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The electronic structural impact on intramolecular proton transfer in the cis- and frans-imino N7 and N9 tautomers of adenine
(A) has been studied quantum mechanically, using density functional theory (B3LYP/TZVP, SAOP/TZ2P, LB94/TZ2P) and
Green function (OVGF/TZVP) models. It is found that proton transfer does not significantly change isotropic properties but
has profound impact on electron distributions of the species through anisotropic properties. The relative energies with respect
to the canonical A tautomer (amino-9H), AE, for imino 7Hcis, imino 7Htrans, imino 9Hcis and imino 9Htrans are calculated
as 16.15, 16.43, 18.46 and 13.80 kcal mol ' (B3LYP/TZVP model) and some minor changes in perimeters of the purine ring
is also observed. The Hirshfeld atomic charges indicate that whether a proton attached to N7, or N, causes a significant local
charge redistribution. However, these charges are insensitive to cis—trans proton transfer. Condensed Fukui function reveals
N0y and Cg, as the most electrophilic reactive site among N- and C-atom sites, respectively. We also found that proton
transfer significantly alters in-plane o orbitals, rather than out of plane m orbitals including the frontier orbital 6a”. Moreover,
orbital based responses to various proton transfers are presented: the orbital 294 (HOMO-1) is a signature orbital
differentiating all the four tautomers. Orbital 274’ is a site (N(7, and N(o)) sensitive orbital, whereas orbital 224’ is only

sensitive to proton orientation on the imino group =N—H.

Keywords: Proton transfer; Adenine tautomers; Momentum distribution; Hirshfeld charge; Condensed Fukui function

1. Introduction

Tautomeric transitions of DNA bases are proton transfer
reactions, which play an important role in biology. Indeed,
Watson and Crick [1] suggested a mechanism for the
spontaneous occurrence of these transitions in a classic
paper on the DNA double helix. For example, adenine (A),
the topic of the present work, can be alkylated by cancer
chemotherapeutics as well as environmental mutagens,
thereby damaging the genome [2]. In this regard, it was
noted [3—-5] that some of the hydrogen atoms on each of
the four bases can change their location to produce a
tautomer due to ionizing radiation, which mismatches the
bases in their canonical form. This in turn lead to breaks in
the backbone and formation of cross-covalent linkage
between bases on the same or opposite strand. The
substitution of one base pair for another is a common type
of mutation. For example, mis-incorporation of A and
cytosine (C) can occur when they are in a rare imino
tautomeric form rather than the favoured amino tautomers
[6]. In particular, imino C will pair with amino A, and
imino A will pair with amino C.

*Corresponding author. Email: fwang @swin.edu.au

Unusual tautomeric forms of bases [7] have been found
in damaged DNA duplex, indicating that the transition to
such alternative forms is indeed feasible [8,9]. A
tautomers can be produced by two means: the proton on
the N, position (the most stable position in amino-A
[10]) shifts to one of the available N positions, such as the
N(7) position in the purine ring. Alternatively, one of the
protons in the amino group, —NH,, of A relocates to other
available N sites in the purine ring, creating the cis—trans
imino forms (<=NH) depending on the proton orientation.
The existence of other A tautomers is further evidenced by
experimental studies [11-14], often in the presence of a
metal [15]. For example, the existence of tautomeric forms
of A in complexes with transition metal ions was revealed
by Rubina et al. [16]. It was also foundthat the A imino
tautomer is more stabilized under the influence of charged
platinum cations [17]. However, this preference was
eliminated for the neutral PtCI,(NH;3) adduct, giving a
similar energy difference between the imino- and amino-
forms of A as found in the case of non-metalized A
tautomers. Pliitzer and Kleinermanns [18] demonstrated
the coexistence of the A amino N9 and amino N7
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tautomers in an IR absorption spectrum of A in gas phase.
As a result, A imino tautomers with proton transfered in
cis—trans and N9/N7 pairs are studied in present work.

Any single procedure for studying tautomeric behaviour
is not necessarily the “best” for all purposes [19].
Tautomers do not exhibit significant differences in terms
of their ground electronic state total energies and
geometries [20,21], but do exhibit significant electron
density redistributions as reflected by anisotropic proper-
ties such as dipole moments [21,22]. To reveal properties
of tautomers appropriately, one therefore needs
approaches, which are sensitive to anisotropic changes.
For example, we recently developed a dual space analysis
(DSA) technique [23] which bridges qualitative interpret-
ation power (e.g. for molecular orbital contours, dipole
moments and Hirshfeld charges, etc.) with a quantitative
prediction potential (e.g. Fourier transformed orbital
momentum distributions (MDs) in momentum space), to
study orbital based tautomeric and conformational
processes of some biomolecules [6,22,24,25]. Here, we
extend that earlier work to report our most recent results
on configurational variation and electronic structural
changes, in response to the proton transfer in cis and trans
imino A tautomers of N7 and N9, using Hirshfeld atomic
charges, dipole moments, condensed Fukui functions and
orbital MDs.

2. Method and computational details

Four A imino cis and trans tautomers, that is, imino 7Hcis,
imino 7Htrans, imino 9Hcis and imino 9Hrrans, all
confined on the molecular plane (imposing Cy symmetry)
[21], were optimized using the same hybrid density
functional theory (DFT) B3LYP/TZVP model as in Ref.
[21]. As our purpose is to generate reliable orbital
ionization energies for the tautomers, theoretical models
such as DFT, -SAOP/TZ2P [26,27], -LB94/TZ2P [28] and
an outer valence Green’s function (OVGF) [29] model are
employed based on single point calculations of the
optimized geometry of the B3LYP/TZVP model. All
calculations are performed using the GAUSSIANO3
package of computational chemistry programs [30],
except for LB94/TZ2P and SAOP/TZ2P which uses the
ADF [31] programs.

For the properties in coordinate space, Hirshfeld atomic
charges [32], molecular dipole moments and condensed
Fukui functions [33], based on the LB94/TZ2P model, are
generated. The Hirshfeld charge is determined by the
integral of the partial electron density associated with
atom A, excluding the corresponding nuclear charge Z,4, as
[32]:

0
pA(r)
QH=A—J -p(r)dr.
A > p%(r)
X
where p(r) is the molecular electron density, p(r) the
isolated atomic electron density (spherically averaged,

ground state) of atom A and pr?((r) the sum over the
electron densities of atoms present at their position in the
molecule (referred as the promolecule density). This
approach is based on the idea of describing the molecule
by dividing it into its constituent atoms and seeing how
these atoms differ from the isolated atoms [34].

The Fukui function, which was introduced in the Fukui
frontier molecular orbital theory [33], is by far the most
important local (site) reactivity (selectivity) index. It was
introduced by Parr and Yang [35] and it serves a central
role in conceptual DFT. The condensed Fukui function,
which is a simplification of reducing a three dimensional
function to an atom based number [36,37], can be directly
used to identify chemical properties [38,34]. It is also a
useful criterion to characterize the site-specific reactivity
of an atom in a molecule and thus to predict its role in the
molecule [37]. Recently, condensed Fukui functions were
calculated based on Hirshfeld charges [34,39,40], leading
to reliable values of the condensed Fukui function [41].

The Fukui functions [35]:

_ (p()
ﬂ0—<aN)V

where N is the number of electrons, p(r) is the electron
density and V(r) is the potential acting on an electron due
to all the other electrons and nuclei. The condensed Fukui
function can be approximated using the atomic population
of the ith atom, so that the condensed Fukui function
describing electrophilic attack (ionization processes) is
given by finite difference as [42]:

fi = aiN) —qi(N — 1) )

where ¢;(N) and ¢;(N — 1) are the atomic populations of
atom i/ in the neutral (N electrons) and ionized (N — 1
electrons) species, respectively.

The orbital wavefunctions obtained from the single
point calculations were then mapped directly into
momentum space, as orbital MDs. Through a Fourier
transform, applying the plane wave impulse approxi-
mation (PWIA) [43], Born—Oppenheimer approximation
and independent particle approximation [44], the overlap
between the target-ion in the (e,2e) ionization processes is
approximated as an one electron Dyson orbital,

oo jdﬂ|¢>,-@>|2.

Here p is now the momentum of the target electron at the
instant of ionization. ¢;(p) is the Dyson orbital, which was
approximated by Kohn—Sham (KS) orbitals [45,46] in the
weak coupling approximation. Dyson orbitals represent
the changes in electronic structure accompanying the
detachment of an electron from a molecule. The mapping
over the coordinate space wavefunction into momentum
space was implemented using HEMS, which is the latest
version of the MOMAP [47] code developed at the
University of British Columbia.
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3. Result and discussion

3.1 Molecular properties

The B3LYP/TZVP model gives the four A imino
tautomers, 7Hcis, 7Htrans, 9Hcis and 9Hrrans, as all
possessing the same point group symmetry (Cs) and
having the same ground electronic state of X'A. The
optimized structures of the four A imino tautomers in the
ground state are shown in figure 1, together with the atom
specific Hirshfeld charges. Table 1 reports some important
geometric parameters of the structures given in figure 1, as
well as some other properties. The relative energy
differences (AE) among the tautomers are slightly
different, depending on the methods employed (B3LYP,
RI-MP2 and BP86), as shown in this table. However, the
order of relative stability among the tautomers predicted
by the models is consistently the same. Proton transfer
causes small changes in the energies and geometric
properties of these tautomers. For example, the total
energy variations of the four A imino tautomers, with
respect to the A canonical form (amino-9H), are less than
20 kcal mol ~ ', suggesting a stability order of 9Htrans > 7
Hcis > 7Htrans > 9Hcis in agreement with Refs. [6,48].
As indicated by the structures of the tautomers in figure 1,
the formation of two possible two hydrogen bonds at
H(ll) oo N(7) and H(12) NN N(lO) in the 9Htrans tautomer
contributes to lower the total energy of this species;
whereas the imino 7H tautomers, 7Hcis and 7Htrans, each
has only one possible hydrogen bond, N(gy—Hs, for
THcis and N10y—H(12) for 7Htrans. However, there is no
possible hydrogen bond in tautomer 9Hcis, therefore it has
the highest possible energy in the group.

No substantial variations have been found in the
geometry parameters of these tautomers, which is in
agreement with our previous studies [6,21,49] and others
[50]. Small changes in isotropic properties are also
reflected in the geometries of the tautomers, in particular
the perimeters of the constituent rings. In table 1, the
perimeters of the hexagon rings expand with respect to
that of canonical A, whereas the perimeters of pentagon
rings apparently shrink, when compared to their
counterpart of A amino 9H. The imino 7H tautomer pair
exhibits a smaller expansion in R$-6$ but a larger
reduction in R$-5$ than the imino 9H pair. An overall
small expansion in the perimeters of the purine rings of the
tautomers is also observed: 0.065, 0.067, 0.091 and
0.069 A, respectively due to the corresponding proton
transfer from the amino to imino forms. We note, however
some apparent variations in associated angles related to
the hexagon ring. The ZN@3)Cu)Csy has changed
approximately 4° for the proton transfer between the 7H
and 9H sites, whereas £ Cs5)C)N(10) varies more than 6°
for the proton transfer between cis—trans of the imino
tautomer 7H and/or 9H. It is interesting to note that 9Hcis,
the highest energy tautomer of this group, experiences the
largest purine ring expansion of 0.091 A and possesses the
largest dipole moment of 4.65 Debye.

The atom specific Hirshfeld charges, QH, are also
shown in figure 1. Hirshfeld charges indicate the atomic
contribution to the molecular charge distribution and
together with atomic dipoles, reveal important aniso-
tropic properties of the molecule [51]. The proton
transfer does not significantly alter Q™ with respect to
conformational changes (i.e. positions of the =N—H
bonds in the cis- and frans-isomers) but apparent local
relaxation is observed in the Ny —H(sy and Noy—Hj4)
bond regions. For example, the Q''s on the N(7, and Ny,
sites of the 7H tautomer pair are —0.07 and —0.21,
respectively, for cis and trans; whereas in the 9H
tautomer pair, these QHs become —0.22 and —0.08,
respectively for cis and trams. Similar trends are also
found in the mobile proton, H;s), depending on whether
the proton bonds with an N atom (0.15) or a C atom
(0.07).

An analysis of the condensed Fukui function for
tautomers undergoing an electrophilic attack is presented
in figure 2, (a) for the N atoms and (b) for the C atoms. The
condensed Fukui function, f~, of the N-atom sites is
divided into two clusters: one consisting of the f s of the
N0y, N3y and Ny, sites, the other consisting of N7, and
N(y. The /s in the first cluster exhibit a linear trend
without any substantial differences among the four
tautomers, as shown in figure 2(a). However, of all the N
sites in this figure, the most electrophilic reactive site is
N0y in the imino fragment, =Noy)—H, in which the
C =Ny double bond may be broken to produce
covalent bonds. The second most electrophilic reactive site
is N3, due to the existence of the double bond in the
C2=N3y—C4, chain. The saturated Ny, site of the imino
tautomers possesses very low f ~, which is similar to the
N7, site in the imino-7H pair in the saturated
C5y~N(H)—Cgy chain and to the N, site in the
imino-9H pair in the saturated C4y—N)(H)—Cg, chain.
In the second cluster, the f~ values are split in opposite
directions reflecting the positions of the mobile proton on
N7 or No). For example, f~ the values on site N7, are
larger in the imino-9H pair than those in the imino-7H pair,
since in theimino-9H pair, an unsaturated double
C(sy=N7, bond is present, whereas the same condensed
Fukui functions on site N, are larger in the imino-7H pair
than those of the imino-9H pair, due to the saturated C—N
bonds on this site.

The carbon sites are different, with all the carbon sites
being associated with a double bond, either C=C or
C=N. Among the carbon atom sites, sites Cg, and C 5, are
the most reactive to electrophilic attacks whereas site Cg,
is the least electrophilic active, as shown in figure 2(b).
This suggests that an electrophilic attack on either Cg, or
C(2) will saturate the site with single bonds, whereas the
Ce) site may be able to form another double bond with
N1, in the hexagon ring, thereby reducing the reactivity. It
is obvious that site Cg, of the imino-9H tautomers is the
most electrophilic reactive site. The high reactivity of this
exposed Cg, site might lead it to be a potential DNA
damage hot-spot, as also noted by Gu er al. [50] and
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Figure 1. Optimized ground state (X 'A) geometries of the four A imino tautomers. Hirshfeld atomic charges are given in parenthesis.

Table 1. Relative Energies (kcal/mol), molecular dipole moments u (Debye) and perimeters (A) of the pentagon, hexagon and purine rings [21] of the

A imino tautomers.

AE (kcal/mol) Ring perimeter (1&)

Tautomer This work" RI-MP2/TZVPPI* BP86/TZ2P1 w (Debye) Rs Rs R,
Amino 9H' 0 0 0 245 6.850 8.162 15.022
Imino 7Hcis 16.15 16.09 14.7 3.56 6.804 8.273 15.077
Imino 7Htrans 16.43 16.55 14.9 321 6.814 8.265 15.079
Imino 9Hcis 18.46 18.53 17.0 4.65 6.811 8.292 15.103
Imino 9Hrrans 13.80 12.07 10.9 3.94 6.810 8.271 15.081
"B3LYP/TZVP model.

*See Ref. [48].

T See Ref. [6].

¥see Ref. [21]. Here R, = Rs + Rq.

I' A canonical form (global minimum structure).
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Figure 2. Distribution of the condensed Fukui functions (f ~) at the nitrogen (a) and carbon (b) sites in the A tautomers.

Breimer [52]. Though there is a small difference in f~
between sites C(4) and Cs), the double C(4y=—Cs, bonds of
the imino tautomers are unlikely to break under
electrophilic attacks due to their positions in three
dimensional space.

3.2 Ionization spectra and orbital momentum
distributions

The ground state (X 'A) configurations of all the tautomers
consist of 15 doubly occupied molecular orbitals (MOs)
in the outer valence space, ...(21a)(224")(23d")(1d")
(24d") (25d") (26d") (2d") (3d")(27d ) (4a")(5a") (284 )(294")
(64"HOMO).

The vertical ionization energies in the outer valence
space of the tautomers have been calculated using a
number of quantum mechanical models including
RHF/TZVP, B3LYP/TZVP, OVGF/TZVP and
SAOP/TZ2P, as reported in figure 3. While the orbital
energies generated using DFT models such as
B3LYP/TZVP do not produce quantitative vertical
ionization energies, the DFT based SAOP/TZ2P model

and the Green’s function model OVGF/TZVP agree well
with a recent experiment [53] (note that the experimental
data is dominated by the A canonical form). The orbital
energies obtained from the RHF/TZVP and B3LYP/TZVP
models, shown in this figure, however, provide references
of the electron correlation and electron relaxation effects.
The clear “kink” between MO7 (274') and MOS8 (34") in
the outer valence ionization spectrum suggests larger
electron correlation and relaxation effects, as well as
increasing many-body effects when the hole moves in
wards. Table 2 lists the outer valence orbital vertical
ionization energies of the four tautomers obtained using
the SAOP/TZ2P and OVGF/TZVP models. The orbital
ionization energies are more congested, in general, in the
imino-9H pair rather than in the imino-7H pair. Never-
theless, the outer valence ionization energies of the
tautomers do not experience any substantial changes with
regard to the proton transfer.

Ionization energy alone is insensitive to proton transfer
processes, and the existence of tautomers under
experimental condition often causes the congested spectra
difficult to analyze [53]. Position space based anisotropic

22 - m  RHF
1 ® B3LYP L]
20 SAOP -
- v OVGF
18 EXP i
3] - -
- 164 - " + b 4
¥ [ ]
8 .1 v v 7 °
= 144 [ ] ¥ [ ]
@ . °
S .. ]Homo . -
w .
5 12 A" Y . e @
8 n ]
o 104 A °
v )
= [ [ ]
8 v oo
64 ®
T T T T T T T T T T T T T T T
0 1 2 3 4 5 6 T 8 9 10 11 12 13 14 15
Orbitals

Figure 3. A comparison of vertical ionization energies (eV) in the outer valence space of the imino 9Htrans A tautomer.
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Table 2. Outer valence orbital energies (eV) of the A tautomers.

7Hcis 7Htrans 9HCcis 9Htrans
MO Sym. SAOP* OVGF1 SAOP* OVGF' SAOP* OVGF1 SAOP* OVGF' ADC(3)/6-31G" Exp’
1 6d" 9.56 7.90 9.59 7.92 9.40 7.32 9.40 7.33 7.93 8.48
2 294/ 10.65 9.87 10.55 9.89 10.43 9.82 10.26 9.12 9.20 9.6
3 284/ 10.84 10.39 10.95 10.54 10.62 9.18 1075 9.90 10.23 9.6
4 54" 11.15 10.05 11.22 9.95 11.22 10.24 11.27 10.30 9.36 10.5
5 4q" 11.52 10.24 11.59 10.44 11.38 9.99 11.41 10.17 10.26 10.5
6 27d 11.53 11.10 11.56 11.16 11.85 12.13 11.92 12.16 11.20 11.39
7 3d" 13.16 12.41 13.20 12.41 13.05 11.57 13.06 11.68 12.09 12.1
8 264 14.49 14.12 14.48 14.11 14.24 14.34 14.55 14.27 13.21
9 24" 14.56 14.47 14.64 14.43 14.51 14.26 145 14.77 13.54
10 254 14.79 15.00 15.10 15.14 14.84 14.86 14.86 14.94
11 24d' 15.47 15.71 15.82 15.54 15.22 15.19 15.59 1531
12 1d" 15.81 15.50 15.91 16.072 15.77 15.79 15.63
13 234/ 16.69 17.11 16.37 16.60 16.61 16.80 16.12 16.40
14 224 17.16 17.67 17.10 17.50 17.26 17.60 17.06 17.47
15 21d 17.83 18.23 17.78 18.25 17.70 17.70

" Results for A canonical form (amino 9H) [53].
* Basis set TZ2P.
9 Basis set TZVP.

properties provide information either for the entire
molecule (e.g. dipole moments) or are atom based (e.g.
Hirshfeld charges and condensed Fukui functions), which
cannot differentiate proton location of cis/trans imino
tautomers. To this regard, DSA [23] is applied here in
order to obtain orbital based chemical bonding infor-
mation from momentum space, applying the theory [43]
underlining electron momentum spectroscopy.

The MOs in the outer valence space, for the A tautomers
with C; symmetry, are obtained from two independent
Hamiltonian matrices of the B3LYP/TZVP model: d' (nine
MOs) and a” (six MOs). The anti-symmetric MOs of a”
symmetry contain the purine plane (xy-plane) as a nodal
plane, so that they form m MOs dominated by the

0.08 -

0.06 +

THets

0.04 <

0.02 +

Orbital Momentum Distribution (a.u.)

0.00 .

2p.-atomic orbitals (AOs) of the C and N atoms. Proton
transfer on the purine plane is, therefore, unlikely to cause
any substantial changes in these MOs, including the
HOMO (6a"). The orbital MDs of the HOMOs (64") of the
four imino tautomers, as reported in figure 4, quantitat-
ively demonstrate that the HOMOs are nearly identical.
The contours of these four HOMOs suggest the
similarities in the tautomers on this MO: each of the
anti-symmetric -like electron density distributions is
formed by four partitions in a similar manner. That is, the
amine group (:NH), H_C(z)_N(3), N(7)(H)_C(8)_H and
the central chain formed by H—N(,—C—C)—Cs).
Such a partition pattern leaves all the Ny)(H) sites on the
nodal “plane”, which divides the N,—C—Cuy—Cs)

—— THcis
- --T7Htrans
--=- 9Hcis
—-—- 9Htrans

9Heis

0 1

THirans

Orbital Momentum (a.u.)

T 1
2 3

HOMO (6a") 9H{rans

Figure 4. The HOMOs (orbital 6a") of the four imino A tautomers.
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Figure 5. The NHOMOs (or HOMO-1, orbital 294") of the four imino A tautomers, which is the most important signature orbital of the A imino

tautomers.

and N7,(H)—Cs,—H fragments. In addition, the proton
attached to N7 in the 7H tautomer pair is “absorbed” in
the fragment of N7,(H)—Cs,. As a result, proton transfer
between the 7H and 9H A tautomers is not significant in
the HOMO. On the other hand, the imine group (=N—H)
in the HOMOs is also separated by a nodal “plane”, which
effectively isolates the imine functional group. As a
consequence, differences in the proton positions in cis-
and ftrans-configurations are also minimized in the
HOMOs. The common nature in bonding of the HOMOs
is reflected in the respective orbital MDs, with a strong
bond nature also being indicated by the bell shaped orbital
MDs [54].

It is the in-plane o dominated orbitals which contribute
significantly to proton transfer [21,22,49]. Thus, to
recognize proton transfer in the tautomers, such as
trans/cis and imino-7H/imino-9H, information from in-
plane orbitals related to the o-bonds ought to be the target
of our analysis. In a quantitative screen of the outer valence
space MOs with ¢’ symmetry, using their orbital MDs, it is
found that the o dominated orbitals are indeed substantially
more sensitive to the proton transfer than their 77 dominated
counterparts. However, not all such o dominated MOs are
subject to the same degree of response. Nevertheless, using
DSA [23], we are able to identify the orbital based response
to different proton transfer processes in these tautomers:
(1) the proton transfer impact on the entire purine plane
(e.g. HOMO-1, orbital 294'); (2) proton transfer within the
purine ring, such as imino-7H/imino-9H (e.g. orbital 274")
and (3) proton transfer within the amine group, such as
translcis, (e.g. orbital 224').

Three in-plane o orbitals 294'(HOMO-1 or NHOMO),
27d" and 224’ of A are therefore highlighted as the orbital

response to such proton transfer processes. Figure 5 gives
the momentum space orbital MDs of the HOMO-1 orbitals
(orbital 294') of the four tautomers, together with their
position space orbital contours. As seen from the
information provided in the figure, unlike the HOMOs
of the species, which exhibit remarkable similarities, the
HOMO-1 orbitals of the same species display minimal
similarities. The orbital (294’) electron density and MDs
suggest that the bonding mechanisms of the tautomers are
distinctly different from each other and from their HOMO
counterparts. These orbital MDs indicate that this MO is
dominated by a hybridized bonding nature, as the shape of
the orbital MDs is more or less a combination of a bell-
shaped m bonding nature and a half-bell-shaped o bond
nature [54]. Some local similarities can also be recognized
from the orbital contours. For example, the electron
overlap between the electron lone pairs of N(3),(H) and N,
in the 7Hcis and 7Htrans A tautomer pair is apparent. The
proton transfer in trans/cis of the 7H pair (left side
contours of figure 5) concentrates in the local region
consisting of the H—N,—C—C, and =N—H
fragments. The possible hydrogen bonds between Hj»,
and N, in the frans-imino tautomer pair of 7Htrans and
9Hfrans are also observed. In addition, the second
hydrogen bond between H;,, and N, in the 9Htrans
tautomer is also seen. This observation in HOMO-1
supports our earlier interpretation as to why this tautomer
structure (9Htrans) yields the lowest total energy amongst
the tautomers under study.

Orbital 274/, given in figure 6, highlights the proton
transfer between imino-7H/imino-9H. As indicated by the
orbital MDs of the imino-7H pair and imino-9H pair, the
most significant changes which differentiate the proton
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Figure 6.  Orbital based response (orbital 274’) of the proton transfer among the A imino tautomers. This orbital reveals the proton transfer between the

purine ring of the N7, and Ny, sites.

positions in this orbital are between Ny and No). For the
imino-9H pair, the cis or trans positions of the proton
exhibit little impact on the orbital MDs—the two
tautomers having almost identical orbital MDs. Significant
similarities are also observed in the orbital density
distributions of the pair (right side of the figure), where
cis/trans proton transfer in the imino-9H pair has limited
and local effects on the orbital, since the imino group is
significantly less populated. Similar to the imino-9H pair,
the imino-7H pair also shows a large degree of similarities

THeis

Orbital Momentum Distribution (a.u.)

in either momentum space or position space. Some small
differences in the lower momentum region of
p < 0.25a.u. are observed which reflect the two “peanut
shell shaped” density contours of H(zy...Cey...Hay
and N(lO) e H(15) in 7Hcis and H(IS) . C(ﬁ) e H(ll) and
N(l()) . H(12) in 7Htrans.

Orbital 224" represents the cis—frans signature in the
tautomers. When both are cis or trans, substantial
similarities between the imino 7H and imino 9H tautomer
pair are revealed in the orbital MDs and orbital contour

— THcis
- - -THtrans
--+- 9Hcis
~ - 9Htrans

2

Orbital Momentum (a.u.)

THirans Orbital 22a' 9Hirans

Figure 7. Orbital based response (orbital 224’) of the proton transfer among the A imino tautomers. This orbital indicates the direction (cis—trans) of
the flag proton in the imino group (=N—H) of N).
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plots, as given in figure 7. This orbital certainly
demonstrates that the cis—trans proton transfer processes
are not small perturbations, but have a profound impact
on the electronic structures. The cis pair, which has more
of a p-electron domination, shows a layer structure in their
contours where the purine ring is organized as a whole. In
the trans tautomer pair, there is a similar pattern in the
contours in which the purine ring contains either “n” or
“u” shapes formed by the hexagon, together with a pair of
“peanut shells” which are contributions from the
pentagon. The proton transfer between the N7, and N,
sites determines “n” (N(7)) or “u” (N)). Moreover in this
tautomer pair, all the hydrogen s orbitals make significant
contributions to orbital 224’ in the trans pair. As a result,
the corresponding orbital MDs contain apparent s
contributions as shown in the region of momentum
<0.75a.u.

4. Conclusions

Intramolecular proton transfer among the 7Hcis, 7Htrans,
9Hcis and 9Hrrans A tautomers has been studied on an
atom base and an orbital base, using density functional
theory (B3LYP/TZVP, SAOP/TZ2P, LB94/TZ2P) and
Green function (OVGF/TZVP) models. Though the
differences are small, the total energies of the four
tautomers suggested the stability order of the tautomers
might be 9Htrans > THcis > 7THtrans > 9Hcis, due to
possible hydrogen bonds. Insignificant geometric changes,
but apparent dipole moment differences, among the
tautomers suggest an alternative anisotropic property
related analysis may be more appropriate to reveal the
proton transfer processes. Hirshfeld atomic charges and
condensed Fukui function (f ) are thus employed as a
consequence. The Hirshfeld atomic charges indicate that
significant local charge redistributions occur in the proton
attaching to either N7 or Nq), reflecting the sensitivity of
Hirshfeld charges to the 7H/9H proton transfer. Similarly,
the condensed Fukui function is also sensitive to the atom
based 7H/9H proton transfer. In addition, the condensed
Fukui function provides information on the order of the
electrophilic reactive sites. Accordingly, the imino
nitrogen site, N, is the most likely to attract electrophilic
attack. For the carbon atoms, this site is C g, in agreement
with existing literature.

Vertical ionization spectra and orbital MDs of the outer
valence space are then calculated. The vertical ionization
energies are generally consistent with the experimentally
available data of canonical A (A amino 9H). Applying
DSA [23], we confirmed previous conclusions on planar
molecules that the 7 bond related orbitals (a") are
insensitive to proton transfer processes [21,22] and it is the
in-plane o bonds which reveal proton transfers. As the
highest occupied MOs of the purine tautomers possess a”
symmetry (assumed planar), these HOMOs remain
insensitive for proton transfers, which supports our
previous conclusion [25,55] that not all chemical reactions

occur in the frontier orbitals. Moreover, orbital based
responses to various proton transfers are presented: orbital
294’ (HOMO-1) is a signature orbital differentiating all
the four tautomers; orbital 274’ is a site (N7, and Ng))
specific orbital, whereas orbital 224’ reveals that the
proton positions on the imine group =N—H is not a local
effect, but significantly alters the orbital density patterns
of the entire molecule.
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