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New 2,3-heterodisubstituted p-cyclodextrin derivatives were knowledge,-cyclodextrin derivatives bearing two different gps
designed as artificial enzymes to degrade chemical warfare ©ON secondary face and designed as an artificialreez have never
agents. One of them reduced the acetylcholinester ase inhibitory been described. Introduction of iodosobenzoatdraitthzole groups

ial b f han i bstituted anal as a-nucleophile and proton acceptor respectively carehte an
potential by soman faster than Its monosubstituted analog. acid/base dydd (Figure 1) to enhance the nucleophilic attack dinéo

toxic agent. We could thus mimic the active sitentymes through

a concerted hydrolytic mechani$ms encountered in the catalytic
triads of some hydrolasé$in the present study, we showed that
ggnergistic effect of these groups improves thedlydis of soman.

Organophosphorus nerve agents, such as chemidarevagents and
the most powerful pesticides, are irreversible bitbrs of
acetylcholinesterases, enzymes involved in the imhdgic
neurotransmissioh Their chemical synthesis being quite easy, the
molecules are potentially attractive for terrogstups? This potential
use poses also a threat in the event of asymnvearicMoreover, as 0 Q H N
stockpiles of nerve agents exists in many countresting to be &l\ N
destroyed, and as developing countries still ugmrmphosphorus H----PA
pesticides and insecticidésasual exposure can occur. In the case of R
a chemical attack, one of the main actions is &vemt the agent ™
dissemination and to protect rescue people to avoier- R2 R, R? = alkyl groups
contamination risk. A fast hydrolysis of the toxicder physiological Figure 1 Schematic representation of the proposed acid et
conditions is thus required but no mild decontatiimaconditions
have been developed. The actual strategy is tguidébcompatible  Novel methodologies to obtain regioselectively golystituted
scavengers able to trap and degrade nerve abedyslodextrin cyclodextrins were recently developBdsuch approaches rely on the
derivatives are attractive compounds for decontation of skin, use of DIBAL-H to produc®-deprotected key intermediates. Thus
mucosa, and wounds, but also for sensitive matdredtment. diol 1 (Figure 2) was obtained bw regioselective bis-d&-
Moreover,B-cyclodextrin and its derivatives have already besed methylation of permethylateficyclodextrin}®* Compoundt is then
to functionalize polymer nanofiber membranes adaperoxon? an excellent starting material to develop new segees having a
Decontaminant wipes are thus conceivable. Variogpslodextrin hydrolytic activity towards organophosphorus neagents. The
derivatives were recently reported with encouragintivity against relative positioning of the substituents on the ragclic structure is
cyclosarin, sarin, tabun, and sonfatierein we describe sophisticatecessential regarding the hydrolysis efficiency ofarophosphorus
scavengers bearing two different substituents mbtmoperate to the substrate§%14 Our attention was foremost focused on the selectiv
nerve agent degradation. These substituents wamalirced on the introduction of thea-nucleophile and imidazole groups on the two
secondary side of a methylat@acyclodextrin scaffold, which is free positions of diol to access to the two scavengéend5 (Figure
stated to be catalytically more efficiehMoreover, soman reaction 2) by playing with the different reactivities ofetlsecondary alcohols
with a secondary hydroxy group pfcyclodextrin has been alreadyin positions 2 and 3 di-cyclodextrin. Although the hydroxyl &-2
described, and modifications of the secondary face are betleto is more acidic than the hydroxyl @3, the substitution reactions of
produce valuable enzyme mimics against chemicalanef® To our diol 1 are hardly predictable. Only the direct regiosilec
substitution atO-2 by the imidazole group followed by the

1& ﬁ) PA = proton acceptor
o~ P\\LG LG = leaving group
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Scheme 1 Synthetic pathway of compour2d
Reagents and conditions: i) 1. NaH, DMSO, Ar; Zcdloromethyl)-1-trityl-H-imidazole. ii) 1. Pd/C(10%), $1P.m, CHsOH; 2. NEE, triphenylmethyl chloride,
DMF, Ar. iii) 1. NaH, DMSO, Ar; 2. Methyl 5-(bromoathyl)-2-iodobenzoate.

introduction of the benzylic moiety aD-3 were successfully was carried out to identify the signals of the @idz groups bearing
performed to give compour@it To access to the target molec@le the aromatic substituents. Firstly, the two methideprotons (4.62
a synthetic strategy involving tedious protectiaeprotection steps ppm and 5.13 ppm) of the iodobenzoate moiety cateslwith the
was implemented (Scheme 1). The substitutiod-&tof benzylated carbon signal at 74.5 ppm. A second correlationween the
compound6 by the imidazole moiety led to derivative The methylenic protons connected to the imidazole (436 ppm) and
subsequent catalytic hydrogenation reaction rembethlbenzyl and the signal at 66.8 ppm was then observed. In adurstep, the ®
trityl groups, and reprotection of the imidazolesweecessary before substitution by the benzylic group was proved by phesence of a
the benzylation step towafd Compound® and3 were finally treated HMBC correlation between one of the benzylic protsignal (4.62
with an excess of sodium periodate to give theeungerst and5in  ppm) and the carbon signal C-3 (80.0 ppm) of tkegge unit A. The

one stept location of thg imidazole part was revealed bydheelation betv_veen
the methylenic protons signal (4.51-4.56 ppm) dreldarbon signal
- C-2 (79.6 ppm) of the unit B. This was further comiéd by the
/ o ? correlation observed between the same proton signdlthe H-2
% %\ signal of the unit B in a NOESY experiment.
o oc\), 00 o The degradation properties_of soman (GD, Figur«byB)he_ new
(% O [Glegt compoundst and5 were next investigated 4 NMR experiment
OO\ ® (Figure 4). An efficient degradation of the neumxitoagent was
N o /Oo _ OCH; OCHs o_bs_erved with comp_o_urﬁ while 4 and 2-iodos_0benzoic acid share
% o\ similar level of activity. Indeed after 15 min, cpound 4 and
oNo— o) wd B Y A0 2-iodosobenzoic acid show a 50% degradation of @i, level
o/ . 5 reaching 60% in presence ®f
Q \ o O H,CO ©OH HO OCH,
H \ 1
/5\35 o 0 [Glegt
-0 o O o iy
o o]
/ I OCHs OCH,4
[Glet [Gles ok 0 0
¢ 15 5 " Hngun "o
OCH; OCH; Soman (GD) HsCO :/OCH3 O OCHs
b O
[N} HHHOHHH HO
HsCO 20 0] bcHg |
HO O O
& 9
’/\I Figure 3 Structures of soman and scaver@er
R2 X R!
2: X=1; Rl = CO,CHj; R? = Trityl 3: X =1; Rt = CO,CH; R? = Trityl This result can be explained by an unsuitable jpositg of the

4: X=1=0; Rl = CO,H; R2=H 5: X =1=0; Rl = CO,H; R2 = H imidazole and iodosobenzoate groups in compaur@ompounds
being more potent thad, the relative adjacent positions of thc
substituents on the cyclodextrin ring have obvipusldeterminant
Identification of difunctionalized regioisomers wearried out for effect on the efficiency of the GD degradationttie present study,
compounds2 and 3.t High resolution mass spectrometry (ESi the macr_ocycllc m0|e_ty interacts with the nerv_emgmntrary_to the
HRMS) experiments provided evidence that both camps were ©OPservations made in the case of cyclosarin (GRrdlysis by
disubstituted by iodobenzoate and imidazole maietiBurther Cyclodextrin derivatives bearing a hydroxamic asubstituent®
comparative studies of the MS/MS spectra showetihdisragments Permethylated 3-cyclodextrin by itself has no effect on the
intensities proving the different locations of thegoups o2 and3.  degradation rate of GD (Figure 4), but it allowsstareoselective
The relative locations of the two groups was higifed by 2D NMR  interaction with the chiral nerve agent (Figure Jhus, the
experiments performed on compouBdA first HSQC experiment cyclodextrin moiety in compounds caused a stereoselective

Figure 2 Oligosaccharidic structures of derivativ&s.
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degradation of GD (Figure 5). This result is todoasidered as the
levorotatory isomers of GD are the most to%i€ompound could
lead to a more or less important decrease of theity of the nerve
agent depending on the preference for degradatisome of the
stereoisomers of GD.
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Figure 4 Degradation curves of soman (GD).

The degradation curves of soman at 0.4 mM in phetepbuffer (0.1 M)
were obtained at pH 7 and 25°C by 1B NMR experiments. The
monitoring was performed by integration of the desil soman signal
(PCH;) between 1.79 and 1.83 ppm.
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by an enzymatic assay (Figure 6). This test allotheddetermination
of the true protective efficiency of compounds against aojrthe
toxicity of nerve agent being non-linear concemradependent. The
inhibitory effect of soman was decreased to 37.5% 80 min in the
presence of derivativ@ while it was higher than 90% in the presence
of scavenge#d or 2-iodosobenzoic acid. CompouBds thus more
potent to reduce GD acetylcholinesterase inhibitgrgtential
compared to the other molecules tested. Despiteetker ability to
degrade GD, compounfl allowed a significant protective effect
against GD, its inhibitory effect being reduced 5% after 30 min.

100

®
o

[}
o

—&—GD
1| == GD + 2-iodosobenzoic acid
=—4=GD + compound 4

GD + compound 5
~¢=GD + compound 9

N
o

AChE (% inhibition)

[N]
o

° 30 40 50 60
Time (min)

Figure 6 Acetylcholinesterase inhibitory potential by son{&b).

Soman (1uM) was incubated with 2-iodosobenzoic acid (300) or

cyclodextrin derivatived, 5 or 9 (500puM) in phosphate buffer (0.1 M)

at pH 7 and 37°C. Data are means + SD of 2 expeatsne

0 10 20

This result can be explained by a better trappifigG® by
compound than derivativet, although compoun€ is less efficient
to prevent the toxicity of the nerve agent tharidgive 5. The new
heterodifunctionalized compourds then the most active scavenger
against GD.

Considering all the data, these results confirmse main
influence of cyclodextrin scaffold in the prote@iprocess
against GD due to its host properties to trap gr@aagent, and
they showed for the first time the synergistic efe of
a-nucleophile and imidazole groups introduced omeeijt units
of the macrocycle in order to degrade GD.

Conclusions

In conclusion, we have shown that it was possibleriplement an
OPasic cooperative process by introducing two fie groups on
adjacents units of a permethylafedyclodextrin scaffold. This novel
strategy allowed an access to a more potent scavergginst GD.
Studies to elucidate the underlying mechanismsoagoing, and
further derivatives will be prepared to obtain stane-activity

. L . .
Figure5 1D *H NMR tert-butyl signal of soman (GD) at 0.4 mM in phosphatgg|ainships. Furthermore the cyclodextrin rinfpafs a cooperative

buffer 0.1 M (a), in phosphate buffer 0.1vlith 2-iodosobenzoic acid at 2 mM

(b), in phosphate buffer 0.1 M with permethylafedyclodextrin at 2 mM (c)
in phosphate buffer 0.1 M with compousdt 2 mM (d).

The increased activity observed on introducingraid@zole group
in the neighboring of the iodosobenzoate moietglé&arly shown
comparing the degradation curves of GD (Figure yysdavengeb
and its homologous permethylated struct@ie bearing only an

contribution to the mode of action by a stereogsledinteraction with

the nerve agent. In this regard, a faster redudfohChE inhibition

has been obtained in the case of monosubstittegclodextrin
derivativesversus their monosubstituted methylated counterparts. T= >
development of new artificial enzymes based on rbete
difunctionalized B-cyclodextrin derivatives appears as a very

iodosobenzoate substituent@®s (Figure 3). Indeed, the half-live ofattractive approach. Nevertheless, only a few ieastleading to

GD in the presence of cyclodextrin derivatiyés 9.7 min. against
15.1 min. during the hydrolysis process with commb® The almost
complete degradation of GD occurred after 1 h 3@ imiboth cases,
the main degradation product formed beinginacolyl
methylphosphonic acid as already observed in pradsguffer. 6
The acetylcholinesterase inhibitory potential by BEhe presence

difunctionalizedp-cyclodextrin derivatives are described. Thus the
development on new methodologies to introduce wdiffe
substituents on the secondary face in a selecéigshidn is highly
desirable.

of the different scavengeds5 and9 was investigated in a second step

This journal is © The Royal Society of Chemistry 2012
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