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Abstract Density functional theory (DFT) has been used

to study the solvolysis process of the organophosphorus

compound P-[2-(dimethylamino)ethyl]-N,N-dimethylphos-

phonamidic fluoride (GV) with simple nucleophile

[hydroxide (HO-)] and a-nucleophiles [hydroperoxide

(HOO-) and hydroxylamine anion (NH2O-)]. The lowest

energy conformer of GV used for the solvolysis process

was identified with Monte Carlo conformational search

(MCMM) algorithm employing MMFFs force field fol-

lowed by DFT calculations. The profound effect was found

for a-nucleophiles toward the solvolysis of GV compared

to normal alkaline hydrolysis. Incorporation of solvent

(water) employing SCRF (PCM) model at B3LYP/6-

31?G* showed that solvolysis of GV with hydroperoxide

(activation energy = 7.6 kcal/mol) is kinetically more

favored compared to hydroxide and hydroxylamine anion

(activation energy = 11.0 and 9.2 kcal/mol, respectively).

The faster solvolysis of GV with hydroperoxide is achieved

due to strong intermolecular hydrogen bonding in the

transition state geometry compared to similar a-nucleo-

phile hydroxylamine anion. Assistance of a water molecule

in solvolysis of GV affects the activation barriers; however,

the hydroperoxidolysis remains the preferential process.

The topological properties of electron density distributions

for (–X–H���O, X = O, N) intermolecular hydrogen

bonding bridges have been analyzed in terms of Bader

theory of atoms in molecules (AIM). Further, the analysis

was extended by natural bond orbital (NBO) methods for

the strength of intermolecular hydrogen bonding in the

transition state geometries. This study showed that the

reactivity of these a-nucleophiles toward the solvolysis of

GV is a delicate balance between the nucleophilicity and

hydrogen-bond strength. Solvation governs the overall

thermodynamics for the destruction of GV, which other-

wise is unfavored in the gas phase studies.

Keywords Solvolysis � Ab initio calculations �
a-Nucleophiles � Nerve agent � Hydroxylamine anion

1 Introduction

Detoxification of extremely toxic chemical warfare agents

(CWA) such as VX, GB (sarin) and sulfur mustard is an

active field of research. Most of the chemical warfare nerve

agents are alkylphosphonate and insecticides are generally

organophosphate triesters that can irreversibly react with the

enzyme acetylcholinesterase (AChE), inhibiting its control

over the central nervous system [1–3]. AChE catalyzes the

ester hydrolysis process of the neurotransmitter acetyl-

choline (ACh) to terminate synaptic transmission [4–6].

Inhibition of AChE occurs as a result of the phosphylation of

the active serine residue with organophosphorus compounds

[7–9]. AChE inhibition results in acetylcholine accumula-

tion at cholinergic receptor sites, thereby excessively stimu-

lating the cholinergic receptors. This can lead to various
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clinical disorders. Remediation of such toxic contaminants

therefore continues to be a challenge for research groups. In

particular, chemical means of achieving efficient destruc-

tion of organophosphate esters, especially a facile hydro-

lysis process, is one of the prime focuses in recent time [10,

11]. Other destruction methods have also been applied using

oxidizing agents, photocatalysis, metal-catalyzed decom-

position, enzyme degradation and reduction [12–22]. Nerve

agents mainly classified as volatile G-series and non-volatile

V-series. In addition, another type of nerve agent, whose

toxicity falls within G- and V-series is also reported. GV

(P-[2-(dimethylamino)ethyl]-N,N-dimethylphosphonamidic

fluoride) is one of the examples of this series [23, 24]. The

volatility of GV is in between the V- and G-series nerve

agents [23]. One of the chemical means to detoxify GV is

solvolysis using nucleophiles [25].

Computational methods offer the ability to explore

mechanistic details of these reactions while avoiding

exposure to these deadly agents [10, 26–33]. The literature

lacks information on solvolysis of GV with typical nucleo-

philes; however, the reactions with the oxime HI-6 is

reported [34]. In the present article, we have computation-

ally explored the solvolysis process of organophosphorus

compound GV (Scheme 1) using simple nucleophile viz.

hydroxide (HO-) and a-nucleophiles viz. hydroperoxide

(HOO-) and hydroxylamine anion (NH2O-). The calcu-

lated results demonstrate that a-nucleophiles are more

potent destructing agent for GV compared to that of typical

nucleophile. The detailed solvolysis pathways for the

destruction of GV with hydroxide, hydroperoxide and

hydroxylamine anion (NH2O-) are discussed in this study.

The potential energy surface for the reactions of GV with

these nucleophiles was computed in both gas and aqueous

phase. GV is a flexible molecule, hence a detailed confor-

mational search was performed combining Monte Carlo

conformational search [35, 36] with MMFFs force field

[37–41] and DFT calculations. The details of calculations

are given in the computational section.

2 Computational methodology

The following protocol was used to generate conformations

of GV. (1) An exhaustive conformational search was

performed with the molecular modeling program Macro-

model [42] using MMFFs force field [37–41]. Energy

minimizations were performed with the Polak–Ribiere [43]

conjugate gradient (PRCG) method, which involves the use

of first derivatives with convergence criterion set to

0.05 kJ/Å mol. Conformational search was performed by

the Monte Carlo method [35, 36] for the random variation

of all of the rotatable bonds combined with the Monte

Carlo conformational search (MCMM) algorithm [35, 36]

using 5000 Monte Carlo steps. (2) Sort all found confor-

mations according to energy. (3) Stored conformations

whose relative energy was within 50 kJ/mol of the lowest

energy structure. The resulting conformations were clus-

tered based on torsional RMS using XCluster approach

[44]. Based on the minimum separation ratio, we have

selected clustering level with six clusters. Minimum

separation ratio was employed to find the clustering level at

which the distance between members of clusters is much

smaller than the distance between clusters [45]. Six rep-

resentative conformers were selected from this clusteriza-

tion process. The selected conformations from the

conformational families were stored for further higher level

DFT calculations.

The six selected low energy conformers were optimized

with Becke3 Lee–Yang–Parr method [46–48] using

6-31G* basis set [49] in both gas and aqueous phases. The

lowest energy conformer was taken to explore the potential

energy surface for the reaction of hydroxide, hydroperoxide

and hydroxylamine anion with GV. All DFT calculations

were performed with Gaussian 03 suite program [50]. All

geometries were optimized at B3LYP/6-31G* energy

level of theory. To calculate the energies with higher

basis set, single point calculations were performed at

B3LYP/6-31?G* level using B3LYP/6-31G* optimized

geometries. To account for the solvation effect, full

geometry optimizations of all stationary points were per-

formed in water using polarizable continuum solvation

model (PCM) [51–55] at B3LYP/6-31G* level. For solvent

calculation, the program by default builds up the molecular

cavity using the united atom (UA0) model [53], i.e., by

putting a sphere around each solute heavy atom: hydrogen

atoms are enclosed in the sphere of the atom to which they

are bonded. The UA0 radii indicate the use of united atom

topological model applied on atomic radii of the UFF force

field. Further, single point calculations have been performed

at B3LYP/6-31?G*//B3LYP/6-31G* level in aqueous

phase. The energies calculated at B3LYP/6-31?G* level

were corrected with zero-point vibrational energies (ZPVE)

obtained at B3LYP/6-31G* level. To examine the reliability

of the methods employed in this study, additional calcula-

tions were performed for the hydrolysis of two organo-

phosphorus compounds sarin (G-series nerve agent) and

methoxy-methyl-phosphoryl fluoride (MMPF) in aqueous
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Scheme 1 Solvolysis process of GV with nucleophiles
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phase. Activation energies for the hydrolysis of these two

compounds were calculated using various DFT methods

viz. hybrid meta-GGA method (BB1K, TPSS1KCIS and

M05-2X) [56–58] and hybrid DFT method (B3LYP) using

6-31?G* basis set. ZPVE corrected activation energies are

given in Table 1. Hybrid meta-GGA functionals BB1K and

TPSS1KCIS considered to be better density functional

methods for predictions of thermochemical properties;

whereas, M05-2X also known to be a better DFT functional

for thermochemistry and non-covalent interactions [56–58].

The calculated activation barriers for the hydrolysis of

sarin and MMPF with these DFT methods show that

B3LYP/6-31?G* activation barriers were found to be in

close agreement with the reported experimental results

compared to other DFT functionals employed in this study

(Table 1) [59]. The better agreement with the experimental

results was obtained at B3LYP/6-31?G*//B3LYP/6-31G*

level corrected with B3LYP/6-31G* calculated ZPVE

values (Table 1).

The stationary points were characterized by frequency

calculations in order to verify that the transition structures

had one, and only one, imaginary frequency. To verify that

each saddle point connects two minima, intrinsic reaction

coordinate (IRC) calculations of transition states were

performed in both directions, i.e., by following the eigen-

vectors associated with the unique negative eigen value of

the Hessian matrix, using the González and Schlegel [60,

61] integration method. The nature of intermolecular

hydrogen bonding in the transition state geometries has

been studied by means of the Bader theory of atoms in

molecules (AIM) [62–64]. Such analysis was performed,

because it is known that the electronic density at the bond

critical point (BCP)—qBCP and its Laplacian r2qBCP—

may be very useful parameters for the estimation of the

relative strength of hydrogen bonding [65]. Additionally,

natural bond orbital (NBO) [66] analysis was also

performed.

3 Results and discussion

Six conformations of GV obtained using MMFFs force

field are given in Fig. S1 (Supporting information). These

conformers are largely different in the relative orientations

of substituted amino-groups. Optimization of these six

conformers with B3LYP/6-31G* level in both gas phase

(Fig. S2, Supporting information) and aqueous phase

(Fig. 1) resulted in five different geometries. GV-5 and

GV-6 (Fig. S1, Supporting information) yielded the same

geometry V shown below (Fig. 1) in both the gas and

aqueous phases. The second lowest conformer (GV-2)

obtained from Monte Carlo conformational search method

was found to be the lowest energy conformer II at DFT

level of theory (Fig. 1; Supporting information Figs. S1, S2).

The conformer IV is the second lowest energy con-

former with inverted pyramidalization of one of the amino

nitrogen with respect to the lowest energy conformer

(Fig. 1). The conformer II-G (Fig. S2, Supporting infor-

mation) and II (Fig. 1) has been considered for the

solvolysis study with different nucleophiles in gas and

aqueous phases, respectively.

It has been anticipated that solvolysis of organophos-

phorus nerve agents proceeds through the formation of a

trigonal–bipyramidal intermediates (TBP) [29]. Generally,

Table 1 Computed activation energy (kcal/mol) and activation

enthalpy (in parentheses) for hydrolysis of organophosphorus com-

pounds MMPF and sarin in aqueous phase using different DFT

functionals

Method MMPFa Sarina

B3LYP/6-31?G* 5.3 (4.4) 6.8 (6.0)

BB1 K/6-31?G* 3.8 (3.0) 5.0 (4.3)

TPSS1KCIS/6-31?G* 4.4 (3.5) 5.4 (4.7)

M052X/6-31?G* 1.1 (0.2) 2.6 (1.8)

B3LYP/6-31?G*//B3LYP/6-31G* 7.5a (6.1) 8.6b (7.5)

Arrhenius activation barrier is converted to activation enthalpy for

comparison purpose based on the relationship Ea = DH� ? RT, at

298 K
a Reported experimental activation energy and activation enthalpy

for MMPF is 10.5 ± 0.7 and 9.9 ± 0.7 kcal/mol, respectively, and

for sarin is 9.1 ± 0.3 and 8.5 ± 0.3 kcal/mol, respectively
b Corrected with B3LYP/6-31G* calculated ZPVE

Fig. 1 B3LYP/6-31G* optimized geometry in aqueous phase of

various conformer of GV and their relative energies (kcal/mol)

compared to conformer II (red oxygen, blue nitrogen, white hydrogen,

cyan fluoride and yellow phosphorus)
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in trigonal–bipyramidal phosphorus compounds, the most

electronegative group thermodynamically prefers the api-

cal position, and also elimination is more facile from an

apical position [67]. Thus, the most electronegative group

may be expected to be the preferred leaving group in the

absence of any other electronic or steric reasons. In the

case of GV, fluoride is more electronegative compared to

that of other groups, therefore more apicophilic and is more

facile leaving group. Reports on GV series of compounds

showed that hydrogen fluoride is formed upon hydrolysis

[23]. In this study, we have explored the solvolysis process

of GV with different nucleophiles assuming the upcoming

of nucleophiles opposite to fluorine.

3.1 Hydrolysis

The potential energy profiles for the hydrolysis pathway of

GV in both the gas and aqueous phases are given in Fig. 2.

The gas phase optimized geometries at B3LYP/6-31G*

level are given in Supporting information (Fig. S3). For-

mation of trigonal bipyramidal intermediate 2a has been

proceeded via the transition state TS1a showing negative

activation energy of 21.7 kcal/mol in the gas phase at

B3LYP/6-31?G*//B3LYP/6-31G* level. A plausible cal-

culated energy barrier can never be negative. It is expected

that one other stable structure exists between the reactant

and the transition state [68]. Thus, there might be a com-

plex formation between reactants and transition states. The

complex (1a) between GV and hydroxide ion was found at

the potential energy surface with the P–O bond distance of

3.749 Å and 26.1 kcal/mol below the separated reactants

(Fig. 2; Supporting information, Fig. S3). Further, complex

1a leads to a trigonal bipyramidal intermediate 2a with

activation energy of 4.4 kcal/mol (Fig. 2). Intermediate 2a

is 36.8 kcal/mol below separated reactants (Fig. 2). The

formation of complex 3a is energetically favored by

1.1 kcal/mol compared to the intermediate 2a. This process

proceeds via another transition state TS2a with an

activation energy of 6.6 kcal/mol (Fig. 2). Finally, com-

plex 3a leads to the hydrolyzed products P-(2-(dimethyl-

amino)ethyl)-N,N-dimethylphosphonamidic acid (P1a) and

fluoride ion, which is 14.7 kcal/mol below separated

reactants (Fig. 2). Nevertheless, the products are less stable

than the corresponding complex 3a (Fig. 2). Thus, the last

step in the potential energy surface is an endothermic

process; however, the overall process ensues rapid hydro-

lysis of GV with hydroxide ion.

B3LYP/6-31?G*//B3LYP/6-31G* calculated results in

the aqueous phase using polarized continuum model

(PCM) shows a different pattern from gas phase calculated

results (Fig. 2). The separated reactants directly go to the

transition state TS1a-aq in aqueous phase and the activa-

tion energy is found to be 11.0 kcal/mol (Fig. 2). The P–O

and P–F bond distances in TS1a-aq are 2.885 and 1.639 Å,

respectively (Fig. 3). Trigonal bipyramidal intermediate

2a-aq was found to be 4.7 kcal/mol below separated

reactants (Fig. 2). The P–O and P–F bond distances in

trigonal bipyramidal intermediate geometry 2a-aq are

1.774 and 1.773 Å, respectively (Fig. 3). Elimination of

fluoride ion proceeds through the transition state TS2a-aq

with a very small activation energy of 0.1 kcal/mol. On

going from the intermediate 2a-aq to transition state

geometry TS2a-aq the P–F bond distance (2.894 Å)

increased by 0.80 Å shows the expulsion of fluoride ion

(Fig. 3). Unlike the gas phase profile, the transition state

TS2a-aq directly goes to the final products, P1a-aq and

Fig. 2 B3LYP/6-31?G*//B3LYP/6-31G* calculated energy profile

diagram for hydrolysis of GV in gas phase and aqueous phase

Fig. 3 B3LYP/6-31G* optimized geometries and selected bond

distances (Å) for organophosphorus species involved in the hydrolysis

of GV in aqueous phase (red oxygen, blue nitrogen, white hydrogen,

cyan fluoride and yellow phosphorus)
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fluoride ion (Figs. 2, 3). The formation of products is

exothermic in the solution phase (Fig. 2). In P1a-aq, the

hydroxide ion is not participating in the hydrogen bond

formation with the dimethylamine group, which however

can take place. Optimization of P1a-aq with hydrogen

bonding between hydroxyl hydrogen and the amino nitro-

gen leads to a lower energy product (2.0 kcal/mol) com-

pared to the situation where H-bonding is absent. The

hydrolysis of GV with hydroxide ion is thermodynamically

and kinetically favored in aqueous phase. The higher

activation barrier for the formation of transition state

TS1a-aq than that of transition state TS2a-aq reveals that

the former transition state would govern the rate of

hydrolysis of GV. The solvated stationary points showed

the positive barrier for TS1a-aq on the reaction coordinate

contrary to the gas phase energy profile (Fig. 2). Earlier

studies on the nucleophilic substitution at different reaction

centers (C, Si and P) have also shown that solvation

drastically change the reaction profiles [69–71]. The

hydrolysis of GV with M05-2X/6-31?G*//M05-2X/6-31G*

level showed similar profile as compared to B3LYP

results; however, the predicted activation barrier was found

to be 3.3 kcal/mol lower than the later method as observed

for sarin and MMPF (Figs. S4, S5, Supporting informa-

tion). The well accounted dispersive forces in M05-2X

increases the energy difference between the intermediate

2a-aq and TS2a-aq in the following steps of the hydrolysis

process of GV. The calculated hydrolysis process of GV

suggests that the activation barrier would be slightly higher

than that of similar organophosphorus compound sarin (see

computational section). The activation energy predicted for

the hydrolysis of sarin in the earlier report also corrobo-

rates the results reported herein [28]. GV is bulkier than

organophosphorus compound sarin and hence the hydro-

lysis of GV would expected to be slightly difficult than that

of latter compound as observed in this computational study.

Furthermore, the lowering of the activation barrier for sarin

could be due to the higher electrophilicity of the reactive

phosphorus atom of sarin compared to that of GV due to

the presence of more electronegative group

(CH3)2(H)CO-. The calculated Mulliken charge analysis

supports that the P atom of sarin is slightly more electro-

positive (1.121) than that of the P atom of GV (1.105).

3.2 Hydroperoxidolysis

To examine the effect of a-nucleophiles on solvolysis

process of GV, the potential energy surface (PES) was

examined with hydroperoxide in the gas and aqueous

phase. The calculated PES of hydroperoxide in both phases

was found to be similar to that of alkaline hydrolysis of

GV. The calculated results are given in Fig. 4 and the

stationary points in the gas phase are given in supporting

information (Fig. S6). The formation of products

P-(2-(dimethylamino)ethyl)-N,N-dimethylpho-

sphonamidoperoxoic amide (P1b) and fluoride ion in the

last step of hydroperoxidolysis is endothermic than the

corresponding intermediate 3b as observed in the hydro-

lysis of GV (Figs. 2, 4).

The corresponding aqueous phase calculated energy

profile and optimized geometries of stationary points of

hydroperoxidolysis of GV are given in Figs. 4 and 5,

respectively. The activation energy calculated for the first

step of hydroperoxidolysis is 7.6 kcal/mol, which is

3.4 kcal/mol lower in energy compared to the corres-

ponding hydrolysis process. The lower activation barrier

in TS1b-aq compared to TS1a-aq is attributed to the

presence of strong intermolecular hydrogen bonding

interaction between the peroxide hydrogen and one of the

oxygen of GV. The hydrogen bonding distance (–O���H) in

TS1b-aq is 1.949 Å, which is 0.6 Å shorter than that of

TS1a-aq (Figs. 3, 5). The P–O and P–F bond distances in

TS1b-aq are 2.929 and 1.632 Å, respectively, which are

comparable to TS1a-aq. The next TBP intermediate 2b-aq

is 0.2 kcal/mol below separated reactants (Fig. 4). The

P–O and P–F bond distances in intermediate 2b-aq are

1.835 and 1.731 Å, respectively, and the hydrogen bonding

distance between P=O oxygen and –O–OH hydrogen

shortens further to 1.792 Å (Fig. 5). Elimination of fluoride

from GV proceeds in a similar fashion as in hydrolysis

mechanism via transition state TS2b-aq with activation

energy 6.0 kcal/mol. Based on the calculated results it can

be concluded that the hydroperoxidolysis would be faster

than alkaline hydrolysis of GV (Figs. 2, 4).

3.3 Solvolysis process with hydroxylamine anion

In the series of a-nucleophiles, we have also examined

hydroxylamine anion as a nucleophile for solvolysis of GV.

It has been reported that the hydroxylamine anion can also

be an efficient nucleophile for solvolysis of phosphate

Fig. 4 B3LYP/6-31?G*//B3LYP/6-31G* calculated energy profile

diagram for hydroperoxidolysis of GV in the gas and aqueous phases
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esters [72]. Hydroxylamine was also found to be an oxygen

nucleophile, and can exist in three different protonation

states depending on the pH [72–74]. Therefore, it is worth

to examine the solvolysis process of GV with NH2O-.

Potential energy surfaces calculated in both the gas and

aqueous phases are given in Fig. 6. The optimized geo-

metries of stationary points in the gas phase are given in

Fig. S7 (Supporting information) and the stationary points

calculated in solvent are shown in Fig. 7. Solvolysis of GV

with hydroxylamine anion proceeds in a similar way as

observed with hydroxide and hydroperoxide ions. The

activation energy for the first transition state (TS1c) is

5.3 kcal/mol, which is slightly higher than the

corresponding activation energies for hydrolysis and

hydroperoxidolysis (Fig. 6).

The activation energy calculated in aqueous phase for

TS1c-aq is 1.8 kcal/mol lower in energy compared to the

corresponding transition state with hydroxide (TS1a-aq)

(Figs. 2, 6); however, 1.6 kcal/mol higher than the corres-

ponding transition state with hydroperoxide (TS1b-aq)

(Figs. 4, 6). The intermolecular hydrogen bonding distance

between GV and hydroxylamine anion in TS1c-aq lies

within the hydrogen bond distance observed for TS1a-aq

and TS1b-aq (Figs. 3, 5, 7). The relative stabilization of

transition states in these cases seems to correlate well with

the intermolecular H-bond distances; it is known that the

strength of H-bond is dependent on its relative distances

[75]. Intermediate 2c-aq further proceeds to final products

P1c-aq and fluoride ion via transition state TS2c-aq.

Comparing the solvolysis rates of GV with the studied

a-nucleophiles in aqueous phase, the hydroperoxidolysis

should be a facile process than that of hydroxylamine

anion. It is to note that the solvent calculations were simu-

lated with implicit continuum model, which does not

include explicitly solvent molecules in the process. We

therefore examined the influence of a water molecule on

the activation barriers of hydroperoxidolysis and solvolysis

processes with hydroxylamine anion. The transition state

geometries involved in the rate determining steps of

hydroperoxidolysis and hydroxylamine anion with GV

were modeled with a water molecule bonded to the active

center oxygen of (P=O) in aqueous phase (Figs. S8, S9,

Fig. 5 B3LYP/6-31?G*//B3LYP/6-31G* optimized geometries and

selected bond distances (Å) for organophosphorus species involved in

the hydroperoxidolysis of GV in aqueous phase (red oxygen, blue
nitrogen, white hydrogen, cyan fluoride and yellow phosphorus)

Fig. 6 B3LYP/6-31?G*//B3LYP/6-31G* calculated energy profile

diagram for destruction of GV with hydroxylamine anion in gas and

aqueous phases

Fig. 7 B3LYP/6-31G* optimized geometries and selected bond

distances (Å) for organophosphorus species involved in the solvolysis

of GV with hydroxylamine anion in aqueous phase (red oxygen, blue
nitrogen, white hydrogen, cyan fluoride and yellow phosphorus)
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Supporting information). The activation energies calcu-

lated with a explicit water molecule suggest that the barrier

is slightly higher in both hydroperoxidolysis and solvolysis

processes with hydroxylamine anion (i.e., 8.2 and 9.6 kcal/

mol, respectively); however, the former process is pre-

ferred as observed with continuum solvation model cal-

culations. To further examine the influence of more explicit

water molecules on the activation energies on both

hydroperoxidolysis and solvolysis processes with hydroxyla-

mine anion, additional water molecules were placed

around GV with the corresponding a-nucleophiles. Six

water molecules were placed near the polar functional

groups of GV associated with the a-nucleophiles through

hydrogen bonding interactions. Transition state search was

performed with explicit water molecules for both hydro-

peroxidolysis and solvolysis processes with hydroxylamine

anion at B3LYP/6-31G* level in continuum solvent (PCM)

environment to ensure the surrounding effect of solvent on

these transition state geometries. The computed activation

energy differences suggest that the hydroperoxidolysis

process is *4.0 kcal/mol favored over solvolysis process

with hydroxylamine anions (Fig. S10, Supporting

information).

To examine the strength of intermolecular hydrogen

bonding, NBO analysis was performed on the transition

state geometries for the attack of hydroperoxide (TS1b-aq)

and hydroxylamine anion (TS1c-aq). In Table 2, NBO

analysis (occupation number for the assignments and their

orbital energies) for the intermolecular hydrogen bonding

in transition states and significant donor–acceptor interac-

tions using second order perturbation energies E(2) are

reported. The NBO calculated second order perturbative

energy for the interaction of lone-pair of donor O2 (n1O2)

and r* of acceptor unit suggests that such interaction is

more favored for TS1b-aq than TS1c-aq (Table 2) [76].

Further, the Wiberg [77] bond orders calculated for the

intermolecular hydrogen bond are higher in the case of

TS1b-aq compared to TS1c-aq supporting the stronger

hydrogen bonding in the former case (Table 2).

Popelier [78] proposed a set of criteria for the existence

of hydrogen bonding within the AIM formalism. Two

criteria are connected with electron density, qBCP, and its

Laplacian, r2qBCP, at (3, -1) critical point (bond critical

point, BCP) of two hydrogen-bonded atoms and the others

are related to the integrated properties of the H atom. The

range of qBCP, and its Laplacian, r2qBCP, for normal

hydrogen bond is 0.002–0.035 and 0.024–0.139 a.u.,

respectively [79]. A topological analysis of electronic

charge density, qBCP, and its Laplacian, r2qBCP, was

performed with AIM calculations to gain the knowledge of

the intermolecular hydrogen bonds in transition state

geometries. The topological parameters evaluated for

TS1b-aq and TS1c-aq are collected in Table 3. It is

evident from this table that, in hydrogen bond critical

points, qBCP and its r2qBCP are located in the range of

0.002–0.035 and 0.024–0.139 a.u., respectively. These

characteristics of electron densities and its Laplacian at

BCPs signify the presence of hydrogen bonding interac-

tion. It can also be observed that the electron density and its

Laplacian were found to be greater for TS1b-aq than that

of TS1c-aq and support the earlier NBO results (Table 3).

The calculated NBO and AIM topological analyses

suggested the stronger intermolecular hydrogen bonding in

the case of TS1b-aq compared to TS1c-aq; however, the

relative magnitudes for such interactions were not

observed. Howard’s [80] proposal to evaluate the hydrogen

bond strength using vibrationless model and its compo-

nents at infinite separations is useful. The magnitudes of

intermolecular hydrogen bonding in the transition states

were estimated using the transition state geometries of

TS1b-aq and TS1c-aq and their corresponding units

separated at infinite separation without perturbing their

geometries at B3LYP/6-31?G* level of theory (Fig. S11,

Supporting information). The calculated hydrogen bond

Table 2 The NBO analysis data [occupation number (O. N.), their orbital energy E (in a.u.), second order perturbation energy

(donor ? acceptor) (in kcal/mol) and Wiberg bond order] calculated at B3LYP/6-31?G* level of theory for TS1b-aq and TS1c-aq

Entry O. N. (n1O2) E (n1O2) n1(O2) – r*(X–Y)a Wiberg B.O. (O2���Y)

TS1b-aq 1.974 -0.726 3.20 0.0336

TS1c-aq 1.976 -0.719 1.15 0.0118

a X = O29, Y = H28 for TS1b-aq and X = N29, Y = H30 for TS1c-aq
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strength was found to be 0.5 kcal/mol stronger for TS1b-aq

than that of TS1c-aq.

Comparing the rate determining transition state struc-

tures and their stabilities with different nucleophiles, one

would like to correlate the reactivity of such nucleophiles

with their nucleophilicity as well. The higher reactivity

reported for NH2O- compared to HOO- for organophos-

phorus compound can be correlated well with their nucleo-

philicity of reactive oxygen atoms [72]. The charge

analysis performed for a-nucleophiles, i.e., hydroperoxide

(HOO-) and hydroxylamine anion (NH2O-) shows that the

nucleophilic oxygen of hydroxylamine anion bears the

higher negative charge compared to that of hydroperoxide

oxygen atom (Scheme 2). The significance of electronic

charges of a-nucleophiles was found to be important to

rationalize the hydrolysis of standard nerve agent simulants

such as PNPDPP and PNPH [10]; nevertheless, a direct

correlation with quantitative studies was not performed.

Importantly, the formation of these nucleophilic anions at a

particular pH will be crucial as well to affect the overall

solvolysis process of such organophosphorus compounds.

The calculated deprotonation energies at the same level of

theory suggest that the formation of HOO- would be easier

compared to NH2O- (Scheme S1, Supporting information).

The computational analyses performed for the solvolysis of

GV with hydroperoxide and hydroxylamine anion suggest

that the overall process seems to be a delicate balance

between nucleophilicity and stabilization of intermediates

and transition states through non-bonding interactions like

H-bonding. Nevertheless, the solvolysis process carried out

under particular conditions can also influence the rate.

Therefore, besides the nucleophilicity of nucleophiles,

other electronic and structural factors could as well be

important to govern the rate of solvolysis of these nerve

agents.

4 Conclusions

Density functional calculations were carried out on sol-

volysis of organophosphorus compound GV with hydroxide,

hydroperoxide and hydroxylamine anion in both gas and

aqueous phase. Mechanistic studies reveal that the reac-

tions are addition–elimination pathway involving trigonal

bipyramidal intermediate. Gas phase calculated results

showed that the formation of the first transition state is rate

determining steps for solvolysis of GV with all nucleo-

philes studied. The solvolysis of GV is energetically

favored in aqueous phase for all the nucleophiles

examined. The relative rates of solvolysis of GV with

nucleophiles were predicted in the order of HOO- [
NH2O- [ HO-. The calculated NBO, AIM results showed

that the intermolecular hydrogen bonding is important to

reduce the activation barrier for the solvolysis of GV with

a-nucleophiles. The reactivity of a-nucleophiles toward the

substrate GV seems to be a delicate balance between the

nucleophilicity and hydrogen bonding strength. The study

rendered some useful information not only for organo-

phosphorus substrates but can also be applicable for other

substrates with nucleophiles [81].
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