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A density functional study of the hydrolysis reaction of phosphodiesters with a series of attacking nucleophiles
in the gas phase and in solution is presented. The nucleophiles HOH,E+0OH, and CHO~ were studied

in reactions with ethylene phosphaté3'zibose cyclic phosphate and in their neutral (protonated) and
monoanionic forms. Stationary-point geometries for the reactions were determined at the density functional
B3LYP/6-31++G(d,p) level followed by energy refinement at the B3LYP/6-31#1G(3df,2p) level. Solvation

effects were estimated by using a dielectric approximation with the polarizable continuum model (PCM) at
the gas-phase optimized geometries. This series of reactions characterizes factors that influence the intrinsic
reactivity of the model phosphate compounds, including the effect of nucleophile, protonation state, cyclic
structure, and solvent. The present study of the in-line mechanism for phosphodiester hydrolysis, a reaction
of considerable biological importance, has implications for enzymatic mechanisms. The analysis generally
supports the associative mechanism for phosphate ester hydrolysis. The results highlight the importance for
the reaction barrier of charge neutralization resulting from the protonation of the nonbridging phosphoryl
oxygens and the role of internal hydrogen transfer in the gas-phase mechanism. It also shows that solvent
stabilization has a profound influence on the relative barrier heights for the dianionic, monoanionic, and
neutral reactions. The calculations provide a comprehensive data set for the in-line hydrolysis mechanisms
that can be used for the development of improved semiempirical quantum models for phosphate hydrolysis
reactions.

1. Introduction in which either a negatively charged nucleophile (XXX =

Phosphate diesters play a fundamental role in biology, H, CHy) or a neutral one_(XOH; X=H, C.H3) atltacks an
including their role as the backbone of DNA and RNAThe unprotonated phosphate diester molecule (i.e., dimethyl phos-

chemical properties and reactivity of phosphates determine howpggte or gtf;\ylenftfe phofsphhate). Ve_ry few ?]f these_studies has
these biomolecules are formed and cleaved, and therefore 2ddressed the effect of the sugar ring on the reaction. Kge p

phosphate diesters have been the subject of numerous theoretica\(lal.Lles qf phosphates (typically below 3) suggest that they are
and experimental studi€s2® A first approximation to under- lonized in aqueous solution ar_oun_d neutral pH ar_1d, hence, are
stand phosphate diester reactivity is to characterize the energetic%_?e most likely reactant species in nonenzymatic hydronS|s_.
of gas-phase model reactions for which a full quantum me- owevet, the protonation state of the phosphate esters in
chanical treatment is possible. Of particular interest are studies€Nnzymatic hydroly5|§, especially of the phosphorane.transmon
that cover nucleophilic attack of water or methanol on ethylene states gnd intermediates, are not clear. Recent experlme_nf[al z_and
phosphate (EP), a model for the transphosphorylation andthgoretlcal results suggest that the phosphoranes exhibit sig-
hydrolysis of RNA chains nificantly elevated K4! (e.g., a value of 7.9 has been suggested

Previous computational studies on honenzymatic phosphate.for ethylene phosphoraffeand 8.6 for P(OH?). Consequently,

hydrolysis reactiorf9.1+13.1723.24.2hhave focused mainly on it is important also to characterize neutral reaction mechanisms
the so-called dianionic and monoanionic reaction mechanisms_becaluse the charge state of the phosphorus Species can play an
important role in the enzyme-catalyzed reactions.
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Figure 1. Scheme for the in-line mechanism in phosphate ester hydrolysis.

or a ribose ring. These reactions are illustrated schematically The thermodynamics relations and energy contributions calcu-
in Figure 1. We restrict the focus to in-line attack mechanisms lated in the gas phase are:
and do not consider mechanisms that involve pseudorotation.

Although exploration and characterization of other mechanisms G=H-TS (2)
is important, the formation of the pentacovalent intermediate H=E+RT ©)
that results from in-line attack is generally the rate-limiting

step3°31 Calculations were performed using density functional E=Ey+ Eip T Eot T Eyrans (4)
theory (B3LYP functional) at high basis set levels (6+31#G- E,= E,+ ZPVE (5)

(d,p)/6-31H+G(3df,2p)). Solvation was approximated by the

. : . . . _ 2
linear |sotrop|c.PCM dielectric continuum modéf. WhereG, E, H, S andT are the Gibbs free energy, the energy.
Nonenzymatic phosphoryl transfer reactions have been stud-y, enthalpy, the entropy, and the temperatdre=(298 K),
ied extensively with quantum chemical methods to quantify the respectively, ancEe, Evir, Eroy and Eyans are the electronic,
influence of factors that. regulate reactivity. Numerous studies {nermal vibrational, rotational, and translational energy com-
have been performed in the gas pia&é’>and in solu-  ohents, respectively. All quantities exc&tand ZPVE have
tion 5-10.15.16.18.23.24.26.27.36 Yhese studies utilize different levels 5, explicit temperature dependence.
of electro.nic structure theory, models for solvation, and other It is known that anionic and specially dianionic systems are
computational protocols that reduce the degree to which sansitive to basis set choice. For the dianionic phosphoranes
meaningful cross-comparisons between studies can be madegqnsidered here, minimal basis sets lead to artificial stabilization
The present paper presents calculations for a series of reactiong phosphorane intermediates due to basis set superposition
carried out at a consistent level of theory and treatment of gryors9 Including diffuse functions in the basis set, such as is
solvation that helps unite and extend the results presentedyone here, avoids this artificial stabilizati®nlthough the
previously by differentauthorswith differentmethdds. 1623242627 351 energetics of the gas phase reactions could be somewhat
Consequently, the results should be of general utility and, in mogified by using different sets of diffuse and polarization
particular, provide a benchmark dataset for the optimization of fnctions, the effects should be small compared to the overall
semiempirical quantum models that can be used in the applica-reaction energetics and would not affect the conclusion of
tion of hybrid quantum mechanicgl/molecular mechanicgl (QM/ calculations:; see, for example, a study of electron affinity of
MM) methods to study enzymatic phosphate hydrolysis reac- monoanions where basis sets were extensively compared for

tions?® monoanionic and dianionic speci#s.
Concerning the evaluation of thermodynamics functions,
2. Methods recent ab initio calculations have indicated that the rigid retor

) ] harmonic oscillator approximati&hmay lead to an overestima-
2.1. Gas-Phase CalculationsAll the structures in the gas  tjon of the entropic contribution to the activation free energies
phase were optimized with KoktSham density functional phosphate hydrolysi&52 Although using a hindered rotor
theory (DFT) methods, using the hybrid exchange functional approximation or empirical correctiofwill affect the absolute
of Becké”? and correlation functional of Lee, Yang, and P&T.  yalues of the activation barriers for the different reactions, it is
Frequency calculations were performed to verify the nature of ot expected to affect significantly the relative values for the
the stationary points on the potential energy surface (PES); i.e., djfferent charged species (dianionic, monoanionic, and neutral),
that there were no imaginary frequencies for minima and only \which is our main purpose.
one imaginary frequency for transition states. Geometries and 2 2. Selvation CalculationsSolvent effects were treated by
frequencies were determined with a 6-3t&(d,p) basis set. using the polarizable continuum model (PCR)34 In this
Following geometry optimization, the electronic energies were model, the solute molecule is embedded in a cavity of unit
refined by using a larger 6-33-G(3df,2p) basis set. This basis  dielectric that is surrounded by solvent modeled by a dielectric
set is similar to that used in the G2 mettfdd>which typically continuum. The cavity was defined by using the UAHF sets of
yields atomization energies, ionization energies, and relative radii 53 The solute and solvent are coupled by a reaction potential
energies within 1 kcal/mol of the experimental values. All the of the dielectric medium in response to the solute charge
calculations were done with the GAUSSIAN98 suite of pro- distribution. The polarization of the solvent is represented by a
grams?® charge densityr introduced on the surfacg’ of the cavity
The B3LYP/6-31G-+(d,p) frequencies were used to evaluate surrounding the solute, and the corresponding reaction field
the zero-point vibrational energy (ZPVE), thermal vibrational potential takes the form
contributions to the enthalpy, entropy, and Gibbs free energy
at T = 298 K within the harmonic oscillator approximation in ©
the canonical ensembté#® The rotational and translational _ 2 g
energies were treated classically*aRT per degree of freedom. () = de r — 9 (©6)
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o & respect to the reactant are less affected by the basis set and
i i method choice than absolute solvation energy values, so that
= ) the shape of the potential energy surface in solution is similar
for the different methods tested. Therefore, and for the sake of
brevity, we chose only one method, HF/6-3G*, to report
aqueous free energies; the results obtained with the other
methods are given as Supporting Information.
Because of the large number of structures considered, the
EP- REP- solvation free energies were calculated at the gas-phase B3LYP/
6-31Gt++(d,p) geometries rather than performing geometry
optimizations in solution. Nonetheless, the gas-phase geometry/
continuum dielectric approximation employed here provides
important insights into how solvent affects the reaction
energetic$1! The present calculations do neglect explicit
solvent water molecules, which could catalyze the intramolecular
proton transfer from phosphoryl oxygens to departing nucleo-
philes/leaving groups in monoanionic and neutral reactions.

™ I Water-mediated proton transfer has been claimed to facilitate
EPH REPH formation/cleavage of phosphorartés.

Figure 2. Phosphate reactants: Ethylene phosphate)Efotonated 2.3. Nomenclature.To label the different structures along

ethylene phosphate (EPH),,2-ribose cyclic phosphate (REP), and the reaction profile, we introduce the following notation. There

protonated 23-ribose cyclic phosphate (REPH). are reactants (REAC), hydrogen-bonded complexes (HB),

i . . roducts (PROD), and pentacovalent phosphorane intermediates
To check the sensitivity of solvation corrections to the method b ( ) b pnosp

d basi hoi h ati leulati ; d(INT) that are identified as minima on the potential energy
anh a5|(sj:fetc O'fe't € so vation ca cuhat(ljonls_i\llzveredeegLo;rge surface, as well as several transition states (TS1, TS2, and
\;V:;[ d t\t\A/\//((; O;iﬁ(zfen;tebe;;rsr!gtztr(lécgjlrgEg?tag dseig(;)r)‘ for & ) TSINT). The name TS1 refers to the transition state for the

L - / ' approach of the nucleophile to the phosphate reactant, while
total of four combinations of theory/basis set (HF/6-31G(d), HF/ op P prosp

TS2 refers to the transition state for the endocyclic cleavage,
6-31+G(d), .B?’LYP./B'SlG(d)’ and B3LYP/6—3HQ(d)). The which connects the phosphorane intermediates to the products.
free energy in solution was calculated as a solvation free energ

. ) YTSINT refers to transition states that connect different phos-

correction to the gas-phase free energy as: phorane intermediates (see Results and Discussion section for
Gaq= Gyas+ AGy @) details). _ o 3 _
The number of stationary points identified on the potential

where AGs is the solvation free energy calculated as the energy surface differs for the dianionic, monoanionic and neutral
difference between the electronic energies in solution and thereactions. In the case of dianionic reactions, there are only
gas phase plus the self-energy of the solvent reaction field alongREAC, TS1, and PROD structures. In the case of monoanionic
with an empirical term that account for the nonelectrostatic and neutral reactions, there are more possibilities, and the
contributions to the solvation free energy (sometimes referred nomenclature is detailed below.
to as the “cavitation” termj?54 The solution free energies of 2.3.1. Monoanionic Reactionm the case of water attack on
the gas-phase stationary points from eq 7 are then used toethylene phosphate, we have considered two type of intermedi-
estimate the relative energies of the various stationary pointsates (Inf and Int), which differ in the orientation of the
in solution,AG'aq, with respect to the energies in solution of equatorial proton (see Figure 4). Considering that the five-
the separate reactants. The relative values in solution with membered ring in ethylene phosphate is not planar, the two

&

TN

TS1

b

.”‘E“ PROD

Figure 3. Dianionic potential energy surface. B3LYP/6-81G(d,p) optimized geometries of the separate reactants, transition state, and product
for the in-line methoxide attack on ribose ethylene phosphate.
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Figure 4. Monoanionic potential energy surface. B3LYP/6+3tG(d,p) optimized geometries of transition states and intermediates for the in-line
methanol attack on ribose ethylene phosphate.

equatorial phosphoryl oxygen are not equivalent, so that there3. Results and Discussion
are two Ing and two Ing structures. However, preliminary ) )
calculations showed almost equivalent energetics (within 1 kcal/  The results of DFT calculations for the series of phosphate
mol) and similar structures when protonating one or the other Nydrolysis reactions are presented and discussed. The section
oxygen, so that only one structure will be discussed here. is organized into three main subsections that focus on dianionic,
For the reaction with ribose ethylene phosphate, there areMonoanionic and neutral reactions, respectively. Each of these
more isomers according to whether the protonated phosphorw;ubsectlons examines structures, and_thermodyna_mlc_ quantities
oxygen is exo or endo with respect to the ribose ring. These in the gas ph.ase and in solution. Partlcglar attention is paid to
two possibilities were specifically considered, and we distinguish the geometries of the phosphorane intermediates and the
both structures with an exo and endo superscript (see Figuretransition states corresponding to the formation of the exocyclic
4). P—0O apical bond, the overall rate-limiting transition state in
2.3.2 Neutral Reactionén the neutral reactions, the stationary ~ll cases, and to the specific protonation states that give rise to
points identified are also reactants (REAC), hydrogen-bonded POssible phosphorane isomers.
complexes (HB), transition states (TS), phosphorane intermedi- 3.1. Dianionic Reaction Mechanism.3.1.1. Gas-Phase
ates (INT), and products (PROD). However, the number of Profile. The dianionic reaction mechanism corresponds to the
different isomers is larger, as the equatorial oxygens are bothattack of the anionic reactant (hydroxide or methoxide) on the
protonated and each proton can assume different orientationsnegatively charged phosphodiesters, ethylene phosphate and
In this case, we have introduced two subscripts that take into 2,'3'-ribose ethylene phosphate. These are the small molecule
account the orientation of each of the equatorial protons. The models for mechanisms frequently proposed for enzymatic
symbol d refers to “down” orientation of the equatorial proton phosphate hydrolysis, where the attack of an activated nucleo-
according to the structures of Figure 5, meaning that this proton phile (for example, deprotonated hydroxyl) occurs on the
is oriented toward the oxygen of the nucleophile. The subscript phosphate diester in its physiological anionic protonation state.
u refers to the “up” orientation, i.e., proton oriented toward the This reaction has been studied previously on simpler model
axial endocyclic oxygen (i.e., the oxygen of the leaving group). systems lacking the ribose ridg; 116-18and the global features
As shown in Figure 5, we use two subscripts in each case, theof the reaction profiles presented here (cf. Figure 3 and Table
first one refers to the orientation of the proton bound to the 1) are in accord with previous studies in that hydrolysis proceeds
exo phosphoryl oxygen, and the second one corresponds to thevia direct in-line nucleophilic displacement with inversion of
equatorial proton bound to the endo oxygen (exo or endo with configuration at the phosphorus. The rate-limiting transition state
respect to the ribose ring). occurs early in the reaction, with distances between the
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Figure 5. Neutral potential energy surface. B3LYP/6-31G(d,p) optimized geometries of transition states, and intermediates that correspond to
the in-line mechanism of the nucleophilic attack of methanol on 2p,3p-cyclic ribose ethylene phosphate. The dd, du, ud, and uu superscripts refers
to the orientation (up or down) of the equatorial protons.

TABLE 1: Dianionic Reactions: Relative Energies in the TABLE 2: P —0O Axial Bond Distances (A) and Angle (deg)
Gas-Phase with Respect to the Separate Reactants for the for All the Stationary Points Characterized for the XO~ +
XO~ + EP/REP~ Reactions (X= CHg, H; REP = (R)EP~ Reactions Using B3LYP/6-3+G(d,p) Level of
2',3-Cyclic Ribose Ethylene Phosphate, EP = Ethylene Theory
Phosphate} HO- + EP- HO- + REP-
reaction. HO + EP~ reaction. HO + REP- P—OX P—OC Ony—P—-0Ox P—OX P—OC Ouy—P—0Oq
AEe AEp AH AG AGaqq AEe AEp AH AG AGy TSI 2627 1834 16307 2645 1846 1629
TS1 86.71 87.14 86.43 95.94 43.46 81.32 81.80 81.14 90.56 54.11 PROD 1.700  5.136 91.4 1700  4.264 103.9
PROD 35.88 37.00 36.60 44.89 20.45 38.89 39.77 39.34 47.85 23.10
CH;0™ + EP- CH3;0~ + REP™
reaction: CHO™ + EP- reaction: CHO™ + REP- P—OX P—-OC Quy—P—-0sx P-OX P—OC Oy P—0ux
AE. AE, AH AG AGy AE. AEp AH  AG AGy TS1 2.627 1.834 163.07 2.645 1.846 162.9
TS1 87.17 87.31 87.13 98.33 44.07 81.97 82.12 82.05 92.98 4583 PROD 1700 5.136 89.6 1707 4599 1086

PROD 44.10 46.34 46.51 56.64 19.83 49.16 51.14 51.33 61.63 25.18 . . .

aNumbers are in kcal/moEe corresponds to the electronic energy phosph_orane mt_ermedlates' In the @, distance range .Wh?re
calculated at our best level of theory (see Methods). Contributions from Stable intermediates are observed for the monoanionic and
zero-point vibrational energy, enthalpy, and entropy are estimated at neutral reactions (see below), the potential energy surface is

EBthYP/?-%_l-F#G(d.p). Last column for ee}c%gacti%rtn tYP%‘%O”eStE]O”dS rather flat, but no stationary point was identified. Thus, even if
0 the relative free energy In aqueous solu , Obtalined from the . . . . . e
SUM of AGgzs and the AAGso Solvent contributions (see Methods) ~Shallow intermediates exist, they are not kinetically signifiéant.

evaluated at HF/6-31G*. This type of mechanism is consistent with kinef© isotope
effect$® for the cleavage reaction of uridiné-@-nitrobenzyl
phosphorus and the incoming nucleophile oxygen around 2.645phosphate (i.e., the reverse transesterification reaction to the
A (cf. Table 2) and an endocyclic-FO4 distance of 1.846 A. methanolysis of cyclic phosphate diesters discussed in the
The reaction proceeds directly from the transition state to the present work), supportive of a concerted-type mechanism but
products without formation of stable pentacovalent dianionic with a late transition state (that is, equivalent to our early-type
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transition state for the methanolysis reaction of the cyclic are similar or even somewhat higher than those obtained for
phosphodiester). In addition, on the basis of leaving group ethylene phosphate. A detailed comparison of the solution
effects, highly negative values f@y (slope of Bronsted-type  barriers for the various reactants and nucleophiles would
plots) in the case of the hydroxide ion catalyzed transesterifi- necessitate obtaining stationary points in solution. Nevertheless,
cation cleavage of uridine’<alkyl phosphate¥-59 have been the current data indicate that the barriers are similar for all
reported, suggesting that, at the transition state, the departureeactions.

of the corresponding alkoxide group is almost complete, which  These data also highlights the importance of the consideration
is again in agreement with an early transition state for the of the solvent to understand the hydrolysis reactions, as noted
methanolysis of cyclic phosphodiesters. It must be noted that ain earlier studied%1!For the reverse (i.e., transphosphorylation)
break in the Bronsted-type free energy relationship has beenreaction, the effect of solvation on the activation barrier is
recently reported for the alkaline cyclization of uridine'3 quantitatively much less important than for the hydrolysis step,
phosphate esters atkp values of the leaving group (the as the reactants are also dianionic; solvation reduces the acti-
nucleophile in our case) lower than thigof the 2 oxyanion vation barrier by about 10 kcal/mol. The difference in solvation
nucleophile. This can be linked to a change in the rate- free energies with the different methods employed tend to cancel
determining transition state as the basicity of the leaving group out when calculating relative energies. This can be seen in Figure
(the nucleophile in our case) increases, which is coherent with 7, where we depict the values of the solvation free energies for
our data. the different species calculated at HF/6+33*, B3LYP/6-31G*,

The dianionic reaction has a very high activation energy and B3LYP/6-3%G* versus the HF/6-31G* values. The
barrier in the gas phase; it is of the order of 87 (ethylene inclusion of diffuse functions tend to slightly increase the
phosphate) to 81 (B'-ribose ethylene phosphate) kcal/mol (see solvation free energy (in absolute value), whereas the B3LYP
Table 1). The free energy barrier is higher by kcal/mol, method has a larger effect and gives smaller (in absolute value)
which reflects the loss of translational and rotational degrees solvation free energies than Hartrefeock in all cases. However,
of freedom in the dianionic complexes, and the inclusion of these trends are consistent for all the structures treated, and
vibrational entropic contributions does not significantly affect hence, the barriers calculated in solution with the different
the shape of the reaction path. The high activation barrier resultsmethods are similar. As stated in the Methods section, only HF/
largely from the Coulombic repulsion between the two nega- 6-31+G* numbers are included in Tables 1, 3, and 6.
tively charged ions in the gas pheké! The presence of the 3.2. Monoanionic Reaction Mechanism3.2.1. Gas-Phase
ribose ring lowers the activation barrier by 5 kcal/mol with  Profile. Monoanionic reactions correspond to either the attack
respect to ethylene phosphate, presumably due to its better abilityof an activated nucleophile (i.e., Okbr CHsO™) on the neutral
to delocalize the electronic charge and reduce the Coulomb phosphate or to the attack of a neutral nucleophile (water or
repulsion of the dianion. Overall, the hydrolysis reaction is methanol) on the phosphate in its usual charge statt).(
endothermic in the gas phase. The nature of the attacking groupMonoanionic reactions have been proposed in enzymatic
(methoxide vs hydroxide) influences the reaction energetics for system& where the attack of an incoming charged nucleophile
the hydrolysis; i.e., when methoxide is the nucleophile, the would be accompanied by a proton transfer from a nearby
reaction is more endothermic by over 10 kcal/mol (see Table general acid to the phosphate, which would facilitate the attack.
1). This can be linked to the greater stability of the methoxide  For the reactions considered here, in the gas phase, identical
reactant relative to hydroxide. The effect of the ribose ring iS stationary points are obtained for the attack of an anionic
fairly small with respect to the barrier height and overall reaction y,cleophile on the neutral phosphate and the attack of the neutral
energetics. It can be noted that the backward reaction, i.e., thatycleophile on the anionic phosphate, so that, except in the
from the products to reactants, and methoxide is a model for reactant stage, the potential energy surfaces are identical. The
the transphosphorylation step of RNA hydrolysis. From the data njtial step in the gas-phase reaction for the attack of water (or
presented here, the activation energy for this particular reactionmethanol) on the monoanionic phosphates is the formation of
is 32.8 keal/mol, which is significantly less than that for the an H-ponded complex between the reactants (see Table 3 and
hydrolysis. The activation energy for the backward hydrolysis Figure 4). The stability of the hydrogen-bonded complex is quite
reaction is higher (42.4 kcal/mol) when hydroxide is the leaving significant in the gas phase due to favorable electrostatic
group, as expected, because hydroxide is a worse leaving grouinteractions {15.5 kcal/mol in energy), but the entropic
than methoxide in bearing a negative charge in the gas phasecontribution to complex formation is unfavorable, as expected,

3.1.2. Solution ProfileTo obtain a first approximation to the  and hence, in free energy, the stability is ont®.3 kcal/mol
reaction profile in solution, we estimated the solvation free (Table 3). The geometry of the complex differs if water or
energies Gso) Of the gas-phase stationary points with the methanol is used as the nucleophile; with water, two slightly
continuum dielectric (PCM-UAHF) methods, as discussed in elongated hydrogen bonds are formed with the nonbridging
Section 2.2 (Tables 1, S9, S10, and S11). phosphoryl oxygens (approximately 2.1 A), whereas;GH

It can be seen that, for the dianionic reaction, the solvation forms a single strong hydrogen bond (approximately 1.75 A).
free energy of the separate reactants is significantly less If the reactants used for initial gas-phase geometry optimization
favorable than that of the transition state and product. This is are the neutral phosphate and anionic nucleophile, no stable
in accord with the expectation that a dianionic species is more complex is formed where the phosphate oxygen is the H-bond
favorably solvated than two monoanionic reactdhfhe large ~ donor. This is expected from the relative gas-phase proton
favorable solvation of dianionic transition states leads to a affinities of the reactants; i.e., when the neutral phosphate and
significant reduction of the activation barrier in solution. The anionic nucleophile interact, a proton transfer occurs and the
barrier is lowered to 4555 kcal/mol depending on the nature only stable H-bonded complex that can be identified correspond
of the reactants. In the gas phase, the activation barrier for theto the neutral nucleophile donating the H-bond to the anionic
reaction was somewhat lower, while as the transition states for Phosphate oxygen.
the compounds are bulkier, they are less well solvated, and As the reaction proceeds to the rate-limiting transition state,
therefore, the estimated barriers in solution for the reactions the proton forming the hydrogen bond is transferred from the



Nucleophilic Attack on Phosphate Diesters J. Phys. Chem. B, Vol. 110, No. 23, 20061531

TABLE 3: Monoanionic Reaction: Relative Energies in the Gas-Phase with Respect to the Separate Reactants for the XGH
EP~/REP~ Reactions (X= CHg, H)2

reaction: HOH+ EP- reaction: CHOH + EP~
AE, AEg AH AG AGy AE, AEp AH AG AGyq

HB —15.27 —12.82 —13.36 —4.59 8.93 —14.65 —13.49 —13.22 —4.86 7.50

TS1 22.88 23.73 22.23 34.26 42.14 21.84 21.29 20.63 32.96 41.94
Int, 13.34 16.45 15.07 27.12 26.68 13.73 15.44 14.77 27.85 30.72
TSINT 22.65 23.26 22.52 35.58 35.77
Inty 13.76 16.29 15.24 26.32 25.88 13.73 15.44 14.77 27.85 30.72
TS2 13.70 15.83 14.35 26.37 29.50 13.78 14.78 13.85 27.29 31.90
PROD —19.36 —16.33 -17.31 —6.76 0.88 —-19.35 —-17.52 —-17.84 —6.32 6.72

XO~ + EPH 61.02 60.98 60.96 62.06 13.71 52.11 49.71 49.72 50.24 15.61

reaction: HOH+ REP- reaction: CHOH + REP-
AE. AEg AH AG AGyq AE. AEg AH AG AGyq

HB —14.51 —-11.94 —12.53 —3.29 10.27 —14.00 —12.68 —12.47 —3.62 9.18
TS18° 24.48 25.07 23.66 35.33 39.53 23.64 22.80 22.24 34.18 43.96
TS]Endo 24.28 25.08 23.64 35.40 39.56 23.42 22.86 22.25 34.45 43.18
|maEX° 13.64 16.57 15.31 26.98 26.48 14.70 16.05 15.57 27.96 29.27
|nt§”d° 13.65 16.51 15.33 26.71 27.34 13.49 15.04 14.51 27.10 29.78
TSINTE* 23.24 23.60 23.01 35.69 34.78
TSINTEndo 1451 16.92 15.49 27.34 26.75 22.41 22.90 22.28 34.90 35.58
IntEXO 13.02 15.86 14.74 26.01 28.33 13.98 15.54 15.03 27.61 31.45
|mE”d° 13.65 16.51 15.33 26.71 27.34 13.49 15.04 1451 27.10 29.78
TS0 13.99 15.93 14.56 26.19 30.51 14.23 14.96 14.23 26.86 30.96
TS2Endo 13.69 15.65 14.27 25.97 28.45 13.79 14.58 13.81 26.75 31.73
PROD —14.49 —11.93 —-12.75 —2.77 8.27 —14.43 —12.96 —13.15 —2.04 9.55

XO~ + REPH 65.79 65.45 65.00 66.98 14.15 56.88 54.18 53.76 55.17 16.06

aNumbers are in kcal/moE. corresponds to the electronic energy calculated at our best level of theory (see Methods). Contributions from
zero-point vibrational energy, enthalpy, and entropy are estimated at B3LYR/6-G{d,p). Last column for each reaction type corresponds to the
relative free energy in aqueous solutiadkQ,g), obtained from the sum afGgasand theAAGsq solvent contributions (see Methods) evaluated at
HF/6-314+-G*.

; =" .. TABLE 4: P —0 Axial Bond Distances (A) and Angle (deg)
nucleophile to one of the nonbridging phosphoryl oxygens. This for All the Stationary Points Characterized for the XOH +

proton transfer is almo§t complete in the transition state, as the(R)Ep- Reactions Using B3LYP/6-3+G(d,p) Level of
distance between the incoming O and the proton{1.5 A) Theory
is significantly longer than the distance between the phosphoryl HOH + EP- CHsOH + EP-
Opnos and the hydrogen (1:61.1 A). The H-O—H angle, P oX P-0C O.PO. P-oX P-oC 0P O
however, deviates significantly from linearity (13437, see O = Oux =
Table 5), and the © —O distance (proton donor and acceptor) HB 3391 1.694 134.0 3.845  1.696 127.7
is between 2.308 and 2.325 A. Experimental results on cleavagelTSl 2254 1713 163.6 2265 1713 161.7
i oo . 62 Nta 1.787 1779 168.4 1.790 1.780 160.4
and isomerization of RNA phosphodiester _l:)_cﬁ‘i@é suggests  TSINT 1743  1.819 161.2
a similar mechanism in which the rate-limiting transition state Int, 1.703  2.005 164.1 1.715 1.893 160.9
corresponds to exocyclic cleavage of the phosphorane concerted'S2 1688 2.153 162.8 1689 2149 160.4
with proton transfer to the departing alkoxide. In this sense, it PROD ~ 1.612 3.414 1508 ~ 3.528 1671 1045
hgs been shown_ tha’F, in the case of phosphorane monoanionic HOH + REP- CH4OH + REP-
triesters, for which intramolecular proton transfer from the
phosphoryl oxygen to the leaving group is not an option,
isomerization is 19times faster than the cleavage. However, HB 3.390 1690 1308  3.854 1690 1218

: . ; AT TS 2237 171 161.2 2.254 1.717 159.
in phosphorane diesters, isomerization is onty2lorders of TglE”dO 2.21310 1_712 123_7 2.21518 1715 122_8

P—OX P—OC Qu—P—0x P—OX P—OC On—P—0x

magnitude faster than cleavage. Besides, also consistent with g ex 1.784 1.777 168.8 1.788 1.787 165.2
proton transfer to the leaving group concerted with the rate- lmféndo 1.772 1.788 163.1 1.777 1.787 159.3
limiting bond rupture, the experimenta3y of the cleavage is  TsiNTE® 1747 1.835  168.7

only moderately negative;0.59, as compared with the high ~ TSINTEe 1,735 1.824 159.2 1.733 1.824 159.3
negative value for the hydroxide-ion-catalyzed reaction of Int5*° 1703 1.921 163.0 1711 1911  160.2
phosphodiester monoaniofs;—1.28, in which the alkoxide IntEde 1704 1911 162.9 1.706  1.909 159.3
departs unprotonated. TSN 1.675 2240  162.5 1.673 2254  159.9

TSZEndo 1.678 2.218 161.9 1.678 2.213 159.8

In general, there are large departures from the ideat ¥80 PROD 1653 3421 1171 1648 3411 121.6

the Qi—P—04 angle in the transition state; values between

159 and 164 are obtained (Table 4). Regarding the distance

between the nucleophile and the phosphorus in TS1, they arethan the transition states of the dianionic reactions in which
all very similar, 2.235-2.265 A, with slightly longer P-OX the values of POX and P-OC distances at TS1 were longer
distances for methanol than for water. For the attack '¢#i-2 than in the present case. Because of the geometry of the
ribose ethylene phosphate, the ®X distances in the transition ~ phosphate reactant, the two nonbridging equatorial oxygens are
state are shorter than that for ethylene phosphate. The transitiomot equivalent, so that two transition states are identified (labeled
states TS1s of the monoanionic reactions are more associativeexo and endo for'2Z3'-ribose ethylene phosphate as a reactant,
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TABLE 5: Proton Transfer between Oxygens at the Transition States

HOH + EP- CH3OH + EP
H-Ox H-Op H-O-CH-  0-O 0O-H-0  H-Ox H-Op H-O-CH- 0-O [0O-H-O
TS1 1.430 1.072 2.325 136.7 1.467 1.050 2.322 134.5
TS2 0.986 1.746 2.335 120.4 0.985 1.748 2.336 120.3
HOH+REP CHyOH + REP-
H-Ox H-Op H-O-CH 0-O [DO-H-O H-Ox H-Op H-O-CH- 0-O [OO-H-O
TSI 1.401 1.085 2.314 136.8 1.429 1.065 2.308 135.1
TSEM 1428 1.073 2.325 136.2 1.465 1.052 2.323 134.1
TSEO 0.992 1.699 2.408 124.9 0.992 1.695 2.410 125.1
TSZEndo 0.986 1.730 2.408 1225 0.985 1.737 2.411 1222

see Figure 4). However, there is very little difference in the intermediates and show similar gas-phase energies to those of
activation barriers and overall geometries between the two the transition states for nucleophilic attack (see Table 3). This
structures. rotation of the proton bound to the equatorial oxygen is an

The gas-phase energy barrier between the reactants (takeinteresting feature of the gas-phase potential energy surface. The
as the neutral nucleophile and charged phosphate) and ratebarrier for rotation of the proton is wide enough that the
limiting transition state are 2125 kcal/mol, while the corre-  probability of tunneling is negligible.
sponding free energy barriers are-3% kcal/mol (see Table In the case of water as the nucleophile, the rotation of the
3). The barriers with respect to the stable hydrogen-bonded proton is coupled to pseudorotation of the phosphorane inter-
complex are, of course, higher, but in free energy, the difference mediate. This type of coupling between the rotation of the
is only about 3 kcal/mol. For instance, in the case of a methanol p—OH bonds and pseudorotation has also been identified in
attack on 23-ribose ethylene phosphate, the gas-phase free the pasf? Therefore, a transition state for pure proton rotation
energy barrier with respect to separated methanol and chargecttannot be identified as a stationary point on the potential energy
phosphate is 34.2 kcal/mol for TS, while the barrier with  syrface. A discussion of pseudorotation mecharf$is®eyond
respect to the hydrogen-bonded complex is 37.8 kcal/mol. Itis the scope of the present paper, and we did not characterize this
also possible to consider taking the anionic nucleophile and ransition state further. A similar feature had been noticed by
neutral phosphate as the reference energy. However, theserple and Lin®®in their early studies of hydroxyl ion attack on
reactants are much higher in energy than the charged phosphatgethy| ethylene phosphate, a different but related monoanionic
and neutral nucleophile (by 55 kcal/mol in the gas phase,  system. This was found to occur from the transition state that
see Table 3). In solution, the difference in energy is less (see g an axial hydroxyl group to place it in an equatorial position.
Table 3, the anionic nucleophile and neutral phosphate are only . .

In the case of methanol as a nucleophile, a transition state

about 16-15 kcal/mol higher than the negative phosphate and that corresponds clearly to the rotation of the proton around

neutral nucleophile)), but the lowest energy species remains the, . o -
neutral nucleophile and anionic phosphate, as expected. It iSthe P-O equatorial bond is identified. The attack of methanol

thus clear that, in the gas phase, the activation barrier is on ethylene phosphate was previously studied by Lim and Tole

significantly lower for the monoanionic reaction than for the at th_e HF/3-23G* level, and a transition state for proton
dianionic one. rotation was observed by thefth.

The potential energy surface for the monoanionic reaction is __ | '€ Proton rotation leads to a different intermediatex(Int
more complex than for the dianionic one. Indeed, as the reaction'9ure 4) where the proton is now oriented toward the leaving
proceeds from the exocyclic transition state, stable pentacovalen@rOUP 0xygen, thus facilitating its departure through the final
compounds are formed (i.e., phosphoranes). They are the inter{TS2) tra_n5|t|(_)r_1 state. T_he intermediates after proton rotation
mediates of the reaction, and they have a distorted trigonal INto @re identified both in the case of OHand CHO™ as
bipyramid structure. The central phosphorus atom is bound to "Ucleophiles.
five oxygens, two of them occupying axial positions,{Cand The final (TS2) transition states correspond to the breaking
other three occupying equatorial positions. These intermediatesof the axial endocyclic PO bond (see Figure 4). The bond
are higher in energy than the reactants by-13 kcal/mol (see breakage is accompanied by a proton transfer to the leaving
Table 3). For the monoanionic reaction ¢f2-ribose ethylene group oxygen. The proton is closer to the equatorial oxygen
phosphate, four of these intermediates can be identified (cf. and further from the leaving group axial oxygen in TS2 than in
Figure 4) that differ in the position and relative orientation of TS1 for exocyclic cleavage (see Tables 4 and 5). In fact, the
the proton bound to the equatorial oxygens. Indeed, the protondistance between thepds and the hydrogen is only slightly
can be bound to each equatorial oxygen, as these are not equielongated with respect to what is observed in the stable
valent (labeled exo and endo, cf. Figure 4). The proton can thenintermediate. Correspondingly, the distance between the hy-
be oriented either toward the incoming nucleophile oxygen)(Int drogen and the leaving apical oxygen is significantly longer
or toward the departing leaving group oxygen (litigure 4). (1.70-1.75 A) than in the exocyclic TS (1-4L.5 A). The

These stable intermediates occur at different stages on theH—O—H angles deviate even more from linearity in the
reaction pathway. In the transition state of nucleophilic attack endocyclic TS (126125°), and the G-O distance between
(TS1), the proton that has been transferred from the incoming proton donor and acceptor are slightly longer, 0.1 A. On the
nucleophile is still oriented toward it, and this orientation is other hand, in the presence of a ribose ring, both exo and endo
kept in the subsequent intermediate {inAA rotation of the transition states are very similar, but the exo transition states
equatorial proton then occurs, leading to the transition state are located slightly later in the reaction coordinate, theOfZ
(TSINT, cf. Figure 4) where the proton is situated in the distances at the transition state being slightly longer for exo
equatorial plane. This transition state is associated with a transition states, and correspondingly, the proton transfer is
significant barrier of about 10 kcal/mol with respect to the slightly more advanced at exo transition states than at endo ones.
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TABLE 6: Neutral Reaction. Relative Energies in the Gas-Phase with Respect to the Separate Reactants for the XGH
EPH/REPH Reactions (X= CHj, H)

reaction: HOH+ EPH reaction: CHOH + EPH
AEe AEg AH AG AGgyq AEe AEp AH AG AGgyq
HB —12.06 —9.40 —-10.24 —0.55 10.81 —12.46 —10.60 —-10.79 —0.62 12.20
TSy 28.02 28.01 26.61 38.08 41.62 26.56 25.46 24.73 37.18 43.33
TS 25.64 26.45 24.72 36.92 42.60 25.33 24.96 23.99 37.12 43.71
Intgy —0.20 3.43 1.98 13.54 17.86 2.97 5.61 4.74 17.73 23.93
INtyq 0.76 4.61 3.04 14.98 19.03 2.94 5.68 4.76 17.89 23.95
Intyg —0.20 3.43 1.98 13.54 17.71 -0.57 2.32 1.35 14.61 22.27
Intyy 1.65 5.30 3.83 15.51 17.72 1.69 4.37 3.50 16.50 23.24
TSInt, 6.03 9.32 7.49 19.96 23.74 8.28 10.13 9.10 22.36 28.07
TSInty 5.77 8.98 7.20 19.52 24.16 7.10 9.27 8.09 21.87 28.97
TS2u 19.75 20.26 18.67 30.68 36.56 22.18 21.41 20.59 33.45 39.63
TS2u 15.10 15.64 14.03 26.00 37.95 13.71 13.55 12.57 25.66 39.90
PROD —9.48 —-7.21 —7.82 1.35 9.80 —11.05 —-9.42 —9.48 0.82 11.23
reaction: HOH+ REPH reaction: CkOH + REPH
AEe AEp AH AG AGgyq AEe AEp AH AG AGyq

HB —12.09 —9.46 —10.30 —0.66 8.87 —-12.47 —10.62 -10.23 —2.43 8.25
TS]ESO 25.98 26.86 25.66 36.64 39.43 25.71 25.37 24.95 36.81 40.09
TS]§§° 28.49 28.41 27.61 37.60 38.56 26.93 25.87 25.68 36.76 42.06
TS]&Q"” 28.24 28.14 27.34 37.23 38.06 26.66 25.54 25.38 36.40 40.84
TS]EQ"“ 25.75 26.68 25.46 36.39 39.50 25.46 25.09 24.69 36.37 41.50
Intgy 0.10 3.77 2.86 13.19 15.10 2.99 5.68 5.34 17.16 20.42
Intyq 1.07 4.88 3.89 14.30 15.97 3.12 5.89 5.53 17.31 19.83
Intyg 0.21 3.89 3.00 13.03 15.55 -0.19 2.81 2.36 14.53 19.92
Intyy 1.90 5.48 4.61 14.52 13.57 1.86 4.61 4.29 15.83 18.51
TSInIEXO 5.43 8.71 7.44 18.43 18.34 7.13 9.16 8.63 20.66 23.83
TSInIEXO 4.30 7.61 6.30 17.12 17.64 7.01 8.98 8.47 20.50 23.29
TSmﬁﬂdo 5.74 9.03 7.76 18.89 19.13 8.55 10.59 10.06 22.20 24.73
Tsmﬁﬂdo 5.21 8.56 7.26 18.58 19.76 7.28 9.39 8.82 21.09 24.97
TSZEJ" 20.49 21.00 19.99 30.56 34.44 19.53 19.15 18.79 30.41 36.38
TSfﬁ‘) 15.68 16.20 15.20 25.69 34.62 14.01 13.89 13.48 25.24 36.93
TSQdESdU 20.89 21.33 20.31 30.95 33.98 23.30 22.36 22.17 33.47 37.48
TSZ?SdO 16.17 16.53 15.54 26.02 34.95 14.61 14.23 13.91 25.28 36.12
PROD —7.02 —4.27 —4.52 3.91 9.19 —8.68 —6.72 —6.32 3.30 11.22

As for TS1, two TS2 are identified (with exo and endo the gas phase. Thus, for example for{CH) attack on 23'-
position of equatorial hydrogen, cf. Figure 4); they are similar ribose ethylene phosphate, we have a gas-phase free energy
in energy and they are lower in energy than the other TS by 10 barrier of 92.98 and 34.18 kcal/mol for dianionic and monoan-
kcal/mol, and thus not rate limiting (cf. Table 3 and Figure 4). ionic reactions, respectively. However, in solution, the barriers

From this transition state, the rupture of the endocyctcP are 45.83 and 43.96 kcal/mol. Thus the barriers differ by about
axial bond occurs, together with the transfer of the hydrogen 60 kcal/mol in the gas phase, but only about 2 kcal/mol in
on the leaving group oxygen. This yields a product with a solution. These results are in agreement with previous ab initio
charged phosphate group and neutral ribose ring, as expectedstudies®>9.11.12.27.31
In the gas phase, an intramolecular H bond remains formed in  Solvation data presented here are single-point energetic
this product between the ribose hydroxyl and a phosphoryl estimates on gas-phase structures, and explicit geometry opti-
oxygen. This internal hydrogen bond stabilizes the reaction mization in solution could result in somewhat different struc-
product in the gas phase, so that overall, and contrary to thetures. The region of the gas-phase potential energy surface,
dianionic case, the reaction is exothermic. More extended where structures are likely to be affected by solvation, are the
geometries in which the internal hydrogen bond is broken are stable H-bonded complex forming at the beginning of the gas-

higher in energy by around 10 kcal/mol (data not shown). phase reaction, which is unlikely to form in solution, as there
3.2.2. Solution Profile.As for the dianionic case, some  will be competition from water molecules forming H-bonds with
important changes are observed wha®,, and AG,, are both reactants. The transition state for proton rotation that

compared, which highlight the consideration of the solvent to connects the two intermediates is better solvated than the other
understand these reactions. For the monoanionic species, théransition states, which is expected in view of its smaller size
free energy of solvation of the gas-phase stationary points onand hydrogen atom pointing toward the solvent, and so the
the potential energy surface is generally less favorable than therotation profile could be affected by solvation. (cf. Figure 4
solvation of the separate reactants (see Table 3), as expectecand Tables 3 and S12).
because the complexes have the same charge as the reactants3.3. Neutral Reaction Mechanism3.3.1. Gas-Phase Profile.
and have larger radii. The neutral reaction corresponds to the attack of water (or
The consequence is that the activation barrier for the methanol) on the protonated phosphate. Although phosphates
monoanionic reactions increases by aboul8 kcal/mol when will be anionic at physiological (neutral) pH, acid-catalyzed
passing from gas phase to solution. The magnitude of this hydrolysis can proceed through the neutral mechanism at very
solvation effect is smaller than what was observed for the low pH (i.e., for instance, the iy, of dimethyl phosphate is
dianionic species (see Tables 3 and S12). Therefore, the mainl.2%7). Moreover, phosphorane intermediates are more basic
effect of solvation is to bring the activation free energies for than phosphaté%2’so that neutral phosphoranes can be relevant
the monoanionic and dianionic reactions much closer than in to reactions at near-neutral pH. Relative energies with respect
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TABLE 7: P —0 Axial Bond Distances (A) and Angle (deg) as both the nucleophile and phosphate are protonated, the
for All the Stationary Points Characterized for the XOH + number of isomers for the transition states are twice that
gr'?])eEOI?;," Reactions Using B3LYP/6-3%G(d,p) Level of observed for the monoanionic reactions because the two protons
that become bound to the equatorial oxygens can assume two
HOH + EPH CHOH + EPH different orientations (see Figure 5 and discussion below). The
P-OX P-OC QxP-0Oaxx P-OX P-OC Qx—P—Oax first step of the neutral reaction in the gas phase is the formation
HB 3.247 1.626 135.2 3.240 1.627 127.6 of a stable hydrogen-bonded (HB) complex. However, these
g]ﬂd %égg i-g% i;g% i-ggé i-ggé gg-g kind of complexes are kinetically irrelevant, especially in
It 1677 1724 1976 1673 1729 175.2 aqueous solution where positive free aqueous energies are
Intyg  1.726  1.680 176.8 1.723  1.686 179.7 calculated with respect to the infinitely separated reactants. The
Ity 1.677  1.724 179.6 1674 1727 179.6 reaction then proceeds to the TS for exocyclic cleavage. Four
'Tné"l‘;“u i:gi‘l‘ i:;gg ig;g i:ggg i:;gi gg; distinct TS are identified When a ribose ring is present. All of
TSIny 1.687 1.675 157.8 1.677 1.688 156.0 them correspond to a nucleophilic attack on the phosphorus atom
TS2u 1.641 2.070 175.6 1626  2.130 172.5 coupled with a proton transfer from the nucleophile to one of

TSZ2u 1.600 2.289 173.9 1589 2.320 173.9

PROD 1612 3414 150 8 1602 3478 146 8 the equatorial oxygens. This type of mechanism in whietOP

bond formation/rupture is coupled with proton transfer between

HOH + REPH CHOH + REPH phosphoryl oxygen and nucleophile has also been considered

P—OX P-OC On—P—0a P—OX P—OC Qu—P—Ox based on th¢y values of leaving groups on the cleavage of
HB 3253 1.624  132.2 244 1.625 132.2 RNA neutral phosphodieste‘?%vyhich are qnly slightly negative
Tse 1950 1.678 17838 1.930 1.685 178.6 and thus suggest that the leaving group in these reaction departs
Tse 2141 1636 1735 2.099 1.642 173.2 as an alcohol. In the case of a ribose ring present, we classified
TS 2132 1635 1728 2.091 1641 172.6 the two equatorial oxygens as being exo or endo with respect
TsgEde 1952 1679 179.4 1.931 1.686 178.5 to the ribose ring, and therefore, there are two exo and two
Intq, 1675 1724 1781 1670 1731 1745 endo transition states (see Figure 5), classified according to the
INtgq 1724 1681 177.0 1.721  1.687 179.2 torial that ves th ton in the transition stat
Intuy 1676 1727 1789 1672 1732 1796 equatorial oxygen that receives the proton in the transition state.
Intyy 1.642 1791 176.3 1.636 1.802 177.1 For each of the exo and endo transition states, there are two
TSinf* 1642 1736  158.6 1.642 1747 160.1 possibilities, depending on the orientation of the other equatorial
TSImEXZ 1668 1.694 1575 1689 1691 1617 proton (the one that is already present in the phosphate reactant).
TSl 1643 1.738 1598 1653 1.759 —170.7 As a result, in two of the TS1 transition states, §8and TS
TS 1683 1673 1562 1088 1.689 1606 187 both protons attached to the equatorial oxygens points
TsF© 1639 2067 1768 1629 2093 1782 e P e q o ygens p
Tshe 1597 2323 1741 1590 2335 176.1 tow;i[0 the nuc Eg)p ile, while in the two other transition states,
TsAMo 1638 2081  176.2 1623 2157 1724 TSI5° and TSEG™ one proton points toward the nucleophile
TS E1d0 1597 2323 1741 1586 2.359 174.1 and the other toward the leaving group. The energies of the
PROD 1602 3.320 1244 1591 3.326 124.6 different transition states with respect to the reactants (see Table

6) do not differ much, even when comparing the reaction with
to the separate neutral reactants (protonated phosphate and watedifferent nucleophiles and with/without ribose ring. All the gas-
methanol) can be found in Table 6, and relevant geometrical phase free energy barriers lie within-388 kcal/mol. Larger
information is found in Tables 7 and 8. Full information on differences are observed in the geometries (see Tables 7 and
solvation free energies and aqueous free energy barriers with8). When both equatorial protons are pointing toward the
various theoretical levels can be found in the Supporting nucleophile, the PO axial distance to the nucleophile O is
Information. longer, around 2.1 A, than when one proton points up and the

The reaction profile for the neutral reaction resembles in many other down, around 1.95 A (cf. Table 7). These ® axial
aspects that of the monoanionic reaction mechanism. However distances are shorter than in the monoanionic (longer than 2.2

TABLE 8: Proton Transfer between Oxygens at the Transition State3

HOH + EPH CHOH + EPH
H—Ox H-Op H—O-CH,- 0-H-0 H-Ox H—Op H—O-CHy- 0-H-0
TSl 1.308 1.147 1333 1.255 1.185 1317
TSl 1.199 1.269 129.2 1.196 1.265 127.6
TS2u 1.202 1.247 133.1 1177 1.273 135.2
TS2u 1112 1.376 138.7 1.093 1.413 138.8
HOH + REPH CHOH + REPH
H—Ox H—Op H—O-CH,- 0-H-0 H—Ox H—Op H—O-CH,- 0-H-O0
TSE® 1.199 1.272 129.0 1.197 1.266 127.5
TSE® 1.201 1.148 1325 1.259 1.182 131.8
TSN 1.298 1.152 1327 1.255 1.185 131.7
TSN 1.199 1271 129.0 1.196 1.265 127.5
TSEC 1.205 1.243 133.9 1.205 1.243 133.9
TSE 1.118 1.367 140.1 1.094 1.413 138.6
TN 1218 1.232 1332 1.183 1.265 135.9
TSN 1.118 1.367 140.1 1.099 1.402 140.4

aH—Qx is the distance in A between the proton and the oxygen of the nucleophile (water or methan®p réfers to the distance between
the proton and the corresponding equatorial phosphoryl oxyget®Q-HCH,- is the distance between the transfered proton and the axi@H)-
group. O-H—0 angle is the angle of the proton transfer, in degrees.
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Figure 6. Transition states connecting the intermediates in the neutral potential energy surface.

A, see Table 4) or dianionic case (around 2.6 A, Table 2). An somewhat lower relative energies than intermediates resultant
important conclusion, therefore, is that the degree of associative/from methanol attack, especially for the intermediates that show
dissociative character is highly influenced by the protonation the equatorial protons oriented toward the nucleophile (“down”
state of the system, augmenting the associative character of therientation), in agreement with the results obtained in ref 27.
transition states as the total charge decreases. The geometry foAll these intermediates can be formally connected by transition
proton transfer in the TS also differs between the monoanionic states corresponding to different single equatorial proton rota-
and neutral cases. In the neutral TS1s, the proton from thetions, as shown schematically in Figure 6. However, we found
incoming nucleophile is almost equidistant from the nucleophile that, in many cases, these rotations were coupled with pseu-
oxygen and the phosphoryl oxygen (see Table 8), while in the dorotation of the whole structure at the transition state (TSINT
monoanionic case (Table 5), the distance to the equatorial O istransition states). Transition states with a significant pseudoro-
much shorter than that to the nucleophile O. It is remarkable to tation character show £-P—0,4 angles around 160 A full

note thaf|y values for the transesterification cleavage of neutral discussion of these types of transition states are beyond the scope
phosphodieste?® are less negative, namely0.12, than for of the present paper, but an interesting discussion of pseudoro-
monoanionic phosphodiesters).59, consistent with a higher  tation processes in oxyphosphoranes can be found in ref 25.
degree of proton sharing between the nucleophile and the Barriers for the connection of these intermediates are small and
phosphoryl oxygen at the neutral transition states than in much lower in every case than the barriers implied by in-line
monoanionic reactions. The reaction then proceeds to theTS1 or TS2 (exo and endocyclic cleavage) type transition states.
formation of stable neutral phosphorane intermediates. ThereFrom the neutral intermediates, the reaction can proceed to
are four distinct neutral phosphorane intermediates, dependingendocyclic cleavage, only if at least one proton is oriented
on the orientation of the protons at the phosphoryl equatorial toward the leaving group so as to protonate it. Four transition
oxygens (see Figure 5), labeled as WTINT4q, INT4,, and states that have the proton in this orientation are identified (cf.
INT . We notice, however, that barriers for the connection of Figure 6). Again, when a ribose ring is presented, the transition
these intermediates are small and much lower in every case tharstates can be classified exo or endo, depending on whether the
the barriers implied by TS1 or TS2 (exo and endocyclic proton transfer to the leaving group is exo or endo. Overall,
cleavage) type transition states. All the phosphorane intermedi-these TS for endocyclic cleavage are lower in energy than those
ates lie very close in energy. In general, the following trend is for exocyclic cleavage (by about 6 kcal/mol), and thus, they
observed: (i) alternate orientation of the protons, ud or du, is are not rate limiting. In the neutral TS2’s, the proton is shared
favored (ii) intermediates resultant from water attack show between the leaving group oxygen and one equatorial oxygen,
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HF/6-31G* Figure 8. Axial P—O interatomic distances with respect to reference
values in the product (P) and reactant (R) at each TS1, INT, and TS2
structures.

Monoanionic gas phase. The hydrogen-bonded complexes formed at the
50 beginning and end of the gas-phase reaction are significantly
' ' destabilized by solvation, suggesting that they would not occur
i in solution; a geometry optimization would be needed to confirm
that they remain present in water. As for the transition states
55— and intermediates, they also show higher relative energies in
solution, but the favorable solvation free energy of separated
i reactants is somewhat balanced by the higher polarization of
60— a0 the P-O bonds _in phosphorane structures than in tetravalt_ant
o phosphate species. Overall, the shape of the neutral reactions
L 4 are very similar to that of the monoanionic reactions. However,
O Phosphate HF/6-31+G* the energies and free energies of the neutral phosphorane
-65 O Phosphate B3/6-31G* intermediates with respect to the neutral reactants differ from
<> Phosphate B3/6-31+G* .
® TS HE/6-314G* the monoanionic case (see Table 6), the neutral phosphoranes
@ TS B3/6-31G* being significantly more stable, between 14 and 24 kcal/mol
70 © TS B3/6-31+G* for neutrals and between 25 and 30 kcal/mol for monoanionic
@ Phosphorane HF/6-31+G* . . .
W Phosphorane B3/6-31G* ones. Tr_lerefc_)rg, an important consequence is that the barrier
& Phosphorane B3/6-31+G* for the dissociation of the intermediates into products/reactants
. | . | . I is significantly higher for the neutral than for the monoanionic
s =70 -65 -60 -55 -50 reaction path. This, along with the low barriers for the
HF/6-31G* interconversion among intermediates, suggests that neutral

Figure 7. Top diagram: comparison of the HF/6-31G* solvation free  phosphorane intermediates will show sufficient lifetime to

energies (in kcal/mol) for the different compounds with solvation free pseudorotate, and therefore, the endocyclic cleavage reaction
energies at HF/6-38G*, B3LYP/6-31G*, and B3LYP/6-3+G*. Top can be proceed from various possible intermediates.

diagram shows how qualitative trends are conserved among the different . . .
methods. Notice how the solvation free energies can be clustered 3.4. Reaction Pathways of Cyclic PhosphodiesterS.he

according to the total charge of the compound. Bottom diagram: hydrolysis of phosphodiesters is generally thought to follow an
solvation free energies for the monoanionic phosphates and phospho-associative mechanism (see refs-& and refs cited therein),
ranes species shown in detail. and the stationary points identified here for the hydrolysis

reactions of cyclic phosphodiesters clearly agree with that view.
as was already observed for the TS1's (cf. Table 8 and Figure Significant differences in the structures of the transition states
5). The products are finally formed by cleavage of theQC according to the total charge are nevertheless observed, and it
bond and simultaneous transfer of one of the phosphoryl is of interest to examine the degree of bond breaking/forming
hydrogens to the leaving group. An internal H bond is at the different stationary points along the reaction pathway.
maintained, as for the monoanionic case. The reactions energetWe compared the bond lengths between the nucleophile/leaving
ics of the neutral and monoanionic reactions are similar in the group and phosphorus in the transition states and intermediates
gas phase (see Tables 3 and 6). with their values in the product or reactants, respectively (see

3.3.2. Solution ProfileSolvation has a relatively minor effect  Figure 8). Significant bond formation occurs between the

on the reaction energetics of the neutral reaction (see Table 6),nucleophile and phosphorus in the rate-limiting transition states
as compared to monoanionic or dianionic reactions. Solvation, for hydrolysis, while the distance to the leaving group is only
nevertheless, tends to favor the separated reactants, and thereslightly increased with respect to the distance in the reactants.
fore, we obtain higher relative energies in solution than in the This is the hallmark of an associative mechanf8mmonfirming
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Figure 9. Relative aqueous free energies with respect to separate reactants as a function of a reaction coordinate (RC) dee®-a®Rp

— P—OC/P-0OCr. P-OC and P-OX are the two axial PO interatomic distances,FOC is the P-O distance with the leaving group ane-BX

with the nucleophile. The two reference values®Cr and P-OXp are the corresponding phosphate bonds in the reactant (R) and product (P),
respectively. This reaction coordinate can be interpret as the difference between the degree of phespbleazhile bond formation and bond

cleavage with the leaving group for a given structure. Bottom diagram represents the degree of associativeness of the structure as defined as
1*(P—OX/P—OXP + P—OC/P-0Cg). A value of one represents the maximum degree of associativeness, and values larger than one indicate a
higher dissociative character of the structure.

early experimental studies in which it was remarked that phosphorane intermediates, and in those cases, the bonds to both
dissociative mechanism is highly unlikely for the hydrolysis of the nucleophile and leaving group are only at most 10% longer

phosphodieste®.More recentO kinetic isotope studi€sand than in the reactants/products. The formation of these stable
determination ofjy Bronsted-type slopes for the cleavage of phosphoranes is also a clear indication of an associative
hydroxide-ion-catalyzed RNA phosphodiester b&fdS-6%also mechanism. For the neutral and monoanionic reactions, depar-

support an associative mechanism even for the dianionic ture of the leaving group occurs from the intermediates, while

reaction. However, the degree of bond forming to the nucleo- the bond to the nucleophile remains close to the product value.
phile varies significantly with the total charge, with the dianionic The elongation in the transition states for leaving group

reaction having the longestfOX distance and, hence, the least departures (TS2, cf. Figures 4 and 5) is at most 25% of the
associative transition state. For the monoanionic and neutralreactant/product state. The link between the geometries and
reactions, the transition state occurs with more bond formation energies is presented in Figure 9. The calculated activation
to the nucleophile than in the dianionic reaction. It can, however, barriers with respect to the separate reactions are similar for all
be seen that the elongation of the bond lengths in the transitionreactions. The intermediates clearly appear as low-energy
states with respect to the reactant/product value (cf. Figure 9a)structures and increased stability of the neutral phosphoranes
remains small in all cases (it is at most 30% for the dianionic is seen. For the neutral and monoanionic reactions, the rate-
case), which is in agreement with the associative character ofdetermining transition state is always that for attack of the

the reactions. Interestingly, for the neutral reactions, the nucleophile rather than departure of the leaving group. For the
orientation of the equatorial protons (cf. Figures 4 and 5) dianionic mechanism, the transition state also corresponds to
influences the geometry of the transition states: when both attack of the nucleophile rather than departure of the leaving
protons are oriented toward the nucleophile, the transition stategroup. This seems to be coherent with experimental kinetic
occurs earlier (i.e., with less bond formation between the analysi8®%° of isomerization and cleavage reactions of RNA

nucleophile and phosphorus) than when one of the protons isphosphodiesters. Quantitative estimates of reaction barriers
oriented toward the leaving group. This is in accord with the would require more detailed calculations, including geometry

Hammond postulat¥:7% For the neutral and monoanionic  optimization in solution (see ref 18) and the possibility of water-

reactions, the reaction proceeds through the formation of mediated proton transfer, which has been shown to play an
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important role in facilitating the proton transfer in monoanionic Isomerization of the protonated phosphoranes plays an

and neutral reactior?s. essential role in the reaction pathway and is associated with
significant energy barriers in the gas phase. This is a point that
4. Concluding Discussion is important for enzyme-catalyzed reactions; i.e., it shows that,

) ) ) for neutral and monoanionic reactions, the orientation of protons

We present an extensive computational study of a variety of attached to the equatorial oxygen has an important role in
cyclic phosphodiester hydrolysis reactions. The calculations andsacilitating attack/departure of the nucleophiles and that the
discussion focus on the most relevant stationary points of eachchange in proton orientation is a component of the reaction path
potential energy surface to explain the in-line mechanism for that should not be overlooked.
this set of biologically important reactions. From our systematic  Thjs work has implications for mechanistic interpretation of
studies, we confirm that the transition state corresponding t0 phosphate hydrolysis in biological systems, particularly in RNA
the initial attack of the nucleophile on the phosphate is the rate- j,ygrolysis where cyclic phosphate intermediates are commonly
limiting transition state of the reaction. This trend is preserved gncountered. In enzymatic systems, it is often postulated that a
regardless of the particular nucleophile, the presence/absenc@eneral acid protonates the phosphate and/or a base activates
of a ribose ring in the model phosphate, or the inclusion of {he nycleophile. Here, it is seen that, in the simple gas-phase
solvent effe_cts. The total chgrge of th_e system is the main factor 1,5 gel system constituted of phosphate and nucleophile, the
that determines the energetic trends in the gas phase: the largegfcleophile acts as the general acid and the phosphate as the
barriers are for the dianionic mechanism, while the monoanionic general base. These data provide important insights into the
and' neutral react'lons have similar energetics and S,ma"erintrinsic reactivity of the phosphates in the absence of sur-
barriers. Another important effect of the total charge is the yonding enzyme or solvent and, therefore, provide a reference
existence and stability of phosphorane intermediates. No gas-pgint for understanding more complex systems in which
phase intermediates are observed for the dianionic reaction.catalysis occurs. It can also be taken as a high-level density
Monoanionic intermediates are found in the gas phase, but thefunctional theory dataset of reactions for which more ap-

barrier for their dissociation to the products is very low. Neutral 1, oyimate models, such as focused semiempirical treatments
phosphorane intermediates, on the other hand, have largeican pe developed and tested.

barriers for dissociation to both reactants and products, which
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