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Abstract

The gas-phase structures of protonated and sodium cationized complexes of triethyl phosphate,
[TEP + H]" and [TEP + Na]*, are examined via infrared multiple photon dissociation (IRMPD)
action spectroscopy using tunable IR radiation generated by a free electron laser, a Fourier
transform ion cyclotron resonance mass spectrometer with an electrospray ionization source,
and theoretical electronic structure calculations. Measured IRMPD action spectra are compared
to linear IR spectra calculated at the BALYP/6-31 G(d,p) level of theory to identify the structures
accessed in the experimental studies. For comparison, theoretical studies of neutral TEP are
also performed. Sodium cationization and protonation produce changes in the central phosphate
geometry, including an increase in the alkoxy ~OPO bond angle and shortening of the alkoxy P-O
bond. Changes associated with protonation are more pronounced than those produced by sodium

cationization.

Key words: Triethyl phosphate, Free electron laser, Infrared multiple photon dissociation,

Protons, Sodium cations

Introduction

as phase infrared multiple photon dissociation

(IRMPD) action spectroscopy has proven to be a
useful tool for the elucidation of structural information for
a variety of chemical systems, especially large, biologically
relevant molecules [1-13]. Previous attempts to describe
such complexes in solution proved difficult, as solvent
effects are notoriously difficult to account for, and the size of
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the complexes made ionization problematic prior to the
advent of appropriate ionization methods. Soft ionization
techniques, such as matrix assisted laser desorption ioniza-
tion (MALDI) and electrospray ionization (ESI), are effec-
tive at reliably producing ions from very large and delicate
molecules [14, 15]. Subsequent selection and trapping of
ions can be achieved using a variety of methods, including
Penning-type Fourier transform ion cyclotron resonance
(FT-ICR) and Paul-type quadrupole trapping [4]. Once a
sufficient population of ions has been collected in the trap,
high intensity light from a source such as a free electron
laser (FEL) or a neodymium-doped yttrium aluminum
garnet (Nd:YAG) pumped optical parametric oscillator/
amplifier (OPO/OPA) laser system is used to introduce
radiation to the trap. The infrared region is scanned,
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resulting in vibrational excitation and dissociation of the
analyte ions [16—-19]. Ton yield can be plotted versus the
frequency of the activating radiation to produce an IRMPD
action spectrum.

IRMPD methods are especially powerful when used in
conjunction with computational techniques. Action spectro-
scopy studies serve to verify the accuracy of theoretical
methods through comparison of predicted linear IR spectra
with observed IRMPD spectra. Computed structures corre-
sponding to the experimental spectra, supported by single
point energy calculations, can provide useful geometric and
energetic data for the complexes investigated [4]. A high
degree of correlation between predicted IR and observed
IRMPD spectra results in a high level of confidence in the
utility of the theoretical methods, making these two
techniques highly complementary and mutually supportive.

While the previously described experimental methods
work well to investigate relatively large molecules, theoret-
ical parameters for macromolecular systems such as proteins
and nucleic acids are still far too complex to accurately
calculate in the solution phase. Instead, smaller, more
manageable complexes can be chosen to represent critical
regions of the overall system, acting as useful models that
can be used to probe and understand various features of
macroscopic structure. Interactions within proteins are often
studied in terms of constituent amino acids and small
peptides, as demonstrated by recent work done in a variety
of labs, including our own [20-36]. Similarly, nucleic acids
are conveniently broken down into their component nucle-
obases, nucleotides, nucleosides, and phosphate ester deriv-
atives. Recently, work has been completed to this end in our
laboratory, using a variety of model systems that include
diethyl phosphate (DEP) [37], triethyl phosphate (TEP) [38,
39], trimethyl phosphate [40], and uracil and substituted
uracils [41-46] using both threshold collision-induced
dissociation (TCID) and IRMPD techniques.

While DEP and di-isopropyl phosphate are excellent model
systems for the primary and secondary alkyl phosphate
linkages, respectively, found in nucleic acids, TEP is also a
suitable model for the primary alkyl phosphate linkage. In
addition, a variety of nucleic acid alkylations have been reported
that produce phosphotriesters [47—49]. Typically, these types of
modifications are mutagenic in nature, or are artificially induced
to enable strand breakage for the express purpose of anticancer
and tumor repressor therapies. Following phosphotriester for-
mation, base-induced hydrolysis is the proposed mode of nucleic
acid chain cleavage. While mechanisms have been proposed and
supported for these reactions [48, 49], energetics and precise
structural information have yet to be thoroughly investigated.

In addition to its use as a simple model of phosphate
esters found in nucleotides and nucleic acid chains, TEP is a
strong Lewis base prized for its ability to extract U(VI) and
Pu(IV) from nitric acid that has been obtained from spent
nuclear fuel rods [50, 51]. In the work of Groenewold et al.
[50], potassium cationized TEP was investigated using
methods similar to those employed in the current work. By
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examining the effects of protonation and sodium cationiza-
tion on the relative energies and overall structure of TEP, we
can more thoroughly understand the effects of changing
proton and sodium cation concentrations in the local
environment of nucleic acid chains. While results of this
study are but one small piece of a much larger puzzle, they
provide important data that can be used for future elucida-
tion of biochemical mechanisms, advances in the develop-
ment and understanding of pharmacologic compounds
relating to genetic disease processes, and an overall
improvement in our understanding of low-level genetic
regulatory mechanisms.

Experimental
General Procedures

A 4.7 T Fourier transform ion cyclotron resonance mass
spectrometer (FT-ICR MS), coupled to the free electron laser
for infrared experiments (FELIX), was used in these experi-
ments and has previously been described in detail elsewhere
[16-19]. Triethyl phosphate was obtained from Sigma-Aldrich
(Zwijndrecht, Netherlands). Solutions containing 1 mM TEP
were prepared in a 50:50 methanol:water mixture. The sodiated
complex, [TEP + Na]" was generated by adding 1 mM sodium
chloride to the TEP solution. Protonated TEP ions, [TEP + H]",
were generated by adding 1 mM HCl to the TEP solutions. The
TEP solutions were introduced into the mass spectrometer
using a Micromass (Waters S.A.S., En Yvelines Cedex,
France) electrospray ionization (ESI) source. lons were
collected for several seconds in a hexapole trap before being
transferred into the ICR cell via a quadrupole deflector and an
octopole ion guide. Precursor ions were selected using stored
waveform inverse Fourier transform (SWIFT) methods prior to
irradiation by FEL light in the first stage of tandem MS. The
selected precursor ions were irradiated for 2—3 s over the range
of wavelengths (frequencies) extending from ~16.50 to 5.7 um
(~600 to 1750 cm ™). The IRMPD fragmentation of [TEP + H]"
was efficient enough that irradiation for only 2 s was necessary,
while the sodiated complex, [TEP + Na]’, required 3 s
irradiation to produce IRMPD spectra of similar quality (S/N).

Theoretical Calculations

Representative model structures were obtained for TEP,
[TEP + H]", and [TEP + Na]" using simulated annealing
molecular mechanics procedures employing the MM + force
field and ab initio calculations. Potential low-energy candi-
date structures were obtained via a 300 cycle annealing
process using HyperChem [52] software. A three phase
annealing process was used, with each cycle beginning and
ending at 0 K, lasting for 0.8 ps, and achieving a simulation
temperature of 1000 K. Heating and cooling times for each
cycle were 0.3 ps each, allowing 0.2 ps for the complex to
sample conformational space at the simulation temperature.
Relative energies were computed using molecular mechanics
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methods every 0.001 ps. The most stable conformers
accessed at the end of each annealing cycle were subjected
to additional analysis. For each complex, between seven and
25 of the most stable conformers found via the simulated
annealing procedure and encompassing the entire range of
structures found were further investigated using density
functional theory (DFT) methods. Geometry optimizations,
frequency analyses, and single point energy calculations
were performed using the Gaussian 03 suite of programs
[53]. Initial optimizations were performed at the B3LYP/6-
31G(d) level of theory. However, calculations using a larger
basis set, i.e., B3LYP/6-31G(d,p), were found to provide
slightly improved agreement with the experimental IRMPD
spectroscopic data, and resulted in negligible changes in the
relative energetics of the various stable conformers computed.
The best fits to the experimental results for the [TEP + H]" and
[TEP + Na]" complexes were found when the frequencies were
unscaled. The theoretical linear IR spectra were broadened
using a 30 cm ' FWHM Gaussian line shape to account for the
effects of multiple photon excitation and to allow for mean-
ingful comparison to the experimental spectra. Single point
energy calculations were carried out at the B3LYP, B3P86, and
MP2(full) levels of theory using the 6-311 + G(2d,2p) basis set.
Energetic data include zero point energy (ZPE) corrections for
the single point energy calculations and Gibbs energy
corrections for the free energy values [based on the frequencies
computed at the B3LYP/6-31G(d,p) level]. The ground-
state structure of each complex was determined by
comparing the relative energies of each of the stable
conformers computed, taking the lowest energy structure
as that of the ground state.

Results
IRMPD Action Spectra

FEL activation of phosphate ester complexes produced spectra
using IRMPD yield methods according to Equation (1),

IRMPD yield = (¥1r)/ (I, + XIr) (1)

where I, is the precursor ion intensity, I is the fragment ion
intensity, and the summation is over all fragment ions.
Figure 1 depicts IRMPD activity in the 700-1450 cm '
range for each of the cationized TEP complexes. Three loss
channels were observed for [TEP + H], corresponding to
sequential loss of neutral ethene molecules at m/z=155 (loss
of C,Hy), m/z=127 (loss of two C,Hy), and m/z=99 (loss of
three C,Hy). In contrast, only a single fragmentation channel
corresponding to loss of the intact TEP ligand was seen in the
[TEP + Na]" complex, resulting in detection of Na" at m/z=23.
No products arising from activation of the phosphate ester
linkages were observed, consistent with previous CID studies
of the [TEP + Na]" complex [38].

Several high intensity bands are visible in the [TEP + H]"
spectrum. The three most prominent peaks are located at
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Figure 1. Gas phase IR spectrum of neutral TEP taken from

the NIST spectral database [55] and measured IRMPD action
spectra of the [TEP + H]* and [TEP + Na]* complexes

1080, 975, and 920 cm'. The least intense feature of these
three, the 920 cm ! band, is ~80% as intense as the 975 cm™'
band, and roughly half the intensity of the 1080 cm ™' band.
A relatively weak band is visible at 780 cm !, and prominent
shoulders are present at 1002 and 1130 cm™'. What initially
appear to be low intensity bands at 1260 and 1390 cm ™' are
most likely the result of baseline noise in the high energy
region. While a variety of spectral features are present in the
protonated TEP system, only two major features are visible
in the [TEP + Na]" spectrum. A high intensity band at
1038 cm ' dominates the spectrum, and is accompanied by a
second band at 1225 cm™' that is roughly half the intensity
and half the width of the band at 1038 cm .

Theoretical Results

In addition to complementary theoretical studies to the
cationic [TEP + Na]" and [TEP + H]" systems investigated
experimentally, neutral TEP structures, energies, and spectra
were investigated for comparative purposes. Relative ener-
gies (at 0 K) and free energies (at 298 K) of the most stable
conformers are listed in Table 1. Linear IR spectra obtained
from the theoretical calculations are compared to the
experimental IRMPD action spectra.

TEP

A total of five conformers were found within 5 kJ/mol
(MP2) of the ground-state structure as shown in Figure 2 and
Figure 1S of the Supplementary Information. Each con-
former differs slightly in the spatial arrangement of the
alkoxy chains about the central phosphate moiety. The
central phosphate group retains a nearly tetrahedral arrange-
ment for each conformer, with only minor variations in
£Z0PO bond angles and P-O bond lengths observed. As
might be expected, the alkoxy side chains adopt a fully
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Table 1. Relative Energies at 0 K and Free Energies at 298 K of Various Stable Low-Energy Geometries of TEP Complexes®
Species Conformer B3LYP B3P86 MP2(full)
AH, AGyog AH, AGsog AH, AGoog
TEP Cl 0.0 0.0 0.0 0.0 0.0 0.0
C2 2.4 1.9 2.0 1.4 0.8 0.2
C3 4.8 49 4.7 4.8 2.4 2.6
C4 5.9 7.7 4.9 6.6 2.8 4.5
C5 5.4 7.7 4.5 6.8 2.7 5.0
[TEP + H]" C1 0.0 0.0 0.0 0.0 0.0 0.0
C2 3.4 5.6 2.9 5.2 1.8 4.0
C3 6.5 9.6 5.7 8.8 4.1 7.2
C4 17.6 17.8 17.1 17.3 16.3 16.4
[TEP + Na]" Bl 0.0 0.0 0.0 0.0 0.0 0.0
B2 2.8 2.4 24 2.0 1.9 1.5
M1 9.5 4.2 10.1 4.9 12.5 7.2

“Energetics determined from single point energies calculated at the B3LYP/6-311 + G(2d,2p) level of theory using structures optimized at the B3LYP/6-31 G
(d,p) level of theory and including zero point energy corrections. All energies are reported in kJ/mol

staggered arrangement around the central phosphate in the
ground-state structure, C1, resulting in the most symmetric
and least strained of all conformers computed here. Rotation
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Figure 2. Comparison of the gas phase IR spectrum of TEP
taken from the NIST spectral database [55] to the linear IR
spectra predicted for the five most stable conformers of
neutral TEP at the B3LYP/6-31 G(d,p) level of theory. The
structures and MP2(full)/6-311 + G(2d,2p) relative free
energies of each conformer are also shown

of a single alkoxy chain about the «POCC dihedral angle
by ~166.9° produces the C2 structure at a cost of only
0.2 kJ/mol (MP2) due to increased torsional strain.
Rotation of ~133.9° about the ZOPOC dihedral angle of
the C1 structure produces the C3 structure, lying 2.6 kJ/mol
higher in free energy (MP2). Additional geometric modifica-
tions to the alkoxy side chains in the C4 and C5 structures
produce conformers of increasing energy due to both torsional
and steric contributions, lying 4.5 and 5.0 kJ/mol (MP2) above
the C1 conformer, respectively.

[TEP + HJ*

A thorough search of conformational space reveals four
relatively low-energy conformers of [TEP + H]" that involve
binding of the proton to the oxo oxygen atom with H'—OP
bond distances of 0.971A, as shown in Figure 3 and
Figure 2S of the Supplementary Information. In these
complexes, additional stabilization of the proton may be
provided by interaction with the alkoxy oxygen atom(s).
However, the closest alkoxy oxygen atom is at least 2.6 A
away and the ZCOH bond angles do not provide an ideal
orientation for hydrogen bond stabilization (i.e., linear), such
that only very minor stabilization occurs. Similar to the
neutral complex, the different conformers arise as a result of
varying the spatial orientation of the alkoxy side chains
around the roughly tetrahedral phosphate moiety. Con-
formers C1, C2, and C3 all share similar geometric features,
and as a result these conformers lie within 10 kJ/mol of each
other. C1, the ground-state conformer, has staggered alkoxy
side chains, with the side chain adjacent to the hydroxyl
oxygen atom oriented down and away from the P=0O oxo
moiety with an ZOPOC dihedral angle of 167.6°. The
orientation of the proton leads to an #H OPO dihedral angle
of 38.8° for the adjacent alkoxy group with an H'—OC
distance of 2.631A and an «H'OC angle of 157.9°.
Conformers C2 and C3 also share this characteristic down-
ward rotation of the alkoxy side chain with very similar
20POC and «H'OPO dihedral angles and H'—OC dis-
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Figure 3. Comparison of the measured IRMPD action
spectrum of [TEP + HJ" with the linear IR spectra predicted
for the four most stable conformers of [TEP + H]* at the
B3LYP/6-31 G(d,p) level of theory. The structures and MP2
(full/6-311 + G(2d,2p) relative free energies of each con-
former are also shown

tance, but differ in that one of the remaining alkoxy side
chains is rotated to varying degrees about the ~POCC
dihedral angle leading to less ideal ~H OC angles, and resulting
in increases in their free energies of 4.0 and 7.2 kJ/mol (MP2),
respectively. Conformer C4 does not share these well-ordered
geometric features, instead displaying less symmetric Z/POCC
bond angles without regard to the location of the hydroxyl
oxygen atoms and a larger #H'OPO dihedral angle
(56.2°) and thus less hydrogen bond stabilization, which
is reflected in the relative energy of this conformer,
16.4 kJ/mol (MP2).

[TEP + NaJ*

Binding of a sodium cation to TEP results in a significant
increase in the definition of the potential energy surface.
While a variety of conformers lie within a narrow energy
range for neutral and protonated TEP, fewer conformers
exist for the sodium cationized TEP complex. In this case,
three conformers are found, two low-energy bidentate
conformers (B1 and B2), and a third, higher energy
monodentate conformer (M1) as shown in Figure 4 and
Figure 3S of the Supplementary Information. In the ground-
state conformer, B1, the sodium cation interacts with the oxo
and one of the alkoxy oxygen atoms with Na'—O bond
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Figure 4. Comparison of the measured IRMPD action
spectrum of [TEP + Na]* with the linear IR spectra predicted
for the three most stable conformers of [TEP + Na]* at the
B3LYP/6-31 G(d,p) level of theory. The structures and MP2
(fully6-311 + G(2d,2p) relative free energies of each con-
former are also shown

distances of 2.182 and 2.489A, respectively. The sodium
bound alkoxy chain is oriented down and away from the
metal cation resulting in #OPOC and #Na'OPO dihedral
angles of 177.8° and 5.1°, respectively, with the free alkoxy
chains staggered around the phosphate group, similar to the
C1 conformer of [TEP + H]". The B2 conformer, which lies
1.5 kJ/mol (MP2) higher in free energy, is obtained by
rotating one of the dihedral . POCC angles by 81.7°. This
minor change alters the Na'—O bond distances, 2.186 and
2.468A, and the ~OPOC dihedral angle, 177.6°, very little
explaining the small difference in energy between the B1 and
B2 conformers. The M1 structure, which lies 7.2 kJ/mol (MP2)
above the ground-state B1 conformer, contains fully staggered
alkoxy chains with the sodium cation bound in a monodentate
fashion to the oxo oxygen with a Na'™—O bond distance of
2.081A, forming a #Na'OP bond angle of 179.2°.

Discussion
[TEP + HJ*

The measured IRMPD action spectrum is compared to the
linear IR spectra of the five most energetically favorable
conformers computed for the [TEP + H]" complex in the
750-1250 ¢cm ' range in Figure 3. When comparing the
experimental spectra with the theoretical spectra it is
important to note that the theoretical methods produce linear
IR spectra (single photon absorption), while the experimen-
tal data reflects multiple photon absorption and dissociation
by the precursor ion. As a result, the band positions are
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generally reproduced quite well, but the relative intensities
of the various bands may not be as a consequence of
variations in anharmonic coupling/shifting and the resulting
differences in multiple-photon excitation efficiencies [54].
Examination of the figure reveals that the theoretical spectra
match the experimental spectrum reasonably well. The high
intensity band at 1080 cm ™' represents alkoxy P—O stretch-
ing. Moderately high intensity bands at 975 and 920 cm '
correspond to O—-H wagging and P-OH stretching, respec-
tively. Both of these bands also represent a small degree of
methyl rocking. A lower intensity band at 780 cm'
corresponds to C—O stretching. The shoulders at 1002 and
1130 cm™" represents C—C stretching and methyl rocking,
respectively.

Assignment of the Cl conformer to the experimental
spectra is justified by the shape and location of bands at
1080, 975, and 920 cm ™', and especially by the definition of
the bands at 975 and 920 cm . The C2 conformer, lying
only 4.0 kJ/mol (MP2) higher in free energy than the Cl
conformer, is also very similar to the experimental and C1
spectra, but a less prominent shoulder at 1130 cm ™' and poor
definition of the bands at 975 and 920 cm™' such that C2
does not match the observed IRMPD spectrum quite as
ideally as C1, but certainly cannot be ruled out. Based on the
computed stability, the C2 conformer is likely a moderate
contributor to the measured spectrum. The C3 conformer lies
7.2 kJ/mol (MP2) higher in free energy than the ground-state
Cl1 structure. Sufficient differences between the experimen-
tal IRMPD and C3 IR spectra are evident, which makes it
unlikely that C3 is a significant contributor to the observed
spectrum. Splitting of the 1080 cm ™' band, further reduction
of the 1130 cm™' shoulder, and merging of the 975 and
920 cm ' bands into a single band at 967 cm™', and the
computed relative stability all suggest that the C3 conformer
is at best a very minor contributor to the measured IRMPD
spectrum. The spectrum corresponding to the C4 conformer
more closely represents the experimental spectrum than C3,
but red shifting of the broad feature at 1080 cm ' and the
absence of the band at 780 cm ', in addition to the relatively
high energy (16.4 kJ/mol, MP2), make the C4 conformer an
unlikely contributor.

[TEP + Naj "

The experimental IRMPD and theoretical IR spectra for the
[TEP + Na]" complex are compared in Figure 4. Only two
bands are observed, a band at 1038 cm' arising from an
asymmetric P-O-C stretch, and another at 1225 cm'
corresponding to the oxo P=O stretch. Examination of the
theoretical spectra suggests that both bidentate conformers,
Bl and B2, contribute significantly to the experimental
spectrum. Bands at 1038 and 1225 cm' correspond
extremely well with the experimental spectrum. A small
shoulder at 985 c¢cm ™' in the observed IRMPD spectrum
provides the best means of discriminating between the Bl

and B2 conformers. A corresponding shoulder at 985 cm ™ is
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visible in the B1 spectra, but the related band is red shifted
to 965 cm ' in the B2 spectra. This suggests that Bl is the
dominant contributing species, but spectral similarities and
energetic considerations suggest a measurable B2 population
as well. In contrast, the IR spectrum of monodentate M1
differs significantly. The oxo P=0 band is red shifted from
1225 to 1200 cm™', while the asymmetric P-O—C stretch is
blue shifted from 1038 to 1060 cm '. These spectral
differences, in addition to the relatively high energy
(12.3 kJ/mol, MP2), suggest that if present, the Ml
conformer is only a very minor contributor to the measured
IRMPD spectrum.

Theoretical System: TEP

While experimental data corresponding to the neutral TEP
system cannot be obtained using the experimental methods
employed here, theoretical studies produce data that can
provide insight into cellular nucleic acid systems. Figure 2
depicts the five lowest energy conformers determined from
our theoretical search, while Table 2 describes changes in
the computed frequencies of the observed bands. Because all
five conformers lie within 5.0 kJ/mol of the ground-state
conformer (MP2), each structure can be expected to
contribute to a room temperature distribution. This hypoth-
esis is supported by the IR spectra predicted for TEP, as
features present in the ground-state spectrum are maintained
with little variation throughout for all five conformers. The
high intensity band at 1061 cm™' represents symmetric and
asymmetric C—O stretching. The position of this band
remains essentially unchanged for all five conformers. The
band at 981 cm ™', corresponding to alkoxy P-O stretching,
is a more interesting case, as this band becomes increasingly
red-shifted from 981 to 963 cm ™' as the energy of the
conformers increases from 0.0 to 5.0 kJ/mol (MP2).
Similarly, the band arising from the C—H wag at 822 cm '
is increasingly red-shifted as energy increases from C1 to
C5. The low intensity feature at 538 cm ', representing a P-O
rock, is also increasingly red-shifted from the Cl to C4
conformers, but deviates from this trend for the C5 conformer,
which appears at 531 cm ™' similar to those of C2 and C3 rather
than continuing to follow the trend and be found below
523 cm . In contrast, the oxo P=0 stretch at 1285 cm ' does
not seem to follow any particular trend. Instead, values vary
from 1276 to 1309 cm'. While some variation in frequencies
is observed between the described spectral features, no
appreciable difference in the band intensities is observed for
all five conformers.

Structures and spectra were reported by Groenewold and
coworkers for the neutral TEP system as previously
mentioned [50]. To provide a useful evaluation of the results
of their work, an IR spectrum of neat TEP from the National
Institute of Standards and Technology (NIST) spectral
database [55] was compared with a DFT predicted spectra
[B3LYP/6-311++g(3df, 2pd)] that accounted for solvent
effects through the use of the integral-equation-formalism
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Table 2. Progression of Spectroscopic Features for Neutral TEP*

B.S. Fales, et al.: IRMPD of Triethyl Phosphate Complexes

Stretching mode Conformer
Cl C2 C3 Cc4 C5
P=0 rock 538 532 531 523 531
C-H wag 822 819 820 815 813
Alkoxy P-O stretch 981 975 975 963 963
C-O stretch 1061 1061 1061 1061 1061
P=0 stretch 1285 1282 1309 1276 1278

Frequencies in (cm-1) predicted at the B3LYP/6-31 G(d,p) level of theory

polarizable continuum model (IEFPCM). Reasonably good
correlation was observed between experiment and theory
even without scaling of the predicted spectrum. The ground-
state structure of TEP determined using the IEFPCM model
differs from the C1 conformer found here in vacuum. The
structure determined by Groenewold and coworkers is most
similar to the C3 confomer determined here, which differs
from Cl via rotation of the OPOC dihedral angle by
133.9° and lies 2.6 kJ/mol higher in free energy (MP2).
Spectral differences between the C1 and C3 conformers are
minor, such that comparisons with the NIST spectral data
remain unaffected for gas phase and neat structures.

To provide an additional means for verification of the
accuracy of the theoretical TEP structures, the gas phase
IR spectrum recently added in the National Institute of
Standards and Technology (NIST) spectral database [55]
is compared with conformers C1-C5 in Figure 2. A
remarkable level of congruency exists between the DFT
linear IR spectra and the NIST spectrum, both in the
relative intensity and the positioning of bands. Features
are maintained especially well between the C1 conformer
and the NIST spectra. Bands previously described at 538,
822, 981, 1061, and 1285 em ! for Cl correspond to
NIST bands at 532, 812, 967, 1045, and 1282 cm .
Strong correlation between related bands of the two
spectra provide strong support for the DFT methods used
in this and other related studies.

Effects of Protonation on Spectra and Structure

Addition of a proton to the neutral TEP molecule
produces distinct spectral and geometric changes. Spectral
features of TEP are compared to those of [TEP + H]" and
[TEP + Na]' in Figure 1. Prominent shifting of spectral
features include movement of the P—O alkoxy stretch from
967 to 1080 cm™', and of the C—O stretch from 1045 to
780 cm'. Several features disappear as a result of proton
binding, most notably P=0O related features including
stretching and rocking modes at 1282 and 532 cm ',
respectively, that are present in the neutral system.
Associated electronic and structural changes include
increasing P—O bond hybridization, and changes to
Z0PO bond angles and P-O bond lengths. An increase
in the ZOPO bond angle from 101.9° to 107.4°,

accompanied by a decrease in alkoxy P—O bond length
from 1.61 to 1.56A, occurs with protonation. In the
context of a nucleic acid these changes may play a
significant role in the overall structure of the macro-
molecular system. While the resulting O—O separation of
adjacent alkoxy chains remains nearly constant (2.50 to
2.51A), the central phosphorous atom, as well as the
entire phosphate moiety, moves closer to the hypothetical
axis created by the previously mentioned O—O atoms.
Electronic interactions between the phosphate and other
nucleic acid components, such as ribose sugars or
nucleobases, may also play a role in the overall effects
of nucleic acid protonation, but their effects are the
subject of other studies currently being pursued in our
laboratory.

Effects of Sodium Cationization on Spectra
and Structure

Similar to the case of protonation, sodium cationization
produces changes in both spectral and geometric features
of TEP. In the case of sodium metal cationization, spectral
changes are far more significant than structural ones. The
[TEP + Na]" spectrum appears simple compared with the
feature-rich spectrum of neutral TEP, and both are
displayed in Figure 1. Bands at 532 and 812 cm' of
TEP, corresponding to P-O rocking and C-H wagging,
have no corresponding bands in the [TEP + Na]"
spectrum. One of the retained features, a C—O stretch,
manifests itself as a single, broad feature at 1038 cm '
that results from a combination of a blue shift from
967 cm ' and a red shift from 1045 cm™' of the TEP
bands. Linear IR spectra suggest that this broad band is
the result of three unresolved bands in close proximity,
arising from the three C—O stretching modes. The second
retained feature, a low intensity band corresponding to P=
O stretching, red shifts from 1282 to 1225 ¢cm' upon
addition of a sodium cation to TEP, producing [TEP +
Na]®. Structural changes resulting from sodium cation
binding are less pronounced than those of proton binding
to TEP. The «OPO bond angles increase upon Na'
binding, from 101.9° to 104.3°. As with [TEP + H]", P-O
bond length also decreases, but to a lesser extent, from
1.61 to 1.58A (versus 1.56A for protonation). Also
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similar to changes associated with the protonated [TEP +
H]" system, the distance between adjacent oxygen atoms
changes negligibly, with both TEP and [TEP + Na]®
having an O-O distance of 2.50A.

Comparison of the Effects of Sodium
and Potassium Cationization on Spectra

The spectral features observed in the IRMPD spectrum of
[TEP + Na]" differ from those observed for [TEP + K]* by
Groenewold and coworkers in a systematic fashion [50].
Resolution of vibrational bands in [TEP + K] is superior to
those of [TEP + Na]" due to inherent broadening character-
istics of adjacent bands, especially those bands correspond-
ing to C-O stretching. Two distinct C—O bands are observed
for [TEP + K]', at 980 and 1040 cm ™', while only a single
corresponding band at 1038 cm ™' was observed for [TEP +
Na]". Theoretical linear IR spectra show that this broad
feature at 1038 cm ' arises from three separate bands, at
1026, 1038, and 1063 cm ', each corresponding to a C—O
stretch for the three different alkoxy groups. Their close
proximity results in observation of a single, broadened
feature in the IRMPD action spectrum. The P=0O band of
TEP at 1282 cm ' is red shifted for both the [TEP + Na]*
and [TEP + K] complexes, however, the magnitude of the
shift is larger for the more strongly bound Na® than K", as
this band appears at 1225 and 1235 cm ™', respectively.

TEP versus DEP

Previously, we investigated the effects of both protonation
and sodium cationization on the structure of DEP [37].
While DEP is a superior model for typical nucleic acids,
TEP provides an excellent model for certain alkylated
nucleic acids, such as those found in mutated states [47—
49]. Variations between the two systems are notable with
sodium cationization, though effects due to protonation
differ little between TEP and DEP. Protonation results in a
significant increase in the alkoxy ZOPO bond angle for both
TEP (101.9°-107.4°) and DEP (101.4°-108.4°). Sodium
cationization, however, produces a smaller change in the
alkoxy «OPO angle for TEP (101.9°-104.3°), and no
noticeable change in the DEP system. Protonation produces
greater change than sodium cationization in both TEP and
DEP systems, likely due to its smaller size and subsequent
ability to very strongly interact with the phosphate moiety
and thus form a covalent rather than noncovalent bond.
Variation between DEP and TEP can be explained by
consideration of the presence of the additional alkoxy chain
in TEP. Protons are able to interact reasonably well with
both DEP and TEP due to their small size, with few
differences due to the additional alkoxy chain of TEP. In the
case of sodium cationization, however, spatial considera-
tions become more important. Interaction between the
sodium cation and the additional alkoxy chain of TEP
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results in a modest change in the alkoxy #OPO bond angle
(2.4°), while the absence of the corresponding alkoxy chain
in the DEP system produces less than a 0.1° change in the
alkoxy £OPO bond angle due to reduced steric and torsional
interference.

Conclusions

Theoretical results clearly demonstrate well-defined struc-
tural changes in the geometry of TEP upon both protonation
and sodium cationization. The highly symmetrical neutral
TEP ligand is a reasonable model for alkylated nucleic acids,
and also as a starting point for modifications that result from
electrostatic interaction with protons or sodium cations.
Sodium cationization results in a bidentate interaction
between the metal cation and the TEP ligand due to rotation
of one of the alkoxy chains away from the staggered
conformation. Similarly, protonation produces a structure
with very similar phosphate geometry to that of sodium
cationization, suggesting that either cation could have
similar mechanistic effects in solution under physiologic
conditions. To further extend this work and achieve a
detailed understanding of the effects of cationization of
phosphate esters and nucleic acids on structure, study of the
interaction of TEP and more complex phosphate esters with
additional biologically relevant divalent cations, Mg*", Cu*",
and Zn>", is needed.
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