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ABSTRACT

Density functional theory (DFT), as the most popular method in the modern quantum
chemistry field, has been applied to two molecular systems.

The first work performs a systematic structure optimization and vibronic analysis of
hydrogenated DNA bases (cytosine tautomers and guanine) and base pair (guanine cytosine base
pair). A reliable approach combined B3LYP functional with DZP++ basis sets was applied
consistently to all structures. The electron affinities of each hydrogenated structure were also
predicted. The results have been reported from the Chapter 2 to Chapter 4.

In the second work, the heterometallic binuclear cyclopentadienylironnickel carbonyls
Cp2FeNi(CO), (n = 3, 2, 1; Cp = n°-CsHs) have been studied by DFT BP86 functional for
comparison with the isoelectronic homometallic dicobalt derivatives Cp,Coy(CO),. A high spin
open-shell structure was found for Cp,FeNi(CO) to have lower total energy than closed-shell
structure with multiple Fe-Ni bond, while homometallic Cp,Coy(CO) prefers closed-shell

structure with multiple Co-Co bond.

INDEX WORDS: Density Functional Theory, Electron Affinity, Gaunine, Cytosine,
Guanine-Cytosine Base Pair, Cyclopentadienylironnickel Carbonyls
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CHAPTER 1

INTRODUCTION AND LITERATURE REVIEW



The goal of computational chemistry is to solve the chemistry problems using computer
clusters instead of bench instruments. With the developing of sophisticated theoretical methods
and ever-increasing CPU power in recent decades, computational chemistry has evolved into an
era where computations can not only confirm and explain experimental results, but also predict
and venture experimentally unsolved problems: properties of not-yet-synthesized molecule and
dynamics of immeasurable reaction. A combination of state-of-art high level ab initio methods
and large basis sets can usually yield results that achieve chemical accuracies for small
molecules. For larger molecules and molecular clusters (~100 atoms), Density Functional Theory
(DFT) methods combined with medium size basis sets can routinely provide reliable results. In a
sense like analytical instruments, computation has become an indispensable tool to help chemists
explore and understand the world.

This dissertation focuses on the application of DFT methods to explore various “larger”
biological and transition metal systems. These systems are yet to be investigated experimentally.
The results of DFT computation have provided a foundation for future experimental

measurements and further higher-level computations.

1.1 THE DEVELOPMENT OF DFT METHODS

1.1.1.  EARLY ORIGINATION

The earliest approach of using electron density to express the energetic information of
atomic system started from 1927. In that year, Thomas and Fermi published two papers in which
they proposed that the kinetic energy of heavy atoms could be derived based on the density of

electrons in an infinite potential.'* In 1930, Dirac added exchange-energy part to the Thomas



and Fermi’s formula.’ The combined energetic expression is the called Thomas-Fermi-Dirac
(TFD) model, which works fine for non-interacting electron system, but failed for molecules. In
1951, Slater introduced the Xa method® in order to simplify Hartree-Fock (HF) theory.™® The
average exchange potential is approximated from an operator based on the local electron density
of uniform-electron-gas. The major breakthrough of the development of DFT is in 1964 when
Hohenberg and Kohn proved that the electron density both corresponds to a Hamiltonian with
external potential v(r) and can be obtained from antisymmetric wavefunction.” In the next year,
Kohn and Sham reformulate the DFT equation to allow exact solution of kinetic energy
functional and introduced orbitals to DFT, which are called Kohn-Sham orbitals.® Apart from
previous TFD-DFT which represents both kinetic and exchange-correlation energy by the
function of the electron density, the Kohn-Sham DFT only proposes exchange-correlation energy
as the function of the electron density while the kinetic energy is still the function of the
electronic wave functions as in the traditional HF theory. However, the exact form of exchange-
correlation functional has been unknown. The Kohn-Sham DFT provides the foundation of the

development of modern DFT.

1.1.2 DFT FUNTIONALS
The formalism of the DFT equation can be divided into five components:
Elp(r)] =Er+Ey+ E;+ Ext+ Ec
where the five components represent the kinetic energy of the non-interacting electron, the
electron-nuclei coulombic interaction, the electron-electron coulombic repulsion, the correction
to the kinetic energy deriving from the interacting nature of the electrons (exchange correction),

and all non-classical corrections to the electron-electron repulsion energy (correlation correction),



respectively. Both the exchange and correlation correction usually combined together called
exchange-correlation energy (Exc). The Eyxc are most difficult terms for implementation and
various exchange and correlation functionals have been proposed to treat the corrections in the
modern DFT. One of the earliest is the Local Spin Density Approximation (LSDA), which treats
electron density locally as a uniform electron gas. This functional combines the Vosko, Wilki,
and Nusair’s 1980 correlation functional (VWN) ° and Slater’s exchange functional.'® The
LSDA functional was known to over-bind molecules. There are two types of functionals which
added further corrections to LSDA: the Generalized Gradient Approximation (GGA) which
formulates the derivative of the local density as a no non-local component. The later includes
some mixing with the HF theory and so-called the Hybrid functional.

The presented research in this dissertation mainly uses the following functionals: namely
BHLYP, B3LYP, BLYP, and BP86. The first three are combinations of the half-and-half hybrid
functional (BH),'" Becke’s three parameter exchange functional (B3),"? or Becke’s 1988 pure
DFT exchange functional (B)," respectively, with the correlation functional of Lee, Yang, and
Parr (LYP)." The last functional combines the B exchange with Perdew’s correlation functional

(P86).!516

1.2  COMPUTATIONAL DETAILS

The Gaussian 94" suites of program were used to perform all theoretical computations in
this dissertation. The Huzinaga-Dunning DZP'®' basis sets were used for the transition metal
complexes studies and the DZP++>° basis sets were used for all the electron affinity prediction
for damaged DNA bases and base pairs studies. The DFT with DZP++ basis sets approach for

electron affinity prediction has been tested within 0.2 eV of the experimentally reported.*’



1.3 OVERVIEW OF CHAPTERS

1.3.1 HYDROGENATED AND HYDRIDED DNA SUBUNITS

In Chapter 2, the structures, energetics, and electron affinities of eighteen H-addition
cytosine radical isomers (C+H)® are predicted using carefully calibrated density functional
methods.”! Radical rO1 in which H is attached at the N3 site of amino-oxo cytosine, has the
lowest energy. The lowest energy anion is a02, in which H™ is attached to the C5 site of amino-
oxo cytosine. The theoretical adiabatic electron affinities (AEAs) for the eighteen radicals range
from -0.20 eV to 2.59 eV. Radical rO4, where the additional H atom is at C4 site has the largest
AEA. In contrast, when H is attached to the N3 site of #rans amino-hydroxy form, the resulting
radical rA1 has a negative AEA, —0.20 eV. The radical rB1, in which H is appended on the N1
atom of cis amino-hydroxy form, also has the negative AEA value -0.16 eV. Generally, the AEA
values for the cytosine H-addition radicals are rather smaller than those of the earlier studied H-
abstraction cytosine radicals, which range from 2.22 eV to 3.00 eV.

In Chapter 3, The structures, energetics, and vibrational frequencies of nine hydrogenated
9H- keto-guanine radicals (G+H)® and closed-shell anions (G+H)™ are predicted using the
B3LYP density functional method in conjunction with a DZP++ basis set. These radical and
anionic species come from consecutive electron attachment to the corresponding protonated
(G+H)" cations in low pH environments. The (G+H)" cations are studied using the same level of
theory. The proton affinity (PA) of guanine computed in this research (228.1 kcal/mol) is within
0.7 kcal/mol of the latest experiment value. The radicals range over 41 kcal/mol in relative
energy, with radical rl, in which H is attached at the C8 site of guanine, having the lowest

energy. The lowest energy anion is a2, derived by hydride ion attachment at the C2 site of



guanine. No stable N2-site hydride should exist in the gas phase. Structure a9 was predicted to be
dissociative in this research. The theoretical adiabatic electron affinities (AEA), vertical electron
affinities (VEA), and vertical detachment energies (VDE) were computed, with AEAs ranging
from 0.07 eV to 3.12 eV for the nine radicals.

In Chapter 4, The radicals generated by hydrogen atom addition to the Watson-Crick
Guanine-Cytosine (G-C) DNA base pair were studied theoretically using an approach that has
proved effective in predicting molecular structures and energetics. All optimized structures were
confirmed to be minima via vibrational frequency analysis. The dissociation energies of the base
pair radicals are predicted and compared with that of neutral G-C base pair. The lowest energy
base pair radical is that with the hydrogen atom attached to the C8 position of guanine, resulting
in the nitrogen radical designated G(CS8)-C. In this the most favorable radical, the G-C pair
C8=N7 distance of 1.310 A increases to 1.453 A when the 7 bond is broken upon hydrogen atom
addition. This radical has a dissociation energy of 28 kcal/mol, which may be compared with 27
kcal/mol for neutral G-C. The other (GC+H)* radical dissociation energies range downward to 8
kcal/mol. Significant structural changes were observed when the hydrogen was added to the sites
where the inter-strand hydrogen bonds are formed. For example, “butterfly” shape structures
were found when the hydrogen atom adds to the C4 or CS5 sites of guanine. The formation of
radical G(C2)-C may cause single strand break because of significant strain in the closely
stacked base pairs. Radical G(CS8)-C is of biological importance because it may be an
intermediate in the formation of 8-oxo guanine.

In Chapter 5, The anionic species resulting from hydride addition to the Watson-Crick
Guanine-Cytosine (GC) DNA base pair are investigated theoretically. Proton transferred

structures of GC hydride, in which proton H1 of guanine or proton H4 of cytosine migrates to the



complementary base pair side, have been also studied. All optimized geometrical structures are
confirmed to be minima via vibrational frequency analyses. The lowest energy structure places
the additional hydride on the C6 position of Cytosine coupled with proton transfer, resulting in
the closed-shell anion designated 1T (G™C(C6)). Energetically, the major groove side of the GC
pair has a greater propensity toward hydride/hydrogen addition than does the minor grove side.
The pairing (dissociation) energy and electron attracting ability of each anionic structure are
predicted and compared with those of the neutral GC and the hydrogenated GC base pairs. Anion
8T (G(06)C) is a water-extracting complex and has the largest dissociation energy. Anion 2
(GC(C4)") and the corresponding open-shell radical GC(C4) have the largest vertical electron
detachment energy and adiabatic electron affinity, respectively. From the difference between the
dissociation energy and electron removal ability of the normal GC anion and the most favorable
structure of GC hydride, it is clear that one may dissociate the GC anion and maintain the

integrity of the GC hydride.

1.3.2 ISOELECTRONIC HETEROMETALLIC AND HOMOMETALLIC BINUCLEAR

CYCLOPENTADIENYLMETAL CARBONYLS

In Chapter 6, The heterometallic binuclear cyclopentadienylironnickel carbonyls
Cp2FeNi(CO), (n = 3, 2, 1; Cp = n°-CsHs) have been studied by density functional theory
(BP86) for comparison with the isoelectronic homometallic dicobalt derivatives CpyCo,(CO),.
The FeNi tricarbonyl is shown to be the doubly bridged isomer Cp,Fe(CO)Ni(u-CO), with an
Fe—Ni distance of 2.455 A (BP86), in accord with experiment and in contrast to Cp,Co(CO);
where singly and triply bridged but not doubly bridged isomers are found. The dicarbonyls

Cp2FeNi(u-CO), and Cp,Co,(n-CO); both have analogous doubly bridged structures with M=M



distances around 2.35 A, suggesting formal M=M double bonds. The monocarbonyls have
analogous singly bridged axial structures Cp,FeNi(u-CO) and Cp,Co,(n-CO) with metal-metal
distances in the range 2.05 A (M, = Co,) to 2.12 A (M, = FeNi) consistent with the formal M=M
triple bonds required for the favored 18-electron configuration. Open-shell states of Cp,FeNi(u-
CO) are found to have even lower energies than the closed-shell structure, which indicates that
the ground state of Cp,FeNi(u-CO) might be a high spin structure. However, the global
minimum for the monocarbonyl is found to be a singlet “hot dog” perpendicular Cp,NiFe(CO)
structure with a terminal CO group bonded to the iron atom. Other higher energy perpendicular
structures are also found for Cp,FeNi(CO), (n = 3, 2, 1) with terminal CO groups and bridging

Cp rings.
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CHAPTER 2

ADDITION OF HYDROGEN ATOM/HYDRIDE ANION TO THE DOUBLE BONDS OF
CYTOSINE TAUTOMERS: RADICAL AND ANION STRUCTURES AND

ENERGETICS'

! Zhang, J. D.; Xie, Y.; Schaefer, H. F., III; Luo, Q.; Li, Q.-S. To be submitted to Molecular Physics.
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2.1  ABSTRACT

The structures, energetics, and electron affinities of eighteen H-addition cytosine radical
isomers (C+H)*® are predicted using carefully calibrated density functional methods (Chem. Rev.
2002, 102, 231). Radical rO1 in which H is attached at the N3 site of amino-oxo cytosine, has
the lowest energy. The lowest energy anion is aO2, in which H™ is attached to the C5 site (see
Figure 2.1) of amino-oxo cytosine. The theoretical adiabatic electron affinities (AEAs) for the
eighteen radicals range from -0.20 eV to 2.59 eV. Radical rO4, where the additional H atom is at
C4 site has the largest AEA. In contrast, when H is attached to the N3 site of trans amino-
hydroxy form, the resulting radical rAl has a negative AEA, —0.20 eV. The radical rB1, in
which H is appended on the N1 atom of cis amino-hydroxy form, also has the negative AEA
value -0.16 eV. Generally, the AEA values for the cytosine H-addition radicals are rather smaller
than those of the earlier studied H-abstraction cytosine radicals, which range from 2.22 eV to

3.00 eV.

2.2 INTRODUCTION

One aspect of DNA damage' can be represented by hydrogen atom addition to the double
bonds of the nucleic acid bases (NABs)’. The resulting H-adduct radicals can undergo fast
transformation to cause further DNA lesions such as single strand breaks (SSB)’, double strand
breaks (DSB)* and mutations’. Greenberg’s recent research shows DNA radicals may result in
damages, including tandem lesions® and interstrand cross-links’. It is interesting and challenging
to explore the chemistry of these transient radical intermediates during the process of altering

and repairing genetic information.
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Net hydrogen gain and loss in NABs can also be represented by protonation or
deprotonation processes involving the pyrimidines and purines within the DNA strand. As noted
by Steenken in his influential 1989 review,” the reactivity of DNA radicals is related to the
tendency of the radicals to undergo protonation or deprotonation. In Bernhard’s early research,’
the protonation and deprotonation processes were found to have drastic effects on the chemical

reactivities of the species involved. More recently, in Leszczynski’s'*"

exploration of proton
transfer between DNA base pairs, non-planar base pairs are predicted theoretically.

Among the four DNA bases, cytosine has been the focus of much research along these
lines, because cytosine is the primary reduction site in DNA.® For the standard numbering of
atoms in cytosine tautomers see Figure 2.1. Experimentally, the radical arising from
hydrogenation on the C5 site (C5+H)® in 1-methylcytosine (1-MeC) was characterized by Wyard
and Elliott in 1973' by electron paramagnetic resonance (EPR) methods. In 2002, Debije and
Bernhard observed the hydrogen adducts at the C5 and C6 positions of both cytosine and
thymine in EPR spectroscopy experiments.”> In the same year, Debije and Bernhard also
detected the radical cation Cyt(C6+H, N3+H)"® in crystalline d(CGCG), by EPR, in which there
is a net gain of a hydrogen atom at C6 and a proton at N3 following X irradiation.'* There are
few theoretical studies of hydrogenated cytosine radicals. Colson and Sevilla estimated the
enthalpies associated with hydrogen radical addition to nucleic acid bases, using both ab initio
ROHF/6-31G* and semiempirical PM3 methods in 1997." Turecek and Yao explored
hydrogenated cytosine systems both theoretically and experimentally, and the energetic order of
the radical isomers was predicted in 2003.'® An analogous experiment/theory paper“’b on

adenine radicals appeared in 2005. In their most recent paper'’, the methyl cytosine derivatives

Cyt (N1+Me, N3+H)" and Cyt (N1+Me, N5+H)" were characterized by Turecek from
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collisionally activated dissociation (CAD) mass spectra that showed characteristic differences in
ion-dissociation patterns.

Theoretically, the adiabatic electron affinity (AEA) of cytosine in the gas phase has been
predicted to be essentially zero (0.03 eV, B3LYP/DZP++) by Wesolowski and co-workers."®
However, the anionic structures and AEAs of hydrogenated cytosine radicals are unclear. The
purpose of the present research is to carry out a comprehensive theoretical investigation of the
possible radical isomers derived from three cytosine isomers by adding a hydrogen atom.
Compared to Turecek and Yao’s paper'®, more H-adduct conformers are considered in this
research. Further, we consider all the anions arising from attaching an electron to the above

cytosine radicals.

2.3 THEORETICAL METHODS

The total energies, equilibrium geometries, and vibrational frequencies for the radicals
and anions considered in this study are predicted using four density functional methods, namely
BHLYP, B3LYP, BLYP, and BP86. The first three are combinations of the half-and-half hybrid
functional (BH),"” Becke’s three parameter exchange functional (B3),° or Becke’s 1988 pure
DFT exchange functional (B),?' respectively, with the correlation functional of Lee, Yang, and
Parr (LYP).” The last functional combines the B exchange with Perdew’s correlation functional
(P86).2** Double- ¢ quality basis sets with added polarization and diffuse functions, denoted
DZP++, were used with the DFT methods. The DZP++ basis sets were constructed by
augmenting the Huzinaga-Dunning” *°contracted double-¢ set with one set of p-type polarization
functions for each H atom and one set of five d-type polarization functions for the C, N, and O

atoms [o, (H) = 0.75, oz (C) = 0.75, aq (N) = 0.80, oy (O) = 0.85]. To complete the DZP++ basis
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sets, one even-tempered diffuse s function is added to each H atom, while sets of even-tempered
s and p diffuse functions are centered on each heavy atom. The even-tempered orbital exponents
were determined by the convention of Lee and Schaefer.”’ In the final DZP++ basis set, 6
contracted functions per H atom and 19 functions per C, N, or O atom are included. The total
number of basis functions for the cytosine radicals (C+H)® is 188. The geometry optimizations
are performed using analytic gradients with keyword tight convergence criteria. All
computations were carried out with the GAUSSIAN 94 and GAUSSIAN 03 program packages.™®
The electron affinities were determined in the following manner. The adiabatic electron
affinity (AEA) is defined as the energy difference between the neutral and corresponding anion
species at their respective optimized geometries
AEA = E(optimized neutral) - E(optimized anion).
the vertical electron affinity (VEA) of the radical is defined as

VEA = E(optimized neutral) - E(anion at optimized neutral geometry).

and the anion vertical detachment energy (VDE) is determined via

VDE = E(neutral at optimized anion geometry) - E(optimized anion).

24  RESULTS AND DISCUSSION
2.4.1 RADICALS

Three cytosine isomers were considered, the standard amino-oxo form and two rotamers
(trans and cis designated as A and B, respectively) of the amino-hydroxy form. Sketches of these
three closed-shell singlet cytosine isomers are displayed in Figure 2.1 with heavy atoms
numbered following previous studies”. Although these three cytosine isomers should be

observable in the gas phase, only the standard amino-oxo form is pertinent to the Watson-Crick
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structure. This is because in the DNA pyrimidine base the N1 atom is the position at which the
glycosidic bond is attached. There are also two imino-oxo rotamers™ of cytosine, but the latter
have not been considered in the present research. As discussed in the pioneering experimental
study of Bowen and coworkers,”’ non-Watson-Crick structures must be invoked to understand
the spectroscopy of bio-molecules in the gas phase. There are three double bonds for each of the
three cytosine isomers considered here. Thus, by attaching one hydrogen atom to break a double
bond, six isomers can be generated from the each cytosine structure. The total 18 isomers may be
designated as rO1-rO6 (derived from the amino-oxo form of cytosine), rAl-rA6 (derived from
amino-hydroxy frans form of cytosine) and rB1-rB6 (derived from amino-hydroxy cis form of
cytosine). All these hydrogenated isomers are shown in Table 2.1 with the formal radical center
indicated.

The optimized geometries for each particular structure using various functional methods
are in general very similar. The present discussion of the structural and energetic features is
made primarily from the B3LYP results. The optimized geometries, total energies, and the zero-
point vibrational energies predicted by all four functional methods (B3LYP, BHLYP, BLYP, and
BP86) are accessible in the supporting information.

1. Radicals Derived From Amino-Oxo Cytosine (rOI1-r06)

The geometries of the rO1-rOG6 radicals are displayed in Figure 2.2. For the radical rO1
(Cs symmetry), corresponding to the attachment of H to the N3 site of amino-oxo cytosine, the
amino group hydrogen atoms are out of plane. The CN bond distances N1-C2 (1.385 A) and C2-
N3 (1.387 A) are very similar, and the C4-C5 and C5-C6 bond lengths are nearly the same
(1.391 A). This confirms the presence of delocalized n bonding interactions around the ring. As

shown in Figure 2.7, the spin density in rO1 is mainly delocalized on the C4 and C6 atoms with
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0.54 “electrons” at C6 in rO1, in excellent agreement with the experimental deduction of 0.53.**
It is also shown in Figure 2.7 that the unpaired electron distribution for rO3 is slightly more
delocalized than that of rO2, perhaps explaining why rO3 is more energetically stable than rO2
(by 2.1 kcal/mol, Table 2.2).

When a hydrogen atom adds to the C2 position to break the carbonyl double bond, there
are two radicals formed, rO5 and rO6 as trans and cis isomers, respectively (Figure 2.2). The
two radicals derived from the amino-oxo form of cytosine, rO1 and rO2, keep their six-member
rings planar after the hydrogen atom appendage. For the other radicals, the ring planarity is
slightly disturbed due to pyramidization at the hydrogen addition site (Figure 2.2).

2. Radicals Derived From Amino-Hydroxy Cytosine (rA1-rA6 and rBI1-rB6)

The structures of the H-addition radicals (rA1-rA6 and rB1-rB6) derived from amino-
hydroxy cytosine conformers are shown in the Figure 2.3. When a hydrogen atom adds to N3,
only the trans radical rAl could be optimized. The reason is that the cis adduct will experience a
heavy steric effect between atom H7 and the hydrogen atom on N3 (see Table 2.1). For the same
reason, 'B1 is the only radical derived from hydrogen atom addition to the N1 site.

The other radicals from the amino-hydroxy cytosines necessarily form two possible
conformers corresponding trans and cis forms of amino-hydroxy cytosine, such as the rA3 and
rB3 pair (H-addition at the C5 site), the rA2 and rB2 pair (at the C6 site) and the rA4 and rB4
pair (at the C4 site). Similar to hydrogen addition to atom C2 of the amino-oxo form, trans and
cis isomers are obtained for both amino-hydroxy radical rotamers, which are named as rA5, rA6
and rB5, rB6, respectively.

3. Energies
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The total and relative energies for the eighteen radicals at the B3LYP/DZP++ level of
theory are reported in Table 2.2. These results are summarized schematically in Figure 2.9.
Radical rO1 is predicted to have the lowest energy. This result is consistent with the
experimental observation that the (N3+H)® amino-oxo cytosine radical and (N1-H)® uracil
radical were derived from single crystals of 1-MeC:5-FU via X-irradiation®>. Of course,
comparison of the present results (strictly relevant to gas phase processes) with condensed phase
experiments must be done cautiously.

The BLYP and BP86 methods predict the same energetic order for the radicals as
B3LYP, while BHLYP assigns a different order between rB3 and rB1l. The three radicals
derived from the two amino-oxo isomers, rO1, rO3, and rO2, lie lowest in energy followed by
the twelve radicals from the amino-hydroxy conformers. The trans and cis radical pairs from the
amino-oxo isomer, rO5 and rOG6, have the highest energies, namely 43 and 44 kcal/mol higher
than the minimum rO1 (Table 2.2). Benefiting from delocalized m bonding, rO1 is the most
stable radical, indicating that atom N3 of amino-oxo cytosine is the most favored site for H
addition.

Energies of radicals derived from amino-hydroxy cytosine ranged from 9.7 to 26.5
kcal/mol when compared with the most favorable minimum rO1 (B3LYP/DZP++). As shown in
Table 2.2, the energy differences between paired conformers, such as rAl and rBl, rA2 and
rB2, etc. are only around 1 kcal/mol. Moreover, when the additional hydrogen atom adds to the
C2 site, the resulting four isomers, labeled rA5, rBS, rA6 and rB6 have even smaller energy
gaps, within only 0.4 kcal/mol, which indicates that the actual C2 hydrogenated adducts could be
very complex. Thus the biochemical selectivity would play a key role in deciding the final

products.
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Turecek and Yao'® predicted 11 of our 18 possible double bond breaking hydrogen
addition products at the B3LYP/6-31+G(d,p) level theory (Table 2.2). Their energetic order is
confirmed in the present paper except for switching rA3 and rB3. Sevilla and co-workers®
predicted the relative stability of rO1 and rB1 with the HF/6-31G*//HF/3-21G method. Radical
rO1 was predicted by Sevilla to be the most stable radical, and rB1 to lie energetically higher by
13.7 kcal/mol. The same energetic order of the two radicals is shown in the present study, though
the predicted energy gap between the two radicals is somewhat less than that of Sevilla.
Specifically, rB1 is predicted to lie at 11.4 kcal/mol (B3LYP), 11.7 kcal/mol (BHLYP), 11.5

kcal/mol (BLYP) and 11.2 kcal/mol (BP86), a remarkably consistent array of predictions.

2.4.2 ANIONS

The optimized geometries for the eighteen (C+H)™ anions at the B3LYP/DZP++ level of
theory are displayed in Figure 2.4 (Labeled as aO1-aO6) and Figure 2.5, (labeled as aAl-aA6
and aB1-aB6), and the total and relative energies are reported in Table 2.3. These results are
summarized energetically in Figure 2.9. Only the closed-shell singlet states are considered for
these anions. All anions are marked as “@” in contrast to “r” for radicals.

The optimized geometry of aO5 from the BLYP method is inconsistent with other three
functionals. A N1-C2 broken bond minimum is found with BLYP (Figure 2.6a). This minimum
is not confirmed by the other functionals. Note also that the same optimized geometry is obtained
for the aA6 and aB6 anions with the BHLYP method (Figure 2.6b), while two distinct structures
are optimized separately under the other three functionals with energetic differences about 0.53

kcal/mol.
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Figures 4 and 5 shows that adding one electron to the neutral radicals leads to significant
changes in the geometries. For example, the six-member ring in anion aOl seriously deviates
from planarity compared to rO1, and the bond distances between the heavy atoms in aO1 differ
significantly from those of rO1. These considerable structural changes between the radicals and
their related anions confirm that all anions are of distinctly covalent character. It is intriguing to
compare the geometry alterations between aO2 and rO2. The bond distances change from rO2

to a02 in the following way: C,-N3 1.403 — 1.355 A, N3-C4 1.322 — 1.371 A, C4-Ns 1.428 —
1.372 A, and C,-O7 1.228 — 1.255 A. It is seen that shorter bond lengths in the radical become

longer in the anions, while some longer distances become shorter. This reflects the character of
increasing delocalization for the anions, and may be the reason why rO2 is the global minimum
among all the anions (Table 2.3).

It is shown in Table 2.3 that the energetic order of the anions differs significantly from
that of the analogous radicals. Anion aO2 is the most favored energetically, followed by aO4.
Unlike the radical systems, aA4 and aB4 (the anions with H-addition at the C4 site) are more
stable than aA2 and aB2 (H-addition at the C5 site). Quite different from the radicals rAl and
rB1, the negative ions aAl and aB1 have the highest energies among the anions, lying 54 and 52

kcal/mol, respectively, above the global minimum aO2.

2.43 ELECTRON AFFINITIES

Three kinds of neutral-anion energy separations, the adiabatic electron affinities (AEA),
the vertical electron affinities (VEA), and the vertical detachment energies (VDE) for the related
anions, are reported in Tables 4 - 6. The results predicted by the B3LYP, BLYP, and BP86

methods are close to each other, with a few exceptions, but the BHLYP results are rather
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34-35 . .o
so our discussion is

different. The B3LYP method is often considered to be the most reliable,
based on the results from B3LYP. The adiabatic electron affinities with and without zero-point
vibrational energy (ZVPE) corrections are reported in Table 2.4. Note that the ZPVE corrections
are quite small. The relative energies of anions (C+H)™ and radicals (C+H)*® also showed in
Figure 2.9, the energy gap between radical and anion characterizing the magnitude of the AEA.
Compared to the AEA values for the earlier studied cytosine H-abstraction radicals®, the
electron affinities for the H-addition radicals are rather smaller. The rO4 radical studied here has
the largest AEA (2.59 eV), while rAl and rB1 have negative AEA values -0.20 eV and -0.16
eV, respectively. The values of AEA for rA3 and rB3, the two conformers of the (C5+H)*
radical, are very close to each other, within 0.01 eV. The analogous situation occurs for rA2/rB2
and rA4/rB4. The most stable radical rO1 has a very small positive AEA of 0.13 eV.
The VEA values for rO1, rO3, rAl and rB1 are negative. These radicals at their equilibrium
geometries will not bind an electron. The vertical detachment energies (VDE) for the anions are
necessarily higher than the AEAs for the relative radicals, and they are predicted to be positive
except for aB1 at BHLYP (with —0.06 eV). The highest B3LYP VDE is 2.94 eV for aO4, and
the lowest is 0.75 eV for aO1 (Table 2.6). The VEA and VDE values are quite different (Tables

5 and 6), because the significant changes in the structures between the cytosine radicals and their

corresponding anions.
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2.5 CONCLUSION

In the present work, eighteen radical isomers (C+H)® are generated from H atom
attachment to cytosine (six from amino-oxo and twelve from the two amino-hydroxy
conformers). The theoretical electron affinities are predicted by four carefully calibrated density
functionals,3 >B3LYP, BHLYP, B3LYP, and BP86 in conjunction with DZP++ basis sets.

The attachment of H at the N3 site of amino-oxo cytosine produces the lowest energy
radical rOl1. For amino-hydroxy cytosine, H-addition yields two possible conformers. For
instance, structures rA3 and rB3 are OH rotamers, with H attached at the CS5 site; similarly rA2
and rB2 involve H addition at the C6 site, and radicals rA4 and rB4 have H added at the C4 site.
CS5 is the favored site for hydrogen atom addition compared to C6, either for amino-oxo cytosine
or amino-hydroxy cytosine.

The energetic order for the anions differs very significantly from that of the analogous
radicals. Anion aO2 has the lowest energy. Using the B3LYP method, adiabatic electron
affinities are predicted for the eighteen radicals in the range —0.20 eV to 2.59 eV. The ZPVE
corrections are generally small (Table 2.4). Radical rO4 has the largest AEA (2.59 eV), while
rAl and rB1 do not bind an electron (-0.16 eV and -0.20 eV, respectively). The AEA values for
the earlier studied H-abstraction radicals (C-H)® from amino-oxo cytosine ranged from 2.22 eV
to 3.00 eV,” generally larger than those for the H-addition radicals (C+H)® examined in this
work. The theoretical VEA and VDE values are quite different from the adiabatic electron
affinities (See Figure 2.10), due to the considerable geometrical changes between the radicals

(C+H)* and the corresponding anions (C+H) .
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Table 2.1: Hydrogenated cytosine radicals (C+H)® derived from three cytosine tautomers.
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Hydrogenated Cytosine Radicals (C+H)® (e shows the formal radical center)
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Table 2.2: Total and relative energies of the radicals derived from cytosine (ZPVE corrected
relative energies in parentheses) at the B3LYP/DZP++ level of theory.

’ 16
Rel. Energy Turecek’s Rel. Energy (kcal/mol)

Structure (kcal/mol) Total Energy (£5) AH, AH? AH,
rol 0.0 (0.0) -395.57852 0.0 0.0 0.0
ros 6.3(6.2) -395.56846 7.4 8.6 7.4
roz2 8.4 (8.0) -395.56521 8.8 10.5 10.3
rA3 9.7(9.3) -395.56303 11.7 12.4
rB3 10.6 (10.1) -395.56162 11.0 13.4
rBl 11.4 (11.0) -395.56029 12.9 12.2
rAl 12.6 (12.7) -395.55850 14.6 14.3
rA2 14.6 (14.3) -395.55521 15.8 17.0
rB2 15.7 (15.3) -395.55350 16.7 17.9
rB4 26.0 (26.2) -395.53709
rA6 26.0 (25.5) -395.53707
rB6 26.1 (25.5) -395.53694
rB5 26.4 (25.8) -395.53646
rA5 26.4 (25.8) -395.53642
rA4 26.5 (26.5) -395.53634
ro4 30.1 (29.8) -395.53060 33.9 37.0
ros 43.0 (41.7) -395.51002 423 48.5
ro6 44.0 (44.2) -395.50838
a. B3LYP/6-31+G(d,p) results with ZPVE corrections.

b. B3-MP2/6-311++G(3df,2p) results from spin-projected MP2 energies, with ZPVE corrections.

c. Estimated CCSD(T)/6-311++G(3df,2p) results, from the formula:
E[CCSD(T)/6-311++G(3df,2p)]RE[CCSD(T)/6-31G(d,p) |+ E[PMP2/6-111++G(3df,2p)]-
E[PMP2/6-31G(d,p)]. with ZPVE corrections.|
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Table 2.3: Total and relative energies of the anions derived from cytosine (ZPVE corrected
relative energies in parentheses) at the B3LYP/DZP++ level of theory.

Structure Rel. Energy (kcal/mol)  Total Energy (E}))

a02 0.0 (0.00) -395.63759
a04 7.5 (7.6) -395.62566
aB4 11.9 (12.1) -395.61865
aA4 11.9 (12.1) -395.61862
aA2 14.1 (13.7) -395.61517
aB2 14.3 (14.1) -395.61475
aA5 15.1 (14.7) -395.61355
aB5 15.3 (14.8) -395.61323
aAb 15.3 (14.9) -395.61316
aB6 15.9 (15.4) -395.61231
a05 26.0 (25.3) -395.59608
a06 26.2 (25.4) -395.59588
a03 29.1 (28.4) -395.59120
a0l 34.1 (33.5) -395.58319
aA3 36.5 (34.8) -395.57938
aB3 37.3 (35.4) -395.57821
aB1 52.2 (50.7) -395.55441
aAl 54.2 (52.5) -395.55116
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Table 2.4. Adiabatic electron affinities (in eV) of the radicals (C+H)® derived from cytosine

(ZPVE corrected EAs in parentheses).

Structure B3LYP BHLYP BLYP BP86
rol 0.13(0.16) -0.23 (-0.21)  0.15(0.20)  0.27 (0.31)
ro2 1.97 (1.96)  1.77(1.75)  1.83(1.83)  2.01(2.01)
ro3 0.62(0.65)  0.07 (0.10)  0.47(0.53)  0.62 (0.68)
ro4 259 (2.58)  237(237) 242(244)  2.61 (2.62)
ros 234(2.33)  1.83(1.86) 2.67(2.69) 2.36(2.34)
ro6 238 (2.43) 1.84(1.88) 229(2.35) 2.46(2.51)
rAl 0.20 (-0.11) -0.63 (-0.56) -0.15(-0.04) 0.01 (0.11)
rB1 -0.16 (-0.11) -0.88 (-0.84) -0.41(-0.35) -0.29 (-0.23)
rA2 1.63 (1.64)  1.44(1.44) 1.49(1.51) 1.66(1.68)
rB2 1.67 (1.67)  1.49(1.48) 1.52(1.53)  1.69 (1.70)
rA3 0.44(0.51)  0.00 (0.06)  0.47 (0.55)  0.63 (0.71)
rB3 0.45(0.52)  0.00 (0.06)  0.48 (0.56)  0.64 (0.72)
rA4 224(224) 1.99(1.98) 2.12(2.13) 2.31(2.31)
rB4 222(2.23)  1.96(1.96) 2.11(2.12) 2.30(2.31)
rA5 2.10(2.10)  1.77(1.77)  1.99(2.00)  2.16 (2.17)
rB5 2.09(2.09) 1.79(1.78) 2.01(2.02)  2.19(2.20)
rA6 2.07(2.08) 1.77(1.77)  1.99 (2.00) 2.16 (2.17)
rB6 2.05(2.06) 1.76(1.76)  1.97(1.99)  2.15 (2.16)
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Table 2.5: Vertical electron affinities (in V) of the radicals (C+H)® derived from cytosine (C).

Structure B3LYP BHLYP BLYP BP86
rol -0.33 -0.72 -0.30 -0.17
ro2 1.63 1.39 1.53 1.70
ros -0.02 -0.49 0.10 0.24
ro4 2.10 1.74 2.09 2.24
ros 1.52 1.34 1.52 1.64
roé 1.78 1.34 1.85 1.99
rAl -0.55 -1.06 -0.42 -0.30
rBl -0.91 -1.52 -0.73 -0.66
rA2 1.36 1.12 1.25 1.42
rB2 1.41 1.18 1.29 1.45
rA3 0.01 -0.50 0.11 0.26
rB3 0.01 -0.52 0.10 0.27
rAd 2.04 1.77 1.95 2.13
rB4 2.00 1.70 1.92 2.10
rA5 1.81 1.53 1.72 1.89
rBs 1.80 1.50 1.72 1.88
rA6 1.81 1.53 1.72 1.89
rB6 1.80 1.51 1.72 1.88
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Table 2.6: Vertical detachment energies (in eV) of the anions (C+H) derived from cytosine (C).

Structure ~ B3LYP  BHLYP BLYP BPS6
a0l 0.75 0.47 0.71 0.84
a02 2.30 2.14 2.12 2.31
a03 1.37 0.70 0.86 1.03
a04 2.94 2.77 2.71 2.91
a05 2.82 2.59 2.57 2.71
a06 2.86 2.37 2.54 2.72
aAl 0.81 0.48 0.67 0.98
aB1 1.06 -0.06 0.25 0.41
aA2 1.90 1.73 1.75 1.93
aB2 1.93 1.76 1.78 1.96
aA3 0.88 0.50 0.84 1.03
aB3 0.90 0.52 0.86 1.04
aAd 2.43 2.20 2.27 2.47
aB4 2.43 2.20 2.28 2.48
aA5 2.39 2.11 2.27 2.47
aB5 2.38 2.10 2.28 2.48
aA6 2.38 2.05 227 2.47
aB6 2.36 2.05 2.26 2.45
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Figure 2.1: The amino-oxo and amino-hydroxy tautomers of cytosine
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Figure 2.2: Bond lengths (in angstroms) and selected dihedral angles (in degrees) of the radicals

(C+H)* from amino-oxo cytosine (B3LYP/DZP++). A dot (®) shows the formal radical

center position in each qualitative valence structure.
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Figure 2.3: Bond lengths (in angstroms) and selected dihedral angles (in degrees) of the
radicals (C+H)® from amino-hydroxy cytosine (B3LYP/DZP++). A dot (®) shows the

formal radical center position in each qualitative valence structure.
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Figure 2.4: Bond lengths (in angstroms) and selected dihedral angles (in degrees) of the
anions (C+H) from amino-oxo cytosine at the B3LYP/DZP++ level of
theory. A minus sign (©) shows the formal negative charge position in each qualitative

valence structure.
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Figure 2.5: Bond lengths (in angstroms) and selected dihedral angles (in degrees) of the

anions (C+H) from amino-hydroxy cytosine at the B3LYP/DZP++ level of

theory. A minus sign (©) shows the formal negative charge position in each

qualitative valence structure.
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Figure 2.6: (a). aO5 N1-C2 bond breaking minimum at the BLYP/DZP++ level of

theory. A minus sign (©) shows the formal negative charge position.

(b). Optimized geometry of both aA6 and aB6 at BHLYP/DZP++ level of

theory. A minus sign (©) shows the formal negative charge position.
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Figure 2.7: Atomic spin densities for the radicals (C+H)* derived from amino-oxo

cytosine.
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Figure 2.8: Atomic spin densities for the radicals (C+H)* derived from amino-hydroxy

cytosine.
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Figure 2.9: Relative Energies of (C+H)® Radicals and (C+H) Anions Derived from Cytosine
(©).
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Figure 2.10: Electron Attracting Properties for (C+H)® Radicals and (C+H)~ Anions Derived
from Cytosine (C).
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CHAPTER 3

SUCCESSIVE ATTACHMENT OF ELECTRONS TO PROTONATED GUANINE: (G+H)*

RADICALS AND (G+H)” ANIONS?

?Zhang, J. D.; Xie, Y.; Schaefer, H. F., IIL. Journal of Physical Chemistry A, 2006, 110(43),
12010-12016. Reprinted here with permission of the American Chemical Society.
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3.1 ABSTRACT

The structures, energetics, and vibrational frequencies of nine hydrogenated 9H- keto-
guanine radicals (G+H)* and closed-shell anions (G+H)~ are predicted using the carefully
calibrated (Chem. Rev. 2002, 102, 231) B3LYP density functional method in conjunction with a
DZP++ basis set. These radical and anionic species come from consecutive electron attachment
to the corresponding protonated (G+H)" cations in low pH environments. The (G+H) cations are
studied using the same level of theory. The proton affinity (PA) of guanine computed in this
research (228.1 kcal/mol) is within 0.7 kcal/mol of the latest experiment value. The radicals
range over 41 kcal/mol in relative energy, with radical rl, in which H is attached at the C8 site of
guanine, having the lowest energy. The lowest energy anion is a2, derived by hydride ion
attachment at the C2 site of guanine. No stable N2-site hydride should exist in the gas phase.
Structure a9 was predicted to be dissociative in this research. The theoretical adiabatic electron
affinities (AEA), vertical electron affinities (VEA), and vertical detachment energies (VDE)

were computed, with AEAs ranging from 0.07 eV to 3.12 eV for the nine radicals.

3.2 INTRODUCTION

The initial step in DNA radiation damage is known to involve the interaction between
ionizing sources (photons, electrons, and chemical radicals) and the poly-nucleotide. The
intermediates resulting from electron trapping on nucleic acid bases,' identified as charged
radicals, will cause further DNA lesions such as strand breaks,2 base pair mutations3, and
interstrand cross-links*. These lesions, if not repaired, may lead to lethal living cell damage.
Thus, a reliable and comprehensive understanding of these transient radicals may shed light on

the damage recognition processes and repair mechanisms. The base-centered radicals play a key
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role in the modified nucleobase formation processes when normal pyrimidine and purine base
molecular structures alternate.” In recent investigations, guanine has been a focus, due to its
having the highest propensity of reduction among the four bases.® Single guanine or guanine
sequences have been detected as hole (radical cation) trapping sites in DNA strand charge
transport experiments.” The 8-oxo-guanine molecule, which is the usual guanine oxidation
product, has been the subject of great interest due to its mispairing ability with adenine (A) and
cytosine (C).* Recent research has also shown that the electron capturing probability scales with
the number of guanines in a single strand DNA oligomer.” Theoretical studies of gas phase
anionic guanine have demonstrated that guanine tautomers have near zero electron affinities,
whether the end product is the dipole bound or valence bound anion. '’

In acid environments, the interaction between protons and guanine may be attributed to
the simple acid-base chemical equilibrium, both in the gas phase and condensed phases. Guanine
has been recognized as the most readily protonated base, due to having the highest proton
affinity (PA) among the four DNA nucleobases.'' The site specific PAs and pK, values of
guanine have been studied extensively.'”'* Gas phase data for the proton affinity of guanine has
been obtained from Greco and co-workers’'! FAB-MS (Fast Atom Bombardment Tandem Mass
Spectrometry) experiments. In 2000, Podolyan, Gorb and Leszczynski"® preformed
comprehensive theoretical studies to determine the gas phase PAs of various nucleobases using
post-Hartree-Fock methods. More recently, the absolute pK, values of guanine in water have
been predicted by Jang, Goddard and co-workers."*

Despite the different methods used, all investigations have indicated that the N7 site
protonated guanine (see Scheme 1) is the dominating form among the possible tautomers.

However, previous investigations have not considered the possibility that protonated guanine
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tautomers may be electron trapping sites, in which the radical or anionic guanine-hydrogen
complex may be formed after consecutive attachment of electrons to protonated guanine. The
resulting guanine derivative species, classified as hydrogenated guanine radicals or anions, may
lead to permanent DNA lesions. This is because the added hydrogen atom is covalently bound to
guanine, except for protonated guanine, where the proton may be appended to the induced dipole
of guanine. In the gas phase, the hydrogenated guanine radicals have been examined in
Wetmore, Boyd and Eriksson’s EPR/ENDOR experiments and DFT computations."> The neutral
and anionic states of the dehydrogenated guanine isomers have been studied by Luo and co-
wokers. '

We focus here on the radicals (G+H)® and anions (G+H) formed by electrons attaching
to protonated 9H-keto-guanine (G+H)" cations in the gas phase. The molecular structures and
thermodynamic properties of all species have been predicted by using a carefully calibrated
theoretical approach B3LYP/DZP++. The aim of this research is to complement the previous
work on base centered DNA radicals ((Base-H)® and (Base+H)*)'®!” and contribute to the studies
of induced DNA fragment damage by low energy electron attachment in the gas phase.'® Thus
we do not incorporate solvent effects in our theoretical approach. The structure and numbering
scheme of guanine used in this work are depicted in Scheme 1 (showing the [IUPAC numbering

of the atoms).
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Guanine

Scheme 1
In Scheme 1, as a building block of DNA, the 9H-kefo-guanine molecule (ordinary guanine)
connects the furanose sugar through the glycosidic bond at the N9 position. The guanine enol
tautomers were not considered in this research, since they are less important biochemically
compared to 9H-kefo-guanine. An understanding of molecular structures and energetic features

of these critical molecules will help us to understand more complex DNA fragments.

3.3 THEORETICAL METHODS

A carefully calibrated DFT approach'’ has been used in this research to optimize the
many geometries and to predict vibrational frequencies. The method chosen is B3LYP, a
combination of the exchange treatment from Becke’s three parameter HF/DFT exchange
functional (B3)* with the dynamic correlation functional of Lee, Yang, and Parr (LYP).*' The
GAUSSIAN 94 system of DFT programs was used for the computations.”> All computations
were performed using double-{ quality basis sets with polarization and diffuse functions
(DZP++). The DZP++ basis sets were constructed by augmenting the Huzinaga-Dunning set of
contracted double-{ Gaussian functions with one set of p-type polarization functions for each H
atom and one set of five d-type polarization functions for each C, N, and O atom [a,(H) = 0.75,

04(C) = 0.75, a4(N) = 0.80, a4(0) = 0.85].2** To complete the DZP++ basis, one even tempered
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diffuse s function was added to each H atom while sets of even tempered diffuse s and p
functions were centered on each heavy atom. The even tempered orbital exponents were
determined by the convention of Lee and Schaefer.”

The final DZP++ set contains six functions per H atom (5slp/3slp) and nineteen
functions per C, N, or O atom (10s6p1d/5s3pld), yielding a total of 245 contracted Gaussian
functions for each (G+H)® hydrogenated base radical. This basis set has a significant tactical
advantage, since it has been systematically examined in comprehensive calibrative studies of a
wide range of electron affinities with average errors less than 0.12 eV for the case of a closed-
shell anion and the corresponding open-shell neutral.'

The electron affinities were determined in the following manner. The adiabatic electron
affinity (AEA) is defined as the energy difference between the neutral and corresponding anion
species at their respective optimized geometries

AEA = E(optimized neutral) - E(optimized anion).

The vertical electron affinity (VEA) of the radical is defined as

VEA = E(optimized neutral) - E(anion at optimized neutral geometry).
The anion vertical detachment energy (VDE) is determined via

VDE = E(neutral at optimized anion geometry) - E(optimized anion).

To analyze the unpaired electron distributions, Kohn-Sham molecular orbitals and spin density
plots were constructed from the appropriate B3LYP/DZP++ density. Natural Population Atomic

(NPA) charges were determined using the Natural Bond Order (NBO) analysis of Reed and

Weinhold.?*?
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3.4 RESULTS AND DISCUSSION
The proposed reaction path for consecutive electron attachment to (G+H)", leading to the

formation of hydrogenated guanine neutrals (G+H)® and anions (G+H)~ , is represented

* + e o +¢

+
G—> (G+H)" ——> (G+H) » (G + H) (8 isomers)
(9 isomers) (9 isomers) \'
G: Guanine I; NH;
I: Inosine
in Scheme 2. Scheme 2

We considered nine different protonated guanine isomers (C1-C9; these isomers are
labeled in order of increasing energy) in the present research, involving the different heavy
atoms of guanine as proton acceptors. The neutral (r1-r9) and anionic (al-a9) forms of these
structures may be envisioned as having been formed following electron attachment (neutrals and
anions are labeled in the same manner as the corresponding cations). The relative energies of
cation, radical and anion are shown in Figure 3.2. Eight of the nine isomers display anionic
structure, while anion a9 has been found to be a dissociative complex. In what follows we will
focus the present research on understanding the thermodynamic properties of these neutral and
charged species, as well as those of the complex of 2-dehydrogenated inosine (Scheme 3) anion (

I - H) with ammonia (NHj3).

2-Dehydrogenated Inosine (I-H)

Scheme 3
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Vibrational frequencies were employed to characterize all optimized geometrical structures as

stationary points on the potential energy surfaces.

3.4.1 THE (G+H)" CATIONS AND THE PROTON AFFINITIES OF GUANINE

The formation of protonated guanine (G+H)" cations is directly related to the gas phase
basicity of guanine. Generally, the proton is likely to attach to heavy atoms with lone pair
electrons. The site specific proton affinities of guanine have been studied extensively.''* The
cation cl (Figure 3.1), associated with the appendage of a proton to atom N7 of guanine (Scheme
1), has lowest energy on the potential energy surface, confirmed both theoretically and
experimentally. The corresponding radical and anion isomers are labeled as rl and al,
respectively. The proton affinity of guanine leading to c1 is computed as 228.1 kcal/mol in this
research, in good agreement with the Greco’s'' FAB-MS (Fast Atom Bombardment Tandem
Mass Spectrometry) gas phase experiment, 227.4 + 0.1 kcal/mol. The other eight cations, labeled
as €2 to ¢9, are also displayed in the Figure 3.1. The relative energies and proton affinities of the
nine cations at B3LYP/DZP++ level of theory are presented in Table 3.1. These results include

ZPVE corrections.

3.4.2 THE (G+H)" RADICALS

The (G+H)*® radical structures may be imagined as arising from electrons being appended
to the (G+H)" cations. The energetics associated with such electron capture range from 4.6 eV to
7.8 €V and are identical to the ionization potentials of the (G+H)*® structure. The relative energies
(with ZPVE corrections) of the resulting nine neutral radicals at the B3ALYP/DZP++ level of

theory are presented in Table 3.2. From the geometrical structures of the (G+H)® isomers

52



displayed in Figure 3.1, it may be noticed that all isomers undergo significantly geometric
change when compared to corresponding (G+H)" structures. The present energetic ordering of
(G+H)* may be compared to the results of Wetmore, Boyd and Eriksson at the B3LYP/6-
311G(2df,p)//B3LYP/6-31G(d,p) level of ‘[heory15 (Table 3.2). In Wetmore’s work, their
ordering qualitatively agrees with our findings except for the radical r5, which they predict to be
a ring open structure with higher energy (20 kcal/mol) than that found in our studies.

Structure r2 has the lowest total energy, and this radical arises from hydrogen atom
addition to the C8 site. The N7-C8 bond length increases significantly from 1.312 A in neutral
guanine and 1.446 A in c2 to 1.453 A for r2. The energetic favorability of the r2 radical may due
to the conjugation between the radical center N7 and the neighboring
double bond C4=CS5, as shown in Scheme 4. The spin density distributions are positive for both
the N7 (0.53) and C4 (0.16) sites. A similar conjugation scheme may occur for radical r8, which
is about 9.2 kcal/mol (ZPVE corrected) above the global minimum r2 at the B3ALYP/DZP++
level. The unpaired electron is has significant contributions from N3, C5 and C8, with spin

densities 0.46, 0.38 and 0.26, respectively.

CG CG
8 8
v ) v
Car_ / ce_/ H
~~
N3/ Ng N3/ Ng
Scheme 4

Radical rl lies 10.4 kcal/mol above the global minimum r2. The unpaired electron is
mainly localized on the C8 atom with spin density 0.74. This radical is of potential biological
importance because it may be an intermediate in the formation of 8-oxo-guanine. Radicals r6

and r5 are predicted lie 13.9 and 15.4 kcal/mol, respectively, above the global minimum r2 in
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the gas phase. The two species undergo significant geometrical distortions on formation
compared to the planar guanine molecule. Sevilla® described these structures as “butterfly”
conformations, in which the pyrimidine and imidazole rings remain planar but both are tilted
about the C4-C5 bond. The spin density for radical r6 is predicted to reside primarily on the C5
(0.50) and C8 (0.25) atoms and that for r5 resides in large part on C4 (0.42) and C2 (0.34), due
to the conjugation effects discussed above.

The radical r4 is predicted to lie 20.9 kcal/mol higher than r2. The significant structural
feature of this radical is that the N2 amino group is out-of-plane (following hydrogen atom
addition) compared to closed-shell neutral guanine. There are two radical isomers arising from
hydrogen atom addition to the carbonyl group of guanine. These are r3 associated with the
hydrogen attached to atom O6 and r7 with the additional hydrogen atom on C6. The total energy
of r3 is 16.9 kcal/mol higher than that of the global minimum r2. The resulting hydroxyl group
is significantly out of the ring plane (by about 35 degrees; the O6-C6-C5-C4 dihedral angle is
145.2 degrees) due to the pyramidization of C6. Radical r7 is the isomer with 31.1 kcal/mol
higher than r2. Hydrogen atom addition to C6 results in an oxygen atom centered radical,
comparable to that predicted to have the highest total energy for hydrogenated cytosine'’.
Radical r9 is the isomer with the highest total energy, namely 40.6 kcal/mol higher than r2.
Hydrogen addition to amino group causes C2-N2 bond distance increasing significantly by 0.191

A compared with neutral guanine.

3.4.3 THE (G+H) ANIONS AND THE (I-H) *"NH3; COMPLEX

We are the first to report the anionic structures for the hydrogenated guanine isomers.

The eight open-shell neutral (G+H)*® isomers (rl to r8), may form closed-shell anions (G+H)~
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upon capturing electrons. Radical r9 is predicted to extrude NH; leading to a 2-dehydrogenated
inosine (Scheme 3) anion and an ammonia molecule following electron attachment in the gas
phase. The predicted geometrical structures of all anions are displayed in Figure 3.1 (labeled as
al to a9), and the relative energies (ZPVE corrected) are reported in Table 3.3. Only the
conventional closed-shell singlet state anions are considered in this research. Figures 1 shows
that adding one electron to the neutral radicals leads to significant geometrical changes,
confirming that all anions are of distinctly covalent character.

It is shown in Table 3.2 that the energetic order of the anions differs significantly from
that of the analogous radicals. Anion a8 is the most favored energetically. The anion a9, with Cs
symmetry, is a complex of 2-dehydrogenated inosine anion with ammonia. As the hydrogen
donor, the ammonia forms a very weak hydrogen bond with the inosine N3 atom, which has a —
0.70 negative charge in the NBO analysis. The very long H,**N3 hydrogen bond distance is
3.081 A, and the bond angle N,—H,*"N3 is 152.3°. The distance between H, with inosine C2
atom is 2.165 A, represented as a plausible hydrogen bond pattern N,—H, **C2, since the C2 atom
has a positive charge with 0.11 “electrons” from the NBO analysis. The Scheme 5 shows the
relative energies profile of guanine, protonated guanine €9, hydrogenated guanine r9, the
inosine-ammonia complex a9, and the energy when inosine and ammonia are separated
infinitely. The theoretical results presented here should contribute to the understanding of
guanine deamination reaction mechanisms via consecutive electron attachment to protonated

guanine in the gas phase.
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Scheme 5

The anions a7, a6 and a2 lie a narrow energy range 18-20 kcal/mol above the global minimum.
A large energy difference (20 kcal/mol) between these three anions and remaining four anions,
namely a5, a4, al and a3, is predicted in the gas phase at the B3LYP/DZP++ level theory.
Accordingly, these four anions are predicted to lie 40-53 kcal/mol above the global minimum a8

energetically.

3.44 ELECTRON AFFINITIES OF (G+H)®* AND VERTICAL DETACHMENT ENERGIES

OF (G+H)"

Three kinds of neutral-anion energy separations, namely the adiabatic electron affinities
(AEA with and without ZPVE corrections), the vertical electron affinities (VEA), and the
vertical detachment energies (VDE), are reported in Table 3.4 and 5. Compared to the AEA
values for the earlier studied dehydrogenated guanine radicals (AEA ranges from 2.22 to 2.97 eV
for five isomers )'®, the electron affinities for the hydrogen addition radicals lie in a broader
range (AEAs range from 0.07 to 3.12 eV for nine isomers with ZPVE). The r9 radical studied
here has the largest AEA (3.12 eV), while rl has a nearly zero AEA value 0.07 eV, indicating
that radical rl has a very low propensity to bind an electron. The theoretical VEA and VDE

values are quite different from the adiabatic electron affinities (See Figure 3.3), due to the
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considerable geometrical changes between the radicals (G+H)® and the corresponding anions

(G+H) . Compared to the AEA value, the VEA of 19 is quite small (0.60 eV). This is because the

optimized neutral geometrical structure is significantly different from the optimized anionic

complex structure.

3.5 CONCLUSION

In the present work, 27 hydrogenated guanine isomers in cationic, neutral, and anionic

states have been studied theoretically. The structures, energetics and theoretical electron

affinities are predicted using the carefully calibrated'” B3LYP density functional method in

conjunction with DZP++ basis sets. Our main findings include the following:

1.

2.

The computational results for nine protonated guanine cations are compared with experiment
and with previous theoretical studies. The proton affinity of c1 quantitatively matches the
latest gas phase experimental measurement, within 1 kcal/mol. Protons are found likely to
bind on the nitrogen and oxygen sites of guanine with an energetic range of 39 kcal/mol,
while the guanine carbon sites are less favorable to protonation, since the energies range as
high as 70 kcal/mol (Table 3.1).

Nine neutral hydrogenated guanine radicals have been examined. Radical r2, with the H
atom attached at the guanine CS8 site, is predicted to be the global minimum on the potential
energy surface. Radical r9, with the additional hydrogen atom at N2, has the highest energy,
namely 40.6 kcal/mol above r2 (Table 3.2).

The energetic order for the anions differs from that of the analogous radicals (Table 3.3,
Figure 3.2). The global minimum among all the anion structures is a8, associated with a

hydride ion at the guanine C2 position. Eight of the nine anions are valence bound and
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should be stable species in the gas phase. Structure a9 is a deaminated guanine (C2-
dehydrogenated inosine) anion/neutral ammonia complex, which is only 8.6 kcal/mol higher
than a8. The significant geometry changes from r9 (neutral) to a9 (anion) explain the low
VEA value (0.60 eV) of r9 (Figure 3.3).

4. The geometrical distortions of (G+H)", (G+H)® and anions (G+H)~ with respect to ordinary
guanine includes ring distortion, amino group pyramidalization, and the “butterfly” shape
noted by Sevilla®. Generally, the (G+H)" minima favor the planar geometrical structures.
The (G+H)  anions exhibit the largest geometrical distortions.

5. Among the hydrogenated guanine radicals, the carbon-centered formal radicals have the
lowest AEA values (average 0.62 eV), while the two nitrogen-centered formal radicals have
mid AEA values (average 1.59 eV), and the oxygen-centered formal radical r7 has a 2.24 eV
AEA value. The appearance of diverse AEA values related to different-centered radicals is
one of the most fundamental elements of this research'’.

6. The present study indicates that (G+H)®* and (G+H)~ readily exist as the products of
consecutive electron attaching to (G+H)". The different energetic orderings for the (G+H)",
(G+H)* and (G+H)~ structures (Figure 3.2) implies that there may exists intra-molecular
hydrogen atom transfer among the different isomers during the electron attachment

Processcs.
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Table 3.1: The Relative Energies of Protonated Guanine (G + H)" Structures and Proton

Affinities (PA) in kcal/mol. See Figure 3.1 for the Labeling of the Different Protonated

Structures ¢1-c9.

PA (with ZPVE)
Cations Relative PA (with ZPVE) (B3LYP/ Experiment PA"'
Energy (B3LYP/DZP++) 6-31++G'*
cl 0.0 228.1 230 227.4+0.1
c2 52 2229 224
c3 16.8 2113 212
c4 22.2 205.9
c5 25.2 202.8
c6 39.3 188.8 190
c7 49.9 178.1
c8 52.0 176.1
c9 70.1 158.0
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Table 3.2: The Relative Energies of Radicals Derived from Guanine (G + H)®. See
Figure 3.1 for the Labeling of the Different Radicals r1-r9.

ZPVE Corrected Boyd’s® Relative

: . . ) N
Radicals Relative Energies Relative Energies Energies

(kcal/mol) (kcal/mol) (kcal/mol)

r2 0.0 0.0 0.0

r8 8.4 9.2

ri 9.9 10.4 11.0
ré 13.6 13.9 14.8

r5 15.7 15.4 35.8
r3 16.4 16.9 19.5
r4 20.4 20.9 21.6
r7 30.7 31.1

r9 40.1 40.6

a. B3LYP/6-311G(2df,p)//B3LYP/6-31G(d,p) results with ZPVE corrections using the Bauschlicher and
Partridge®” scaling factor (0.9804).

b. This earlier reported structure is qualitatively different from that predicted in the present research.
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Table 3.3: The Relative Energies of Anions Derived from Guanine (G+H)  at the
B3LYP/DZP++ Level. See Figure 3.1 for the Labeling of the Different Anions al-a9.

ZPVE Corrected ZPVE Corrected

Anions Relative Energy Relative Energy Guanine Hydride

(kcal/mol) (kcal/mol) Affinities

(kcal/mol)
a8 0.0 0.0 S1.8
a9 10.8 8.6 43.2
a7 18.9 17.9 33.9
a6 19.4 19.0 32.8
a2 20.6 19.5 323
a5 40.5 39.1 12.7
ad 46.9 46.0 5.8
al 50.0 48.6 3.2
a3 53.7 52.5 -0.7
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Table 3.4: The Electron Attracting Properties of (G + H)®. See Figure 3.1 for the Labeling of the
Different Radicals r1-r9.

Adiabatic Electron Affinity (eV) Vertical Electron

Radicals IR 7PVE Affinity (eV)
Corrected AEA
r1 -0.01 0.07 -0.47
r3 0.12 0.19 -0.51
ra 0.58 0.64 0.11
r5 0.65 0.70 0.15
r2 0.84 0.88 0.49
ré 1.48 1.51 L1
rs 2.10 2.13 1.90
r7 2.24 2.30 1.65
ro 3.00 3.12 0.60
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Table 3.5: The Electron Ejecting Properties of (G+H) . See Figure 3.1 for the Labeling of the

Different Anions al-a9.

Vertical Electron
Anions Detachment
Energies (eV)
al 1.06
a3 1.20
a2 1.21
a5 1.23
a4 1.25
a6 1.83
as 2.30
ar 2.72
a9 3.18
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Figure 3.1. Geometries of Guanine and the Species (G+H)", (G+H)® and (G+H) ™ at the

B3LYP/DZP++ Level.
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Figure 3.2: Relative Energies of (G+H)", (G+H)*® and (G+H)~ Derived from Guanine (G).
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Figure 3.3: Electron Attracting Properties for (G+H)* and (G+H)™ Derived from Guanine.
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CHAPTER 4

ELECTRON ATTACHMENT TO THE HYDROGENATED WATSON-CRICK GUANINE
CYTOSINE BASE PAIR (GC+H): CONVENTIONAL AND PROTON TRANSFERRED

STRUCTURES®

3 Zhang, J. D.; Schaefer, H. F., III. To be submitted to Journal of Physical Chemistry.
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4.1 ABSTRACT

The anionic species resulting from hydride addition to the Watson-Crick Guanine-
Cytosine (GC) DNA base pair are investigated theoretically. Proton transferred structures of GC
hydride, in which proton H1 of guanine or proton H4 of cytosine migrates to the complementary
base pair side, have been also studied. All optimized geometrical structures are confirmed to be
minima via vibrational frequency analyses. The lowest energy structure places the additional
hydride on the C6 position of Cytosine coupled with proton transfer, resulting in the closed-shell
anion designated 1T (G"C(C6)). Energetically, the major groove side of the GC pair has a greater
propensity toward hydride/hydrogen addition than does the minor grove side. The pairing
(dissociation) energy and electron attracting ability of each anionic structure are predicted and
compared with those of the neutral GC and the hydrogenated GC base pairs. Anion 8T
(G(06)C") is a water-extracting complex and has the largest dissociation energy. Anion 2
(GC(C4)") and the corresponding open-shell radical GC(C4) have the largest vertical electron
detachment energy and adiabatic electron affinity, respectively. From the difference between the
dissociation energy and electron removal ability of the normal GC anion and the most favorable
structure of GC hydride, it is clear that one may dissociate the GC anion and maintain the

integrity of the GC hydride.

4.2 INTRODUCTION
DNA damage caused by ionizing radiation has been of continuing interest in recent
decades. Generated from simple ionization processes, electrons are the most abundant secondary

1-13
1.

species in the living cel Both experimental and theoretical studies have revealed that even

low-energy electrons (LEE) may attach to DNA nucleic acid bases (NABs) and induce either
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sugar-backbone ¢ bond breakage or N1-glycosidic bond rupture (See Scheme 1 for I[UPAC
numbering scheme for the Watson-Crick guanine-cytosine base pair with backbones).'>*!
Furthermore, the radiation products of water, such as hydrogen atoms and hydroxl radicals, can
react with charged NABs to cause base lesions. The stable lesion products, such as 8-oxo-
guanine, resemble adenine instead of cytosine in the formation of mutagenic sequences.”** If
not repaired, a “bad” DNA sequence may be copied and translated to the next generation and
cause potentially pathogenic cells. On the other hand, as a therapy to destroy tumor cells by
damaging the cancerous DNA sequence, ionizing radiation can cause the demise of healthy cells.
An always challenging question is whether one could design a medical radiation device to
selectively break “bad” DNA molecules while keeping “good” species unchanged.
Consequently, an understanding of differences in the molecular structures and electron attracting

abilities of both DNA normal subunits and geometrically altered subunits might be useful in the

future in designing nano-scale medical devices.

Major Groove

o Tz_HZa' """ o)
K/ sz
Minor Groove
Scheme 1. Guanine-Cytosine Base Pair with Backbone
To understand the electron attracting ability of DNA subunits, the adiabatic electron
affinities (AEAs) of these species should be determined. The valence-bound AEAs of individual

NABs such as uracil(U), thymine(T), and cytosine(C) have been extrapolated from the AEAs of

base-waters clusters measured by photodetachment-photoelectron (PD-PE) spectroscopy.”*
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Theoretical investigations have complemented experiments successfully, and experiment-
consistent AEA values of the nucleobases, with the latest ordering U > T > C ~ G (guanine) >
A (adenine), have been confirmed by density functional theory (DFT) approaches.”” While the
experimental determination of AEAs for the biologically related adenine-thymine (AT) and
guanine-cytosine (GC) Watson-Crick base pairs still remains challenging, in 2005, Bowen and
co-workers®® reported the vertical detachment energy (VDE) of various AT and 9-
methyladenine-1-methylthymine base pairs measured from photoelectron spectroscopy, in
agreement with earlier theoretical predictions.*” The canonical Watson-Crick base pairs AT and

27-32

GC have been predicted by theory to have positive AEA values. Recently, some disrupted

33-35 36-38

DNA subunits such as de-hydrogenated bases and base pairs, and hydrogenated

47 and adenine,™>* have been detected experimentally, and the values of

cytosine,””™* guanine,
their AEAs have been also reported theoretically. The molecular structures of hydrogenated GC
pairs have been reported recently,” while the AEA values have not been investigated yet.
Meanwhile, it is well known that proton transfer (PT) plays an important role in stabilizing ionic
DNA subunits upon radiation. Several theoretical studies have revealed that base pair anions are
susceptible to PT.>* It is thus important to consider PT structures in the present GC hydride
study.

Here we selected the hydrogenated Watson-Crick GC base pairs as models of damaged
DNA base pair to explore AEAs and dissociation energies and to compare with those of the
parent Watson-Crick GC pair.”' The overall effect of electron attachment to hydrogenated GC is
a hydride adding to each of heavy atoms associated with seven double bonds of GC (1).

GC+ H — (GC+H)™ (fourteen isomers) (1)

(GC+H)”" — (GtH) + Cor (C+H) + G (2)
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We optimized the molecular structure of each isomer and predicted the dissociation
energy associated with each structure (2). Each “site-specific” AEA has been obtained by
evaluating the energy difference between the hydrogenated GC and the corresponding GC
hydride, where a hydrogen atom has been attached to a different site of GC. Furthermore, we
investigated significant PT reaction (3) of each hydride GC isomer and compared with the PT
process (4) for the GC anion.

(GC+H)™ — (G+2H)(C-H)  or (G-H)(C+2H) 3)

GC — (G-H)(C+H) 4)

The  geometrical structures of  Watson-Crick GC~ and proton transferred
(G-H)(C+H) are shown in Figure 4.1. Transition states for the reactions (3) and (4) have been
located. Two possible PT pathways are found. In one pathway the cytosine proton H4a transfers
to guanine O6 (See Scheme 1 for numbering of atoms), where the anionic center resides on the
guanine moiety. In the other pathway the guanine H1 transfers to the N3 site of cytosine, where
the anionic center is located on the cytosine moiety. Knowledge of the electronic characteristics
of DNA subunits may be useful in building more biologically relevant models in order to

develop future techniques for separating and repairing damaged DNA sequences.

4.3 METHODS

Complete geometrical optimizations and vibrational frequency analyses were carried out
using DFT methods, specifically the B3LYP functional with DZP++ basis sets.” This
combination has been demonstrated to provide reasonable theoretical results for DNA
subunits.>'?***">* The B3LYP method is a hybrid of the HF and DFT methods, incorporating

Becke’s three-parameter exchange functional (B3)® with the Lee, Yang, and Parr (LYP)
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correlation functional.’’ The DZP++ basis sets were constructed by augmenting the 1970
Huzinaga-Dunning contracted double-{ basis with one set of five d-type polarization functions
for each C, N and O atom, and a set of p functions on each H atom. In addition, even tempered s
and p type diffuse functions were added to each C, N and O, and a diffuse s function on each H.
The final DZP++ set contains nineteen functions per C, N and O atom (10s6p1d/5s3p1d) and six
functions per H (5s1p/3s1p).*** Vibrationally zero-point corrected relative energies and natural
charges for the base pair were also determined using the same approach. Numerical integrations
were performed using a fine grid of 75 radial and 302 angular points per shell.”” Natural
Population Atomic (NPA) charges were determined using the same level of theory with the
Natural Bond Order (NBO) analysis of Reed and Weinhold.®*® The GAUSSIAN 94 and 03
systems of DFT programs were used for the computations.”

Critical energetic properties were determined as follows:
Adiabatic electron affinity (AEA)

AEA = E(optimized neutral) - E(optimized anion).
Anion vertical detachment energy (VDE)

VDE = E(neutral at optimized anion geometry) - E(optimized anion).

Dissociation energy (DE)
DE = E[(G+H)-C] — E(G+H) — E(C) or,

DE = E[G-(C+H)] — E(G) — E(C+H)"
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4.4 RESULTS AND DISCUSSION

Hydrogenated and corresponding GC hydride structures have been selected herein as
models to explore site-specific effects on damaged GC base pairs upon electron attachment. The
formalism used to denote each hydrogenated/hydride GC structure is as follows: Addition of a
hydrogen atom to one of the seven double bonds of the GC base pair, leading to open-shell
radical structures, is denoted as (GC+H)®. There are a total of fourteen open-shell structures thus
generated. The analogous closed-shell anions were formed by incoming electron attachment to
each of the fourteen radicals, the anions thus are denoted as (GC+H)™. More anionic structures,
denoted as (GC+H) pr should be considered because of proton transfer (PT) processes triggered
by electron attachment. The overall effect may be regarded as hydride addition to the GC base

pair, as described by Scheme 2.

(GC+H)* <% GC
*““e +H™

(GC+H)™<— (GC+H)p;

Scheme 2. Reactions Associated with Hydrogen/Electron
Attachment to the Guanine-Cytosine Base Pair

The resulting anionic structures are specified using G for the parent guanine and C for the
parent cytosine, followed by the atom in which the hydrogen atom is appended in parentheses.
Thus G(N3)™C designates the anion generated by hydride addition to atom N3 of guanine, with
the extra electron located on the G moiety; and the corresponding PT structure of this anion is
denoted as G(N3)C", explicitly indicating that the negative charge has migrated to the C moiety
in the course of the PT process. Structures 1 to 14 illustrate each of the hydride GC base pairs,

while the designations 1T to 13T label the corresponding PT structures.
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4.4.1 ENERGIES AND GEOMETRIES OF GC HYDRIDE SPECIES

In Table 4.1, relative energies of (GC+H)™ and (GC+H)7pr are presented. The total
energies are shown in the Supporting Information Table A. All structures are local minima on the
potential energy surfaces as demonstrated via vibrational frequency computations (Figure 5.2-4).
The formal anionic center has been marked in each structure. All optimized structures of
(GC+H)™ and (GC+H) pr deviate from the planar symmetry of the neutral GC base pair in the
gas phase. Two dihedral angles 1(C6-N1)g-(N3-C4)c and t(C6-C2)g-(C2-C4)c were selected as
indicators of the effects of anion formation on the overall base pair geometries (please see
Supporting Information Table B).

There does not appear to be any systematic energetic preference in the addition of
hydride to guanine rather than to the cytosine moiety. Among all isomers, PT structure 1T with
the hydride attached at cytosine C6 position has the lowest total energy. The non-PT structure 1
is predicted to lie only 3.7 kcal/mol above 1T. Structure 2T, donated as G"C(C4) implies a PT
structure from hydride addition to atom C4 of cytosine and lies 5.3 kcal/mol above the global
minimum 1T. Meanwhile, the non-PT structure 2 [denoted as GC(C4)7] has a total energy 5.4
kcal/mol higher than 2T. In both the structures 2 and 2T, hydride addition leads to a tetrahedral
cytosine C4 structure, which causes significant strain on the base pairing, reflected by large
dihedral angle 1(C6-N1)g-(N3-C4)c (-12.5 and —14.0 degree for 2 and 2T, respectively, Table B
of the Supporting Information). The five structures with lowest free energies (1T, 1, 2T, 2, 3T)
are all formed by hydride addition on the major groove side of the GC double helix (Scheme 1).
In the anionic structure 5 [G(C2)™C, Figure 4.3], formation of a tetra-coordinated C2 atom
reveals a loss of hydrogen bonding ability with cytosine, consistent with earlier predictions for

the G(C2)C radical.”*
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Unlike the radical structure G(O6)C >, the anion 8T(G(06)C) is predicted to have an
unprecedented structure (Figure 4.3), lying 42.3 kcal/mol higher than the global minimum 1T. In
this complex, a water molecule is formed in which a hydride carbonyl group of guanine
contributes OH and the amino group of cytosine provides an H atom. The negative charge in 8T
is mainly located at the dehydrogenated cytosine moiety, as indicated by both the Mulliken
charge (-0.74 electrons) and the NBO charge (-0.86 electrons). However, structural analogues of
8, 12 and 12T (Figure 4.3) have not been located as water-extracted complexes. The C2-O2
distances are 1.451 A and 1.453 A for 12 and 12T, respectively, both significantly longer than
that in radical GC(0O2) (1.371 A)**, but not sufficient for bond breakage.

Structure 10[GC(N3)~, Figure 4.4] lies 53.3 kcal/mol higher than 1T, with a bifurcated
hydrogen bond formed following hydride addition to N3 atom. There is an unusual hydrogen
bond N2-H2--C2 in 12T instead of the N2-H2:--O2 in structure 12. This may be because the
cytosine C2 atom acquires substantial negative charge (-0.42 Mulliken “electrons™), as an
anionic center at 12T. Structure 14 is formed by addition of a hydride to the minor groove N3
atom of guanine. This structure has the highest total energy found for the (GC+H)™ system, lying

78.9 kcal/mol above the global minimum 1T. The PT structure for 14 was not found.

4.4.2 PROTON TRANSFER OF GC HYDRIDE SPECIES

Not all (GC+H) isomers have both PT and non-PT structures, e.g., structures 3T, 4T,
7T, 8T, 10 and 14. However, if both exist, the PT structure has a lower total energy than the
corresponding non-PT structure, except for 6T. This phenomenon implies that PT molecular

structures may be generally more favorable to attachment of an electron.
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GC(C6+H)

G C(02+H)

GC(Cor) | VDE=S578(251eV) —\ GC(02+H)®
/‘ ¢ G(NI-H),C(C6+H, N3+HY

D, = 40‘\ 11s ! D. =243
18 D, =28.9

1 5.5
Unit: keal/mol ( a ) Unit: kcal/mol
1T 127
Scheme 3. Energy profiles for the proton transfer, electron detachment,
and dissociation reactions of (a) structure 1 to 1T and (b) structure 12 to 12T.

G(N1-H),C(O2+H, N3+H)~

To understand the mechanism of the PT process, two transition states (1lys and 12ts)
corresponding to two PT process: 1 — 1T and 12 — 12T, respectively, were optimized. 1ts is
probed because 1 and 1T are the isomers with lowest total energy. In contrast, 12 and 12T have
the largest energy difference (10.6 kcal/mol) among all PT/non-PT pairs. The energy profiles are
shown in Scheme 3. Dissociation energies and vertical electron detachment energies also
included for comparison. The optimized structure of transition states is shown in Figure 4.5.

The 1ts vibrational analysis indicates that the imaginary vibrational frequency (10361 cm’
" is the normal mode corresponding to the guanine N1-H1 stretching; in 1275 the analogous
frequency is 1003i cm™. Two low energetic barriers are predicted, 1.8 kcal/mol for 1—1T and
1.5 kcal/mol for 12—12T. Compared to the higher dissociation energies and VDEs, these small
barriers indicate that fast PT reactions may occur for 1 and 12. The resulting PT products 1T and
12T are quite energetically favorable and, thus may have long enough lifetimes to cause further
DNA damage reactions before dissociation. For comparison, the barrier for the analogous PT
reaction of the base pair radical anion GC™ is 2.3 kcal/mol at the same level of theory,”' and 3.5
kcal/mol with the B3LYP/6-31+G(d) method.® The PT for the DNA nucleoside pair 2’-
Deoxyguanosine(dG)-2’-Deoxycytidine(dC) anion also has been predicted to have a small

barrier, 2.4 kcal/mol.”!
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4.4.3 DISSOCIATION ENERGIES

The dissociation energy discussed here is the energy required to separate the GC hydride
pair into two monomers (guanine hydride + cytosine or cytosine hydride + guanine). For 8T
dissociation leads to three monomers: de-oxygened guanine + deprotonated cytosine + water
molecule, respectively. There are some rules that should be noted from our findings. Firstly, the
more hydrogen bonds formed, the larger the predicted dissociation energy. For example, the
complex structure 8T has the largest D, (49.1 kcal/mol, breaking four hydrogen bonds, Table
4.2), while 5 and 14 have quite low D, values (both have two hydrogen bonds, with D, = 13.5
and 12.0 kcal/mol, respectively, Table 4.2). Secondly, the formation of hydrogen bonds between
two monomers may cause substantial strain for each of them. Hence, after dimer dissociation, the
isolated monomer likely relaxes to the structure with the lowest free energy, thus decreasing the
dissociation energy. For example, as the 6T dissociation product (D. = 10.2 kcal/mol),
compound 15 is an energeticly favored closed-shell structure (Figure 4.6), instead of the formal
monomer of 6T represented as a diradical structure of 3,5-dihydrogenated cytosine. Similarly,
dissociation of 13T (D, = 12.2 kcal/mol) yields a closed-shell structure 16 with a covalent bond
forming between atoms C4 and C6 of the guanine moiety with two H atoms appended (Figure
4.6).

To separate a hydride GC pair, generally more energy is needed when the negative
charge is primarily located on the cytosine part rather than the guanine moiety. The average D,
for cytosine-centered anionic pairs is ~36 kcal/mol, whereas it is ~20 kcal/mol for guanine-
centered pairs. This might be the case because cytosine represents a smaller conjugated system in
which the extra electron is distributed. Hydrogen bonding is strengthened when the “last”

electron is located near the hydrogen bond acceptor with higher electronegativity. On the other
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hand, when the negative charge is located primarily on guanine, hydrogen bond acceptors
receive less electron density due to the larger delocalized system. 1 and 1T could be good
examples here. There are three hydrogen bonds forming in both structures and no strain at each
of four monomers. However, the dissociation energy D, of structure 1 is about 11 kcal/mol
higher than that for 1T. This significant D, difference may arise from the two H-bond acceptors
02 and N3 of cytosine in structure 1 having combined —0.96 Mulliken or —1.61 NBO
populations. The latter electron densities are larger than those of O6 and N1 of guanine in 1T,
with combined —0.88 Mulliken or —1.50 NBO electrons. Qualitatively, the enhanced electrostatic
interaction in hydrogen bonding caused by the excess electron on cytosine also appears to be an
explanation of the lower D, of the neutral hydrogenated GC species. In Table 4.2, one observes
that cytosine-centered anions are predicted to have larger D. values than those of the

corresponding neutral radicals at the same theoretical level.

4.4.4 VDES OF GC HYDRIDE AND AEAS OF HYDROGENATED GC

All anionic structures of GC hydride have positive VDE values, ranging from 0.31 to
4.03 eV (Table 4.2). Generally, the PT anions have larger VDEs than the non-PT anions if both
structures exist. Structure 2 has the largest VDE, indicating that the extra electron is least likely
to be removed. The lowest total energy structure 1T also has significant positive VDE 3.39 eV
(78.2 kcal/mol), which is much larger than the analogous D, (28.9 kcal/mol), suggesting that
anion 1T may dissociate prior to ionization.

The predicted AEA values of hydrogenated GC (Table 4.2) are in the range from
—0.16 to 3.45 eV. It may be interesting to compare the AEAs of (GC+H)* with those of the

hydrogenated G (denoted as (G+H)®) and C (denoted as (C+H)®) monomers.**’ For hydride GC
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anions, if both non-PT and PT structures exist (Table 4.2) , the higher AEA is selected and
shown in Figure 4.7 with the AEAs of the isolated (G+H)® and (C+H)®. From Figure 4.7, the
general trend of AEAs for (GC+H)® is in consistent with those of isolated (G+H)* and (C+H)*
systems. An exception occurs for G(O6), because the paired anion G(O6)C™ has a complex
structure with low free energy (Figure 4.3). Isolated (C+H)® radicals have lower AEAs than the
corresponding paired (GC+H)® radicals. The AEAs of isolated (G+H)® and the corresponding

paired (GC+H)*® radicals display no clear pattern.

4.5 CONCLUSIONS

Hydride addition to the DNA Watson-Crick GC base pair generates 21 possible anionic
structures. Generally, the proton transferred (PT) structures have lower free energies compared to
the non-PT structures. This can be understood in light of theoretical results for GC and dGdC.
Anion 1T has been predicted to be the global minimum. Considering the double helix structure
of the DNA sequence, hydride addition on the major grove side of the GC pair generates
products with lower free energies than those generated on minor groove addition.

The adiabatic electron affinities (AEAs) of the hydrogenated GC radicals and the vertical
detachment energies (VDEs) of the GC hydride anions range from —0.16 to 3.45 ¢V and 0.31 eV
to 4.03 eV, respectively. The wide range predicted in our theoretical studies implies complicated
photodetachment-photoelectron spectra for GC hydride species. Among all species, structure 11
has the lowest VDE and the corresponding lowest AEA for its neutral radical.

The answer to the first question posed in the present paper: “Can one find a substantial
difference between the normal GC base pair and the hydrogenated GC under ionization radiation

aim to separate normal and damaged DNA sequences?” is positive. For example, the
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hydrogenated GC isomer with lowest free energy is structure G(C8)C (from reference 54), which
has a very similar dissociation energy and AEA to the neutral Watson-Crick GC pair (AD. = 0.9
kcal/mol, AAEA = 0.13 eV, Table 4.2). However, with the electron attachment from ionization
radiation, 9T (G(C8)C") differs substantially in energy from either GC™ or (G-H)(C+H). For
example, an energy of 40 kcal/mol is adequate to dissociate both GC™ and (G-H)(C+H) (D.
values are 39.4 kcal/mol and 31.3 kcal/mol, respectively, Table 4.2). However, this amount of
energy is not sufficient to separate the base pair anion G(C8)C™ (the latter D, value is 45.2
kcal/mol, Table 4.2); instead, it is only enough to remove an electron from G(C8)C™ [VDE value

is 1.64 eV (37.8 kcal/mol), Table 4.2]; thus the G(C8)C™ will remain bound.
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Table 4.1: Zero point vibrational energy (ZPVE) un-corrected and corrected relative energies

(kcal/mol) of hydride GC base pair system.

GC base pair hydride (GC+H)~

GC base pair hydride with proton transferred

(GCHH) pr
Anion Relative Relative Anion Relative Relative
Structures Energies Energies Structures Energies Energies
(ZPVE (ZPVE
corrected) corrected)
1 GC(C6)~ 3.7 33 1T GC(C6) 0.0 0.0
2 GC(C4)” 10.7 10.2 2T GC(C4) 53 5.8
Collapses to 3T 3T G(C6)C™ 18.4 18.7
Collapses to 4T 4T GC(C2) 22.0 22.0
5G(C2)C 30.5 29.4 Collapses to 5
6 GC(C5)” 36.6 35.2 6T GC(C5) 37.1 35.7
Collapses to 7T 7T G(CHC 36.7 35.9
Collapses to 8T 8T G(06)C™ 423 40.6
9 G(C8)C 42.7 40.6 9T G(C8)C™ 39.7 38.4
10 GC(N3)~ 533 52.1 — — —
11 G(N7)C 70.3 67.5 11T GIN7)C 69.9 67.7
12 GC(02)” 71.8 69.7 12T GC(02) 61.2 59.4
13 G(C5)C 72.3 69.1 13T G(C5)C 71.4 69.2
14 G(N3)C 78.9 76.9 Collapses to 14
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Table 4.2: Dissociation energies (D.), anion vertical detachment energies (VDE), and adiabatic
electron affinities (AEA) of radicals for GC and hydrogenated/hydride GC species. The values
inside parentheses are D, for the corresponding neutral radicals at the same level of theory (from

ref. 54).

GC base pair hydride GC base pair hydride with proton transferred
Anion D. VDE AEA Anion D. VDE AEA
Structures (kcal/mol)  (eV) (eV) Structures (kcal/mol)  (eV) (eV)
GC 39.4 1.20 0.44 (G-H)(C+H) 31.3 2.03 0.57

1 GC(Co6)~ 40.127.7)  3.07 2.51 1T GC(C6) 28.9 3.39 3.18
2 GC(C4)” 40.7(20.7)  4.03 3.45 2T GC(C4) 248 3.56 3.19

3T G(O6)C  38.9(41.1) 331 285
AT GC(C2)  21.5272) 321 295
5G(C2yC  13.5(14.8) 247  2.04
6 GC(C5)  363(27.9) 1.64 099 | 6T GC(CS) 10.2 224 123
7T G(C4HC  412(243) 285  1.58
8T G(O6)C  49.1(19.7) 3.89  2.39

9G(C8C  21.9(28.1) 090 057 | 9T G(C8)C" 452 1.64  0.70
10 GC(N3)™  24.6(22.1) 146 024

11G(N7YC  23.7(25.9) 031 -0.16 | 11T GIN7)C 46.3 122 -0.14
12GC(02)"  243(83) 136 052 | 12T GC(O2) 33.9 290 0.8
13G(C5)C  122(23.8) 044 0.5 | 13T G(C5)C 12.2 1,52 0.19

14 G(N3)™C 12.0(20.1) 1.21 0.23
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Figure 4.1: Optimized structures of non-proton transferred Guanine-Cytosine base pair anions

(GC") and proton transferred ((G-H)(C+H)) anions. The unit of bond distance is the angstrom
(A).
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Figure 4.2: Optimized structures of GC hydrides from 1 to 4T. A minus sign (-) shows the

formal negative charge position. The unit of bond distance is the angstrom (A).
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Figure 4.3: Optimized structures of GC hydrides from 5 to 9T. A minus sign (—) shows

formal negative charge position. The unit of bond distance is the angstrom (A).
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Figure 4.4: Optimized structures of GC hydrides from 10 to 14T. A minus sign (—) shows

formal negative charge position. The unit of bond distance is the angstrom (A).
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Figure 4.5: Optimized structures of transition states 1ys and 12ts. A minus sign (—) shows the

formal negative charge position. The unit of bond distance is the angstrom (A).
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Figure 4.6: Dissociation reactions of structure 6T and 13T.
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Figure 4.7: (a) Comparison of AEA predictions between the isolated (G+H) and the paired
(GtH)C at the same level of theory. The AEA results for (G+H) are from reference 47. (b)
Comparison of AEA predictions between the isolated (C+H) and the paired G(C+H) at the same
level of theory. The AEA results for (C+H) are from reference 45.
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CHAPTER 5

COMPARISON OF ISOELECTRONIC HETEROMETALLIC AND HOMOMETALLIC
BINUCLEAR CYCLOPENTADIENYLMETAL CARBONYLS: THE IRON-NICKEL

VERSUS THE DICOBALT SYSTEMS'*

* Zhang, J. D.; Chen, Z.; King, R. Bruce; Schaefer, H. F., III. To be submitted, Inorganic Chemistry.
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5.1 ABSTRACT

The heterometallic binuclear cyclopentadienylironnickel carbonyls Cp,FeNi(CO), (n = 3,
2, 1; Cp = n°-CsHs) have been studied by density functional theory (BP86) for comparison with
the isoelectronic homometallic dicobalt derivatives Cp,Co,(CO),. The FeNi tricarbonyl is
shown to be the doubly bridged isomer Cp,Fe(CO)Ni(u-CO), with an Fe—Ni distance of 2.455 A
(BP86), in accord with experiment and in contrast to Cp,Co,(CO)s; where singly and triply
bridged but not doubly bridged isomers are found. The dicarbonyls Cp,FeNi(u-CO), and
Cp2Coy(u-CO), both have analogous doubly bridged structures with M=M distances around 2.35
A, suggesting formal M=M double bonds. The monocarbonyls have analogous singly bridged
axial structures Cp,FeNi(u-CO) and Cp,Co,(u-CO) with metal-metal distances in the range 2.05
A (M; = Coy) to 2.12 A (M, = FeNi) consistent with the formal M=M triple bonds required for
the favored 18-electron configuration. Open-shell states of Cp,FeNi(u-CO) are found to have
even lower energies than the closed-shell structure, which indicates that the ground state of
CpoFeNi(p-CO) might be a high spin structure. However, the global minimum for the
monocarbonyl is found to be a singlet “hot dog” perpendicular Cp,NiFe(CO) structure with a
terminal CO group bonded to the iron atom. Other higher energy perpendicular structures are

also found for Cp,FeNi(CO), (n =3, 2, 1) with terminal CO groups and bridging Cp rings.

5.2 INTRODUCTION

A variety of unsaturated homonuclear cyclopentadienylmetal carbonyls have been
prepared since the original report' of (1°-MesCs),Mo,(CO)s in 1967, including Cp,Va(CO)s,>
CpaMy(CO)s M = Cr,’ Mo4), and Cp,M'»(CO); (M' = Mn,” Re®) with formal M=M triple bonds

and CpoRe,(CO)4,” CpaFes(CO)s,t and CpoM"5(CO), (M" = Co,’ Rh') with formal M=M double
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bonds (Cp = 1n°-CsHs or substitution product thereof). In addition, a variety of heteronuclear
cyclopentadienylmetal carbonyls are known with heteronuclear metal-metal single bonds."
However, no unsaturated heteronuclear cyclopentadienylmetal carbonyls have been prepared
containing formal heteronuclear metal-metal multiple bonds. A possible explanation, which has
yet to be explored, is that these unsaturated transition metal complexes may prefer ground state
structures with open-shell high spin metal atoms rather than closed-shell structures with formal
metal-metal multiple bonds.

This paper describes the use of density functional theory (DFT) to investigate possible
binuclear cyclopentadienylmetal carbonyl derivatives containing either multiple iron-nickel
bonds or open-shell iron-nickel pairs. The iron-nickel system was chosen for this initial study
for the following reasons: (1) The “saturated” derivative Cp,FeNi(CO); has been known since
1960'*"3 as well as its phosphine substitution products of the type (n°-CsHs),FeNi(CO),L (L =
PPh;, PPh,CH,, PPh(CH;3),, P(CHs); and P(OPh);)'*'%; (2) The isoelectronic dicobalt
derivatives are well-characterized experimentally with the isolation and structural
characterization of both Cp,Coy(CO); 16 and szCOz(CO)zg, with formal Co—Co single and
Co=Co double bonds, respectively, as well as theoretically using DFT methods.'” Furthermore,
Cp2Co,(CO), with a formal Co=Co triple bond, is a probable intermediate in the formation of its
dimer, namely Cp4Co4(u3-CO)a, in the pyrolysis of CpsCos(CO)s.'® We focus on the competition
between high-spin structures and multiple metal-metal bonds in the formation of “unsaturated”

Cp,oFeNi(CO) and the isoelectronic Cp,Co,(CO).
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5.3 THEORETICAL METHODS
DFT is a powerful tool in computational transition metal chemistry,'” since it provides
reliable and useful predictions for the structures and electronic properties of naked transition

22-30

. 20, - 21 . . .
metal dimers,” trimers,” and organometallic compounds.” " Extensive experience suggests that

the pure GGA functional BP86 is often more reliable for many organometallic systems than the
popular hybrid functional B3LYP when compared with available experimental results.'’>' In
the present study, complete geometrical optimization and vibrational frequency analyses were
carried out using the DFT functional BP86 with DZP basis sets. The BP86 functional combines
Becke’s 1988 exchange functional (B) with Perdew’s 1986 correlation functional.***> Both
restricted and unrestricted DFT methods were used to explore the singlet and high spin ground
states, respectively. Computational results using the B3LYP functional with a DZP basis set are
presented as Supporting Information for comparison.

In this work, the DZP basis set used for carbon and oxygen adds one set of pure spherical
harmonic d functions with orbital exponents og(C) = 0.75 and o4(O) = 0.85 to the Huzinaga-
Dunning standard contracted DZ sets*®>’ and is designated as (9s5p1d/4s2p1d). For H, a set of p
polarization functions, a,(H) = 0.75, is added to the set to give H(4s1p/2s1p). For Fe and Ni, a
loosely contracted DZP basis set, the Wachters primitive set’® augmented by two sets of p
functions and a set of d functions, contracted following Hood, Pitzer and Schaefer,39 and
designated as (14s11p6d/10s8p3d), was used.

Geometrical optimizations and vibrational frequency analyses were performed at the
same level of theory discussed above. The second derivatives of the system energy with respect
to the nuclear coordinates were evaluated analytically to determine vibrational frequencies. The

corresponding infrared intensities were also evaluated analytically. All of the computations were
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carried out with the Gaussian 94 and Gaussian 03 programs,” in which the Ultrafine grid
consisting of 99 radical shells with 590 angular points per shell is chosen for evaluating integrals
numerically in order to eliminate low magnitude imaginary frequencies caused by numerical
error.*’ Both closed-shell singlet and open-shell triplet electronic states were investigated for
each Cp,FeNi(CO), structure (n = 3, 2, 1). The lowest quintet state was also investigated for the
Cp2FeNi(CO) structures.

In the search for minima, low magnitude imaginary vibrational frequencies are suspicious,
because the numerical integration procedures used in existing DFT methods have significant
limitations. Thus, an imaginary vibrational frequency of magnitude less than 10 cm~! should
imply that there is a minimum with energy identical to or close to that of the stationary point in
question. In most cases we do not follow the eigenvectors corresponding to imaginary vibrational

. . . .. 42
frequencies less than 10i cm™! in search of another minimum.

5.4 RESULTS AND DISCUSSION

In general the molecular structures of singlet and higher spin electronic states of
Cp2FeNi(CO), isomers are found for each formula to have related geometrical frameworks using
the BP86 method. Information on the optimized structures (Figures 1 to 4) is reported in Tables 1
to 3 accordingly. The listed information includes the dihedral angle t(i-c2-n3-c4) indicating the
relative orientation of the two cyclopentadienyl rings. For example, a dihedral angle of 0°
indicates an eclipsed structure and an angle of 36° indicates a staggered structure. Singlet, triplet,

and quintet electronic states are designated by S, T, and Q, respectively.
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5.4.1 STRUCTURES AND ENERGETICS
5.4.1.1 Cp,FeNi(CO);

The beautiful coaxial structure 3-1 with two bridging CO groups and one terminal CO
group bonded to the iron atom is found to be the global minimum for Cp,FeNi(CO); (Figure 5.1
and Table 5.1). The Fe-Ni distance in 3-1 of 2.46 A is consistent with a single bond. No
experimental crystal structure on the known Cp,FeNi(CO); is available for comparison with
these theoretical results. However, this calculated Fe—Ni distance for 3-1 is consistent with the
Fe-Ni distances in the range 2.43 to 2.56 A found® by X-ray crystallography in the NiFe;C,
octahedron of CpNiFe3(CO):(n-PPhy)(ps,n>-HC=CPr"). Thus the FeNi bond in 3-1 may be
considered to be a formal single bond.

The theoretical infrared active v(CO) frequencies for structure 3-1S at 1815 and 1984
cm ' agree well with the experimental* values of 1816 and 1998 c¢m ' and correspond to the
antisymmetrical stretching mode of the two bridging CO groups and the stretching mode of the
terminal CO group, respectively. The symmetrical stretching mode of the two bridging CO
groups is predicted at 1845 cm ™', with an infrared intensity too weak to be observed.

Structures of Cp,FeNi(CO); were also investigated in which the Fe-Ni bond is parallel to
the Cp rings so that each metal atom is bonded to both Cp rings. However, such structures were

found to lie more than 35 kcal/mol above 3-1.

5.4.1.2 CpoFeNi(CO),
Two optimized structures (2-1 and 2-2 in Figure 5.2) are predicted for Cp,FeNi(CO)s.
Structure 2-1 is a coaxial structure, Cp,FeNi(u-CO),, with terminal n°>-Cp rings and two bridging

CO ligands. Structure 2-2 is a perpendicular structure with two bridging Cp rings and two
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terminal CO ligands, namely (pu-Cp),FeNi(CO). This structure resembles a “hot dog” in which
the “buns” are the Cp rings and the OCNiFeCO chain is the “meat.” The Fe-Ni distances are
longer in the triplet structures of Cp,FeNi(CO), than in the singlet isomers. The Fe—CO distances
are generally smaller than the Ni—-CO distances in all structures. This is consistent with the
previous observation of shorter Fe-CO distances in Fe(CO)s, namely 1.807 A (axial) and 1.827 A
(equatorial),” than in Ni(CO)s, namely 1.838 A.*® The energies of the “hot dog” singlet and
triplet structures 2-2 are significantly higher than those of structure 2-1 (27.0 and 38.8 kcal/mol
for singlet and triplet states, respectively). The global minimum for Cp,FeNi(CO), was found to
be the singlet structure 2-1S. The triplet structure 2-1T is predicted to lie 5.5 kcal/mol higher

than 2-1S.

5.4.1.3 CpyFeNi(CO)

Three possible structures for Cp,FeNi(CO) (Figure 5.3) have been found. Structure 1-1 is
a coaxial dimetallocene Cp,FeNi(u-CO) with a bridging CO group. The other two structures 1-2
and 1-3 have the metal-metal bond axis approximately perpendicular to the Cp ring axes (Figure
5.3) forming a “hot dog” shape perpendicular structure (u-Cp),FeNi(CO) with bridging Cp
ligands and a terminal CO group. The triplet and quintet electronic states of each structure have
also been investigated, since the monocarbonyl complex represents a highly unsaturated
molecular structure. Structure 1-2S has C; symmetry with the CO group bonded to iron, while
structure 1-3S has no symmetry with the CO group bonded to nickel. The energetic trend for
each structure is quite different with respect to the singlet, triplet, and quintet electronic states.
Thus for structure 1-1, the quintet state has the lowest total energy. However, the singlet and

triplet states are of the lowest energy for the two perpendicular structures 1-2 and 1-3,
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respectively. The global minimum for all Cp,FeNi(CO) species is the singlet perpendicular
structure 1-2S with the CO group terminally bonded to the iron atom.

The Ni-Fe bond distances in the Cp,FeNi(CO) isomers are predicted to be longer in the
high spin states than in the singlet states except for 1-2. For example, the Fe-Ni distances in 1-1
follow a trend 1-1Q (2.267 A) > 1-1T (2.217 A) > 1-1S (2.123 A). The same trend is found for
isomer 1-3, but not for 1-2 (Table 5.3). The orientation of the two Cp rings is quite different in
the different electronic states for geometry 1-1. In 1-1S, the two rings are nearly staggered (t(ui-
c2-m3-c4) 1s 32.6°). However, in 1-1T and 1-1Q, the two rings prefer only partially staggered
conformations (T(ui-co-u3-c4)1s 16.6° and 11.9°, respectively). A very small imaginary frequency
of 2i for 1-1T arises from numerical integration errors.

In the perpendicular “hot dog” structures 1-2 and 1-3, the Ni-Fe distances are
significantly longer then those in the coaxial structure 1-1 for both the singlet and triplet isomers.
Moreover, the terminal CO group binds more tightly to iron than to nickel as reflected implicitly
by the shorter Fe-CO distance in 1-2 than the Ni-CO distance in 1-3 in both the singlet and triplet
states. A similar trend is noted in comparing the first metal carbonyl dissociation energies of 41
+ 1 keal/mole*”* in Fe(CO)s versus 25 + 2 kcal/mole® in Ni(CO)s.

The 1-2Q quintet state structure is special (Figure 5.4) with a non-linear Ni-Fe-CO unit
(121.8°) in contrast to 1-2S and 1-2T with linear Ni-Fe-CO units. Structure 1-2Q is also
anomalous by having a predicted Ni-Fe distance shorter rather than that in the corresponding

singlet 1-2S.
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5.4.2 DISSOCIATION ENERGIES

The CO dissociation energies for the Cp,FeNi(CO), complexes are listed in Table 5.4
based on the global minima and with the Cp,FeNi(CO),_; product in the same spin state as the
reactant Cp,FeNi(CO),. The positive CO dissociation energies indicate these reactions to be
endothermic. Furthermore, the triplet isomers are found to have lower CO dissociation energies

than the corresponding singlet isomers.

5.4.2.1 CpaFeNi(CO); VERSUS Cp,Co,(CO);3

The asymmetry of the dimetal unit in Cp,FeNi(CO); leads to a different structure than
that found for the isoelectronic Cp,Co,(CO)s in order for both metal atoms to have the favored
18-electron configurations with a formal metal-metal single bond (Figure 5.5). Thus for
Cp2Co,(CO); the experimentally known structure is Cp,Co,(CO),(u-CO) with a single bridging
CO group. However, an alternative structure Cp,Co,(u-CO)s with three bridging CO groups is
predicted to have a similar energy. For the isoelectronic Cp,FeNi(CO); the global minimum is
CpoFe(CO)Ni(u-CO), with two bridging CO groups rather than one or three bridging CO groups.
The third CO group in this Cp,Fe(CO)Ni(u-CO); structure is a terminal CO group bonded to the
iron atom, so that both the iron and nickel atoms have equivalent electronic configurations,
namely the favored 18-electron configuration. Thus the asymmetry of the metal-metal bond in
CpoFeNi(CO); relative to Cp,Cox(CO); leads to a redistribution of the metal carbonyl groups.

The metal-metal bond distances in Cp,MM’(CO); derivatives decrease monotonically as
the number of bridging CO groups increases in the series Cp,Coy(CO)(n-CO) >
Cp2Fe(CO)Ni(n-CO), > CpaCor(p-CO); irrespective of whether the dimetal unit is Co, or FeNi

with BP86 values of 2.506 A, 2.455 A, and 2.352 A, respectively. The available information
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does not provide information as to whether the metal-metal interactions in these binuclear
compounds are direct interactions or occur through the carbonyl bridges. Even for the less
complicated homoleptic analogue Fe,(CO)o, detailed studies™ do not provide clear and definitive

insight into this question.

5.4.2.2 CpyFeNi(CO), VERSUS Cp,Co,(CO);,

The global minima for the isoelectronic dicarbonyls Cp,Co,(u-CO), and Cp,FeNi(u-
CO), are coaxial structures with the same arrangements of their two CO groups, namely as two
bridging groups. The metal-metal distances (2.346 A for Cp,Co,(u-CO), and 2.353 A for
Cp,FeNi(u-CO),) are essentially identical and enough less than the 2.455 A Fe-Ni doubly
bridged single bond distance in Cp,Fe(CO)Ni(u-CO), to be regarded as the M=M double bonds
needed to give both metal atoms the favored 18-electron configurations. The perpendicular “hot
dog” isomers (n-Cp)>M2(CO), (M2 = Co;, or FeNi) have essentially similar structures with metal-

metal distances (BP86) of 2.427 A for (u-Cp),Co,(CO), and 2.468 A for (u-Cp),FeNiy(CO)..

5.4.2.3 CpyFeNi(CO) VERSUS Cp,Co,(CO)

The isoelectronic species Cp,Coy(CO) was reinvestigated for comparison with
CpoFeNi(CO) using the same level of theory. The singlet states of Cp,Co,(CO) were studied in
the previous work using a coarser integration grid (75,302) than the (99,590) integration grid
used in this work; this leads to some significant imaginary frequencies.'” Our new results on
Cp2Co2(CO) including not only recomputed singlet electronic states but also the first
investigations of triplet and quintet electronic states are listed at Table 5.5 and Figure 5.6. The

energetic trend of different electronic states for both the coaxial dimetallocene Cp,Co,(n-CO)
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Co-1 and the perpendicular dimetallocene (u-Cp).Co,(CO) Co-2 is consistent with singlet <
triplet < quintet. The isomer C0-1S is again found to be a global minimum. The metal-metal
distances are longer in the perpendicular structure than those in the coaxial structure of the
homometallic Cp,Co,(CO), as found here for the heterometallic Cp,FeNi(CO).

Plots of the spin densities of all open-shell species of the Cp,FeNi(CO) and Cp,Co,(CO)
isomers are displayed in Table 5.6. In the Cp,FeNi(CO) triplet states, the spin densities are
almost exclusively concentrated on the iron atom, consistent with a 16-electron configuration for
the iron atom and an 18-electron configuration for the nickel atom.. Even in the quintet states,
the spin density is still concentrated largely on iron. However, in the homometallic binuclear
Cp2Co,(CO) structures, the unpaired electron density is evenly distributed on each cobalt atom.
None of the triplet or quintet isomers of Cp,FeNi(CO), (n =3, 2, 1) or Cp,Co,(CO) exhibits any
significant spin contamination as indicated by approximate <S*> values close to the ideal values
of 2 and 6 for the triplets and quintets, respectively.

The isoelectronic pair of monocarbonyls Cp,Co(CO) and Cp,FeNi(CO) have
qualitatively similar structures. The CO group in the coaxial isomers (e.g., 1-1) bridges the
metal-metal bond, which is short enough by BP86 (2.050 A for Cp,Co(u-CO) and 2.123 A for
Cp,oFeNi(u-CO)) to be considered to be the triple bond required to give both metal atoms the
favored 18-electron configurations for the singlet state. Compared to the energetic trend of
singlet < triplet < quintet for the Cp,Co,(u-CO) coaxial isomer (Co-1), a reversed energetic trend
is found for the Cp,FeNi(u-CO) coaxial isomer (1-1), in which a quintet state has relatively the
lowest energy. This indicates that for heterometallic complexes, a high spin state with
unbalanced density distribution between two metals (Table 5.6) might be favored instead of a

multiple metal-metal bond. The isoelectronic set of three perpendicular complexes Cp,Co,(CO),
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Cp2Fe(CO)Ni (1-2 in Figure 5.3) and Cp,FeNi(CO) (1-3 in Figure 5.3) all have essentially the

same structures with metal-metal distances in the narrow range 2.29 —2.33 A.

5.5 CONCLUSION

A coaxial structure Cp,Fe(CO)Ni(u-CO), with two bridging carbonyls and one terminal
carbonyl has been found to be the global minimum for the tricarbonyl Cp,FeNi(CO);. Compared
with Cp,FeNi(CO)s, the isoelectronic Cp,Co,(CO)s; has two coaxial minima with different
structures, namely Cp,Co,(CO),(u-CO) with a single bridging carbonyl and Cp,Co(pu-CO); with
all three carbonyls in bridging positions. The isoelectronic pair of dicarbonyls Cp,FeNi(CO),
and CpyCoy(CO), have essentially the same structures for both coaxial and perpendicular
isomers. The coaxial structure of the monocarbonyl Cp,FeNi(CO) prefers an open-shell high
spin state whereas the isoelectronic Cp,Co,(CO) prefers a closed shell state with a Co=Co triple
bond. However, the global minimum for the monocarbonyl is a singlet perpendicular

Cp,oFeNi(CO) structure with a terminal CO group bonded to the iron atom.
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Table 5.1: Bond distances (in A), dihedral angles tgii-c2-n3-c4) (in degrees), relative energies AE
(in kcal/mol), approximate <S>> values, and v(CO) frequencies (in cm ') for the Cp,FeNi(CO);

isomers at the BP86/DZP level of theory. Infrared intensities in parentheses are in km/mol.

3-1S 3-1T
Symmetry C C
Fe-Ni 2.455 2.459
Fe-CO (bridge) 1.911 1.850
1.911 1.850
Fe-CO (non-bridge) 1.755 1.850
1.877 1.950
Ni-CO 1.877 1.950
T(H1-C2-C3-H4) 32.2 -3.1
AE 0.0 26.3
<S> 0.00 2.04
v(C-0) 1815 (842) 1813 (866)
1845 (10) 1835 (10)
1984 (780) 1965 (809)
Imaginary none none
Frequency
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Table 5.2: Bond distances (in A), relative energies AE (in kcal/mol), approximate <§*> values,

and v(CO) frequencies (in cm ') for the Cp,FeNi(CO), isomers at the BP86/DZP level of theory.

Infrared intensities in parentheses are in km/mol.

2-1S 2-1T 2-2S 2-2T
Symmetry C, C G Cy
Fe-Ni 2.353 2.389 2.475 2.555
Fe-CO 1.831 1.847
(bridge) 1.830 1.848 1.732 1.748
Ni-CO 1.948 1.926
(bridge) 1943 1927 1.805 1.783
AE 0.0 5.5 27.0 38.8
<§*> 0.00 2.05 0.00 2.06
1811 (944) 1803 (911) 1921 (1062) 1928 (1149)
v(CO) 1836 (18) 1838 (9) 1979 (874) 1982 (784)
Imaginary none none none none
Frequencies
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Table 5.3: Bond distances (in A), bond angles 6..cs-0) (in degrees), dihedral angles T(i-c2-m3-c4)
(in degrees), relative energies AE (in kcal/mol), approximate <S> values, and v(CO) frequencies

(in cm ") for the Cp,FeNi(CO) isomers at the BP86/DZP level of theory. Infrared intensities in

parentheses are in km/mol.

1-1S 14T 110 | 128 12T 120 | 1-3s 13T  1-30
Symmetry C1 C1 Cl C'S Cl C1 Cl C1 Cl
Fe-Ni 2.123 2.217 2.267 2.323 2.364 2.310 2.325 2.464 2473
Fe-CO 1.868 1.917 2.104 1.731 1.744 1.850
Ni-CO 1.923 1.858 1.764 1.805 1.800 1.773
Orecso, | 1504 1457 1312 | 1792 1794 1720 | 1796 1792 1756
ticocny | 326 166 119 | 00 361 231 | 00 00  -157
AE 4.6 4.1 2.1 0.0 11.3 26.8 25.1 11.9 15.2
<S§*> 0.00 2.26 6.04 0.00 2.05 6.07 0.00 2.05 6.03
v(CO) 1856 1829 1867 1918 1920 1921 1975 1963 1965
(561)  (590)  (602) | (855)  (891) (1115) | (1014) (1101) (1211)
Imaginary none 2i none none none none none none none
Frequecy
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Table 5.4: Dissociation energies (kcal/mol) for the successive removal of carbonyl groups from

Cp2FeNi(CO)s.
B3LYP BP86
Cp,FeNi(CO); (3-1S) -Cp,FeNi(CO), (2-1S) + CO 348 40.6
Cp,FeNi(CO); (3-1T) — Cp,FeNi(CO), (2-1T) + CO 9.5 19.8
Cp,FeNi(CO), (2-1S) — Cp,FeNi(CO) (1-1S) + CO 49.5 65.3
Cp,FeNi(CO), (2-1T) — Cp,FeNi(CO) (1-1T) + CO 36.2 59.3
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Table 5.5: Bond distances (in A), approximate <S> values, and v(CO) frequencies (in

cm ') for the Cp,Co(CO) isomers at the BP86/DZP level of theory. Infrared intensities in

parentheses are in km/mol.

Co-1S Co-1T Co-1Q Co-2S Co-2T Co-2Q
Symmetry sz C1 C1 CS C1 C1
Co-Co 2.050 2.144 2.242 2.295 2.384 2.355
Co-CO 1.905 1.831 1.921 1.741 1.737 1.776
1.905 1.953 1.868
AE 0.0 7.3 9.6 6.3 20.0 28.3
<§*> 0.00 2.06 6.04 0.00 2.04 6.05
v(CO) 1870 (583) 1840 (593) 1837 (574) 1939 (933) 1936 (1000) 1932 (1241)
Imaginary no no no no no no
Frequecy
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Table 5.6: The spin densities of triplet and quintet states of Cp,Co,(CO) and isoelectronic
species Cp,FeNi(CO) at the BP86/DZP level. Positive and negative values are represented by
purple and green, respectively. Atoms are identified by colors as: O (red), Ni (yellow), Fe
(brown), Co (blue), C (gray) and H (white).

Compound Triplet Quintet

Cp,FeNi(u-CO)
1-1

N

Cp2NiFe(CO) 0

—e

Cp,FeNi(CO)
1-3

P
&

Cp2Coy(n-CO)
Co-1

Cp2Coy(CO)
Co-2
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Figure 5.1: The structure of Cp,FeNi(CO); found in this work.
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Figure 5.2: The two geometrical structures of Cp,FeNi(CO), found in this work.
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Figure 5.3: The three structures of Cp,FeNi(CO) found in this work. The numbers on atoms

relate to the definitions of bond angles 0 and dihedral angle t in Table 5.3.
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Figure 5.4: The anomalous structure of the quintet state 1-2Q with a bent Ni-Fe—CO unit found

in this work.
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Figure 5.5: Alternative structures for Cp,MM'(CO); derivatives.
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Figure 5.6: The two structures of Cp,Co,(CO) with high spin states (triplet and quintet)

investigated in this work.
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CHAPTER 6

CONCLUDING REMARK
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The application of the density functional theory (DFT) has been made to various
chemistry problems in this dissertation. These chemical systems include biochemical DNA base
pairs and transitional metal clusters. The choice of theoretical methods depends on the interests
of chemical system and the size of molecule. Compared to the DFT, the high-level ab initio
electron correlation methods play significant role in determining molecular structure, vibrational
spectrums and potential energy surfaces of very small molecules with less than 10 atoms by
given high accurate results, but they are formidable to compute larger molecular systems because
of their high demanding for computer memory and CPU time. For example, the state-of-the-art
ab initio method CCSDT scales O(N”) computation time consuming, which means when the size
of basis sets N (or size of atoms if keeping same basis sets for each atom) doubles, the CPU
usage of computation will increase up to 2” times! Thus the DFT is the proper choice to carry out
all my theoretical computations involved more than 20 atoms in this dissertation.

In the damaged DNA base and base pair research, I focused on the molecular structures,
dissociation energy of base pairs, electron affinities and electron detachment energies. The
studies aim to investigate the difference between normal and damaged bases/base pairs in the
nascent stage of DNA radiation ionization. A series studies, reported in the Chapter 2 ~ 4,
indicates that hydrogenated DNA bases and base pairs have significant positive electron
affinities, while the normal bases have near zero electron affinities. The normal base pair and
damaged base pairs have similar dissociation energy in the neutral state. However, the incident
electron, once bound to base pair valently, can cause significant decrease of dissociation energy
for damaged base pairs with lowest free energy, but increase dissociation energy for normal base
pair. These fundamental findings may propose a possible way to separate damaged DNA

subunits and shed a light in the future development of DNA repair technology.
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Theoretical computation of molecules composed of transition metals has been a headache
for people to use ab initio methods. With proper selection of functional, reliable results can be
generated from DFT computations efficiently. Both the heterometallic Cp,FeNi(CO), (n = 3, 2,
1; Cp = n’-CsHs) and homometallic Cp,Coy(CO), transition metal complexes are thus
theoretically practical for the DFT method. In Chapter 6, results of theoretical computation from
BP86 functional were elucidated. We discovered that inexistence of heterometallic Cp carbonyls
with metal-metal multiple bonds dues to these compounds have even higher free energy than
unstable high spin compounds.

Through these studies, the importance of DFT method in computational chemistry has
been clearly demonstrated. The applications also show that while DFT provides approximate
answers, further improvements are needed for better answers leading to wider applicability. As
the computing power continuously to increase, computational chemistry will play a more and

more important role in chemistry.
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