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Modeling Metal Cation—Phosphate Interactions in Nucleic Acids in the Gas Phase via
Alkali Metal Cation —Triethyl Phosphate Complexes

Introduction

Nucleic acids, including DNA and RNA, are important
genetic information messengers. The three steps for genetic
information transfer, replication, transcription, and translation,
require metals cations to mediate their activities. Metal cation
nucleic acid interactions are one of the important forces that
influence the structures and mediate the functions of nucleic
acids, e.g., cross-linking, degradation, stabilization (or desta-
bilization), and mispairind. There are two types of very
favorable metal cation binding sites on nucleic acids, the
phosphate groups and the nucleic acid bases. Alkali and alkaline
earth metal cations prefer to bind to the phosphate groups alongT
the backbone of DNA. Binding of metal cations to the phosphate .
groups reduces the repulsion between the neighboring negatively
charged nucleotide units and therefore helps stabilize the
structure of nucleic acids. For example, Mdinding is found
to stabilize the structure and increase the melting temperature
of DNA.2 Experimental evidence from NMR? X-ray crystal-
lography®” and molecular dynamics simulatidriéndicates that
biologically important cations, Na K+, Mg?", and C&",
interact with B-form DNA in a sequence-specific manner an
therefore stabilize specific DNA sequences. Monovalent cations
may compete with water and partially (280%) replace water
molecules in the minor groove of the B-form DNA.The
locations of monovalent cations appear to be influenced by the
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Threshold collision-induced dissociation techniques are employed to determine the bond dissociation energies
(BDEs) of complexes of alkali metal cations, N&*, Rbt, and C8, to triethyl phosphate (TEP). The primary

and lowest energy dissociation pathway in all cases is the endothermic loss of the neutral TEP ligand.
Theoretical electronic structure calculations at the B3LYP/6+33(2d,2p)//B3LYP/6-31G* level of theory

are used to determine the structures, molecular parameters, and theoretical estimates for the BDEs of these
complexes. For the complexes to Rand Cg, theoretical calculations were performed using hybrid basis

sets in which the effective core potentials and valence basis sets of Hay and Wadt were used to describe the
alkali metal cation, while the standard basis sets were used for all other atoms. The agreement between
theory and experiment is excellent for the complexes to &lad K" and is somewhat less satisfactory for the
complexes to the heavier alkali metal cations,'Rimd C<, where effective core potentials were used to
describe the cation. The trends in the binding energies are examined. The binding of alkali metal cations to
triethyl phosphate is compared with that to trimethylphosphate.

deprotonated phosphate group from X-ray crystal structures and
ab initio calculations. The 178 crystal structures suggest that
these cations prefer asymmetric monodentate binding over
symmetric bidentate binding to the phosphate group. In contrast,
their theoretical calculations suggest that bidentate binding of
these metal cations to an isolated phosphate group is preferred,
but the presence of even a single water molecule alters this
preference such that an asymmetric monodentate binding
interaction to the phosphate group becomes more favorable.
Similar results were obtained for ab initio calculations of
hydrated Mg" and C&" with deprotonated dimethyl phosphate
where the cations were found to prefer monodentate binting.
his preference for monodentate binding is due to mutual
jnteractions between the cation, phosphate group, and water
molecules. The monodentate binding observed in the crystal
structures likely arises from interactions with water molecules
that are present in the crystals.

To better understand how cation binding influences the
structure and stability of phosphate esters, we have undertaken
systematic studies aimed at the characterization of the structures,
g cation binding affinities, and activation propensities of a wide
variety of metal cationphosphate ester complexes. The influ-
ence of the size, charge, and valence electronic structure of the
metal cation on the binding and activation propensities is being
investigated by including main group metal (Li, Na, K, Rb, Cs,

nucleic acid bases present, backbone functional groups, and*!9- @nd Al) and transition metal (Sc, Ti, V, Cr, Mn, Fe, Co,

electrostatic interactiond.Metal cations may also bind to the
heteroatoms of the nucleic acid bases, which usually leads to
destabilization of nucleic acid structurés.

The phosphate groups along the backbone of nucleic acids
are important binding sites for alkali and alkaline earth metal
cations. Schneider, et #13studied the distribution of five metal

Ni, Cu, and Zn) cations in theit1 and+2 oxidation states as
appropriate in our studies. The influence of the size, number,
and nature of the alkyl groups, the presence of acidic hydrogen
atoms, and the charge (neutral versus deprotonated) of the
phosphate ester have upon the binding and activation propensi-
ties is being examined by including mono-, di-, and trimethyl

cations (N&, Mg2*, K+, C&*, and Z#*) and water around a phosphate, mono-, di-, and triethyl phosphate, and mono- and

di-isopropyl phosphate in our work. In our first such published
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o in the octopole region is almost entirely eliminaféd?° Xe is

I used here and in general for all of our CID measurements

4 P\z because it is heavy and polarizable and therefore leads to more
CH3CH,0° 3‘ OCHCH; efficient kinetic to internal energy transfer in the CID procéss:
OCH,CHs Product and remaining reactant ions drift to the end of the
Triethyl Phosphate (TEP) octopole, where they are focused into a quadrupole mass filter
1.28 D, 16.42 A3 for mass analysis and subsequently detected with a secondary
Figure 1. Structure of triethyl phosphate (TEP). The B3LYP/6-30- electron scintillation detector and standard pulse counting

(2d,2p) dipole moment and PBEO/6-3tG(2d,2p) isotropic molecular  techniques.

polarizability calculated here are also shown. lon intensities are converted to absolute cross sections using
) . a Beers' law analysis as described previodéhAbsolute

determined the preferred modes of binding, and measured anq,ncertainties in cross section magnitudes are estimated to be

calculated the alkali metal cation affinities of TMP. +20%, which are largely the result of errors in the pressure

There are several favorable metal cation binding sites on measurement and the length of the interaction region. Relative
nucleic acids: the nucleic acid bases, the phosphate groups, an@incertainties are approximately5%.

the sugar rings. Metal cation binding significantly influences
the physical properties, conformation, and functionality of
nucleic acids. Thus, the results of these studies coupled with
complementary studies of metal cation binding to nucleic acid
bases and sugars should allow rational prediction of the preferred
metal cation binding sites to nucleic acids and control over the

lon kinetic energies in the laboratory franfgy, are converted
to energies in the center of mass fraey, using the formula
Ecv = EapV(m + M), whereM andm are the masses of the
ionic (M*(TEP)) and neutral (Xe) reactants, respectively. All
energies reported below are in the center-of-mass frame unless
. . L o i otherwise noted. The absolute zero and distribution of the ion
reactivity and dissociation characteristics of metal cation kinetic energies are determined using the octopole ion guide as

nucleic acid complexes. _ _ aretarding potential analyzer as previously descriethe
In the present study, our metal catiophosphate ester studies  istribution of ion kinetic energies is nearly Gaussian with a

are expanded to include complexes of alkali metal cations 10 ¢, width at half maximum (fwhm) between 0.2 and 0.4 eV

triethyl phosphate (TEP, Figure 1). In particular, triethyl (lab) for these experiments. The uncertainty in the absolute
phosphate is chosen for study as it is a good model for the 5 energy scale is-0.05 eV (lab).

phosphate ester linkage in nucleic acids. The kinetic energy

dependences of the collision-induced dissociation (CID) of alkali Pressure-dependent studies of all CID cross sections examined

metal cation-TEP complexes,'NTEP), where M = Na*, K-, here were performed because multiple collisions can mfluence
"\ . . . - . the shape of CID cross sections, and the threshold regions are

Rb", and Cg, with Xe are examined using a guided ion beam o
most sensitive to these effects. Data free from pressure effects

tandem mass spectrometer. The cross sections for the primary . :
are obtained by extrapolating to zero reactant pressure, as

CID processes observed for each complex are analyzed usin . X : '
- ! S escribed previousl§? Thus, cross sections subjected to ther-
methods previously developé®l.The trends in the binding . . X .
mochemical analysis are the result of single bimolecular

energies of alkali metal cations to TEP are examined. The
encounters.

binding of alkali metal cations to TEP is compared with that to ) ) .
TMP. Quantum Chemical Calculations. To obtain model struc-

tures, vibrational frequencies, and energetics for neutral TEP
and the M (TEP) complexes, simulated annealing and quantum
chemical calculations were performed using HyperChem and
General Procedures.Cross sections for CID of MTEP), Gaussian 03% One hundred cycles of simulated annealing were
where M = Na", K*, Rb", and Cg, are measured using a performed to find reasonable candidates for the ground-state
guided ion beam tandem mass spectrometer that has beestructures. Geometry optimizations and frequency analyses were
described in detail previousk.Metal cations are generated in  performed at the B3LYP/6-31G* level for all plausible low-
a continuous dc discharge by argon ion sputtering of a cathodeenergy neutral TEP and MTEP) candidate structures. For the
with a cavity containing the alkali metal (Na and K) or chloride Rb™ and C$ complexes, geometry optimizations and frequency
salt of the alkali metal cation of interest (RbCl and CsCl). analyses were performed using a hybrid basis set in which the
Typical operating conditions of the discharge are- 8% kV effective core potentials (ECPs) and valence basis sets of Hay
and 5-40 mA for alkali metal cation production in a flow of and Wadt were used to describe the alkali metal c&fiovhile
roughly 10% argon in helium. The complexes are generated in the all-electron 6-31G* basis sets were used for the C, H, O,
a flow tube ion source by condensation of the alkali metal cation and P atoms. As suggested by Glendening eta.,single
and neutral TEP molecule. These complexes are collisionally polarization (d) function was added to the Hay/adt valence
stabilized and thermalized by in excess of t0llisions with basis set for Rb and Cs, with exponents of 0.24 and 0.19,
the He and Ar bath gases such that the internal energies of therespectively. The calculated vibrational frequencies were scaled
ions emanating from the source region are believed to be well- by a factor of 0.9804 and are listed in Table 1S of the Supporting
described by a MaxweHtBoltzmann distribution at room Information. Table 2S lists the rotational constants for the
temperature. The ions are effusively sampled from the source,ground-state conformations. Single-point energy calculations at
focused, accelerated, and focused into a magnetic sectorthe B3LYP/6-31%#G(2d,2p) and B3LYP/6-3HG(2d,2p), HW
momentum analyzer for mass analysis. Mass-selected ions ardevels of theory were performed using the B3LYP/6-31G* and
decelerated to a desired kinetic energy and focused into anB3LYP/6-31G*, HW optimized geometries. To obtain accurate
octopole ion beam guide. The octopole passes through a statieenergetics, zero-point energy (ZPE) and basis set superposition
gas cell containing Xe at low pressure (0-I520 mTorr) to error (BSSE) corrections were included in the calculation of
ensure that multiple ion-neutral collisions are improbable. The theoretical BDE2?-20Ground-state structures were determined
octopole ion guide acts as an efficient trap for ions in the radial by comparing the absolute energies of the low-energy conform-
direction. Therefore, loss of scattered reactant and product ionsers of neutral TEP and the TEP) complexes.

Experimental Section
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Energy (eV, CM) Figure 3. Zero-pressure-extrapolated cross sections for collision-
Figure 2. Cross sections for the collision-induced dissociation ofNa  induced dissociation of NETEP) with Xe in the threshold region as
(TEP) with Xe as a function of collision energy in the center-of-mass a function of kinetic energy in the center-of-mass frame (lowaxis)
frame (lowerx-axis) and laboratory frame (upperaxis). Data are and laboratory frame (upperaxis). The solid lines show the best fit
shown for a Xe pressure of 0.2 mTorr. to the data using eq 1 convoluted over the neutral and ion kinetic and
internal energy distributions. The dotted lines show the model cross
The polarizability of the ligand is one of the key factors that sections in the absence of experimental kinetic energy broadening for
influence the strength of metaligand binding. A theoretical ~ reactants with an internal energy corresponding to 0 K.
calculation of the isotropic molecular polarizability of TEP based o o
on a dipole electric field was carried out at the PBE0/6-BG1 dissociation are given in Tables 1S and 2S, where we assume
(2d,2p) level of theory. This level of theory was chosen because that the TSs are loose and product-like because the interaction
it has been shown to provide polarizabilities that are in better between the alkali metal cation and TEP ligand is largely
agreement with experimental values than polarizabilities com- electrostatic. The TS vibrations used are the frequencies
puted using the B3LYP functional that is used here for the corresponding to the neutral product, TEP. The transitional
structures and energetics of these syst&niie polarizability ~ frequencies, those that become rotations of the completely
of the TEP ligand is one of the molecular parameters used for dissociated products, are treated as rotors corresponding to a

the thermochemical analysis of experimental data. phase space limit (PSL) as described in detail elsewherbe
Thermochemical Analysis.The threshold regions of the CID TS is variationally located at the centrifugal barrier, which is
cross sections are modeled using eq 1 dependent upon the polarizability of the neutral TEP ligand.
The model represented by eq 1 is expected to be appropriate
o(E) = GOZ g(E+E — E)E (1) for translationally driven reactioAsand has been shown to
]

reproduce CID cross sections well. The model of eq 1 is
convoluted with the kinetic energy distributions of the (WEP)
where oo is an energy-independent scaling factér,is the and Xe reactants, and a nonlinear least-squares analysis of the
relative translational energy of the reactalisis the threshold  data is performed to give optimized values for the parameters
for reaction of the ground electronic and ro-vibrational state, ¢, E, or Eo(PSL), andn. The errors associated with the
andn is an adjustable parameter that describes the efficiency measurement df, or Eo(PSL) are estimated from the range of
of kinetic to internal energy transfét The summation is over  threshold values determined for the zero-pressure-extrapolated

the ro-vibrational states of the reactant (EP) complexes, data sets, the variations associated with uncertainties in the
WhefeEi is the excitation energy of each ro-vibrational state, vibrational frequencies (scaling as described above), and the
andgi is the population of those statexg = 1). error in the absolute energy scale, 0.05 eV (lab). For analyses

The Beyer-Swinehart algorithm is used to evaluate the that include the RRKM lifetime analysis, the uncertainties in
density of ro-vibrational state$, 3> and the relative populations,  the reportedsy(PSL) values also include the effects of increasing
g, are calculated as a MaxwelBoltzmann distribution at 298 and decreasing the time assumed available for dissociation
K, the internal temperature of the reactants. The average internal~10-4 s) by a factor of 2.
energies at 298 K of neutral TEP and the (IEP) complexes  Equation 1 explicitly includes the internal energy of the ion,
are also given in Table 1S. We have estimated the sensitivity g, Al energy available is treated statistically because the ro-
of our analysis to the deviations from the true frequencies by yiprational energy of the reactants is redistributed throughout
scaling the vibrational f_requencies _(prescaled by 0.9804_) bY the ion upon impact with Xe. Because the CID processes
+10%. The corresponding change in the average vibrational examined here are simple noncovalent bond cleavage reactions,

energy is taken to be an estimate of one standard deviation ofthe Ey(PSL) values determined by analysis with eq 1 can be
the uncertainty in the vibrational energy (Table 1S) and is equatedd 0 K BDEs38:39

included in the uncertainties listed with the threshold energies.

We also consider the possibility that the collisionally activated gaqits
complex ions do not dissociate on the time scale of the
experiment €104 s) by including statistical theories for Cross Sections for Collision-Induced DissociationExperi-
unimolecular dissociation, specifically Rie®amsperger mental cross sections were obtained for the interaction of Xe
Kasset-Marcus (RRKM) theory, into eq 1 as described in detail with four M*(TEP) complexes, where M= Na', K*, Rb",
elsewheré®36The ro-vibrational frequencies appropriate forthe and Cg. Figure 2 shows data for the N@EP) complex.
energized molecules and the transition states (TSs) leading toSimilar behavior is observed for the othefrfTEP) complexes;
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TABLE 1: Fitting Parameters of Eq 1, Threshold Dissociation Energies at 0 K, and Entropies of Activation at 1000 K of
M*(TEP)2

species 0o n E° (eV) Eo(PSL) (eV) kinetic shift (eV) AS' (PSL) (J moft K1)
Na*(TEP) 13.3(0.9) 1.4 (0.1) 3.00 (0.06) 1.88 (0.08) 1.12 34(2)
K+(TEP) 28.4 (3.0) 1.2 (0.1) 2.06 (0.07) 1.40 (0.06) 0.66 23(3)
Rb*(TEP) 4.2 (0.3) 1.1 (0.1) 1.99 (0.04) 1.35 (0.05) 0.64 22 (2)
Cs'(TEP) 7.4(0.7) 1.2 (0.1) 1.84 (0.06) 1.25 (0.05) 0.59 14 (2)

aUncertainties are listed in parentheses. Average values for loose PSL transition state, except &Nod&RKM analysis.

TABLE 2: Geometrical Parameters of Ground-State B3LYP/6-31G* and B3LYP/6-31G*, HW Optimized Structures of TEP
and MT(TEP) Complexes

species M—01 (A) M*+—02 (A) P=01 (A) P-02 (A) P—OX (R)2 C—OX (A)® OM*O1PO2 f)
TEP 1.482 1.607 1.607 1.450
Na"(TEP) 2.181 2.488 1.500 1.622 1.582 1.475 —6.0
K*(TEP) 2.461 4.258 1.499 1.590 1.592 1.464 —245
Rb*(TEP) 2.697 4.349 1.496 1.595 1.595 1.461 -18.8
Cs"(TEP) 2.922 4,574 1.494 1.592 1.599 1.460 —28.6

a Average values for the-PO3 bond and PO4 bond lengths? Average values for the €02, C-03, and G-O4 bond lengths.

data for these systems is shown in Figure 1S of the Supportingmol as the size of the metal cation increases and the strength of

Information. Over the collision energy range studied, two types the M"—TEP binding interaction decreases from*Na Cs'.

of processes are observed: loss of the intact TEP ligand and Theoretical Results. Theoretical structures for neutral TEP

ligand exchange with Xe as summarized in reactions 2 and 3. and the M(TEP) complexes were calculated as described above.
Table 2 provides key geometrical parameters of the optimized

M+(TEP)+ Xe— Mt + TEP+ Xe (2) geometries for the ground-state conformers of each of these
N N species. The geometry-optimized structures for neutral TEP and
M"(TEP)+ Xe — M Xe + TEP 3) the M'(TEP) complexes are shown in Figure 4 and 5,

) respectively. The Cartesian coordinates of the geometry-
In all cases, the most favorable pathway is the loss of the neutralgptimized structures for all ground-state species are given in
TEP ligand. Ligand exchange to form™™e is observed only  tape 35 of the Supporting Information.

n o ;
for the KH(TEP) complex. It is likely that the analogous I|gar'1d Neutral TEP Ligand. Several representative low-energy
exchange processes occur for all complexes but that the signal

) " . . conformers were found for neutral TEP and are shown in Figure
intensities for the Mé&Xe product in the other experiments were

i ) A ) 4. In the ground-state structure, the three ethyl groups are
not sufficient to differentiate it from background noise.

Threshold Analysis. The model of eq 1 was used to analyze completely staggered to minimize repulsion with each other.

the thresholds for reaction 2 in four NITEP) systems. The Rotation of a single ethyl group away from the oxo oxygen

results of these analyses are provided in Table 1. A fit to the increases the energy by 4.9 kJ/mo.I, while rotation of a single
Na* CID product cross section for the N&TEP) complex is ethyl group toward the oxo oxygen increases the energy by 5.6

shown in Figure 3. Fits to the MCID product cross sections kd/mol. Rotqtion o_f additional ethyl groups Iea(_j_s to even higher
for the other M(TEP) complexes are shown in Figure 2S of energy conflgurat_lons. For example, the stability decreases by
the Supporting Information. In all cases, the experimental cross 13;2' kd/mol (.relatltv(i tg tthe grgu%d-state conformert) whenhqlne
sections for CID reaction 2 are accurately reproduced using aSy’ group IS rotated towar € oxo oxygen atom, while

loose PSL TS modéF Previous work has shown that this model another ethyl group is rotated away from the oxo oxygen atom.

provides the most accurate assessment of the kinetic shifts forThe dipole moment and isotropic molecular polarizability of

CID processes of electrostatically bound emolecule com- théa ground-'state cpnformer are found to be 1.28 D and 16.42
plexes!®17 Good reproduction of the data is obtained over A3, respectively (Figure 1).
energy ranges exceeding 3.0 eV and cross section magnitudes M*(TEP) Complexes. Several representative low-energy
of at least a factor of 100. Table 1 also lists threshold values, conformers of each of the MTEP) complexes were found and
Eo, obtained without including the RRKM lifetime analysis. are shown in Figure 5 for the NGrEP) complex. For all of
Comparison of these values with thgPSL) values determined ~ the M*(TEP) complexes, the ground-state structure involves
including the RRKM lifetime analysis provides estimates for bidentate interaction of the alkali metal cation with the oxo
the kinetic shifts associated with the finite experimental time 0xygen atom and one of the alkoxy oxygen atoms. One of the
scale that vary from 0.59 to 1.12 eV across these systems. Theethyl groups is oriented away from the oxo oxygen to minimize
number of vibrational frequencies is the same, 75, for all of repulsion with M-, while the other two ethyl groups remain
these M (TEP) complexes. Because the density of states of the staggered to minimize repulsion with each other. This presum-
complex at threshold depends on the measured BDE, the kineticably occurs so that metal cation gains additional stabilization
shifts are expected to correlate with the BDEs. As expected, by interacting with the alkoxy oxygen atom. Rotation of one
the kinetic shifts correlate directly with the measured threshold ethyl group away from the metal cation results in a configuration
energies, Table 1. in which the metal cation only interacts with the oxo oxygen
The entropy of activatiom\S', is a measure of the looseness atom. Loss of the interaction with the alkoxy oxygen atom costs
of the TS and also a reflection of the complexity of the system. 11.8 kJ/mol for the N&TEP) complex. This indicates that
It is largely determined by the molecular parameters used to interaction with the alkoxy oxygen atom enhances the binding
model the energized molecule and the TS for dissociation but by ~10%. Such bidentate binding is likely to provide a similar
also depends on the threshold energy. N8PSL) values at amount of relative stabilization for all of these *N\TEP)
1000 K are listed in Table 1 and decrease from 34 to 14 J/K complexes.
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Figure 4. B3LYP/6-31G* optimized geometries of triethyl phosphate 11.8 kJ/mol
(TEP). Two views of each structure and B3LYP/6-313(2d,2p) £
relative stabilities are shown. Na (TEP)

Figure 5. B3LYP/6-31G* optimized geometries of the NZEP)
The ground-state structures of all of the (TEP) complexes ~ complexes. Two views of each structure and B3LYP/6-86(2d,2p)
are very similar. The metal catieroxo oxygen (M—01) bond ~ relative stabilities are shown.

length is significantly shorter than the metal catiaakoxy P . )

e in Figure 6. As can be seen in the figure, the M TEP) BDEs
ox;(;gl\eﬂ?_(l\(/)ﬁz t? 2) dblond tlﬁ ngth f]?r alldctorr_lplexes. 'I;he*l\ﬁzolls 1A are found to decrease monotonically as the size of alkali metal
an ond lengihs are found 1o increase from <. cation increases from Nato Cs™. This can be explained in

to 2.922 A and from 2.488 A to 4.574 A, respectively, as the terms of the electrostatic interactions that control the binding

size of alkali metal cation increases from Né& Cs'. In : : .

in these complexes. The alkali metal cations havelsctron
gg”f&?;ﬁﬁ;ﬂ;&i?o?ﬁi gﬁglsaseetzlfg?orﬂr?é:eg{e rzobtooncom‘igurations and spherically symmetric electron densities. The
Na.+ binding to TEP, the £01, P-O2, and G-O bonds a-re PON 3 1kali mgtal catio&liggnd bond lengths are mainly detgrmineq
lengthened, while tHe—PO3 anc'i PLO4,bonds become some- by the size of the cation, such that the larger the_ catlon_radlus
what shorte,r In contrast, for all of the other alkali metal cations the longer the bond_ distance and the weaker the Interaction. As
the P=O1 aﬁd co bon,ds are lengthened, while the-©2 a result of the relatively weak and purely elgctrosta}tlc binding
P03, and P-04 bond lengths decrease 'IlheC and C—H, in these M(TEP) comple>_(es, no act_lvate_d d_|SSOC|at|on o_f TEP
bonds, are essentially unaffected by alkal.i metal cation binding was ob_served upon alkali metal cation binding, suggesting that

activation of the TEP may require either stronger binding or

for all complexes. The change in the-© bond lengths is o o . .

largest for the N& complex and decreases from 0.025 to 0.010 .Sr%e; ||fi|g(]:acr)]r(;3|tal interactions between the metal cation and the
A as the size of alkali metal cation increases. The alkali metal Comparison of Theory and Experiment. The M*—(TEP)
cations are sh_|fted away fr_om the two aIko_xy OXygen atoms greq 40 K were calculated at the B3LYP/6-3tG(2d,2p)//
not 1N Irectly interacting with the metal cation such fhat the g3; vp/6-31G+ and B3LYP/6-314G(2d,2p), HWI/B3LYP/6-
—28.6 as the size of alk%li metal cation increases . ?-’16*’ HW levels Qf theory including ZPE and BSSE correc-

) ) tions. The theoretical BDEs of the NITEP) complexes are
summarized in Table 3 along with the measured values. The
agreement between theory and experiment is illustrated in Figure

Trends in the Binding of Alkali Metal Cations to TEP. 7. Excellent agreement between the theoretical and the TCID
The 0 K BDEs of the M(TEP) complexes measured and experimental results is obtained for the®™BEP) and K (TEP)
computed here are summarized in Table 3. The variation in the complexes. In contrast, theory underestimates the strength of
measured BDEs with the size of the alkali metal cation is shown binding to R and Cg. The mean absolute deviation (MAD)

Discussion
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TABLE 3: Enthalpies of Alkali Metal Cation Binding to T o
TEP at 0 K in kJ/mol

experiment (TCID) theory
M+ TEP TMPe D¢ Do Dogssé

Na* 181.4(5.8) 171.7(5.8) 186.6 1837  179.7
K+ 1351(5.8) 135.1(3.9) 141.1 1392  137.8
Rb* 130.3(4.8) 1235(5.8) 1150 1138 1129
Cs* 120.6(4.8) 103.2(3.9) 100.7  99.4 98.1

aThreshold collision-induced dissociation. Uncertainties are listed
in parenthesed.Present results.Ref 15.9 Calculated at the B3LYP/
6-311+G(2d,2p)//B3LYP/6-31G* and B3LYP/6-3¥1G(2d,2p),HW//

-
]
(&)

150

125

Experimental M+—(TEP) 0 K BDE (kJ/mol)

1.00 1.25 1.50 1.75

B3LYP/6-31G*,HW.¢ Including ZPE corrections with B3LYP/6-31G* ) ) .
and B3LYP/6-31G* HW frequencies scaled by 0.9804lso includes lonic Radius of M™ (A)
BSSE corrections. Figure 6. Bond dissociation energies @ K (in kJ/mol) of the M-

(TEP) complexes plotted vs the ionic radius ofMAll values are
between theory and experiment for all four complexes is 11.1 measured here by TCID and are taken from Table 3.
=+ 10.5 kJ/mol, almost twice as large as the average experimental

uncertainty (AEU), 5.3t 0.6 kJ/mol. The experimental results E 200 B ' ' 'N .
of Rb™ and C¢$ complexes in particular exhibit less satisfactory 3 [ g
agreement with theory, which is likely the result of the effective g 75 ]
core potentials used to describe these two cations and which @ [
provides the dominant contributions to the MAD. If the'Rb S 150 F . ]
(TEP) and C%(TEP) complexes are not included, the MAD w I K ]
decreases to 2.2 0.7 kJ/mol. Similar deviations between the 2 . ]
measured and calculated BDEs for otherRigand) and C$- s 1B¢ Rb* ]
(ligand) complexes we previously investigated have been i _ 05+m 1
found1540-47 For BDEs computed at the MP2(full)/6-3+G- g 100¢ ro 1
(2d,2p)//B3LYP/6-31G* and B3LYP/6-31G(2d,2p)//B3LYP/ 2 ! : ! :

[= 100 125 150 175 200

6-31G* levels of theory, the MADs are 68 5.5 kJ/mol and
19.0 + 4.0 kJ/mol, respectively. Thus, the results found here _ '
are not surprising. Indeed, calculations at MP2(full) level of Figure 7. Theoretical versus experimehtd K M*—(TEP) bond

theory would clearly provide better results but were not pursued dissociation energies (in kJ/mol), where' M Na', K*, Rb*, and Cs.
as a result of the size of these systems. All values are determined here and are taken from Table 3.

Conversion from 0 to 298 K. The 0 K BDEs determined . . - .
here are converted to 298 K bond enthalpies and free energiesupon the alkali metal cation binding varies from 0.010 to 0.025

to allow comparison to literature values and to commonly A for the MWTEP) complexes and is larger than that in the
employed experimental conditions. The conversions are Calcu_porrespondmg TMP complexes, 0.010.016 A. The larger
lated using standard formulas (assuming harmonic oscillator and'crease in the €0 bopd lengths of the W.(TEP) complexes .
rigid rotor models) and the vibrational and rotational constants suggesits that metal cations are able to activate TEP more readily
determined for the B3LYP/6-31G* and B3LYP/6-31G*, HW han TMP. . . .
optimized geometries, listed in Tables 1S and 2S. Table 4S lists  TEP is found to bind the alkali metal cations (N&™, Rb",
the 0 and 298 K enthalpy, free energy, and enthalpic and and Cs) more strongly than TMP. The enhanced binding to
entropic corrections for all M(TEP) complexes experimentally ~ TEP is likely the result of its larger size and therefore greater
and theoretically determined (from Table 3). Uncertainties are Polarizability than TMP (16.42 Aversus 10.80 A),'5 which
determined by 10% variation in the molecular constants. should help to delocalize the positive charge on the metal cation
Comparison of Alkali Metal Cation Binding to TEP and more efficiently. The trends in the BDEs for the'{TMP) and
TMP. The mode of alkali metal cation binding determined for M*(TEP) complexes are similar and decrease monotonically
the M™(TEP) complexes is very similar to that found for the @s the size of alkali metal cation increases. No activated
analogous M(TMP) complexed?® The most favorable binding ~ dissociation was observed for NaK™, Rb", and Cs binding
geometries involve bidentate interaction of the alkali metal t© TEP and TMP because the alkali metal catiphosphate
cation with the phosphate ester, in which the metal cation €ster binding interactions in these complexes are purely non-
interacts with the lone pairs of electrons from both the oxo covalent in nature and are weaker than the covalent bonds within
oxygen atom and one of the alkoxy oxygen atoms. To facilitate these phosphate esters. Therefore, these alkali metal cations are
the bidentate interaction, the ethyl group rotates away from the Probably not good candidates for activating the phosphodiester
metal cation. However, a small difference in the ground-state linkages of nucleic acids. However, the *MTEP BDEs
geometries for Na binding to TEP and TMP is found. In the measured here can be used as reliable anchors for the alkali
ground-state structure of NETEP), the M—O1 and M"—02 metal cation affinity scales.
bond lengths are somewhat similar and differ by only 0.307 A.  The binding of Li" to TEP is stronger and more covalent in
In contrast, the analogous conformation for'{BMP) (where nature than the larger alkali metal cations. Activated dissociation
the MF—0O1 and M"—02 bond lengths differ by 0.383 A) lies  of the Li"(TEP) complex is observed upon CID with Xe.
3.8 kJ/mol higher in energy than the ground-state conformer Therefore, the results for the t(TEP) complex are not included
(where the M—01 and M"—02 bond lengths are significantly  here but will be presented in detail in a future paper that
different and differ by 1.537 A). The M-01 bond distance is  examines the activation of TEP by various other metal cations.
shorter in the M(TEP) complexes than in the corresponding In contrast, no activated dissociation was observed for the Li
M*(TMP) complexes. The change in the-O bond lengths (TMP) complex. This is consistent with the stronger binding

Experimental M+—(TEP) 0 K BDE (kJ/mol)
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of Li* to TEP than to TMP and also indicates that more energy 359g) Tereshko, V.; Minasov, G.; Egli, MIl. Am. Chem. Sod999 121,

IS nee.ded .to activate TMP t.han TEP'. . - (é) Young, M. A.; Jayaram B.; Beveridge, D. 1. Am. Chem. Soc.
In biological systems, alkali metal cations bind nonspecifically 1997 119 59,

to the phosphate groups along the backbone of nucleic acids. (9) Cheatham, T. E.; Kollman, P. AAnnu. Re. Phys. Chem200Q

Their primary function is to neutralize the charges on the 5L 435.

phosphate groups along the deprotonated backbone; they ar%iéé?g#gt"r‘;%%?" 430' ?602';93’ C. C.; Vanderveer, D.; Williams, L. D.

generally not involved in catalytic processes. The simple  (11) Eichhorn, G. LAdvances in Inorganic Biochemistrilsevier: New
electrostatic binding and CID behavior of complexes of the alkali Yozlié)lgsslri VQOII- 3, g 2k belac. M. Am. Chem. Sod998 120, 161

H P H i chnelder, b.; Kabelac, M. Am. em. S0 .
metal scatlons Wlth TMP. and TEP foun_d h_ere _and I.n our préevious (13) Schneider, B.; Kabelac, M.; Hobza, .Am. Chem. Sod 996
study*® is consistent with their behavior in biological systems. 11g 161.
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Conclusions 13, 167.
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I c 997, 106, 4499.
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QOminant pa}thway observed for all complexes is IQS§ of the  (18) Teloy, E.; Gerlich, DChem. Phys1974 4, 417.

intact TEP ligand. The thresholds for these dissociation pro-  (19) Gerlich, D. Diplomarbeit, University of Freiburg, Federal Republic
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: P ; X.; Knox, J. E.; Hratchian, H. P.; Cross, J. B.; Adamo, C.; Jaramillo, J.;
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