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Three new series of novel alkylphosphocholine (APC) derivatives containing a cyclopentane ring near the
phosphocholine head group were synthesized. In the first set of analogues, the phosphocholine head
group was attached to the secondary alcohol of trans-2-(hydroxymethyl)cyclopentanol, whereas in the
second and third sets of analogues, the phosphocholine head group was linked to the primary alcohol of
trans- and cis-2-(hydroxymethyl)cyclopentanol, respectively. Of the compounds synthesized, compound
6d most potently inhibited Akt phosphorylation with an IC50 value of 3.6 mM, its potency was greater
than the reference compounds miltefosine, perifosine, and erufosine. Compounds 6b and 6d exhibited
the most potent growth-inhibitory effects on A549, MCF-7, and KATO-III human cancer cell lines. These
compounds also showed more active anti-proliferative effects than the reference compounds. Impor-
tantly, the cytotoxic effects of these compounds on A549 cell line were proportional to their abilities to
inhibit Akt phosphorylation, which supports that these synthesized APC compounds are novel inhibitors
of the Akt cell survival pathway.

� 2011 Elsevier Masson SAS. All rights reserved.
1. Introduction

The majority of the anti-cancer drugs currently available for the
treatment of human cancer have well established shortcomings,
such as, poor efficiency, non-selectivity, and high toxicity.
Furthermore, the identification of potent, selective, and less toxic
anti-cancer agents remains an important, but challenging goal of
medicinal chemistry [1e3]. Alkylphosphocholines (APCs) belong to
a class of lipid molecules that include miltefosine (HePC, 1), peri-
fosine (OPP, 2), erufosine (ErPC3, 3) and edelfosine (ET-18-OMe, 4),
which have known antitumor properties [4]. Unlike conventional
chemotherapeutics, these compounds structurally resemble
membrane lipid components, and thus, exhibit adequate drug
delivery to target tumor tissues. However, they can also target
primarily membrane-bound signals associated with cancer-specific
cellular phenotypes, such as, cellular proliferation and survival.
More specifically, the possible mechanisms underlying the actions
of APCs have been reported to involve the inhibition of PI3K/Akt [5],
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signal transduction pathways [6], and the induction of apoptosis
[7e9]. However, details of the mechanisms involved have not been
elucidated [4,6]. Nevertheless, it is known that APCs do not target
the DNA and they have cell selective effects, specifically by inhib-
iting the proliferation of cancer cells at low concentrations but do
not affect normal cells [10e12].

Miltefosine (1, Fig. 1) shows awide range of antitumor effect and
has been approved for the topical treatment of skin metastases
from breast cancer (Milterx�) [13,14], and for the oral treatment of
leishmaniasis (Impavido�) [15,16]. However, the oral use of milte-
fosine in cancer patient has been associated with dose-limiting
gastrointestinal side effects. Perifosine (2) is a synthetic,
substituted heterocyclic APC that belongs to the second generation
of APCs that exhibit significant anti-proliferative activity in vitro
and in vivo in several human tumor model systems [5,17,18]. Peri-
fosine is being currently investigated in Phase II clinical studies for
cancer treatment, but is restricted to oral applications due to its
hematological and biochemical toxicities. Furthermore, the
gastrointestinal side effects of perifosine also prevent its effective
oral dosing treatment [19]. Erufosine (3), another prospective APC,
shows strong antitumor activity against a variety of tumor cells
in vitro and in vivo [20,21]. Erufosine now represents the first
intravenous APC and has been administered in a clinical Phase I
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Fig. 1. Structures of reported APCs and target compounds.
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trial in tumor patients [22]. The 1-O-methyl-rac-glycero-3-
phosphocholine (edelfosine, 4) is also a promising antitumor
compound since it exhibits potent in vitro and in vivo antitumor
activity in various cancer cell lines [23]. However, its potency in
Phase II clinical studies was only moderate [24].

Akt is a serine/threonine kinase and is generally activated in
cancer cells. Akt regulates a wide range of downstream targets that
regulate tumor associated cell processes such as cell growth, cell
cycle progression, survival, migration, epithelial mesenchymal
transition and angiogenesis [25]. Furthermore, the inhibition of Akt
signaling leads to programmed cell death. High levels of active Akt
have been found in many types of human tumors [26], and thus Akt
is viewed as a promising target for cancer chemotherapy. Accord-
ingly, several APC compounds have been synthesized as inhibitors
of Akt signaling and were tested in a variety of tumor cells
[27e29,34]. However, these APCs had moderate potency as
compared with other antitumor agents, and they had some adverse
effects, which include general problem with respect to red blood
cells [30]. Thus, more extensive structureeactivity relationship
(SAR) studies are needed to facilitate the design of novel anti-
cancer APC compounds. Here, we describe the chemical synthesis
and biological evaluation of a series of new APC derivatives.

The synthesis of conformationally restricted molecules to
improve the activity of the parent molecule is a common strategy in
medicinal chemistry. In this line, conformationally restricted struc-
ture of 4 such as SRI 62-834 (5, Fig. 1), which joined C2 carbon and
methyl of C2 methoxy group into a furan ring, has been described
[31,32]. A view to develop potent Akt phosphorylation inhibitory
Scheme 1. Reagents and conditions: (a) bromoalkane, NaH, DMF, 0 �C; (b) 2-chloro-
1,3,2-dioxaphospholane-2-oxide, NEt3, benzene, rt; (c) TMA, CH3CN, 65 �C.
compounds, we also considered creating a cyclopentane ring since it
would restrict the conformations of alkyl chain in APC derivatives,
and thus, produce different profiles of anti-cancer activity and side
effects. In our work, we focused on the restriction of the conforma-
tionalflexibility of C1eC2 or C2eC3 bond in edelfosine (4) by joining
thesebonds into thecyclopentanering leading to compounds6and7.
Here, we describe the synthesis of a new series of APCs that possess
a cyclopentane ring near the position of alkylphosphocholine
head group and their Akt phosphorylation inhibitory effects and
cytotoxicities against human cancer cell lines. The cis-isomer of 7 (8)
was also designed to explore the influence of geometry of the
cyclopentane ring on the activity. Additionally, we investigated the
effect of alkyl chain length variation on their biological activity
(Fig. 1).

2. Chemistry

The synthetic procedures for new APC derivatives are depicted
in Schemes 1e3. Syntheses of 6aee were started from the alkyl-
ation of trans-2-(hydroxymethyl)cyclopentanol (trans-9) [33].
Treatment of diol 9 with several bromoalkanes in the presence of
NaH in DMF afforded 2-(alkoxymethyl)cyclopentanols 10aee
Scheme 2. Reagents and conditions: (a) benzyl bromide, NaH, DMF, �60 �C; (b) bro-
moalkane, NaH, rt (c) 10% Pd/C, MeOH or THF, rt; (d) 2-chloro-1,3,2-dioxaphospholane-
2-oxide, NEt3, benzene, rt; (e) TMA, CH3CN, 65 �C.



Scheme 3. Reagents and conditions: (a) benzyl bromide, NaH, DMF, �60 �C; (b) bro-
moalkane, NaH, DMF, rt; (c) 10% Pd/C, MeOH or THF, rt; (d) 2-chloro-1,3,2-
dioxaphospholane-2-oxide, NEt3, benzene, rt; (e) TMA, CH3CN, 65 �C.

Table 1
The Akt phosphorylation inhibitory activities of alkylphosphocholines 6ae8e.

Compounds # of alkyl
chain

% inhibition of Akt
phosphorylation
at 10 mM

IC50 (mM)a

6a 12 36.24 � 7.35 e

6b 13 65.37 � 9.77 6.6 � 2.1
6c 18 63.43 � 21.4 10.3 � 4.6
6d 20 74.43 � 4.04 3.6 � 0.6
6e 22 58.25 � 2.75 10.0 � 0.9
7a 12 31.71 � 12.9 e

7b 13 40.77 � 3.36 e

7c 18 32.36 � 10.6 e

7d 20 58.89 � 2.24 9.1 � 0.4
7e 22 67.96 � 3.36 6.5 � 0.6
8a 12 30.42 � 7.84 e

8b 13 44.66 � 8.89 e

8c 18 35.18 � 4.19 e

8d 20 54.36 � 1.94 16.3 � 5.3
8e 22 36.24 � 5.93 e

1, HePC 56.31 � 16.47 9.6 � 3.5
2, OPP 67.96 � 13.73 5.3 � 0.8
3, ErPC3 55.33 � 12.35 8.4 � 0.6

a IC50 was defined as the concentration that resulted in 50% inhibition. Data are
presented as the means � SDs of three independent experiments.

Table 2
Cytotoxic effects of alkylphosphocholines 6a-8e against selected human cancer cell
lines.

Compounds # of alkyl chain IC50 (mM)a

A549b MCF-7c KATO-IIId

6a 12 11.0 � 0.6 11.8 � 0.1 10.6 � 1.7
6b 13 6.1 � 0.1 7.7 � 0.8 10.2 � 0.3
6c 18 10.8 � 0.5 13.8 � 0.7 10.4 � 2.4
6d 20 6.4 � 0.1 10.8 � 1.2 8.7 � 1.0
6e 22 16.0 � 3.0 16.3 � 4.5 11.9 � 0.8
7a 12 e 14.7 � 1.6 10.4 � 0.9
7b 13 9.4 � 0.1 17.8 � 4.9 10.1 � 0.1
7c 18 19.3 � 3.7 15.7 � 1.5 8.2 � 0.3
7d 20 9.8 � 0.0 15.6 � 3.4 7.7 � 0.5
7e 22 11.1 � 0.0 19.5 � 9.5 17.6 � 11.9
8a 12 26.3 � 2.1 24.2 � 6.7 7.4 � 3.8
8b 13 10.2 � 0.4 10.7 � 0.2 12.1 � 0.7
8c 18 17.8 � 0.9 13.2 � 1.1 9.2 � 1.4
8d 20 9.7 � 0.1 16.3 � 0.8 8.8 � 1.2
8e 22 23.3 � 9.6 12.8 � 1.0 8.6 � 0.9
1, HePC 9.7 � 0.2 11.4 � 2.7 12.1 � 3.3
2, OPP 7.0 � 0.6 13.3 � 0.7 12.8 � 0.4
3, ErPC3 16.9 � 0.7 13.4 � 0.9 9.3 � 1.2

a IC50 was defined as the concentration resulting in 50% inhibition.
b Human lung cancer.
c Breast cancer.
d Gastric cancer. Data are presented as the means � SDs of three independent

experiments.
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(Scheme 1). Subsequent phosphorylations of 10aeewith 2-chloro-
1,3,2-dioxaphospholane-2-oxide and ring opening of the resulting
phospholane intermediates with trimethylamine (TMA) afforded
the target compounds 6aee [34].

In the second and third sets of reactions, the primary alcohol of
the trans- and cis-diols 9 were benzylated by treating benzyl
bromide and NaH in DMF to afford compounds 11 and 14, respec-
tively (Schemes 2 and 3) [35]. Subsequent alkylation of the
secondary alcohols 11 and 14 with bromoalkane furnished 12aee
and 15aee, which after treatment with 10% Pd/C under hydrogen
atmosphere inmethanol or THFafforded alcohols 13aee and 16aee.
Finally, the coupling of phosphocholine head group on compounds
13aee and 16aee with 2-chloro-1,3,2-dioxaphospholane-2-oxide
and followed by ring opening of phospholane intermediate by
TMAprovided the desired compounds 7aee and 8aee, respectively.

3. Results and discussion

3.1. Akt phosphorylation inhibition effects of APC compounds

Inhibition of Akt signaling leads to the apoptosis and growth
inhibition of tumor cells, which commonly display elevated levels
of Akt activity, and thus Akt has become a promising anti-cancer
target. It has been reported that several types of anti-cancer lipids
(APC) inhibit Akt phosphorylation and activate apoptosis of cancer
cells in in vivo [5]. Hence, we examined whether our newly
synthesized APC compounds inhibit Akt phosphorylation and
thereby induce growth inhibition of cancer cells. For the test of the
effect of APC compounds on Akt phosphorylation, we employed the
A549 human epithelial lung cancer cell line [36]. Akt phosphory-
lationwas stimulated by adding 10 mg/mL insulin to the cell line and
then the effects of APC compounds on the level of Akt phosphor-
ylation was examined. Initially, we assayed Akt phosphorylation
inhibition effects of the synthesized compounds at a concentration
of 10 mM, and determined the IC50 value of any compound that
inhibited its phosphorylation bymore than 50%. The activity data of
new APC compounds are summarized at Table 1.

In the SAR study of compounds 6aee, 7aee and 8aee, we found
that the Akt phosphorylation inhibitory effects of 6aee series
compounds, which possess a phosphocholine head group at the
secondary alcohol of trans-2-(alkyloxymethyl)cyclopentanol, were
higher than those of 7aee or 8aee series compounds. However,
compounds 7d, 7e and 8d also showed potent inhibitory activities
with IC50 values 9.1, 6.5 and 16.3 mM, respectively. Compound 7d,
which contains trans orientated cyclopentanediol and the longest
alkyl chain (C-20), had a two-fold greater effect (IC50¼ 9.1 mM) than
its cis counterpart compound 8d (IC50 ¼ 16.3 mM). In addition,
compounds 6b and 7e exhibited potent inhibitory effects with IC50
values of 6.6 and 6.5 mM, respectively, which were comparable to
those of the references compounds ErPC3 andHePC. However, 6d, in
which the phosphocholine moiety is linked through the secondary
alcohol of trans-2-(alkyloxymethyl)cyclopentanol, was found to be
most active with an IC50 of 3.6 mM. Notably, 6d was almost three
timesmore potent than ErPC3 andHePC, and twice as potent as OPP.

3.2. Evaluations of the in vitro anti-cancer activities of the APC
derivatives

We evaluated the cytotoxic effects of APC derivates on three
human cancer cell lines: A549 (lung cancer), MCF-7 (breast carci-
noma), and KATO-III (gastric carcinoma) by using flow cytometry
(FACS). Cytotoxicities of derivatives are expressed as half maximal
inhibitory concentrations (IC50), which were determined by
exposing cells to the compounds for 24 h (Table 2). Miltefosine
(HePC, 1), perifosine (OPP, 2) and erufosine (ErPC3, 3) were also
used as the reference compounds. Most of the APC derivatives
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exhibited comparable or better cytotoxicity than the reference
compounds (Table 2). In general, as was observed above for Akt
phosphorylation inhibitory effects, 6aee series displayed more
potent cytotoxicity than either 7aee or 8aee series compounds.
Compound 6b, with a C-13 alkyl chain, had the greatest cytotoxic
effect on A549 and MCF-7 cell lines with IC50 values of 6.1 and
7.7 mM, respectively. Compound 6d, which was the most potent Akt
phosphorylation inhibitor, also exhibited a potent and well
balanced cytotoxicity profile and its potencies against the three
cancer lines were superior to those of HePC, OPP, or ErPC3.

In the second series of compounds (7aee), the phosphocholine
head group is attached to the primary alcohol of trans-2-(hydrox-
ymethyl)cyclopentanol. Compound7d,whichhas aC-20 alkyl chain,
was found to have a potent cytotoxic effect on A549 and KATO-III
cancer cell lines with IC50 values of 9.8 and 7.7 mM, respectively. On
the other hand, compound 7e exhibited moderate cytotoxicity
against KATO-III, although this compound more potently inhibited
the phosphorylation of Akt than any other compound in this series.

In the third series of compounds 8aee, the phosphocholine
head group is attached to the primary alcohol of cis-2-(hydrox-
ymethyl)cyclopentanol. In this series, compound 8d showed potent
cytotoxic activity against A549 with an IC50 value of 9.7 mM.
Compounds 8a and 8dee showed potent cytotoxic effects against
the KATO-III cancer cell line. However, the inhibitory effects of
these compounds on Akt phosphorylation were only moderate,
suggesting that other possible mechanism of action on the cyto-
toxicity against of this cell line may be involved.

In most cases, the length of the alkyl chain had little effect on
cytotoxicities, but as was observed for compounds 6d, 7d and 8d, all
of which possessed a C-20 alkyl chain, showed potent cytotoxic
effects against A549 and KATO-III cell lines. Notably, the potent
inhibitory effects of 6d, 7d and 8d on Akt phosphorylation were
found to bewell correlated with cytotoxicities against the A549 cell
line. Of the APC derivatives examined, compounds 6b and 6d, in
which substituents were trans-orientated, were found to potently
inhibit Akt phosphorylation and to have marked cytotoxic effects
on the three human tumor cell lines. Furthermore, the potencies of
these compounds were greater than those of HePC, OPP, and ErPC3.
Finally, the data obtained in the cytotoxicity assay showed good
correlations between ability to inhibit Akt phosphorylation and
anti-cancer activity, especially for the A-549 cell line.

4. Conclusion

We synthesized a newseries of APCs that possess a cyclopentane
ring near the position of alkylphosphocholine head group and
evaluated their Akt phosphorylation inhibitory effects and cyto-
toxicities against human cancer cell lines. Of the APC derivatives
synthesized, compounds 6b, 6d and 7e exhibited greatest inhibition
of Akt phosphorylation with IC50 values of 6.6, 3.6 and 6.5 mM
respectively, and their potencies were higher than the reference
compounds ErPC3 and HePC. Notably, 6d was found to be almost
three timesmore potent than ErPC3 andHePC and twice as potent as
OPP. In addition, compounds6b and6dhadgreatest cytotoxic effects
on A549, MCF-7, and KATO-III cell lines, and these effects were
greater than the reference compounds. The inhibitory effects of 6b
and 6d on Akt phosphorylation were found to be well correlated
with their anti-cancer activities against the A549 cell line.

5. Experimental section

5.1. General instrumentation and chemicals

All the solvents were purified and dry condition. NMR spectra of
all new compounds were recorded on Bruker AC 400 spectrometer
operating at 400 MHz for 1H and 100 MHz for 13C. Chemical shifts
(d) are reported in ppm, downfield from internal TMS standard.
FABMS data were obtained on a JEOL JMS SX-102A spectrometer in
the positive modes. Analytical thin layer chromatography (TLC) was
carried out using precoated silica gel (E. Merck Kiesegel 60F254,
layer thickness 0.25 mm), and flash column chromatography was
performed using Merck Kiesegel 60 Art 9385 (230e400 mesh).

5.2. Syntheses

5.2.1. General procedure for the synthesis of 10aee
To a stirred solution of (�)-(trans-2-hydroxymethyl)cyclo-

pentanol (trans-9, 1 eq.) in DMF (5 mL) was added sodium hydride
(60% dispersion in mineral oil, 1.5 eq.) at 0 �C. The mixture was
stirred for 30 min and then treated with several bromoalkanes (1.2
eq) at the same temperature. After stirring at 0 �C (for compounds
10a and 10b) or rt (for compounds 10cee) for 4 h, the reaction
mixture was poured into ice water and extracted twice with diethyl
ether. The combined organic layer was dried over anhydrous
MgSO4, concentrated, and purified by column chromatography
(ethyl acetate/n-hexane ¼ 1:4) on silica gel to afford 10aee.

5.2.1.1. (�)-trans-2-(Dodecyloxymethyl)cyclopentanol (10a). The
compound 10a (367 mg) was obtained according to the general
procedure 5.2.1 from trans-9 (300 mg, 2.59 mmol) and 1-
bromododecane (771 mg, 3.10 mmol). Yield 50%; 1H NMR
(400 MHz, CDCl3) d 3.94 (m, 1H), 3.68e3.53 (m, 2H), 3.49e3.27 (m,
2H), 2.10e1.51 (m, 8H), 1.25 (brs, 18H), 0.88 (t, J ¼ 6.8 Hz, 3H).

5.2.1.2. (�)-trans-2-(Tridecyloxymethyl)cyclopentanol (10b). The
compound 10b (821 mg) was obtained according to the general
procedure 5.2.1 from trans-9 (700 mg, 6.03 mmol) and 1-
bromotridecane (2.0 g, 7.23 mmol). Yield 46%; 1H NMR (400 MHz,
CDCl3) d 3.96 (m, 1H), 3.69e3.54 (m, 2H), 3.49e3.27 (m, 2H),
2.22e1.51 (m, 7H), 1.25 (brs, 22H), 0.88 (t, J ¼ 6.7 Hz, 3H).

5.2.1.3. (�)-trans-2-(Octadecyloxymethyl)cyclopentanol (10c). The
compound 10c (287 mg) was obtained according to the general
procedure 5.2.1 from trans-9 (300 mg, 2.59 mmol) and 1-
bromooctadecane (948 mg, 2.84 mmol). Yield 30%; 1H NMR
(400 MHz, CDCl3) d 3.96 (m, 1H), 3.69e3.54 (m, 2H), 3.50e3.27 (m,
2H), 2.20e1.51 (m, 8H), 1.25 (brs, 31H), 0.88 (t, J ¼ 6.8 Hz, 3H).

5.2.1.4. (�)-trans-2-(Icosyloxymethyl)cyclopentanol (10d). The
compound 10d (390 mg) was obtained according to the general
procedure 5.2.1 from trans-9 (300 mg, 2.59 mmol) and 1-
bromoeicosane (1.12 g, 3.11 mmol). Yield 38%; 1H NMR (400 MHz,
CDCl3) d 3.96 (m, 1H), 3.68e3.3.53 (m, 2H), 3.49e3.27 (m, 2H),
2.12e1.51 (m, 7H), 1.41e1.10 (brs, 36H), 0.88 (t, J ¼ 6.7 Hz, 3H).

5.2.1.5. (�)-trans-2-(Docosyloxymethyl)cyclopentanol (10e). The
compound 10e (195 mg) was obtained according to the general
procedure 5.2.1 from trans-9 (300 mg, 2.59 mmol) and 1-
bromodocosane (1.21 g, 3.11 mmol). Yield 18%; 1H NMR
(400 MHz, CDCl3) d 3.95 (m, 1H), 3.67e3.53 (m, 2H), 3.49e3.27 (m,
2H), 2.16e1.52 (m, 7H), 1.42e1.10 (brs, 40H), 0.88 (t, J ¼ 6.4 Hz, 3H).

5.2.2. General procedure for the synthesis of compound 11 and 14
To a stirred solution of trans-9 or cis-9 (1 eq.) in DMF (5mL) was

added sodium hydride (60% dispersion in mineral oil, 1.5 eq.)
at �60 �C. The mixture was stirred for 10 min and treated with
benzyl bromide (1 eq.). After stirring for 2 h at the same temper-
ature, the reaction mixturewas poured into ice water and extracted
twice with diethyl ether. The combined organic layer was dried
with over MgSO4, concentrated, and purified by column
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chromatography (ethyl acetate/n-hexane ¼ 1:4) on silica gel to
afford 11 and 14.

5.2.2.1. (�)-trans-2-(Benzyloxymethyl)cyclopentanol (11). The
compound 11 (725 mg) was obtained according to the general
procedure 5.2.2 from trans-9 (600 mg, 5.17 mmol) and benzyl
bromide (632 mL, 5.17 mmol). Yield 68%; 1H NMR (400 MHz, CDCl3)
d 7.38e7.25 (m, 5H), 4.54e4.43 (m, 2H), 3.98 (m, 1H), 3.57 (m, 1H),
3.36 (t, J ¼ 9.0 Hz, 1H), 2.22e1.18 (m, 7H).

5.2.2.2. (�)-cis-2-(Benzyloxymethyl)cyclopentanol (14). The
compound 14 (300 mg) was obtained according to the general
procedure 5.2.2 from cis-9 (350 mg, 3.01 mmol) and benzyl
bromide (370 mL, 3.01 mmol). Yield 48%; 1H NMR (400 MHz, CDCl3)
d 7.37e7.24 (m, 5H), 4.61e4.47 (m, 2H), 4.07 (m, 1H), 3.76e3.61 (m,
2H), 2.10 (m, 1H), 1.85e1.44 (m, 6H).

5.2.3. General procedure for the synthesis of 12aee and 15aee
To a stirred solution of 11 and 14 (1.2 eq.) in DMF (10 mL) was

added NaH (60% dispersion inmineral oil, 1.5 eq.) at 0 �C and stirred
for 30 min. To the mixture was added bromoalkane (1.2 eq.) and
stirred at rt overnight. The reaction mixture was then poured into
ice water and extracted three times with diethyl ether. The
combined organic layer was dried over anhydrous MgSO4,
concentrated, and purified by column chromatography (ethyl
acetate/n-hexane ¼ 1:9) on silica gel to afford 12aee and 15aee.

5.2.3.1. ((((�)-trans-2-(Dodecyloxy)cyclopentyl)methoxy)methyl)
benzene (12a). The compound 12a (240 mg) was obtained
according to the general procedure 5.2.3 from compound 11
(200 mg, 0.97 mmol) and 1-bromododecane (289 mg, 1.16 mmol).
Yield 65%; 1H NMR (400 MHz, CDCl3) d 7.33e7.23 (m, 5H),
4.53e4.47 (m, 2H), 3.75 (m, 1H), 3.47e3.26 (m, 4H), 2.21 (m, 1H),
1.93e1.49 (m, 6H), 1.25 (brs, 20H), 0.88 (t, J ¼ 6.8 Hz, 3H).

5.2.3.2. ((((�)-trans-2-(Tridecycloxy)cyclopentyl)methoxy)methyl)
benzene (12b). The compound 12b (350 mg) was obtained
according to the general procedure 5.2.3 from compound 11
(300 mg, 1.46 mmol) and 1-bromotridecane (459 mg, 1.76 mmol).
Yield 62%; 1H NMR (400 MHz, CDCl3) d 7.33e7.23 (m, 5H),
4.53e4.49 (m, 2H), 3.76 (m, 1H), 3.48e3.26 (m, 4H), 2.21 (m, 1H),
1.96e1.49 (m, 6H), 1.25 (brs, 21H), 0.88 (t, J ¼ 6.8 Hz, 3H).

5.2.3.3. ((((�)-trans-2-(Octadecyloxy)cyclopentyl)methoxy)methyl)
benzene (12c). The compound 12c (303 mg) was obtained accord-
ing to the general procedure 5.2.3 from compound 11 (200 mg,
0.97 mmol) and 1-bromooctadecane (389 mg, 1.16 mmol). Yield
68%; 1H NMR (400 MHz, CDCl3) d 7.33e7.23 (m, 5H), 4.53e4.48 (m,
2H), 3.76 (m, 1H), 3.44e3.26 (m, 4H), 2.21 (m, 1H), 1.96e1.49 (m,
7H), 1.25 (brs, 31H), 0.88 (t, J ¼ 6.8 Hz, 3H).

5.2.3.4. ((((�)-trans-2-(Icosyloxy)cyclopentyl)methoxy)methyl)
benzene (12d). The compound 12d (252 mg) was obtained
according to the general procedure 5.2.3 from compound 11
(300 mg, 1.46 mmol) and 1-bromoeicosane (632 mg, 1.75 mmol).
Yield 36%; 1H NMR (400 MHz, CDCl3) d 7.33e7.21 (m, 5H),
4.51e4.50 (m, 2H), 3.76 (m, 1H), 3.49e3.24 (m, 4H), 2.12 (m, 1H),
1.87e1.41 (m, 6H), 1.25 (brs, 36H), 0.88 (t, J ¼ 6.8 Hz, 3H).

5.2.3.5. ((((�)-trans-2-(Docosyloxy)cyclopentyl)methoxy)methyl)
benzene (12e). The compound 12e (250 mg) was obtained
according to the general procedure 5.2.3 from compound 11
(370 mg, 1.80 mmol) and 1-bromodocosane (840 mg,
2.11 mmol). Yield 27%; 1H NMR (400 MHz, CDCl3) d 7.33e7.23
(m, 5H), 4.53e4.49 (m, 2H), 3.75 (m, 1H), 3.47e3.26 (m, 4H),
2.21 (m, 1H), 1.92e1.49 (m, 7H), 1.25 (brs, 40H), 0.88 (t,
J ¼ 6.8 Hz, 3H).

5.2.3.6. ((((�)-cis-2-(Dodecyloxy)cyclopentyl)methoxy)methyl)ben-
zene (15a). The compound 15a (120 mg) was obtained according
to the general procedure 5.2.3 from compound 14 (100 mg,
0.49 mmol) and 1-bromododecane (146 mg, 0.58 mmol). Yield
65%; 1H NMR (400 MHz, CDCl3) d 7.34e7.24 (m, 5H), 4.56e4.41
(m, 2H), 3.82 (m, 1H), 3.65 (m, 1H), 3.45e3.41 (m, 2H), 3.28 (m,
1H), 2.12 (m, 1H), 1.87e1.41 (m, 7H), 1.25 (brs, 19 H), 0.88 (t,
J ¼ 6.8 Hz, 3H).

5.2.3.7. ((((�)-cis-2-(Tridecyloxy)cyclopentyl)methoxy)methyl)ben-
zene (15b). The compound 15b (215 mg) was obtained according
to the general procedure 5.2.3 from compound 14 (200 mg,
0.97 mmol) and 1-bromotridecane (307mg,1.16 mmol). Yield 58%;
1H NMR (400 MHz, CDCl3) d 7.34e7.24 (m, 5H), 4.56e4.42 (m, 2H),
3.83 (m,1H), 3.67 (m,1H), 3.46e3.42 (m, 2H), 3.28 (m,1H), 2.12 (m,
1H), 1.87e1.41 (m, 7H), 1.25 (brs, 21H), 0.88 (t, J ¼ 6.8 Hz, 3H).

5.2.3.8. ((((�)-cis-2-(Octadecyloxy)cyclopentyl)methoxy)methyl)ben-
zene (15c). The compound 15c (150 mg) was obtained according to
the general procedure 5.2.3 from compound 14 (200mg, 0.97mmol)
and 1-bromooctadecane (388 mg, 1.16 mmol). Yield 34%; 1H NMR
(400 MHz, CDCl3) d 7.34e7.26 (m, 5H), 4.57e4.42 (m, 2H), 3.83 (m,
1H), 3.67 (m,1H), 3.49e3.24 (m, 3H), 2.13 (m,1H),1.88e1.41 (m, 7H),
1.25 (brs, 31H), 0.88 (t, J ¼ 6.8 Hz, 3H).

5.2.3.9. ((((�)-cis-2-(Icosyloxy)cyclopentyl)methoxy)methyl)benzene
(15d). The compound 15d (252 mg) was obtained according to the
general procedure 5.2.3 from compound 14 (300 mg, 1.46 mmol)
and 1-bromoeicosane (632 mg, 1.75 mmol). Yield 36%; 1H NMR
(400 MHz, CDCl3) d 7.34e7.24 (m, 5H), 4.57e4.42 (m, 2H), 3.83 (m,
1H), 3.67 (m, 1H), 3.49e3.24 (m, 3H), 2.13 (m, 1H), 1.87e1.41 (m,
6H), 1.25 (brs, 36H), 0.88 (t, J ¼ 6.8 Hz, 3H).

5.2.3.10. ((((�)-cis-2-(Docosyloxy)cyclopentyl)methoxy)methyl)ben-
zene (15e). The compound 15e (282 mg) was obtained according to
the general procedure 5.2.3 from compound 14 (350 mg,
1.70 mmol) and 1-bromodocosane (793 mg, 2.04 mmol). Yield 32%;
1H NMR (400 MHz, CDCl3) d 7.34e7.26 (m, 5H), 4.57e4.42 (m, 2H),
3.83 (m, 1H), 3.67 (m, 1H), 3.47e3.24 (m, 2H), 3.28 (m, 1H), 2.14 (m,
1H), 1.88e1.41 (m, 7H), 1.25 (brs, 39H), 0.88 (t, J ¼ 6.8 Hz, 3H).

5.2.4. General procedure for the synthesis of 13aee and 16aee
To a stirred solution of compound 12aee and 15aee (1 eq.) in

drymethanol or THF (10mL)was added catalytic amount of 10% Pd/
C and stirred under hydrogen atmosphere at rt overnight. The
catalyst was filtered off and the filtrate was concentrated to afford
13aee and 15aee.

5.2.4.1. ((�)-trans-2-(Dodecyloxy)cyclopentyl)methanol (13a). The
compound 13a (70 mg) was obtained according to the general
procedure for 5.2.4 from compound 12a (130 mg, 0.34 mmol). Yield
72%; 1H NMR (400 MHz, CDCl3) d 3.96 (m, 1H), 3.69e3.27 (m, 4H),
2.25e1.53 (m, 7H), 1.25 (brs, 20H), 0.88 (t, J ¼ 6.8 Hz, 3H).

5.2.4.2. ((�)-trans-2-(Tridecyloxy)cyclopentyl)methanol (13b). The
compound 13b (58 mg) was obtained according to the general
procedure 5.2.4 from compound 12b (100 mg, 0.26 mmol). Yield
73%; 1H NMR (400 MHz, CDCl3) d 3.96 (m, 1H), 3.68e3.27 (m, 4H),
2.13e1.51 (m, 7H), 1.25 (brs, 22H), 0.88 (t, J ¼ 6.8 Hz, 3H).

5.2.4.3. ((�)-trans-2-(Octadecyloxy)cyclopentyl)methanol
(13c). The compound 13c (150 mg) was obtained according to the
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general procedure 5.2.4 from compound 12c (250 mg, 0.54 mmol).
Yield 76%; 1H NMR (400 MHz, CDCl3) d 3.94 (m, 1H), 3.64e3.30 (m,
4H), 2.11e1.52 (m, 7H), 1.25 (brs, 32H), 0.88 (t, J ¼ 6.4 Hz, 3H)

5.2.4.4. ((�)-trans-2-(Icosyloxy)cyclopentyl)methanol (13d). The
compound 13d (182 mg) was obtained according to the above
general procedure 5.2.4 from compound 12d (300 mg, 0.67 mmol).
Yield 74%; 1H NMR (400 MHz, CDCl3) d 3.96 (m, 1H), 3.68e3.27 (m,
4H), 2.12e1.51 (m, 7H), 1.25 (brs, 36H), 0.88 (t, J ¼ 6.8 Hz, 3H).

5.2.4.5. ((�)-trans-2-(Docosyloxy)cyclopentyl)methanol (13e). The
compound 13e (182 mg) was obtained according to the above
general procedure 5.2.4 from compound 12e (160 mg, 0.31 mmol).
Yield 68%; 1H NMR (400 MHz, CDCl3) d 3.96 (m, 1H), 3.69e3.27 (m,
4H), 2.10e1.53 (m, 8H), 1.25 (brs, 40H), 0.88 (t, J ¼ 6.8 Hz, 3H).

5.2.4.6. ((�)-cis-2-(Dodecyloxy)cyclopentyl)methanol (16a). The
compound 16a (70 mg) was obtained according to the general
procedure 5.2.4 from compound 15a (130 mg, 0.34 mmol). Yield
72%; 1H NMR (400 MHz, CDCl3) d 3.97 (m, 1H), 3.78e3.26 (m, 4H),
3.01 (t, J ¼ 6.0 Hz, 1H), 2.10 (m, 1H), 1.84e1.48 (m, 8H), 1.25 (brs,
18H), 0.88 (t, J ¼ 6.7 Hz, 3H).

5.2.4.7. ((�)-cis-2-(Tridecyloxy)cyclopentyl)methanol (16b). The
compound 16b (130 mg) was obtained according to the general
procedure 5.2.4 from compound 15b (200 mg, 0.52 mmol). Yield
85%; 1H NMR (400 MHz, CDCl3) d 3.96 (m, 1H), 3.74e3.24 (m, 4H),
3.01 (t, J ¼ 5.4 Hz, 1H), 2.09 (m, 1H), 1.84e1.47 (m, 8H), 1.25 (brs,
20H), 0.88 (t, J ¼ 6.7 Hz, 3H).

5.2.4.8. ((�)-cis-2-(Octadecyloxy)cyclopentyl)methanol (16c). The
compound 16c (80 mg) was obtained according to the general
procedure 5.2.4 from compound 15c (200 mg, 0.44 mmol). Yield
50%; 1H NMR (400 MHz, CDCl3) d 3.97 (m, 1H), 3.75e3.28 (m, 4H),
3.04 (t, J ¼ 5.4 Hz, 1H), 2.12 (m, 1H), 1.81e1.54 (m, 7H), 1.25 (brs,
31H), 0.88 (t, J ¼ 6.8 Hz, 3H).

5.2.4.9. ((�)-cis-2-(Icosyloxy)cyclopentyl)methanol (16d). The
compound 16d (140 mg) was obtained according to the general
procedure 5.2.4 from compound 15d (250 mg, 0.51 mmol). Yield
69%; 1H NMR (400 MHz, CDCl3) d 3.97 (m, 1H), 3.79e3.26 (m, 4H),
3.04 (t, J ¼ 5.4 Hz, 1H), 2.09 (m, 1H), 1.86e1.48 (m, 8H), 1.25 (brs,
34H), 0.88 (t, J ¼ 6.8 Hz, 3H).

5.2.4.10. ((�)-cis-2-(Docosyloxy)cyclopentyl)methanol (16e). The
compound 16e (142 mg) was obtained according to the general
procedure 5.2.4 from compound 15e (280 mg, 0.54 mmol). Yield
63%; 1H NMR data (400 MHz, CDCl3) d 3.97 (m, 1H), 3.77e3.26 (m,
4H), 3.04 (t, J¼ 5.8 Hz,1H), 2.12 (m,1H),1.85e1.48 (m, 7H),1.25 (brs,
39H), 0.88 (t, J ¼ 6.7 Hz, 3H).

5.2.5. General procedure for the synthesis of 6aee, 7aee and 8aee
To a stirred solution of compound 10aee, 13aee and 16aee

(1eq.) in benzene (5 mL) containing triethylamine (2 eq.) was
added 2-chloro-1,3,2-dioxaphospholane-2-oxide (2 eq.) at 0 �C and
warmed up slowly to rt, and further stirred overnight. The
precipitated triethylamine hydrochloride was filtered and washed
with benzene. The combined filtrate was concentrated, diluted
with CH3CN (10 mL) and transferred into pressure bottle. The
mixture was cooled to�78 �C and treated with TMA (1.5 mL) at the
same temperature under nitrogen. The reactor was closed and
heated at 65 �C for 18 h. After cooling back to rt, the reactor was
opened. The solvent and excess TMAwere evaporated. The residual
solid was purified by column chromatography on silica gel, first
eluting with CHCl3-MeOH (9:1) for separation of nonpolar
compounds, and then with CHCl3-MeOH-H2O (65:20:4). The iso-
lated semisolid was finally precipitated from chloroform and n-
pentane to afford 6aee, 7aee and 8aee.

5.2.5.1. (�)-trans-2-(Dodecyloxymethyl)cyclopentyl 2-(trimethylam-
monio)ethyl phosphate (6a). The compound 6a (60 mg) was ob-
tained according to the general procedure 5.2.5 from compound
10a (77 mg, 0.27 mmol), 2-chloro-1,3,2-dioxaphospholane-2-oxide
(55 mL, 0.54 mmol) and TMA (ca. 1.5 mL). Yield 49%; TLC Rf ¼ 0.22
(MeOH/H2O¼ 9:1); 1H NMR (400 MHz, CD3OD) d 4.42 (m,1H), 4.25
(brs, 2H), 3.88e3.70 (m, 2H), 3.67e3.65 (m, 2H), 3.48e3.38 (m, 2H),
3.22 (s, 9H), 2.19 (m,1H), 1.94e1.51 (m, 6H),1.41e1.29 (m,19H), 0.90
(t, J¼ 6.8 Hz, 3H); 13C NMR (100MHz, CDCl3) d 82.9, 79.8, 72.9, 71.3,
66.6, 58.9, 54.4 (3C), 47.1, 33.5, 31.9, 29.6, 29.5, 29.3, 27.5, 27.4, 26.2,
22.9, 22.5, 14.1; FABMS m/z 450.5 (M þ H)þ.

5.2.5.2. (�)-trans-2-(Tridecyloxymethyl)cyclopentyl 2-(trimethylam-
monio)ethyl phosphate (6b). The compound 6b (230 mg) was ob-
tained according to the general procedure 5.2.5 from compound
10b (210 mg, 0.70 mmol), 2-chloro-1,3,2-dioxaphospholane-2-
oxide (120 mL, 1.40 mmol) and TMA (1.5 mL). Yield 71%; TLC
Rf ¼ 0.22 (MeOH/H2O¼ 9:1); 1H NMR (400 MHz, CD3OD) d 4.45 (m,
1H), 4.27 (brs, 2H), 3.84e3.62 (m, 3H), 3.50e3.38 (m, 3H), 3.22 (s,
9H), 2.22 (m, 1H), 1.95e1.51 (m, 6H), 1.41e1.22 (m, 21H), 0.90 (t,
J ¼ 6.8 Hz, 3H); 13C NMR (100 MHz, CDCl3) d 82.8, 79.2, 73.0, 71.24,
66.3, 59.0, 54.3 (3C), 47.1, 33.6, 31.8, 31.6, 30.1, 29.6, 29.5, 29.3, 27.6,
26.2, 22.8, 22.5, 14.07; FABMS m/z 464.5 (M þ H)þ.

5.2.5.3. (�)-trans-2-(Octadecyloxymethyl)cyclopentyl 2-(trimethyla-
mmonio)ethyl phosphate (6c). The compound 6c (150 mg) was ob-
tained according to the general procedure 5.2.5 from compound 10c
(200 mg, 0.54 mmol), 2-chloro-1,3,2-dioxaphospholane-2-oxide
(110 mL, 1.08 mmol) and TMA (1.5 mL). Yield 52%; TLC Rf ¼ 0.22
(MeOH/H2O ¼ 9:1); 1H NMR (400 MHz, CD3OD) d 4.43 (m, 1H), 4.27
(brs, 2H), 3.84e3.62 (m, 3H), 3.50e3.42 (m, 3H), 3.24 (s, 9H), 2.25
(m, 1H), 1.97e1.51 (m, 7H), 1.44e1.21 (m, 31H), 0.91 (t, J ¼ 6.8 Hz,
3H); 13C NMR (100 MHz, CD3OD) d 84.2, 81.1, 72.9, 71.3, 68.9, 67.5,
60.8, 54.7 (3C), 47.1 34.5, 33.2, 32.7, 31.8, 29.5 (5C), 29.38, 27.57, 27.4,
27.2, 26.1, 22.9, 22.5, 14.1; FABMS m/z 534.4 (M þ H)þ.

5.2.5.4. (�)-trans-2-(Icosyloxymethyl)cyclopentyl 2-(trimethylamm-
onio)ethyl phosphate (6d). The compound 6d (430 mg) was ob-
tained according to the general procedure 5.2.5 from compound
10d (360 mg, 0.91 mmol), 2-chloro-1,3,2-dioxaphospholane-2-
oxide (185 mL, 1.82 mmol) and TMA (1.5 mL). Yield 85%; TLC
Rf ¼ 0.22 (MeOH/H2O¼ 9:1); 1H NMR (400 MHz, CD3OD) d 4.43 (m,
1H), 4.26 (brs, 2H), 3.89e3.62 (m, 3H), 3.50e3.42 (m, 3H), 3.24 (s,
9H), 2.24 (m, 1H), 1.97e1.53 (m, 6H), 1.44e1.21 (m, 36H), 0.91 (t,
J ¼ 6.8 Hz, 3H); 13C NMR (100 MHz, CD3OD) d 82.2, 79.3, 72.3, 70.2,
68.1, 66.0, 53.1 (3C), 45.7, 33.1, 32.5, 31.5, 31.3, 30.7, 29.5, 29.2, 28.9,
28.6, 28.4, 26.9, 26.3, 25.9, 25.3, 22.7, 22.2, 22.1, 21.8,12.9; FABMSm/
z 562.4 (M þ H)þ.

5.2.5.5. (�)-trans-2-(Docosyloxymethyl)cyclopentyl 2-(trimethylam-
monio)ethyl phosphate (6e). The compound 6e (180 mg) was ob-
tained according to the general procedure 5.2.5 from compound
10e (305 mg, 0.72 mmol), 2-chloro-1,3,2-dioxaphospholane-2-
oxide (146 mL, 1.44 mmol) and TMA (1.5 mL). Yield (180 mg, 43%);
TLC Rf ¼ 0.22 (MeOH/H2O¼ 9:1); 1H NMR (400MHz, CD3OD) d 4.42
(m, 1H), 4.25 (brs, 2H), 3.89e3.62 (m, 3H), 3.48e3.40 (m, 3H), 3.22
(s, 9H), 2.25 (m, 1H), 1.95e1.51 (m, 6H), 1.42e1.23 (m, 31H), 0.90 (t,
J ¼ 6.8 Hz, 3H); 13C NMR (100 MHz, CD3OD) d 84.2, 81.4, 73.8, 70.2,
67.5, 60.2, 54.7 (3C), 47.8, 34.4, 33.0, 32.8, 31.8, 31.1, 30.7, 30.6 (6C),
30.4, 28.4, 28.3, 27.4, 27.3, 26.9, 23.9, 23.6, 14.4; FABMS m/z 590.4
(M þ H)þ.
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5.2.5.6. ((�)-trans-2-(Dodecyloxy)cyclopentyl)methyl 2-(trimethy-
lammonio)ethyl phosphate (7a). The compound 7a (200 mg) was
obtained according to the general procedure 5.2.5 from compound
13a (150 mg, 0.52 mmol), 2-chloro-1,3,2-dioxaphospholane-2-
oxide (105.4 mL, 1.04 mmol) and TMA (1.5 mL). Yield 86%; TLC
Rf ¼ 0.22 (MeOH/H2O¼ 9:1); 1H NMR (400 MHz, CD3OD) d 4.44 (m,
1H), 4.26 (brs, 2H), 3.87e3.62 (m, 4H), 3.46e3.37 (m, 2H), 3.22 (s,
9H), 2.16 (m, 1H), 1.94e1.49 (m, 7H), 1.41e1.29 (m, 19H), 0.90 (t,
J ¼ 6.8 Hz, 3H); 13C NMR (100 MHz, CDCl3) d 82.2, 73.0, 71.2, 69.2,
66.2, 59.1, 54.3 (3C), 46.5, 33.5, 31.9, 31.6, 30.1, 29.6, 29.3, 27.6, 26.2,
22.8, 22.5, 14.15; FABMS m/z 450.5 (M þ H)þ.

5.2.5.7. ((�)-trans-2-(Tridecyloxy)cyclopentyl)methyl 2-(trimethy-
lammonio)ethyl phosphate (7b). The compound 7b (90 mg) was
obtained according to the general procedure 5.2.5 from compound
13b (100 mg, 0.33 mmol), 2-chloro-1,3,2-dioxaphospholane-2-
oxide (67 mL, 0.67 mmol) and TMA (1.5 mL). Yield 59%; TLC
Rf ¼ 0.21 (MeOH/H2O¼ 9:1); 1H NMR (400 MHz, CD3OD) d 4.42 (m,
1H), 4.24 (brs, 2H), 3.84e3.56 (m, 4H), 3.48e3.41 (m, 2H), 3.22 (s,
9H), 2.23 (m, 1H), 1.98e1.53 (m, 7H), 1.29 (brs, 21H), 0.90 (t,
J ¼ 6.8 Hz, 3H); 13C NMR (100 MHz, CDCl3) d 82.8, 79.2, 73.0, 71.2,
66.3, 59.0, 54.3 (3C), 46.5, 33.6, 31.8, 31.6, 30.1, 29.8, 29.7, 29.5, 27.6,
26.2, 22.8, 22.5, 14.0; FABMS m/z 464.5 (M þ H)þ.

5.2.5.8. ((�)-trans-2-(Octadecyloxy)cyclopentyl)methyl 2-(trimethy-
lammonio)ethyl phosphate (7c). The compound 7c (150 mg) was
obtained according to the general procedure 5.2.5 from compound
13c (130 mg, 0.35 mmol), 2-chloro-1,3,2-dioxaphospholane-2-
oxide (71 mL, 0.70 mmol) and TMA (1.5 mL). Yield 80%; TLC
Rf ¼ 0.22 (MeOH/H2O¼ 9:1); 1H NMR (400 MHz, CD3OD) d 4.42 (m,
1H), 4.25 (brs, 2H), 3.89e3.65 (m, 4H), 3.49e3.38 (m, 2H), 3.22 (s,
9H), 2.21 (m, 1H), 1.97e1.51 (m, 7H), 1.29 (brs, 31H), 0.90 (t,
J ¼ 6.8 Hz, 3H); 13C NMR (100 MHz, CD3OD) d 84.2, 81.4, 73.8, 70.2,
67.5, 60.2, 54.7 (3C), 47.7, 34.6, 33.0, 32.8, 31.1, 30.7, 30.6 (3C), 30.4,
28.4, 28.3, 27.4, 27.3, 24.2, 23.9, 23.9, 23.7, 23.6, 14.4; FABMS m/z
534.5 (M þ H)þ.

5.2.5.9. ((�)-trans-2-(Icosyloxy)cyclopentyl)methyl 2-(trimethy-
lammonio)ethyl phosphate (7d). The compound 7d (115 mg) was
obtained according to the general procedure 5.2.5 from compound
13d (165 mg, 0.42 mmol), 2-chloro-1,3,2-dioxaphospholane-2-
oxide (85 mL, 0.84 mmol) and TMA (1.5 mL). Yield 48%; TLC
Rf ¼ 0.22 (MeOH/H2O¼ 9:1); 1H NMR (400 MHz, CD3OD) d 4.42 (m,
1H), 4.25 (brs, 2H), 3.89e3.61 (m, 4H), 3.49e3.38 (m, 2H), 3.22 (s,
9H), 2.18 (m, 1H), 1.97e1.51 (m, 7H), 1.29 (brs, 31H), 0.90 (t,
J ¼ 6.8 Hz, 3H); 13C NMR (100 MHz, CD3OD) d 84.2, 81.4, 73.8, 70.2,
67.5, 60.2, 54.7 (3C), 47.7, 34.6, 33.0, 32.8, 31.1, 30.7, 30.6 (3C), 30.4,
28.4, 28.3, 27.4, 27.3, 24.2, 23.9, 23.9, 23.7, 23.6, 14.4; FABMS m/z
562.4 (M þ H)þ.

5.2.5.10. ((�)-trans-2-(Docosyloxy)cyclopentyl)methyl 2-(trimethy-
lammonio)ethyl phosphate (7e). The compound 7e (90 mg) was
obtained according to the general procedure 5.2.5 from compound
13e (130 mg, 0.31 mmol), 2-chloro-1,3,2-dioxaphospholane-2-
oxide (63 mL, 0.62 mmol) and TMA (1.5 mL). Yield 42%; TLC
Rf ¼ 0.22 (MeOH/H2O ¼ 9:1); 1H NMR (400 MHz, CD3OD) d 4.41 (m,
1H), 4.24 (brs, 2H), 3.87e3.62 (m, 4H), 3.48e3.40 (m, 2H), 3.22 (s,
9H), 2.18 (m, 1H), 1.98e1.51 (m, 6H), 1.28 (brs, 40H), 0.90 (t,
J ¼ 6.8 Hz, 3H); 13C NMR (100 MHz, CD3OD) d 84.3, 81.3, 73.8, 70.2,
67.5, 60.2, 54.7 (3C), 47.8, 34.6, 34.5, 33.1, 32.8, 31.1, 30.8, 30.7, 30.6
(5C), 30.5, 28.5, 28.3, 27.4, 27.3, 26.9, 23.7, 23.6, 14.5; FABMS m/z
590.4 (M þ H)þ.

5.2.5.11. ((�)-cis-2-(Dodecyloxy)cyclopentyl)methyl 2-(trimethylam-
monio)ethyl phosphate (8a). The compound 8a (36 mg) was
obtained according to the general procedure 5.2.5 from compound
16a (35 mg, 0.12 mmol), 2-chloro-1,3,2-dioxaphospholane-2-oxide
(24 mL, 0.24 mmol) and TMA (1.5 mL). Yield 66%; TLC Rf ¼ 0.22
(MeOH/H2O ¼ 9:1); 1H NMR (400 MHz, CD3OD) d 4.25 (brs, 2H),
4.08 (m, 1H), 3.89e3.83 (m, 2H), 3.64e3.61 (m, 2H), 3.50e3.38 (m,
2H), 3.22 (s, 9H), 2.19 (m, 1H), 1.81e1.48 (m, 8H), 1.29 (brs, 18H),
0.89 (t, J ¼ 6.8 Hz, 3H); 13C NMR (100 MHz, CDCl3) d 80.9, 72.2, 69.1,
66.2, 59.5, 54.3, 45.3 (3C), 45.3, 31.9, 30.1, 29.9, 29.7, 29.6, 29.3, 27.0,
26.2, 22.7, 21.7, 14.1; FABMS m/z 450.5 (M þ H)þ.

5.2.5.12. ((�)-cis-2-(Tridecycloxy)cyclopentyl)methyl 2-(trimethyla-
mmonio)ethyl phosphate (8b). The compound 8b (132 mg) was
obtained according to the general procedure 5.2.5 from compound
16b (110 mg, 0.37 mmol), 2-chloro-1,3,2-dioxaphospholane-2-
oxide (75 mL, 0.74 mmol) and TMA (1.5 mL). Yield 76%; TLC
Rf ¼ 0.23 (MeOH/H2O ¼ 9:1); 1H NMR (400 MHz, CD3OD) d 4.25
(brs, 2H), 4.07 (m, 1H), 3.89e3.63 (m, 4H), 3.49e3.37 (m, 2H), 3.22
(s, 9H), 2.09 (m, 1H), 1.81e1.44 (m, 8H), 1.28 (brs, 20H), 0.89 (t,
J ¼ 6.8 Hz, 3H); 13C NMR (100 MHz, CDCl3): d 81.0, 71.1, 69.1, 65.8,
59.2, 54.3 (3C), 45.3, 31.9, 30.9, 30.1, 29.9, 29.7, 29.6, 29.3, 27.0, 26.2,
22.7, 21.7, 14.1; FABMS m/z 464.5 (M þ H)þ.

5.2.5.13. ((�)-cis-2-(Octadecyloxy)cyclopentyl)methyl 2-(trimethy-
lammonio)ethyl phosphate (8c). The compound 8c (51 mg) was
obtained according to the general procedure 5.2.5 from compound
16c (100 mg, 0.27 mmol), 2-chloro-1,3,2-dioxaphospholane-2-
oxide (55 mL, 0.54 mmol) and TMA (1.5 mL). Yield 37%; TLC
Rf ¼ 0.22 (MeOH/H2O ¼ 9:1); 1H NMR (400 MHz, CD3OD) d 4.25
(brs, 2H), 4.06 (m, 1H), 3.90e3.85 (m, 2H), 3.75e3.62 (m, 2H),
3.48e3.38 (m, 2H), 3.22 (s, 9H), 2.14 (m,1H), 1.87e1.49 (m, 8H), 1.28
(brs, 30H), 0.90 (t, J ¼ 6.8 Hz, 3H); 13C NMR (100 MHz, CD3OD)
d 82.2, 80.1, 72.2, 70.1, 67.5, 60.3, 54.7 (3C), 46.7, 34.5, 33.0, 31.9, 31.1,
30.8, 30.7, 30.6 (5C), 30.4, 27.9, 27.7, 27.4, 27.3, 14.4; FABMS m/z
534.5 (M þ H)þ.

5.2.5.14. ((�)-cis-2-(Icosyloxy)cyclopentyl)methyl 2-(trimethylamm-
onio)ethyl phosphate (8d). The compound 8d (74 mg) was obtained
according to the general procedure 5.2.5 from compound 16d
(120 mg, 0.30 mmol), 2-chloro-1,3,2-dioxaphospholane-2-oxide
(61 mL, 0.60 mmol) and TMA (1.5 mL). Yield 43%; TLC Rf ¼ 0.23
(MeOH/H2O ¼ 9:1); 1H NMR (400 MHz, CD3OD) d 4.28 (brs, 2H),
4.10 (m, 1H), 3.92e3.86 (m, 2H), 3.73e3.63 (m, 2H), 3.48e3.38 (m,
2H), 3.22 (s, 9H), 2.19 (m, 1H), 1.84e1.49 (m, 7H), 1.28 (brs, 35H),
0.90 (t, J ¼ 6.8 Hz, 3H); 13C NMR (100 MHz, CD3OD) d 82.2, 80.5,
72.2, 70.1, 67.2, 60.4, 54.7 (3C), 46.7, 34.5, 33.0, 31.9, 31.1, 30.8, 30.7
(3C), 30.6, 30.4, 27.8, 27.7, 27.4, 27.3, 24.2, 23.7, 22.6, 22.4, 14.1;
FABMS m/z 562.4 (M þ H)þ.

5.2.5.15. ((�)-cis-2-(Docosyloxy)cyclopentyl)methyl 2-(trimethylam-
monio)ethyl phosphate (8e). The compound 8e (40 mg) was ob-
tained according to the general procedure 5.2.5 from compound
16e (100 mg, 0.24 mmol), 2-chloro-1,3,2-dioxaphospholane-2-
oxide (48 mL, 0.48 mmol) and TMA (1.5 mL). Yield 29%; TLC
Rf ¼ 0.23 (MeOH/H2O ¼ 9:1); 1H NMR (400 MHz, CD3OD) d 4.27
(brs, 2H), 4.10 (m, 1H), 3.91e3.63 (m, 4H), 3.48e3.38 (m, 2H), 3.22
(s, 9H), 2.19 (m, 1H), 1.79e1.51 (m, 7H), 1.28 (brs, 39H), 0.90 (t,
J ¼ 6.8 Hz, 3H); 13C NMR (100 MHz, CD3OD) d 82.2, 80.1, 73.3, 70.1,
67.1, 60.3, 54.7 (3C), 46.7, 33.0, 31.9, 31.1, 30.8, 30.7, 30.6 (8C), 30.4,
27.8, 27.7, 27.4, 23.7, 22.6, 22.4, 14.1; FABMS m/z 590.4 (M þ H)þ.

5.3. Biological activity testing

5.3.1. Akt inhibitory activity assay
The A549 human lung cancer cell line was grown to 70% con-

fluency and serum starved for 18 h. Compounds were added at the
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indicated concentrations (2, 5, 10, and 20 mM) for 2 h, and then Akt
phosphorylation was stimulated by adding insulin at 10 mg/mL for
30 min. As negative control, insulin was not added and positive
control insulin was added for 30 min. After 30 min of stimulation
with insulin, cells werewashed in ice-cold PBS and lysed using RIPA
lysis buffer (SigmaeAldrich, MO, USA). Quantification of phos-
phorylated Akt was performed using ELISA-based phosphor-Akt
assay kits (R & D systems, MN, USA). Data are presented as the
means �SDs of three independent experiments.

5.3.2. Cell culture and measurements of cytotoxicity
The A549 human lung cancer cell line, the MCF-7 breast carci-

noma cell line and the KATO-III human gastric carcinoma cell line
were purchased from the Korea cell line bank (Seoul, Korea). All cell
lines were grown in RPMI 1640 medium supplemented with 10%
heat-inactivated fetal bovine serum, 2 mM L-glutamine and 1 mM
sodium pyruvate in a humidified 5% CO2 atmosphere at 37 �C. Cells
were plated in 96-well plates at a density of 1 � 105 cells per well,
24 h prior to addition of APCs compounds. These compounds solu-
bilized in 100% ethanol were added at the indicated concentrations
(final ethanol concentration, 0.5%). After 24 h of incubation, cell
death was assessed by FACS cytometry (Accuri C6 flow cytometer,
Accuri, MI, U.S.A.). All studies were performed in triplicate. Data are
presented as the means �SDs of three independent experiments.
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