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Figure 1. Representative mono- and bis-THF acetogenins.
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The tetrahydrofuran (THF) containing annonaceous acetogenins (AAs) are attractive candidates for drug
development because of their potent cytotoxicity against a wide range of tumors and their relatively sim-
ple and robust structures. Replacement of the THF segment with a sugar residue may deliver analogues
with improved tumor selectivity and pharmacokinetics and are therefore attractive for drug develop-
ment. As a first test to the feasibility of such structures, a set of such monosaccharide analogues was syn-
thesized and assayed against four human tumor cell lines, cervical (HeLa), breast (MDA-MB231), T-cell
leukemia (Jurkat) and prostate (PC-3). Certain analogues showed low micromolar activity that was com-
parable to a structurally similar, naturally occurring mono-THF acetogenin. A preliminary examination of
the structure–activity profile of these carbohydrate analogues suggests that they have a similar mecha-
nism of action as their THF congeners.

� 2013 Elsevier Ltd. All rights reserved.
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1. Introduction

The tetrahydrofuran (THF)-containing annonaceous acetoge-
nins (AAs) are noted for their potent cytotoxicity against a variety
of tumor cell lines.1–3 There is considerable interest in their devel-
opment as clinical agents.4,5 Their cytotoxic activity is believed to
be connected to their interaction with the reduced nicotinamide
adenine dinucleotide (NADH): ubiquinone oxidoreductase (com-
plex I), a membrane-bound protein of the mitochondrial elec-
tron-transport system.6 Several reviews on structure activity
relationships (SARs) for the THF-containing AAs have been pub-
lished.7–10 The AAs generally contain one or more tetrahydrofuran
(THF) rings, although a small number contain a tetrahydropyran
(THP), and are classified into two major structural subgroups
depending on the number and arrangement of the THFs: the
mono-THF and the adjacently linked bis-THF acetogenins (Fig. 1).
A relatively small number of structures with non-adjacently con-
nected bis-THF or THF–THP motifs comprise a third subgroup.
The central ether segment is generally flanked at each terminus
by a carbinol center, giving rise to a central polar core. One of
the carbinol carbons is connected to a methylated c-lactone ring
by a polymethylene spacer, which may contain one or more
hydroxyl groups, and the other carbinol center is linked to a long
hydrophobic chain. SAR studies suggest that the butenolide moiety
contributes significantly to anti-tumor activity as analogues in
which the alkene is reduced are generally much less active. The
cyclic ether core is also important for activity but the high potency
observed for frameworks with a diverse arrangement and numbers
of the THF rings, suggests that a broad range of core structures that
meet a critical volume and polarity requirement may be tolerated.
The length and degree of hydroxylation of the hydrocarbon chains
are also important, with too long or short chains and a high degree
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Figure 2. Sugar mimics of mono-THF acetogenins.
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of hydroxylation leading to reduced activity. These SARs are con-
sistent with a cytotoxicity model in which the cyclic ether core sits
at the membrane–water interface in the mitochondria and the lipid
chains stabilizes a conformation that presents the butenolide to a
binding domain on complex I. Interestingly, the structural require-
ments for activity against complex I appears to be less stringent
than the SARs for anti-tumor activity, suggesting that anti-tumor
activity may be linked to other mechanisms of action.11,12

Although individual THF containing AAs show very high selectivity
against certain tumors cell lines, their potent activity against mito-
chondrial ATP production suggests that in general they may be too
cytotoxic for clinical application.

Against this backdrop we are interested in analogues of the THF
acetogenins in which the cyclic ether core is replaced with a carbo-
hydrate residue. Given the wide variations of the cyclic ether core
among highly potent analogues, we speculated that a carbohydrate
could be used as a mimic of the cyclic ether core. The structures so
generated are to be distinguished from the glycosylated AAs exam-
ined by Hocquemiller and co-workers, in which alcohols on natural
acetogenins are glycosylated.13 In the analogues in the present
study, the carbohydrate motif is imprinted in the acetogenin
framework and may be less likely to interfere with binding to
the cellular target. Like the Hocquemiller molecules, their carbohy-
drate-likeness has important implications for drug design. First,
the carbohydrate motif may allow for targeting of tumors that
overexpress cell surface lectins or carbohydrate transporters.14,15

Second, the hydrophilicity of the carbohydrate may help overcome
potential problems with low water solubility and non-specific cel-
lular uptake. Third, the easy access to diverse carbohydrates allows
for a wide variety of analogues for drug optimization studies. Here-
in we describe the synthesis and evaluation of the anti-tumor
activity of a preliminary set of these new carbohydrate-like AAs.

2. Results and discussion

2.1. Analog design

An a-mannopyranose sugar scaffold was selected because of
the relatively simple synthetic chemistry required for the modifi-
cation of this template (Fig. 2). To mimic the frameworks of the
natural AAs, the hydrocarbon chains were appended as an O-glyco-
side at C1 and as a 6-C-extended sugar. Structures 4–7 in which
one or more hydroxyl groups were removed from the sugar ring
were prepared, to evaluate whether increasing the density of hy-
droxyl groups leads to reduced activity, as observed in the natu-
rally occurring THF AAs. The b-galactose 8 derived analog was
also of interest to probe how the relative positioning of the two
hydrocarbon branches on the sugar scaffold might impact on activ-
ity. Finally, to interrogate whether the anti-tumor activity of the
new analogues was due to a similar mechanism of action as the
natural AAs, structures 9–11, with a reduced butenolide and with-
out the butenolide or the hydrocarbon tail, were prepared.

2.2. Synthesis

A modular plan in which a fixed butenolide alkene 17 and dif-
ferent carbohydrate alkene partners 18–23 were connected
through an olefin cross metathesis (CM) was conceived. The carbo-
hydrate alkenes were prepared via established carbohydrate trans-
formations from known precursors 12–16 (Table 1).

The fully oxygenated mannose-derived alkenes 18 and 23 were
prepared from penta-O-acetylated mannose 12 (Scheme 1). Thus,
treatment of 12 with 9-decenol and BF3�OEt2 gave the 9-decenyl-
a-glycoside, which was subjected to standard procedures for ace-
tate hydrolysis and O-isopropylidene formation, to give the
2,3,4,6-di-O-isopropylidene 23. Selective removal of the 4,6-O-iso-
propylidene in 23 and sequential formation of the pivalate and eth-
oxyethyl acetal on the diol 30, provided 31. Ester cleavage on 31, O-
alkylation of the resulting alcohol with 1-bromo-undecane, and
hydrolysis of the ethoxyethyl acetal protecting group, afforded 18.

For the 4-deoxy pyranoside alkene 19, the 2,3-eno-pyranoside
1316 was converted via an O-alkylation-alkene dihydroxylation se-
quence to the 4-deoxy-pyranoside 32. Hydrogenolysis of 32 and
acetylation of the product provided the 1,2,3-tri-O-acetyl deriva-
tive, which was subjected to the aforementioned glycosidation
procedure with 9-decenol. This reaction afforded a single a-glyco-
side 33, which after ester hydrolysis and isopropylidination of the
derived diol led to the 2,3-O-isopropylidene 19.

The synthesis of the 3,4-dideoxy pyranoside 20 started from the
D-glyceraldehyde-derived, alkene 14.17 Selective Bu2SnO-mediated
O-alkylation of the primary alcohol in 14 afforded 34. The hydrox-
yalkene 34 was next transformed to the E a,b-unsaturated ester 35,
through a straightforward sequence of reactions: O-benzylation,
ozonolyis of the alkene and reaction of the derived aldehyde with
methyl(triphenylphosphoranylidene)acetate. Asymmetric dihydr-
oxylation on 35 using AD-mix a,18 followed by isopropylidenation
of the resultant diol afforded methyl ester 36. Basic hydrolysis on
36 and Suárez fragmentation on the resulting acid with iodosoben-
zene diacetate and iodine provided a mixture of acetates 37.19

Hydrogenolysis of 37, treatment of the product with aqueous TFA
and standard acetylation of the resulting material led to a mixture
of di-O-acetates 38a/b (ca. ratio 100/1). Application of the glycosi-
dation and acetate hydrolysis procedures on 38a, as previously de-
scribed, provided 20.

The 2-deoxy-pyranoside 21 was prepared from commercially
available tri-O-acetyl-D-glucal 15. Thus, Ph3P�HBr catalyzed glycos-
idation of 15 with 9-decenol, followed by ester hydrolysis on the
product, provided triol 39 as a single a-glycoside.20,21 Standard
alcohol protecting group processing on 39 and O-alkylation as
described earlier, provided 40, and then 21.
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The galactose-derived alkene 22 was obtained from penta-O-
acetyl-a-D-galactopyranose 16. The standard glycosidation of 18
with 9-decenol and deacetylation of the product gave 9-decenyl-
b-D-galactopyranoside 41 as the exclusive product. Selective trity-
lation of the primary alcohol in 41 and Bu2SnO mediated alkylation
of the resulting triol with undecylbromide afforded 42.22 Removal
of the trityl ether and treatment of the resulting triol with excess
TESCl and imidazole gave the 2,6-di-O-silylated derivative 22.

CM reactions were performed with three to four molar equiva-
lents of either butenolide 1723,24 or the respective carbohydrate al-
kene partner 18–23 using 10 mol % Grubbs 2nd generation catalyst
(Table 1).25,26 In general, it was more practical to use the carbohy-
drate alkene (vs the butenolide alkene), as the limiting reactant re-
agent for two reasons. First, the carbohydrate alkene was more
easily accessible than the butenolide partner. Second, the major
side product, when the carbohydrate was in excess, was the
homodimer of the carbohydrate alkene, which was more easily
separated by chromatography from the desired heterodimer, than
was the butenolide homodimer, the side product obtained when
the butenolide alkene was in excess. The reaction yields of the
CM heterodimer ranged from 16% to 64% based on the limiting al-
kene. Yields were generally lower when sugar alkenes with more
than one free hydroxyl group were used. However, the reaction
conditions were not optimized with respect to the catalyst, reac-
tant ratio, concentration and temperature.25,26 Selective reduction
of the isolated alkene in the CM products 24–29 was performed
using diimide generated from tosylhydrazide and sodium acetate
(Scheme 2).27 The reduction products were subjected to cleavage
of their acetal or silyether protecting groups by treatment with
3% acetyl chloride in methanol and dichloromethane, leading to
the final products 4–8, and 11. Standard hydrogenation of 4 pro-
vided 9 as an inseparable diastereomeric mixture of a-substituted
c-lactones.

2.3. Cytotoxicity measurements

The cytotoxicity of 4–11 against four human tumor cell lines,
Jurkat (T cell leukemia), HeLa (cervical), MDA-MB231 (breast)
and PC-3 (prostate) was determined using the CellTiter-Glo� lumi-
nescent cell viability assay after 48 h of treatment with the test
compounds (Table 2). The structurally related naturally occurring
mono-THF acetogenin, (9S)-4-deoxyannoreticuin 1 was used as a
positive control. All of the sugar analogues with both the hydrocar-
bon spacer-butenolide and the hydrocarbon tail (i.e., 4–8) showed
activity at less than 100 lM. The 6-O-alkylated a-glycosides 4–7,
showed low micromolar activity comparable to the THF congener
1. The removal of one or more of the secondary alcohols from
the sugar core did not have a marked effect on activity. The
3-O-alkylated-b-galactose analog 8 was noticeably less active,
suggesting that the relative positioning of the hydrocarbon
appendages on the sugar ring, or the presence or absence of the
free primary alcohol on the sugar core may have a more significant
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IC50 (mM) data for more active acetogenin analogues
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8 78.17 ± 7.68 50.32 ± 9.07 73.55 ± 14.49 ND*

1 17.79 ± 1.56 20.99 ± 2.71 34.16 ± 1.83 43.05 ± 2.40

* Not determined
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impact on activity. A wider structure activity study is needed to as-
sess the relative effect of these variables. Analogues with a hydro-
genated or missing butenolide residue, or without the hydrocarbon
tail (9–11), were inactive. These data suggested that both the
hydrocarbon tail and the hydrophobic spacer-butenolide segments
on the cyclic oxygenated core were critical for activity. This signif-
icant loss in activity on hydrogenation of the butenolide or its re-
moval is as observed for the THF containing AAs and suggests
that both the THF and sugar derived compounds have a similar
mechanism of action.28,29 The observation that the relative sensi-
tivity of the different cell lines (i.e. Jurkat > HeLa > MDA
MB231 > PC-3) for the active sugar analogues was the same as
for the THF AA 1, reinforces this notion.

2.4. Dynamic light scattering measurements

Dynamic light scattering measurements on the fully hydroxyl-
ated sugar analog 4 and the THF congener 1 were compared to
get insight on how the sugar modification impacts on solution
properties in the active concentration range (1–100 lM).30 Both
1 and 4 exhibited similar particle distribution, ranging from 40 to
�200 nm at lower concentrations, 1 and 10 lM (see Supplemen-
tary data). However at 100 lM, while the sugar analog 4 behaved
similarly, the THF analog 1 showed a noticeably broader particle
distribution ranging from 40 to �1000 nm, indicating the presence
of large aggregates (Fig. 3). The apparently higher solubility of 4
compared to 1 at 100 lM is as expected for the more hydrophilic
sugar derivative and has implications for formulations with higher
drug dosing.



Figure 3. Dynamic light scattering analysis of 1 (solid line) and 4 (dashed line) at
100 lM. The X-axis (in log scale) is the particle diameter size; Y-axis is the
frequency.
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3. Conclusion

Together the cytotoxicity data on these novel sugar AA supports
our hypothesis that in the case of the mono-THF AAs, the THF ring
can be replaced with a cyclic sugar residue without loss in anti-tu-
mor activity. The preliminary SAR data suggests that these sugar
analogues have a similar mechanism of action to the THF congen-
ers, but rigorous mechanistic studies including the binding of the
new sugar AAs to complex I are needed to strengthen this specula-
tion. It has been observed in the THF containing AAs that subtle
variations in the length of the hydrophobic chains can lead to
marked increase in anti-tumor activity. Therefore, it may be possi-
ble to increase the anti-tumor activity of these sugar containing
AAs through similar changes. An intriguing question is whether
varying the substitution pattern on the sugar entity can also lead
to increased tumor potency and, or selectivity. Studies along these
lines are in progress.

4. Experimental

4.1. Synthesis

4.1.1. General
Unless otherwise stated, all reactions were carried out under a

nitrogen atmosphere in oven-dried glassware using standard syr-
inge and septa technique. Solvents were purified by standard pro-
cedures or used from commercial sources as appropriate. Thin
layer chromatography (TLC) was done on 0.25 mm thick precoated
silica gel HF254 aluminum sheets. Chromatograms were observed
under UV (short and long wavelength) light, and were visualized
by heating plates that were dipped in a solution of ammonium(VI)
molybdate tetrahydrate (12.5 g) and cerium(IV) sulfate tetrahy-
drate (5.0 g) in 10% aqueous sulfuric acid (500 mL). Flash column
chromatography (FCC) was performed using silica gel 60
(230–400 mesh) and employed a stepwise solvent polarity gradi-
ent, correlated with TLC mobility. 1H and 13C NMR spectra were
obtained on a Bruker 500 MHz spectrometer, in CDCl3. Chemical
shifts are relative to the deuterated solvent peak and are in parts
per million (ppm). Assignments for selected nuclei were deter-
mined from 1H COSY experiments. High resolution mass spectrom-
etry was performed on Ultima Micromass Q-TOF or Agilent G6550
Q-TOF mass spectrometers.
4.1.2. 9-Decenyl 2,3-O-isopropylidene-6-undecyl-a-D-mannopyran-
oside (18)

A 1 M solution of DIBAL-H in heptane (7.3 mL, 7.3 mmol) was
added at �78 �C to a solution of 31 (1.30 g, 2.53 mmol) in DCM
(15 mL). The reaction mixture was allowed to warm to rt. After
3 h the reaction was quenched with saturated aqueous Rochelle’s
salt and extracted with EtOAc. The organic extract was dried
(Na2SO4), filtered, and concentrated in vacuo. FCC of the residue
afforded 31 (966 mg); Rf = 0.55 (15% EtOAc/petroleum ether). To a
solution of this material (966 mg, 2.24 mmol) in THF were added
a 60% dispersion of NaH in mineral oil (180 mg, 4.5 mmol), Bu4NI
(82 mg, 0.20 mmol), and C11H23Br (0.8 mL, 4.5 mmol). The reaction
mixture was stirred for 12 h and then quenched with water and ex-
tracted with ether. The organic phase was dried (Na2SO4), filtered
and concentrated in vacuo. The crude residue was treated with PPTS
(100 mg, 0.40 mmol) in MeOH (15 mL) for 1 h, and the reaction was
quenched with Et3N. Removal of the solvent in vacuo, and FCC of
the residue afforded 18 (828 mg, 64% from 31). Rf = 0.50 (15%
EtOAc/petroleum ether). 1H NMR (CDCl3) d 0.90 (t, 3H, J = 6.8 Hz),
1.27 (bs, 22H), 1.38 (s, 3H), 1.55 (s, 3H), 1.60 (m, 8H), 2.06 (m,
2H), 2.99 (bs, 1H, OH), 3.44 (m, 1H), 3.50 (m, 2H), 3.65 (m, 1H),
3.73 (m, 4H), 4.17 (m, 2H), 4.96 (m, 3H), 5.84 (m, 1H). 13C NMR
(CDCl3) d 14.3, 22.9, 26.3 (two lines), 28.1, 29.1, 29.3, 29.5 (two
lines), 29.6, 29.7, 29.8 (three lines), 32.1, 34.0, 68.0 (two lines),
71.6, 71.9, 72.3, 75.5, 78.1, 97.3, 109.6, 114.3, 139.4. HRMS (ESI)
calcd for (M+NH4)+ C30H60NO6, 530.4415, found 530.4419.

4.1.3. 9-Decenyl 2,3-O-isopropylidene-6-O-undecyl-4-deoxy-a-
D-lyxo-pyranoside (19)

To a solution 33 (419 mg, 0.78 mmol) in MeOH (5 mL) was
added NaOMe (50 mg). The reaction was stirred for 30 min and
then adjusted to pH �6 with 1 M HCl in MeOH. The mixture was
then concentrated in vacuo and the crude residue was taken up
in DCM (20 mL). 2,2-DMP (5 mL) and pTsOH (50 mg) was added,
the reaction stirred for 1 h, then quenched with Et3N. Evaporation
of the volatiles under reduced pressure and FCC of the residue
afforded 19 (371 mg, 97% from 33). Rf = 0.42 (10% EtOAc/petroleum
ether). 1H NMR (CDCl3) d 0.85 (t, 3H, J = 6.8 Hz), 1.23–1.38 (m,
26H), 1.31 (s, 3H, buried under m), 1.49 (s, 3H), 1.52 (m, 5H),
1.88 (m, 1H), 2.01 (m, 2H), 3.42 (m, 4H), 3.50 (m, 1H), 3.70 (m,
1H), 3.82 (m, 1H), 3.92 (d, 1H, J = 5.6 Hz), 4.33 (m, 1H), 4.91 (m,
2H), 4.99 (s, 1H), 5.77 (m, 1H). 13C NMR (CDCl3) d 14.3, 22.9,
26.3, 26.4 (two lines), 28.3, 29.1, 29.3, 29.5, 29.6 (two lines),
29.8, 29.9, 30.8, 32.1, 34.0, 65.7, 67.7, 71.0, 71.9, 73.5, 73.8, 97.7,
109.0, 114.3, 139.4. HRMS (ESI) calcd for (M+NH4)+ C30H60NO5,
514.4466, found 514.4468.

4.1.4. 9-Decenyl 3,4-dideoxy-6-O-undecyl-a-D-threo-pyranoside
(20)

To a solution of 38a (500 mg, 1.30 mmol) in DCM (10 mL) was
added 9-decen-1-ol (1.0 mL, 5.7 mmol) and BF3�OEt2 (0.1 mL,
0.8 mmol). The reaction was stirred for 3 h, then quenched with
NaHCO3 and extracted with EtOAc. The organic fraction was dried
(Na2SO4), filtered and concentrated in vacuo. The crude residue
was taken up in MeOH (5 mL) and treated with NaOMe (50 mg).
The reaction was stirred for 30 min and then neutralized with
1 M HCl in MeOH. Removal of the solvent in vacuo and FCC of
the residue gave 20 (334 mg, 59% from 38a). Rf = 0.4 (20% EtOAc/
petroleum ether). 1H NMR (CDCl3) d 0.88 (t, 3H, J = 6.9 Hz), 1.26
(m, 26H), 1.58 (m, 4H), 1.67 (m, 1H), 1.75 (m, 1H), 1.99 (m, 2H),
2.04 (m, 2H), 3.41 (dd, 1H, J = 6.5, 12.5 Hz), 3.44 (m, 4H), 3.62 (m,
1H), 3.63 (m, 1H), 3.95 (m, 1H), 4.68 (s, 1H), 4.95 (m, 2H), 5.81
(m, 1H). 13C NMR (CDCl3) d 14.3, 21.8, 22.9, 25.3, 26.3, 26.4, 29.1,
29.3, 29.5, 29.6 (two lines), 29.7, 29.8, 29.9, 32.1 34.0, 66.1, 67.7,
67.9, 71.9, 74.0, 99.8, 114.3, 139.4. HRMS (ESI) calcd for
(M+NH4)+ C27H56NO4, 458.4204, found 458.4204.
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4.1.5. 9-Decenyl 3,4-di-O-triethylsilyl-6-O-undecyl-2-deoxy-a-D-
arabinopyranoside (21)

To a solution of 40 (1.05 g, 2.36 mmol) in dry DMF (30 mL) was
added NaH as a 60% dispersion in mineral oil (283 mg, 7.1 mmol),
C11H23Br (1.6 mL, 7.1 mmol) and Bu4NI (87 mg, 0.24 mmol). The
reaction was stirred for 2 h, quenched with water and extracted
with ether. The organic fraction was dried (Na2SO4), filtered and
concentrated in vacuo. The crude residue was taken up in MeOH
(15 mL) and treated with PPTS (100 mg). The reaction was stirred
for 1 h and then the solvent was removed in vacuo. FCC of the res-
idue gave 9-undecenyl 2-deoxy-6-O-undecyl-a-D-arabino-pyrano-
side (668 mg); Rf = 0.24 (30% EtOAc/petroleum ether). To a
solution of this material (668 mg, 1.45 mmol) in dry DCM (5 mL)
was added TESCl (0.5 mL, 3.05 mmol) and imidazole (112 mg,
1.65 mmol). The reaction was stirred for 2 h, then quenched with
water and extracted with ether. The organic phase was dried (Na2-

SO4), filtered and concentrated in vacuo. FCC of the residue affor-
ded 21 (953 mg, 60% from 40). Rf = 0.56 (5% EtOAc/petroleum
ether). 1H NMR (CDCl3) d 0.63 (m, 12H), 0.85 (t, J = 7.1 Hz, 3H),
0.95 (t, J = 7.9 Hz, 9H), 0.96 (t, J = 7.9 Hz, 9H), 1.20–1.40 (m, 26H),
1.57 (m, 5H), 2.01 (m, 3H), 3.27 (m, 1H), 3.42 (m, 3H), 3.56 (m,
4H), 3.91 (m, 1H), 4.81 (d, 1H, J = 2.1 Hz), 4.90 (d, 1H, J = 10.2 Hz),
4.97 (d, 1H, J = 17.1 Hz), 5.79 (m, 1H). 13C NMR (CDCl3) d 5.5, 5.6,
7.2, 7.3, 14.3, 22.9, 26.4, 29.1, 29.3, 29.5, 29.6 (three lines), 29.8
(three lines), 29.9, 32.1, 34.0, 39.1, 67.3, 70.2, 71.3, 71.9, 72.0,
73.5, 97.2, 114.3, 139.4. HRMS (ESI) calcd for (M+NH4)+ C39H84NO5-

Si2 702.5883, found 702.5878.

4.1.6. 9-Decenyl 2,6-di-O-(triethylsilyl)-3-O-undecyl-b-D-
galactopyranoside (22)

To a solution of 42 (560 mg, 0.78 mmol) in MeOH (20 mL) was
added pTsOH (150 mg). The reaction was stirred for 12 h and then
quenched with saturated aqueous NaHCO3 and extracted with
EtOAc. The organic extract was dried (Na2SO4), filtered and concen-
trated in vacuo. FCC of the residue gave 9-decenyl 3-O-undecyl-a-
D-galactopyranoside (370 mg). Rf = 0.6 (80% EtOAc/petroleum
ether). To a sample of this material (225 mg, 0.48 mmol) in DCM
(10 mL) was added imidazole (162 mg, 2.40 mmol) and TESCl
(0.25 mL, 1.5 mmol). The reaction was stirred for 2 h, then
quenched with water and extracted with ether. The organic frac-
tion was dried (Na2SO4), filtered and concentrated in vacuo. FCC
of the residue gave 22 (360 mg, quant. from 42). Rf = 0.4 (5% EtOAc/
petroleum ether). 1H NMR (CDCl3) d 0.66 (m, 12H), 0.90 (t, 3H,
J = 7.0 Hz), 0.93 (t, 9H, J = 7.8 Hz), 0.94 (t, 9H, J = 7.8 Hz), 1.29 (m,
26H), 1.62 (m, 4H), 2.05 (m, 2H), 2.40 (bs, 1H, OH), 3.19 (dd, 1H,
J = 3.4, 9.0 Hz), 3.44 (m, 2H), 3.50 (m, 1H), 3.61 (m, 2H), 3.83 (m,
2H), 3.93 (dd, 1H, J = 6.5, 10.3 Hz), 4.05 (bs, 1H), 4.18 (d, 1H,
J = 7.6 Hz), 4.96 (bd, J = 10.1 Hz, 1H), 5.02 (bd, 1H, J = 17.1 Hz),
5.84 (m, 1H). 13C NMR (CDCl3) d 4.5, 5.2, 6.9, 7.1, 14.3, 22.9, 26.2,
26.3, 29.1, 29.3, 29.5, 29.6 (two lines), 29.7 (two lines), 29.8 (two
lines), 30.2, 32.1, 34.0, 62.1, 65.7, 70.0, 70.3, 72.1, 74.7, 82.7,
103.1, 114.3, 139.4. HRMS (ESI) calcd for (M+Na)+ C39H80NaO6Si2,
723.5386, found 723.5380.

4.1.7. 9-Decenyl 2, 3, 4, 6-di-O-isopropylidene-6-undecyl-a-D-man-
nopyranoside (23)

To a solution of penta-O-acetylated mannose 12 (5.41 g,
13.9 mmol) in DCM (45 mL) were added 9-decen-1-ol (3.5 mL,
21.0 mmol) and BF3�OEt2 (5.7 mL, 59.0 mmol). The reaction mix-
ture was stirred for 24 h and then quenched with saturated aque-
ous NaHCO3 solution. The mixture was extracted with DCM, dried,
and concentrated in vacuo. FCC of the residue gave the decenyl gly-
coside (2.4 g): Rf = 0.32 (25% EtOAc/petroleum ether). This material
was treated with NaOMe (0.3 g, 5.6 mmol) in MeOH (25 mL). The
reaction was stirred for 1 h and then adjusted to pH 6 with 1 M
HCl in MeOH. The mixture was concentrated in vacuo to give the
crude tetraol, which was dissolved in DCM (25 mL) and treated
with 2,2-DMP (10 mL, 82.0 mmol) and p-TsOH (100 mg, 0.5 mmol).
The reaction mixture was stirred for 1 h, then quenched with sat-
urated aqueous NaHCO3 solution, and processed as described in
the previous step. FCC of the residue gave 23 (1.7 g, 30% from
12): Rf = 0.7 (10% EtOAc/petroleum ether). 1H NMR (CDCl3) d 1.15
(bs, 10H), 1.28 (s, 3H), 1.36 (s, 3H), 1.45 (s, 3H), 1.48 (s, 3H), 1.51
(m, 2H), 1.97 (m, 2H), 3.32 (m, 1H), 3.50 (m, 1H), 3.60 (m, 1H),
3.66 (m, 2H), 3.79 (dd, 1H, J = 5.7, 10.7 Hz), 4.09 (m, 2H), 4.87 (m,
3H), 5.73 (m, 1H). 13C NMR (CDCl3) d 19.1, 26.3 (two lines), 28.4,
29.1, 29.2 (two lines), 29.5 (two lines), 29.6, 34.0, 61.4, 62.3, 68.1,
73.0, 75.1, 76.4, 97.9, 99.9, 109.6, 114.3, 139.4. HRMS (ESI) calcd
for (M+Na)+ C22H38NaO6, 421.2561, found 421.256.

4.1.8. 9-Decenyl 2,3-O-isopropylidene-a-D-manno-pyranoside
(30)

To a solution of 23 (1.7 g, 4.3 mmol) in MeOH (15 mL) was
added PPTS (640 mg, 2.1 mmol). The reaction mixture was stirred
for 13 h and then quenched with Et3N. The mixture was concen-
trated in vacuo. FCC of the residue gave 30 (1.11 g, 73%). Rf = 0.14
(30% EtOAc/petroleum ether). 1H NMR (CDCl3) d 1.32 (bs, 10H),
1.39 (s, 3H), 1.55 (s, 3H), 1.60 (m, 2H), 2.07 (m, 2H), 2.57 (d, 1H,
J = 4.9 Hz, OH), 3.46 (m, 1H), 3.73 (m, 3H), 3.76 (m, 2H), 3.86 (m,
2H), 4.95 (m, 2H), 5.02 (s, 1H), 5.83 (m, 1H). 13C NMR (CDCl3) d
28.0, 29.1, 29.2, 29.5, 29.6, 34.0, 62.9, 68.2, 69.7, 70.2, 75.7, 78.2,
97.5, 109.8, 114.4, 139.4. HRMS (ESI) calcd for (M+NH4)+

C19H38NO6, 376.2694, found 376.2697.

4.1.9. 9-Decenyl 4-O-(1-ethoxyethyl)-2,3-O-isopropylidene-6-O-
pivaloyl-a-D-manno-pyranoside (31)

To a solution of diol 30 (1.11 g, 3.1 mmol) in DCM (20 mL) was
added pyridine (2.5 mL, 31.0 mmol) and pivaloyl chloride (0.46 mL,
3.4 mmol). The reaction mixture was stirred for 4 h and then con-
centrated in vacuo. FCC of the residue gave the pivaloate ester of
the primary alcohol (1.13 g), Rf = 0.4 (20% EtOAc/petroleum ether).
Ethyl vinyl ether (9 mL, 94.0 mmol) and PPTS (100 mg) were added
to a solution of this material (1.13 g, 2.56 mmol) in DCM (3 mL).
The reaction mixture was stirred for 1 h and then quenched with
Et3N. Removal of the volatiles in vacuo and FCC of the residue gave
the derived 4-O-ethoxyethyl ether (1.30 g, 82% from 30), Rf = 0.85
(20% EtOAc/petroleum ether). 1H NMR d (CDCl3) 1.15–1.37 (m,
28H), 1.48, 1.49 (both s, 3H), 1.52 (m, 2H), 2.02 (m, 2H), 3.32–
3.58 (m, 3H), 3.62–3.78 (, 3H), 4.07 (m, 2H), 4.16, 4.23 (both t,
1H, J = 7.6 Hz), 4.38, 4.47 (both dd, 1H, J = 2.5, 12.6 Hz), 4.82–5.02
(m, 4H), 5.78 (m, 1H). 13C NMR d (CDCl3) 15.3, 15.6, 20.4, 21.0,
26.4, 26.6, 28.2 (two lines), 29.1, 29.3, 29.5, 29.6 (two lines), 29.9
(two lines), 34.0, 61.2, 62.1, 63.5, 64.1, 66.9, 67.0, 67.7, 67.8, 73.3,
73.5, 76.0 (two lines), 78.5, 78.9, 96.8, 96.9, 109.4, 109.5, 114.4,
139.4, 178.4, 178.5. HRMS (ESI) calcd for (M+Na)+ C28H50NaO8,
537.3398, found 537.3396.

4.1.10. Benzyl 6-O-undecyl-4-deoxy-a-D-lyxo-pyranoside (32)
To a solution of 1316 (125 mg, 0.57 mmol) in dry DMF (5 mL)

was added NaH as a 60% dispersion in mineral oil (70 mg,
1.70 mmol). The mixture was stirred for 15 min and then
C11H23Br (0.25 mL, 1.14 mmol) was added at rt. The reaction was
stirred for a further 18 h, then quenched with water and extracted
with ether. The organic phase was washed with water, dried (Na2-

SO4), filtered, and concentrated in vacuo. To a solution of the resi-
due in acetone (6 mL) was added OsO4 as a 2.5 wt % in t-BuOH
(0.30 mL, 0.02 mmol) and a 50 wt % solution of N-methyl morpho-
line-N-oxide in water (0.40 mL, mg, 1.93 mmol). The reaction was
stirred for 18 h, then quenched with NaHSO3 (100 mg). The result-
ing slurry was stirred for 10 min, then filtered through a bed of Cel-
ite. The filtrate was evaporated under reduced pressure, and the
residue taken up in EtOAc and washed with water and brine. The
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organic phase was dried (Na2SO4) filtered and concentrated in va-
cuo. FCC of the residue gave 32 (165 mg, 71%, from 13). Rf = 0.42
(70% EtOAc/petroleum ether). 1H NMR d (CDCl3) 0.88 (t, 3H,
J = 6.8 Hz), 1.26 (m, 16H), 1.60 (m, 3H), 1.80 (m, 1H), 2.12 (d, 1H,
J = 8.5 Hz, OH), 2.18 (d, 1H, J = 7.1 Hz, OH), 3.48 (m, 4H), 3.79 (bs,
1H), 3.98 (m, 1H), 4.07 (m, 1H), 4.50 (apparent d, 1H, J = 11.9 Hz),
4.73 (apparent d, 1H, J = 11.9 Hz), 4.99 (s, 1H), 7.33 (m, 5H). 13C
NMR d (CDCl3) 14.3, 22.9, 26.3, 29.5, 29.7, 29.8 (two lines), 31.4,
32.1, 65.8, 67.6, 69.2, 69.4, 72.0, 73.4, 99.5, 128.0, 128.1, 128.6,
137.4. HRMS (ESI) calcd for (M+Na)+ C24H40NaO5, 431.2768, found
431.2766.

4.1.11. 9-Decenyl 4-deoxy-2,3-di-O-acetyl-6-O-undecyl-a-D-
lyxo-pyranoside (33)

To a solution of diol 32 (516 mg, 1.26 mmol) in methanol
(10 mL) was added HCOOH (0.2 mL) and 10% wt Pd/C (150 mg).
The mixture was stirred under a hydrogen atmosphere (balloon)
for 20 h. The reaction was then purged with nitrogen and filtered
through a bed of Celite. The filtrate was concentrated in vacuo.
The crude residue was dissolved in EtOAc (25 mL) and treated with
Ac2O (5 mL) and DMAP (50 mg). The mixture was stirred for
30 min and then quenched with MeOH (1 mL). The mixture was di-
luted with EtOAc and washed successively with aqueous 1 N HCl
and saturated aqueous NaHCO3. The organic fraction was dried
(Na2SO4), filtered and concentrated in vacuo. FCC of the residue
gave the 1,2,3-tri-O-acetyl derivative (501 mg). To a solution of this
material (501 mg, 1.1 mmol), in DCM (25 mL) was added 9-decen-
1-ol (0.1 mL, 5.6 mmol) and BF3�OEt2 (0.45 mL, 3.3 mmol). The
reaction was stirred for 6 h, then quenched with saturated aqueous
NaHCO3 and extracted with DCM. The organic phase was dried
(Na2SO4), filtered and concentrated in vacuo. FCC of the residue
gave 33 (419 mg, 62% from 32). Rf = 0.38 (15% EtOAc/petroleum
ether). 1H NMR (CDCl3) d 0.86 (t, 3H, J = 6.8 Hz), 1.26–1.39 (m,
26H), 1.57 (m, 4H), 1.81 (m, 2H), 2.02 (s, 3H), 2.1 (m, 1H), 2.13
(s, 3H), 3.39 (m, 1H), 3.45 (m, 3H), 3.52 (m, 1H), 3.68 (m, 1H),
4.01 (m, 1H), 4.82 (s, 1H), 4.94 (m, 2H), 5.07 (s, 1H), 5.28
(m, 1H), 5.81 (m, 1H). 13C NMR (CDCl3) d 14.3, 21.2 (two lines),
22.9, 26.3 (two lines), 28.6, 29.1, 29.3, 29.5 (two lines), 29.6 (two
lines), 29.7, 29.8 (two lines), 32.1, 34.0, 67.2, 67.4, 68.1, 68.4,
98.3, 114.3, 139.4, 170.2, 170.5.

4.1.12. (S)-1-(Undecyloxy)hex-5-en-2-ol (34)
To a solution of diol 1417 (2.34 g, 16.7 mmol) in MeOH (30 mL)

was added Bu2SnO (4.32 g, 17.4 mmol). The reaction was heated to
reflux for 3 h and then toluene (40 mL) was added. The mixture
was heated at reflux for 2 h with a Dean–Stark trap for removal
of the toluene–water azeotrope. The solvent was then removed
in vacuo and the residue taken up in dry DMF (30 mL). C11H23Br
(10 mL, 56.0 mmol) and CsF (8.4 g, 55.0 mmol) were then intro-
duced and the reaction heated at 80 �C for 15 h. The mixture was
then diluted with water and extracted with EtOAc. The organic
phase was dried (Na2SO4), filtered and concentrated in vacuo.
FCC of the residue gave 34 (4.51 g, quant.). Rf = 0.30 (10% EtOAc/
petroleum ether). 1H NMR (CDCl3) d 0.90 (t, 3H, J = 6.9 Hz), 1.28
(m, 16H), 1.50 (m, 4H), 2.17 (m, 1H), 2.24 (m, 1H), 2.38 (d, 1H,
J = 3.0 Hz, OH), 3.27 (dd, 1H, J = 8.0, 9.4 Hz), 3.47 (m, 3H), 3.81
(m, 1H), 4.95 (bd, J = 10.2 Hz, 1H), 5.04 (bd, J = 18.8 Hz, 1H), 5.84
(m, 1H). 13C NMR (CDCl3) d 14.3, 22.9, 26.3, 29.5, 29.6, 29.8 (three
lines), 29.9, 32.1, 32.4, 69.9, 71.7, 75.1, 115.0, 138.5. HRMS (ESI)
calcd for (M+H)+ C17H35O2, 271.2632, found 271.2633.

4.1.13. (S, E)-Methyl-6-(benzyloxy)-7-undecyloxy-hept-2-enoate
(35)

To a solution of 34 (1.95 g, 7.22 mmol) in DMF (20 mL) at 0 �C,
was added a 60% dispersion of NaH in mineral oil (576 mg,
14.4 mmol), n-Bu4NI (265 mg, 0.7 mmol) and BnBr (2.2 mL,
18.0 mmol). The reaction was stirred for 16 h at rt, then quenched
with water and extracted with ether. The organic fraction was
washed with water, dried (Na2SO4), filtered and concentrated in
vacuo. FCC of the residue gave the derived benzyl ether. This mate-
rial was dissolved in DCM (25 mL) and the solution cooled to
�78 �C. Ozone was bubbled through the solution for 15 min. The
mixture was then purged with N2, treated with PPh3 (3.78 g,
14.0 mmol) for 1 h and concentrated in vacuo. FCC of the residue
gave the crude aldehyde derivative (2.32 g). To a solution of this
product (2.32 g, ca. 6.4 mmol) in CH3CN (30 mL) was added
methyl(triphenylphosphoranylidene)acetate (3.2 g, 9.6 mmol).
The mixture was heated at reflux for 15 h, cooled to rt and then fil-
tered through a bed of Celite. The filtrated was concentrated in va-
cuo. FCC of the residue gave 35 (1.04 g, 35% from 34). Rf = 0.86 (20%
EtOAc/petroleum ether). 1H NMR (CDCl3) d 0.85 (t, 3H, J = 6.9 Hz),
1.23–1.31 (m, 18H), 1.66 (m, 2H), 2.22 (m, 1H), 2.30 (m, 1H),
3.41 (m, 3H), 3.51 (m, 2H), 3.69 (s, 3H), 4.59 (ABq, 2H,
J = 11.7 Hz, Dd = 0.17 ppm), 5.77 (dt, 1H, J = 1.5, 15.7 Hz), 6.93 (dt,
1H, J = 6.9, 15.7 Hz), 7.25 (m, 1H), 7.31 (m, 4H). 13C NMR (CDCl3)
d 14.3, 22.9, 26.3, 28.4, 29.5, 29.7, 29.8, 29.9, 30.7, 32.1, 51.6,
71.9, 72.3, 73.4, 77.2, 121.2, 127.8, 128.0, 128.5, 138.8, 149.4,
167.2. HRMS (ESI) calcd for (M+NH4)+ C26H46NO4, 436.3421, found
436.3421.

4.1.14. (4R,5S)-Methyl 5-((S)-3-(benzyloxy)-4-(undecyloxy)butyl)-
2,2-dimethyl-1,3-dioxolane-4-carboxylate (36)

A mixture of 35 (1.04 g, 2.49 mmol), AD mix-a (3.0 g) and 1:1
t-BuOH/water (100 mL) was stirred at 0 �C for 16 h. The reaction
was quenched with Na2SO3 (1 g) and the mixture filtered. The fil-
trate was extracted with EtOAc and the organic phase was dried
(Na2SO4), filtered and concentrated in vacuo. The residue was dis-
solved in DCM (10 mL) and treated with 2,2-DMP (10 mL) and p-
TsOH (50 mg, 0.3 mmol) for 30 min. Et3N was then added and
the mixture concentrated in vacuo. FCC of the residue gave ester
36 (875 mg, 72% from 35). Rf = 0.62 (10% EtOAc/petroleum ether).
1H NMR (CDCl3) d 0.82 (t, 3H, J = 6.9 Hz), 1.15–1.25 (m, 16H),
1.37 (s, 3H), 1.39 (s, 3H), 1.50 (m, 4H), 1.62 (m, 1H), 1.79 (m,
1H), 3.38 (m, 3H), 3.46 (dd, 1H, J = 5.5, 9.5 Hz), 3.55 (m, 1H), 3.67
(s, 3H), 4.05 (m, 2H), 4.55 (ABq, 2H, J = 11.4 Hz, Dd = 0.14 ppm),
7.52 (m, 5H). 13C NMR (CDCl3) d 14.3, 22.9, 25.9, 26.4, 27.2, 27.9,
29.3, 29.5, 29.7, 29.8, 29.9, 32.1, 52.5, 71.8, 72.2, 73.6, 77.7, 79.0,
79.1, 11.1, 127.7, 128.1, 128.5, 139.1, 171.5. HRMS (ESI) calcd for
(M+Na)+ C29H48NaO6, 515.3343, found 515.3345.

4.1.15. (S)-5-((S)-3-(benzyloxy)-4-(undecyloxy)butyl)-2,2-dimethyl-
1,3-dioxolan-4-yl acetate (37)

1 M aqueous KOH (0.3 mL) was added to mixture of 36 (42 mg,
0.085 mmol) in THF (1.5 mL) and water (0.5 mL). The reaction mix-
ture was stirred at rt for 30 min, then adjusted to pH 5 by the addi-
tion of 1 M HCl, diluted with brine and extracted with ethyl
acetate. The organic extract was dried (Na2SO4), filtered and con-
centrated in vacuo. FCC of the residue gave the derived acid
(40 mg, 98%). Rf = 0.10 (30% (EtOAc/petroleum ether). 1H NMR
(CDCl3) d 0.89 (t, 3H, J = 6.9 Hz), 1.27 (m, 16H), 1.44 (s, 3H), 1.48
(s, 3H), 1.59 (m, 2H), 1.74 (m, 2H), 1.89 (m, 2H), 3.46 (m, 2H),
3.49 (d, 1H, J = 4.6 Hz) 3.55 (dd, 1H, J = 5.8, 10.1 Hz), 3.64 (m,
1H), 4.15 (m, 3H), 4.66 (ABq, 2H, Dd = 0.13 ppm, J = 11.7 Hz), 7.29
(m, 1H), 7.36 (m, 4H). 13C NMR (CDCl3) d 14.3, 22.9, 25.8, 26.3,
27.3, 27.9, 29.3, 29.5, 29.7, 29.8, 29.9, 32.1, 71.9, 72.2, 73.6, 78.5,
79.1, 111.4, 127.7, 128.0, 128.5, 138.9, 172.5.

To a sample of the material from the previous step (40 mg,
0.084 mmol) in dry DCM (2 mL), was added iodosobenzene diace-
tate (41 mg, 0.13 mmol) and iodine (15 mg, 0.06 mmol). The reac-
tion was stirred at rt for 1 h and then quenched with 10% aqueous
Na2S2O3. The product was extracted with EtOAc and the organic
layer was dried (Na2SO4), filtered and concentrated in vacuo. FCC
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of the residue gave 37 (31 mg, 76% from 36). Rf = 0.10 (30% (EtOAc/
petroleum ether). 1H NMR (CDCl3) d 0.85 (t, 3H, J = 6.9 Hz), 1.18–
1.35 (m, 16H), 1.40–1.70 (m, 6H), 2.02, 2.04 (both s, 3H, resp ratio,
ca. 1:5), 3.40 (m, 3H), 3.48 (m, 1H), 3.59 (m, 1H), 4.16 (m, 1H), 451
(m, 1H), 4.65 (m, 1H), 5.92, 6.10 (both d, 1H, resp. ratio ca. 5:1,
J = 2.3, 3.3 Hz), 7.25 (m, 5H). 13C NMR (CDCl3, major isomer) d
14.3, 22.9, 26.4, 27.0, 27.6, 28.0, 28.9, 29.6, 29.7, 29.9 (two lines),
32.1, 71.9, 72.2, 73.6, 77.6, 82.1, 99.1, 112.5, 127.7, 128.0, 128.5,
139.0, 170.7. HRMS (ESI) calcd for (M+Na)+ C29H48NaO6,
515.3343, found 515.3346.
4.1.16. 1,2-Di-O-acetyl-3,4-dideoxy-6-O-undecyl –a/b-D-threo-
pyranoside (38a/b)

A mixture of 37 (733 mg, 1.49 mmol), MeOH (10 mL), 10% Pd/C
(100 mg) and HCOOH (0.2 mL) was stirred over a hydrogen atmo-
sphere (balloon) for 24 h. The mixture was then purged with nitro-
gen and filtered through a bed of Celite. The solvent was removed
in vacuo and the crude residue was further treated with 1:1 v/v
mixture of TFA/H2O (2 mL). The reaction was stirred for 18 h and
then quenched with saturated aqueous NaHCO3. The product was
extracted with EtOAc and the organic phase dried (Na2SO4), filtered
and concentrated in vacuo. The residue was subjected to the acet-
ylation procedure described in the preparation of 33. FCC of the
crude product gave 38a (510 mg, 89% from 37) and 38b (8 mg,
1% from 37). For 38a: Rf = 0.73 (20% EtOAc/petroleum ether). 1H
NMR (CDCl3) d 0.90 (t, 3H, J = 6.9 Hz), 1.25–1.35 (m, 16H), 1.57
(m, 3H), 1.75 (m, 1H), 1.95 (m, 1H), 2.04 (m, 1H), 2.13 (s, 6H),
3.48 (dd, 1H, J = 5.1, 12.7 Hz), 3.47 (m, 2H), 3.52 (m, 1H), 4.02 (m,
1H), 4.75 (bs, 1H), 6.03 (s, 1H). 13C NMR (CDCl3) d 14.3, 21.2,
21.3, 22.3, 22.9, 26.2, 29.5, 29.6, 29.8, 32.1, 66.7, 70.3, 72.0, 73.6,
91.2, 169.1, 170.7. HRMS (ESI) calcd for (M+Na)+ C23H40NaO8,
467.2615 found 467.2617. For 38a: Rf = 0.60 (20% EtOAc/petro-
leum ether). 1H NMR (CDCl3) d 0.90 (t, 3H, J = 6.9 Hz), 1.25–1.37
(m, 16H), 1.55–1.73 (m, 4H), 1.85 (m, 1H), 2.15 (m, 1H), 2.11
(s, 3H), 2.17 (s, 3H), 3.48 (m, 3H), 3.60 (dd, 1H, J = 5.6, 10.2 Hz),
3.88 (m, 1H), 5.10 (bs, 1H), 5.80 (bs, 1H). 13C NMR (CDCl3) d 14.3,
21.2, 21.4, 22.5, 22.9, 26.3, 29.6, 29.8 (two lines), 32.1, 34.3, 66.6,
72.0, 73.2, 76.3, 93.1, 169.2, 170.7 HRMS (ESI) calcd for (M+Na)+

C23H40NaO8, 467.2615, found 467.2617.
4.1.17. 9-Decenyl 2-deoxy-a-D-arabinopyranoside (39)
To a solution of commercially available 15 (2.50 g, 9.19 mmol)

in dry DCM (45 mL) was added 9-decen-1-ol (1.80 mL, 10.1 mmol)
and triphenylphosphine hydrobromide (472 mg, 1.40 mmol). On
complete disappearance of 15 by TLC, the mixture was concen-
trated in vacuo. The residue was then taken up in dry MeOH
(30 mL) and NaOMe (100 mg) was added to the solution. The reac-
tion mixture was stirred for 1 h, then neutralized with 1 M HCl in
MeOH and filtered. The filtrate was concentrated in vacuo and the
residue subjected to FCC to provide 39 (1.60 g, 58% from 15).
Rf = 0.2 (80% EtOAc/petroleum ether). 1H NMR (CDCl3) d 1.31–
1.42 (m, 10H), 1.57 (m, 2H), 1.67 (dt, 1H, J = 3.5, 12.8 Hz), 1.90
(bs, 3H, OH), 2.07 (m, 2H), 2.16 (dd, 1H, J = 3.8, 12.8 Hz), 3.35 (m,
1H), 3.51 (t, 1H, J = 9.4 Hz), 3.61 (m, 2H), 3.87 (m, 2H), 4.03 (m,
1H), 4.91 (bs, 1H), 4.98 (m, 2H), 5.83 (m, 1H). 13H NMR (CDCl3) d
26.4, 29.1, 29.3, 29.6 (two lines), 29.7, 34.0, 37.6, 62.6, 67.7, 69.4,
71.2, 72.8, 97.6, 114.4, 139.5. HRMS (ESI) calcd for (M+Na)+ C16H30-

NaO5, 325.1985, found 325.1988.

4.1.18. 9-Decenyl 2-deoxy-3,4-di-O-(1-ethoxyethyl)-a-D-
arabinopyranoside (40)

To a solution of 39 (1.60 g, 5.30 mmol) in dry DCM (50 mL) was
added pyridine (4.3 mL, 53 mmol) and PivCl (0.7 mL, 5.8 mmol).
The reaction was stirred for 3 h, then diluted with water and ex-
tracted with EtOAc. The organic layer was washed with 1 M HCl,
saturated aqueous NaHCO3, dried (Na2SO4), filtered and concen-
trated in vacuo. FCC of the residue gave the 6-O-pivaloyl derivative
(910 mg). Rf = 0.23 (30% EtOAc/petroleum ether). 1H NMR (CDCl3) d
1.22 (s, 9H), 1.27–1.35 (m, 10H), 1.56 (m, 2H), 1.62 (dt, J = 3.5,
12.7 Hz, 1H), 2.02 (m, 2H), 2.13 (dd, 1H, J = 5.1, 12.9 Hz), 2.35 (m,
1H), 3.09 (m, 1H), 3.14 (d, 1H, J = 3.7 Hz), 3.32 (m, 1H), 3.58 (m,
1H), 3.66 (bd, 1H, J = 9.8 Hz), 3.97 (m, 1H), 4.10 (dd, 1H, J = 1.9,
12.3 Hz), 4.62 (dd, 1H, J = 3.7, 12.9 Hz), 4.88 (d, 1H, J = 3.0 Hz),
4.91 (d, 1H, J = 10.2 Hz), 4.97 (d, 1H, J = 17.2 Hz), 5.78 (m, 1H).
13C NMR (CDCl3) d 26.4, 27.4, 29.1, 29.2, 29.6 (two lines), 29.7,
34.0, 37.3, 63.7, 67.7, 68.8, 70.6, 72.4, 97.6, 114.3, 139.4, 180.3.

To a mixture of the material from the previous step (910 mg,
2.35 mmol), ethyl vinyl ether (20 mL) and DCM (10 mL) was added
PPTS (200 mg). The reaction was stirred for 30 min, quenched with
saturated aqueous NaHCO3 and extracted with ether. The organic
phase was dried (Na2SO4), filtered and concentrated in vacuo.
The crude residue was with taken up in dry THF (45 mL) and trea-
ted with LAH (447 mg, 12 mmol). The reaction was stirred for 3 h
then quenched at 0 �C with saturated aqueous Rochelle’s salt
(3 mL) and 2 N NaOH (3 mL). After stirring for 2 h, the mixture
was diluted with water and extracted with EtOAc. The organic frac-
tion was dried (Na2SO4), filtered and concentrated in vacuo. FCC of
the residue afforded 40 (1.05 g, 44% from 39), Rf = 0.32 (30% EtOAc/
petroleum ether). 1H NMR (CDCl3) d 1.17–1.22 (m, 22H), 1.58 (m,
2H), 1.65 (m, 1H), 2.10–2.26 (m, 4H), 3.30–4.18 (m, 11H), 4.62–
5.02 (m, 5H), 5.83 (m, 1H). 13C NMR (CDCl3) d 15.3, 15.5 (two lines),
15.6 (two lines), 20.2, 20.3, 20.4, 20.6, 20.7, 20.9, 21.2, 21.7, 26.4,
29.1, 29.3, 29.6, 29.7, 34.0, 36.1, 36.4, 36.8, 37.5, 37.6, 60.2, 60.8,
61.0 61.2, 61.7, 62.1, 62.2, (two lines) 62.6, 62.7 (two lines), 62.8,
63.4, 63.7, 67.5, 67.6 (three lines), 71.2, 71.3, 71.5, 71.7 (two lines),
71.9, 72.1, 73.2, 73.8, 74.3, 74.5, 75.1, 75.7, 76.0, 78.8, 81.4, 97.3,
97.4, 97.5 (two lines), 97.6 (two lines), 101.1, 101.2, 101.4 (two
lines), 102.6, 98.3, 114.3, 139.4. HRMS (ESI) calcd for (M+Na)+

C24H46NaO7, 469.3136, found 469.3136.

4.1.19. 9-Decenyl b-D-galactopyranoside (41)
To a solution of commercially available penta-O-acetyl-a-D-

galactopyranose 16 (3.0 g, 7.7 mmol) in DCM (30 mL) was added
9-decen-1-ol (5.5 mL, 31 mmol) and BF3.OEt2 (3.0 mL, 23 mmol).
The reaction was stirred at rt for 24, then quenched with saturated
aqueous NaHCO3 and extracted with DCM. The organic phase was
dried (Na2SO4), filtered and concentrated in vacuo. FCC of the res-
idue afforded 9-decenyl tetra-O-acetyl-a-D-galactopyranoside
(1.3 g, 35%); Rf = 0.40 (30% EtOAc/petroleum ether). To a sample
of this product (2.9 g, 6.0 mmol) in dry MeOH was added NaOMe
(96 mg, 1.8 mmol). The solution was stirred for 30 min, then neu-
tralized with 1 M HCl in MeOH and concentrated in vacuo. FCC of
the residue gave 41 (1.9 g, quant.), Rf = 0.20 (10% MeOH/DCM). 1H
NMR (CDCl3) d 1.31 (bs, 12H), 1.38 (m, 2H), 1.64 (m, 2H), 2.05 (q,
2H, J = 6.9 Hz), 2.15 (bs, 1H), 3.38 (bs, 1H), 3.55 (m, 2H), 3.65 (m,
2H), 3.87 (m, 3H), 4.07 (bs, 1H), 4.17 (bs, 1H), 4.27 (d, 1H,
J = 7.2 Hz), 4.37 (bs, 1H), 4.95 (bd, J = 10 .2 Hz, 1H), 5.00 (bd,
J = 16.8 Hz, 1H), 5.83 (m, 1H). 13C NMR (CDCl3) d 26.1, 29.1, 29.3,
29.6, 29.7, 29.8, 34.0, 61.7, 69.1, 70.6, 71.5, 73.7, 74.3, 103.4,
114.4, 139.3.

4.1.20. 9-Decenyl 6-O-triphenylmethyl-3-O-undecyl-b-D-
galactopyranoside (42)

To a solution of 41 (1.9 g, 6.0 mmol) in DCM (30 mL) was added
pyridine (1.5 mL, 18 mmol), DMAP (73 mg, 0.6 mmol) and trityl
chloride (1.8 g, 6.6 mmol). The reaction was stirred for 12 h at
which time the solvent was removed in vacuo. FCC of the residue
afforded 9-decenyl 6-O-trityl-a-D-galactopyranoside (1.8 g, 54%).
Rf = 0.5 (40% EtOAc/petroleum ether). 1H NMR (CDCl3) d 1.30–
1.38 (m, 12H), 1.64 (m, 2H), 2.05 (q, 2H, J = 7.1 Hz), 2.30 (d, 1H,



6562 S. Bachan et al. / Bioorg. Med. Chem. 21 (2013) 6554–6564
J = 4.4 Hz, OH), 2.41 (s, 1H, OH), 2.59 (d, 1H, J = 5.9 Hz, OH), 3.40
(dd, 1H, J = 5.6, 10.0 Hz), 3.48 (dd, 1H, J = 5.6, 10.0 Hz), 3.55 (m,
1H), 3.60 (m, 3H), 3.93 (m, 1H), 4.06 (t, 1H, J = 3.4 Hz), 4.24 (d,
1H, J = 7.1 Hz), 4.95 (bd, 1H, J = 10 .1 Hz), 5.00 (bd, 1H, J = 10
.1 Hz), 5.81 (m, 1H), 7.26 (m, 3H), 7.33 (bt, 6H, J = 7.8 Hz), 7.48
(bd, 6H, J = 7.3 Hz). 13C NMR (CDCl3) d 26.2, 29.1, 29.2, 29.5, 29.6,
29.8, 34.0, 62.7, 69.2, 70.2, 72.6, 73.6, 73.7, 87.2, 103.1, 114.3,
127.4, 128.1, 128.8, 139.4, 143.8.

To a portion of the material from the previous step (668 mg,
1.19 mmol) in MeOH (20 mL) was added Bu2SnO (308 mg,
1.20 mmol). The mixture was heated at reflux for 3 h in MeOH
and then at reflux in toluene (20 mL). The solvent was removed
in vacuo and the residue taken up in dry DMF (10 mL). CsF
(606 mg, 4.00 mmol) and C11H23Br (0.70 mL, 4.10 mmol) were
introduced, the mixture stirred at 80 �C for 15 h and then cooled
to rt, diluted with water and extracted with EtOAc. The organic
phase was dried (Na2SO4), filtered and evaporated under reduced
pressure. FCC of the residue gave 42 (560 mg, 66%). Rf = 0.8 (30%
EtOAc/petroleum ether). 1H NMR (CDCl3) d 0.90 (t, 3H, J = 7.1 Hz),
1.25–1.42 (m, 26 H), 1.67 (m, 4H), 2.05 (m, 2H), 2.32 (m, 2H),
3.28 (dd, 1H, J = 3.3, 9.4 Hz), 3.39 (dd, 1H, J = 5.5, 9.4 Hz), 3.5 (dd,
1H, J = 6.1, 9.3 Hz), 3.54–3.62 (m, 3H), 3.68 (m, 2H), 3.95 (m, 1H),
4.05 (bs, 1H), 4.26 (d, 1H, J = 7.8 Hz), 4.97 (m, 2H), 5.82 (m, 1H),
7.18–7.29 (m, 9H), 7.42 (m, 6H). 13C NMR (CDCl3) d 14.3, 22.9,
26.3, 29.1, 29.3, 29.5, 29.6, 29.7, 29.8 (two lines), 30.1, 32.1, 34.0,
63.2, 66.5, 70.0, 70.4, 71.1, 74.0, 81.4, 87.0, 103.1, 114.3, 127.3,
128.1, 128.9, 139.4, 144.1. HRMS (ESI) calcd for (M+Na)+ C46H66-

NaO6, 737.4752, found 737.4757.

4.1.21. General procedure for CM reactions: Mannose–
butenolide CM product (24)

A solution of 18 (155 mg, 0.3 mmol) and butenolide 1723,24

(20 mg, 0.1 mmol) in DCM (8 mL) was degassed using N2 for
30 min and then Grubb’s II catalyst (9 mg, 0.01 mmol) was added.
The reaction was stirred for 18 h and then concentrated in vacuo.
FCC of the residue gave 24 (44 mg, 63% from 17). Rf = 0.14 (20%
EtOAc/petroleum ether). 1H NMR (CDCl3) d 0.88 (t, 3H, J = 7.1 Hz),
1.25–1.35 (m, 26 H), 1.36 (s, 3H), 1.46 (d, 3H, J = 7.0 Hz), 1.54 (s,
3H), 1.59 (m, 6H), 1.93–2.56 (m, 6H), 3.38 (m, 2H), 3.50 (m, 1H),
3.58 (m, 1H), 3.67 (m, 1H), 3.74 (1H), 3.85 (m, 3H), 4.10, 4.11 (d,
1H, J = 7.0), 4.20 (t, 1H, J = 6.7 Hz), 5.00 (s, 1H), 5.08 (m, 1H),
5.35–5.59 (m, 2H), 7.18, 7.19 (both s, 1H, ca ratio 3:1). 13C NMR
(CDCl3) (major isomer) d 14.3, 19.3, 22.9, 26.3 (two lines), 26.6,
28.3, 29.1, 29.3 (two lines), 29.5, 29.6, 29.6 (two lines), 29.7 (two
lines), 29.8, 29.9, 30.3, 32.1, 32.7, 32.8, 32.9, 33.5, 37.3, 63.0, 68.0,
68.5, 69.9, 71.8, 75.5, 76.1, 78.2, 78.9, 97.3, 109.4, 125.2, 129.5,
131.7, 135.5, 152.0, 174.8. HRMS (ESI) calcd for (M+Na)+ C39H68-

NaO9, 703.4756, found 703.4750.

4.1.22. General procedures for processing of CM products: 6-O-
undecyl-mannose-acetogenin analog (4)

To a solution of 24 (44 mg, 0.065 mmol) and TsNHNH2 (363 mg,
1.95 mmol) in DME (12 mL) at reflux, was added a solution of NaO-
Ac (426 mg, 2.60 mmol) in H2O (12 mL), over a 4 h period. The mix-
ture was then cooled, diluted with EtOAc, and washed with 1 M
HCl and saturated aqueous NaHCO3. The organic phase was dried
(Na2SO4), filtered and concentrated in vacuo. The crude residue
was taken up in DCM (5 mL) and treated with 3% AcCl in MeOH
(0.5 mL). The reaction was stirred for 1 h and then quenched with
solid NaHCO3. The mixture filtered and concentrated in vacuo. FCC
of the residue afforded 4 (15 mg, 36%, two steps). Rf = 0.3 (80%
EtOAc/Petroleum ether). 1H NMR (CDCl3) d 0.90 (6, 3H, J = 7.1 Hz,
CH3-1100), 1.26 (m, 34H, (CH2)17), 1.44 (d, 3H, J = 6.8 Hz, CH3-19),
1.48 (m, 2H, CH2-5), 1.57 (m, 4H, CH2-15, CH2-200), 2.18 (bs, 1H,
OH), 2.28 (bs, 1H, OH), 2.42 (dd, 1H, J = 8.3, 15.1 Hz, H-3a), 2.51
(bs, partially buried, 1H, OH), 2.55 (m, 1H, H-3b), 3.41 (m, 1H, H-
16a), 3.51 (t, 1H, J = 9.6 Hz, H-40), 3.62 (m, 1H, H-50), 3.65 (m, 2H,
H-100a, H-16b), 3.73 (m, 1H, H-100b), 3.78 (m, 1H, H-60a), 3.87 (m,
2H, H-4, 60b), 3.94 (dd, 1H, J = 3.2, 9.0 Hz, H-30), 3.96 (bs, 1H, H-
20), 4.82 (s, 1H, H-10), 5.07 (bq, 1H, J = 6.8 Hz, H-18), 7.20 (s, 1H,
H-17). 13C NMR (CDCl3) d 14.3, 19.3, 22.9, 25.8 (two lines), 26.2,
26.3, 29.4, 29.5, 29.5, 29.6 (four lines), 29.7 (three lines), 29.8
(two lines), 30.6, 32.1, 33.6, 37.6, 62.3, 68.1, 70.3, 71.3, 71.6, 71.8,
73.5, 76.1, 78.2, 99.6, 131.4, 152.0, 174.9. HRMS (ESI) calcd for
(M+HCOO)� C37H67O11, 687.4689, found 687.4678.

4.1.23. 4-Deoxy-6-O-undecyl-lyxose-pyranoside-acetogenin
analog (5)

CM on 19 (358 mg, 0.72 mmol) and butenolide 17 (47 mg,
0.24 mmol) following the procedure described for 24, gave 25
(31 mg, 20%, Supplementary data). Processing of 25 (31 mg,
0.046 mmol) as described for 4, provided 5 (16 mg, 38%). Rf = 0.13
(60% EtOAc/Petroleum ether). 1H NMR (CDCl3) d 0.89 (t, 3H,
J = 7.1 Hz), 1.28 (m, 34H), 1.45 (d, 3H, J = 6.80 Hz), 1.48 (m, 2H),
1.55 (m, 5H), 1.79 (m, 1H), 2.41 (dd, 1H, J = 8.2, 15.1 Hz), 2.55
(bd, J = 15.1 Hz), 3.35–3.50 (m, 5H), 3.66 (m, 1H), 3.72 (bs, 1H),
3.86 (m, 2H), 4.02(m, 1H), 4.85 (s, 1H), 5.08 (q, 1H, J = 6.80 Hz),
7.18 (bs, 1H). 13C NMR (CDCl3) d 14.3, 19.3, 22.9, 25.8, 26.3, 29.5,
29.6 (three lines), 29.6 (two lines), 29.7 (three lines), 29.8, 29.9
(two lines), 31.5, 32.1, 33.6, 37.7, 65.9, 67.3, 68.0, 69.5, 70.2, 72.0,
73.5, 78.2, 100.3, 131.4, 152.0, 174.9. HRMS (ESI) calcd for
(M+NH4)+ C35H68NO8, 630.4939, found 630.4928.

4.1.24. 3,4-Dideoxy-6-O-undecyl-threose-acetogenin analog (6)
CM on 20 (27 mg, 0.061 mol) and butenolide 17 (39 mg,

0.2 mmol) following the procedure described for 24, gave 26
(14 mg, 38%, Supplementary data). Diimide reduction on 26
(14 mg, 0.023 mmol) as described for 4, provided 6 (12 mg, 84%);
Rf = 0.15 (35% EtOAc/Petroleum ether). 1H NMR (CDCl3) d 0.85
(t, 3H, J = 6.9 Hz), 1.23 (m, 34H), 1.41 (d, 3H, J = 6.8 Hz), 1.46 (m,
2H), 1.57 (m 5H), 1.64 (m, 1H), 1.73 (m, 1H), 1.97 (m, 1H), 2.05
(bs, partially buried, 1H), 2.23 (bs, 1H), 2.38 (dd, 1H, J = 8.3,
15.2 Hz), 2.52 (bd, 1H, J = 15.2 Hz), 3.36 (dd, 1H, J = 4.3, 10.4 Hz),
3.43 (m, 4H), 3.60 (bs, 1H), 3.69 (m, 1H), 3.82 (m, 1H), 3.91 (m,
1H), 4.61 (s, 1H), 5.04 (m, 1H). 13C NMR (CDCl3) d 14.3, 19.3,
21.8, 22.9, 25.2, 25.8, 26.3, 26.4, 29.5, 29.6 (two lines), 29.7 (two
lines), 29.8, 29.9, 32.1, 33.5, 37.6, 66.1, 67.7, 67.9, 70.2, 71.9,
73.9, 78.2, 99.8, 131.4, 152.0, 174.8. HRMS (ESI) calcd for
(M+Na)+ C35H64NaO7, 619.4544, found 619.4543.

4.1.25. 2-Deoxy-6-O-undecyl-arabinose-acetogenin analog (7)
CM on 21 (426 mg, 0.62 mmol) and butenolide 17 (41 mg,

0.21 mmol) following the procedure described for 24, gave 27
(43 mg, 24%, Supplementary data). Processing of 27 (43 mg,
0.05 mmol) as described for 4, provided 7 (12 mg, 40%); Rf = 0.26
(60% EtOAc/petroleum ether); 1H NMR (CDCl3) d 0.85 (m, 3H),
1.28 (m, 34H), 1.41 (d, 3H, J = 6.8 Hz), 1.45 (m, 2H), 1.55 (m, 4H),
1.64 (dt, 1H, J = 3.6, 12.6 Hz), 2.08 (dd, 1H, J = 5.1, 12.8 Hz), 2.30
(bs, 1H), 2.37 (dd, 1H, J = 8.4, 15.2 Hz), 2.40 (bs, partially buried,
1H), 2.49 (bd, 1H, J = 15.2 Hz), 3.15 (bs, 1H), 3.31 (m, 1H), 3.47
(m, 3H), 3.58 (m, 2H), 3.67 (m, 2H), 3.82 (m, 1H), 3.96 (m, 1H),
4.85 (d, 1H, J = 3.2 Hz), 5.04 (q, 1H, J = 6.8 Hz), 7.16 (s, 1H). 13C
NMR (CDCl3) d 14.3, 19.3, 22.9, 25.7, 26.2, 26.4, 29.5 (two lines),
29.6, 29.7 (three lines), 29.8, 29.9, 32.1, 33.6, 37.1, 37.6, 67.7,
69.0, 69.2, 70.2, 72.2, 72.3, 75.5, 78.2, 97.6, 131.4, 152.0, 174.8.
HRMS (ESI) calcd for (M+Na)+ C36H66NaO8, 649.4650, found
649.4648.

4.1.26. 3-O-Undecyl-galactose-acetogenin analog (8)
CM on 22 (158 mg, 0.2 mmol) and butenolide 17 (14 mg,

0.07 mmol) following the procedure described for 24, gave 28
(11 mg, 16%, Supplementary data). Processing of 28 (11 mg,
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0.011 mmol) as described for 4, provided 8 (6 mg, 86%). Rf = 0.15
(60% EtOAc/Petroleum ether). 1H NMR (CDCl3) d 0.89 (t, 3H,
J = 7.1 Hz), 1.31 (m, 34H), 1.44 (d, 3H, J = 6.9 Hz), 1.47 (m, 2H),
1.63 (m, 4H), 2.14 (bd, 1H, J = 5.0 Hz), 2.25 (bd, 1H, J = 4.6 Hz),
2.33 (bd, 1H, J = 1.8 Hz), 2.40 (dd, 1H, J = 8.8, 15.5 Hz), 2.55 (bd,
1H, J = 15.5 Hz), 3.31 (dd, 1H, J = 3.5, 9.5 Hz), 3.55 (m, 2H), 3.61
(m, 1H), 3.68 (m, 2H), 3.86 (m, 2H), 3.93 (m, 1H), 4.01 (m, 1H),
4.05 (bs, 1H), 4.27 (d, 1H, J = 7.8 Hz), 5.09 (m, 1H), 7.10 (s, 1H).
13C NMR (CDCl3) d 14.3, 19.3, 22.9, 25.7, 26.1, 26.2, 29.5, (two
lines), 29.6 (two lines), 29.7 (three lines), 29.8, 30.1, 30.2, 32.1,
33.5, 37.6, 62.8, 66.9, 70.2, 70.3, 70.5, 71.0, 74.5, 78.2, 81.1, 103.2,
131.4, 152.0, 174.8. HRMS (ESI) calcd for (M+Na)+ C35H64NaO9,
665.4599, found 665.4581.

4.1.27. Dihydro 6-O-undecyl-mannose acetogenin analog (9)
Compound 4 (6 mg, 0.01 mmol) was stirred in MeOH (2 mL)

with Pd/C (15 mg) over a 24 h period in a hydrogen atmosphere.
The reaction mixture was filtered though a bed of Celite and con-
centrated in vacuo. FCC of the residue gave 9 (6 mg, 99%). Rf = 0.3
(80% EtOAc/Petroleum ether). 1H NMR (CDCl3) d 0.85 (t, 3H,
J = 6.9 Hz), 1.23 (m, 34H), 1.41 (d, 3H, J = 6.2 Hz), 1.43–1.62 (m,
6H), 1.65, 1.91, 2.50, 2.90 (3 m, 6H), 2.10 (bs, 1H), 3.37 (m, 1H),
3.49 (t, 1H, J = 9.4 Hz), 3.56 – 3.91 (m, 9H), 4.37, 4.51 (2 m, 1H),
4.79 (s, 1H). 13C NMR (CDCl3) d 14.3, 21.0, 22.9, 24.4, 25.4, 25.7,
26.2, 26.3, 29.4 (two lines), 29.5 (two lines), 29.6 (two lines),
29.7 (two lines), 29.8 (two lines), 29.9, 30.6, 32.1, 35.6, 36.2, 37.9,
38.2, 38.4, 39.6, 39.9, 40.0, 62.3, 66.8, 68.0, 70.6, 71.3, 71.5, 71.8,
73.5, 76.1, 76.8, 79.9, 99.6, 180.3, 180.4. HRMS (ESI) calcd for
(M+Na)+ C35H66NaO9, 653.4599, found 653.4601.

4.1.28. Hexadecyl 6-O-undecyl-a-D-mannopyranoside (10)
To a solution of 12 (1.85 g, 4.7 mmol) in DCM (30 mL) was

added BF3�OEt2 (1.8 mL, 14.2 mmol) and 1-hexandecanol (3.4 g,
14.2 mmol). The mixture was stirred at reflux for 20 h, quenched
with NaHCO3 and extracted with DCM. The organic phase was
dried (Na2SO4) filtered and concentrated in vacuo. FCC of the resi-
due gave hexadecyl 2,3,4,6-tetra-O-acetyl-a-D-mannopyranoside
(1.6 g, 85%). Using a similar sequence of alcohol protecting group
reactions, as described for the synthesis of 30 from 12, this mate-
rial (1.6 g, 2.8 mmol) was converted to hexadecyl 2,3-O-isopropyl-
idene-a-D-mannopyranoside: (500 mg, 53%, three steps). Rf = 0.16
(30% EtOAc/Petroleum ether). 1H NMR (CDCl3) d 0.90 (t, 3H,
J = 6.9 Hz), 1.28 (m, 28H), 1.38 (s, 3H), 1.55 (s, 3H), 1.60 (m, 2H),
2.14 (t, 1H, J = 6.3 Hz), 2.71 (d, 1H, J = 4.8 Hz), 3.44 (m, 1H), 3.67
(m, 1H), 3.76 (m, 2H), 3.86 (m, 2H), 4.17 (m, 1H), 4.20 (m, 1H),
5.01 (s, 1H). 13C NMR (CDCl3) d 14.3, 22.9, 26.2, 26.3, 28.0, 29.5,
29.6, 29.7, 29.8 (two lines), 29.9 (two lines), 32.1, 62.8, 68.2,
69.7, 70.1, 75.7, 78.2, 97.4, 109.8.

Undecylation on hexadecyl 2,3-O-isopropylidene-a-D-manno-
pyranoside (500 mg, mmol) following the alkylation procedure
described in the synthesis of 18, provided hexadecyl 2,3-O-isopro-
pylidene-6-O-undecyl-a-D-mannopyranoside (190 mg, 40% br sm).
A mixture of this material (190 mg, 0.31 mmol), p-TsOH (150 mg,
0.78 mmol) and 1:1 MeOH/DCM (10 mL) was stirred for 2 h at rt,
then quenched with NaHCO3 and extracted with DCM. The organic
phase was dried (Na2SO4) filtered and concentrated in vacuo. FCC of
the residue provided 10 (171 mg, 98%). Rf = 0.4 (15% EtOAc/Petro-
leum ether). 1H NMR (CDCl3) d 0.85 (t, 6H, J = 6.9 Hz), 1.23 (m,
42H), 1.54 (m, 4H), 2.14 (bs, 1H), 2.40 (bs, 1H), 2.47 (bs, 1H),
3.35 (m, 1H), 3.52 (t, 1H, J = 9.4 Hz), 3.55 (m, 1H), 3.60 (m, 2H),
3.68 (m, 1H), 3.75 (dd, 1H, J = 3.8, 11.7 Hz), 3.83 (dd, 1H, J = 2.4,
11.7 Hz), 3.90 (m, 2H), 4.79 (s, 1H). 13C NMR (CDCl3) d 14.3, 22.9,
26.3 (two lines), 29.5 (two lines), 29.6 (two lines), 29.7 (two lines),
29.8 (three lines), 29.9 (two lines), 30.6, 32.1 (two lines), 62.3, 68.1,
71.3, 71.5, 71.8, 73.5, 76.0, 99.6. HRMS (ESI) calcd for (M+NH4)+

C33H70NO6, 576.5198, found 576.5198.
4.1.29. Mannose–acetogenin analog (11)
CM on 23 (283 mg, 0.71 mmol) and butenolide 17 (47 mg,

0.24 mmol) following the procedure described for 24, gave 29
(134 mg, 50%, Supplementary data), Rf = 0.20 (30% EtOAc/petro-
leum ether. Processing of 29 (67 mg, 1.2 mmol) as described for
4, provided 11 (40 mg, 69%). Rf = 0.32 (10% MeOH/DCM). 1H NMR
(CDCl3) d 1.19 (m, 18H), 1.35 (d, J = 6.8 Hz, 3H), 1.40 (m, 2H),
1.46 (m, 2H), 2.33 (dd, J = 8.2, 15.2 Hz, 1H), 2.44 (bd, J = 13.5 Hz,
1H), 2.79 (m, 1H), 3.32 (m, 1H), 3.45 (d, J = 9.6 Hz, 1H), 3.56 (m,
1H), 3.70 (bd, J = 11 Hz, 1H), 3.76 (m, 1H), 3.87 (m, 3H), 4.25 (bs,
1H), 4.62 (bs, 1H), 4.77 (s, 1H), 4.80 (bs, 1H), 4.99 (m, 1H), 7.13
(s, 1H). 13C NMR (CDCl3) d 19.2, 25.8, 29.5 (two lines), 29.6 (two
lines), 29.7, 33.4, 37.5, 61.2, 66.5, 68.0, 70.2, 71.2, 71.8, 72.3, 78.3,
100.2, 131.3, 152.2, 175.0. HRMS (ESI) calcd for (M+Na)+ C25H44-

NaO9, 511.2878, found 511.2871.
4.2. Cytotoxicity assays and IC50’s

Human cervical cancer cell line HeLa, breast cancer cell line
MDA-MB231 and prostate cancer cell line PC-3 were cultured in
Dulbecco’s modified Eagles Medium supplemented with 10% FBS
and penicillin streptomycin (5000 U/ml). T cell leukemia cell line
Jurkat, was maintained in RPMI media supplemented with 10%
FBS and penicillin streptomycin (5000 U/ml). Stock solutions of
compounds were made in DMSO at a concentration of 20 mM. Se-
rial dilutions of the test compounds were prepared in media at
37 �C before addition to cells.

Cytotoxicity was determined on various cell lines by incubating
with serial dilutions of the test compounds for 48 h. Cell viability
was determined using Cell titer Glo assay (Promega Corp. Madison,
WI) as per the manufacturer’s instructions. This assay is based on
the measurement of ATP produced by healthy viable cells. Data
were normalized to no compound control and expressed as percent
viability. Dose response curves obtained from cytotoxicity assays
using serial dilution of the compounds were fit using the Sigma
plot analysis software. Each experiment was repeated thrice and
the average IC50 was calculated along with standard deviation.
4.3. Dynamic light scattering measurements

Dynamic light scattering was measured using the PD2000DLS
(PDDLS/Cool Batch 90T from Precision Detectors) instrument used
in batch mode at 25 �C. Compounds 1 and 4 were dissolved in DMSO
to obtain 10 mM stock solutions, which were further diluted to ob-
tain 1 mM and 100 mM solutions in DMSO. 1 ll of each DMSO solu-
tion was added to 99 ll of Millipore water (1:100 dilution). 30 ll of
the mixture was transferred into a glass microcuvette and immedi-
ately subjected to the measurement. In each experiment total acqui-
sition time was 15 ms, for a total of 10 scans, which was repeated 5
times. The data was processed with SigmaPlot™.
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