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Abstract: Density functional calculations of a series of metaphosphates, acyclic and cyclic phosphates
and phosphoranes relevant to RNA catalysis are presented. Solvent effects calculated with three well-
established solvation models are analyzed and compared. The structure and stability of the compounds
are characterized in terms of thermodynamic quantities for isomerization and ligand substitution reactions,
gas-phase proton affinities, and microscopic solution pKa values. The large dataset of compounds allows
the estimation of bond energies to determine the relative strengths of axial and equatorial P-O phosphorane
single bonds and P-O single and double bonds in metaphosphates and phosphates. The relative
apicophilicty of hydroxyl and methoxy ligands in phosphoranes are characterized. The results presented
here provide quantitative insight into RNA catalysis and serve as a first step toward the construction of a
high-level quantum database for development of new semiempirical Hamiltonian models for biological
reactions

1. Introduction

The study of biological phosphate chemistry is of key
importance to understanding many cellular processes such as
the hydrolysis of phosphates involved in transcription, cell
signaling, and respiration.1-3 Of particular interest is the study
of the molecular mechanisms whereby RNA can catalyze fairly
complicated reactions.1-7 The unraveling of the details of the
action of RNA enzymes, or “ribozymes”, would allow deeper
understanding of biological processes and provide valuable
insight for the design of therapeutics that target viral or genetic
disease8 and new biotechnology such as RNA chips9 or allosteric
molecular switches in nanodevices.10

Quantum chemical methods have provided considerable
insight into the behavior of model phosphates. Seminal work
has been done by Florian, Warshel, and co-workers,11-14 the

group of Karplus and co-workers,15-21 Lim et al.,22-28 Zhou,
Taira, and co-workers3,29-33 Wladkowski and collaborators,34,35

and many others.36-41 The study of small phosphate models is
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an important first step toward a detailed understanding of RNA
catalysis at the atomic level.

Application of theoretical methods to RNA catalysis is
extremely challenging. The polyanionic nature of RNA amplifies
the importance of rigorous treatment of electrostatic interactions,
polarization and other quantum many-body effects, interaction
with solvent, monovalent, and divalent ions. Moreover, RNA
is considerably flexible, and consequently, simulations typically
require long equilibration and sampling times relative to those
for proteins. These factors combine to make the accurate
theoretical study of RNA catalysis particularly challenging and
largely beyond the reach of many conventional techniques and
models.

A promising approach is to use hybrid quantum mechanical/
molecular mechanical (QM/MM) methods where a small part
of the system is treated quantum mechanically while the re-
mainder of the system is modeled by a classical empirical force
field.42 The quantum mechanical method should be sufficiently
fast such that simulations can be performed on meaningful time
scales for the properties being studied. Consequently, the design
of new quantum models that are both highly accurate for the
specific chemical problem of interestandsufficiently efficient
for long-time simulations are of tremendous value.

In the present contribution, quantum results for a large dataset
of biological metaphosphate, acyclic and cyclic phosphate and
phosphorane compounds are presented. These molecules are
relevant for the study of phosphate hydrolysis reactions in
solution and in ribozymes. The dataset is analyzed in terms of
molecular structures, thermodynamic quantities for isomerization
and ligand substitution reactions, solvation effects, proton
affinities and microscopic pKa values, and bond energies. The
results presented here provide valuable insight into phosphate
hydrolysis mechanisms and a first step in the construction of a
quantum database for RNA catalysis from which new quantum
models, capable of being applied efficiently in molecular
simulations, can be derived.

2. Methods

2.1. Gas-Phase Calculations.All the structures were optimized in
the gas phase with Kohn-Sham density functional theory (DFT)
methods using the hybrid exchange functional of Becke43,44 and the
Lee, Yang, and Parr correlation functional45 (B3LYP). Integrals
involving the exchange-correlation potential used the default numerical
integration mesh with a maximum of 75 radial shells and 302 angular
quadrature points per shell pruned to approximately 7000 points per
atom.46 Geometry optimizations were done in redundant internal
coordinates with default convergence criteria,47 and stability conditions
of the restricted closed shell Kohn-Sham determinant for each final
structure were verified.48,49 Frequency calculations were performed to
establish the nature of all stationary points and to allow evaluation of

thermodynamic quantities such as the zero-point vibrational energy,
and thermal vibrational contributions to the enthalpy, entropy and Gibbs
free energy.

The geometry optimization and frequency calculations were per-
formed using the 6-31++G(d,p) basis set. This basis set is similar to
(slightly larger than) that used for geometries and frequencies in the
G2 method,50,51 which typically yield atomization energies, ionization
energies, and relative energies within 1 kcal/mol of experimental values.

Electronic energies and other properties of the density, such as dipole
moments, were obtained via single-point calculations at the optimized
geometries using the 6-311++G(3df,2p) basis set and the B3LYP
hybrid density functional. This protocol for obtaining the geometry and
energy is designated by the abbreviated notation B3LYP/6-311++G-
(3df,2p)//B3LYP/6-31++G(d,p). Single-point calculations were run
with “tight” convergence criteria46 to ensure high precision for properties
sensitive to the use of diffuse basis functions. All electronic structure
calculations were performed with the GAUSSIAN98 suite of pro-
grams.52

2.2. Solvation Calculations.Solvation effects were treated by single-
point calculations based on the gas-phase optimized structures using
the polarizable continuum model (PCM)53-55 and a variation of the
conductor-like screening model (COSMO)56 as implemented in GAUSS-
IAN98 and the SM5.42R solvation model57,58 as implemented in MN-
GSM.59

The solvation free energy,∆Gsol, is defined as

whereGgas andGsol are the molecular free energies in the gas phase
and in solution, respectively. In the present work the approximation is
made that the gas-phase geometry, entropy, and thermal corrections to
the enthalpy do not change upon solvation. The practical reason for
introducing this approximation resides in the difficulty and considerable
computational cost associated with obtaining stationary points and
Hessians with the boundary element solvation methods. Within these
approximations, the solvation energy is given by

whereE[ψgas] andE[ψsol] are the Kohn-Sham energy functionals that
take as arguments the Kohn-Sham single-determinant wave function
optimized in the gas phase (ψgas) and in solution (ψsol), andEsol[Fsol] is
the solvation energy that takes as argument the polarized electron
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density in solutionFsol(r ) (which can be derived fromψsol). The Kohn-
Sham energy functionalE[ψ] is given by

whereTS[ψ] is the noninteracting kinetic energy functional,J[F] is the
classical electrostatic energy,EXC[ψ] is the exchange-correlation energy,
andENN is the nuclear-nuclear repulsion energy. The functional in eq
3 depends parametrically on the nuclear coordinates and charges under
the classical Born-Oppenheimer approximation through the external
nuclear potentialV0(r ), which under the fixed geometry approximation
used here is the same in the gas phase and in solution. It remains to
briefly describe the nature of the various models forEsol[Fsol] employed
in the present work.

In the PCM and COSMO models, the solvation energy functional
Esol[Fsol] can be written

whereVRF(r ) is the solvent reaction-field potential,ZR is the nuclear
charge of atomR located at positionRR. The factor of1/2 in eq 4 results
from the linear-response nature of the dielectric models, and theGdis-repul

andGcaV represent the dispersion-repulsion and cavitation contributions,
respectively.54

The cavitation term is computed using an expression obtained from
scaled particle theory60 with a cavity constructed from the UAHF radii.61

The dispersion-repulsion term is calculated according to the pre-
scription described by Floris et al.62 with a solvent-accessible surface
that is constructed from the UAHF radii plus a solvent probe radius of
1.385 Å.

The difference between the PCM and COSMO methods used here
resides in the way in which the solvent reaction field potentialVRF(r )
is generated (see refs 54 and 56 for details). In the case of the PCM
model, a cavity of unit dielectric is surrounded by a linear isotropic
polarizable continuum of dielectric constantε, the reaction field potential
for which is solved numerically using a boundary element method.53,61,63,64

In the conductor-like screening model,65 a similar dielectric problem
that involves a surrounding conductor (ε ) ∞) is solved, in the present
case using a variation of the PCM method,56 and the resulting reaction-
field potential is corrected approximately for finite external dielectric
ε.65,66 Both of the methods used here do not account explicitly for the
effect of “volume polarization” (referred to also as “outlying charge”
or “charge penetration” effects).67 However, both PCM and COSMO
as implemented in GAUSSIAN98 normalize the polarization charge
in accord with Gauss' law,46 which is an implicit attempt to capture
the main features of the volume polarization term. The parameters in
both models have also been adjusted to reproduce experimental
solvation free energies (and hence, to some extent, take into account
higher-order effects implicitly). All PCM and COSMO calculations
were carried out using the B3LYP/6-311++G(3df,2p) level of theory
(the same level as the gas-phase single points) using the gas-phase
optimized geometries.

In the SM5.42R model,Esol is computed as the sum of two terms:

whereGes andGcds represent the electrostatic and “cavity-dispersion-

solvent-structure” contributions, respectively. The electrostatic termGes

in the SM5.42R model is calculated using a generalized Born
expression68 with the solute molecular electrostatic potential derived
from the CM2 charge model.57,69 The “cavity-dispersion-solvent-
structure” term is given by:

whereAk and σk are the surface area and effective surface tension,
respectively, for atomk and are described in detail elsewhere.58 The
SM5.42R model has been demonstrated to give accurate estimates for
vapor pressures70 and has recently been applied to biological molecules
including nucleic acid bases.71 All SM5.42R calculations were carried
out using the B3LYP functional and the MIDI! basis set72 at the
optimized gas-phase geometries. The SM5.42R/B3LYP/MIDI! was
parametrized using HF/MIDI! derived geometries; however, the
SM5.42R model does not appear to be overly sensitive to small changes
in geometry.57

2.3. Thermodynamic Quantities.For the energetic analysis, results
are categorized into gas-phase and solvation contributions. In these
sections, several thermodynamic contributions are distinguished (see
section 2.1.). The breakdown of the key thermodynamics relations and
energy components in the gas phase are summarized below:

whereG, U, H, S, andT are the Gibbs free energy, internal energy,
enthalpy, entropy, and temperature, respectively,R is the universal gas
constant, andEelec, ENN, EZPV, EVib, Erot, and Etrans are the electronic
energy, nuclear-nuclear repulsion energy, zero-point vibrational energy,
thermal vibrational energy correction, rotational and translational energy
components, respectively. The expression for the enthalpy (eq 8)
assumes the ideal gas law for a mole of particles. The internal energy
and entropy were derived from standard statistical mechanical expres-
sions for separable vibrational, rotational and translational contributions
within the harmonic oscillator, rigid rotor, ideal gas/particle-in-a-box
models in the canonical ensemble.73 The standard state is for a mole
of particles atT ) 298 K and 1 atm pressure (V ) R‚T/P). All quantities
above exceptE0, Eelec, ENN, and EZPV have explicit temperature
dependence.

The free energy in solution was calculated as a solvation free energy
correction to the gas-phase free energy as:

where∆Gsol is the solvation free energy (eq 2) described in 2.2.53,68

Henceforth, unless otherwise stated, all thermodynamic quantities are
assumed to be evaluated at 298 K and, if unsubscripted, correspond to
gas-phase values (i.e., the explicit subscript “gas” will be dropped
hereafter).
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(63) Miertuš, S.; Scrocco, E.; Tomasi, J.Chem. Phys.1981, 55, 117-129.
(64) Cammi, R.; Tomasi, J.J. Comput. Chem.1995, 16, 1449-1458.
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2.4. Evaluation of Microscopic pKa Values.The evaluation of pKa

values is of critical importance to the understanding of the mechanisms
of transphosphorylation and hydrolysis in RNA catalysis. The absolute
pKa of a general acid AH is related to the standard Gibbs free energy
of the ionization reaction

The pKa is derived from the equilibrium constant as

The evaluation of absolute pKa values from quantum chemical
calculations is a subject of intense interestsand also one that presents
considerable challenges that have yet to be overcome. It is further
complicated by some uncertainty regarding both the theoretical treat-
ment and the experimental value for the solvation energy of the
proton.74,75

Alternately, arelatiVe pKa (∆pKa) can be calculated with respect to
the known reference moleculeBH in an manner analogous to that for
the absolute pKa by considering the equilibrium

The relative pKa of AH with respect to BH,∆pKa(AH/BH), can be
calculated from

If the reference molecule BH has a known pKa and is similar to the
molecule AH for which a predicted pKa is desired, substantial
cancellation of errors may be obtained from calculation of the free
energies in solution for both AH and BH to give

This type of approach has been used extensively for the calculation of
pKa shifts of amino acid residues in proteins on the basis of molecular
mechanical calculations76-80 and also for the estimation of pKa values
for carboxylic acids81 and other functional groups using a cluster-
continuum approach,82,83 the 2′ hydroxyl group in the hammerhead
ribozyme84 and small biologically relevant phosphoranes.20 Calculation
of a macroscopicpKa requires the enumeration of an ensemble of
possible protonation states and configurations.76 A microscopicpKa,
on the other hand, considers only one particular protonation state and
configuration, and hence neglects entropic effects due to multiple
degenerate states and other protonation states that might have non-
negligible occupation at 298 K.

In the present work, unless explicitly stated otherwise (such as in
Table 3), predicted pKa values are based on themicroscopicpKa

calculated relative to dimethyl phosphate (DMPH) through eq 16.
DMPH has an experimentalmacroscopicpKa of 1.29;85 since there
are two possible protonation sites, the microscopic pKa value is lower
than 1.29. The microscopic pKa values can be estimated from
macroscopic ones according to the following formula20

where the protonated species AH is assumed to haven indistinguishable
microscopic states, and its unprotonated counterpart (A-) to havem
indistinguishable states. For DMPH, there are two possible protonation
states (n ) 2), depending on the phosphoryl oxygen being protonated,
and only one for (DMP-), so that themicroscopicpKa of DMPH is
0.99 (i.e., 1.29- log(2/1)).

2.5. Bond Energy Model.Useful generalizations with regard to the
stabilities of bonding interactions can be derived from a simplebond
energy model. Consider the enthalpy of formation of a single (neutral)
molecular structure “R” resulting from the binding of its constituent
atoms in the gas phase

wheren(R)l is the number of atoms of type “l” in the molecular structure
“R”, Hl,(g)

atom is the gas-phase enthalpy of the atom typel, Hmol(R)(g) is
the gas-phase enthalpy of moleculeR, and∆Hbind(R) is the correspond-
ing enthalpy of formation (binding) from constituent atoms.

The enthalpy of formation∆Hbind(R) is modeled as the sum of bond
energies as

whereB(R)i is the number of bonds of typei in the moleculeR andxi

is the bond energyof the bond typei. The bond energy model can
provide useful information about the relative strengths of bonds given
the use of a reliable fitting procedure and a sufficiently suitable dataset.
A detailed account of the fitting procedure employed in the present
work is provided elsewhere.86

3. Results

This section presents the results of quantum chemical
calculations of a systematic series of (trivalent) metaphosphates
and cyclic and acyclic (tetravalent) phosphate and (pentavalent)
phosphorane molecules of biological significance. The first
subsection introduces nomenclature conventions used in the
tables and later discussions. The second, third, and fourth
subsections make a brief presentation of the results for meta-
phosphates, phosphates, and phosphoranes, respectively.

3.1. Nomenclature and Abbreviations.The general forms
of the metaphosphate, phosphate, and phosphorane compounds
presented in this work are illustrated in Scheme 1. The following
nomenclature is introduced to facilitate presentation and discus-
sion:

• A neutral phosphorus compound is designatedPA/C
(Rn)-#,

whereP stands for phosphorus, the superscriptRn is a Roman

(74) Llano, J.; Eriksson, L. A.J. Chem. Phys.2002, 117, 10193-10206.
(75) Chipman, D. M.J. Phys. Chem. A2002, 106, 7413-7422.
(76) Bashford, D.; Karplus, M.Biochemistry1990, 29, 10219-10225.
(77) Sharp, K. A.; Honig, B.Annu. ReV. Biophys. Chem.1990, 19, 301-332.
(78) Yang, A.-S.; Gunner, M. R.; Sampogna, R.; Sharp, K.; Honig, B.Proteins

1993, 15, 252-265.
(79) Gilson, M. K.Curr. Opin. Struct. Biol.1995, 5, 216-223.
(80) Antosiewicz, J.; McCammon, J. A.; Gilson, M. K.Biochemistry1996, 35,

7819-7833.
(81) Toth, A. M.; Liptak, M. D.; Phillips, D. L.; Shields, G. C.J. Chem. Phys.

2001, 114, 4595-4606.
(82) Pliego, J. R., Jr.; Riveros, J. M.J. Phys. Chem. A2001, 105, 7241-7247.
(83) Pliego, J. R., Jr.; Riveros, J. M.J. Phys. Chem. A2002, 106, 7434-7439.
(84) Lyne, P. D.; Karplus, M.J. Am. Chem. Soc.2000, 122, 166-167.

(85) Kumler, W.; Eiler, J. J.J. Am. Chem. Soc.1943, 65, 2355-2361.
(86) York, D. M. Manuscript in preparation, 2003.
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numeral (III, IV, or V) that indicates the number of covalent
P-O bonds in the molecule, the subscriptA or C indicates the
“acyclic” or “cyclic” species shown in Scheme 1, and “#” is
the number of the molecule listed in Table 1.

• A phosphorus monoanionic compound is designated
PA/C

(Rn)-#(X-), where Rn, A/C, and # refer to the neutral
compound from which the anion is derived, and the additional
descriptor “X” identifies the specific deprotonation site (R, S,
E, A, or B shown in Scheme 1).

The entire series of neutral molecules presented in this work
are listed in Table 1. A comprehensive list of key thermody-
namic quantities for neutral molecules in the gas phase and in
solution is available in the Supporting Information.

3.2. Metaphosphates.Metaphosphates are important inter-
mediates in so-called dissociative mechanisms for phosphate
hydrolysis.1,2,13 The inherent structure and stability of these
species is therefore of fundamental interest. The neutral meta-
phosphate compounds discussed here are shown in Table 1, and
indicated by the superscripted Roman numeral III.

The neutral metaphosphatesPA
(III )-1 and PA

(III )-2 are both
planar molecules that differ by the substitution of a hydroxyl
group with a methoxy group. BothPA

(III )-1 and PA
(III )-2 have

two PdO double bonds that range from 1.470 to 1.478 Å,
respectively, and one P-O single bond of 1.603 and 1.591 Å,
respectively. The solvation energy is smaller in magnitude by
around 5 kcal/mol (4.26, 5.40 and 6.28 kcal/mol for SM5,
COSMO and PCM models, respectively) when the hydroxyl
group in PA

(III )-1 is replaced by a methoxy group inPA
(III )-2.

The pKa shift relative to dimethyl phosphate (∆pKa) for
PA

(III )-1 (Table 2) is predicted to be between-9.73 (PCM) and
-12.43 (COSMO); hence, the anionic form is expected to be
dominant in the aqueous phase around neutral pH. The anion
PO3

- is also planar, with PdO bonds having formal bond orders
of 5/3 that are slightly elongated (1.509 Å) relative to the PdO
double bonds of the neutral species. The solvation energy of
the anion is-62.10 (PCM),-62.03 (COSMO), and-66.82
(SM5) kcal/mol and is similar to the calculated values for
H2PO4

- (Table 3).
3.3. Phosphates.Phosphate moieties form links between

sugars that make up the sugar-phosphate backbone of DNA
and RNA molecules. The understanding of both cyclic and

acyclic phosphate compounds has relevance to biological phos-
phate hydrolysis mechanisms since they form typical reactants
and products in the reactions. Here, a systematic study is made
of a series of acyclic and cyclic monophosphates, the neutral
forms of which are listed in Table 1 and indicated by the
superscripted Roman numeral IV. Figure 1 shows the gas-phase
optimized structures of selected acyclic and cyclic protonated
phosphate compounds.

The H3PO4 molecule (PA
(IV)-1) has a C3 symmetry axis

along the PdO double bond (bond length 1.482 Å) with the
hydrogens making an OdP-O-H dihedral angle of 34.7° and
oriented in the direction of doubly bonded oxygen. The
structuresPA

(IV)-2, PA
(IV)-3, andPA

(IV)-4 result from successive
substitution of methyl groups at the hydrogen positions without
significant change in orientation. As withH3PO4, the fully
methylated structure (PA

(IV)-4) also has aC3 symmetry axis
along the PdO double bond (Figure 1). There is a subtle overall
lengthening of the PdO and P-O bond distances with number
of methyl groups in the acyclic phosphates; for example, the
PdO bond distances are 1.4835, 1.4837, 1.4849, and 1.4856
Å, for 0, 1, 2, and 3 methyl groups, respectively. The average
OdP-O angles show a subtle decreasing trend with increasing
methyl substitution. MoleculesPA

(IV)-5 and PA
(IV)-6 are fully

substituted with larger linear alkyl groups and have very similar
structures in the gas phase. The protonated acyclic phosphates
have slightly increased PdO double bond distances, decreased
P-O single bond distances, and decreased OdP-O(C) angles
relative to the protonated cyclic phosphates with the same
number of carbons. The (C)O-P-O(C) angles of the acyclic
phosphates (101.5-102.3°) are around 5.5° larger than the
slightly strained ring of the cyclic phosphates (96.5-96.7°). The
most notable difference between acyclic and cyclic protonated
phosphates is the significantly increased dipole moments of
the latter: the dipole moments for the cyclic phosphates
PC

(IV)-1 andPC
(IV)-2 (4.1 and 3.9 D, respectively) are around a

factor of 3.5 greater than the values of the corresponding
acyclic phosphatesPA

(IV)-3 and PA
(IV)-4 (1.2 and 1.1 D, re-

spectively).
An interesting feature of the neutral phosphates involves the

effect of methylation on the solvation energy. Figure 2 plots
the solvation energy as a function of the number of carbon atoms
for the 6 protonated phosphates. The acyclic molecules that have
0-3 carbons represent a series whereby hydroxyl groups are
sequentially substituted by methoxy groups and the plot of the
solvation energy versus number of carbons is nearly linear,
especially with the SM5 solvation model (slope of-3 kcal/
mol per carbon). For molecules with 3, 6, and 9 carbons, there
are no hydroxyl groups present, and these molecules represent
the seriesOP(OCnH2n + 1)3 for n ) 1, 2, 3, respectively. In the
SM5 model, the plot over these three points is also nearly linear
(slope of 0.4 kcal/mol per carbon, data not shown), whereas
the PCM and COSMO models have a shallow minimum value
for n ) 2.

Comparison of the solvation energies of the protonated
acyclic and cyclic phosphates shows that, for molecules with
the same number of carbons (PA

(IV)-3/PC
(IV)-1 and PA

(IV)-4/
PC

(IV)-2), the cyclic structures have solvation energies 3.5-6
kcal/mol larger in magnitude than the corresponding acyclic
structures. This results mainly from the increased dipole
moments of the protonated cyclic phosphates noted earlier.

Scheme 1. Ligand Designations for Metaphosphate, Acyclic and
Cyclic Phosphate, and Phosphorane Compounds
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In nucleic acids, the sugar-phosphate backbone contains a
negatively charged, flexible phosphodiester linkage. The most
common small molecule model for this group is dimethyl
phosphate. Thermodynamic quantities for several stationary
points on the potential energy surface corresponding to rotation
about theR/ú torsions (rotation about the P-O(C) single bonds)
are summarized in Table 4. The conformational potential energy
surface for dimethyl phosphate and other important phosphates,
phosphonates, and phosphorothioates have been studied previ-
ously with ab initio methods in the gas phase and in solution.12,89

The results are presented here for comparison and complete-
ness. The g-g and g-t isomers are predicted to be separated
by 0.74 kcal/mol in the gas phase, and 0.3-1.3 kcal/mol in the
solution. The transition state TS1 is predicted to be slightly lower
by 0.25 kcal/mol in the gas than TS3; however, in solution all
solvation models predict that TS3 is lower by 0.61-1.12
kcal/mol.

3.4. Phosphoranes.Phosphorane molecules are important
intermediates/transition states in biological phosphate transes-
terification and hydrolysis reactions. Here, a systematic study
is made of a series of acyclic and cyclic phosphoranes, the
neutral forms of which are listed in Table 1 and indicated by

the superscripted Roman numeral V. Figure 3 shows the gas-
phase optimized structures of selected acyclic and cyclic
phosphoranes.

The equatorial P-O bond lengths are similar in the cyclic
and acyclic phosphoranes (1.63-1.66 Å), whereas the axial
P-O bond lengths are longer and show larger variation
(1.67-1.73 Å). The variation in axial P-O bond lengths is due
largely to the presence of intramolecular hydrogen bonding that
involves equatorial hydroxyl groups. In structures that lack this
hydrogen bonding, the axial P-O bond lengthens and shows
smaller variation. In the cyclic phosphoranes, the axial P-O(C)
bond involved in the ring is slightly elongated by around
0.03-0.06 Å relative to axial P-O bonds not part of the ring
structure. Moreover, the dipole moments for the cyclic phos-
phoranes are typically larger than the values for the acyclic
phosphoranes. In all the neutral phosphoranes, the axial O-P-O
angle is nearly linear (173.8-179.6°).

Figure 4 plots the solvation energy as a function of the
number of carbon atoms for the neutral acyclic and cyclic
phosphoranes. As with the protonated phosphates, for a given
solvation model, there is a nearly linear relationship between
the solvation energy and number of carbons. The difference in
solvation energy between different phosphorane isomers is
small, especially for the SM5 model where typically the
difference is less than 0.3 kcal/mol (the main exception being
the cyclic isomersPC

(V)-4 andPC
(V)-5 where the difference is

0.7 kcal/mol). For the same solvation model, the slopes of the

(87) Lide, D. R., Ed.CRC Handbook of Chemistry and Physics, 83rd ed.; CRC
Press LLC: Boca Raton, FL, 2003.

(88) Davies, J.; Doltsinis, N.; Kirby, A.; Roussev, C.; Sprik, M.J. Am. Chem.
Soc.2002, 124, 6594-6599.

(89) Foloppe, N.; MacKerell, A. D., Jr.J. Phys. Chem. B.1999, 103, 10955-
10964.

Table 1. Definition of Neutral Metaphosphates, Phosphates, and Phosphoranes

molecule symbol R S E A B

Metaphosphates (Trivalent Phosphorus)
P(O)(O)(OH) PA

(III )-1 O O OH - -
P(O)(O)(OCH3) PA

(III )-2 O O OCH3 - -

Acyclic Phosphates (Tetravalent Phosphorus)
P(O)(OH)(OH)(OH) PA

(IV)-1 O OH - OH OH
P(O)(OH)(OH)(OCH3) PA

(IV)-2 O OH - OH OCH3

P(O)(OH)(OCH3)(OCH3) PA
(IV)-3 O OH - OCH3 OCH3

P(O)(OCH3)(OCH3)(OCH3) PA
(IV)-4 O OCH3 - OCH3 OCH3

P(O)(OC2H5)(OC2H5)(OC2H5) PA
(IV)-5 O OC2H5 - OC2H5 OC2H5

P(O)(OC3H7)(OC3H7)(OC3H7) PA
(IV)-6 O OC3H7 - OC3H7 OC3H7

Cyclic Phosphates (tetravalent phosphorus)
P(O)(OH)(-O-CH2CH2-O-) PC

(IV)-1 O OH - -O-CH2CH2-O-
P(O)(OCH3)(-O-CH2CH2-O-) PC

(IV)-2 O OCH3 - -O-CH2CH2-O-

Acyclic Phosphoranes (Pentavalent Phosphorus)
P(OH)(OH)(OH)(OH)(OH) PA

(V)-1 OH OH OH OH OH
P(OH)(OH)(OH)(OH)(OCH3) PA

(V)-2 OH OH OH OH OCH3

P(OH)(OH)(OCH3)(OH)(OH) PA
(V)-3 OH OH OCH3 OH OH

P(OH)(OH)(OH)(OCH3)(OCH3) PA
(V)-4 OH OH OH OCH3 OCH3

P(OH)(OH)(OCH3)(OH)(OCH3) PA
(V)-5 OH OH OCH3 OH OCH3

P(OH)(OCH3)(OCH3)(OH)(OH) PA
(V)-6 OH OCH3 OCH3 OH OH

P(OH)(OH)(OCH3)(OCH3)(OCH3) PA
(V)-7 OH OH OCH3 OCH3 OCH3

P(OH)(OCH3)(OCH3)(OH)(OCH3) PA
(V)-8 OH OCH3 OCH3 OH OCH3

P(OCH3)(OCH3)(OCH3)(OH)(OH) PA
(V)-9 OCH3 OCH3 OCH3 OH OH

P(OH)(OCH3)(OCH3)(OCH3)(OCH3) PA
(V)-10 OH OCH3 OCH3 OCH3 OCH3

P(OCH3)(OCH3)(OCH3)(OH)(OCH3) PA
(V)-11 OCH3 OCH3 OCH3 OH OCH3

P(OCH3)(OCH3)(OCH3)(OCH3)(OCH3) PA
(V)-12 OCH3 OCH3 OCH3 OCH3 OCH3

Cyclic Phosphoranes (Pentavalent Phosphorus)
P(OH)(OH)(-O-CH2CH2-O-)(OH) PC

(V)-1 OH OH -O-CH2CH2-O- OH
P(OH)(OH)(-O-CH2CH2-O-)(OCH3) PC

(V)-2 OH OH -O-CH2CH2-O- OCH3

P(OH)(OCH3)(-O-CH2CH2-O-)(OH) PC
(V)-3 OH OCH3 -O-CH2CH2-O- OH

P(OH)(OCH3)(-O-CH2CH2-O-)(OCH3) PC
(V)-4 OH OCH3 -O-CH2CH2-O- OCH3

P(OCH3)(OCH3)(-O-CH2CH2-O-)(OH) PC
(V)-5 OCH3 OCH3 -O-CH2CH2-O- OH

P(OCH3)(OCH3)(-O-CH2CH2-O-)(OCH3) PC
(V)-6 OCH3 OCH3 -O-CH2CH2-O- OCH3
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solvation energies with number of carbons are nearly the same
for acyclic and cyclic phosphoranes (i.e., the fitted lines are
nearly parallel), indicating that methyl substitution has a similar
effect on the relative solvation energy. As for protonated
phosphates, the cyclic phosphoranes are more highly solvated
that the corresponding acyclic phosphoranes by around 3-6
kcal/mol. Although all of the solvation models predict a near-
linear relationship between solvation energy and number of
carbons, a notable difference is observed in the slopes of the
plots in Figure 4 between different solvation models. In
particular, the slopes for the SM5 model (2.1 and 2.2 kcal/mol/
carbon for acyclic and cyclic phosphoranes, respectively) differ
significantly from those of the PCM and COSMO models (3.3
and 3.6-4.0 kcal/mol/carbon for acyclic and cyclic phospho-
ranes, respectively).

The importance of intramolecular hydrogen bonding on the
structure and stability of neutral and monoanionic phosphoranes
is an important issue with regard to discussions of transition
states and intermediates in phosphate hydrolysis reactions,

especially under acidic conditions. Intramolecular hydrogen
bonding can cause considerable elongation and weakening of
the axial P-O bonds, in particular, the P-O bond involved in
endocyclic cleavage (see Table 5). In the neutral cyclic
phosphoranes the endocyclic axial P-O bond elongates to 1.78-
1.79 Å when doubly hydrogen bonded, whereas the exocyclic
P-O bond is 1.64 Å. This situation is even more dramatic for
the monoanionic system where the endocyclic bond lengthens
to 1.89-2.01 Å when doubly hydrogen bonded, whereas the
exocyclic P-O bond is 1.70-1.71 Å. Moreover, the axial bond
angle becomes considerably distorted in the monoanionic
phosphoranes (164.1-168.4° and 160.4-160.9° for PC

(V)-1
andPC

(V)-2, respectively) relative to the neutral phosphoranes
(176.3-179.6° and 175.2-177.5° for PC

(V)-1 and PC
(V)-2,

respectively). The distortion is slightly greater, by roughly 4°,
for the monoanionic forms ofPC

(V)-2 that has a methoxy group
in the axial exocyclic position.

4. Discussion

In this section, the data for phosphate and phosphoranes are
used to calculate a variety of reaction energies and other
properties that are relevant to understanding their differential
stability and reactivity. Emphasis is placed on four main
aspects: reaction energies for isomerization of neutral phos-
phoranes that involve axial/equatorial exchange of hydroxyl/
methoxy groups, reaction energies for ligand substitution
reactions, pKa values in solution, and bond energies.

Table 2. Calculated Relative Gas Phase Enthalpies and Free
Energies of Deprotonation and Estimated Microscopic Solution pKa
Values for Metaphosphates, Phosphates, and Phosphoranesa

pKa

molecule ∆H ∆G PCM COSMO SM5

Metaphosphates (Trivalent Phosphorus)
PA

(III )-1 -19.09 -19.84 -9.70 -12.43 -10.69

Acyclic Phosphates (Tetravalent Phosphorus)
PA

(IV)-1 -1.32 -1.97 2.65 0.68 0.03
PA

(IV)-2 0.19 -0.51 0.26 0.84 0.87
PA

(IV)-3 0.00 0.00 0.99 0.99 0.99

Cyclic Phosphates (Tetravalent Phosphorus)
PC

(IV)-1 -0.70 -1.83 -0.19 -0.09 -0.22

Acyclic Phosphoranes (Pentavalent Phosphorus)
eqPA

(V)-1 9.14 8.10 13.32 8.76 8.46
axPA

(V)-1 20.40 18.93 16.19 14.07 15.69
eqPA

(V)-2 8.37 7.58 8.82 7.57 7.89
axPA

(V)-2 18.58 17.69 17.44 14.69 15.29
eqPA

(V)-3 14.97 14.23 12.08 10.30 11.06
axPA

(V)-3 21.87 20.57 14.74 15.25 16.29
eqPA

(V)-4 8.60 7.28 9.12 7.73 7.85
eqPA

(V)-5 14.30 12.97 13.01 10.06 10.44
axPA

(V)-5 21.27 20.03 16.98 15.81 16.61
eqPA

(V)-6 14.98 14.03 12.59 10.89 11.78
eqPA

(V)-7 12.74 11.91 11.85 9.72 10.11
eqPA

(V)-8 12.82 12.05 11.58 10.35 10.25
axPA

(V)-8 19.11 16.85 15.85 14.18 14.45
axPA

(V)-9 38.93 37.10 23.70 21.78 25.13
eqPA

(V)-10 12.03 10.79 12.17 9.87 9.33
axPA

(V)-11 19.35 16.64 17.27 14.07 14.30

Cyclic Phosphoranes (Pentavalent Phosphorus)
eqPC

(V)-1 12.56 10.95 10.16 9.36 10.24
axPC

(V)-1 20.87 20.20 16.25 15.14 16.08
eqPC

(V)-2 10.81 9.77 12.46 8.75 8.84
eqPC

(V)-3 14.52 13.68 9.24 9.42 10.50
axPC

(V)-3 21.17 19.48 15.71 14.10 15.37
eqPC

(V)-4 15.04 13.71 8.68 9.66 10.35

a ∆H and ∆G are in kcal/mol and are calculated for reactions of the
type shown in eq 14 where AH is the neutral molecule listed in the table
and BH is DMPH. Thus, the∆H values above can be interpreted as gas-
phase proton affinities relative to DMPH. Microscopic solution pKa values
are predicted from eq 16 using the microscopic pKa value for DMPH (0.99)20

as pKa
known. Missing are entries that were found to be unstable with respect

to geometry optimization (i.e., that were not energy minima). For the
definition of the neutral compound abbreviations, see Table 1.

Table 3. Comparison of Calculated and Experimental Solvation
Energies and Predicted pKa Valuesa

molecule PCM COSMO SM5 EXP

∆Gsol

HOH -6.92 -6.01 -5.96 -6.3
OH- -112.13 -107.04 -108.29 -110
CH3OH -4.94 -5.03 -5.39 -5.1
CH3O- -86.76 -85.48 -83.90 -95
H2PO4

- -63.18 -62.77 -74.56 -68
OP(OCH3)3 -3.56 -3.12 -7.48 -8.7
OP(OC2H5)3 -4.77 -3.63 -6.69 -7.8
OP(OC3H7)3 -2.00 -1.04 -5.34 -6.1

pKa

DMPH/HOH 8.78 7.53 3.81 1.29b

H3PO4/HOH 9.96 6.75 2.33 2.12c

23.23 20.46 10.68 7.21c

29.38 26.61 8.58 12.67c

CH3OPO3H2/HOH 7.57 6.90 3.21 1.541b

23.79 21.06 11.37 6.312b

eq P(OH)5/HOH 20.33 14.53 10.51 8.6d

ax P(OH)5/HOH 23.38 20.02 17.91 13.5d

H3PO4/DMPH 2.47 0.50 -0.25 2.12c

15.74 14.21 8.16 7.21c

21.83 20.37 6.05 12.67c

CH3OPO3H2/DMPH 0.38 0.96 0.99 1.54b

16.60 15.12 9.15 6.31b

eq P(OH)5/DMPH 12.84 8.28 7.98 8.6c

ax P(OH)5/DMPH 15.89 13.77 15.39 13.5c

a Solvation energies are in kcal/mol. Solvation energies and relative pKa
values were calculated with the polarizable continuum model (PCM),
conductor-like screening model (COSMO) and SM5 solvation model (SM5).
See text for more details. Experimental values for solvation energies were
taken from ref 57. Relative pKa values are taken with respect to water (HOH)
and protonated dimethyl phosphate (DMPH), which is PA

(IV)-3 in Table 1.
The predicted pKa values were calculated from eqs 16 and 17 using the
macroscopicpKa values for water and DMPH as pKa

known. b Reference 85.
c Reference 87.d Experimental estimate of pKa values for equitorial and
axial protons in tetracyclohexyloxyhydroxyphosphorane from bond length
- pKa correlations based on crystal structures of cyclohexanol derivatives.88
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4.1. Isomerization Reactions of Phosphoranes.This section
describes results of isomerization of neutral phosphoranes in
the gas phase and in solution that involve the exchange of
hydroxyl and methoxy groups from axial to equatorial positions.
In both the gas phase and in solution, methoxy groups (OCH3)
prefer an axial position relative to hydroxyl (OH) groups. Rules
for axial and equatorial ligand preferences in phosphoranes have
been discussed extensively elsewhere.90 A predominant feature
is the preference for electronegative groups for axial positions.
Here, the difference in polarity between P-OH and P-OCH3

bonds is fairly small; however, there is a steric effect associated
with the larger methoxy group.

The gas-phase thermodynamic quantities for phosphorane
isomerization reactions are summarized in Table 6. There is
considerable enthalpy/entropy compensation that occurs in the
isomerization reactions. For single exchanges (∆axfeq

OCH3 values
of 1), the enthalpy favors axial methoxy groups over hydroxyl

groups by 0.7-3.8 and 1.1-4.3 kcal/mol for acyclic and cyclic
phosphoranes, respectively, whereas the entropy contribution
favors axial hydroxyl groups to a lesser degree from 0.5 to 1.0
and 0.4 to 0.6 kcal/mol for acyclic and cyclic phosphoranes,
respectively. The free energy in the gas phase indicates a
preference in all cases for axial methoxy groups ranging from
0.2 to 3.1 and 0.7 to 3.8 kcal/mol for single∆axfeq

OCH3 exchanges
for the acyclic and cyclic phosphoranes, respectively.

In the aqueous phase, the qualitative picture remains the same
(Table 6): methoxy groups prefer to occupy the axial positions
relative to hydroxyl groups. This is in accord with the observa-
tion noted earlier that the solvation energy does not significantly
change between isomers.

4.2. Ligand Substitution Reactions.This section describes
results of ligand substitution reactions of the form

Formally, the above reaction is a ligand substitution combined
with a relative proton affinity; however, for brevity this type of
reaction is henceforth referred to simply as a ligand substitution
reaction.

Table 7 shows the thermodynamic quantities for ligand
substitution reactions for the neutral phosphates and phospho-
ranes. In the gas phase, the free energy of hydroxyl substitution
by a methoxy group in the neutral phosphate (relative to water
and methanol) is favorable (negative), ranging from-0.5 to
-1.4 kcal/mol. However, for the phosphoranes, the correspond-
ing free energy is positive, ranging from 1.1 to 5.4 kcal/mol.
This arises from a balance between bonding interactions and
steric effects. For the gas-phase phosphates, it is preferable for
the methoxy groups to be bonded in the phosphate and for the
hydroxyl group to form a water molecule. For the gas-phase
phosphoranes, however, the situation is reversed: it is preferable
for the hydroxyl groups to be bonded in the phosphorane and
for the methoxy group to form a methanol molecule. The larger
methoxy group is more sterically unfavorable in the pentavalent
phosphoranes than in the tetravalent phosphates. This is evident
by the trend that the gas-phase free energy for ligand substitution
becomes increasingly more positive for the phosphoranes as the
ligand environment becomes more sterically crowded (i.e., as
more methoxy groups are present).

The preference for a methoxy group in the gas-phase ligand
substitution reaction of the cyclic phosphate (-1.4 kcal/mol) is
enhanced relative to the corresponding reactions of the acyclic
phosphates (around-0.6 kcal/mol). For the acyclic and cyclic
phosphoranes, the magnitudes of the free energy for gas-phase
ligand substitution reactions span a similar range (1.1-4.7 and
2.0-5.4 kcal/mol, respectively) with the entropic term being
an important and sometimes dominant contribution.(90) Holmes, R. R.J. Am. Chem. Soc.1978, 100, 433-446.

Figure 1. Gas-phase optimized structure of selected acyclic and cyclic protonated phosphates.

Figure 2. Solvation energies of protonated acyclic phosphates (molecules
PA

(IV) -1- PA
(IV) -6) as a function of number of carbons.

Table 4. Relative Conformational Free Energies of Dimethyl
Phosphate in the Gas Phase and in Solutiona

∆Gaq

conformation (R,ú) ∆H T∆S ∆G PCM COSMO SM5

g-g (73.7,73.6) - - - - - -
TS1 (132.9,73.1) 1.234 -0.973 2.207 1.267 2.297 2.294
g-t (-165.3,71.4) 1.108 0.362 0.746-0.474 0.516 0.294
TS2 (155.0,131.2) 2.156 -0.536 2.692 1.282 2.332 2.474
t-t (147.4,147.6) 2.765 1.093 1.672 2.302 1.222 1.358
TS3 (180.0,180.0) 2.254 -0.206 2.460 0.800 1.610 1.178

a Energetic quantitites are in kcal/mol. For comparison with other ab
initio results see, for example, ref 12.

A(OH) + CH3OH f A(OCH3) + HOH (20)
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In the aqueous phase, the equilibrium for the phosphate ligand
substitution equilibrium is reversed from the gas phase (i.e.,
the free energies are positive, with the exception of the PCM

predicted value for the cyclic phosphate ligand substitution
reaction). The effect of solvation on the free energy is to cause
a positive shift from the gas-phase values, leaving the relative
values largely unchanged. This is predominantly due to the
preferable solvation of water versus methanol. As discussed
earlier, for a given solvation model, the solvation free energy
increases linearly (becomes less negative) with addition of
successive methyl groups through OHf OCH3 substitutions.
This is illustrated in Figures 2 and 4.

4.3. Solvation Energies and Microscopic pKa Values.The
pKa values for phosphates and phosphoranes have important
implications into mechanisms of transesterification and phos-
phate hydrolysis catalyzed by ribozymes. Moreover, the quan-
tification of gas-phase proton affinities for phosphates and phos-
phoranes with high-level quantum methods provides important
benchmarks that can be used to design new semiempirical
Hamiltonian models that can be applied in hybrid QM/MM
calculations.

Comparisons of the calculated and experimental solvation
energies and pKa values are given in Table 3 for several mole-
cules relevant to the present work. With the exception of the
three neutral phosphate compounds of the formOP(OR)3 where
R is a hydrocarbon side chain, the solvation energies are similar
in accuracy. For the neutralOP(OR)3 phosphate compounds,
all the solvation models under-predict the magnitude of the sol-
vation energy. The SM5 model matches the experimental values
most closely, having an error of around 1 kcal/mol, whereas
the PCM and COSMO models have errors around 3-5 kcal/mol.

Figure 3. Gas-phase optimized structure of selected acyclic and cyclic phosphoranes.

Figure 4. Solvation energies of protonated acyclic and cyclic phosphoranes
(moleculesPA

(V)-1, PA
(V)-12, andPC

(V) - PC
(V)) as a function of number of

carbons.

Table 5. Structures for Different Protonation States of Neutral and
Monoanionic Phosphoranesa

O1P O2P P−Oax
ring P−Oax Oax−P−Oax ∠

Neutral PC
(V)-1

v v 1.7824 1.6447 176.3
v V 1.7252 1.6788 176.6
V v 1.7240 1.6767 179.6
V V 1.6805 1.7263 176.7

Monoanionic PC
(V)-1 (R-/S-)

v 0 2.0052 1.7028 164.1
0 v 1.9204 1.7040 164.4
V 0 1.7788 1.7866 168.4
0 V 1.7830 1.7835 164.6

NeutralPC
(V)-2

v v 1.7940 1.6381 177.0
v V 1.7314 1.6756 177.5
V v 1.7289 1.6732 175.2
V V 1.6853 1.7208 175.7

Monoanionic PC
(V)-2 (R-/S-)

v 0 1.8933 1.7149 160.9
0 v 1.8934 1.7149 160.9
V 0 1.7798 1.7894 160.4
0 V 1.7795 1.7897 160.4

a Bond lengths are in Å, angles in degrees. For the definition of the neutral
compound abbreviations, see Table 1.

Table 6. Calculated Thermodynamic Data for Isomerizations of
Pentavalent Phosphorus Compoundsa

∆Gaq

molecule ∆axfeq
OCH3 ∆E ∆G PCM COSMO SM5

Acyclic Phosphoranes (Pentavalent Phosphorus)
PA

(V)-2 f PA
(V)-3 1 0.813 0.188 0.848 0.888 0.495

PA
(V)-4 f PA

(V)-5 1 0.946 0.305 2.275 0.725 0.536
PA

(V)-4 f PA
(V)-6 2 3.996 2.942 4.572 3.122 2.931

PA
(V)-7 f PA

(V)-8 1 3.408 2.559 3.609 2.809 2.225
PA

(V)-7 f PA
(V)-9 2 4.742 3.372 4.262 3.712 3.183

PA
(V)-10 f PA

(V)-11 1 4.030 3.061 3.571 2.241 2.793

Cyclic Phosphoranes (Pentavalent Phosphorus)
PC

(V)-2 f PC
(V)-3 1 1.318 0.731 1.781 1.611 0.936

PC
(V)-4 f PC

(V)-5 1 4.568 3.751 2.511 2.281 3.049

a Energetic quantities are in kcal/mol. The designationDaxfeq
OCH3 gives the

number of methoxy groups that have exchanged axialf equatorial positions
with hydroxyl groups in the isomerization reaction. For the definition of
the neutral compound abbreviations, see Table 1.
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The overall reliability of the models is even more pronounced
in the comparison of pKa values calculated from relative pKa

values with respect to water (HOH) and dimethyl phosphate
(DMPH). In this case the PCM and COSMO models employed
here lead to artificially elevated pKa values, especially for the
multiply charged anions. A problem, however, with the SM5
model occurred with the highest (third) pKa for H3PO4 that was
predicted to be lower than the second pKa.

In the case of the phosphorane species, theoretical methods
have predicted a values of 7.9 for the macroscopicpKa1 of
ethylene phosphorane from localized basis set density functional
methods,20 and values of 9.8 and 14.2 have been predicted for
the equatorial and axial positions of pentahydroxyphosphorane
from Car-Parinello density functional calculations.88 Proposed
experimental values forpKa1 for oxyphosphoranes range from
6.5 to 11.0.1 A recent estimate of pKa values for equatorial and
axial protons in tetracyclohexyloxyhydroxyphosphorane from
bond length-pKa correlations based on crystal structures of
cyclohexanol derivatives gives values of 8.62 and 13.5, re-
spectively.88 The COSMO model gives phosphorane pKa

values for equatorial/axial protons (when measured relative to
dimethyl phosphate) of 8.28/13.77 that falls within the proposed
range; the SM5 model gives similar values of 7.98/15.39, having
a slightly elevated pKa for the axial proton. The PCM model
gives pKa values that are considerably higher and lie outside
the proposed range for phosphoranes. It is clear that there
remains important work to be done in the development of
solvation methods that can accurately reproduce and reliably
predict multiple pKa values for biological phosphates and
phosphoranes.

Table 2 lists the predicted microscopic pKa values for
metaphosphates, acyclic and cyclic phosphates, and phospho-
ranes. The estimates are based on the calculation of microscopic
pKa shifts for each molecule with respect to dimethyl phosphate
according to eq 16. The extensive dataset covered in this work
allow for the identification of interesting trends in pKa’s for
this set of compounds. These trends are summarized below.

It is evident from Table 2 the trend in pKa values for meta-
phosphates, phosphates, and phosphoranes:

For the phosphates, the cyclic structures have lower pKa values
than the corresponding acyclic structures by around 1 pKa unit:

This is related to the preferential stabilization of the more highly
solvated cyclic phosphates that allow them to remain as solvated
anions at lower pH. Recall that the solvation energies of the
neutral cyclic phosphates were more favorable (greater in
magnitude) than for the corresponding acyclic molecules. This
derived from the enhanced dipole moment of the former. Upon
ionization, the preferential solvation for the cyclic phosphates
becomes even more pronounced due to their more compact
structure (i.e., smaller effective Born radius) and results in lower
pKa values relative to the corresponding acyclic phosphates.

For the phosphoranes, there is less of a difference between
acyclic and cyclic structures; however, there is considerable
difference between deprotonation of the axial and equatorial
protons, deprotonation of the equatorial position being favored
by several pKa units:

The average intramolecular pKa shift for axial/equatorial protons
(i.e., 〈pKa

axial - pKa
equatorial〉) was 4.99, 5.35, and 5.85 for the

PCM, COSMO, and SM5 models, respectively. These values
are comparable to reported values predicted from Car-Parinello
density functional calculations (4.4) and experimental estimates
(4.9) of phosphoranes.88 In two cases (PC

(V)-5 andPA
(V)-6), no

values are given in Table 2 for the pKa of the axial proton.
This is because a local minimum could not be trapped: the
geometry optimization procedure would consistently cause the
species to pseudorotate so that the deprotonated oxygen was in
an equatorial position. This is further evidence of the instability
of deprotonation at the axial positions.

4.4. Bond Energy Model.To draw general conclusions about
the average bond strengths of biological phosphorus compounds,
a bond energy model was employed.86 The bond energy model

Table 7. Calculated Thermodynamic Data for Ligand Substitution Reactions of Phosphorus Compoundsa

∆Gaq

molecule ∆E ∆G PCM COSMO SM5

Acyclic Phosphates (Tetravalent Phosphorus)
PA

(IV)-1 + CH3OH f PA
(IV)-2 + HOH -1.551 -0.745 1.184 1.474 1.791

PA
(IV)-2 + CH3OH f PA

(IV)-3 + HOH -1.266 -0.459 0.090 1.360 1.992
PA

(IV)-3 + CH3OH f PA
(IV)-4 + HOH -1.001 -0.470 0.129 1.399 1.819

Cyclic Phosphates (Tetravalent Phosphorus)
PC

(IV)-1 + CH3OH f PC
(IV)-2 + HOH -0.496 -1.354 -1.054 0.265 1.023

Acyclic Phosphoranes (Pentavalent Phosphorus)
PA

(V)-1 + CH3OH f PA
(V)-2 + HOH 2.132 2.778 4.428 4.828 4.346

PA
(V)-2 + CH3OH f PA

(V)-4 + HOH -0.232 1.122 1.812 3.862 2.873
PA

(V)-4 + CH3OH f PA
(V)-7 + HOH 3.069 3.338 6.168 5.248 5.041

PA
(V)-7 + CH3OH f PA

(V)-10 + HOH 3.598 4.096 4.206 7.076 5.392
PA

(V)-10 + CH3OH f PA
(V)-12 + HOH 4.363 4.654 5.824 6.854 5.917

Cyclic Phosphoranes (Pentavalent Phosphorus)
PC

(V)-1 + CH3OH f PC
(V)-2 + HOH 1.298 2.284 4.264 4.494 3.628

PC
(V)-2 + CH3OH f PC

(V)-4 + HOH 1.275 2.041 5.071 5.611 4.019
PC

(V)-4 + CH3OH f PC
(V)-6 + HOH 5.060 5.382 6.602 6.862 6.299

a Energetic quantities are in kcal/mol. For the definition of the neutral compound abbreviations, see Table 1.

metaphosphatepKa , phosphatepKa , phosphoranepKa

cyclic phosphatepKa< acyclic phosphatepKa

equatorial phosphoranepKa< axial phosphoranepKa
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was fit to the calculated enthalpy of formation of each molecule
resulting from the binding of the isolated atoms at 298 K
(referred to as the molecular “binding energy”,∆Ebind) and to
the relative energies associated with the isomerization and ligand
substitution reactions. The details of the procedure are described
elsewhere.86 A regression of ∆Ebind values from density
functional calculations and estimated from the bond energy
model are shown in Figure 5.

The bond types, bond energies, average bond lengths, and
root-mean-square deviations for covalent bonds are listed in
Table 8. The two types of intramolecular hydrogen bonds
found in this data set (H‚‚‚O(C)-P and H‚‚‚O(H)-P) have
average bond lengths of 2.064( 0.061 and 2.091( 0.036 Å
and bond angles of 93.6( 1.5° and 92.2( 2.0°, respectively.
(See Table S10 in the Supporting Information.) The bond
energy model presented here takes into account in an average
way conformational and stereoelectronic effects of each type
of bond.

The determination of bond strengths or related bond energies
from experiment is often difficult, and various methods have
been employed for their calculation; however, in the area of
phosphorus chemistry, there have been relative few systematic
studies.91 In this work, the calculation of a complete series of
metaphosphates, phosphates, and phosphoranes at a consistent
level of quantum theory allows the estimation of bond energies
specifically for relevant biological phosphorus compounds.

Comparison of the bond lengths and bond energies reveals
several trends:

• Metaphosphates have slightly shorter P-O single and
PdO double bonds than those of the phosphates and phospho-
ranes.

• P-O single bonds in phosphates are slightly shorter and
have larger bond energies than corresponding bonds in phos-
phoranes.

• P-O(H) and P-O(C) bonds in phosphates are similar in
bond length and bond energy.

• Axial P-O bonds in phosphoranes are longer and weaker
than equatorial P-O bonds.

• The difference between axial/equatorial P-O(C) bonds (8.8
kcal/mol) is smaller than the difference between axial/equatorial
P-O(H) bonds (11.1 kcal/mol), in support of the observation
that methoxy groups prefer axial positions.

• Intramolecular hydrogen bond lengths are fairly long (2.06-
2.09 Å), form nearly right angles (92.2-93.6°), and provide a
moderate stabilization of the axial P-O bonds.

The bond energy values of the P-O single bonds range from
70.5 kcal/mol for axial P-O(C) phosphorane bonds to 86.6 kcal/
mol for P-O(H) phosphate bonds. The phosphate bond energy
values (85.4 and 86.6 kcal/mol for P-O(C) and P-O(H) bonds,
respectively) are close to the average P-O bond energy (86
kcal/mol) reported elsewhere.91 The bond energy for the PdO
double bond in the metaphosphate and phosphate molecules
(140.2 kcal/mol) is similar to the tentative PdO bond energy
(130 kcal/mol) reported elsewhere91 and close to the value of
the experimental bond dissociation energy of the PO molecule
(140 kcal/mol).91

5. Conclusions

The present work reports results of theoretical calculations
of a series metaphosphates and acyclic and cyclic phosphates
and phosphoranes relevant to the study of RNA catalysis and
phosphate hydrolysis reactions in solution. Solvation effects
were treated and compared using three different solvation
models: PCM,53-55 COSMO,56,65and SM5.57 The structure and
stability of these compounds have been characterized through
thermodynamic quantities and solvation energies. Cyclic phos-
phates and phosphoranes were found to be preferentially
stabilized by solvent relative to the analogous acyclic molecules.
Solvation energy was observed to have a nearly linear relation-
ship with number of methoxy groups (carbon atoms) for both
the acyclic and cyclic phosphates and phosphoranes. Stationary
points on the potential energy surface of dimethyl phosphate
were identified, and intramolecular hydrogen bonding of neutral
and monoanionic cyclic phosphoranes were analyzed. Intramo-
lecular hydrogen bonds cause considerable elongation of the
axial P-O bonds, especially in the monoanionic cyclic phos-

(91) Corbridge, D. E. C.Phosphorus 2000: Chemistry, Biochemistry and
Technology, 1st ed.; Elsevier: Amsterdam, The Netherlands, 2000.

Figure 5. Regression of the molecular binding energies (∆Ebind) for neutral
molecules calculated with density functional theory (DFT) and with the
bond energy model (BEM).

Table 8. Calculated Bond Energies and Bond Lengths for
Biological Phosphorus compoundsa

bond type energy (kcal/mol) 〈bl〉 (Å) (σbl) (Å)

C-C 81.6 1.530 3.0× 10-3

C-O(C) 83.0 1.433 9.5× 10-3

C-O(H) 83.0 1.426 9.4× 10-4

H-C 98.6 1.094 2.4× 10-3

H-O(H,C) 110.1 0.965 4.8× 10-4

H-O(H,H) 110.1 0.965 4.9× 10-7

H-O(H,P) 110.1 0.968 2.1× 10-3

O(C)-P(III ) 79.3 1.591 -
O(C)-P(IV) 85.4 1.613 1.2× 10-2

O(C)-P(V) eq 79.3 1.641 1.4× 10-2

O(C)-P(V) ax 70.5 1.703 2.5× 10-2

O(H)-P(III ) 83.9 1.603 -
O(H)-P(IV) 86.6 1.613 3.0× 10-3

O(H)-P(V) eq 83.9 1.636 6.4× 10-3

O(H)-P(V) ax 72.8 1.689 1.9× 10-2

OdP(III ) 140.2 1.474 3.6× 10-3

OdP(IV) 140.2 1.482 3.7× 10-3

a Bond energies (“Energy”) for each “Bond type” were calculated by
fitting the bond energy model to the molecular enthalpy of binding at 298
K (see text) and given here in kcal/mol. Bond lengths (“bl”) and their
standard deviations (“σbl”) for each bond type are given in a. All C-O,
H-O, and PdO bonds energies were constrained to be equal, as were the
O(H)-P and O(C)-P bonds of trivalent phosphorus and (equatorial)
pentavalent phosphorus.
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phoranes, which also showed considerable distortion of the
Oax-P-Oax bond angle.

The calculated thermodynamic quantities for isomerization
and ligand substitution reactions indicate that methoxy groups
prefer axial positions, and in solution, prefer to be bound to
phosphorus with a water molecule as opposed to forming a
hydroxyl-bound ligand and methanol. Analysis of gas-phase
proton affinities and solution pKa values indicate several trends,
including (1) the pKa values of metaphosphates are considerably
lower than for phosphates, which are considerably lower than
phosphoranes, (2) cyclic phosphates and phosphoranes have
lower pKa values than corresponding acyclic molecules, and
(3) protonation of the equatorial position of phosphoranes is
around 4 pKa units lower than the axial positions. Finally, the
extensive series of data allowed the estimation of bond energies.
It was found that (1) P-O single bonds in phosphates are
stronger than in phosphoranes, (2) axial P-O bonds are
considerably weaker than equatorial P-O bonds by around 10
kcal/mol, and (3) P-O(C) bonds are more apicophilic in that
the difference in bond energy between axial/equatorial P-O(C)
bonds is smaller than for P-O(H) bonds.

The results reported here provide quantitative insight into the
structure and stability of biological phosphorus compounds
relevant for RNA catalysis. In addition, this work serves as the
first step of construction of a high-level quantum database from
which improved quantum models, such as new semiempirical
Hamiltonians, can be derived that are more useful for applica-
tions to complex reactions catalyzed by ribozymes. These
applications may involve, for example, large-scale linear-scaling
electronic structure calculations or activated dynamics simula-
tions along multidimensional reaction coordinates using hybrid
QM/MM potentials that would not be feasible in the near future
at the level of quantum theory employed here. Consequently,
the development of new-generation models that provide very

accurate description of bonding, polarization, and quantum
many-body effects, yet that are highly efficient and can be
combined with enhanced configurational sampling techniques,
may present a significant step toward the reliable theoretical
treatment and detailed understanding of ribozyme catalysis.
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