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New polyanionic compounds were obtained from radical addition of thiomalic acid and
mercaptopropionic acid onto perallylated cyclodextrins (CDs) under UV irradiation with a
catalytic amount of R,R′-azobis(isobutyronitrile). All these polyanions, bearing 18-48 car-
boxylate groups, inhibited human immunodeficiency virus type 1 (HIV-1) strain IIIB replication
in MT-4 cells at a 50% inhibitory concentration (IC50) of 0.1-2.9 µM, while not being toxic to
the host cells at concentrations up to 62 µM. These compounds were also active against a
clinical HIV-1 isolate (HE) at g4-fold higher concentrations. Only some compounds showed
activity against the two HIV-2 strains (ROD and EHO) but at higher concentrations than those
required to inhibit HIV-1 (IIIB and HE) replication. In addition, these compounds were not
active against the M-tropic HIV-1 strain BaL but were active against simian immunodeficiency
virus [SIV (MAC251)]. These compounds were also inhibitory to the replication of human
cytomegalovirus at an IC50 of 1-10 µM, but not herpes simplex virus (type 1 and type 2) or
other (picorna-, toga-, reo-, orthomyxo-, paramyxo-, bunya-, rhabdo-, and poxvirus) viruses.
Radical addition on perallylated CDs of a protected cysteine gave polyzwitterionic compounds.
None of these last compounds proved inhibitory to the replication of HIV-1, HIV-2, or any of
the other viruses tested.

Introduction

Several polyanionic compounds are markedly inhibi-
tory to the replication of the human immunodeficiency
virus (HIV).1 They do so by blocking the interaction
between the viral envelope glycoprotein gp120 and the
host cell CD4 receptor, the first step of the replication
process.2 Such polyanionic inhibitors may be useful in
the prophylaxis of AIDS by preventing virus transmis-
sion.3

However, most of the polyanions described so far as
HIV inhibitors are polymers such as sulfated poly-
saccharides (dextran sulfate,4 heparin,5 lentinan sul-
fate,6 etc.), aurintricarboxylic acid,7 poly(vinyl alcohol)
sulfate, and related compounds,8 as well as polymerized
surfactants.9 Anti-HIV activity has also been reported
for partially O-sulfated cyclodextrins.10

In the course of our studies on antiviral polyanions,
we have recently shown that polyanions with a well-
defined structure, based on a disaccharide core, are
active against HIV provided that the number of anionic
groups per molecule is high enough: antiviral activity
was systematically observed when this number was
equal to 16.11 In such a case, their 50% inhibitory
concentration (IC50) for HIV-1 was in the range of 0.4-
1.85 µM, while they were not toxic to the host cell (MT-4
or CEM-4) at concentration up to 50 µM or even higher.
However when the molecules consisted of only 10 or 8
anionic groups, no activity was observed.

These results prompted us to examine if a higher
inhibitory effect could result from an increase of the
number of anionic groups per molecule. Therefore, we
applied the synthetic route used for disaccharides to
cyclodextrins (CDs) to access polyanions of well-defined
structure, bearing from 18 to 48 carboxylic acid groups.

Synthesis
The syntheses consisted of perallylation of the R-, â-,

and γ-cyclodextrins, followed by the radical addition of
the mercapto acid as illustrated in Scheme 1. Using a
suitably protected cysteine as the thiol derivative, we
also prepared analogous zwitterionic compounds.

O-Perallylated Cyclodextrins. O-Perallylated CDs
have not been described in the literature. The per-
allylation procedure involved allyl iodide as reagent in
the presence of sodium hydride12 in dimethylformamide
under sonication at 0 °C. The use of allyl iodide instead
of bromide led to better results. Nonoptimized yields
ranged from 20% to 32%. The structures of the O-
perallylated CDs 1-3 were proved by NMR spectroscopy
as well as FAB mass spectrometry. In the latter case
the [M + Na]+ and [M + H]+ ions were observed.

Polyanionic Derivatives. The O-perallylated CDs
were allowed to react with the 3-mercaptopropanoic acid
in THF, the radical addition being initiated with R,R′-
azobis(isobutyronitrile) (AIBN) in catalytic amounts,
under UV irradiation13,14 (λ ) 254 nm). The obtained
polycarboxylic acids were transformed into their sodium
salt by treatment with sodium hydroxide. The sodium
polycarboxylates 4-6 possessed 18, 21, and 24 anionic
groups, respectively.
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To evaluate the influence on the anti-HIV activity of
the local charge density or charge distribution, we
pursued in the same way the addition of 2-mercapto-
succinic acid onto O-perallylated CDs. The correspond-
ing polyanionic compounds thus obtained, 7-9, bear 36,
42, and 48 carboxylate groups, respectively.

All sodium salts 4-9 were purified by gel permeation
chromatography (Sephadex G-25, ultrapure water being
used as eluent). Their structures were proved by 1H
and 13C NMR spectroscopy. Characterization of poly-
carboxylates by 1H and 13C NMR depended on the
disappearance of allyl protons and sp2 carbon atoms of
the allyl groups.

Polyzwitterionic Derivatives. Triethylborane was
reacted with a suspension of cysteine in THF15 to give
the boron complex boroxazolidone 10 (Scheme 2). Thus
both the amine function and the carboxylic function of
the amino acid were protected. The zwitterionic com-
pounds were obtained by the photochemical addition of
the above protected cysteine on each of the perallylated
CDs. Then the deprotection of the cysteine groups was
run under very mild conditions, by refluxing in a
methanolic solution of sodium hydrogenocarbonate,16

leading to the polyzwitterions 11-13.

Biological Results

The polyanionic and polyzwitterionic compounds were
evaluated for their inhibitory effects on the replication
of two different strains of HIV-1 (IIIB and HE), two
different strains of HIV-2 (ROD and EHO), and SIV
(MAC251) in MT-4 cells (Table 1).

A marked difference was observed between the two
types of charged compounds. All polyanions 4-9 were
active against different lymphocyte-tropic HIV-1 strains.
They inhibited HIV-1(IIIB) at low concentrations
(IC50: 0.1-2.9 µM), while their 50% cytotoxic concentra-
tion (CC50) was rather high (>36 µM) in MT-4 cells.
Detailed examination of the results revealed that com-
pounds 7-9, with anionic group numbers (36-48) twice
that of compounds 4-6 (18-24), were at least 2-fold
more inhibitory to HIV-1(IIIB): IC50 ranging from 0.1
to 0.3 µM for compounds 7-9 and ranging from 0.7 to
1.4 µM for compounds 4-6 in MT-4 cells. The magni-
tude of the inhibitory effects of compounds 4-6 was
similar to that of analogous polyanions derived from
disaccharides and bearing 16 carboxylate groups.11

Moreover, the anti-HIV-1 activity of polycarboxylates
7-9, bearing 36-48 anionic groups, was comparable to
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the anti-HIV-1 activity of â- and γ-cyclodextrin sulfates
which bear only 14 and 16 anionic groups, respectively.

When we examined the inhibitory effect of these
compounds (4-9) on the replication of HIV-1(IIIB) in
different cells lines, we noted a 4-30-fold higher activity
when using C8166 cells, whereas HIV-1(IIIB) in PBMCs
was 2-30-fold less sensitive to the anti-HIV activity of
the polyanions tested (4-9). Comparable activity was
seen against the replication of a clinical isolate (HE) in
MT-4 cells. The polyanions tested (4-9) did not show
any inhibitory effect on the replication of a macrophage-
tropic strain (BaL) in PBMCs. This means that the
compounds may be inactive against HIV strains, using
the CCR5 coreceptor to enter cells. When compounds
are not active against macrophage-tropic strains, they
might not be able to block transmission of HIV.

The compounds (4-9) did not inhibit the binding of a
specific mAb to CXCR4, the main coreceptor for T-tropic
viruses, not even at a concentration up to 100 µM (data
not shown). This suggests that the compounds do not
interfere with the coreceptor as such but probably target
other membrane-mediated binding/fusion events.

The polycarboxylates derived from cyclodextrins differ
markedly from the cyclodextrin sulfates in their inhibi-
tory effect on HIV-2 replication. While the polycarboxy-
lates inhibited HIV-1 replication, they did not inhibit
or only very weakly inhibited the cytopathic effect of
two different strains of HIV-2 (ROD and EHO) in MT-4
cells. In contrast, the sulfated cyclodextrins inhibited
HIV-1(IIIB) and HIV-2(ROD) at comparable concentra-
tions. It thus appears that the structural requirements
for inhibition of HIV-2-induced cytopathicity are more
stringent than those for inhibition of HIV-1-induced
cytopathicity. In contrast with the polyanionic com-
pounds (4-9), the polyzwitterionic compounds (11-13)
did not inhibit HIV-1 (or HIV-2) replication, at subtoxic
concentrations in MT-4 cells (Table 1). The polyanionic
compounds (4-9) were also active against the replica-
tion of SIV(MAC251) at concentrations varying from 1.1
to 4.6 µM.

The compounds were also evaluated for their activity
against a number of viruses other than HIV, such as
parainfluenza-3, reovirus type 1, Sindbis, Coxsackie B4,
Punta Toro, vesicular stomatitis virus, respiratory syn-
cytial virus, herpes simplex virus (HSV-1, HSV-2),

vaccinia, human cytomegalovirus (CMV), and influenza
(Table 2). No appreciable activity was noted with any
of the compounds against any of the viruses except for
the polyanion series 4-9 and in particular polyanions
5 and 6 that showed activity against CMV in the 1-10
µM concentration range. None of the compounds tested
were cytotoxic at concentrations below 10 µM (Table 3),
except for compound 7 that was toxic to HeLa and E6SM
cells at a CC50 of about 1 and 0.2 µM, respectively.

Experimental Section

All chemicals were purchased from Aldrich and used as
received. Cyclodextrins were dried before use over P4O10 at
110 °C under vacuum.

N,N-Dimethylformamide was distilled under reduced pres-
sure from calcium oxide and stored over 4-Å molecular sieves
under nitrogen. Tetrahydrofuran (THF) was distilled over
lithium aluminum hydride under nitrogen immediately prior
to use.

Merck silica gel 60 F254 (0.25 mm) plates were employed for
analytical TLC. Compounds were revealed by UV (254 nm),
iodine, and 20% aqueous sulfuric acid spraying. Merck silica
gel 60H was used for silica gel column chromatography.
Melting points were determined using a BUCHI 530 ap-
paratus. Reactions under ultrasound were performed on a
Bransonic 220 ultrasonic cleaning bath. Infrared spectra were
obtained on a IR-FT BONEM MB-100 spectrometer. 1H and
13C NMR were recorded on Bruker AC200 and WP200SY
spectrometers, respectively. For 1H and 13C NMR we used a
numbering system as presented in Chart 1. Chemical shifts
are expressed in ppm (δ). Mass spectra were recorded on a
JEOL DX 100 spectrometer. The matrix used was m-ni-
trobenzylic alcohol (NOBA). Microanalyses were performed
in the analytical department of the CNRS (Vernaison, Rhône,
France). C, H, and S elemental analyses were done for most
of the compounds.

Allylation. Sodium hydride (0.1 mol, 3 equiv per OH
function) (60% in mineral oil) was washed under nitrogen with
2 × 10 mL of dry pentane. The hydride was suspended in 40
mL of dimethylformamide, and the cyclodextrin was added in
a small portion. The reaction flask was put in an ultrasonic
cleaning bath during 1 h under inert atmosphere; then 0.17
mol of allyl iodide (5 equiv per OH function) in solution with
20 mL of DMF was added slowly at 0-5 °C. After 2 h of
stirring at room temperature, the excess of sodium hydride
was annihilated with methanol. The excess of allyl iodide and
DMF was eliminated under reduced pressure. The residue
was diluted in 150 mL of ethyl acetate, and the mixture was
washed twice with water. The organic layer was dried with

Table 1. Anti-HIV Activity of Polyanionic and Polyzwitterionic Compounds in Cell Culture

IC50
b (µM)

HIV-1 HIV-2 SIV

IIIB HE BaL ROD EHO MAC251 CC50
c (µM)

compound
charge

numbera MT-4 C8166 PBMC MT-4 PBMC MT-4 MT-4 MT-4 MT-4 PBMC

4 18 0.7 0.2 19.7 >31 >50 >31 >31 4.6 >62 50
5 21 2.9 0.3 6.1 10.4 >40 21.1 >27 2.9 >54 40
6 24 1.4 0.2 4.8 5.6 >37 12.4 19 2.6 >47 37
7 36 0.3 0.04 2.4 15.6 >5 14.8 >24 2.4 >48 5
8 42 0.3 0.01 2.1 6.8 >7 >21 >21 2.1 >41 7
9 48 0.1 0.01 1.3 5.0 >4 >18 >18 1.1 >36 4
11 36 >17 >17 17
12 42 >15 >15 15
13 48 >22 >22 22
R-cyclodextrin dodecasulfated 12 1.3 0.2 >1100
â-cyclodextrin tetradecasulfated 14 0.3 0.4 >1000
γ-cyclodextrin hexadecasulfated 16 0.1 0.1 >800

a Total charge number including positive and negative charges in the case of zwitterionic compounds 11-13. b 50% Inhibitory
concentration, or compound concentration required to inhibit HIV-induced cytopathicity by 50%. c 50% Cytotoxic concentration, or compound
concentration required to reduce the viability of uninfected MT-4 cells by 50%. d See Schols et al.10b
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sodium sulfate and evaporated under reduced pressure. The
residual oil was purified by column chromatography on silica
gel with cyclohexanes-ethyl acetate as eluent.

Per-O-allyl-r-cyclodextrin, 1: yield 24%; Rf 0.42 (cyclo-
hexane/AcOEt, 75/25 v/v); IR (cyclohexane, ν, cm-1) 3075 (Csp2-
H), 2931-2856 (Csp3-H), 1649 (CdC); 1H NMR (250 MHz,
CDCl3) δ 3.2-4.6 (m, 72H, 6H2, 6H3, 6H4, 6H5, 12H6, 36H1′),
4.9-5.3 (m, 42H, 6H1, 36H3′), 5.6-6.2 (m, 18H, 18H2′); 13C
NMR (50.32 MHz, CD3CN) δ 37.80 (C6), 71.03 (C5), 69.27,
71.68, 74.12 (C1′), 79.50, 79.63, 79.73 (C2, C3, C4), 98.49 (C1),
114.97, 115.69, 115.99 (C3′), 135.36, 135.71, 136.83 (C2′) MS
(FAB+, NBA) m/z 1715 (M + Na)+, 1693 (M + H)+, 1652 (M +
H - CH3-CHdCH2)+, 1635 (M + H - HOCH2-CHdCH2)+.

Per-O-allyl-â-cyclodextrin, 2: yield 32%; Rf 0.38 (cyclo-
hexane/AcOEt, 75/25 v/v); IR (cyclohexane, ν, cm-1) 3083 (Csp2-
H), 2929-2856 (Csp3-H), 1645 (CdC); 1H NMR (250 MHz,
CDCl3) δ 3.3-4.6 (m, 84H, 7H2, 7H3, 7H4, 7H5, 14H6, 42H1′),

4.9-5.3 (m, 49H, 7H1, 42H3′), 5.7-6.1 (m, 21H, 21H2′); 13C
NMR (50.32 MHz, CD3CN) δ 54.28 (C6), 71.04 (C5), 69.15,
71.65, 74.07 (C1′), 78.31, 79.44, 79.95 (C2, C3, C4), 97.87 (C1),
115.09, 115.77, 115.86 (C3′), 135.27, 135.62, 136.59 (C2′); MS
(FAB+, NBA) m/z 1998 (M + Na)+, 1976 (M + H)+, 1948 (M +
H - CH2dCH2)+, 1934 (M + H -CH3-CHdCH2)+, 1918 (M +
H - HOCH2-CHdCH2)+.

Per-O-allyl-γ-cyclodextrin, 3: yield 20%; Rf 0.40 (cyclo-
hexane/AcOEt, 75/25 v/v); IR (CHCl3, ν, cm-1) 3078 (Csp2-H),
2928-2862 (Csp3-H), 1648 (CdC); 1H NMR (250 MHz, CDCl3)
δ 3.1-4.7 (m, 96H, 8H2, 8H3, 8H4, 8H5, 16H6, 48H1′), 4.7-5.3
(m, 56H, 8H1, 48H3′), 5.5-6.1 (m, 24H, 24H2′); 13C NMR (50.32
MHz, CD3CN) δ 37.82 (C6), 70.99 (C5), 69.05, 71.61, 74.00 (C1′),
77.56, 79.62, 79.98 (C2, C3, C4), 97.54 (C1), 115.17, 115.88,
116.46 (C3′), 134.98, 135.23, 135.60 (C2′); MS (FAB+, NBA) m/z
2280 (M + Na)+, 2257 (M + H)+, 2230 (M + H - CH2dCH2)+,
2198 (M + H - HOCH2-CHdCH2)+, 2174 (M + H -
2CH2dCH2)+.

Radical Addition of Mercapto Acid on the Perally-
lated Cyclodextrins. General Method: In a quartz reactor
was placed 1.0 mM perallylated cyclodextrin dissolved in 40
mL of peroxide-free THF. The solution was degassed with
nitrogen during 15 min, and 10 equiv per allyl function of
mercaptopropionic acid or mercaptosuccinic acid was added
with 50 mg of AIBN as radical initiator. The mixture was
irradiated during 6 h with UV light (λ ) 254 nm; Rayonet
apparatus) under nitrogen atmosphere.

The solvent was evaporated under reduced pressure, and
the residue was treated with 0.5 M aqueous sodium hydroxide
(1.2 equiv per acid group) and then vigorously stirred until
dissolution. The pH of the solution was adjusted to 8.5-9.0
with acidic resin (Dowex 50W2), and the filtrate was then
lyophilized. The solid obtained was purified by exclusion
column chromatography with Sephadex gel G25 eluted with
ultrapure water.

Per-O-(3-((sodium oxycarbonyl)ethylthio)propyl)-r-
cyclodextrin, 4: yield 16%; mp > 250 °C dec; Rf 0.85
(2/2/0.5/1.5 water/AcOH/acetone/AcOEt, v/v); [R]22

D ) +33.6°
(c ) 1.4, H2O); IR (KBr, ν, cm-1) 2920-2869 (Csp3-H), 1599
(CO2-); 1H NMR (400 MHz, D2O) δ 1.7-1.9 (m, 36H, 36H6′),
2.3-2.7 (m, 108H, 36H5′, 36H3′, 36H2′), 3.4-3,9 (m, 72H, 6H2,
6H3, 6H4, 6H5, 12H6, 36H7′), 4.9-5.1 (m, 6H, 6H1); 13C NMR
(50.32 MHz, D2O) δ 28.69 (C5′), 29.53 (C3′), 30.21 (C2′), 38.44
(C6′), 70.71 (C1′), 73.69 (C6), 81.52 (C2, C3, C4, C5), 98.25 (C1),
179.60-179.77 (CO2-). Anal. (C144H222O66S18Na18‚2H2O) C,
H, S.

Per-O-(3-((sodium oxycarbonyl)ethylthio)propyl)-â-
cyclodextrin, 5: yield 69%; mp 290 °C dec; Rf 0.75 (2/2/0.5/
1.5 water/AcOH/acetone/AcOEt, v/v); [R]22

D ) +44° (c ) 1.5,

Table 2. Activity of Polyanionic and Polyzwitterionic Compounds against Several DNA and RNA Viruses, Other than HIV

IC50 (µM)a

virus cell line dextran sulfate 4 5 6 7 8 9 11 12 13

parainfluenza-3 Vero >20 >50 >43 >37 >4 >33 >29 >123 >44 >39
reovirus-1 Vero >20 >50 >43 >37 >4 >33 >29 >123 >44 >39
Sindbis Vero >20 >50 >43 >37 >4 >33 >29 >123 >44 >39

Coxsackie B4 Vero >20 >50 >43 >37 >4 >33 >29 >123 >44 >39
HeLa >20 >25 >21 >37 >1 >16 >29 >31 >11 >10

Punta Toro Vero 10 >50 >43 >37 >4 >33 >29 >123 >44 >39

vesicular stomatitis HeLa >20 >25 >21 >37 >1 >16 >29 >31 >11 >10
E6SM 0.2 >25 >21 >19 >0.1 >16 >14 >61 >22 >39

respiratory syncytial HeLa 4.0 >25 >21 >37 >0.1 >16 >29 >31 >11 >10
HSV-1 (KOS) E6SM 0.2 >25 >21 >19 >0.1 >16 >14 >61 >22 >39
HSV-1 (TK-B2006) E6SM >25 >21 >19 >0.1 >16 >14 >61 >22 >39
HSV-1 (VMW1837) E6SM >25 >21 >19 >0.1 >16 >14 >61 >22 >39
HSV-2 (G) E6SM 0.2 >25 >21 >19 >0.1 >16 14 >61 >22 >39
vaccinia E6SM 10 >25 >21 >19 >0.5 >16 >14 >61 >22 >39
HCMV (AD-169) HEL 0.06 7 2 0.7 8 >8 6 >13 >11 >10
HCMV (Davis) HEL 0.08 12 5 2 10 >8 >7 >13 >11 >10
influenza (H2N2) MDCK 8 >62 >11 >9 >10 >41 >36 >65 >55 >48
influenza (B) MDCK >200 >62 >11 >9 >10 >41 >36 >65 >55 >48
influenza (H3N2) MDCK 8 >62 >11 >9 >10 >41 >36 >65 >55 >48

a 50% Inhibitory concentration, or compound concentration required to reduce virus-induced cytopathicity by 50%. Virus was added in
the presence of the compounds, and the cells were further incubated until the cytopathic effect (CPE) was scored.

Table 3. Cytotoxicity of the Polyanionic and Polyzwitterionic
Compounds for Different Cell Lines

MCC (µM)a
cell
line 4 5 6 7 8 9 11 12 13

E6SM 50 >21 >19 0.2 33 29 >52 44 >39
HeLa >25 43 >37 1 >16 >29 >13 22 19
Vero >50 >43 >37 >4 >33 >29 >52 >44 >39
HEL >12 >11 >9 >10 >8 >7 31 29 24

a Minimum cytotoxic concentration, or compound concentration
required to cause a microscopically detectable alteration of normal
cell morphology. For HEL cells, the values correspond to the 50%
inhibitory concentration (µM) required to inhibit cell growth by
50%. For MT-4 cells, the cytotoxicity data are presenred in Table
1.
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H2O); IR (KBr, ν, cm-1) 2923-2872 (Csp3-H), 1565 (CO2-); 1H
NMR (400 MHz, D2O) δ 1.7-1.9 (m, 42H, 42H6′), 2.3-2.7 (m,
126H, 42H5′, 42H3′, 42H2′), 3.2-4.1 (m, 84H, 7H2, 7H3, 7H4,
7H5, 14H6, 42H7′), 4.95-5.2 (m, 7H, 7H1); 13C NMR (50.32
MHz, D2O) δ 28.76 (C5′), 29.73 (C3′), 30.37 (C2′), 38.32 (C6′),
70.69 (C1′), 73.79 (C6), 71.94-81.31 (C2, C3, C4, C5), 98.15 (C1),
181.28-181.58 (CO2-). Anal. (C168H259O77S21Na21‚3H2O) C,
H, S.

Per-O-(3-((sodium oxycarbonyl)ethylthio)propyl)-γ-
cyclodextrin, 6: yield 36%; mp > 265 °C dec; Rf 0.78 (2/2/
0.5/1.5 water/AcOH/acetone/AcOEt, v/v); [R]22

D ) +43.5° (c )
1.5, H2O); IR (KBr, ν, cm-1) 2927-2872 (Csp3-H), 1582 (CO2-);
1H NMR (400 MHz, D2O) δ 1.7-1.9 (m, 48H, 48H6′), 2.3-2.65
(m, 144H, 48H5′, 48H3′, 48H2′), 3.4-4.0 (m, 96H, 8H2, 8H3, 8H4,
8H5, 16H6, 48H7′), 5.0-5.2 (m, 8H, 8H1); 13C NMR (50.32 MHz,
D2O) δ 28.53 (C5′), 29.42 (C3′), 30.33 (C2′), 38.05 (C6′), 70.65 (C1′),
73.79 (C6), 71.98-81.36 (C2, C3, C4, C5), 98.11 (C1), 180.53-
181.31 (CO2-). Anal. (C192H296O88S24Na24‚2H2O) C, H, S.

Per-O-(3-(1′,2′-bis(sodium oxycarbonyl)ethylthio)-
propyl)-r-cyclodextrin, 7: yield 17%; mp > 250 °C dec; Rf

0.81 (2/2/0.5/1.5 water/AcOH/acetone/AcOEt, v/v); IR (KBr,
cm-1) 2927-2865 (Csp3-H), 1589 (CO2-); 1H NMR (400 MHz,
D2O) δ 1.7-2.1 (m, 36H, 36H6′), 2.3-2.8 (m, 72H, 36H2′, 36H5′),
3.15-4.2 (m, 90H, 6H2, 6H3, 6H4, 6H5, 12H6, 36H7′, 18H3′), 4.9-
5.1 (m, 6H, 6H1); 13C NMR (50.32 MHz, D2O) δ 28.52 (C3′),
29.99 (C2′), 47.91 (C5′), 41.27 (C6′), 71.13 (C1′), 73.91 (C6), 71.33-
81.43 (C2, C3, C4, C5), 98.90 (C1), 179.34-180.61 (CO2-). Anal.
(C162H204O102S18Na36‚2H2O) C, H, S.

Per-O-(3-(1′,2′-bis(sodium oxycarbonyl)ethylthio)-
propyl)-â-cyclodextrin, 8: yield 47%; mp 255 °C dec; Rf 0.73
(2/2/0.5/1.5 water/AcOH/acetone/AcOEt, v/v); [R]22

D ) +32.6°
(c ) 1.5, H2O); IR (KBr, ν, cm-1) 2920-2870 (Csp3-H), 1588
(CO2-); 1H NMR (400 MHz, D2O) δ 1.7-2.0 (m, 42H, 42H6′),
2.3-2.75 (m, 84H, 42H2′, 42H5′), 3.35-4.2 (m, 105H, 7H2, 7H3,
7H4, 7H5, 14H6, 42H7′, 21H3′), 4.9-5.1 (m, 7H, 7H1); 13C NMR
(50.32 MHz, D2O) δ 28.58 (C3′), 29.86-30.54 (C2′), 48.10 (C5′),
41.43 (C6′), 70.39-70.93 (C1′), 73.69 (C6), 70.93-81.03 (C2, C3,
C4, C5), 98.50 (C1), 178.92-180.0 (CO2-). Anal. (C189H238O119S21-
Na42‚2H2O) C, H, S.

Per-O-(3-(1′,2′-bis(sodium oxycarbonyl)ethylthio)-
propyl)-γ-cyclodextrin, 9: yield 29%; mp > 265 °C dec; Rf

0.77 (2/2/0.5/1.5 water/AcOH/acetone/AcOEt, v/v); [R]22
D )

+34.6° (c ) 1.5, H2O); IR (KBr, cm-1) 2927-2872 (Csp3-H),
1582 (CdO); 1H NMR (400 MHz, D2O) δ 1.7-2.1 (m, 48H,
48H6′), 2.3-2.9 (m, 96H, 48H2′, 48H5′), 3.2-4.1 (m, 120H, 8H2,
8H3, 8H4, 8H5, 16H6, 48H7′, 24H3′), 4.85-5.2 (m, 8H, 8H1); 13C
NMR (50.32 MHz, D2O) δ 29.74 (C3′), 30.56 (C2′), 41.34 (C6′),
47.48 (C5′), 70.48-70.81 (C1′), 73.50 (C6), 72.50-82.00 (C2, C3,
C4,C5),94.43(C1),179.93-179.98(CO2-). Anal. (C216H272O136S24-
Na48‚2H2O) C, H, S.

Boroxazolidone Cysteine Complex 10. Finely ground
cysteine (10 mM) was suspended in freshly distilled THF (10
mL), then a 1 M solution of triethylborane (12 mmol) in THF
(12 mL) was added, and the mixture was stirred until the
cysteine dissolved (about 30 min). THF was eliminated under
reduced pressure. The obtained oil was treated with cyclo-
hexane; the product was collected by filtration and washed
with cyclohexane: yield 93%; mp 90 °C; Rf 0.65 (AcOEt); [R]22

D

-4.8° (c ) 1, DMF); IR (KBr, ν, cm-1) 3230, 3180, 3030 (N-
H), 1700 (CdO); 1H NMR (250.13 MHz, CDCl3) δ 0.30-0.50
(sext, 4H, 2 CH2), 0.70-0.90 (m, 6H, 2 CH3), 1.40-1.55 (q, 1H,
SH), 2.75-2.90 (m, 1H, CH2a), 3.3-3.5 (dt, 1H, CH2b), 4.05-
4.20 (m, 1H, CH), 4.60-4.80 (m, 1H, NH2), 5.60-5.80 (m, 1H,
NH2); 13C NMR (50.32 MHz, CDCl3) δ 11.26-11.40 (CH2 ethyl),
14.84-15.06 (CH3), 28.21 (CH2), 58.34 (C*H), 176.29 (CdO);
MS (FAB+, NBA) m/z 190 (M + H)+. Anal. (C7H16BNO2S).

Radical Addition of the Boroxazolidone on the Per-
allylated Cyclodextrins. In a quartz reactor was placed the
perallylated cyclodextrin (0.5 mmol) dissolved in 40 mL of
peroxide-free THF. The solution was degassed with nitrogen
during 15 min, and 2 equiv per allyl function of the borox-
azolidone was added with 50 mg of AIBN as radical initiator.
The mixture was irradiated during 8 h with UV light (λ ) 254

nm; Rayonet apparatus) under nitrogen atmosphere. The
solvent was evaporated under reduced pressure, and the
residue was directly deprotected, without any further treat-
ment and characterization. The product was dissolved in 10
mL of a 50/50 mixture of saturated aqueous NaHCO3/methanol
and refluxed for about 2.5 h. The crude product was poured
onto crushed ice and neutralized with 2 N aqueous HCl. Then,
50 mL ethanol was added. The precipitate formed was washed
with THF and EtOH, then filtered, and dried under reduced
pressure.

Per-O-(3-(2-amino-2-carboxyethyl)thiopropyl)-r-cyclo-
dextrin, 11: yield 35%; mp 200 °C dec; [R]22

D ) -13.5° (c )
1.4, H2O); IR (KBr, ν, cm-1) 2920, 3033 (N-H), 1599 (CdO);
1H NMR (400 MHz, D2O) δ 1.70-1.85 (m, 36H, 36H2′), 2.45-
2.60 (m, 36H, 36H3′), 2.80-3.10 (m, 36H, 36H5′), 3.15-3.30 (m,
18H, 18H6′), 3.40-3.80 (m, 72H, 36HR-CD, 36H1′); 13C NMR
(50.32 MHz, D2O) δ 28.88 (C3′), 33.50 (C2′), 38.77 (C5′), 54.06-
54.33 (C6′), 70.00 (C1′), 71.53 (C6), 82.77-83.82 (4C, C2, C3, C4,
C5), 94.54 (C1), 173.67 (COO-). Anal. (C144H240N18O66S18‚
4H2O) C, H, S.

Per-O-(3-(2-amino-2-carboxyethyl)thiopropyl)-â-cyclo-
dextrin, 12: yield 32%; mp 200 °C dec; [R]22

D ) -41.1° (c )
1.4, H2O); IR (KBr, ν, cm-1) 2920, 3037 (N-H), 1618 (CdO);
1H NMR (400 MHz, D2O) δ 1.80-2.00 (m, 42H, 42H2′), 2.50-
2.80 (m, 42H, 42H3′), 2.80-3.20 (m, 42H, 42H5′), 3.20-3.40 (m,
21H, 21H6′), 3.45-3.90 (m, 84H, 42Hâ-CD, 42H1′); 13C NMR
(50.32 MHz, D2O) δ 28.91-30.00 (C3′), 33.49 (C2′), 39.93 (C5′),
54.45-54.99 (C6′), 70.33 (2C, C6, C1′), 80.96 (4C, C2, C3, C4, C5),
94.58 (C1), 172.93-173.42 (COO-). Anal. (C168H280N21O77S21‚
3H2O) C, H, S.

Per-O-(3-(2-amino-2-carboxyethyl)thiopropyl)-γ-cyclo-
dextrin, 13: yield 49%; mp 200 °C dec; (c ) 1.4, H2O); 1H
NMR (400 MHz, D2O) δ 1.75-1.90 (m, 48H, 48H2′), 2.50-2.65
(m, 48H, 48H3′), 2.90-3.10 (m, 48H, 48H5′), 3,15-3.30 (m, 24H,
24H6′), 3.40-3.90 (m, 96H, 48Hγ-CD, 48H1′); 13C NMR (50.32
MHz, D2O) δ 28.23 (C3′), 36.33 (C2′), 39.66 (C5′), 56.72 (C6′),
67.32 (C1′), 70.28 (C6), 84.28 (4C, C2, C3, C4, C5), 94.52 (C1),
162.70 (COO-). Anal. (C192H320N24O88S24‚5H2O) C, H, S.

Biological Methods. 1. Viruses. The virus strains used
were as follows:17 herpes simplex virus type 1 (HSV-1 strain
KOS) and type 2 (HSV-2 strain G), thymidine kinase-deficient
(TK-) HSV-1 (B2006), human cytomegalovirus (CMV) [strain
Davis (ATCC VR-807) and strain AD-169 (ATCC VR-538)],
vesicular stomatitis virus (VSV), Coxsackie B4, parainfluenza
virus type 3 (ATCC VR-93), reovirus type 1 (ATCC VR-230),
Sindbis virus, Punta Toro virus (ATCC VR-559), influenza A
virus [(H3N2) X31 strain, H2N2 (A2/Japan/305/57)], influenza B
virus (strain Hong Kong/5/72), respiratory syncytial virus (RSV
strain Long), human immunodeficiency virus [HIV-1 (IIIB, HE,
BaL) and HIV-2 (ROD, EHO)], and simian immunodeficiency
virus [SIV (MAC251)].

2. Antiviral Assays. In all the assays the compounds were
added to the cell cultures together with the virus inoculum.
For all viruses (except for CMV, influenza virus, RSV, and
HIV), confluent cultures of human embryonic skin muscle (E6-
SM), HeLa, or Vero cells in microtiter trays were inoculated
with virus at 100 times the CCID50 (50% cell culture infective
dose) per well. Virus-induced cytopathicity was recorded at
1-2 days postinfection (pi) for VSV, at 2 days for Coxsackie
virus, at 2-3 days for HSV-1, HSV-2, TK- HSV-1, and Sindbis
virus, and at 5 days for reovirus and Punta Toro virus. For
the anti-CMV assays, human embryonic lung (HEL) fibroblasts
in microtiter trays were infected with 100 PFU (plaque-
forming units) of CMV per well in the presence of compounds.
Virus-induced cytopathicity was recorded at 7 days pi. Anti-
influenza virus activity was assessed in Madin-Darby canine
kidney (MDCK) cells, and anti-RSV activity was assessed in
HeLa cells, both following infection with 20 CCID50 of virus.
Evaluation of the anti-HIV activity of the compounds in MT-
4, C8166, and PBMC was assessed as described previously.17c-f

3. Cytotoxicity Measurements. Measurements were
based on either microscopically detectable alteration of normal
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cell morphology (E6SM, Vero, HeLa, MDCK) or inhibition of
cell growth (HEL) or reduction of cell viability (MT-4 and
PBMC).
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