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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 pK, 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

group of Karplus and co-worketg;2! Lim et al.?2728 Zhou,
Taira, and co-worke?g9-33 Wladkowski and collaboratofg;3>
and many other®41 The study of small phosphate models is

the hydrolysis of phosphates involved in transcription, cell (14) Aqvist, J.; Kolmodin, K.; Florian, J.; Warshel, Ahem. Biol.1999 6,

signaling, and respiratiot.® Of particular interest is the study

of the molecular mechanisms whereby RNA can catalyze fairly

complicated reaction’s.” The unraveling of the details of the

action of RNA enzymes, or “ribozymes”, would allow deeper
understanding of biological processes and provide valuable

R71-R80.
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insight for the design of therapeutics that target viral or genetic (19) Lf;gz X.; Dejaegere, A.; Karplus, M. Am. Chem. So2001 123

diseasand new biotechnology such as RNA cHipsallosteric
molecular switches in nanodevicks.

Quantum chemical methods have provided considerable(
insight into the behavior of model phosphates. Seminal work

has been done by Florian, Warshel, and co-workkr, the
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an important first step toward a detailed understanding of RNA thermodynamic quantities such as the zero-point vibrational energy,
catalysis at the atomic level. and thermal vibrational contributions to the enthalpy, entropy and Gibbs
Application of theoretical methods to RNA catalysis is €€ energy. o _
extremely challenging. The polyanionic nature of RNA amplifies __'N€ geometry optimization and frequency calculations were per-
the importance of rigorous treatment of electrostatic interactions, for'med using the 6-3&+G(d,p) basis set. Thls basis set is smla_r o
. . . (slightly larger than) that used for geometries and frequencies in the
polarization and other quantum many-body effects, interaction

. . ) G2 method?®3* which typically yield atomization energies, ionization
with solvent, monovalent, and divalent ions. Moreover, RNA energies, and relative energies within 1 kcal/mol of experimental values.

is considerably flexible, and consequently, simulations typically  gjectronic energies and other properties of the density, such as dipole
require long equilibration and sampling times relative to those moments, were obtained via single-point calculations at the optimized
for proteins. These factors combine to make the accurate geometries using the 6-3%HG(3df,2p) basis set and the B3LYP
theoretical study of RNA catalysis particularly challenging and hybrid density functional. This protocol for obtaining the geometry and

largely beyond the reach of many conventional techniques andenergy is designated by the abbreviated notation B3LY P/6+-31G-
models. (3df,2p)//IB3LYP/6-31+G(d,p). Single-point calculations were run

A promising approach is to use hybrid quantum mechanical/ with “tight” convergence criteri& to ensure high precision for properties
sensitive to the use of diffuse basis functions. All electronic structure

molecular mechanlcal (QM/MM) methods vyhere a §mal| part calculations were performed with the GAUSSIAN98 suite of pro-
of the system is treated quantum mechanically while the re- ramss?

malnger of the system is modeled by a classical empirical force ™ 5 5 sojyation CalculationsSolvation effects were treated by single-
field.* The quantum mechanical method should be sufficiently point calculations based on the gas-phase optimized structures using
fast such that simulations can be performed on meaningful time the polarizable continuum model (PC¥I)* and a variation of the
scales for the properties being studied. Consequently, the desigrtonductor-like screening model (COSM®3s implemented in GAUSS-

of new guantum models that are both highly accurate for the IAN98 and the SM5.42R solvation modét®as implemented in MN-

specific chemical problem of intereand sufficiently efficient GSMm>® _ _ _
for long-time simulations are of tremendous value. The solvation free energ\Gso, is defined as
In the present contribution, quantum results for a large dataset —
P d 9 AGg, = Gaq - Ggas (1)

of biological metaphosphate, acyclic and cyclic phosphate and
phosphorane compounds are presented. These molecules af@here Gy.s and Gso are the molecular free energies in the gas phase
relevant for the study of phosphate hydrolysis reactions in and in solution, respectively. In the present work the approximation is
solution and in ribozymes. The dataset is analyzed in terms of made that the gas-phase geometry, entropy, and thermal corrections to
molecular structures, thermodynamic quantities for isomerization the enthalpy do not change upon solvation. The practical reason for
and ligand substitution reactions, solvation effects, proton introducing this approximation resides in the difficulty and considerable
affinities and microscopic i values, and bond energies. The comp_utatior_lal cost associated with obtain?ng stationary p_oipts and
results presented here provide valuable insight into phosphate1€SSians with the boundary element solvation methods. Within these
hydrolysis mechanisms and a first step in the construction of a approximations, the solvation energy is given by
quantum database for RNA catalysis from which new quantum AGqo = (E[¥sol + EsolPsol) — ElYgad 2
models, capable of being applied efficiently in molecular
simulations, can be derived. whereE[y4ad and E[yso] are the Kohn-Sham energy functionals that
take as arguments the KohBham single-determinant wave function
2. Methods optimized in the gas phase g9 and in solution ¢s,), andEsof pso] is

2.1. Gas-Phase CalculationsAll the structures were optimized in the solvation energy that takes as argument the polarized electron

the gas phase with Ko.hfSham density f.unCtlonaI theory (DFT) (50) Curtiss, L. A.; Jones, C.; Trucks, G. W.; Raghavachari, K.; Pople, J. A.
methods using the hybrid exchange functional of BétkKeand the Chem. Phys199Q 93, 2537-2545,

Lee, Yang, and Parr correlation functioffa(B3LYP). Integrals (51) lgr?rtisfégl_z' 86; ggg%ggtgghl E.; Raghavachari, K.; Pople, JI. £hem.

. . i ) . . ys. : .

!nvolvmg the exchahge corre_latlon potential gsed the default numerical (52) Frisch, M. J.. Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, M.
integration mesh with a maximum of 75 radial shells and 302 angular A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A., Jr.; Stratmann,

i i i R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, A. D.; Kudin,
quadrature points per shell pruned to approximately 7000 points per K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi, M.; Cammi,

atom#® Geometry optimizations were done in redundant internal R.; Mennucci, B.; Pomelli, C.; Adamo, C.; Clifford, S.; Ochterski, J.;
coordinates with default convergence critéfiand stability conditions Petersson, G. A.; Ayala, P. Y.; Cui, Q.; Morokuma, K.; Malick, D. K.;
of the restricted closed shell KohiSham determinant for each final Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.; Cioslowski, J.; Ortiz,

o - J. V.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.; Komaromi, |.;
structure were verified®*° Frequency calculations were performed to Gomperts, R.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A.; Peng,
; ; i i C. Y.; Nanayakkara, A.; Gonzalez, C.; Challacombe, M.; Gill, P. M. W.;
establish the nature of all stationary points and to allow evaluation of Johnson. B. G.. Chen. W. Wong. M. W.: Andres. J. L - Head-Gordon,
M.; Replogle, E. S.; Pople, J. AGaussian 98revision A.9; Gaussian,

(38) Hu, C.-H.; Brinck, T.J. Phys. Chem. A999 103 5379-5386. Inc.: Pittsburgh, PA, 1998.
(39) Mercero, J. M.; Barrett, P.; Lam, C. W.; Fowler, J. E.; Ugalde, J. M.; (53) Tomasi, J.; Persico, MChem. Re. 1994 94, 2027-2094.
Pedersen, L. GJ. Comput. Chen200Q 21, 43-51. (54) Cossi, M.; Barone, V.; Cammi, R.; Tomasi,Ghem. Phys. Lett1996
(40) Wilkie, J.; Gani, D.J. Chem. Soc., Perkin Trans.1®96 2, 783-787. 255 327-335.
(41) Saint-Martin, H.; Ruiz-Vicent, L. E.; Ramirez-Solis, A.; Ortega-Blake, I.  (55) Mineva, T.; Russo, N.; Sicilia, . Comput. Chenl998 19, 290-299.
J. Am. Chem. Sod.996 118 1216712173. (56) Barone, V.; Cossi, MJ. Phys. Chem. A998 102, 1995-2001.
(42) Gao, J.; Truhlar, D. GAnnu. Re. Phys. Chem2002 53, 467—505. (57) Li, J.; Zhu, T.; Hawkins, G. D.; Winget, P.; Liotard, D. A.; Cramer, C. J.;
(43) Becke, A. D.Phys. Re. A. 1988 38, 3098-3100. Truhlar, D. G.Theor. Chim. Actdl999 103 9—63.
(44) Becke, A. D.J. Chem. Phys1993 98, 5648-5652. (58) Xidos, J. D.; Li, J.; Thompson, J. D.; Hawkins, G. D.; Winget, P. D.; Zhu,
(45) Lee, C.; Yang, W.; Parr, R. ®hys. Re. B. 1988 37, 785-789. T.; Rinaldi, D.; Liotard, D. A.; Cramer, C. J.; Truhlar, D. G.; Frisch, M. J.
(46) Frisch, &.; Frisch, M. aussian 98 User’s Referen@nd ed.; Gaussian, MN-GSM: A Module Incorporating the SM5.42 gation Models, the CM2
Inc.: Pittsburgh, PA, 1999. Charge Model, and Lwdin Population Analysis in the Gaussian98
(47) Peng, C.; Ayala, P. Y.; Schlegel, H. B.; Frisch, MJJComput. Chem. Program 1.8 ed.; University of Minnesota: Minneapolis, MN, 2002.
1996 17, 49-56. (59) Xidos, J. D.; Li, J.; Thompson, J. D.; Hawkins, G. D.; Winget, P. D.; Zhu,
(48) Bauernschmitt, R.; Ahlrichs, R.. Chem. Phys1996 104, 9047-9052. T.; Rinaldi, D.; Liotard, D. A.; Cramer, C. J.; Truhlar, D. G.; Frisch, M. J.
(49) Seeger, R.; Pople, J. A. Chem. Physl1977, 66, 3045-3050. MN-GSM version 1.8; University of Minnesota: Minneapolis, MN, 2001.
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density in solutiorpse(r) (which can be derived fronpse). The Kohn-
Sham energy functiondt[v] is given by
E[y] =Tdy] + Jp] + Exdy] + f p(r)ve(r) dr + Eyy
= Eeed ] + Enn ®)
whereTdv] is the noninteracting kinetic energy functiondp] is the

classical electrostatic enerdyxd ] is the exchange-correlation energy,
andEny is the nuclearnuclear repulsion energy. The functional in eq

solvent-structure” contributions, respectively. The electrostatic @m

in the SM5.42R model is calculated using a generalized Born
expressioff with the solute molecular electrostatic potential derived
from the CM2 charge modél:®® The “cavity-dispersionsolvent-
structure” term is given by:

chs = ZAkok

where A and oy are the surface area and effective surface tension,

6

3 depends parametrically on the nuclear coordinates and charges underespectively, for atonk and are described in detail elsewh&td@he

the classical BorrOppenheimer approximation through the external
nuclear potentiado(r), which under the fixed geometry approximation

SM5.42R model has been demonstrated to give accurate estimates for
vapor pressurésand has recently been applied to biological molecules

used here is the same in the gas phase and in solution. It remains tdncluding nucleic acid bas€$All SM5.42R calculations were carried

briefly describe the nature of the various modelsEg pso] employed
in the present work.

In the PCM and COSMO models, the solvation energy functional
Esolpsol Can be written

1
Eualr] =3 ’ [ p(r) velr) dr ZZG-URF(RQ)]
+ Gdis;rrepul + Gcau (4)

where vre(r) is the solvent reaction-field potentia, is the nuclear
charge of atonw located at positioR,. The factor of/, in eq 4 results
from the linear-response nature of the dielectric models, anGdf&:pui
andGq,, represent the dispersiemepulsion and cavitation contributions,
respectively*

The cavitation term is computed using an expression obtained from
scaled particle theofywith a cavity constructed from the UAHF radti.
The dispersiorrrepulsion term is calculated according to the pre-

scription described by Floris et @ with a solvent-accessible surface
that is constructed from the UAHF radii plus a solvent probe radius of
1.385 A.

out using the B3LYP functional and the MIDI! basis @eat 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?’

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:

G=H-TS @)
H=U+RT (®)
U=E;+Ep + Eot T Eyans 9)
Eo = (Eetect Enn) + Ezpy = E + Egpy (10)

whereG, U, H, S andT are the Gibbs free energy, internal energy,
enthalpy, entropy, and temperature, respectivel, the universal gas
constant, an®eeq Enn, Ezpv, Euin, Erot, and Eyans are the electronic

The difference between the PCM and COSMO methods used hereenergy, nuclearnuclear repulsion energy, zero-point vibrational energy,

resides in the way in which the solvent reaction field potentia{r)

thermal vibrational energy correction, rotational and translational energy

is generated (see refs 54 and 56 for details). In the case of the PCMcomponentS’ respectively. The expression for the enthalpy (eq 8)

model, a cavity of unit dielectric is surrounded by a linear isotropic
polarizable continuum of dielectric constanthe reaction field potential
for which is solved numerically using a boundary element meth& 54

In the conductor-like screening mod&la similar dielectric problem
that involves a surrounding conducter= «) is solved, in the present
case using a variation of the PCM metHéand the resulting reaction-
field potential is corrected approximately for finite external dielectric
€.5566 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” effect§j.However, both PCM and COSMO
as implemented in GAUSSIAN98 normalize the polarization charge
in accord with Gauss' la#?, which is an implicit attempt to capture
the main features of the volume polarization term. The parameters in

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 ensemBteThe standard state is for a mole
of particles afl = 298 K and 1 atm pressur¥ & R-T/P). All quantities
above exceptEo, Ecee Enn, and Ezpy have explicit temperature
dependence.

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

Gaq = Ggas T AGqy

gas

(11)

both models have also been adjusted to reproduce experimentalwhere AGs, is the solvation free energy (eq 2) described in%22.
solvation free energies (and hence, to some extent, take into accountHenceforth, unless otherwise stated, all thermodynamic quantities are

higher-order effects implicitly). All PCM and COSMO calculations
were carried out using the B3LYP/6-31#G(3df,2p) level of theory

assumed to be evaluated at 298 K and, if unsubscripted, correspond to
gas-phase values (i.e., the explicit subscript “gas” will be dropped

(the same level as the gas-phase single points) using the gas-phas@ereafter).

optimized geometries.
In the SM5.42R modelks is computed as the sum of two terms:

=G, + G (5)

sol cds

whereGes and Gegs represent the electrostatic and “cavity-dispersion

(60) Pierotti, R. A.Chem. Re. 1976 76, 717-726.

(61) Barone, V.; Cossi, M.; Tomasi, J. Chem. Physl1997 107, 3210-3221.

(62) Floris, F. M.; Tomasi, J.; Ahuir, J. L. B. Comput. Chen991, 12, 784—
791.

(63) Miertus S.; Scrocco, E.; Tomasi, Chem. Phys1981, 55, 117—129.

(64) Cammi, R.; Tomasi, J. Comput. Chenl995 16, 1449-1458.
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(65) Klamt, A.; Schiirmann, GJ. Chem. Soc., Perkin Trans1893 2, 799~

5)
805.
(66) York, D. M.; Karplus, M.J. Phys. Chem. A999 103 110606-11079.
(67) Chipman, D. MJ. Chem. Phys1997 106, 10194-10206.
(68) Cramer, C. J.; Truhlar, D. GChem. Re. 1999 99, 2161-2200.
(69) Li, J.; Zhu T.; Cramer, C. J.; Truhlar, D. G. Phys. Chem. A998 102,
1820-1831.
(70) Winget, P.; Hawkins, G. D.; Cramer, C. J.; Truhlar, D.JGPhys. Chem.
B 2000 104 4726-4734.
(71) Li, J.; Cramer, C. J.; Truhlar, D. @iophys. Chem1999 78, 147—155.
(72) Easton, R. E.; Giesen, D. J.; Welch, A.; Cramer, C. J.; Truhlar, Dh€or.
Chim. Acta1996 93, 281-301.
(73) Cramer, C. Essentials of Computational Chemistry: Theories and Models
John Wiley & Sons: Chichester, England, 2002.
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2.4. Evaluation of Microscopic K, Values.The evaluation of i§, In the present work, unless explicitly stated otherwise (such as in
values is of critical importance to the understanding of the mechanisms Table 3), predicted K, values are based on thaicroscopicpKa
of transphosphorylation and hydrolysis in RNA catalysis. The absolute calculated relative to dimethyl phosphate (DMPH) through eq 16.
pKa of a general acid AH is related to the standard Gibbs free energy DMPH has an experimentahacroscopicpK, of 1.298° since there

of the ionization reaction are two possible protonation sites, the microscopig yalue is lower
“ than 1.29. The microscopicKp values can be estimated from
K, (AH . . .
Ay - + macroscopic ones according to the following formitila
Hag = A@o + Heag 12) P 9 J
- +
The K, is derived from the equilibrium constant as pKMacro = MA mieroH']
a n[AH]micro
PK(AH) = —logK,(AH)
i n
_ = pKI"“°+ log— 7
_ (GyA) + GagH")) — G,{(AH) m

13
2.30RT 43 where the protonated species AH is assumed to hawdistinguishable
microscopic states, and its unprotonated countergeart {0 havem
indistinguishable states. For DMPH, there are two possible protonation
states § = 2), depending on the phosphoryl oxygen being protonated,
and only one for PMP~), so that themicroscopicpK, 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 siniyolied
energy modelConsider the enthalpy of formation of a single (neutral)
molecular structured” resulting from the binding of its constituent
atoms in the gas phase

The evaluation of absoluteKp values from quantum chemical
calculations is a subject of intense intereahd 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?47%

Alternately, arelative pKa (ApKa) can be calculated with respect to
the known reference molecuBH in an manner analogous to that for
the absolute K, by considering the equilibrium

AH,. + B, D - BH (14)
(a9 T Bag) (a0) (a) alobypes e

Z (o) Hig—— H™(@)g (18)
The relative K, of AH with respect to BH,ApKy(AH/BH), can be

calculated from .
wheren(o); is the number of atoms of typd™in the molecular structure

APK (AH/BH) “a”, Higis the gas-phase enthalpy of the atom typeim™{(a) is

_ the gas-phase enthalpy of moleculeandAHuing(@0) is the correspond-

= +

l0gK(AH) + logK,(BH) ing enthalpy of formation (binding) from constituent atoms.
(G, (A7) + G, (BH)) — (G,(B") + G,(AH) ) The enthalpy of formatiohHping(ct) is modeled as the sum of bond
== & > SORFq & (15) energies as
bond types

If the reference molec_ule BH has_ a knowh_tamnd _is similar to th_e AHy@) = — Z B(a)),X, (19)
molecule AH for which a predicted Ka is desired, substantial .

cancellation of errors may be obtained from calculation of the free
energies in solution for both AH and BH to give whereB(a); is the number of bonds of tygan the moleculex andx;
is the bond energyof the bond type. The bond energy model can
pK PeYAH) = pK K""BH) + ApK SYAH/BH)  (16) provide useful information about the relative strengths of bonds given
the use of a reliable fitting procedure and a sufficiently suitable dataset.
This type of approach has been used extensively for the calculation of A detailed account of the fitting procedure employed in the present
pKa, shifts of amino acid residues in proteins on the basis of molecular work is provided elsewher®.
mechanical calculatioris 8 and also for the estimation oKp values
for carboxylic acid¥ and other functional groups using a cluster-
continuum approact;®® the 2 hydroxyl group in the hammerhead This section presents the results of quantum chemical
ribozymé* and small biologically relevant phosphorafg€alculation  calculations of a systematic series of (trivalent) metaphosphates
of & macroscopicpK, requires the enumeration of an ensemble of 54 cyclic and acyclic (tetravalent) phosphate and (pentavalent)
possible protonation states and conﬁgurat!@n& mICFOSCOPICpKa, phosphorane molecules of biological significance. The first
on the other hand, considers only one particular protonation state and . . . .
subsection introduces nomenclature conventions used in the

configuration, and hence neglects entropic effects due to multiple bl dl di . Th d. third d f h
degenerate states and other protonation states that might have nonEa es and later discussions. e second, third, and fourt

3. Results

negligible occupation at 298 K. subsections make a brief presentation of the results for meta-
phosphates, phosphates, and phosphoranes, respectively.
ggg (L:Iﬁ_no, N %riknjsjonﬁrlf' AJd]Chemégohzylegg%ill;_%%g}10206. 3.1. Nomenclature and Abbreviations.The general forms
ipman, D. . Phys. Chem. .
(76) Bashford, D.; Karplus, MBiochemistry199Q 29, 10219-10225. of the metaphosphate, phosphate, and phosphorane compounds
(77) Sharp, K. A.; Honig, BAnnu. Re. Biophys. Cheml199Q 19, 301-332. presented in this work are illustrated in Scheme 1. The following
(78) Yang, A.-S.; Gunner, M. R.; Sampogna, R.; Sharp, K.; Honidg?®Bteins .. .- . R
1993 15, 252265, nomenclature is introduced to facilitate presentation and discus-
(79) Gilson, M. K.Curr. Opin. Struct. Biol.1995 5, 216-223. sion:
(80) Antosiewicz, J.; McCammon, J. A.; Gilson, M. Biochemistry1l996 35, . . )
7819-7833. o A neutral phosphorus compound is de&gnaRé?g—#,

(81) Toth, A. M,; Liptak, M. D.; Phillips, D. L.; Shields, G. @. Chem. Phys.
2001, 114, 4595-4606.

(82) Pliego, J. R., Jr.; Riveros, J. M. Phys. Chem. 2001, 105 7241-7247.

(83) Pliego, J. R., Jr,; Riveros, J. M. Phys. Chem. R002 106, 7434-7439. (85) Kumler, W.; Eiler, J. JJ. Am. Chem. S0d.943 65, 2355-2361.

(84) Lyne, P. D.; Karplus, MJ. Am. Chem. So200Q 122 166—-167. (86) York, D. M. Manuscript in preparation, 2003.

whereP stands for phosphorus, the superscRptis a Roman
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Scheme 1. Ligand Designations for Metaphosphate, Acyclic and acyclic phosphate compounds has relevance to biological phos-
Cyclic Phosphate, and Phosphorane Compounds phate hydrolysis mechanisms since they form typical reactants
S';P—E and products in the reactions. Here, a systematic study is made
R of a series of acyclic and cyclic monophosphates, the neutral
plih forms of which are listed in Table 1 and indicated by the
A superscripted Roman numeral IV. Figure 1 shows the gas-phase
%l\ "I\/> optimized structures of selected acyclic and cyclic protonated
SR Suyp\s phosphate compounds. w .
R B R The H3PO, molecule P,"”—1) has aCs symmetry axis
) W) along the PO (_jouble bond (bon(_j length 1.482 A) with the
Pa Pe hydrogens making an©P—0O—H dihedral angle of 347and
oriented in the direction of doubly bonded oxygen. The
A A structuresP{)—2, P{")—3, andP{")—4 result from successive
S, Fl,_E S"u,,Fl,\ substitution of methyl groups at the hydrogen positions without
/| /| E significant change in orientation. As witH3PQO,, the fully
R B R B methylated structurePﬂV)—4) also has aC; symmetry axis
F,/(\V) PéV) along the P=O double bond (Figure 1). There is a subtle overall

lengthening of the #0 and P-O bond distances with number
of methyl groups in the acyclic phosphates; for example, the
numeral (lll, 1V, or V) that indicates the number of covalent P—0 boﬁdgdisthces are 1y4835? 1 4p837 1.4849 ancIj) 1.4856
P-0 k_)onds in th? molecgle, the sub_scrﬁpor C indicates the_ A, for 0, 1, 2, and 3 methyl group;s, respe,ctively. 'I,'he average
acyclic” or “cyclic” species s_hown_ in Scheme 1, and *#" is O=P-0 angles show a subtle decreasing trend with increasing
the number of the molecule listed in Table 1. methyl substitution. MoleculeB{"’—5 and P{"'—6 are full
« A phosphorus monoanionic compound is designated y : o A A y
R a 9 substituted with larger linear alkyl groups and have very similar
Puc —#(X7), where Rn A/C, and # refer to the neutral  qcryres in the gas phase. The protonated acyclic phosphates
compound from which the anion is derived, and the additional 5, slightly increased=PO double bond distances, decreased
descriptor X" identifies the specific deprotonation site (R, S, p_ single bond distances, and decreaseePOO(C) angles
E, A or B shown in Scheme 1). relative to the protonated cyclic phosphates with the same
The entire series of neutral molecules presented in this work number of carbons. The (CYaP—0(C) angles of the acyclic
are I_isted in_TabIe 1A comprehensive_ list of key thermody-_ phosphates (101-5102.3) are around 55 larger than the
namic quantities for neutral molecules in the gas phase and ingjightly strained ring of the cyclic phosphates (96%.7). The
solution is available in the Supporting Information. most notable difference between acyclic and cyclic protonated
3.2. MetaphosphatesMetaphosphates are important inter- phosphates is the significantly increased dipole moments of
mediates in so-called dissociative mechanisms for phosphatethe latter: the dipole moments for the cyclic phosphates
hydrolysist#*3 The inherent structure and stability of these p{")—1 andP{"'—2 (4.1 and 3.9 D, respectively) are around a
species is therefore of fundamental interest. The neutral meta-factor of 3.5 greater than the values of the corresponding
phosphate compounds discussed here are shown in Table 1, angdeyclic phosphate®{"’—3 and P{")~4 (1.2 and 1.1 D, re-

indicated by the superscripted Roman numeral IIl. spectively).

The neutral metapho§phaté>§")—l and.P(A{'l')—Z are both An interesting feature of the neutral phosphates involves the
planar molecules that differ by the substitution of a hydroxyl effect of methylation on the solvation energy. Figure 2 plots
group with a methoxy group. BotAl'—1 andP{"’—2 have the solvation energy as a function of the number of carbon atoms

two P=O double bonds that range from 1.470 to 1.478 A, forthe 6 protonated phosphates. The acyclic molecules that have
respectively, and one-FO single bond of 1.603 and 1.591 A,  0—3 carbons represent a series whereby hydroxyl groups are
respectively. The solvation energy is smaller in magnitude by sequentially substituted by methoxy groups and the plot of the
around 5 kcal/mol (4.26, 5.40 and 6.28 kcal/mol for SM5, solvation energy versus number of carbons is nearly linear,
COSMO and PCM models, respectively) when the hydroxyl especially with the SM5 solvation model (slope 68 kcal/
group inP{""—1 is replaced by a methoxy group P{"—2. mol per carbon). For molecules with 3, 6, and 9 carbons, there
The K, shift relative to dimethyl phosphateApK,) for are no hydroxyl groups present, and these molecules represent
P{"—1 (Table 2) is predicted to be betwee®.73 (PCM) and  the serieOP(OCHa, + 1)3 for n =1, 2, 3, respectively. In the
—12.43 (COSMO); hence, the anionic form is expected to be SM5 model, the plot over these three points is also nearly linear
dominant in the aqueous phase around neutral pH. The anion(slope of 0.4 kcal/mol per carbon, data not shown), whereas
PO;™ is also planar, with #0 bonds having formal bond orders ~ the PCM and COSMO models have a shallow minimum value
of 5/3 that are slightly elongated (1.509 A) relative to the@® forn= 2.
double bonds of the neutral species. The solvation energy of Comparison of the solvation energies of the protonated
the anion is—62.10 (PCM),—62.03 (COSMO), and-66.82 acyclic and cyclic phosphates shows that, for molecules with
(SM5) kcal/mol and is similar to the calculated values for the same number of carbon®{’—3/PL)—1 and P{"—4/
H.PO,~ (Table 3). PV)—2), the cyclic structures have solvation energies—&5

3.3. PhosphatesPhosphate moieties form links between kcal/mol larger in magnitude than the corresponding acyclic
sugars that make up the sugg@hosphate backbone of DNA  structures. This results mainly from the increased dipole
and RNA molecules. The understanding of both cyclic and moments of the protonated cyclic phosphates noted earlier.
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Table 1. Definition of Neutral Metaphosphates, Phosphates, and Phosphoranes

molecule symbol R S E A B
Metaphosphates (Trivalent Phosphorus)
P(O)(O)(OH) PaN—1 o o) OH - -
P(0)(0)(OCH) ) o o] OCH; - -
Acycllc Phosphates (Tetravalent Phosphorus)
P(O)(OH)(OH)(CH) PV—1 o OH - OH OH
P(O)(OH)(OH)(OCH) Pg M_5 o OH - OH OCHs
P(O)(OH)(OCH)(OCHg) V) -3 o OH - OCHg OCHg
P(O)(OCH)(OCHs)(OCH) P(V) —4 o OCH; - OCHg OCH;
P(O)(OGHs)(OCzHs)(OCzHs) P(V) 5 o OGHs - OCHs OCHs
P(O)(OGH7)(OCsH7)(OCsHy) V)—6 o OGsH7 - OC3H7 OCsH-
Cycllc Phosphates (tetravalent phosphorus)
P(O)(OH)(~O—CH,CH,—0-) -1 0 OH - —O—CH,CH,—O-
P(0)(OCH)(—O—CH,CH,—0-) p?V 0 OCHs - —0O—CH,CH,—0-
Acyclic Phosphoranes (Pentavalent Phosphorus)
P(OH)(OH)(OH)(OH)(CH) PV—1 OH OH OH OH OH
P(OH)(OH)(OH)(OH)(OCH) P2 OH OH OH OH och
P(OH)(OH)(OCH)(OH)(OH) PY—3 OH OH OCh OH OH
P(OH)(OH)(OH)(OCH)(OCHy) PV—24 OH OH OH OCH; OCHs
P(OH)(OH)(OCH)(OH)(OCHg) PY—5 OH OH OCH OH OCHs
P(OH)(OCH)(OCHg)(OH)(OH) PY—6 OH OCH; OCHs OH OH
P(OH)(OH)(OCH)(OCHg)(OCHy) PV—7 OH OH OCH OCHg OCH;
P(OH)(OCH;)(OCHs)(OH)(OCHy) PY)—g OH OCH; OCHy OH OCHs
P(OCH)(OCHg)(OCHs)(OH)(OH) PY—9 OCHs OCHs OCHs OH OH
P(OH)(OCH)(OCHs)(OCHs)(OCHg) PY-10 OH OCHs OCHg OCHs OCH;
P(OCH;)(OCHg)(OCHs)(OH)(OCHy) PV-11 OCH; OCH; OCHs OH OCH;
P(OCH;)(OCHg)(OCHs)(OCHg)(OCHs) P(—12 OCHg OCHs OCH, OCHg OCHg
Cyclic Phosphoranes (Pentavalent Phosphorus)
P(OH)(OH)(~O—CH,CH,—0—)(OH) PM—1 OH OH -0-CH,CH,—O- OH
P(OH)(OH)(~0—CH;CH,—0—)(OCHp) P({/)—z OH OH -O—CH,CH,—0- OCH;
P(OH)(OCH)(—O—CH,CH,—O—)(OH) [ OH OCH; -O—CH,CH,—0- OH
P(OH)(OCH)(—O—CH,CH,—O—)(OCHy) PV—4 OH OCH; -O—CH,CH,—0- OCHs
P(OCH)(OCHg)(—O—CH,CH,—0O—)(OH) PV—5 OCH; OCH; -O—CH,CHy,—O- OH
P(OCH)(OCHs)(—O—CH,CH,—0—)(OCHy) PV—6 OCH; OCH; -O—CH,CH,—O- OCHs

In nucleic acids, the sugaphosphate backbone contains a the superscripted Roman numeral V. Figure 3 shows the gas-
negatively charged, flexible phosphodiester linkage. The most phase optimized structures of selected acyclic and cyclic
common small molecule model for this group is dimethyl phosphoranes.
phosphate. Thermodynamic quantities for several stationary The equatorial PO bond lengths are similar in the cyclic
points on the potential energy surface corresponding to rotationand acyclic phosphoranes (1:68.66 A), whereas the axial
about then/¢ torsions (rotation about the-RD(C) single bonds) P—O bond lengths are longer and show larger variation
are summarized in Table 4. The conformational potential energy (1.67—1.73 A). The variation in axial PO bond lengths is due
surface for dimethyl phosphate and other important phosphates Jargely to the presence of intramolecular hydrogen bonding that
phosphonates, and phosphorothioates have been studied previnvolves equatorial hydroxyl groups. In structures that lack this
ously with ab initio methods in the gas phase and in solufiéh. hydrogen bonding, the axial-RO bond lengthens and shows
The results are presented here for comparison and completesmaller variation. In the cyclic phosphoranes, the axiaORC)
ness. The gg and g-t isomers are predicted to be separated bond involved in the ring is slightly elongated by around
by 0.74 kcal/mol in the gas phase, and-0133 kcal/mol in the 0.03-0.06 A relative to axial PO bonds not part of the ring
solution. The transition state TS1 is predicted to be slightly lower structure. Moreover, the dipole moments for the cyclic phos-
by 0.25 kcal/mol in the gas than TS3; however, in solution all phoranes are typically larger than the values for the acyclic
solvation models predict that TS3 is lower by 06112 phosphoranes. In all the neutral phosphoranes, the axiBH®D
kcal/mol. angle is nearly linear (173-8L79.6).

3.4. PhosphoranesPhosphorane molecules are important Figure 4 plots the solvation energy as a function of the
intermediates/transition states in biological phosphate transes-number of carbon atoms for the neutral acyclic and cyclic
terification and hydrolysis reactions. Here, a systematic study phosphoranes. As with the protonated phosphates, for a given
is made of a series of acyclic and cyclic phosphoranes, the solvation model, there is a nearly linear relationship between
neutral forms of which are listed in Table 1 and indicated by the solvation energy and number of carbons. The difference in
solvation energy between different phosphorane isomers is
(87) Lide, D. R., EACRC Handbook of Chemistry and Physi88rd ed.; CRC small, especially for the SM5 model where typically the

Press LLC: Boca Raton, FL, 2003. . . . . .
(88) Davies, J.; Doltsinis, N.; Kirby, A.; Roussev, C.; Sprik, 81.Am. Chem. difference is less than 0.3 kcal/mol (the main exception being
(89) ?2?5332,2&%2?%?3393: D., Jd. Phys. Chem. BL999 103 10955- the cyclic isomer$t’—4 and P(C\/)_5 where the difference is

10964. 0.7 kcal/mol). For the same solvation model, the slopes of the
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Table 2. Calculated Relative Gas Phase Enthalpies and Free Table 3. Comparison of Calculated and Experimental Solvation
Energies of Deprotonation and Estimated Microscopic Solution pKj Energies and Predicted pK;, Values?
Values for Metaphosphates, Phosphates, and Phosphoranes?
molecule PCM COSMO SM5 EXP
Ka
P AG‘sol
molecule AH AG PCM COSMO SM5 HOH —6.92 —6.01 —5.96 —6.3
Metaphosphates (Trivalent Phosphorus) OH™ -112.13 ~107.04 —108.29 ~—110
pUn_g ~19.09 -19.84 -9.70 -12.43 —10.69 CHLOH 494 —503 - ~539 -5l
A ' ' ' ' ’ CH3O~ —86.76 —85.48 —83.90 —95
Acyclic Phosphates (Tetravalent Phosphorus) HoPOy~ —63.18 —62.77 —7456 —68
PV—1 -132 197 2.65 0.68 0.03 OP(OCHy)3 -356  -312  -748  -87
Piv_—2 0.19 —0.51 0.26 0.84 0.87 OP(OGHs)s —4.77 —3.63 —6.69 -7.8
piV-3 0.00 0.00 0.99 0.99 0.99 OP(OGHq)s —200  -104 534 61
Cyclic Phosphates (Tetravalent Phosphorus PKa
R e PO oe ) _0.22 DMPH/HOH 8.78 753 3.81 1.29
¢ ' ‘ ' ‘ ' HzPOy/HOH 9.96 6.75 2.33 2.x2
Acyclic Phosphoranes (Pentavalent Phosphorus) 23.23 20.46 10.68 7.21
eq Pﬁ’)—l 9.14 8.10 13.32 8.76 8.46 29.38 26.61 8.58 12.67
ax PQ”—]_ 20.40 18.93 16.19 14.07 15.69 CH30OPQ;H,/HOH 7.57 6.90 3.21 1.541
eqPY—2 8.37 7.58 8.82 7.57 7.89 23.79 21.06 11.37 6.322
axPV—2 18.58 17.69  17.44 14.69 15.29 eq P(OHy/HOH 20.33 14.53 10.51 236
eqPV—3 1497 1423 1208 1030 1106 X P(ERMHOM 233 2002 1791 133
axPY)—3 21.87 2057  14.74 15.25 16.29 ¢ 1574 14.91 816 3
eqPy)—4 8o 728 912 773 785 2183 2037 605 1267
eq PE;/)—S 14.30 12.97 13.01 10.06 10.44 CH3OPQH2/D|V|PH 0.38 0.96 0.99 1.94
ax PQ’)—5 21.27 20.03 16.98 15.81 16.61 16.60 15.12 9.15 6.31
eq PQ’)—G 14.98 14.03 12.59 10.89 11.78 eq P(OHYDMPH 12.84 8.28 7.98 8%
eqPV—7 12.74 11.91 11.85 9.72 10.11 ax P(OHYDMPH 15.89 13.77 15.39 135
eq Pﬁ’)fs 12.82 12.05 11.58 10.35 10.25
ax p20_8 19.11 16.85 15.85 14.18 14.45 a Solvation energies are _in kcal/mol. S_olvation engrgies and relaiye p
“_ 38.93 37.10 23.70 21.78 2513 values were calcula@ed with the polarizable continuum model (PCM),
ax Pﬁo 9 12.03 10.79 12.17 087 033 conductor-like screening model (COSMO) and SM5 solvation model (SM5).
eq Pﬁo_lo : : : : ’ See text for more details. Experimental values for solvation energies were
axPy’—11 19.35 16.64  17.27 14.07 14.30 taken from ref 57. Relativelfy values are taken with respect to water (HOH)
Cyclic Phosphoranes (Pentavalent Phosphorus) and protonated dimethyl phosphate (DMPH), which {¥P3 in Table 1.
eq pV_1 12.56 10.95 10.16 9.36 10.24 The predicted K. values were calculated from egs 16 and 17 using the
¥) ipK, values f ter and DMPH a<ff’®*" b Ref 85
axPY—1 20.87 20.20 16.25 15.14 16.08 macroscopi@K, values for water an a - P Reference 85.
eqli-2 1081 977 1246 875 BB R e e oxyohoaphorane ram bond tengih
V) . .
eqpPc'—3 14.52 13.68 9.24 9.42 10.50 — pKa correlations based on crystal structures of cyclohexanol derivéfives.
ax Pg’)73 21.17 19.48 15.71 14.10 15.37
eqPy’—4 15.04 13.71 8.68 9.66 10.35

especially under acidic conditions. Intramolecular hydrogen

a AH and AG are in kcal/mol and are calculated for reactions of the bonding can cause considerable elongation and weakening of
type shown in eq 14 where AH is the neutral molecule listed in the table the axial P-O bonds, in particular, the-FO bond involved in
and BH is DMPH. Thus, thé\H values above can be interpreted as gas- ; ;
phase proton affinities relative to DMPH. Microscopic solutidty palues endocyclic cleavage (see_ Taple 5). In the neutral cyclic
are predicted from eq 16 using the microscopig palue for DMPH (0.9 phosphoranes the endocyclic axiat® bond elongates to 1.78
as (K& Missing are entries that were found to be unstable with respect 1.79 A when doubly hydrogen bonded, whereas the exocyclic
to geometry optimization (i.e., that were not energy minima). For the p_Q pond is 1.64 A. This situation is even more dramatic for
definition of the neutral compound abbreviations, see Table 1. L .

the monoanionic system where the endocyclic bond lengthens

olo 1.89-2.01 A when doubly hydrogen bonded, whereas the

solvation energies with number of carbons are nearly the sam i . .
for acyclic and cyclic phosphoranes (i.e., the fitted lines are €X0cyclic P-Obondis 1.76-1.71 A. Moreover, the axial bond
nearly parallel), indicating that methyl substitution has a similar angle becomes considerably distorted in the mo(c)oamonlc
effect on the relative solvation energy. As for protonated Phosphoranes (164-168.4 and 160.4-160.9 for Pc'—1
phosphates, the cyclic phosphoranes are more highly solvatec®nd PY)—2, respectively) relative to the neutral phosphoranes
that the corresponding acyclic phosphoranes by aroundl 3 (176.3-179.6 and 175.2-177.5 for PY)—1 and PY)-2,
kcal/mol. Although all of the solvation models predict a near- respectively). The distortion is slightly greater, by roughty 4
linear relationship between solvation energy and number of for the monoanionic forms d?"’—2 that has a methoxy group
carbons, a notable difference is observed in the slopes of thein the axial exocyclic position.
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  In this section, the data for phosphate and phosphoranes are
significantly from those of the PCM and COSMO models (3.3 used to calculate a variety of reaction energies and other
and 3.6-4.0 kcal/mol/carbon for acyclic and cyclic phospho- properties that are relevant to understanding their differential
ranes, respectively). stability and reactivity. Emphasis is placed on four main
The importance of intramolecular hydrogen bonding on the aspects: reaction energies for isomerization of neutral phos-
structure and stability of neutral and monoanionic phosphoranesphoranes that involve axial/equatorial exchange of hydroxyl/
is an important issue with regard to discussions of transition methoxy groups, reaction energies for ligand substitution
states and intermediates in phosphate hydrolysis reactionsyreactions, g, values in solution, and bond energies.

4. Discussion
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Figure 1. Gas-phase optimized structure of selected acyclic and cyclic protonated phosphates.
0 , : : groups by 0.73.8 and 1.1+4.3 kcal/mol for acyclic and cyclic
O PCM (acyclic) ) | )
O CPCM (acyclic) phosphoranes, respectively, whereas the entropy contribution
o SMS (acyclicy | acyelic phosphates favors axial hydroxyl groups to a lesser degree from 0.5 to 1.0
5 . Eﬁéﬁi‘iﬁfﬁf@ | and 0.4 to 0.6 kcal/mol for acyclic and cyclic phosphoranes,
@ SMS (cyclic) respectively. The free energy in the gas phase indicates a
L _ preference in all cases for axial methoxy groups ranging from
3 0.2 to 3.1 and 0.7 to 3.8 kcal/mol for singh{"s exchanges
¢ -10 N for the acyclic and cyclic phosphoranes, respectively.
< In the aqueous phase, the qualitative picture remains the same
I 1 (Table 6): methoxy groups prefer to occupy the axial positions
15 lic bhosohat r_elative to hyd_roxyl groups. Thifs is in accord with the_ ops_erva-
cyciic phosphates tion noted earlier that the solvation energy does not significantly
- 1 change between isomers.
4.2. Ligand Substitution Reactions.This section describes
-20 6 -'1 é '3 results of ligand substitution reactions of the form

No. Carbons

Figure 2. Solvation energies of protonated acyclic phosphates (molecules
PV —1- PIY) —6) as a function of number of carbons.

A(OH) + CH,OH— A(OCH,) + HOH  (20)

Formally, the above reaction is a ligand substitution combined

Table 4. Relative Conformational Free Energies of Dimethyl with a relative proton affinity; however, for brevity this type of
Phosphate in the Gas Phase and in Solution? L . . L
reaction is henceforth referred to simply as a ligand substitution
AGqg reaction.
conformation (o) AH TAS AG PCM  COSMO  SM5 Table 7 shows the thermodynamic quantities for ligand

g—g(73.7,73.6) - - - - - - substitution reactions for the neutral phosphates and phospho-
TS1(132.9,73.1) 1.234-0.973 2207  1.267 2.297 2294  ranes. In the gas phase, the free energy of hydroxyl substitution

g—t(—165.3,71.4) 1108 0.362 0.746-0.474 0.516 0.294 : .
TS2(155.0131.2) 2.156-0.536 2.602 1282 2332 2474 by a methoxy group in the neutral phosphate (relative to water

t—t(147.4,147.6) 2765 1.093 1.672 2.302 1222 1.358 and methanol) is favorable (negative), ranging frer@.5 to
TS3(180.0,180.0) 2.254—0.206 2.460 0.800 1.610 1.178 —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

4.1. Isomerization Reactions of Phosphoraneghis section ~ the methoxy groups to be bonded in the phosphate and for the
describes results of isomerization of neutral phosphoranes innydroxyl group to form a water molecule. For the gas-phase
the gas phase and in solution that involve the exchange of Phosphoranes, however, the situation is reversed: itis preferable
hydroxyl and methoxy groups from axial to equatorial positions. for the hydroxyl groups to be bonded in the phosphorane and
In both the gas phase and in solution, methoxy groups (§)CH for the methoxy group to form a methanol molecule. The larger
prefer an axial position relative to hydroxyl (OH) groups. Rules Methoxy group is more sterically unfavorable in the pentavalent
for axial and equatorial ligand preferences in phosphoranes havePhosphoranes than in the tetravalent phosphates. This is evident
been discussed extensively elsewH8r& predominant feature by the trend that the gas-phase free energy for ligand substitution
is the preference for electronegative groups for axial positions. P€comes increasingly more positive for the phosphoranes as the

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

Here, the difference in polarity betweer-PH and P-OCHs ligand environment becomes more sterically crowded (i.e., as
bonds is fairly small; however, there is a steric effect associated MOre methoxy groups are present). _
with the larger methoxy group. The preference for a methoxy group in the gas-phase ligand

The gas-phase thermodynamic quantities for phosphoraneSubstitution reaction of the cyclic phosphatel(4 kcal/mol)is
isomerization reactions are summarized in Table 6. There is €hhanced relative to the corresponding reactions of the acyclic
considerable enthalpy/entropy compensation that occurs in thePhosphates (aroune0.6 kcal/mol). For the acyclic and cyclic
isomerization reactions. For single exchangAngjq values phosphoranes, the magnitudes of the free energy for gas-phase

of 1), the enthalpy favors axial methoxy groups over hydroxyl ligand substitution reactions span a similar rang_eﬂl..]? and_
2.0-5.4 kcal/mol, respectively) with the entropic term being

(90) Holmes, R. RJ. Am. Chem. S0d.978 100, 433-446. an important and sometimes dominant contribution.
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Figure 3. Gas-phase optimized structure of selected acyclic and cyclic phosphoranes.
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Figure 4. Solvation energies of protonated acyclic and cyclic phosphoranes
(moleculesP{)—1, PY—12, andPY — PY) as a function of number of
carbons.

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

Orr Oz P-O!ne P-Ou 0y-P-04, 0
Neutral PY)—1
i i 1.7824 1.6447 176.3
* i 1.7252 1.6788 176.6
I * 1.7240 1.6767 179.6
I I 1.6805 1.7263 176.7
Monoanionic PY-1 (R™/S")
i 0 2.0052 1.7028 164.1
0 * 1.9204 1.7040 164.4
I 0 1.7788 1.7866 168.4
0 i 1.7830 1.7835 164.6
NeutralPY)—2
i * 1.7940 1.6381 177.0
i I 1.7314 1.6756 177.5
I * 1.7289 1.6732 175.2
I I 1.6853 1.7208 175.7
Monoanionic PY-2 (R/S")
* 0 1.8933 1.7149 160.9
0 i 1.8934 1.7149 160.9
I 0 1.7798 1.7894 160.4
0 I 1.7795 1.7897 160.4

aBond lengths are in A, angles in degrees. For the definition of the neutral
compound abbreviations, see Table 1.

Table 6. Calculated Thermodynamic Data for Isomerizations of
Pentavalent Phosphorus Compounds?

AGy
molecule ATS, AE AG PCM  COSMO  SM5
Acyclic Phosphoranes (Pentavalent Phosphorus)
PV—2—pPY-3 1 0.813 0.188 0.848 0.888 0.495
PV—4—pPY—5 1 0.946 0.305 2.275 0.725 0.536
PV—4—pPY—6 2 3.996 2942 4572 3122 2931
PV—7—pPY—8 1 3.408 2559 3.609 2.809 2.225
PV—7—PY—9 2 4742 3372 4.262 3.712 3.183
PV-10—pPY-11 1 4030 3061 3571 2241 2793
Cyclic Phosphoranes (Pentavalent Phosphorus)
pM_2 —pM_3 1 1.318 0.731 1.781 1.611 0.936
PO—4—pPY—5 1 4568 3.751 2511 2281 3.049

2 Energetic quantities are in kcal/mol. The designafiglf'®, gives the
number of methoxy groups that have exchanged axiatjuatorial positions
with hydroxyl groups in the isomerization reaction. For the definition of
the neutral compound abbreviations, see Table 1.

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 GHOCH; substitutions.
This is illustrated in Figures 2 and 4.

4.3. Solvation Energies and Microscopic K, 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 andiy, 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 f@R{OR); where
Ris a hydrocarbon side chain, the solvation energies are similar
in accuracy. For the neutr®P(OR); phosphate compounds,
all the solvation models under-predict the magnitude of the sol-

In the aqueous phase, the equilibrium for the phosphate ligandvation energy. The SM5 model matches the experimental values

substitution equilibrium is reversed from the gas phase (i.e.,
the free energies are positive, with the exception of the PCM

1662 J. AM. CHEM. SOC. = VOL. 126, NO. 6, 2004

most closely, having an error of around 1 kcal/mol, whereas
the PCM and COSMO models have errors arouné &cal/mol.
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Table 7. Calculated Thermodynamic Data for Ligand Substitution Reactions of Phosphorus Compounds?

AGyq
molecule AE AG PCM Cosmo SM5
Acyclic Phosphates (Tetravalent Phosphorus)
P —1 4+ CH;OH— P{")—2 + HOH —1.551 —0.745 1.184 1.474 1.791
P —2 4+ CH;OH — P{)—3 + HOH —1.266 —0.459 0.090 1.360 1.992
P{—3 + CH;OH — P{)—4 + HOH —1.001 —0.470 0.129 1.399 1.819
Cyclic Phosphates (Tetravalent Phosphorus)
PL—1 4+ CH;0H — P{—2 + HOH —0.496 —1.354 —1.054 0.265 1.023
Acyclic Phosphoranes (Pentavalent Phosphorus)
PY—1 + CHOH — P}’—2 + HOH 2.132 2.778 4.428 4.828 4.346
PY—2 + CHOH — P}’—4 + HOH —0.232 1.122 1.812 3.862 2.873
PY—4 + CHOH — P}’—7 + HOH 3.069 3.338 6.168 5.248 5.041
PY—7 + CH;0H — P{"—10+ HOH 3.598 4.096 4.206 7.076 5.392
PY—10+ CHzOH— PY)—12+ HOH 4.363 4.654 5.824 6.854 5.917
Cyclic Phosphoranes (Pentavalent Phosphorus)
PM—1 + CHzO0H— PY—2 + HOH 1.298 2.284 4.264 4.494 3.628
P? —2+ CH;OH— Pg’)—4 + HOH 1.275 2.041 5.071 5.611 4.019
P§’)—4+ CH;OH— Pe’)—6+ HOH 5.060 5.382 6.602 6.862 6.299

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

~ The overall reliability of the models is even more pronounced metaphosphatepK,, < phosphatepK, < phosphoranepK,,

in the comparison of I§, values calculated from relativekp

values with respect to water (HOH) and dimethyl phosphate por the phosphates, the cyclic structures have lowgnvplues

(DMPH). In this case the PCM and COSMO models employed than the corresponding acyclic structures by arountymit:

here lead to artificially elevatedkp values, especially for the

multiply charged anions. A problem, however, with the SM5 cyclic phosphatepK, < acyclic phosphatepK,

model occurred with the highest (thirdiKpfor HsPO, that was

predicted to be lower than the second,p This is related to the preferential stabilization of the more highly
In the case of the phosphorane species’ theoretical method§0|Vated CyC”C phOSphateS that allow them to remain as solvated

have predicted a values of 7.9 for the macroscqyig; of anions at lower pH. Recall that the solvation energies of the

ethylene phosphorane from localized basis set density functionalneutral cyclic phosphates were more favorable (greater in

methodg® and values of 9.8 and 14.2 have been predicted for Magnitude) than for the corresponding acyclic molecules. This

the equatorial and axial positions of pentahydroxyphosphoranederived from the enhanced dipole moment of the former. Upon

from CarParinello density functional calculatiof&Proposed ionization, the preferential solvation for the cyclic phosphates

experimental values fquKa; for oxyphosphoranes range from Pecomes even more pronounced due to their more compact

6.5 to 11.0% A recent estimate oft, values for equatorial and ~ Structure (i.e., smaller effective Born radius) and results in lower

axial protons in tetracyclohexyloxyhydroxyphosphorane from PKa values relative to the corresponding acyclic phosphates.

bond length-pKa correlations based on crystal structures of o the phosphoranes, there is less of a difference between
cyclohexanol derivatives gives values of 8.62 and 13.5, re- acyclic and cyclic structures; however, there is considerable

spectively3® The COSMO model gives phosphoran&ap difference between deprotonation of the axial and equatorial
values for equatorial/axial protons (when measured relative to Protons, deprotonation of the equatorial position being favored

dimethyl phosphate) of 8.28/13.77 that falls within the proposed PY Several Ka units:
range; the SM5 model gives similar values of 7.98/15.39, having
a slightly elevated I§, for the axial proton. The PCM model

gives [, values that are considerably hlgh_er and lie outside The average intramoleculaKpshift for axial/equatorial protons
the proposed range for phosphoranes. It is clear that '[here(i e., (K@ — pK:quatoriaD was 4.99. 5.35. and 5.85 for the

remains important work to be done in the development of PCM, COSMO, and SM5 models, respectively. These values
solva_ltion me_thods that can accurfa\tely_reproduce and reliablyare C(’)mparable' to reported values ,predicted from-@arrinello
predict multiple K. values for biological phosphates and density functional calculations (4.4) and experimental estimates
phosphorangs. _ _ _ (4.9) of phosphorané®.in two casesRY’—5 andPY’—6), no

Table 2 lists the predicted microscopikp values for values are given in Table 2 for theKp of the axial proton.
metaphosphates, acyclic and cyclic phosphates, and phosphoThis is because a local minimum could not be trapped: the
ranes. The estimates are based on the calculation of microscopi(geometry optimization procedure would consistently cause the
PKa shifts for each molecule with respect to dimethyl phosphate gpecies to pseudorotate so that the deprotonated oxygen was in
according to eq 16. The extensive dataset covered in this work an equatorial position. This is further evidence of the instability
allow for the identification of interesting trends irkKgs for of deprotonation at the axial positions.
this set of compounds. These trends are summarized below. 4.4, Bond Energy Model.To draw general conclusions about

It is evident from Table 2 the trend irkp values for meta- the average bond strengths of biological phosphorus compounds,
phosphates, phosphates, and phosphoranes: a bond energy model was employ&d he bond energy model

equatorial phosphoranepK,< axial phosphoranepK,
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O —71——7 T . The determination of bond strengths or related bond energies
Sther i from experiment is often difficult, and various methods have
metaphosphates been employed for their calculation; however, in the area of
-500 - phosphates 7 phosphorus chemistry, there have been relative few systematic
i phosphoranes i studies?? 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.
1500 _ Comparison of the bond lengths and bond energies reveals
several trends:
o Metaphosphates have slightly shorter® single and
-2000 | - P=0 double bonds than those of the phosphates and phospho-
ranes.
P S U R B e P—O single bonds in phosphates are slightly shorter and
-2000 -1500 -1000 ~ -500 0 have larger bond energies than corresponding bonds in phos-
AE,, 4 BEM (kcal/mol) phoranes.

Figure 5. Regression of the molecular binding energi&&nq) for neutral e P—O(H) and P-O(C) bonds in phosphates are similar in
molecules calculated with density functional theory (DFT) and with the hgnd length and bond energy.
bond energy model (BEM).

rPoOEO

-1000 - .

AE,, 4 DFT (kcal/mol)

o Axial P—0O bonds in phosphoranes are longer and weaker

Table 8. Calculated Bond Energies and Bond Lengths for than equatorial PO bonds.
Biological Phosphorus compounds?2 « The difference between axial/equatoriat®(C) bonds (8.8
bond type energy (kcalimol) BICTA) () (B) kcal/mol) is smaller than the difference between axial/equatorial

c-C 81.6 1.530 3. 10°3 P—O(H) bonds (11.1 kcal/mol), in support of the observation
C-0(C) 83.0 1.433 9.5 1(Tj that methoxy groups prefer axial positions.
ﬁ:g(H) gg:g 1:332 g:i igs « Intramolecular hydrogen bond lengths are fairly long (2.06
H—O(H,C) 1101 0.965 4.8 104 2.09 A), form nearly right angles (92-83.6"), and provide a
H—O(H,H) 110.1 0.965 4.% 10; moderate stabilization of the axiaH® bonds.
(")'(’C?ﬁ"&m 171:'31 f;;ff Z'f 107 The bond energy values of the-® single bonds range from
O(C)y-P™) 85.4 1613 1.2¢ 10-2 70.5 kcal/mol for axial PO(C) phosphorane bonds to 86.6 kcal/
O(C)-PV eq 79.3 1.641 1.4 102 mol for P—O(H) phosphate bonds. The phosphate bond energy
g(ﬁ):';((m)ax gg-g %-ggs 2 1072 values (85.4 and 86.6 kcal/mol for®(C) and P-O(H) bonds,
OEH;—P('V) 86.6 1613 3.0¢ 10-2 respectively) are close to the average@® bond energy (86
O(H)—PY eq 83.9 1.636 6.4 103 kcal/mol) reported elsewheféThe bond energy for the=PO
8(HF);(|_H|)DMaX 115-28 i.ggg %-g igz double bond in the metaphosphate and phosphate molecules
O—pv) 1402 L8> 3% 103 (140.2 kcal/mol) is similar to the tentativef® bond energy

(130 kcal/mol) reported elsewhéteand close to the value of

aBond energies (“Energy”) for each “Bond type” were calculated by the experimental bond dissociation energy of the PO molecule
fitting the bond energy model to the molecular enthalpy of binding at 298 (140 kcal/mol)%!
K (see text) and given here in kcal/mol. Bond lengths (“bl”) and their
standard deviations {%") for each bond type are given in a. All-€0, 5. Conclusions
H—0, and P=0O bonds energies were constrained to be equal, as were the

O(H)—P and O(C)P bonds of trivalent phosphorus and (equatorial)  The present work reports results of theoretical calculations
pentavalent phosphorus. . . .
of a series metaphosphates and acyclic and cyclic phosphates

was fit to the calculated enthalpy of formation of each molecule 2nd Phosphoranes relevant to the study of RNA catalysis and
resulting from the binding of the isolated atoms at 298 K phosphate hydrolysis reactions in solution. Solvation effects

whindi : treated and compared using three different solvation

(referred to as the molecular “binding energ®Eping) and to were . 3 5e 665 -
the relative energies associated with the isomerization and IigandmOd,e,lS' PCM5* COSMO?***and SM5:" The strugture and
substitution reactions. The details of the procedure are describecxsmb'I'ty of the_se comppunds have b_een charz_acterlzed_ through
elsewherd® A regression of AEyng values from density thermodynamic quantities and solvation energies. Cyclic phos-
functional calculations and estimated from the bond energy phat_e_s and phosphorar_les were found to be preferenually
model are shown in Figure 5. stabilized by solvent relative to the analogous acyclic molecules.

The bond types, bond energies, average bond lengths andSoIvation energy was observed to have a nearly linear relation-
root-mean-square deviations for covalent bonds are listed in ship W'th_ number O_f methoxy groups (carbon atoms) for bOth
Table 8. The two types of intramolecular hydrogen bonds th(=T acyclic and cycllc_ phosphates and phosphoranes. Stationary
found in this data set (H-O(C)—P and H--O(H)—P) have points on the potential energy surface of dimethyl phosphate
average bond lengths of 2.0640.061 and 2.09% 0.036 A were identified, and intramolecular hydrogen bonding of neutral
and bond angles of 936 1'50 and 92,24 2 Oo respéctively and monoanionic cyclic phosphoranes were analyzed. Intramo-
(See Table S10 in the S.upporting.lnfor.mz;tion) The bond '€cular hydrogen bonds cause considerable elongation of the
energy model presented here takes into account in an averagé&*ial P~O bonds, especially in the monoanionic cyclic phos-

way conformational and stereoelectronic effects of each type (91) Corbridge, D. E. CPhosphorus 2000: Chemistry, Biochemistry and
of bond. Technology 1st ed.; Elsevier: Amsterdam, The Netherlands, 2000.
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phoranes, which also showed considerable distortion of the accurate description of bonding, polarization, and quantum
Oax—P—0a4x bond angle. many-body effects, yet that are highly efficient and can be

The calculated thermodynamic quantities for isomerization combined with enhanced configurational sampling techniques,
and ligand substitution reactions indicate that methoxy groups may present a significant step toward the reliable theoretical
prefer axial positions, and in solution, prefer to be bound to treatment and detailed understanding of ribozyme catalysis.
phosphorus with a water molecule as opposed to forming a
proton affinities and solutioniy, values indicate several trends, ~Provided by the National Institutes of Health (Grant 1R01-
including (1) the |, values of metaphosphates are considerably GM62248-01A1) and the donors of the Petroleum Research
lower than for phosphates, which are considerably lower than Fund, administered by the American Chemical Society. X.L.
phosphoranes, (2) cyclic phosphates and phosphoranes havihanks the MSI for a Research Scholar Award, the Basque
lower K, values than corresponding acyclic molecules, and Government (Eusko Jaurlaritza), and the University of the
(3) protonation of the equatorial position of phosphoranes is Basque Country (Euskal Herriko Unibertsitatea) for financial
around 4 X, units lower than the axial positions. Finally, the ~Support. M.M. was partially supported by a fellowship from
extensive series of data allowed the estimation of bond energiesthe Chemical Physics program at the University of Minnesota.
It was found that (1) PO single bonds in phosphates are Computational resources were provided by the Minnesota
stronger than in phosphoranes, (2) axiak@ bonds are  Supercomputing Institute.
considerably weaker than equatoriat® bonds by around 10
kcal/mol, and (3) P-O(C) bonds are more apicophilic in that
the difference in bond energy between axial/equatoraDFC)
bonds is smaller than for-FO(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 JA0356277
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gas-phase thermodynamic data for metaphosphates, phosphates
and phosphoranes. Table S2: Calculated solvation energies for
metaphosphates, phosphates and phosphoranes. Table S3: Gas-
phase geometrical quantities and dipole moments for protonated
phosphates. Table S4: Gas-phase geometrical quantities and
dipole moments for phosphoranes. Table S5: Structures and
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phosphoranes. Table S6: Calculated thermodynamic data for
isomerizations of pentavalent phosphorus compounds. Table
S7: Calculated thermodynamic data for ligand substitution
reactions of phosphorus compounds. Table S8: Calculated
intramolecular hydrogen bond lengths and angles for neutral
phosphoranes (PDF). This material is available free of charge
via the Internet at http://pubs.acs.org.
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