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Abstract—The 5,6-di-O-tosylated derivative of LL-ascorbic acid was synthesized by selective protection and deprotection of 2,3- and
5,6-dihydroxy functional groups involving 5,6-ditosylation in the final step, while the novel 6-acetoxy, 6-hydroxy, and 6-chloro
derivatives of 4,5-didehydro-LL-ascorbic acid were obtained by reaction of ditosylated compound with nucleophilic reagents. The
analysis of 3JH-4–H-5 homonuclear coupling constants shows that all LL-ascorbic acid derivatives except for epoxy and 4,5-didehydro
compounds exist in high population as gauche conformers across C-4–C-5 bonds, while 3JC-3–H-5 heteronuclear coupling constants
in 4,5-didehydro derivatives indicate cis geometry along C-4–C-5 double bond. The X-ray crystal structure analysis of 2,3-di-O-benz-
yl-5,6-epoxy- and 5,6-isopropylidene-LL-ascorbic acid shows that the oxygen atoms attached at positions 2 and 3 of the lactone ring
are disposed in a synperiplanar fashion. Besides that, the dioxolane ring adopts half-chair conformation. The molecules of epoxy
derivative are joined into infinite chains by one weak hydrogen bond of C–H� � �O type. Two O–H� � �O, and C–H� � �O hydrogen
bonds link the molecules of 5,6-di-O-isopropylidene compound into two-dimensional network. 6-Chloro derivative of 2,3-di-O-
benzyl-LL-ascorbic acid showed the best cytostatic effects against all tested malignant tumor cells (IC50: �18 lM).
� 2006 Elsevier Ltd. All rights reserved.

Keywords: LL-Ascorbic acid; Configurational analysis; Conformational analysis; Single crystal X-ray diffraction; Cytostatic activity
1. Introduction

LL-Ascorbic acid (vitamin C) is the trivial name for the
six-carbon sugar derivative LL-threo-hex-2-enono-1,4-lac-
tone. It is one of the most important biomolecule, which
acts as antioxidant and radical scavenger, and is widely
distributed in aerobic organisms. Thus, it protects cellu-
lar compounds against oxidative damage by free radi-
cals and oxidants.1 LL-Ascorbic acid is present in all
foods of plant origin and is an essential micronutrient
0008-6215/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.
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in man as a consequence of the absence of LL-gulonolac-
tone oxidase.2 It is also crucial for the biosynthesis of
collagen, which is a main component of dentin, bone,
connective tissue, etc.3 Furthermore, the biological
importance of LL-ascorbic acid, known as a putative pal-
liative against the common cold, was initially associated
with scurvy, the symptoms of vitamin deficiency.4 The
well-known susceptibility of vitamin C to thermal and
oxidative degradation has led to interest in LL-ascorbic
acid derivatives with increased stability. Numerous sim-
ple derivatives of LL-ascorbic acid have been synthesized
and shown to possess important pharmacological prop-
erties. For example, 5,6-di-O-modified ascorbic acid
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derivatives were clinically affective antitumor agents for
various human cancers5 and also induced apoptosis in
tumor cells,6 2-C-alkylated derivatives have been shown
to have immunostimulant activity,7 and 2-O and 3-O-
alkylated lipid soluble derivatives are known to protect
against the lipid peroxidation of the biomembrane.8

Some pyrimidine and purine derivatives of 4,5-didehy-
dro-5,6-dideoxy-LL-ascorbic acid exerted pronounced
cytostatic activities against malignant tumor cell lines.9

The present study deals with the synthesis of novel
5,6-di-O-modified 4,5-didehydro-LL-ascorbic acid deriva-
tives, the configurational and conformational analysis
using 1H/13C NMR spectroscopy, X-ray crystallogra-
phy, and the evaluation of their antitumoral potencies.
2. Results and discussion

2.1. Compounds preparation

The 5,6-epoxy 410 and 5,6-di-O-acetyl-2,3-di-O-benzyl-
LL-ascorbic acid 810 were synthesized from the
starting LL-ascorbic acid as outlined in Scheme 1. The
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Scheme 1. Reagents: (i) HBr/CH3COOH; (ii) benzyl chloride, K2CO3; (iii) sat
K2CO3; (vi) 50% CH3OOH; (vii) acetic acid anhydride, pyridine; (viii) toluen
5,6-di-O-tosylate derivative of LL-ascorbic acid 10 was
prepared by a sequence of reactions involving selective
protection of 5,6-dihydroxy groups in 711 using tolu-
ene-4-sulfonyl chloride. Reaction of the ditosylated
compound 10 with sodium acetate gave both, 6-acetoxy
11 and 6-hydroxy 12 derivatives of 4,5-didehydro-LL-
ascorbic acid. The 6-chloro derivative of 2,3-di-O-
benzyl-LL-ascorbic acid 13 was prepared by reaction of
ditosylate 10 with diazobicycloundecane and tetraethyl-
ammonium chloride. These reactions of the ditosylated
compound 10 most likely involve a two-step reaction
pathway in which the first step is an E2 elimination reac-
tion that produces an exocyclic allylic tosylate, which
then undergoes an SN2 reaction with the corresponding
nucleophile to give 11 and 13 and in the next step the
hydrolysis product 12. Compounds 11–13 were found
to exist as Z-isomers.

2.2. Configurational and conformational assessment by
1H and 13C NMR

The assignments of 1H and 13C NMR spectra of 2–13
are reported in Tables 1 and 2, respectively. C-Methyl
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Table 1. 1H NMR chemical shifts (d/ppm) and JH–H coupling constants (J/Hz) for compounds 2–13

Compound Chemical shifts and geminal coupling constants Vicinal coupling
constants

CH3 CHTos
3 H-6 H-5 H-4 OCH2 HPh,Tos JH-4–H-5 JH-5–H-6

2a — — 3.51, 3.60; J 10.3 4.06 4.92 — — 2.0 6.8, 6.8
3c — — 3.51, 3.55; J 10.4 4.06 4.87 5.05, 5.10; J 11.2 7.24–7.41 2.2 6.9, 6.4

5.18, 5.23; J 11.7
4c — — 2.79, 2.83; J 5.0 3.08 4.50 5.06 — 4.4 2.7, 4.1

5.18, 5.23; J 11.7
5b 1.25 — 3.88, 4.09; J 8.3 4.26 4.70 — — 2.9 6.4, 7.1
6b 1.27, 1.29 — 3.88, 4.09; J 8.5 4.28 4.96 4.95, 5.02; J 11.1 7.28–7.42 2.4 6.1, 7.1

5.17, 5.25; J 11.7
7a — — 3.66 3.87 4.88 5.01 7.24–7.43 1.5 6.8

5.17, 5.24; J 11.7
8c 1.96, 2.02 — 4.22, 4.29; J 11.5 5.33 4.84 5.06, 5.11; J 11.2 — 2.2 6.8, 5.9

5.16, 5.22; J 11.7
9c — 2.44 4.11, 4.13 4.11 4.65 5.02, 5.07; J 11.2 7.22–7.80 1.5 2.9, 2.9

5.16, 5.21; J 11.7
10c — 2.41, 2.44 4.08, 4.17; J 10.7 5.02 4.77 5.06; J 7.1 7.28–7.32 1.7 6.6, 6.3

5.12, 5.25; J 11.2
11b 2.01 — 4.72 5.46 — 5.15 7.31–7.43 — 7.1

5.32
12b — — 4.81, 4.81 5.49 — 5.15 7.31–7.45 — 7.3, 7.3

5.32
13b — — 4.36 5.59 — 5.16 7.31–7.45 — 8.6

5.33

Compounds were dissolved in the following deuterated solvents:
a CD3OD.
bMe2SO-d6.
c CDCl3.
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singlets (d 1.25–1.29) were distinguished from acetyl-
methyl (d 1.96–2.02) and tosyl-methyl (d 2.41–2.44). In
compounds 2–10, proton H-5 is coupled with H-4 (dou-
blet) and H-6 protons (doublet of doublet), which
offered their unequivocal assignment. H-5 and H-6 pro-
tons were observed at lower field in 11–13 in comparison
with 2–10. Protons of –OCH2– (d 4.95–5.33) and phenyl
or tosyl groups (d 7.22–7.45) were found at similar
chemical shifts in all compounds (Table 1).
Analysis of chemical shifts of H-4 in 2–10 showed

only minor variation with the nature of substituents
on the c-lactone ring with respect to the parent ascorbic
acid (Fig. 1). Chemical shift changes of other protons
were more pronounced (Dd ffi 0.5–1.5 ppm). H-5 and
H-6 protons in 11–13 with the exocyclic double bond
experience the most downfield chemical shifts. Similar
chemical shift changes were observed for acetyl and
tosyl groups in 8 and 10, respectively. The strong impact
of oxirane group in 4 was evident from the upfield chem-
ical shifts of H-5 and H-6 protons (Fig. 1).
Spectra gHSQC enabled identification of carbon

atoms directly attached to proton resonances that were
initially unambiguously assigned. The assignment of
quaternary carbon atoms was achieved by gHMBC
experiments that showed long-range proton–carbon cor-
relations. Quaternary carbon atoms in 2,2-dimethyl-1,
3-dioxolan rings in 5 and 6 (d 109.06–109.22) are corre-
lated to C-methyl protons. C-2 (d 118.21–123.53) and
C@O groups (d 163.25–173.23) exhibited correlations
with H-4 protons, whereas C-3 (d 163.25–173.23)
showed correlations with H-5 protons.
The coupling constants of methylene H-6 protons

were resolved in 2–6, 8, and 10. Distinct chemical shield-
ing of two H-6 protons in 4, 5, and 6 is caused by the
nearby 2,2-dimethyl-1,3-dioxolane and oxirane rings
(Table 1). 3JH-4–H-5 coupling constants were analyzed
to assess conformational preference along, C-4–C-5
bond. Generalized Karplus–Altona equation12 corre-
lates J coupling constants with H–H torsion angles
and in addition considers the nature and relative orien-
tation of substituents attached to carbons in the coupled
networks. Plots in Figure 2 demonstrate the effect of
particular four substituents on C-4 and C-5 carbons
on 3JH-4–H-5 coupling constant in 2, 4, 5, and 9. Calcula-
tions of 3JH-4–H-5 coupling constant as a function of H-
4–H-5 torsion angle in other analogues showed very
similar curves. Two conformations of H-4–C-4–C-5–
H-5 torsion angle were consistent with experimental
3JH-4–H-5 coupling constants and were around ±50�
and ±105� (Fig. 2). Torsion angle of ±105�, which is a
mathematical solution, corresponds to eclipsed confor-
mation that is energetically unfavored.
Although unbiased conformational equilibrium

across C-4–C-5 bonds was expected, the analysis of
3JH-4–H-5 coupling constants with the use of the general-
ized Karplus–Altona equation12 showed that coupling
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Figure 1. 1H NMR chemical shifts of selected protons in compounds
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1.5 to 2.9 Hz in 2, 5, and 9 as well as other compounds is in agreement
with H-4–H-5 torsion angles in the range from 45� to 59�.
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constants in the range from 1.5 to 2.9 Hz were in accor-
dance with the high population of gauche conformers
across C-4–C-5 bonds in 2, 3, and 5–10. Slightly higher
3JH-4–H-5 coupling constant in 4 corresponds to smaller
torsion angle of ca. ±33�, which reflects conformational
constrains imposed by oxirane ring (Fig. 2).
Conformational properties of compounds 2, 4, and 6

were evaluated as a function of temperature. 1H NMR
spectra were collected at �90, �60, �20, and 20 �C.
Coalescence temperature could not be found in this tem-
perature range.
The configuration along C-4–C-5 double bonds in 11–

13 was evaluated through JC–H coupling constants.



Figure 3. Model of compound 12 with cis configuration along C-4–C-5
double bond as established by long-range 3JC-3–H-5 coupling constant.
For clarity, benzyl groups (Bn) are shown schematically.

Figure 5. A view of 5 with the atom-numbering scheme. Displacement
ellipsoids for non-hydrogen atoms are drawn at the 30% probability
level and hydrogen atoms are drawn as small circles of arbitrary radii.
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Small long-range 3JC-3–H-5 heteronuclear coupling con-
stants of 5.5, 5.5, and 6.1 Hz in 11, 12, and 13, respec-
tively, are in accordance with cis geometry along C-4–
C-5 double bonds13 (Fig. 3).

2.3. X-ray crystal structure study

2.3.1. Molecular structures. Perspective views of 4 and
5 with their atom-numbering schemes are presented in
Figures 4 and 5.
Compound 4 consists of a planar lactone ring with

two benzyloxy groups attached to the ring atoms C-2
and C-3, and an epoxypropyl moiety attached to the
C-4 atom (Fig. 4). The bond lengths in the lactone ring
Figure 4. A view of 4 with the atom-numbering scheme. Displacement
ellipsoids for non-hydrogen atoms are drawn at the 30% probability
level and hydrogen atoms are drawn as small circles of arbitrary radii.
and benzyloxy groups are within the values found in
structurally related 2,3-di-O-benzyl ethers of LL-ascorbic
acid.14 In 5, two hydroxyl groups are attached to the
C-2 and C-3 atoms and a dioxolane ring to the C-4 atom
of the lactone ring (Fig. 5). The bond lengths in the
lactone and dioxolane rings agree well with the equiva-
lent ones in 5,6-di-O-isopropylidene-LL-ascorbic acid
derivatives.14,15

The oxygen atoms O-3 and O-4 are disposed in a syn-

periplanar fashion in both structures; the O-3–C-2–C-3–
O-4 torsion angle amounts to �0.7(8)� and 1.0(3)� in 4

and 5, respectively. The conformation of 4 could also
be described by torsion angles in which the atoms of
the lactone and other rings are included: C-2–O-3–
C-7–C-8 [�67.3(4)�], C-3–O-4–C-14–C-15 [177.5(4)�],
C-3–C-4–C-5–O-5 [73.2(5)�], and C-3–C-4–C-5–C-6
[144.0(5)�]. The dihedral angle between the epoxypropyl
ring and the mean plane of the lactone ring is 64.9(5)�.
The orientation of the phenyl C-15–C-20 ring in 4 with
respect to the lactone ring differs slightly compared with
the orientation of the C-8–C-13 ring. The dihedral
angles between the mean planes of the C-15–C-20 and
C-8–C-13 rings and the lactone ring are 76.7(3)� and
50.8(2)�. The dioxolane ring in 5 adopts half-chair con-
formation, twisted around the C-7–O-5 bond.

2.3.2. Crystal structures. The molecules of 4 are linked
by only one weak hydrogen bond of C–H� � �O type
(Fig. 6 and Table 3). Atom C-9 in 4 acts as a donor to
O-2 atom, hence generating a C(8) chain motif16 parallel
to the a axis and generated by the 21 axis.
In 5, the O-3� � �O-5 hydrogen bond joins the mole-

cules parallel to the b axis, thus forming C(8) chain



b c

a

Figure 6. A crystal packing diagram of 4, viewed along the b axis, showing a C(8) chain motif formed by only one (C-9� � �O-2) hydrogen bond.
Hydrogen bonds are indicated by dashed lines.

Table 3. Hydrogen-bonding geometry for 4 and 5

D–H� � �A D–H (Å) H� � �A (Å) D� � �A (Å) D–H� � �A (�) Symmetry codes

4 C-9–H-9� � �O-2 0.93 2.45 3.256(6) 145 �1/2 + x, 1/2 � y, 1 � z

5 O-3–H-3� � �O-5 0.85(2) 1.87(2) 2.711(2) 170(3) x, �1 + y, z
O-4–H-4� � �O-2 0.90(3) 1.81(3) 2.706(2) 172(3) 1 + x, y, z
C-5–H-5� � �O-2 0.94(2) 2.46(2) 3.124(2) 128(2) 1 + x, y, z
C-9–H-9� � �O-6 0.96 2.60 3.494(3) 155 1 � x, 1/2 + y, 3/2 � z
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motif generated by translation (Fig. 7 and Table 3). The
molecules are also linked by O-4� � �O-2 hydrogen bond,
hence producing C(6) chain motif generated by transla-
tion and parallel to the a axis. The combination of these
two chain motifs forms R4

4ð25Þ rings (Fig. 7) and leads to
a (4,4) net.17 The action of these hydrogen bonds is rein-
forced by that of the two C–H� � �O hydrogen bonds. The
C-5� � �O-2 hydrogen bond links the molecules parallel to
the a axis, hence forming C(6) chain motif generated by
translation (Fig. 7). The O-2 atom is a bifurcated accep-
tor, and O-4� � �O-2 and C-5� � �O-2 hydrogen bonds thus
generate R1

2ð7Þ chain of rings. In addition, C-9 atom acts
as a donor to O-6 atom of the neighboring molecule, so
forming C(4) chain motif parallel to the b axis and gen-
erated by the 21 screw axis. The C-9� � �O-6 hydrogen
bond links (4,4) nets into two-dimensional network
(Fig. 7).

2.4. Cytostatic activity

Compounds 1–10, 12, and 13 were evaluated for their
cytostatic activities against malignant human tumor
cell lines: cervical carcinoma (HeLa), breast carcinoma
(MCF-7), pancreatic carcinoma (MiaPaCa-2), laryngeal
carcinoma (Hep-2), and colon carcinoma (SW 620), as
well as human fibroblast cells (WI 38) (Table 4).

LL-Ascorbic acid itself did not exhibit antitumor activ-
ity against all tumor and normal cell lines in tested con-
centrations, except for low cytostatic effect against colon
carcinoma (IC50 >100 lM). Compounds containing free
hydroxy groups attached at positions 2 and 3 of the lac-
tone ring (2 and 5), and two hydroxy groups at positions
5 and 6 in the side chain 7, as well as 5,6-di-O-isoprop-
ylidene derivative of LL-ascorbic acid 6 did not show
inhibitory effect on examined tumor cell lines. On the
contrary to this, 2,3-di-O-benzylated derivatives of
LL-ascorbic acid (3, 4, 8–10, 12, and 13) showed rather
marked antitumor activity against all evaluated cell lines
with IC50 in the range of 17–79 lM (Table 4). 6-Hydr-
oxy 12 and 6-chloro 13 derivatives of LL-ascorbic acid
exhibited the best cytostatic effects against all malignant
tumor cells (Fig. 8). Besides, 12 showed the best selectiv-
ity, since it inhibited the growth of tumor, but not of
normal cells.



Table 4. Inhibitory effects of LL-ascorbic acid derivatives on the growth of malignant tumor cell lines and diploid fibroblasts (WI 38)

Compound Tumor cell growth [IC50
a (lM)]

HeLa MCF-7 MiaPaCa-2 Hep-2 SW 620 WI 38

1 >100 >100 >100 >100 >100 >100
2 >100 >100 >100 >100 >100 >100
3 20 ± 6 27 ± 21 19 ± 1 34 ± 20 18 ± 3 55 ± 13
4 22 ± 9 26 ± 13 17 ± 1 31 ± 12 20 ± 2 58 ± 8
5 >100 >100 >100 >100 >100 >100
6 >100 >100 >100 >100 P100 >100
7 >100 >100 >100 >100 >100 >100
8 16 ± 2 28 ± 4 21 ± 4 20 ± 2 38 ± 30 15 ± 3
9 16 ± 3 21 ± 6 18 ± 0.7 31 ± 30 28 ± 12 22 ± 4
10 26 ± 18 30 ± 9 20 ± 13 59 ± 20 P100 18 ± 4
12 19.3 ± 0.2 29 ± 9 23 ± 7 21 ± 7 27 ± 4 >100
13 17 ± 6 17 ± 0.4 18 ± 0.4 17 ± 2 19 ± 0.2 26 ± 1

a 50% inhibitory concentration, or compound concentration required to inhibit tumor cell proliferation by 50%.

Figure 7. A crystal packing diagram of 5, viewed along the c axis, showing the O-3� � �O-5, O-4� � �O-2, C-5� � �O-2, and C-9� � �O-6 hydrogen bonds. The
O-3� � �O-5 and O-4� � �O-2 hydrogen bonds generate a (4,4) net of R4

4ð25Þ rings, while the O-4� � �O-2 and C-5� � �O-2 hydrogen bonds form R1
2ð7Þ chain

of rings. The C-9� � �O-6 hydrogen bond links (4,4) nets into two-dimensional network. Hydrogen bonds are indicated by dashed lines.
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3. Conclusions

The 5,6-di-O-tosylated derivative of 2,3-di-O-benzyl-LL-
ascorbic acid 10 was synthesized by using the strategy
of selective protection and deprotection of 2,3- and
5,6-dihydroxy functional groups and subsequent tosyla-
tion of 5,6-dihydroxy groups. Reactions of 10 with
appropriate nucleophiles gave novel 6-acetoxy 11, 6-hy-
droxy 12, and 6-chloro 13 derivatives of 4,5-didehydro-
LL-ascorbic acid existing as Z-isomers. The analysis of
3JH-4–H-5 coupling constants shows that coupling con-
stants in the range from 1.5 to 2.9 Hz are in accordance
with high population of gauche conformers across C-4–
C-5 bonds in 2, 3, and 5–10. Small long-range 3JC-3–H-5

heteronuclear coupling constants of 5.5, 5.5, and 6.1 Hz
in 11, 12, and 13, respectively, indicate cis geometry
along the C-4–C-5 double bond. The exact stereostruc-
tures of 5,6-di-O-isopropylidene-LL-ascorbic acids 4 and
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Figure 8. Dose–response profile for compound 13 tested in vitro
(PG = percentage of growth).
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2,3-di-O-benzyl-5,6-epoxy-LL-ascorbic acid 5 were
unambiguously determined by X-ray crystal structure
analysis. Among all compounds evaluated for their
cytostatic activities, the 6-chloro derivatives of 2,3-di-
O-benzyl-LL-ascorbic acid 13 showed the best cytostatic
effects against all malignant tumor cells (IC50: �18 lM).
4. Experimental

4.1. General methods

Melting points (uncorrected) were determined with
Kofler micro hot-stage (Reichert, Wien). Precoated E.
Merck Silica Gel 60F-254 plates were used for thin layer
chromatography (TLC) and the spots were detected
under UV light (254 nm). Column chromatography
(CLC) was performed using silica gel (0.063–0.2 mm)
Kemika; glass column was slurry-packed under gravity.
The electron impact mass spectra were recorded with an
EXTREL FT MS 2001 instrument with an ionizing
energy of 70 eV.

4.2. Compounds preparation

6-Bromo-LL-ascorbic acid 2,18 6-bromo-2,3-di-O-benzyl-
LL-ascorbic acid 3,19 2,3-di-O-benzyl-4-(5,6)-epoxy-LL-
ascorbic acid 4,10 5,6-di-O-isopropylidene-LL-ascorbic
acid 5,11 2,3-di-O-benzyl-5,6-O,O-isopropylidene-LL-
ascorbic acid 6,11 2,3-di-O-benzyl-LL-ascorbic acid 7,11

5,6-di-O-acetyl-2,3-di-O-benzyl-LL-ascorbic acid 8,10 and
2,3-di-O-benzyl-6-O-tosyl-LL-ascorbic acid 919 were syn-
thesized in accord with original procedures given in
the literature.

4.2.1. 2,3-Di-O-benzyl-5,6-di-O-tosyl-4,5-didehydro-LL-
ascorbic acid 10. Reaction mixture of 2,3-di-O-benz-
yl-LL-ascorbic acid 7 (17.8 g, 0.05 mol), anhyd pyridine
(50 mL), and CH2Cl2 (150 mL) was stirred at 0 �C under
argon. Toluene-4-sulfonyl chloride (21 g, 0.11 mol) dis-
solved in anhyd CH2Cl2 (100 mL) was added dropwise
to this solution. The stirring of the reaction mixture
was continued at room temperature for 24 h. When
the reaction was completed, solution was diluted with
CH2Cl2 (400 mL), then washed twice with water and
dried over Na2SO4. Solvent was evaporated and the
crude product was recrystallized from EtOH to give col-
orless crystals of 10 (m = 22.6 g, mp = 105–106 �C,
70%); EIMS m/z 665 (M+�). Anal. Calcd for C34H32-
O10S2: C, 61.43; H, 4.85. Found: C, 61.51; H, 4.86.

4.2.2. Z-6-O-Acetyl-2,3-di-O-benzyl-4,5-didehydro-LL-
ascorbic acid 11 and Z-2,3-di-O-benzyl-6-hydroxy-4,5-

didehydro-LL-ascorbic acid 12. To a solution of ditosy-
late 10 (4 g, 6 mmol) in dry DMF (110 mL), NaOAc
(972 mg, 18 mmol) was added and the resulting mixture
was stirred at 50–60 �C under nitrogen for 5 h. The sol-
vent was evaporated and Et2O (20 mL) was added, fol-
lowed by H2O (20 mL). The organic layer was
separated and washed further with H2O (2 · 20 mL) be-
fore being dried over MgSO4. Filtration and evapora-
tion of the solvent gave a yellow oil, which was
purified by column chromatography (40:1 CH2Cl2–
MeOH) to give pure oily compounds 11 (423 mg, 19%)
and 12 (586 mg, 29%). Compound 11, EIMS m/z 380
(M+�). Anal. Calcd for C22H20O6: C, 69.46; H, 5.30.
Found: C, 69.32; H, 5.31. Compound 12, EIMS m/z
338 (M+�). Anal. Calcd for C20H18O5: C, 70.99; H,
5.36. Found: C, 71.11; H, 5.37.

4.2.3. Z-2,3-Di-O-benzyl-6-chloro-4,5-didehydro-LL-ascor-

bic acid 13. A mixture of the ditosylate 10 (1 g,
1.5 mmol), in MeCN (15 mL), diazobicycloundecane
(DBU, 230 mg, 1.5 mmol), and Et4NCl (250 mg,
1.5 mmol) was refluxed for 16 h. The solvent was evap-
orated and CH2Cl2 (20 mL) was added, followed by
water (20 mL). The organic layer was separated and
dried over MgSO4. Filtration and evaporation of the
solvent gave a residue, which was purified by column
chromatography (30:1 CH2C2–MeOH) affording 13

(217 mg, 41%) as a brown oil; ESMS m/z 356 (M+�).
Anal. Calcd for C20H17ClO4: C, 67.32; H, 4.80. Found:
C, 67.11; H, 4.79.

4.3. NMR Measurements

1H and 13C NMR spectra were collected on Varian
Unity Inova 300 MHz NMR spectrometer equipped
with 5 mm 1H{15N–31P} indirect-detection probe with
gradients. All data were recorded at 25 �C unless speci-
fied otherwise. Proton and carbon chemical shifts were
referenced relative to the solvent signal of Me2SO-d6
(5, 6, 11, 12, and 13), CD3OD (2 and 7) or CD2Cl2 (3,
4, 8, 9, and 10). Individual resonances were assigned
on the basis of their chemical shifts, signal intensities,
magnitude, and multiplicity of resonances, H–H and
C–H coupling constants involved as well as with the
use of a series of 2D experiments.



Table 5. Crystal data and summary of data collection and refinement
for 4 and 5

Compound 4 5

Formula C20H18O5 C9H12O6

Formula weight 338.34 216.19
Temperature [K] 293(2) 293(2)
Radiation [Å] 0.71073 0.71073
Crystal size [mm] 0.45 · 0.20 · 0.10 0.60 · 0.56 · 0.25
Crystal color, shape Colorless, prismatic
Crystal system, space
group

Orthorhombic, P212121 (No. 19)

Unit cell dimensions
a [Å] 6.028(2) 6.3838(10)
b [Å] 15.272(3) 7.7898(9)
c [Å] 18.907(3) 19.774(2)

V [Å3] 1740.6(7) 983.3(2)
Z 4 4
Dcalcd [g cm�3] 1.291 1.460
Absorption coefficient
l [mm�1]

0.093 0.124

F(0 0 0) 712 456
Scan-mode x and u x
h range for data
collection [�]

4.44–21.99 4.13–30.00

Index ranges �6 6 h 6 6 �4 6 h 6 8
�16 6 k 6 16 �10 6 k 6 9
�19 6 l 6 19 �27 6 l 6 27

Collected reflections 16479 7031
Independent reflections/Rint. 2121/0.1111 2732/0.0290
Reflection number IP 2r(I) 1873 2524
Data/restraints/parameters 2121/0/229 2732/0/162
Weighting parameters a, ba 0.0505, 0.8970 0.0442, 0.3803
Goodness-of-fit on F2 1.056 0.992
R[IP 2r(I)] 0.0643 0.0418
wR[I P 2r(I)] 0.1208 0.0976
Max./min. electron
density [e Å�3]

0.112/�0.130 0.224/�0.190

aw ¼ 1=½r2ðF 2
oÞ þ ðaPÞ2 þ bP �, where P ¼ ðF 2

o þ 2F 2
cÞ=3.
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The pulse sequences of gHSQC and gHMBC experi-
ments were taken from Varian software library. The
gHSQC spectra were used for single-bond 1H–13C chem-
ical shift correlations and utilized BIRD sequence and
GARP 13C decoupling. Two sets of 128 time increments
were acquired with 32 scans per increment and 2.5 s
relaxation delay. The data were zero filled and processed
with Gaussian weighting functions. The gHMBC spec-
tra were used to assign multiple-bond 1H–13C chemical
shift correlations with delays set according to antici-
pated long-range coupling constant of 8 Hz. Data were
collected with 64 scans using 128 increments and a relax-
ation delay of 2.5 s, then zero filled and processed with
squared shifted sine-bell weighting functions.
Cis and trans configurations along C-4–C-5 double

bonds in 11, 12, and 13 were deduced from hetero-
nuclear vicinal JC–H coupling constants obtained by IN-
EPT sequence. Experiment was optimized for C–H
coupling constant of 20 Hz with relaxation delay of
2.0 s.

4.4. X-ray crystal structure study

The single crystals of 4 and 5 were obtained at room
temperature by slow evaporation of an EtOH soln
(96%). The intensities were collected at 293 K on Oxford
Diffraction Xcalibur 2 diffractometer with graphite-
monochromated MoKa radiation. The data collection
and reduction were carried out with the CrysAlis pro-
grams.20 Details of crystal data, data collection, and
refinement parameters are given in Table 5.
The crystal structures were solved by direct methods.

All non-hydrogen atoms were refined anisotropically by
full-matrix least-squares calculations based on F2. All
hydrogen atoms in 4 and hydrogen atoms attached to
the C-8 and C-9 atoms in 5 were treated using appropri-
ate riding models. All other hydrogen atoms in 5 were
found in a difference Fourier map and their coordinates
and isotropic thermal parameters were refined freely.
Programs used for structure solution, refinement, and
analysis include SHELXS97SHELXS97,21 SHELXL97SHELXL97,22 and PLATONPLATON.23

The molecular and crystal structure drawings were pre-
pared by PLATONPLATON program.23

4.5. Cytostatic activity assays

The experiments were carried out on six human cell
lines, five of which are derived from five cancer types
and one normal, fibroblast cell line. The following cell
lines were used: HeLa (cervical carcinoma), MCF-7
(breast carcinoma), MiaPaCa-2 (pancreatic carcinoma),
Hep-2 (laryngeal carcinoma), SW 620 (colon carci-
noma), and WI 38 (diploid fibroblasts).
The cells were cultured as monolayers and maintained

in Dulbecco’s Modified Eagle Medium (DMEM) sup-
plemented with 10% fetal bovine serum (FBS), 2 mM
LL-glutamine, 100 U/mL penicillin, and 100 lg/mL strep-
tomycin in a humidified atmosphere with 5% CO2 at
37 �C.
The panel cell lines were inoculated onto a series of

standard 96-well microtiter plates on day 0 at 1 · 104–
3 · 104 cells/mL, depending on the doubling times of
specific cell line. Test agents were then added in five,
10-fold dilutions (10�8–10�4 M) and incubated for fur-
ther 72 h. Working dilutions were freshly prepared on
the day of testing. The compounds were prepared as
0.1 M solns in Me2SO, and the solvent was also tested
for eventual inhibitory activity by adjusting its concen-
tration to be the same as in working concentrations.
After 72 h of incubation the cell growth rate was evalu-
ated by performing the MTT assay (Sigma),24 which de-
tects dehydrogenase activity in viable cells. The MTT
Cell Proliferation Assay is a colorimetric assay system,
which measures the reduction of a tetrazolium compo-
nent (MTT) into an insoluble formazan product by the
mitochondria of viable cells. For this purpose the sub-
stance treated medium was discarded and MTT was
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added to each well at a concentration of 20 lg/40 lL.
After 4 h of incubation the precipitates were dissolved
in 160 lL of Me2SO. The absorbency (OD, optical den-
sity) was measured on a microplate reader at 570 nm.
The absorbency is directly proportional to the cell
viability. The percentage of growth (PG) of the cell
lines was calculated according to one or the other of
the following two expressions:
If (mean ODtest � mean ODtzero) P 0 then

PG ¼ 100� ðmean ODtest

�mean ODtzeroÞ=ðmean ODctrl �mean ODtzeroÞ.

If (mean ODtest � mean ODtzero) < 0 then

PG ¼ 100� ðmean ODtest �mean ODtzeroÞ=ODtzero;

where mean ODtzero = the average of optical density
measurements before exposure of cells to the test com-
pound; mean ODtest = the average of optical density
measurements after the desired period of time; mean
ODctrl = the average of optical density measurements
after the desired period of time with no exposure of cells
to the test compound.
Each test point was performed in quadruplicate in

three individual experiments. The results were expressed
as IC50, a concentration necessary for 50% of inhibition.
Each result is a mean value from three separate
experiments.
5. Supplementary data

CCDC 274566 (4) and 274567 (5) contain the supple-
mentary crystallographic data for this paper. These data
can be obtained free of charge via www.ccdc.cam.ac.uk/
data_request/cif, by emailing data_request@ccdc.cam.
ac.uk, or by contacting The Cambridge Crystallographic
Data Centre, 12, Union Road, Cambridge CB2 1EZ,
UK; fax: +44 1223 336033.
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M.; Pavelić, K.; De Clercq, E.; Mintas, M. J. Med. Chem.
1999, 42, 2673–2678; (b) Gazivoda, T.; Plevnik, M.;
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10. Raić-Malić, S.; Svedružić, D.; Gazivoda, T.; Marunović,
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