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Reactivity of Metaphosphate and Thiometaphosphate in Water: A DFT Study
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Metaphosphate is known to be highly reactive to water, whereas thiometaphosphate is relatively stable in
aqueous solution. The difference in their reactivity has important mechanistic implications in interpreting the
“thio effect” in phosphoryl transfer reactions. In this work, density functional theory is used to investigate
the reactivity of both metaphosphate and its thio-substitute in their complexes with one, two, and three waters,
and in aqueous solution. Barrier heights for converting metaphosphate to orthophosphate have been determined
by geometry optimization. The results confirm that metaphosphate is consistently more reactive than
thiometaphosphate and the activation free energy for both species decreases with the number of water molecules.
The relative stability of thiometaphosphate is attributed to its less positively charged phosphorus atom.

I. Introduction existence of a discrete metaphosphate intermeéfigf&Several
enzymatic reactions also implicated metaphosphate as an
intermediateé’>26 On the other hand, there is ample evidence
that the hydrolysis of monoesters of phosphate with a sulfur
substitution in a nonbridging position (also known as phospho-

Phosphoryl £P0O;?7) transfer reactions figure prominently
in biochemistry because of their essential role in energy
conversion, cell signaling, and the synthesis and decomposition
of DNA/RNA.1=3 Extensive mechanistic studies have been : ) X ) ) ok
reported for such reactions in solutiénsand in enzyme&10-12 roth|oate_) is _more_llkely to prO(_:eed via the fully d|ss_oc_|at|ve
Three limiting mechanisms can be defined by the relative timing M&chanism involving a free thiometaphosphate. This is sup-
of the nucleophilic addition (NA) and elimination (E) steps. The Ported by a large extent of racemization observed in the
concerted mechanism features a bipyramidal transition stateSOlvolysis of chirab-nitrophenyl phosphorothioate*® and by
formed by synchronous NA and E steps, whereas the stepwisek'"et'c isotope effects in the hydrolysis of a thlo-subsututed
associative mechanism is characterized by a pentacoordinated®hosphate monoestep-itrophenyl phosphorothioaté).
phosphorane intermediate flanked by the transition states for The isolation of metaphosphate in water has not been
the NA and E steps. In the dissociative mechanism, the achieved, presumably because of its high tendency to react with
metaphosphate (RO) intermediate is thought to form and solvent. However, gas-phase experiments have observed free
subsequently react with the nucleophile. The reaction pathway metaphosphate and its complexes with a few water mol-
adopted by a particular transphosphorylation reaction is influ- ecules®?-33Furthermore, it was noted that the hydration energy
enced by many factors such as nucleophilicity, leaving-group changes when the third water is addéayhich might imply a
mobility, protonation state, presence of metal ions, solvation, chemical change of the metaphosphkateater complex. On the
and so forth. other hand, thio-substituted metaphosphate is known to be much

Reaction pathways followed by phosphate monoesters tendmore long-lived in condensed phases. This notion is supported
to proceed via a loose “metaphosphate-like” transition state, if by the aforementioned complete racemization in the solvolysis
not through a metaphosphate intermediate. For dianions, theof a chiralp-nitrophenyl phosphorothioate3° and by the report
transition state typically has significant bond cleavage to the of a stable trithiometaphosphate s&lit is believed that the
leaving group and little bond formation with the nucleo- stapility of thiometaphosphate is at least partially responsible
phile #1114For monoanions, on the other hand, proton transfer for the more “metaphosphate-like” transition state in the
from thg phosphoryl group to the 6Ieaving group often ac- hydrolysis of phosphorothioatds.
Concerted mechanem it a oose transiion state in hydrolysis_ Te Undersianding of the stabilty and reactiy of meta

ydroly phosphate and its thio-substitute in water is important in

of pho;phate mo7r1c2>(()asters has been confirmed by Vanousinterpreting the so-called “thio effect”, which measures the rate
theoretical model&’

However, the fully dissociative scenario involving a discrete change upon substitution of one or more oxygen atoms n the
metaphosphate intermediate is r&ké? One such case is the phosph(_)ryl group by S”””F- Th? thio gffect has been W|dely_
solvolysis of the chiralp-nitrophenyl phosphate in aprotic used to investigate mechanisms in solution-phase and enzymatic

i i 8,31,36-40 i i
solvents, in which stereochemical evidence suggested thetranspho.sphorylatlon reqcno?—?s% . The influence of thio
substitution on the reaction barrier has also been addressed by

* Corresponding authors. E-mail: daxie@nju.edu.cn (Xie); hguo@ 'e€cent theoretical investigatiofs:*” Nonetheless, a complete
unm.edu (Guo). understanding of the thio effect has not been achieved. The
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relative stability of the metaphosphate and thiometaphosphate
in water might shed valuable light on this important issue.

Although ab-initio studies of the reactivity of metaphosphate
have been reported befdf&>3! to our best knowledge, there
has not been any theoretical investigation of the reactivity of
thiometaphosphate. In this publication, we present density
functional theory (DFT) studies on the reactivity of both
metaphosphate and its thio-substituted counterpart in water
clusters and in aqueous solution. We start by considering the
following reactions for metaphosphate and thiometaphosphate
complexed with one, two, and three waters:

_ _ PO+ 5
PO, (H,0), = H,PO, (H,0), 4 : PSO,

- _ - — Figure 1. Equilibrium geometries of metaphosphate ¢POand
PSQ (H0), —~HPSQ (H0), (n=1.2.3) thiometaphosphate (P$Q obtained at the B3LYP/6-31+G(d,p)

. . . . level of theory. The bond lengths, bond angles, and CHelpG charges
We then investigate the above reactions in bulk water. The g6 aiso indic).'/ated in the figur%. 9 P g

inclusion of explicit water molecules in studying reaction

pathways has been shown to be necessary in many Sy8tenis, _ previous theory results (P—0) = 1.469 A, r(P—S) = 1.971
particularly when proton transfer is involved. (We note in Ay 4t a lower level of theory? The change of the PO bond
passing that OH may also serve as the nucleophile in alkaline |ength upon thio-substitution is quite smali{ = 0.004 A)
solutions and in some biological systems.) These results will \yhich indicates little change in the bonding characteristics.
help us to understand the stability of thiometaphosphate in waterp;s js consistent with observations from previous theoretical
and its mechanistic implications in phosphoryl transfer reactions. gt ,gie<t1.42

This paper is organized as follows. The theoretical models and However, the charges of the oxygen atoms change from

computational details are outlined in Section Il. The results are _ . e : -
presented in Section Il and discussed in Section IV. A short choé?:(f Icr;gr%e;ofroorﬁnl?slsr_]alz)sglé\ghe'ltﬁzghir?;:;g: O;;:
summary is provided in Section V. consistent with the trend observed in previous theoretical work
of Basch et af? The reduced negative charges of the oxygen
atoms are expected to reduce the strength of hydrogen-bond
All Becke3-Lee-Yang-Parr (B3LYP957 calculations were  interactions with water molecules, whereas the smaller positive
performed with the Gaussian 03 pack&g¥arious models for charge in P might reduce its electrophilicity.
the metaphosphatevater complexes were constructed. The B. PO3; /PSO, (H20), Complexes.The complex of PQ
geometries of the reactant, product, and transition states werewith a single water moleculdl) features a five-centered cyclic
first optimized at the B3LYP/6-3tG(d) level and then at the  structure with two double donemouble acceptor hydrogen
B3LYP/ 6-311+G(d,p) level. The resulting stationary points  bonds, as shown in Figure 2. This structure is similar to those
were confirmed by frequency calculations, which also allowed found in previous theoretical work on the PQH,0) com-
the inclusion of the zero-point energy (ZPE) corrections and plex485051For PSQ~(H,0), two structures exist, in which the
the calculation of thermodynamic properties. The intrinsic water molecule forms hydrogen bonds with either two oxygen
reaction coordinate (IR€}%°calculations were then carried out  atoms (') or one oxygen and the sulfut'). Both structures
to establish the connectivity to the reactant and product. Atomic gre shown in Figure 2. The latter was found to be slightly lower
charges were obtained using the CHelpG metiodhe in free energy at the B3LYP/6-3%-G(d,p) level of theory.
6-311++G(d,p) basis set is similar to that used by York and Because of the bulkier size of S, the-+s hydrogen bond in
co-workers in studying biologically relevant phosphorus- 1 is longer (2.911 A) than that between H and O (1.937 A).
containing molecule® Because the conclusions are qualitatively Both 1 and 1’ haveC,, symmetry, but the H-O distance of
the same for the two basis sets, only the latter results are reporte 107 A in the P@ (H.0) complex is elongated to 2.142 A in
here. To examine the solvent effect at room temperature (298the PSG(H,0) complex, indicating weaker hydrogen bonds.
K), the polarized continuum model (PCM)was used withe This is due apparently to the smaller oxygen charges in
= 80 and the UAKS radii. The structures in the PCM thiometaphosphate as discussed in Section llIA.
calculations were not further optimized. The PCM model has  Two stable geometries were found for the P£®1,0),
been extensively used in studying phosphorus-containing mol- complex and displayed in Figure 2. The first or®, Which
ecules, and the latest results indicated that it reasonablypnas peen identified befofé505ifeatures a bicycli€,, arrange-
reproduces the experimental solvation energy for several suchpent where metaphosphate forms four double dedouble
compounds? acceptor hydrogen bonds with the two water molecules. The
other structure3), which is slightly higher in energy, has not
been reported before. In this cyclic structure, the three con-
A. Isolated PO;~ and PSQy~ Anions. The optimized stituent molecules form three hydrogen bonds, one of which
structures of metaphosphate and thiometaphosphate are ilis particularly strong judging from the -HO distance of
lustrated in Figure 1 with the CHelpG charges. The calculated 1.736 A.
geometry of metaphosphate is in good agreement with pre- Four stable structures were found for the BS®.0),
vious theoretical result$:4862 For example, the PO bond complex, which correspond to the two structures of the
length of 1.503 A can be compared with 1.498 A at the CCSD/ PO;~(H-0), complex discussed above. As shown in Figure 2,
DzP+diff level of theory?® For thiometaphosphate, the geom- 2" and2” are bicyclic arrangements similar & but differ in
etry (f(P—0) = 1.499 A r(P—S)= 1.985 A) is also similar to the dual hydrogen-bond acceptor. As in the case of single water

Il. Computational Details

I1l. Results
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Figure 2. Geometries of the reactant complexessRB,0), and PS@ (H;O),. The hydrogen, oxygen, sulfur, and phosphorus are in gray, red,
yellow, and brown, respectively.

complexes, the latter with the hydrogen-bonded sulfur is the complexes also have a very strong hydrogen bond between a
global minimum in the free energy hyper-surface. As expected, water molecule and a phosphoryl oxygen.

the H--O hydrogen-bond lengths are slightly longer (2.132 and  Four stable structures were found whensP€@mplexes with
2.206 A) than those i (2.129 and 2.155 A), again due to the three water molecules, all displayed in Figure 2. Thg
smaller oxygen charges in Pg0O On the other hand3' and tricyclic structure4 has six double donerdouble acceptor

3", shown in the same figure, are the counterparts for the cyclic hydrogen bonds, which can be formed by adding one water to
structure3 and have significantly higher free energies. These 2. This highly symmetric structure has been identified as the
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TABLE 1: Relative Energies AEgss (with ZPE) and Free
Energies AGC%;s at B3LYP/6-311++G(d,p) Level for the
Water Complexes in the Gas Phase(Labels in parentheses
correspond to structures in Figures 2, 3, and 4.)

reactant complex transition state

product complex

Zhang et al.

in the orientation of one OH bond. Similarly, there are two other
H,PSQ~(H»0) structures10 and10") that are related td0.
The latter two have relatively high energies when compared
with the double donerdouble acceptor structure® @nd9'").

species  AEgdAGpms  AFEgudAGns AEgod AGqas The product complex for the reaction of PQH,0); has four
PO (H:0) 0000000 22660239715 —7.78-6486) dlffgrent structures1(l, 12, 13, and14), as shown in Figure 3.
PSG (H,0)  000/0.001) 2547/27.6415) —A4.72-2.89 @) Similarly, four structures were found for the products of
PSQ(H,0) 0.10/0.781") 25.67/27.8515") —4.08/2.06 ") PSQ(Hz0)s. The most stable specidd and 11 are clearly
PO (H,0),  0.00/0.009) 21.73/23.3516) —10.37/-8.55 Q) Fhe product of4 and4', respectively, but. the hydrogen bonds
PO (H,0),  0.10/0.048) 14.39/16.9717) —10.23/~8.36 (L0) in these complexes become asymmetric because of the proto-
PSQ (H:0), 0.00/0.00%) 24.56/26.6916) —6.78/-5.24 @) nation of phosphoryl oxygens. The other pairs are also similar
PSQ (H,0), 0.10/0.082") 24.55/26.5716") —6.59/-5.17 @) in the overall arrangement of the complex and in the hydrogen-
PSQ (H.0), —0.09/0.498) 17.17/20.2017) —4.12/~1.13 (10) bond pattern
PSQ (H0), 1.10/1.238") 16.94/20.8417') —4.05/0.92 (L0") P " o )
PO; (H:0)s —0.57/0.144) 2025/22.4618 —13.12~11.62 1) As shoyvn in Table_ 1, the exothermicity of the reaction
PO;(H:0)s  0.00/0.006)  9.91/14.17{9) —13.70~10.68 (12) generally increases with the number of water molecules in the
PO;"(H0);  1.65/2.926) 22.16/25.9620) —12.48/-8.67 (13) reactant complex, and the exothermicity is typically larger for
PQO;~(H20)s 5.05/7.457) 9.76/14.2021) —13.85+10.90 (14) metaphosphate complexes.
PSQ (H0); 0.00/0.004) 23.79/27.0418) —7.46/-4.09 (L1) . . .
PSQ(H,0)s —005/154%) 13.36/19.2919) —4.78-1.09 12) D. Transmop.States.ln all the cases we have investigated,
PSQ (H,0); 1.73/4.466) 25.61/30.8420) —7.92/~2.50 3) only one transition state was found between a reactant complex
PSQ (Hx0); 6.98/11.087) 15.26/21.0221) —6.41/-2.19 (14) and a product complex, which are connected by a single IRC.

@ Energies are given in the unit of kcal/mol, and they are referenced
to the species with the lowest free energy in each complex.

global energy minimum by previous theoretical studfe®,
which is confirmed by our results shown in Table 1. However,
5 has a slightly lower free energy, featuring a cyclic structure
with four hydrogen bonds, two of which are very strofds a
bicyclic structure with five hydrogen bonds, whereass a

As shown in Figure 4, the transition state for converting the
PO;~(H,0) complex ) to orthophosphate8] has a four-
centered structurelp) with partially formed G-H and O-P
bonds. Both the structure and free energy barrier height (23.97
kcal/mol) are in good accord with previous theoretical Wi
These results are also consistent with the experimental findings
that indicated that metaphosphate is not reactive to water in
the gas phas& Two similar transition state structures5 and

nonplanar structure with six hydrogen bonds. As shown in Table 15") were found for the PS©(H.O) complex, one with an OH

1, these two structures are significantly higher in both energy
and free energy than the first two.

We have found four minima for the PSQH,0); complex,
4, 5, 6, and 7 in Figure 2, corresponding to the four

group pointing to an O in PSO and the other pointing to S.
Their energies are similar, and both are higher than that for the
PO;~(H20) complex. These two saddle points are associated
with 1" and1" on the reactant side a®land8" on the product

PO;~(H-0)s structures discussed above. However, their energy Side.

order is quite different, with structuk as the global minimum,
as shown in Table 1.
C. HoPO4 /H2PSO;7(H20)n-1 Complexes.POs~ or PSQ™

The four-centered transition states depict two events in
concert: the protonation of a phosphoryl oxygen and the
nucleophilic attack of the phosphorus by the oxygen in the

can react with a water molecule in the Comp|exes to form diSSOCiating water. As a reSU't, the transition state contains
dihydrogen Orthophosphate or the Corresponding thio_substitute_SUbStﬁﬂtiﬁ' zwitterionic characteristics. The dissociating water
Such reactions are moderately exothermic, thus providing theis in a plane almost parallel to the metaphosphate, allowing its
thermodynamic driving force for their instability in aqueous lone-pair electrons to approach the positively charged phos-
solution. We have determined the structures and energies ofPhorus. We believe that the higher barrier in thiometaphosphate
the product complexes of such reactions, and the results arelS @ manifestation of the smaller positive charge of the central
given in Figure 3 and Table 1. phosphorus atom resulting from the sulfur substitution.

The optimized structure of orthophospha Ifas a tetrahe- A four-centered transition statel® also exists for the
dral phosphoryl center witlt, symmetry, as shown in Figure PO~ (H20), complex, responsible for conversion2fo 9. The
3. The P-O bond length depends on the protonation of the oxy- extra water forms double donedouble acceptor hydrogen
gen. The HO groups form intramolecular hydrogen bonds with bonds with the remaining phosphoryl oxygens, as shown in
the other two oxygen atoms, although they are quite weak be-Figure 4. The resulting solvation of the transition state does
cause of the longPOH bonds. The geometry obtained in this not seem to affect its energy significantly, as the barrier height
work is essentially the same as those reported edfif@ior is about the same as that in the £(,0) case.
its thio-substituted counterpart, the tetrahedral phosphoryl center A transition state of a substantially lower energy has also
is similar, but there are two slightly different conformatioB85 ( been identified. However, it involves six atoms in the three
and8"), depending on the orientation of the two OH bonds. molecules, as shown in Figure 4 5% It differs from the four-
Their energies are nearly the same, as shown in Table 1. centered transition state in that the proton transfer from the water

When one water is present, the lowest energy conformation nucleophile to the phosphoryl oxygen is indirect through another
for H,PO,~(H20) (9) features a cyclic structure, as shown in  water molecule that is hydrogen-bonded with both the nucleo-
Figure 3. Double donefrdouble acceptor hydrogen bonds are philic water and P@". This six-centered transition state is
formed between the water and the unprotonated phosphorylassociated with reactant compl8xand product complex0,
oxygens, which are more negatively charged. An alternative but and has also some zwitterionic character. Both transition states
higher energy arrangement(j is possible with the water  have been reported before in earlier theoretical studi€sThe
donating a hydrogen bond to an orthophosphate O while lower energy barriers corresponding to such transition states
accepting one from one of its OH group. Corresponding,to  can be attributed to a more favorable geometric and electrostatic
there are two RHPSQ~(H.0) structures§ and9"), differing arrangement.
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Figure 3. Geometries of the product complexesP@, (H,O),—1 and HPSQ (H.0)n-1. The hydrogen, oxygen, sulfur, and phosphorus are in
gray, red, yellow, and brown, respectively.

We have identified two four-centered transition state8 ( water. IRC calculations assigned them Zoand 2" on the
and16") for the PSQ (H,0), reaction, as shown in Figure 4. reactant side anf’ and9" on the product side, in which the
Their energies are quite similar, and the only structural same conformational difference exists. Two six-centered transi-
difference is in the orientation of the OH moiety in the attacking tion states17 and17') have also been found, which relate to
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Figure 4. Geometries of the transition states. The hydrogen, oxygen, sulfur, and phosphorus are in gray, red, yellow, and brown, respectively.
3 and3" and10 and10Q’, respectively. As in the PO(H20), apparent, the latter having one more water. Their energies in
case, they have lower energies than the corresponding four-Table 1 indicate that the lowering of the barrier by an additional
centered transition states. water molecule is more than that for a four-centered transition

As in smaller water complexes, the highest reaction barrier state. This is easily understood because the additional water
is associated with a four-centered transition state for the molecule interacts strongly with a reactive water molecule,
PG~ (H20); and PS@ (H,0); complexes. The similarities  whereas in the four-centered case the interaction is indirect.
betweenl8 and 16 and betweerl8 and 16 are illustrated in 20 is a four-centered transition state that correlates to the
Figure 4. The solvation of the transition state by the second bicyclic PO;~(H,0); reactant comple® and product complex
water has also a relatively minor impact on the energy, as shown13. Its barrier height is close tt8, but with a quite different
in Table 1. Similar to smaller complexes, the six-centered hydrogen-bond pattern. The last transition state for the
transitions statesl@ and19) are much lower in energy than  PO;~(H,0)3; complex @1) is a six-centered one, which connects
the four-centered ones. The resemblance betvi@emd19is 7 and 14. Similar transition states2() and 21') were found
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Figure 5. Free energy barriers as a function of the number of explicit water molecules in the gas phase (a) and in agueous solution (b). The type
of transition state is labeled as 4C (four-centered) or 6C (six-centered), and the data for metaphosphate and thiometaphosphate are drawn in solid
and dotted lines, respectively.

, . ! - TABLE 2: Relative Free Energies AGY%,) in Aqueous
Egm’;gf and13 and betweefl” and14 (?[f the PSQ@"(Hz0)s Solution and Barrier Height Calculated sljsing the PCM

k . . . Model with UAKS Radii at the B3LYP/6-311++G(d,p)
Figure 5a is a plot of the free energy barrier height as a Level (Labels in parentheses correspond to structures in
function of the number of waters in the complex. Two Figures 2, 3, and 4.)

observations can be readily made. First, the barrier height for reactant  transition product barrier
each type of transition state decreases with the number of waters complex state complex height
in the complex, underscoring the effect of preferential solvation  species AG% AG’% AG% (kcal/mol)
on the transition state. Second, for a given type of transition po,~(H,0) 0.00@) 17.75@5 —17.62@) 17.75

state, the energy barrier for converting metaphosphate to PSGQ~(H.0) 0.00(') 21.06(@5) -—10.868) 21.06
orthophosphate is consistently lower than that for converting PSQ~(H:0)  0.28(") 21.10¢5") -11.158") 20.82
thiometaphosphate because of the reduced positive charge aP0;~(H.,0), 0.00Q) 15.87(@6) —20.110) 15.87
the phosphorus of thiometaphosphate, which renders the nu-PG;"(H:0), —5.34@3) 7.30(7) —21.71(0 12.64
cleophilic attack by the OHless favorable. In the section that PSQ"(H:0)  0.00@) 19.72(6) -13.809) 19.72
follows,.further evidence will be presented to support this ggg,gﬂzggz _2::8% g,)) 12:82 &%) :12:33 go)) ig:g;
COEC'léS'ﬁ(”é vent Effect. The depend - i PSQ (H:0). —3.79@") 11.77(7) -12.38(0') 15.56
barrier E\eigh(t)(;/r??he nuerl(r:lt;er o? W:tzfrr]ncigiilgs in 'ﬁléiacl)cnlglr:ax PO (H:0)  9.69€) 23818 ~—13.26(1) 14.12

: me i PO;(H,0); 0.006) 8.72(9 —16.61(2) 8.72
suggests that solvation plays an indispensable role in the po,~(H,0), 3.986) 20.05Q0 —16.43(3) 16.07
reactivity of metaphosphate and its thio-substitute. Because PO;~(H.0); 6.85(7) 9.42Q1) —16.48(4) 2.57
further additions of explicit water molecules become more PSQ (H:0); 0.00¢) 17.72(18) -1509(1)  17.72
difficult computationally, we report in Table 2 the energetics PSQ (H0) —9.306) 4.08(9) -1572(2)  13.38
of gas-phase stationary points augmented by solvation free Egg,(ﬂzgk :g'ig @,) 13'33 chy,) :12"112 az) 18'2;1'
energy obtained from an implicit solvent model, namely PCM. (HO): A48 (0) 09 et) 1204 '
These energies were obtained without further optimization of ~ °Energies are given in the unit of kcal/mol, and they are referenced
the complex structures. The data in Table 2 indicate that to the species with the lowest free energy in each complex in Table 1.
solvation of the complexes drastically changed the energy order. . . .
For example5 is almost isoenergetic with in the gas phase, F. Energetics of Complex Formation. The changes n
but in solution it is about 10 kcal/mol lower in energy. This energy, enthalpy, free energy, an'd entropy for the formation of
can be readily understood becausehas a more exposed metaphosphatewater complexes:
metaphosphate and thus is more susceptible to solvent stabiliza- _ 3
tion. PO, (H0)y-1 + H,0—~ PO, (H0), (n=1,2,3)

Figure 5b displays the barrier height of the solvated systems

as a function of the number of explicit water molecules included are compiled in Table 3 with comparison with available
in the model. As in Figure 5a, the barrier height typically experimental data. These processes are most likely barrierless.
decreases with the number of water molecules in the model. Because multiple minimum-energy structures were involved,
More importantly, the barriers are much lower than their gas- choices have to be made in calculating these thermodynamic
phase counterparts shown in Figure 5a, underscoring theproperties. We have elected to compute these quantities from
lowering of transition-state energies by bulk solvation. This is the global free energy minima, because the Boltzmann factor
not surprising, as the transition states have strong zwitterionic discriminates high energy structures. The calculated free energy
characters resulting from the dissociation of the water nucleo- changes indicate that exothermicity decreases with the number
phile to a proton and a hydroxide. These figures also show that (n) of water molecules in the complex. The overall agreement
the lowest barriers in solution are associated with a six-centeredwith the experimental datais satisfactory, although we notice
transition states, namelg2l and 21'. They are expected to that the exothermicity fon = 3 is much smaller than the
dominate the solution reaction pathways with their negligible experimental value. This observation is consistent with theoreti-
2.57 and 9.57 kcal/mol barriers. cal results reported earlier by other grodp?On the basis of
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TABLE 3: Calculated Changes in the Energy AE, kcal/
mol), Enthalpy (AH?, kcal/ mol), Free Energy AG°, kcal/

mol), and Entropy (AS°, cal/mol K) of the Hydration

Reactions, and Comparison with Experimental Data of

Keesee and Castlemah

Zhang et al.

One possibility for the relative stability of thiometaphosphate
is the weaker hydrogen bond formed between the sulfur and
solvent water. However, this explanation is not supported by
our results, which showed that even with one water molecule
the reaction barrier of thiometaphosphate is significantly higher

no. of O AE AR AS AG? than its unsubstituted counterpart. In other words, its reduced
PG~ (H20)h-1 + H2O — PO;™(H20)n reactivity in aqueous solution is intrinsic. This observation
22 i g:(%o. —12.73 jg'gz :33'36 :g'g?’ echoes the conclusion drawn by Catrina and Hengge on the
n=2 theo. —11.01 ~11.60 —27.42 —3.42 reactivity of phosphorothioates, in which the solvent effect was
n=2, exp —11.4 —22.0 —4.9 ruled out as a main contributor of the reduced activation energy
n=2, theo. —9.39 —9.98 —27.19 —-1.88 in hydrolysis?©
n=2, exp’ —16.3 —36.4 —5.5 We have attributed the higher stability of thiometaphosphate
PSQ(H20)n-1 + HO — PSQ~(H,0), in water clusters and in agueous solution to its charge distribu-
n=1, theo. —11.31 —11.91 —25.49 —4.31 tion, which indicates a less positively charged phosphoryl center
n=2theo. = -1001  -1060  -2478  -3.21 than that in metaphosphate. The smaller positive charge of the
n= 3, theo. —8.79 —9.38 —22.59 —2.64

2 Ref 34.P Experimental data are for .34

phosphorus atom makes it more difficult for the nucleophilic
attack by the hydroxide, resulting in a higher reaction barrier.

the transition-state energies listed in Table 1, our results areV. Conclusions
supportive to the conclusion of the previous theoretical #tk We have in this work investigated the structure of water
that the isomerization reaction in small gas-phase metaphos-cjysters of metaphosphate and thiometaphosphate using a density
phate-water complexes is very unlikely. The discrepancy fynctional method. Their reactivity with water to form ortho-
between the experimental and theoretical data is not yetpphosphates was also studied by determining the reaction
understood. transition states in the gas-phase clusters and in bulk water. The
Data for PS@ (H20), complexes have also been calculated |atter was treated with a supermolecular approach with an
and listed in Table 3. As in the RQH:0), case, the exo-  implicit solvent model. Our results are consistent with previous
thermicity decreases monotonically with the number of water experimental and theoretical work which showed that meta-
molecules in the complex. Unfortunately, no experimental data phosphate is stable in such clusters with up to three water
have been reported. molecules, because of relatively high reaction barriers.
However, the emergence of six-centered transition states,
which become dominant when more waters become available,
. . . o renders the anion very reactive in aqueous solution. Our
The main focus of this work is on the reactivity of meta- ; . . . )

. . . theoretical observations are consistent with the experimental
phosphate and thiometaphosphate in water clusters and N onsensia223334about the stability of the metaphosphate anion
aqueous solution. Our results presented in Section Il indicatedin different environments. We note in passing that because a
that there are two types of transition states responsible for their ’

conversion to orthophosphates. These transition states invoIveSOIVent water is involved in the transfer of a proton, locating

. - such a transition state would not be possible if the solvent water
either one or two water molecules, and the latter typically have : o . . !
is not explicitly included in the quantum chemical calculation.

Iowgr energies. For each type of transition state, the free energy In both water clusters and aqueous solution, the reactivity of
barrier height generally decreases with the number of water |, . .
: . thiometaphosphate is shown to be much less pronounced than
molecules in the complex. When three waters are involved, the .
S that of metaphosphate. For both four-centered and six-centered
lowest activation free energy drops to 6.75 and 9.94 kcal/mol i . . . )
; . transition states, the barrier height for thiometaphosphate is
for metaphosphate and thiometaphosphate, respectively. In . . .
: Iways higher than those for metaphosphate. The higher reaction
aqueous solution, these values decrease further to 2.57 and 9.5/ _ 7~ . . o
. . - - -~ "“barrier is attributed to the less positively charged phosphoryl
kcal/mol, which are consistent with the observed high reactivity o
of metanhosphate and relative stability of thiometaphosphate center, whose reduced electrophilicity renders the attack by the
phosp Y phosp "nucleophilic water more difficult. The higher stability of

The six-centered transition states become available with atthiometaphosphate in aqueous solution supports its discrete

Ieait tt\)/}/o wat?_r r?[oljel():ules. Theflzhrole |fn gas-é)lhaset fe?ﬁ'oqs 'Sintermediacy in solution-phase reactions, as speculated in many
probably very limited because of the untavorable entropic factor. previous experimental investigations. It might also be respon-

However, access of such ter-molecular transition states for sible for the more “metaphosphate-like” transition state in

soluti_o_n-phase reactions $h°“'_0! b(_e relatively easy. Similar hydrolysis of sulfur-substituted phosphates. As a result, the
transition states have been identified in other systems and show heoretical results presented in this work will help us to éain
to significantly lower the barrier height for proton-transfer deeper insight into the origin of the thio effect that has been

i 2—54 i iX- iti . . .. . .
;eacgotnsz In [;)artttl]culrz]araa |S|x_ centtehred tr?ns;;]lon state was widely used in many mechanistic studies of enzymatic phos-
ound to dominate the hydrolysis pathway for the monoanion i transfer reactions.

of methyl phosphaté&®2° They underscore the importance of
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