 8H, 2�CHCH2CH2CH),
1.50�1.67 (m, 12H, 4�CHdCCH3). MS (ESI)m/z = 670 [Mþ 1]þ.
Anal. calcd for C34H43N3O7S2: C, 60.96; H, 6.47; N, 6.27. Found: C,
61.12; H, 6.29; N, 6.05.
4,40-(2,20-(2-((2E,6E)-3,7,11-Trimethyldodeca-2,6,10-trienyl-

thio)benzoylazanediyl)bis(ethane-2,1-diyl))bis(oxy) bis(3-
(phenylsulfonyl)-1,2,5-oxadiazole-2-oxide) (8p). The title
compound was obtained starting from 1 and 7p. Colorless viscous
liquid, 46% yield. Analytical data for 8p: IR (KBr, cm�1): 2952, 1619,
1554, 1414, 1386, 1164. 1HNMR (CDCl3, 300MHz): δ 8.05 (d, 4H, J =
7.5 Hz, Ar�H), 7.79 (t, 2H, J = 7.5 Hz, Ar�H), 7.66 (m, 3H, Ar�H),
7.43 (m, 3H, Ar�H), 7.34 (m, 2H, Ar�H), 5.29 (m, 1H, SCH2CH),
5.08 (m, 2H, 2� CH2CHdCCH3), 4.59 (m, 4H, 2�OCH2), 3.71 (d,
2H, J = 7.8 Hz, SCH2), 3.55 (m, 4H, 2 � NCH2), 1.89�2.02 (m, 8H,
2 � CHCH2CH2CH), 1.50�1.68 (m, 12H, 4 � CHdCCH3). ESI-
MS(m/z): 912 [MþH]þ. Anal. calcd for C42H47N5O11S3: C, 56.42; H,
5.30; N, 7.83. Found: C, 56.24; H, 5.55; N, 7.68.
MTTAssay. Individual types of HCC cells at 1� 104 cells/well were

cultured 10% fetal calf serum (FCS) DMEM in 96-well microplates
overnight. The cells were then treated in triplicate with various
concentrations of each compound and cultured in 2% FCS DMEM
for 48 h. Control cells were treated with vehicle alone. During the last 4 h
of incubation, the cells were exposed to tetrazolium dye (MTT) solution
(5 mg/mL, 30 μL per well). The generated formazan crystals were
dissolved in 150 μL of dimethyl sulfoxide (DMSO), and the absorbance
was read spectrophotometrically at 570 nm using an enzyme-linked
immunosorbent assay plate reader. The inhibition of individual com-
pounds on the proliferation of HCC was determined by the formula of
1�mean OD value of cells treated with compound/mean OD value of
control cells, and the IC50 was calculated for each compound.
Nitrate/Nitrite Measurement in Vitro. The levels of nitrate/

nitrite formed from individual compounds in the cells were determined
by the colorimetric assay using the nitrate/nitrite colorimetric assay kit,
according to the manufacturer's instructions (Beyotime, China). Briefly,
HepG2 and LO2 cells (5� 106 cells/well) were treated in triplicate with
a 100 μM concentration of one of the compounds (7l, 8d, 8i, 8j, 8l, 8m,
8o, and FTS) for 24 h. The cells were harvested and lyzed. The cell
lysates were mixed with Griess for 30�300 min, followed by measuring
at 540 nm. The cells treated with diluent were used as negative controls
for the background levels of nitrate/nitrite production, while sodium
nitrate at different concentrations was used as the positive control for the
standard curve.
Flow Cytometry Assays. Hep3B and LO2 cells at 1 � 106 cells/

well were cultured in 10% FCS DMEM overnight and treated in
duplicate with 8 μM 8l, 7l, FTS, or vehicle alone in 2% FCS DMEM
for 48 h, respectively. The cells were harvested and stained with Annexin
V and PI (BD PharMigen, San Diego, CA), according to the manufac-
turers's instruction. Subsequently, the frequency of apoptotic cells was
determined by flow cytometry analysis. A total of 1 � 104 events were
analyzed for each sample, and the percentages of apoptotic cells in each
sample were expressed.
Acute Toxicity. Female KM mice were purchased from Shanghai

Laboratory Animal Center (SLAC, Shanghai, China) and housed
individually in a specific pathogen free facility. Groups of mice (n = 10
per group) were injected intraperitoneally with a single dose 585.9,
468.8, 375.0, 300.0, and 240.0 mg/kg or vehicle control, respectively.
The mouse death was monitored daily and recorded up to 14 days post-

treatment. The animal experimental protocols were approved by the
Animal Research Protection Committee of our campus.
In Vivo Tumor Growth Inhibition. Female BALB/c nude mice

at 5�6 weeks of age were from SLAC and inoculated subcutaneously
with 106 SMMC7721 cells. After solid tumor reached at 100�150 mm3,
the tumor-bearing nude mice were randomized and treated intraper-
itoneally with, or without, 0.4 mL of vehicle, FTS at 16 mg/kg body
weight, and 8l at 15 or 60 mg/kg daily up to 21 days, respectively. The
progression of tumors was monitored every 3 days up to 21 days post-
treatment. The tumor volumes were estimated by measuring the two
dimensions of the tumors using a caliper in a blinded fashion and
calculated by the formula: the volume = 1/2 (length � width2). At the
end of the experiment, the mice were sacrificed, and their tumors were
dissected out and weighed.
Immunoblotting Assays. Individual tumors were sampled and

homogenized (10%w/v) in lysis buffer. After the protein concentrations
were determined, individual tumor lysates (50 μg/lane) were separated
by sodium dodecyl sulfate�polyacrylamide gel electrophoresis (12%
gel) and transferred onto nitrocellulose membranes. After they were
blocked with 5% fat-free milk, the target proteins were probed with anti-
Akt, antiphospho-Akt (Ser473), anti-ERK, antiphospho-ERK (Thr202/
Tyr204), antiphospho-c-Raf (Ser259), and anti-β-actin antibodies (Cell
Signaling, Boston, MA), respectively. The bound antibodies were
detected by horseradish peroxidase (HRP)-conjugated second antibo-
dies and visualized using the enhanced chemiluminescent reagent. The
relative levels of each signaling event to control β-actin were determined
by densimetric scanning.
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