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Quantum Chemical Studies for the Mechanism of Phosphate Monoester 

Hydrolysis 

 

 
 

ABSTRACT 

 

Hydrolysis of phosphate containing compounds is important chemical reaction involved in 

many life processes such as DNA scission, cell division and organelle movement. Density 

functional theory calculations at M06-2X/6-31+G* and B3LYP/6-31+G** level of theory 

were carried out to calculate the mechanism of hydrolysis of phosphate monoester. For 

these calculations, two different starting set-ups of phosphate monoester, each differing 

with respect to the number of water molecules, were chosen. The stationary points along 

the potential energy surface that connect the reactant and the product structure were 

identified. The findings show that the energy barrier of the uncatalyzed hydrolysis of 

phosphate monoester in gas-phase is in the range of 37 to 48 kcal mol-1. The mechanism 

of hydrolysis involves only a single water molecule. The stationary points along the 

minimum energy pathway of phosphate monoester hydrolysis involve the characteristics 

of both sequential (dissociative) as well as concurrent (associative) mechanisms. Adding 

explicit water molecule or the incorporation of implicit solvation model lower the energy 

barrier of hydrolysis.  
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1. Introduction 

Phosphate containing compounds are the energy storehouse of life on earth.1,2,3 Life processes 

such as cytokinesis,4,5 organelle movement,6,7 muscle contraction,8,9 nucleic acid metabolism,10,11  

signaling,12,13 protein synthesis,14,15 biochemical cycles,16,17 electron transport chain18 reaction, 

phosphorylation,19,20 and DNA replication21,22  are all dependent on phosphate containing small 

compounds. Hydrolysis of phosphate containing compounds is the key chemical reaction. This is 

because  their hydrolysis provides the energy required to execute most life processes.23,24,25,26,27,28 

In last two decades, there has been considerable progress in the computational studies for the 

hydrolysis mechanism of phosphate containing compounds.29 Phosphate hydrolysis involves the 

breaking of two very strong bonds i.e., one P–O bond of the substrate and one O–H bond of the 

attacking water molecule (Figure 1.1). Computational studies of phosphate hydrolysis have 

included a wide range of phosphate substrates, i.e. methyl phosphate,30 methyl pyrophosphate,31 

adenosine triphosphate,32,33 guanosine triphosphate33 and methyl triphosphate34 in vacuum,31 

solution,35 and in protein.12,14 Both standalone quantum mechanical36 as well as combined quantum 

mechanical/molecular mechanical calculations32,37  have been employed.  

        

 Figure 1.1 Hydrolysis of methyl phosphate requires breaking of two strong 

bonds, i.e. H-Oa bond of water and P-Ol bond of the methyl phosphate. 
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Computational studies in vacuum and in solution are helpful in understanding the phosphate 

hydrolysis mechanism in proteins. These studies have evolved over the passage of time, i.e., 

gradually more accurate computational methods have been employed. Indeed a clear 

understanding of the mechanism of phosphate hydrolysis is still lacking. It is important to 

understand the controversial aspect of the previous mechanistic studies, which include a) The 

choice of reaction coordinates and the reaction mechanism and b) The mechanism of water 

splitting. 

1.1 Choice of reaction coordinates and reaction mechanism  

To describe the mechanism of hydrolysis reaction, different reaction coordinates have been 

used. Based on these reaction coordinates, the hydrolysis mechanism has either been referred to as 

a) one of the associative, dissociative or concerted mechanisms,38 or b) a combination of 

associative and dissociative mechanisms31 or c) sequential and concurrent.36 Indeed this 

classification of mechanisms is dependent on the choice of reaction coordinates. The terms 

associative, dissociative and concerted have been used in very wide contexts, and have been very 

confusing.35 These studies are discussed in detail in this section.  

1.1.1 P–Ol and P–Oa distances in the transition state  

The mechanism of phosphate hydrolysis has been traditionally studied using the distances  

of the P–Ol and P–Oa (see Figure 1.2).31 Based on these reaction coordinates, hydrolysis reaction 

has been proposed to be either associative, when both P–Ol and P–Oa bond distances are short 

(Figure 1.2 A) or dissociative, when both P–Ol and P–Oa bond distances are long (Figure 1.2 B) in 

fully optimized transition state structures.31,39  
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Figure 1.2 A) Trigonal bipyramidal transition state (with short P–Oa and P–Ol distances) is 

a typical associative transition state. B) Trigonal planar transition state (with long P–Oa and 

P–Ol distances) is a typical dissociative transition state.31 

If the transition state structure contained both short P–Ol and P–Oa distances (trigonal bipyramidal 

transition state), the mechanism was considered as associative. However, if the P–Ol and P–Oa 

distances were larger (which clearly represented a dissociated case with trigonal planar 

metaphosphate transition state), the reaction was considered as dissociative. Depending on the type 

of mechanism, either associative or dissociative mechanism can be more favorable. Most recent 

computations have shown that hydrolysis reaction in most cases is neither associative (both P–Ol 

and P–Oa distances are short) nor dissociative (both P–Ol and P–Oa distances are long). 

1.1.2 P-Ol and P-Oa distances as reaction coordinates 

Another definition of the associative and dissociative mechanism is based on P–Ol and P–

Oa distances as reaction coordinates.  The reaction coordinates are plotted such that P–Ol bond 

breaking progresses along the x-axis, and P–Oa bond formation progresses along y-axis (Figure 

1.3). In such a scenario, if P–Ol bond breaking occurs before the P–Oa bond formation, the reaction 

is considered dissociative (see red line in Figure 1.3). However, if the P–Ol bond breaking occurs 

after the P–Oa bond formation, the reaction is referred to as associative (see blue line in Figure 
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1.3). A middle line case is where P–Oa and P–Ol distances progress in such a way that a plot of the 

P–Ol bond breaking and P–Oa bond formation occurs concertedly (see diagonal black line).38 A 

concerted mechanism indicates that both coordinates change in a coordinated fashion.                               

                                 

                                                   

1.1.3 P-Ol and Oa–H distances as reaction coordinates 

More recently, reaction coordinates based on P-Ol and Oa-H distances have been used.  

Depending on whether Oa-H bond breaks before (Figure 1.4 A→B→ C→ D) or after the cleavage 

of P–Ol (Figure 1.4 A→E→D), the mechanism is regarded as sequential and concurrent, 

respectively. If the bond breaking event of P–Ol occurs before the bond breaking event of Oa-H, 

the mechanism is regarded as sequential. If H2Oa attacks on phosphorous atom and breaking of P-

Ol occur concurrently, the mechanism is referred as concurrent mechanism. Henceforth, in the 

following text of this thesis, the terms sequential and concurrent will be used to describe the 

hydrolysis mechanism, until and unless otherwise specified.36 

1.2 The mechanism of water splitting 

In addition to the unresolved aspect of the nature of the transition state and the type of 

transition state and reaction mechanism, it is also still controversial, whether hydrolysis occurs via 

Figure 1.3 Progression of dissociative (red), associative (blue) 

and concerted (black) mechanisms38  
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a single water molecule (Figure 1.4 A→E→D) or involves more than one water molecules (Figure 

1.5 A→ B→C→D).  

 

 

 

 

 

 

1.3 Linkage types  

Hydrolysis of nucleoside triphosphate (NTP), methyl triphosphate and methyl pyrophosphate 

involve in hydrolysis of P-O-P linkage, whereas in the case of methyl phosphate hydrolysis of P-

Figure 1.5 Two water Sequential (B) and concurrent (E) transition states in phosphate 

hydrolysis 

Figure 1.4 One water Sequential (B) and concurrent (E) transition states in phosphate 

hydrolysis 
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O-C linkage is involved. In all cases, in which hydrolysis of P-O-P linkage occurs, both one water 

as well as two water mechanism occur. However, in case of methyl phosphate, hydrolysis of P-O-

C linkage occurs only by one water mechanism.31 

1.4 Problem Statement 

 Phosphate hydrolysis is the key chemical reaction in biology. However, the mechanism of 

this apparently deceptively simple reaction is to-date not correctly understood. Quantum chemical 

simulations have proved to be crucial for understanding the reaction of phosphate hydrolysis at 

atomic details. But despite extensive work in last two decades, the details for the hydrolysis 

mechanism of phosphate-containing compounds are still conjectural: It has been reported that the 

hydrolysis mechanism of phosphate containing compounds can either be sequential or concurrent. 

Moreover, it can involve either one water mechanism or two water mechanism. In this study, by 

using quantum mechanical calculations at different levels of density functional theory (DFT), the 

mechanism of hydrolysis was studied to solve the mechanistic controversies, and find out the effect 

of implicit and explicit solvation on the mechanism of hydrolysis.  

1.5  Aims and objectives of the study 

The main objective of our study was to find out whether: 

1.  Hydrolysis of methyl phosphate occurs via a sequential or a concurrent mechanism, i.e. which 

type of transition state is involved in hydrolysis.  

2. Preferred mechanism of hydrolysis in methyl phosphate involves a single water molecule or 

more than one water molecules and the effect of implicit and explicit solvent on the energy 

barrier of hydrolysis 
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2. Literature Review 

Hydrolysis of phosphate containing compounds has been studied by using quantum mechanical 

calculations in small reference compounds such as methyl triphosphate (MTP4-),40  nucleoside 

triphosphate (NTP4-),41 methyl pyrophosphate,42 methyl phosphate,43 as well as enzymes and 

molecular motors,44 e.g. myosin, kinesin45 and F1-ATPase.46 Selected cases of the non-enzymatic 

as well as enzyme-catalyzed47 studies are reviewed to understand the hydrolysis mechanism of 

phosphate containing compounds.  

2.1 Non enzymatic phosphate hydrolysis 

Models of the non-enzymatic phosphate hydrolysis are important because a) these model 

reactions provide appropriate mechanistic details of the hydrolysis reaction in non-protein 

environment, b) their results are comparable with the experimental uncatalyzed reactions,37 c) 

catalytic effect of protein environment can be estimated by comparing protein catalyzed reactions 

with these reference reactions, and d) modeling of non-enzymatic hydrolysis is computationally 

robust.  

2.1.1 MTP4- hydrolysis in solution 

          The hydrolysis of methyl triphosphate 48 (MTP4- + H2O → MDP3- + H2PO4
-) in solution49,50 

was studied by Nemukhin et al. in the absence of Mg2+ cation by using the effective fragment 

potential based using QM/MM method.33 A sequential mechanism was observed in which first 

step was the breaking of Pγ–Oβγ bond (see Figure 2.1 A) to produce an intermediate containing 

methyl diphosphate (MDP3-) and a metaphosphate hydrate (PO3
-. H2O) (see Figure 2.1 C). The 

distance between Oa atom of H2Oa and P atom of methyl diphosphate (dOa-P) is 1.8 Å, whereas the 

distance between Oβγ of methyl diphosphate and PO3
- of metaphosphate (dOβγ-P) is 3.1 Å. This 

intermediate is separated from the reactant structure via a transition state (Erel = 20.0 kcal mol-1) 
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for P–O bond breaking, which has both dOa-P and dOβγ-P distances of 2.3 Å (Figure 2.1 B). 

Activation of attacking water molecule is carried out by a nearby helping water molecule Wh1 that 

accepts a proton from the attacking water (Figure 2.1 B). This excess proton is later transferred to 

the ultimate proton acceptor, i.e., ϒ-phosphate via a second helping water molecule (Figure 2.1 C 

and D). The energy of transition state structure for the formation of inorganic phosphate is 14.1 

kcal mol-1. They also computed corresponding concurrent mechanism for which the energy of the 

transition state structure was 35.1 kcal mol-1 (see Figure 2.2). Authors also compared the sequential 

MTP4- hydrolysis in solution (Figure 2.1) with similar hydrolysis in RAS-GAP protein.34 RAS-

GAP in which MTP4- is also complexed with Mg2+, the metaphosphate intermediate has an energy 

of -2.0 kcal mol-1 relative to the reactant. 

  

                                  

     

Figure 2.1 Sequential mechanism in the hydrolysis of methyl triphosphate33       

 

A) B) 

D) C) 

Reactant Transition state 

Intermediate 
Product 
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Figure 2.2 Concurrent mechanism in the hydrolysis of methyl triphosphate33 

2.1.2 Nucleoside triphosphate hydrolysis in neutral and acidic solutions 

The reaction of triphosphate hydrolysis is also studied by Glaves et al.35 in neutral (Figure 

2.3) as well as in acidic solution (Figure 2.4) using ab initio simulations. In both neutral as well as 

acidic solution, the methyl triphosphate is detached from diphosphate due to the Pϒ-Oβϒ breaking 

as in the sequential mechanism. In the neutral case, two water molecules are involved in hydrolysis 

reaction (Figure 2.3 A): Initially the P-Oϒ breaks and the attacking water attacks on phosphate 

(Figure 2.3 A and B). In the next step proton of attacking water molecule Wa transfers to Wh, which 

leads to the formation of H3O
+ (Figure 2.3 C). Finally one of the proton on H3O

+ transfers to the 

inorganic phosphate to form H2PO4 (Figure 2.3 D). On the other hand in acidic solution, four water 

molecules are involved (Figure 2.4 A), a) the excess proton on methyl triphosphate is transferred 

to one of the four water molecules and H3O
+ is released (see the arrow between Figure 2.4 A and 

2.4 B). b) OH- of second water molecule, Wa, attacks on trigonal planar phosphate and H+ shifts to 

A) 

B) 

C) 
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the oxygen of the phosphate (compare Figure 2.4 B, C and D). The end product of the reaction is 

H2PO4
-. 

 

Figure 2.3 Two-water sequential mechanism of ATP hydrolysis in neutral solution35  

           

 

Figure 2.4 Two-water sequential mechanism of ATP hydrolysis in acidic solution35  

A) B) 

D) C) 

A) B) 

C) D) 
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2.1.3 Methyl pyrophosphate hydrolysis 

Hydrolysis of monomethyl 51pyrophosphate trianion51 has been computed by Warshel  et 

al..52 They studied the one water approach in which a proton is directly shifted to the phosphate 

oxygen atom from the nucleophilic water (Figure 2.5 A→B→C→D). In the two water approach, 

the proton is transferred to the phosphate oxygen atom through a helping water molecule, which 

act as a shuttle for the proton transfer to the phosphate oxygen atom (Figure 2.5 A→ E→F→D). 

Terminal phosphate act as a base in the hydrolysis reaction. The sequential (Figure 2.5) or a 

concurrent mechanism (Figure 2.6) can occur either by one water or two water mechanism. In a 

sequential mechanism, the bond between phosphate and oxygen breaks before the nucleophile 

attacks of the attacking water (Figure 2.5). In the concurrent mechanism the attack of attacking 

water and the bond breakage of phosphate and oxygen occur at the same time (Figure 2.6).  

2.1.4 Phosphate ester hydrolysis 

The bond breaking and forming of phosphate plays a major role to pursue biological 

reactions. The phosphate bond cleavage occurs via hydrolysis. Florian and Warshel53 have studied 

the hydrolysis of phosphate ester using OH- ion.53 OH- is a fundamental element in the phosphate 

ester hydrolysis. OH- attack breaks the P-O-C bond of the phosphate. In this study the authors only 

emphasized on the associated pathway of the phosphate ester hydrolysis. They studied on the 

monomethyl and trimethyl phosphate. When the OH- attacks on the phosphate ester then in the 

meantime transfer of the proton to one of the oxygen of phosphate takes place. The energy barrier 

for monomethyl phosphate was 49 kcalmol-1 and 44 kcal mol-1. The impact of explicit water lowers 

the energy barrier from 49 to 37 kcalmol-1 for monomethyl phosphate. The distances of the OH- 

from phosphate in the transition state was 2.4 Å for monomethyl phosphate and 2.3 Å for trimethyl 

phosphate.53 Later Warshel et al.31 also compared associative mechanism with the dissociative 

mechanism of hydrolysis of  phosphate ester. They studied the non-enzymatic hydrolysis of methyl 
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phosphates and found out two kinds of mechanisms which are associative and dissociative. They 

performed their studies on mono anionic, dianionic and neutral methyl phosphate. They concluded 

that both of the mechanisms are dependent on the distances between the P-Oa and P-Ol bond   

 

Figure 2.5 One and two-water sequential mechanism of methyl pyrophosphate 

hydrolysis53 

 

Figure 2.6 One and two-water associative mechanism of methyl pyrophosphate 

hydrolysis53 
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distances. For associative mechanism, the distance between the terminal phosphate and attacking 

water was 3.0 Å initially and in the transition state it was shortened to 1.66 Å. While the P-Ol 

distance was 1.67 Å initially and at TS2 it was extended to 2.23 Å. For dissociative mechanism, 

the distance terminal phosphate and attacking water was 3.00 Å and contracted to 1.97 Å˚ and the 

P-Ol distance was 1.67 Å initially and at TS2 it was extended to 2.00 Å. The energy barrier for 

associative mechanism was 26 kcal mol-1 and 44 kcal mol-1 for dissociative mechanism.31 

2.1.5 Substrate assisted mechanism of p-nitro phenyl phosphate hydrolysis 

The mechanism of phosphate hydrolysis is difficult to understand from decades. The 

mechanistic approach of phosphate hydrolysis on the free energy surface as studied by Kamerlin 

et al.54 divides the mechanism into substrate assisted and solvent assisted. The distinct studies of 

phosphate monoester hydrolysis were performed on p-nitro phenyl phosphate (Figure 2.7) and 

methyl phosphate (not displayed). There are two kinds of reactions observed in Kamerlin et al. 

studies,54 one is substrate assisted and other is solvent assisted. For the p-nitro phenyl phosphate 

the preferred mechanism of hydrolysis is solvent assisted. In this mechanism the proton transfer 

of the nucleophile is not direct. It occurs by the help of a water molecule which is present near P-

O-C linkage. This interfering water molecule near the P-O-C linkage breaks the P-O-C bond and 

then the lytic water molecule or a nucleophile donates the proton to the oxygen of the phosphate. 

The pathway is energetically favorable with the average energy barrier of 26 kcal mol-1. On the 

other hand, for the hydrolysis of methyl phosphate compound the preferred mechanism is substrate 

assisted with direct proton transfer of lytic water molecule occurs. The energy barrier for this 

mechanism is 38 kcal mol-1 which was further decrease to 28 kcal mol-1 when eight water 

molecules were added. The energy barrier of 20 kcal mol-1 is near to the experimental free energy 
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barrier of solvent assisted p-nitro phenyl phosphate. In both of the cases the addition of explicit 

water molecule plays an important role in the reduction of energy barriers. 

 
 

 

2.2 Enzymatic Phosphate Hydrolysis 

2.2.1 ATP hydrolysis in molecular motors 

Molecular motors are the biological compounds that are responsible for all the cellular 

movements such as organelle movement, muscle movements, microtubules movements in cell 

division, nucleic acid synthesis mechanisms. Molecular motors use ATP as a source of energy for 

the movement. Considerable progress has been made in understanding the mechanism of ATP 

hydrolysis in molecular motors using QM/MM simulations. Simulations of ATPase enzymes 

suggested that the hydrolysis mechanism takes place by Pϒ-Oβ bond elongation. There is catalytic 

residue near the metaphosphate which helps nearby helping water to take the proton from the Wa 

water to form hydronium ion. Resulting OH- attacks on metaphosphate, which leads to the 

hydrolysis product ADP.Pi. The proton from hydronium ion is abstracted and finally transferred to 

the ϒ-phosphate.  

Figure 2.7 Substrate assisted mechanism of p-nitro phenyl hydrolysis54 

 

1.63 Å 
2.27 Å 1.75 Å 
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2.2.2 ATP hydrolysis in myosin 

Molecular motor myosin hydrolysis32,55 one molecule of ATP per one cycle of muscle 

contraction cycle. It undergoes an ATP hydrolysis reaction that starts with the dissociation of P-O 

bond of ATP (compare Figure 2.8 B with 2.8 A). The binding site of myosin contain two water 

molecules (Wa and Wh) between Glu459 and the ϒ-phosphate. Wa is polarized by the catalytic setup 

consisting of Wh and Glu459 (Figure 2.8 B). Consequently it transfers one proton to the Wh. This 

results in the formation of hydronium ion (Figure 2.8 C). The extra proton of H3O
+ then gets 

transformed to ϒ-phosphate that results in the formation of H2PO4
- (Figure 2.8 C and D).37  

2.2.3 ATP hydrolysis in F1-ATPase 

The mechanism of ATP hydrolysis in F1-ATPase 56 has been studied by several research 

groups 57,58 using QM/MM simulations and single molecule observation experiments (The scheme 

is shown I Figure 2.9).59 The overall reaction consist of bond rearrangement at the positions of ϒ-

phosphate with Pϒ -Oβ bond dissociation (Figure 2.9 A and B) and proton transfer in the transition 

state region and Hydrogen Bonding rearrangements of water molecules in the binding pocket 

(Figure 2.9 C and D). These all stationary points have low activation energy as compared to 

alternate concurrent mechanism. In the intermediate state of (Figure 2.9 B), PϒO3
-
 is completely 

separated from the ADP3-. The separated PO3 interacts with the lone pair of the lytic water (Wa) to 

make its structure stable (Figure 2.9 B). As the distance between Pϒ –Ow bond decreased to 1.71 

Å. The proton of Wa is released and transferred to the second water (Wh) (Figure 2.10 B). The 

second water molecule formed a hydronium ion. Wh releases a proton to Glu188. The transferred 

proton at Glu188 relays to the ϒ-phosphate via W3 by hydrogen bond rearrangement forming the 

product (Figure 2.9 D). The reaction occurs in a sequential manner. 
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Figure 2.8 Sequential mechanism of ATP hydrolysis in molecular motor myosin37  

 

Figure 2.9 Sequential mechanism of ATP hydrolysis in F1-ATPase59 
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2.2.4 ATP hydrolysis in kinesin 

McGrath et al. proposed that ATP hydrolysis in kinesin occurs via two water molecule.60 

In the energetically most favorable hydrolysis reaction, the salt bridge was broken during entire 

simulation. Subsequently Glu270 acts as the transient proton acceptor and the final proton is 

transferred to ϒ-phosphate. The product was more stable than the reactant. According to the studies 

of Parke et al., the ideal state for the hydrolysis in NTPases is possible only when it is in closed 

state It has been observed that switch I regions of kinesin and myosin are closely related in 

adopting the confirmation changes, conformational changes leads the catalytic structure to undergo 

hydrolysis in closed state. The catalytic mechanism proceeds as follows: The attacking water Wa 

is positioned in a perfect manner from the ϒ-phosphorous atom (Figure 2.10 A). The Wa water is 

surrounded by the switch I Ser223, the amide group at the backbone Gly268 and a second water 

molecule Wa. Unlike nucleophilic Wa, Wh acts as proton acceptor. There are some key factors in 

the NTP hydrolysis which are as follows: the nucleophilic (Wa) that shifts its negative charge to 

the ϒ-phosphate and there is (Wh) that acts as catalytic base and accepts the proton.  

2.3 Challenges in the computation of hydrolysis reaction 

2.3.1 Flexibility of small reference models:  

Due to the absence of surrounding protein environment, these non-enzymatic models are 

much more flexible. This results in multiple minimum energy points on the potential energy 

surface.34 

2.3.2 Choice of quantum mechanical method:  

Choice of quantum chemical method greatly affects the energy barriers. For example, when 

Ma et al..61 changed quantum chemical method from SCF to MP2 for the hydrolysis of PO3
--
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(H2O)n, the energy barriers reduced from 32 to 22 kcal mol-1 for n = 1, from 30 to 21 kcal mol-1 

for n = 2, and 

 

 

from 30 to 21 kcal mol-1 for n = 3.61 Nemukhin et al.34 stated that the rate-limiting energy barrier 

of 20.0 kcal mol-1 for MTP4- hydrolysis could be lower if they also computed the hydrolysis 

reaction at MP2 level of theory.34  

From above literature review and the accompanied discussion it has become apparent that 

according to the previous studies a) triphosphate hydrolysis involves either a sequential or a 

concurrent mechanism b) it involves either a single water mechanism or a multiple water 

Ser 232 Ser 232 

Ser 232 
Ser 232 

Glu 270 
Glu 270 

Glu 270 
Glu 270 

Arg 234 

Arg 234 Arg 234 

Figure 2.10 Sequential mechanism of ATP hydrolysis in kinesin60  

 

A) B) 

C) 
D) 

Arg 234 
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mechanism c) both these water mechanisms have not been tested simultaneously for any methyl 

phosphate substrate d) different computational methodologies have been used which render the 

understanding of hydrolysis mechanism very difficult. Here computational investigation of 

phosphate hydrolysis mechanism tested and are reported in which a) the sequential and concurrent 

mechanism of hydrolysis were tested and b) one water and multiple water mechanism were also 

studied for methyl phosphate i.e. phosphate monoester. 
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3. Methods 

For Methyl phosphate (CH3-O-PO3
2-), geometries were optimized with M06-2X density 

functional 62 in combination with 6-31+G* basis set.63,64,65 All presented structures are either a 

local minima or a first order saddle point on the M06-2X/6-31+G* potential energy surface. M06-

2X is hybrid functional used to study the kinetics of transition states of compounds that contain 

main group transition elements. Normal mode analysis (frequency calculation) was performed to 

confirm that all optimized saddle points were of first order. The imaginary frequency obtained by 

the normal mode analysis were visualized using Molden software66 to confirm that the obtained 

frequency corresponds to the desired saddle point between two local minima. Zero point 

vibrational energies from M06-2X/6-31+G* frequency calculations were included to derive the 

relative energies for all structures. Single point energies of all stationary points were calculated at 

M06-2X/6-31+G**. For selected single point calculation, PCM solvent model was used.67 In 

addition reactant, product and transition state structures were also optimized on B3LYP/6-

31+G**. All calculations were performed using parallel computing on the TCP-Linda environment 

on Linux-based supercomputer housed in the Supercomputing Research and Education Center 

(ScREC) of the Research Center for Modeling and Simulation (RCMS) at the National University 

of Sciences and Technology (NUST).   

3.1 Gaussian program package 

Geometry optimizations and frequency calculations were carried out using the Gaussian 09 

program, which is the latest updated software of Gaussian series. Gaussian provides computational 

tools to optimize geometries, minimizing structure of the transition states and their energies quiet 

efficiently.   
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3.2 Molden graphical interface  

Molden66 is software for displaying optimized geometries achieved by Gaussian, GAMES and 

semi-emperical packages of ampac/mopac. In Molden one can view the overall geometries and 

configurational changes taking place in the molecule from the option movie. Through the option 

of Z-matrix the geometries can be modified by changing the distances, angles of the structures. 

3.3  GaussView 

Gauss View is a software for viewing and editing geometries of molecules. The input file for 

the Gaussian 09 software can also be made in Gauss View. The finally build structure has also the 

property to use as an input file for Gaussian software. 

3.4  Starting structures 

Total two setups were made to study the hydrolysis mechanism for phosphate monoester. 

Following are the setups for phosphate monoester hydrolysis 

a) Setup 1 

b) Setup 2 

a) Setup 1 

The starting coordinates for our M06-2X gas phase optimization were obtained from those 

optimized on the free energy surface (in the presence of implicit as well as explicit water 

molecules) by Kamerlin et al.54 The reactant structure contains two water molecules near the 

terminal phosphate (Pγ) and one near the P-O-C linkage. The structure of the reactant used in setup 

1 is displayed in Figure 3.1. Two water molecules are located near the Pγ, whereas one water 

molecule is located near the P-O-C linkage. 
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b) Setup 2 

The initial structure of Setup 2 has total four water molecules. Two water molecules near the 

terminal phosphate, one near the P-O-C linkage, one on the opposite side of oxygen number 2 

(Figure 3.2). The addition of water molecules in setup 2 lowers the energy of all the stationary  

      

Figure 3.2 Optimized geometry of the methyl phosphate reactant as used in Setup 2 

 

Figure 3.1 Optimized geometry of the methyl phosphate reactant as used in setup 1 
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points along the potential energy surface as compared to setup 1. Like setup 1, the starting 

coordinates for M06-2X gas phase optimization were also obtained from those optimized on the 

free energy surface (in the presence of implicit as well as explicit water molecules) by Kamerlin 

et al.54  
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4. Results 

The geometries of the reactant and transition state structures, intermediates and the final 

product were optimized on the potential energy surface by using the M06-2X/6-31+G* and 

B3LYP/6-31+G** methods. The geometries of Reaction 1 (for setup 1) and Reaction 2 (for setup 

2) were optimized with M06-2X/6-31+G* as well as with B3LYP/6-31+G** will be presented. 

4.1  Reaction 1 and Reaction 2 optimized with M06-2X/6-31+G* 

4.1.1 Reaction 1 

 

 

  

In Reaction 1, the initial reactant structure, which contains two water molecules near terminal 

phosphate and one water molecule near the P-O-C Linkage is shown in Figure 4.1 A. Only one 

water molecules, which is an attacking water molecule (Wa) is involved in the hydrolysis and two  l 

Figure 4.1 Reaction Scheme of Reaction 1, Values in parenthesis are energy values in 

kcal mol-1 relative to the reactant 
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other water molecules are for the stability of the overall setup. The lytic water molecule attacks on 

the phosphate and transfers a proton to ϒ-phosphate in a single step (Transition state 1). In the 

transition state 1 (B, Figure 4.1 and 4.3) the bond of the leaving oxygen Ol is still formed. The 

distance between the Oa-H and the Pϒ is 2.17 Å whereas the distance between Ol-CH3 and Pϒ is 

1.77 Å. The energy of the structure B is 38.8 kcal mol-1 relative to the starting reactant structure 

A. The next structure in the energy profile is an intermediate (Structure C in Figure 4.1 and 4.3). 

In this structure both P-Oa and P-Ol distances are 2.00 Å and 1.80 Å, respectively. This structure 

has an energy of 37.6 kcal mol-1 as compared to reactant. Indeed the intermediate 2 (Structure D) 

is structurally very closely related to the intermediate 1. It has P-Oa and P-Ol bond lengths of 1.90 

and 1.82 Å, which is very close to the P-Oa and P-Ol bond lengths of intermediate 1. Its relative 

energy is 41.5 kcal mol-1.  

Reaction 1 proceeds by P-Oa bond formation and P-Ol bond breaking (Figure 4.2 and 4.5). The 

distance between the P-Oa bond gets shorter and the distance between P-Ol bond gets longer as the 

reaction proceeds from reactant to product. 

          

 

Figure 4.2 P-Oa and P-Ol bond distances of Reaction 1 from reactant to 

product 
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It is understandable that two intermediates are lying very close to each other on the energy plateau 

and probably the energy surface is flat enough that the energy barrier between the two 

intermediates are so much negligible that it could not be detected despite very carefully calibrated 

attempts to find such a transition state structure. P-O-C bond breaks at the same time as it is seen 

the Transition state 2 and the product is a methoxide, CH3OH and monophosphate, H2PO4. The 

reaction 1 has concurrent pathway of hydrolysis.  

 

 

 

Reactant 
Transition 

state 1 
Intermediate 1 

Intermediate 2 Transition 

state 2 
Product  

Figure 4.3 Optimized geometries of Reaction 1, A) Reactant B) TS1 C) INT1 D) 

INT2 E) TS2 F) Product 
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The reaction profile of Reaction 1 has Erel on y-axis and reaction coordinates on x-axis. All energies 

are relative to the reactant. TS1 has the energy of 38.8 kcal/mol and the rate limiting energy barrier 

for Reaction 1 is 46.7 kcal mol-1. The 1st intermediate structure (INT1,C) has the energy of 37.6 

kcal mol-1 and second Inermediate (INT2,D) has 41.5 kcal mol-1. The final product with a very 

low energy of 4.4 kcal mol-1 . The progression of Reaction 1 according to Warshel et al.38 studies 

shown in Figure 4.5. 
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Figure 4.4 Energy profile of Reaction 1 

Figure 4.5 Progression of Reaction 1 
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4.1.2 Reaction 2 

The setup 2 differs from the setup 1. There are four water molecules in the setup. All the 

stationary points obtained along the potential energy surface are schematically presented in Figure 

4.6, whereas optimized geometries shown in Figure 4.8. 

As in Reaction 1, only one water is involved in the hydrolysis reaction which is located near the 

terminal phosphate. The lytic water molecule attacks from the front. In the first transition state, 

the O-H of the lytic water undergoes scission. Consequently, OH- of the lytic water makes bond 

with the phosphate (compare B with A in Figure 4.6 and 4.8). 

                                                 
a The energy of optimized structures is in Hartree units. 
b The Hartree energy was converted to kcal mol-1 
c Ezp is a zeropint energy which is calculated for vibrational frequencies 
d Ezp added to Eopt 
e Ezp + Eopt of all structures in reaction 1 relative to that of reactants 

Label Stationary 

Points 

Nimag Eopt
a 

(Hartree) 

Eopt 
b

 

(kcal mol-1) 

Ezpe
c  

(kcal mol-1) 

Eopt+Ezpe
d

 

(kcal mol-1) 

Erel
e 

A Reactant 0 -911.3 -571866.0 81.6 -571784.4 0.0 

B TS1 1 -911.3 -571827.1 81.3 -571745.8 38.8 

C INT1 0 -911.3 -571828.4 82.3 -571746.2 37.6 

D INT2 0 -911.3 -571824.5 81.9 -571742.6 41.5 

E TS2 1 -911.3 -571819.3 80.5 -571738.8 46.7 

F Product 0 -911.3 -571861.6 82.2 -571779.4 4.4 

Table 4.1 Energies (Erel) relative to the reactant of all stationary points along Reaction 1 on   

M06-2X/6-31+G* energy surface.  
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Meanwhile the proton was transferred to one of the oxygen of terminal phosphate. Only one 

intermediate state was achieved, in which the bond distances between P-Ol increased and the P-Oa 

bond decreased. In the second transition state the P-Ol distance further increases and the P-Oa bond 

is further shortens. The final product at the end was methoxy and phosphate. Reaction 1 proceeds 

by P-Oa bond formation and P-Ol bond breaking (See Figure 4.7 and 4.10). 

                        

 (0.00) 

B) 

C) 
D) E) 

Figure 4.6 Reaction Scheme of Reaction 2, Values in parenthesis are energy values in kcal 

mol-1 relative to the reactant 
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Figure 4.7 P-Oa and P-Ol bond distances of Reaction 2 from reactant to product 
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a The energy of optimized structures is in Hartree units. 
b The Hartree energy was converted to kcal mol-1 
cEzp is a zeropint energy which is calculated for vibrational frequencies 
d Ezp added to Eopt 
e Ezp + Eopt of all structures in reaction 1 relative to that of reactants 

Label Stationary 

Points 

NImag Eopt
a

 

(Hartee) 

Eopt 
b

 

(Kcal mol
-1) 

Ezpe
c
 

(Kcal mol
-1) 

     Eopt+Ezpe
d

 

      (Kcal mol
-1) 

Erel 
e
 

(Kcal mol
-1) 

A Reactant 0 -987.8 -619825.7 99.5  -619726.2 0.0 

B TS1 1 -987.7 -619791.3 98.7  -619692.6 33.6 

C INT 0 -987.7 -619791.4 98.9  -619692.4 33.8 

D TS2 1 -987.7 -619783.0 96.9  -619686.1 40.1 

E Product 0 -987.8 -619824.1 98.5  -619725.6 0.6 

Figure 4.8 Optimized geometries of Reaction 2 A) Reactant B) TS1 C) INT D) 

TS2 E) Product 

Intermediate 1 

Transition  

state 2  

Product  

Table 4.2 Energies relative to the reactant (Erel) of all the starting points along on reaction 

2 on  M06-2X/6-31+G* energy surface 

 

Reactant Transition 

state 1 
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It is a plot between relative energy (Erel) and Reaction coordinates. The Erel values are on y-axis 

and Reaction coordinates are placed on x-axis. The first transition state (TS1) is 34.4 kcal mol-1 

higher in energy relative to the reactant. On the other hand, the intermediate have a bit lower energy 

than TS1 (34.4 kcal mol-1). The reaction 2 has the energy barrier of 42.7 kcal mol-1 which is second 

transition state (TS2). The energy of the product is 0.6 kcal mol-1. The progression of Reaction 2 

according to Warshel et al.38 studies shown in Figure 4.10. 
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Figure 4.9 Energy profile of Reaction 2 
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Figure 4.10 Progression of Reaction 2 
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4.2  Calculations of single point energies in the absence or presence of solvent 

for Reaction 1 

Single point energies were calculated at m062x/6-31++G** level to find out how does 

calculating single point energies at higher basis set effect the energy profile. The energies 

calculated at M06-2X/6-311++G**//M06-2X/6-31+G* for the reaction 1were calculated and the 

results are displayed in Figure 4.11. 
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Figure 4.11 Single point energy calculations for Reaction 1 

Figure 4.12 Single point energy calculation of Reaction 1 in Solvent 
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It is important to see that energies of all structures were high when single point energies were 

calculated at m062x/6-311++G** for reaction 1 (Figure 4.11). However solvent effects (Figure 

4.12) seemed to have synchronisingly lowering effect as all energies are lower as compared to 

M06-2X/6-31+G*. These values in Figure 4.9 are also lower than the energy of the optimized 

structure (Figure 4.4). Thus, solvent plays an imortant role in lowering the energies because it 

gives stability to overall system which ultimately leads to the decrease in the energies of the 

optimized structures.  

4.3 Calculations of single point energies in the absence or presence of solvent 

for Reaction 2 

The single point energies of all stationary points along reaction were also calculated in the 

absence of solvent (Figure 4.13) and in the presence of solvent (Figure 4.14). It turns out that 

calculating single point energies did not much effect the energy profile of Reaction 2. One most 

probable reason is that reaction 2 has already one extra water as compared to setup 1 (Compare 

Figure 4.3 and 4.7). Moreover, this additional water in setup 2 is located more towards the P-O-C 

site which undergoes P-O bond breakage. This additional water provides enough stability to the 

system, and thus the energy barriers are not much effected by adding implicit solution. 
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Figure 4.13 Single point energy calculation of Reaction 2 
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4.4 Reaction 1 and Reaction 2 optimized with B3LYP/6-31+G** 

Geometries and relative energies of reactant, product and the rate limiting transition state of 

reaction 1 and reaction 2 were also calculated by using B3LYP/6-31+G**. In this approach we 

were able to achieve the rate limiting transition state (TS1). The transition state obtained using 

B3LYP/6-31+G** (see TS, Figure 4.15) strongly resembles transition state 2 (Figure 4.1 E) at 

M06-2X/6-31+G*. Not only structurally but also the Erel values of both transition states are very 

similar (Compare Erel=46.5 kcal mol-1) for TS2 in Table 4.1 with the Erel=47.2 kcal mol-1 of TS in 

Table 4.3. 

There are overall three waters in the Reaction 1, But only one water involved in the hydrolysis of 

Methyl phosphate, which is present near the terminal phosphate. The lytic water molecule attacks 

on the phosphate. In this reaction the O-H bond of the lytic water molecule and the P-Ol bond 

breaks at the same time, which indicates that this reaction followed the concurrent mechanism.  
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Figure 4.14 Single point energy calculation of Reaction 2 in Solvent 
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Figure 4.16 Geometries of Reaction 1 with B3LYP A) Reactant B) TS1 C) Product 

Figure 4.15 Reaction Scheme of Reaction 1 with B3LYP/6-31+G** 

A) 

B) 

C) 

Reactant 

Transition 

State 

Product 
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In the above plot the relative energies (Erel) were placed on y-axis and Reaction Coordinates placed 

on y-axis. There is only one transition state achieved in this profilewhich is rate limiting transition 

state. The energy barrier is 48.5 kcal mol-1. The finally optimized product has the energy of 4.9 

kcal mol-1. 

                                                 
a The energy of optimized structures is in Hartree units 
b The Hartree energy was converted to kcal mol-1 
c Ezp is a zeropint energy which is calculated for vibrational frequencies 
d Ezp added to Eopt 
e Ezp + Eopt of all structures in reaction 1 relative to that of reactants 
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B TS 1 -911.6 -572017.2   78.2 -571939.0 47.2 

C Product 0 -911.6 -572060.8   80.2 -571980.6 5.5 

Figure 4.17 Energy profile of Reaction 1 with B3LYP 

Table 4.3 Energies relative to the reactant (Erel) of all the starting points along on Reaction 1 

with B3LYP/6-31+G** 
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We also optimized the rate limiting transition state of the reaction 2 at B3LYP/6-31+G** 

level of the theory. It turned out that the structures of rate limiting transition state obtained from 

B3LYP/6-31+G** level of theory (Figure 4.17 C) was similar to the structure obtained at M06-

2X/6-31+G*. The realtive energies of the rate limiting transition state at B3LYP/6-31+G**  and 

M06-2X/6-31+G* were also 39.0 (TS, Table 4.4) and 40.0 kcal mol-1 (TS, Table 4.2), which are 

in strong agreement with each other. 

 

Figure 4.18 Reaction Scheme of Reaction 2 with B3LYP 

A) 
C) 

B) 
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a The energy of optimized structures is in Hartree units 
b The Hartree energy was converted to kcal mol-1 
c Ezp is a zeropint energy which is calculated for vibrational frequencies 
d Ezp added to Eopt 
e Ezp + Eopt of all structures in reaction 1 relative to that of reactants 

Labels Stationary 

Points 

Nimag Eopt
a 

(Hartree) 

Eopt
b

 

(kcal mol-1) 

Ezpe
c
 

(Kcal mol-1) 

Eopt+Ezpe
d

 

(Kcal mol-1) 

Erele 

A Reactant 0 -988.1 -620049.9 96.9 -619953.0 0.0 

B TS2 1 -988.0 -620008.5 94.4 -619914.0 39.0 

C Product 0 -988.1 -620022.2 96.5 -619925.7 27.3 

        

 

Table 4.4 Energies relative to the reactant (Erel) of all the starting points along on Reaction 2 

with B3LYP/6-31+G** 

Figure 4.19 Optimized geometries of Reaction 2 with B3LYP A) Reactant B) Transition state 

C) Product 
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In the above plot the relative energies placed on x-axis and reaction cordinates on y-axis. The 

reactant has lowest energy which is 0.0 kcal mol-1 with single transition state and energy barrier 

which is about 41.5 kcal mol-1   The  optimized product has surprisingly a high energy of 27.3 kcal 

mol-1 relative to the reactant. The optimized product which is very high energy as compared to 

other methods. 
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Figure 4.20 Energy profile of Reaction 2 with B3LYP 
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5. Discussion 

5.1 Comparison of Reaction 1 and Reaction 2 with those of Kamerlin et al.54 

5.1.1 Comparison of Reaction 1 with those of Kamerlin et al.54 

In the literature, there are several studies in which quantum chemical methods have been 

used to study the reaction mechanism of methyl phosphate. Most studies have found both 

sequential and concurrent mechanisms. Contrarily, in our study single mechanism was found in 

which the stationary points have mixed characteristics of both sequential and concurrent 

mechanisms. Only one such previous study was carried out by Kamerlin et al.,54 which involved 

the optimization of stationary points on the free energy surface in the presence of implicit and 

explicit solvation. Therefore it is important to compare our results (which were obtained in gas-

phase) with those obtained from Kamerlin et al.54     

 

  

    

 

 

0.0

38.8 37.6
41.5

46.7

4.4
0.0

36.6 35.5 35.6 37.9
24.7

0.0

5.0

10.0

15.0

20.0

25.0

30.0

35.0

40.0

45.0

50.0

Reactant TS1 INT1 INT2 TS2 Product

E r
el

Reaction Coordinates

Reaction 1 Versus Kamerlin et al. Reaction 1

Reaction 1 Kamerlin et al

Fig 5.1 Comparison of Reaction 1 energy profile with the free energy profile reported 
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The reaction 1 has the higher rate limiting energy barrier of 46.7 kcal mol-1 as compared to the 

kamerlin et al.54 (37.9 kcal mol-1). It is because of the reason that kamerlin et al.54 studied the 

phosphate monoester hydrolysis in the presence of implicit solvent and our studies took place in a 

gas place. However, our Reaction 1 has product with very lower energy of 4.7 kcal mol-1 as 

compared to the product of the Reaction 1 of Kamerlin et al.54 with the energy of 24.7 kcal mol-1. 

The fact behind the large difference in the energies of the final products of both the reactions is 

that Kamerlin el al.54 had obtained a pre-product type optimized geometry of the product. 

However, we had obtained finally optimized structure of the final product with the transfer of 

proton to the methoxy group and converting it into methoxide. 

5.1.2 Comparison of Reaction 2 with those of Kamerlin et al.54 
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The above plot is a comparison between Reaction 2 and the results reported by Kamerlin et al.,54  

The energy values of TS1 of both reactions are quite same. The energy of the TS1 of reaction 2 

(35.4 kcal mol-1) is slightly higher than the TS1 of the Kamerlin et al.54 which is 33.8 kcal mol-1. 

The optimized intermediate geometries of reaction 2 from our results and Kamerlin et al.54 is 

comparable. The rate limiting energy barrier of reaction 2 (40.1 kcal mol-1) is quite higher than 

reported by Kamerlin et al.54 (38.2 kcal mol-1). It is because of the reason that the current study is 

performed in gas phase and Kamerlin et al.54 did the optimization in the solvent.  

5.2  Comparison of Reaction 1 single point energy in the presence and absence 

of solvent 
 

               

 

 

The above plot shows the comparison between single point energy and single point energy in 

solvent. The single point energy calculated in vacuum and single point energy calculated in solvent 

has comparable difference. The TS1 of single point energy in vacuum is 39.5 kcal mol-1 which is 

comparatively higher than the single point energy in solvent which is 37.9 kcal mol-1. Solvent 
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Figure 5.3 Comparison of Reaction 1 single point energy and single point energy in solvent 
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facilitates the decrease in energy. The first intermediate of reaction 1 single point energy in vacuum 

is also higher than the first intermediate of reaction 1 single point energy in solvent. Same in the 

case of intermediate two in which the second intermediate of reaction 1 single point energy in 

vacuum has the energy value of 45.1 kcal mol-1 but on the other hand the single point energy in 

solvent for second intermediate is 37.6 kcal mol-1. The energy barrier for reaction 1 single point 

energy calculation in vacuum is very high near 51.3 kcal mol-1 but for reaction 2 single point 

energy calculation in solvent is about 42.8 kcal mol-1 which very low than the former energy 

barrier. Interestingly, the single point energy calculation for the product achieved in the solvent is 

lower as compared to single point energy calculation in vacuum. The comparison is in good 

agreement with the findings of Kamerlin et al.54 in which energy barriers are low in the presence 

of solvent.  

5.3  Comparison of our Reaction 2 single point energy in the presence and 

absence of solvent 
 

                 

 

 

0.0

33.5 33.6

41.5

1.1

0.0

34.2 34.3
41.3

6.5

0.0

10.0

20.0

30.0

40.0

50.0

Reactant TS1 INT1 TS2 Product

E r
el

Reaction Coordinates

Comparison

Single point energy calculation of Reaction 2

Single point energy calculation of Reaction 2 in solvent

Figure 5.4 Comparison of our Reaction 2 single point energy and single point energy in 

solvent 

 



Chapter 5                                                                                                                                        Discussion 

 

49 

  

The above graph describes the comparison between Reaction 2 single point energy in vacuum and 

Reaction 2 single point energy in solvent. The plot goes in a same manner for both cases and even 

it has the same energy barrier of 41.5 kcal mol-1. It is due to the extra water molecules located in 

the Reaction 2 and when the single point energy calculated in both approaches, the results were 

similar even the energy barrier.  

5.4  Conclusion 

A minimum energy path for the hydrolysis of phosphate monoester is computed on the M06-

2X potential energy surface, in the gas-phase. The stationary points along this minimum energy 

path have mixed characteristics of both sequential (dissociative) and concurrent (associative) 

mechanisms. The mechanism of phosphate monoester hydrolysis involves only one water 

molecule. Changing the method of density functional theory (and changing the basis set) does not 

significantly alter the barrier of the rate limiting transition state: The structures and relative 

energies of rate-limiting transition states obtained from M06-2X/6-31+G* and B3LYP/6-31+G** 

methods are comparable. This indicates the consistency of the presented results at different levels 

of theory. Moreover, addition of explicit solvent water molecule lowers the barrier of phosphate 

monoester hydrolysis. A comparison of the gas-phase calculations for reaction 1 and reaction 2 

with the previously reported solvent-phase calculations reveal that the rate limiting energy barriers 

of phosphate monoester hydrolysis are higher in gas-phase calculations. Thus even the implicit 

solvent also lowers the energy barrier of phosphate monoester hydrolysis. Current calculations 

have been performed in the absence of surrounding protein residues. It is conceivable that barriers 

will be significantly lowered in the presence of enzyme. 
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5.5  Limitations of the study                                   

 Larger systems, e.g., proteins and enzymes cannot be studied using quantum chemical 

methods. Only the systems containing up to 100 atoms can be studied. Even smaller system are 

time consuming and the larger systems will ultimately be more time consuming and 

computationally expensive. 

5.6  Future directions 

 Molecular dynamics and combined quantum mechanical/classical simulations of restriction 

endonuclease enzymes that hydrolyze phosphoester linkage is one very important area that still 

needs the attention of computational chemistry community. Other areas of research include 

investigating the effect of protonation states on the mechanism of phosphate monoester hydrolysis, 

and the reaction mechanism of hydrolysis of phosphodiester and phosphotriesters in gas-phase, 

solvent as well as in enzymes. There are several enzymes which catalyze the hydrolysis of P-O-P, 

P-O-C and C-OC linkages. However, the study of such larger systems was beyond the scope of 

this study. 
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 Appendix A: Cartesian coordinates of the optimized geometries in reaction 1 and reaction 2 
 

Reaction 1 

 

Reactant 

 

 P   -0.431408    -0.524919     0.207516 

 O   -0.962650     0.987918   -0.439338 

 O   -1.758989    -1.179694    0.565811 

 O    0.444170    -0.101871    1.408226 

 O    0.370644    -1.151406   -0.934959 

 C     0.068870     1.853880   -0.808639 

 O    3.039982    -0.707663   -1.301750 

 H    2.069538    -0.929622   -1.252074 

 H    3.193612    -0.341552   -0.409944 

 H    0.843372     1.330462   -1.390104 

 H   -0.354013     2.662351   -1.425750 

 H    0.542987     2.308718     0.078471 

 H   -3.017369     1.107051   -0.361990 

 O   -3.767173     0.555858   -0.076413 

 H   -3.229400    -0.220410    0.233077 

 H    1.923224     0.272581    1.340131 

 O    2.884516     0.653497    1.260756 

 H    2.726623     1.511161    0.844623 

 

 

 

 

Transition state 1 

 

 P     0.025705   -0.401585   -0.158383 

 O    0.831023    1.157798     0.075446 

 O    1.313001   -1.215344   -0.224735 

 O   -0.874919   -0.041063   -1.331753 

 O   -0.724522   -0.218638    1.324441 

 C    0.018692    2.288366      0.111761 

 O   -1.011933   -2.286217     0.162059 

 H   -1.097323   -1.142999     1.363909 

 H   -0.216483   -2.835433     0.156712 

 H   -0.605648     2.316105    1.021259 

 H    0.663631     3.184555     0.110686 

 H   -0.653062     2.330046   -0.758011 

 H    2.808799     1.030303     0.174248 

 O    3.516981     0.361405     0.112520 

 H    2.905330    -0.405533    -0.033877 

 H   -2.465590     0.539838    -0.708069 

 O   -3.108024     0.901808    -0.042481 

 H   -2.590564     0.701029      0.757079 

 

 

 

 

 

 

 

 

Reaction 2 

 

Reactant 

 

 P     0.249317    -0.459288    -0.117977 

 O    -1.278044    -1.222706    -0.061794 

 O     0.086763     0.469486    -1.335855 

 O     1.272162    -1.579268    -0.252797 

 O     0.322121     0.317665     1.214707 

 C    -1.500471    -1.990211     1.092510 

 O     2.013335     2.127369    -0.110713 

 H     1.549306     1.706008     0.648218 

 H     1.435422     1.786748    -0.829322 

 H    -1.545931    -1.350954     1.984836 

 H    -2.459210    -2.515356     0.972817 

 H    -0.699166    -2.731790     1.226237 

 H    -2.587245     0.118769    -0.840119 

 O    -2.562819     1.016608    -1.218838 

 H    -1.584403     1.050409    -1.402411 

 H     2.968583    -0.842393    -0.320752 

 O     3.767407    -0.260088    -0.347521 

 H     3.364957     0.626615    -0.274238 

 H    -1.176746     1.212939     1.587002 

 O    -2.062250     1.659063     1.639269 

 H    -2.347868     1.638644     0.706824 

 

Transition state 1 

 

 P    -0.367100    -0.045933    -0.139402 

 O     0.969644     1.064496    -0.528564 

 O     0.304039    -1.268961    -0.767437 

 O    -1.502317     0.777943    -0.719326 

 O    -0.012110     0.227167     1.481376 

 C     0.776220     2.408518    -0.215565 

 O    -1.696374    -1.347306     0.798291 

 H    -0.627958    -0.410658     1.897036 

 H    -1.348610    -2.168316     0.425526 

 H     0.705454     2.566783     0.873593 

 H     1.638994     2.984196    -0.590558 

 H    -0.144095     2.793644    -0.679103 

 H     2.603921     0.139258    -1.008046 

 O     2.935521    -0.780860    -1.005307 

 H     2.034849    -1.208377    -0.973384 

 H    -3.320025     0.276010    -0.557863 

 O    -4.001077    -0.322102    -0.177734 

 H    -3.348072    -0.901307     0.291891 

 H     1.854689    -0.044305     1.799604 

 O     2.803848    -0.284352     1.863534 

 H     3.001751    -0.552344     0.943398 
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Intermediate 1 

 

C     0.004493     2.190093     0.116471 

O     0.790696     1.049302     0.127709 

P     -0.039862    -0.559047    -0.140760 

O    -0.777471    -0.254540     1.367409 

O     1.316482    -1.283387    -0.210665 

O    -0.904108    -0.092263    -1.318248 

O    -0.920182    -2.220803     0.049479 

O     3.470145     0.341601     0.056176 

O    -3.135429     0.849232    -0.080690 

H    -1.223370    -1.105338     1.518175 

H    -0.158169    -2.811958    -0.008701 

H    -0.644729     2.262100     1.010455 

H     0.661429     3.081654     0.112279 

H    -0.646522     2.230041    -0.770683 

H     2.740606     0.986251     0.150594 

H     2.863687    -0.434423    -0.081023 

H    -2.462042     0.482079    -0.719692 

H    -2.605468     0.753073     0.729471 

 

 

 

 

Intermediate 2 

 

 P    -0.143694    -0.709909     0.190174 

 O     1.095267     0.306323     1.074625 

 O     0.592022    -1.998373     0.537209 

 O    -0.028909     0.079407    -1.142359 

 O    -1.273784    -0.003753     1.244430 

 C     0.900163     1.682832     1.097102 

 O    -1.671518    -1.681301    -0.374839 

 H    -2.069220    -0.510193     1.008208 

 H    -1.329161    -2.577214    -0.258666 

 H     0.070996     1.974056     1.768824 

 H     1.822118     2.171330     1.465772 

 H     0.683317     2.089409     0.095815 

 H     2.582931     0.258681    -0.301027 

 O     2.711296     0.487213    -1.243781 

 H     1.760574     0.403768    -1.502932 

 H    -1.180482     1.289932    -1.113794 

 O    -1.875704     2.020745    -1.096549 

 H    -2.142120     1.960386    -0.167127 

 

 

 

 

 

 

 

 

 

 

 

 

Intermediate  

 

 P     0.347908     0.011008     0.135762 

 O    -1.063165     1.118750    -0.001595 

 O    -0.237110    -0.723475     1.349771 

 O     1.422080     1.089264     0.131991 

 O    -0.119290    -0.572295    -1.380963 

 C    -0.979856     2.127570    -0.956209 

 O     1.676374    -1.455395    -0.067358 

 H     0.507796    -1.308583    -1.497361 

 H     1.410668    -1.993399     0.690316 

 H    -0.962433     1.720859    -1.982160 

 H    -1.867115     2.777661    -0.862888 

 H    -0.072826     2.734510    -0.814003 

 H    -2.601626     0.532747     1.000979 

 O    -2.872670    -0.263297     1.501770 

 H    -1.945453    -0.612955     1.624974 

 H     3.234961     0.678786     0.089810 

 O     3.967747     0.023471     0.017761 

 H     3.369387    -0.759685    -0.022154 

 H    -1.975356    -1.037465    -1.351459 

 O    -2.901482    -1.327825    -1.207919 

 H    -3.039582    -1.083790    -0.270002 

 

Transition state 

 

 P    -0.541047    -0.176915    -0.158878 

 O     1.285304     1.126887    -0.027881 

 O     0.184988    -0.887222    -1.294295 

 O    -1.393648     1.071817    -0.240300 

 O     0.035747    -0.494657     1.390127 

 C     1.216953     2.137339     0.890456 

 O    -1.756035    -1.353133     0.057041 

 H    -0.534817    -1.202219     1.722340 

 H    -1.523720    -2.023557    -0.600373 

 H     1.402902     1.796189     1.936821 

 H     1.972029     2.936098     0.690962 

 H     0.222694     2.628815     0.891053 

 H     2.510101     0.441138    -0.912676 

 O     2.905022    -0.322555    -1.432790 

 H     2.039084    -0.747839    -1.623995 

 H    -3.177501     0.862741    -0.092514 

 O    -4.021121     0.356496     0.033195 

 H    -3.611633    -0.524467     0.094597 

 H     1.969457    -0.862536     1.359222 

 O     2.844190    -1.295951     1.273919 

 H     3.058499    -1.074331     0.342953 
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Transition State 2 

 

 P    -0.726710    -0.596430     0.032354 

 O     1.484577    -0.180033     1.037677 

 O    -0.527314    -2.003738     0.514778 

 O    -0.160682     0.021870    -1.231303 

 O    -1.019860     0.572950     1.186936 

 C     1.833485     1.135386     1.061246 

 O    -2.438686    -0.667705    -0.349924 

 H    -1.963734     0.760692     1.072234 

 H    -2.655447    -1.579091    -0.111225 

 H     1.171298     1.757225     1.716845 

 H     2.874748     1.312242     1.448232 

 H     1.810733     1.620580     0.055971 

 H     2.289257    -0.754018    -0.281500 

 O     2.581932    -0.917906    -1.240366 

 H     1.735872    -0.668348    -1.655182 

 H    -0.510899     1.823932    -1.228169 

 O    -0.657510     2.721245    -0.836973 

 H    -0.422522     2.510044     0.082622 

 

 

 

 

 

 

 

 

Product 

 

 C     2.312372     1.268148     1.320865 

 O     1.886660    -0.038400     1.607879 

 P    -1.167121    -0.715929    -0.174142 

 O    -2.734336    -0.110835    -0.430089 

 O    -1.424569    -2.170357     0.193314 

 O    -0.413340    -0.433445    -1.489402 

 O    -0.603796     0.180255     0.970655 

 O     2.307452    -0.934409    -1.177598 

 O    -0.135140     2.299760    -0.854092 

 H     0.882243    -0.058237     1.400903 

 H    -3.285812    -0.864324    -0.180268 

 H     2.011924     1.981258     2.111105 

 H     3.411383     1.273938     1.262998 

 H     1.907938     1.631036     0.366600 

 H     2.295564    -0.811377    -0.210072 

 H     1.350539    -0.803199    -1.406381 

 H    -0.141448     1.481117    -1.401055 

 H    -0.368111     1.870377    -0.002040 

Product 

 

 C     2.129510     2.446856     0.433951 

 O     1.714404     1.214328     0.008490 

 P    -1.434205    -0.284027    -0.895610 

 O    -1.423623    -0.885406     0.646757 

 O    -0.497484    -1.136347    -1.730926 

 O    -2.892116    -0.161621    -1.272139 

 O    -0.816955     1.200308    -0.724312 

 O     2.237754    -1.034150    -1.509455 

 O     1.307317    -1.063673     1.250622 

 O    -4.275213    -1.023983     0.968241 

 H     0.173739     1.198431    -0.496300 

 H    -0.493091    -1.037802     0.939065 

 H     2.926843     2.393597     1.211526 

 H     2.552758     3.070097    -0.387189 

 H     1.309197     3.051784     0.880323 

 H     2.275816    -0.130939    -1.118737 

 H     1.274046    -1.119900    -1.720881 

 H    -4.029702    -0.678123     0.076067 

 H    -3.374130    -1.144403     1.316031 

 H     1.478277    -0.108059     0.987619 

 H     1.618260    -1.512246     0.441081 

   


