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We have performed DFT computational studies [B3LYP, 6-GZ] to obtain metal ion coordination isomers

of VX-Me [MeP(O)(OMe)(SCHCH,NMey)], a model of two of the most lethal nerve agents: VX [MeP-
(O)(OEL)(SCHCH,N('Pr),)] and Russian-VX [MeP(O)(OCH HMe,)(SCHCH,N(Et),)]. Our calculations
involved geometry optimizations of the neutral VX-Me model as well as complexes withiH, Nat, K,

Be*", Mg?t, and C&" that yielded 2-8 different stable chelation modes for each ion that involved mainly
mono- and bidentate binding. Importantly, our studies revealed that the][®Gidentate binding mode, long
thought to be the active mode in differentiating the hydrolytic path of VX from other nerve agents, was the
most stable for all ions studied here. Binding energy depended mainly on ionic size as well as charge, with
binding energies ranging from 364 kcal mbfor Be?" to 33 kcal mof! for K*. Furthermore, calculated

NMR shifts for VX-Me correlate to experimental values of VX.

1. Introduction for selective VX binding and selective hydrolydfssensing,
as well as insight into metalloenzyme-mediated detoxification.
Reports of VX in the presence of the ions/compounds of
sodium?Z® magnesiun?! aluminum?® manganesé copperz?
silver!® zinc2* and europiur®® have been made. Despite
numerous related reports, there are still no known structural
Nexamples of M-VX interactions to the best of our knowledge,
frustrating in light of the proposition that metal binding mediates
nucleophilic displacement at phosphofi#8.VX chemistry is
diverse. Furthermore VX itself can be composed of thami
Pz enantiomers. Here, we have useds)(R/X-Me which
possesses a greater acetylcholine toxicity in biology than the
Pr isomer!! VX has been modified in this report to possess
methyl groups in place of ethoxy and diisopropyl! units (Figure

Organophosphate nerve agents are stockpiled worldide.
Presently, they are disposed of by either incineration or
hydrolysis. Deployment of such agents during peacetime in
Japaf~* and wartime in Irag[” supports the need for continued
research into real-time sensor technology and decontaminatio
system&-10 for nerve agents such as sarin and VX{¢thyl-
S|[diisopropylamino]ethyl)methylphosphonothioate]. The effect
of metal coordination on PX (X = O, S) and G-S bond
cleavage is thus as relevant as ever.SPbond cleavage is
essential in decontamination and thus is most soughtSC
cleavage proves to be difficult to achieve; and®R bond
hydrolysis produces the undesired and still highly toxic thiocolic

acid derivative’? There are various VX isomers, nar?ely, WO 1), Gas phase calculations are relevant especially to technologies
constitutional isomers, VX [MeP(O)(OED)(SGEHN(Pr))] in which airborne analytes adsorb to metal i8h3 Gas phase

and Russian-VX [MeP(O)(OCKHMe,)(SCHCHN(Et))] calculations also provide information about agent activity in
(Figure 1), each of which possess a stereogenic center. Howevergome solution matrixes. Neat VX is an organic material, soluble
toxicity is extreme regardless of the isoniét. in aqueous alkali solution only at low concentratiénand

Various modeling approaches continue to be undertaken. cations present in alkaline media may participate in bonding as
Previous computational studies have been performed ofi#%¥X 3 result of metal coordination.
and related organophosphdted® but these efforts have not The synthetic preparation of known simulants has allowed for
addressed agent binding and the determination of stableexperimental handling that is less stringent, however, only partial
coordination isomers that enable VX to be positioned for information of the wide range of the Comp|ex methy| phospho_
selective bond cleavage. nothioate chemistry of VX is true for these mimics (Figuré 3).

It is hypothesized that VXmetal binding is distinct from By inspection of the structures in Figure 3, none of these mimics
G-type organophosphates by virtue of an additional interaction provide for “the unique intramolecular amino nitrogen effect”
with the tertiary nitrogen. Can, therefore, VX function as a found in VX8 Demeton-S-ethyl has the most likeness to VX,
bidentate ligand (Figure 1370 address this question, we have however the [S-Et] unit is likely to exhibit significantly different
engaged in model studies to establish the fundamental coordina-chemistry than the [-N(CH(C#}),] unit. Additionally, the [P-O-
tion chemistry of VX with a single metal ion center. Thus, there Et] unit has formally replaced the [P-Me] group.
are hard and soft donor atoms of varying hybridization combined 2. Computational Details
with extremely low symmetry. VXsulfur binding has been ' ] . ) . .
previously addressed.Implications of modeling such metala- Geometries were optimized with density functional theory

tion are varied and include design of ligand systems that allow (PFT) methods using combined Becke’s three parameter
exchange functional and the gradient-corrected correlation
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Figure 1. G- and V-type nerve agents (undesignated stereocenters).

ometries. Basis set effects were also investigated for several
R/M\O Il:a M-'—(|'.|) complexes at the DFT level employing 6-31+G** basis sets.
R
R/fll\/\s/gv-oﬂ R/N\/\\S/PKM‘“O/ 3. Results and Discussion
| Me v ¢ The geometry of the neutral VA XMe model system was
R o optimized and appears in Figure 4. Its two flexible arms [-OMe]
R M r!J |F! _R' and [-SR] rotate in a way similar to a related structurally
|7 R R NN N0 characterized substrate.In the geometry of VX-Me, the
RN ? M){ O—P—-0—Me dihedral angle is 47 the G=P—S—C angle is
klsfpi“‘"o M ca. 1T, the N~C—C-S angle is 177 and the G-C—S—P
i Me v angle is ca. 88
ﬁ . Notably in 1, the Q,N binding atoms are not arranged for
o—M /P‘“O/R metal chelation (@-+N distance= 4.43 A)34 stability is gained
|~|1 |FL f/R' ST Me when the dimethylene unit between the S and N atoms achieves
R NN N0 R—N—_ / the anti configuration. Since this geometry is taken to be the
i Me R Mo most stable conformation, some organization is required prior
Figure 2. Six proposed bidentate binding modes for VX=RPr, R to complexation, evident from the geometry optimized VX
= Et and Russian-VX, R= Et, R = CH,-Pr. complexes provided in Figures 5 and 6.
The simplest and most common chelation occurs by way of
Vibrational frequencies were calculated for structureS5. protonation (Figure 5), most greatly favored at nitrogen.

Imaginary frequencies were absent in all structures reported hereadditional stability is imparted by the proximal phosphoryl
indicating true minima were located. Structural parameter and oxygen, allowing for the formation of an intramolecular
certain mode-specific frequencies are compared with available hydrogen bond in geometry 2.
experimental values where possible. The basis set superposition This bidentate coordination is also favored for alkali and
errors (BSSE) were calculated using standard counterpoiseglkaline earth metal ions. Loss of the amino contact as in
correction of Boys and Bernaréfl. Binding energies were geometry3 destabilizes this geometry by 26.3 kcal mbhs
calculated as the difference in energy for a given complex indicated by the differences in the binding energy values
geometry, and the calculated energies for geometaynd the  gppearing in Table 1. More about the properties of the
corresponding NI and are given as positive values. The binding complexes involving the proton is discussed subsequently.
energies have been modified to account for thermal correction  The optimized metal complex geometries are arranged from
atT = 298 K andP = 1 atm. Corrected and uncorrected energies greatest to least stability by ion (Figures 6 and 7); geometric/
are provided in Tables 1 and 3. All calculations were performed energetic values are summarized in Tables 1 and 2. The
with the Gaussian 03 suite of prografis. exhaustive list of M-X (X = N, O, S) internuclear distances
To examine the effect of dispersion interactions and to below reveals a correlation betweens,,® bidenticity and
establish consistency between the computational methodologiesstability. Notably, the stable conformers fortL{5), Na* (11),
we also undertook MP2 calculations for the most stable and K* (19) all involve a bidentate N metal interaction, e.g.,
complexes. These values are in parentheses in Tables 1 and & geometny5 the [Li-++O=P] distance is 1.78 A and the [:iN]
and the Cartesian coordinates are provided in the Supportingdistance is 2.02 A. We see comparable geometric parameters
Information. Single-point energy calculations [CCSD(T)/ for Na" and K" complexes: the [Na-O=P] distance in
6-31+G*//MP2/6-314+G*] were also performed on select ge- geometryll is 2.18 A and the [Na-N] distance is 2.39 A.



Chelation in VX Nerve Agent Model Systems

J. Phys. Chem. A, Vol. 110, No. 10, 2008657

i I i ||
"Bu Et Et
R n - / - -
R\o /P“_O/ BU ~ /P\O.O Et\o /P\.\S/ ] /F‘\\ S/
Me Me O\
) Et
R= Pr (DIMP) Bu" DEMP
R =Me Ph
NO, (DEPPT)
I
R. o
ﬂ\ \o——'/'F’\S/\/s\Et | o
-\ "© q Peu
EtO’ \ Ph/ \ -8
OFt R R'= Me (Demeton S), Ph
E = O (Paraoxon), Et (Demeton-S-Methyl)
S (Parathion)
COOEt
Et !‘L / g E /Ph N
o ;S e ‘\S Et !J\\ COOEt
/O Fonofos o NS
Et Et Me  Malathion

Figure 3. lllustrations of VX simulants adapted from ref 9.

TABLE 1: Internuclear Distances and Binding Energies (BE, kcal mot?) of MT—VX—Me Complexes Optimized at the

B3LYP/6-31+G* Level?

ion geom. M---O=P M*s--N M*---O M*---S BE BE+ BSSE BETh. Corr.*
H* 2 1.71 1.05 3.73 2.98 246.4 245.8 237.7
(1.76) (1.05) (3.65) (2.87) (247.3) (245.2) (237.3)
H* 3 0.98 5.55 2.77 3.30 220.1 220.0 214.0
H* 4 3.46 5.38 0.98 3.04 197.4 197.1 191.0
Li* 5 1.78 2.02 3.81 3.29 76.3 75.1 73.6
(1.84) (2.03) (3.65) (3.00) (75.9) (71.1) (70.0)
Lit 6 3.63 2.02 1.94 2.52 68.9 67.5 66.2
Lit 7 1.72 8.33 4.21 4.22 59.1 58.3 57.5
Li* 8 1.73 3.42 4.27 4.20 58.8 58.0 57.3
Lit 9 1.84 5.04 2.06 4.20 56.2 55.2 54.5
Lit 10 3.80 4.45 1.89 2.46 45.3 44.2 43.8
Na* 11 2.18 2.39 4.19 3.23 53.8 52.2 51.3
(2.24) (2.43) (4.18) (3.23) (52.2) (48.2) (47.5)
Na* 12 3.90 2.40 2.34 2.81 47.6 45.8 44.9
Na* 13 2.09 8.64 4.60 4.52 435 42.2 41.6
Na* 14 2.09 7.01 4.04 4.79 41.8 40.7 404
Na* 15 2.10 4.02 4.60 4.74 41.6 40.2 39.9
Na* 16 2.19 5.10 2.47 4.58 40.5 39.1 38.8
Na* 17 5.66 2.39 5.12 2.70 39.0 37.9 375
Na* 18 4.13 4.58 2.29 2.79 30.9 29.6 29.3
K+ 19 2.58 291 4.06 3.67 34.9 33.9 33.3
(2.64) (2.87) (3.27) (3.62) (39.4) (33.3) (32.8)
K+ 20 2.47 8.94 4.95 4.83 31.7 311 30.6
K+ 21 4.20 2.87 2.82 3.24 30.1 29.1 28.8
K+ 22 2.48 4.92 4.87 5.29 28.2 27.3 27.0
K+ 23 2.56 5.38 3.03 5.09 29.3 28.6 28.2
K+ 24 2.50 4.65 4.76 4.87 27.1 26.5 26.1
K+ 25 6.07 2.89 5.31 3.12 25.0 24.2 24.1

aValues in paretheses are optimized at the MP2/6-31 BSSE= basis set superposition error is calculated by the counterpoise method. The
asterisk (*) indicates (incl. ZPE} BSSE. Th. Corr= Thermal correction from 0 to 298 K, ZPE zero-point energy. Distances in bold indicate
bond formation. Interactions are judged by comparing calculated distances to reference d#tamtes.H, Li, Na, and K. Thermal correction
in the last column refers to the thermal correction to enekgy) (which equals the sum d&, E.o;, andE.i, (tr: translational, rot: rotational, vib:
vibrational). For metal ions, thermal correctio&f E.t,) equals 2.RT.

Likewise for 19, the [K---O=P] distance is 2.58 A and the

The geometries reflecting lowest energy structures in Tables

[K---N] distance is 2.91 A. Metal bonding to N and O gives 1 and 2 were then geometry optimized again using the MP2/

rise to stability rationalized by a Lewis acidic metal ion

6-31+G* basis set giving very similar, if not exact energetic

optimizing binding from the Lewis basic heteroatoms through and geometric values (shown in parentheses). This was done

unstrained conformational change of the ¥Nle ligand. Thus

in order to benchmark these calculations to assist in future

monodentate interactions are less favored, and binding modegheoretical comparisons. Furthermore, single-point energy cal-
V and VI (Figure 2) featuring strained four-membered chelate culations [CCSD(T)/6-31G*//MP2/6-31+G*] were also per-

rings are also less favored.
The VX—Me—alkaline earth metal ion (B&, Mg?*™, C&™")

formed on geometrieafor H* (248.8 kcal/mol)5 for Li* (76.6
kcal/mol), 11 for Na" (52.7 kcal/mol),19 for K* (40.0 kcal/

complexes below in Figure 7 reveal similar patterns to what is mol), 26 for Be*™ (367.5 kcal/mol),28 for Mgt (219.0 kcal/
observed for those of the alkali metals above. Notably, mol), and31for Ca&" (143.3 kcal/mol) giving binding energies

geometries?26, 28, and 31 represent the most stable binding
energy conformers.

in good agreement with those obtained at the B3LYP/6-G1
level. To investigate the basis set effect on the binding energies,
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TABLE 2: Metal lon —Heteroatom Internuclear Distances and Binding Energies (BE, kcal molt) of M2F—VX —Me Complexes
Optimized at the B3LYP/6-31+G* Level?

metalion geometry  ¥f---O=P (A) M2*---N(R) M2+-.O(R) M2+---S(A) BE BE+ BSSE  BEFTh. Corr.(incl.ZPE)

Be* 26 1.52 1.66 3.34 2.18 368.7 366.7 364.4
(1.54) (1.67) (3.31) (2.13) (365.3)  (355.0) (353.2)
Be* 27 3.32 1.67 1.57 2.07 350.2 348.0 347.8
Mg2+ 28 1.93 2.10 3.66 2.59 223.9 221.8 220.6
(1.95) (2.10) (3.62) (2.60) (217.9)  (210.1) (209.2)
Mg2+ 29 3.57 2.09 2.01 2.46 207.5 205.2 204.1
Mg2+ 30 1.94 6.66 2.14 4.14 174.4 172.9 172.9
Ca?* 31 2.26 2.51 3.99 3.09 142.6 141.3 140.4
(2.28) (2.50) (3.91) (312)  (1425)  (135.9) (135.2)
Ca?* 32 3.89 2.49 2.39 2.88 126.9 125.6 1253
Ca?* 33 2.17 3.97 4.65 4.59 116.1 115.1 115.9
Ca?* 34 2.26 3.92 2.46 4.45 114.4 113.2 113.7
Ca?* 35 2.22 6.84 4.46 2.95 109.4 108.6 108.9

aValues in parentheses are optimized at the MP2/63%1 The content of the footnote for Table 1 applies here as wek=He, Mg, and Ca.

TABLE 3: Geometric Parameters of the [O--*M"*++N] (n = [O---M"*---N] and the O--N distance of the ligand are easily
1, 2) Interaction® modified to accommodate metals of various sizes. In particular,
[O-++N] distance [O+++M"+-++N] angle the [O--HT---N] angle is ca. 155with an [O-+N] separation

geometry  description (A) ) of 2.70 A. Internuclear [©-N] distances and [©-M"*++N]
2 [H*—VX—Me] 270 154.6 angles for the chelated metal ions range from 3.41 to 3.92 A
5 [LiT—VX—Me] 3.41 127.8 and ca. 9+ 138, respectively (Table 3).
ié %Ei‘i‘v\;x__wl'\g‘]':‘] ggg 1;8-3 There are some structural fragments that are helpful in
26  [Be**—VX—Me] 597 1375 consm_zle_nng certain metaMX binding modes. Complexes
28 [MgZ*—VX—Me] 363 129.1 containing a neutral [(N—CH,—CH,—S—R'] fragment are
31  [Ca*—VX—Me] 3.92 110.6 known and these motifs are reminiscent of those in geometries

"M = H", Li*, Nat, K*, B&", Mg?", and CA". 11 an(_125 above3t~40|n thes_e structures, the R group does not
) ) ) contain subsequent chelating amino groups. There are also
single-point calculations [B3LYP/6-3#1+G**//B3LYP/6- examples of [RN—CH,CH,—S—] LX-type metal complex
31+G*] were carried out on structuresfor H* (247.0 kcal/ derivatives which can be thought of as formally representing a
][n°|z<'+5 f(OSrGL;k(Y?}S kgag?]?')’lBl ffr(glég 555-5 ||70a|{)r“2°8|)%19 coordinated thiocholine arm immobilized after hydroly&is.
or -2 Kcal/mol), or be - Kcalimol),2s for P=0, C-S, P-OR, and P-S bonds are often the intended
e ey At 101 f s s o ety V. Netalaton e
B3LYP/6-31+G* level except in the case of &a these bonds. Compared to the most stable binding r¢eig-
. ure 2) for all monocationic and dicationic complexes;®and
We can now con3|der. each stable complex. that_bears thec_S bonds undergo elongation, whereasdR and P-S bonds
[Or:N] heteroatom metal ion contact. The chelation bite angle undergo contraction (except for divalent metals discussed be-
low). The P=0 bond has the maximum elongation for group Il
metal cations (B&, 0.07; Mg", 0.04; C&*, 0.03 A) compared
with group | cations (H, 0.02; Li*, 0.02; Na, 0.01; K", 0.003
A), due to a greater electrostatic interaction. As for theCP
bond, the C-S bond decreases from Beto C&" in the second
group (0.04, 0.04, and 0.02 A). For'Lio K*, the values are
0.01, 0.01, 0.01 A2aThe contraction behavior of-FOR (Li™,

1 —0.03; N&, —0.03; K, —0.02; B&+, —0.08; Mg+, —0.06;
Figure 4. Geometry optimized structure of uncomplexed Ve (1). C&*, —0.05) is similar to B=O and CG-S bonds. However, for
I'O h: fldr S= yellow, P= dark blue, C= dark gray, H= white, N= the P-S bond, it undergoes contraction in the presence of group
ght blue. | metal ions (Li¥, —0.02; Na, 0.00; Kt, —0.01 A) but

elongation for dipositive metal ions (Bg 0.05; Mg, 0.05;
Ca&t, 0.02 A) ascribed to a substantial-\& interaction.

For the next stable binding modle (Figure 2), the extent of
elongation of G-S bond (A) decreases down the group™(Li
0.01; N&, 0.01; K", 0.01; and B&", 0.04; Mg", 0.03; C&,
2 3 0.02). Similarly, the contraction of the=FO bond (A) either
remains the same or decreases™(l15+0.01; Na, —0.01; K",
—0.01; and B&", —0.03; Mg’", —0.02; C&", —0.02). The
P—OR bond length (A) (L, 0.05; N&, 0.04; K, 0.03 and
Be?™, 0.15; Mg+, 0.11; C&™, 0.08) also decreases. The-8
bond undergoes elongation except for the iin ( —0.04 A)

4 and the magnitude decreases down a group,(Qi01; Na,
Figure 5. Geometry optimized structures of tHVX—Me. Ht = 0.004; B&*, 0.07; Mg, 0.06; C&*, 0.04 A). For K', the P-S
green, O= red, S= yellow, N = dark blue, C= dark gray, H= bond contracts due to the large size df; lthe K*-+-S interaction

white, P= light blue. is thought to be weak with a distance of 3.24 A. Despite bond
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Li*-VX-Me models Na'-VX-Me models

25

Figure 6. Geometry optimized M—VX—Me complexes with Lf, Na, and K. M* = dark pink, O= red, S= yellow, N = dark blue, C= dark
gray, H= white, P= light blue. Interactions of M with heteroatoms are represented by dotted lines.

elongations, the bidenticity may inhibit hydrolysis due to the  Spectroscopy.Theoretical calculations have enabled us to
conformational rigidity that the seven-membered chelate ring calculate the NMR shifts for all atoms in \VAMe.#2b Although
creates. many of the proton signals for the model do not have direct
These model systems involve the simplest metal complex counterparts in the actual VX and Russian-VX systems, we have
possible: alone metal ion devoid of an ancillary ligand system. compared certain relavent shifts that exist for both (Table 4).
The result of these efforts is structural information with no real We also include a complete list of computed NMR shifts for
experimental counterparts for comparison. However, this infor- H*—VX—Me and the metal complexes.
mation may be helpful in sensing technology. Sorption detection  According to these calculations, upon metal complexation,
devices detect “gas phase” analytes and may use a polymer thathe [P-Me] carbon signal moves to lower field, whereas the
is layered onto a surface of a quartz crystal. This coating may methylene carbons in the-c—C—N pendant arm appear at
contain metal ions by design as sorption sites allowing for slightly higher field. This trend in shifts upon metal complexa-
analyte/agent binding specificity through the formation of stable tion has been reported before experimentally for different sys-
binding modalities. A bidentate VX arrangement seems realistic tems* These theoretical differences in chemical shift should allow
in practice, save for the conformational cost and requirement for ease in spectroscopic detection experimentally. A complete
of adjacent vacant sites at a single metal ion. These criteria ruletable of NMR values is provided in the Supporting Information.
out the utility of single open-site complexes, as well as the  Additional spectroscopic information is provided by the=O
presence of bulky ancillary ligands, judging from the bite angles P stretching band for the VXXMe ligand and complex. Much
appearing in Table 3. These angles do suggest, however, thats known about the [M-O=PRy] interaction; the phosphoryl
heavier metals afford a narrower bite angle and will tolerate stretch (ca. 1200 cm) serves as a useful reporter of the strength
some bulky ancillary ligand support. Unfortunately from our of the metal-oxygen interactio®4” However few structural
modeling attempts thus far, we cannot speculate about whichstudies have been performed on groups other tha&aPR
metal complex/ligand systems are suitable. moieties (R= alkyl, aryl). From a survey of those structures in
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Figure 7. Geometry optimized VXMe complexes B&, Mg?", and C&". M2" is dark pink, O= red, S= yellow, N = dark blue, C= dark gray,
H = white, P= light blue. Interactions of ®I" with heteroatoms are represented by dotted lines.

TABLE 4: 3P and 13C NMR Isotropic Chemical Shifts (Relative to TMS; All Values in ppm) for the Most Stable Protonated

(2) and Other Metalated Complexes at GIAG-B3LYP/6-31+G*

1 VX 2(HY)  5(Li*)  11(Na’) 19(K%)  26(Be*)  28(Mg?)  31(Ca)
P(CHs)? 54.0 52.461.7P55.£057.0%°  147.7 67.7 65.5 58.4 86.3 83.6 746
P(CHs) 182 238 20.56 11.9 14.5 12.5 11.5 11.0 11.0
17.81
SCH; 253  34.1 54.0 27.4 27.9 27.4 36.7 32.3 29.3
2531
NCH. 577 477 40.7 58.7 56.2 56.2 57.8 55.6 56.3
47.31

a Reference 43. The external reference for #ievalue was 85% phosphoric acitReference 44. 1, water; gert-butyl alcohol; 3, CDG.

the Cambridge Structural Database, the mea®@®ond length
in [M---O=P] interactions is 1.50 A, and the mean {MD]
distance is 2.09 A8 Electron-poor ions (e.g., Ee and C@*)
favor strong coordination with a concomitant change irJ€)
stretching frequency by 36100 cnt®. The computed [RO]
stretching frequency fol is 1181.0 cm?. Additionally, the
derivatives for Li" (5) and N& (11) give lower energy stretches
of 1125.8 and 1163 cmi, respectively, rationalized by the weak-
ening of the [G=P] bond in creating the [M-O=P] electrostatic
interaction. For B&™ and Mg, P=0 stretches are dramatically
red-shifted to 927 and 938 cr respectively, indicating a strong
[M---O=P] electrostatic interaction in their respective complexes
(26 and 28) due to their divalent nature and small size.

4. Conclusion

We have modeled metal ion coordination isomerism involving
VX —Me [MeP(O)(OMe)(SCHCH;NMe,)], a model that bears

very close resemblance to both VX [MeP(O)(OEt)(SCHaN(-

Pr))] and Russian-VX [MeP(O)(OCKHMe,)(SCH.CH,N-
(Et)2)] which are stockpiled in the United States and in Russia,
respectively. Our DFT computational [B3LYP, 6-BG*]
studies point to secondary amino coordination at a single metal
center that serves to stabilize the primary monodentat€OM
binding mode of VX-Me. Thus, VX can be considered a
bidentate ligand, important in further sensing and decontamina-
tion studies. Geometry optimizations of the neutral-vMe as

well as complexes with H Li*, Na", K+, Be", Mg?", and
C&" were obtained. Theoretical binding studies show a prefer-
ence for VX [Q,N] chelation involving a seven-membered
chelate ring for all ions examined here. Thus, when considering
ligand design, this coordination suggests the need for a minimum
of two adjacent open sites at one metal ion in a given metal ion
or complex that accommodatesg®@M---N] bite angles that
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are seen to decrease for the heavier ions for both groups | and (20) Wagner, G. W.; Procell, L. R.; O'Connor, R. J.; Munavalli, S.;

Il. Binding energies mainly depended on the size and charg
of the ion with binding energies that ranged from 364 kcalThol
for the very hard B&" ion to 33 kcal mot? for the softer K.
Further, calculations using different methodology (MP2/6-
31+G*), single-point CCSD(T)/6-31G*//IMP2/6-31+G*, and
single-point large basis set B3LYP/6-3t+G**//B3LYP/6-
31+G* calculations agree in general with B3LYP/6-BG*

e

Carnes, C. L.; Kapoor, P. N.; Klabunde, K.Jl. Am. Chem. SoQ001,
123 1636-1644.

(21) Wagner, G. W.; Bartram, P. W.; Koper, O.; Klabunde, KJJ.
Phys. Chem. B999 103 3225-3228.

(22) Wagner, G. W.; Procell, L. R.; Yang, Y. C.; Bunton, C.LAangmuir
2001, 17, 4809-4811.

(23) Guilbault, G. G.; Affolter, J.; Tomita, Y.; Kolesar, E. S., Anal.
Chem.1981, 53, 2057-2060.

(24) Mackay, R. A.; Poziomek, E. Jnorg. Chem.1981, 20, 3111~

results. Subtler issues to be addressed in the future may involve3112.

(i) binding selectivity between VX and Russian-VX and (ii)
how stable coordination isomers can be correctly positioned for
specific bond (P-S) cleavage in real catalytic systems. A long-
term goal is to understand the details of how metal ion binding
inhibits agent toxicity.
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