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The acidities of multiple sites in Cu+-adenine and Cu2+-adenine complexes have been investigated
theoretically. To compare, the acidities of adenine (A) and adenine radical cation (A•+) have also been included.
The results clearly indicate that the acidities of C-H and N-H groups in Cu+/2+-adenine are significantly
enhanced relative to the neutral adenine. The acidic order for a given site on adenine and adenine derivatives
is as follows: Cu2+-adenine > A•+ > Cu+-adenine > A. For Cu+-adenine and Cu2+-adenine,
N3-coordination exhibits N9-H acid, and N1- and N7-coordination exhibits N6-Ha and N6-Hb acid,
respectively. Additionally, it is found that C2-H group is surprisingly acidic in the coordination complexes.
Calculations in aqueous solution reveal that our results can be extrapolated to aqueous solution. Analyses of
the electronic properties interpret the highest acidity of Cu2+-adenine among the adenine derivatives studied.
Also, Electrostatic potential calculations of [A(-H+)]- and [A(-H+)]• indicate that the removal of Ha or Hb

from the amino group favors the bidentate coordination, which provides a dative bond from the deprotonated
N and the original coordination ligand to copper ion besides the electrostatic interaction between them and
thereby stabilizes the [A(-H+)]-/[A(-H+)]•. NBO analysis confirms the electrostatic potential result.

Introduction

Metalcations are known to play an important role in both
the stabilization and destabilization of DNA.1–3 They could
coordinate to the phosphate oxygen atoms as well as (very
rarely) to sugar oxygen atoms and to electron donor groups of
the bases and thereby influence the canonical DNA structures.4

Metalation can not only change the probability for the formation
of rare (minor) tautomers of bases5–7 and modify the hydrogen
bonding and the stacking that stabilizes the double helix4a but
also could influence the ability of nucleobases to be deprotonated
or protonated.8–10 Consequently, such modifications of nucleo-
bases could propagate into the formation of mispairs.9,11–14

Among metal cations present in plants, animal and bacteria,
copper is one of the most abundant transition metals.15 In
biochemistry, it takes part in the metabolism of iron and zinc
and is involved in several redox reactions closely associated
with DNA bases.16–19 In aqueous solution, copper is susceptible
to interact with nitrogen atoms of purine bases, and thus alters
its acid-base properties of nucleobase atoms and group involved
in complementary H-bond formation.20,21

Adenine, as an important nucleobase, acid-base properties
of it and its derivatives are essential for understanding many
mechanisms of basic importance in the biological process. It is
well-known that the interaction energy between two bonded
complementary nucleobases is dependent on the intrinsic basicity
and acidity of the acceptor and donor groups.22,23 In addition,
gas-phase acidities of nucleobases combined with the knowledge
of deprotonation sites, could also improve our understanding
of chemical reactions basic to biological systems. Recently,
exploration of copper(II) complexes as chemical nucleobases

has seen an upsurge due to biologically accessible redox
potential and high affinity toward nucleobases.

Considering the above situation it is surprising to find that
there are only a few experimental studies that deal with the
effects exerted by copper bound to a certain site of a nucleobase
on other nearby sites.4b,16,24 Although several theoretical studies
have considered the interaction of guanine, adenine, uracil, and
thiouracil with transition-metal cations (Ni+, Cu+, Cu2+)9,16,24,25

and investigated the acidities of adenine and adenine deriv-
atives,22,23,26–29 to the best of our knowledge, no theoretical
calculations have been carried out on the deprotonation of
Cu+-adenine and Cu2+-adenine. In this paper, we mainly focus
our attention on the influence of Cu+ and Cu2+ coordination
on the acidities of multiple sites in adenine. The geometrical
characters, gas-phase acidities and electronic property of non-
deprotonated and/or deprotonated complexes have been inves-
tigated. For the sake of comparison, the gas-phase acidity of
adenine and adenine radical cation (A•+) have also been
included.

Computational Method

The B3LYP/6-31+G** level of theory has been used
throughout the optimizations, which has been shown to yield
reliable geometries for a wide variety of system in particular
for complexes containing transition metal cations.30,31 All the
possible geometries for the deprotonated Cu+/2+-adenine
conformers are fully optimized without any symmetry con-
straints on the basis of the optimized Cu+/2+-adenine conform-
ers available as displayed in Figure 1. Vibrational frequencies
have been calculated at the same level to ensure the stationary
point.

To further confirm the relative stabilities among the available
conformers, single-point energy calculations have been per-
formed at the B3LYP/6-311++G**// B3LYP/6-31+G** level
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of theory. The energies do not include the basis set superposition
errors (BSSE), because BSSE corrections are usually small when
the basis set expansion is sufficiently flexible,32,33 which have
no significant influence on the final energies.

For the following deprotonation process, HB f H+ + B-,
the enthalpy changes and Gibbs free energy changes can be
calculated as

∆H)E(HB)-E(B-)-E(H+)+∆(PV)

)E(HB)-E(B-)+Evib(HB)-E′vib(B
-)- (5/2)RT

(1)

∆G)∆H- T∆S (∆S) S(HB)- S(B-)- S(H+))

(2)

where E(i), E′vib(i) and S(i) refer to the total energy, zero-point
vibrational energy (ZPVE) also including the thermal vibrational
corrections to the total energy for simplicity, and entropy of
the species i, respectively. The (5/2)RT term includes the
translation energy of the proton and the ∆(PV) term. As a rule,
GPA is defined as the negative value of the Gibbs energy
changes, that is, GPA ) -∆G. Obviously, the larger the value
of GPA is, the weaker the HB acidity is.

Interaction energies between the adenine and Cu+/2+ ion are
calculated as the difference between the energy for the complex
and those for the individual molecules that constitute it,

MIA)H(A)+H(Mn+)-H(Mn+-A)+H′(A)+

H′(Mn+)-H′(Mn+-A)

where H(A), H(Mn+) and H(Mn+-A) refer to the energy of
adenine, Cu+/2+ ion and the total Cu+/2+-adenine complex, and
H′(i) refers to the corresponding zero-point vibrational energy
(ZPVE) and zero point energy.

Also, natural bond orbital (NBO) approach implemented in
Gaussian 03 has been used to evaluate the interactions between
orbitals of the base and orbitals of the metal involved in the
dative bonds from the former to the latter and possible back-
donations from the latter to the former.34–37 The calculations
were performed at the B3LYP/6-311++G**// B3LYP/6-
31+G** level.

To explore the solvent effects of aqueous solution on the
calculated GPAs in the deprotonation processes, some structures
including metal complexes and their deprotonated structures
have been optimized by employing polarized continuum model
(PCM)38 at the B3LYP/6-31+G** level of theory and the final
energies in aqueous solution are computed at the B3LYP/6-
31+G** level, because the preliminary calculations of the
energy difference between the B3LYP/6-31+G** and B3LYP/
6-311++G** levels in the gas phase show that the energy gap
is less than 1.3 kcal/mol.

All the computations have been performed at 298.15 K and
1.0 atm using the Gaussian 03 program, and the SCF conver-
gence criteria Tight has been used throughout the calculations.39,40

Results and Discussion

The calculated metal ion affinities for the Cu+/2+-adenine
complexes are listed in Table 1. The relative energies and
the corresponding gas-phase acidities of all species studied
in the deprotonation process are summarized in Tables 2, 3
and 4, respectively. Table 5 lists the partial charges on each
fragment of the coordination complexes. The optimized
Cu+/2+-adenine complexes and deprotonated Cu+/2+-

Figure 1. Optimized geometries of 1a/b, 3a/b and 7a/b. a and b denote
the Cu+-adenine and Cu2+-adenine complexes, respectively. Digits
1, 3 and 7 denote the metal coordination sites N1, N3 and N7,
respectively. Values with and without underlines are the Cu2+-N and
Cu+-N distances, respectively.

TABLE 1: Metal Ion Affinities (MIA) of Cu+-Adenine and
Cu2+-Adenine Complexesa

1a 3a 7a 1b 3b 7b

∆E, kcal/mol 1.30 1.36 0 1.55 0 18.41
MIA 65.03 65.10 66.71 266.41 268.02 249.71

a ∆E is the relative energy including zero point and ZPVE, which
are calculated at the B3LYP/6-311++G**// B3LYP/6-31+G**.

TABLE 2: Relative Energies (kcal/mol) of the Different
Deprotonated Conformers of Cu+-Adenine and
Cu2+-Adeninea

∆E ∆E ∆E

1aC2 18.80 3aC2 18.80 7aC2 78.32
1aN6a 5.03 3aN6a 37.94 7aN6a
1aN6b 27.62 3aN6b 37.77 7aN6b 0
1aC8 65.10 3aC8 62.75 7aC8 39.28
1aN9 22.04 3aN9 4.27 7aN9 8.23
1bC2 22.47 3bC2 22.13 7bC2 23.78
1bN6a 3.60 3bN6a 29.10 7bN6a
1bN6b 20.59 3bN6b 27.94 7bN6b 0
1bC8 32.96 3bC8 32.41 7bC8 32.39
1bN9 26.73 3bN9 10.18 7bN9 34.74

a The relative energies of Cu+-adenine(-H+) and Cu2+-adenine-
(-H+) are calculated relative to 7aN6b and 7bN6b, respectively.

TABLE 3: Gas-Phase Acidities of Adenine and Adenine
Radical Cation, Corresponding to Deprotonation from C2,
N6, C8 and N9 Sites (GPA in kcal/mol)

Adenine (A)

[A(C2)]- [A(N6a)]- [A(N6b)]- [A(C8)]- [A(N9)]-

GPA 390.56 348.40 347.83 366.36 330.52

Radical Cation (A•+)

[A(C2)]• [A(N6a)]• [A(N6b)]• [A(C8)]• [A(N9)]•

GPA 226.23 221.03 219.84 233.14 216.84

TABLE 4: Gas-Phase Acidities (kcal/mol) of Cu+-Adenine
and Cu2+-Adenine Complexes, Corresponding to
Deprotonation from C2, N6, C8 and N9 Sitesa

GPA GPA GPA

1aC2 241.64 3aC2 241.28 (291.56) 7aC2 299.35
1aN6a 229.54(280.91) 3aN6a 260.22 (292.73) 7aN6a
1aN6b 250.00 3aN6b 259.89 (292.57) 7aN6b 225.63 (245.53)
1aC8 286.38 3aC8 282.82 (311.65) 7aC8 263.68
1aN9 246.17 3aN9 227.15 (275.62) 7aN9 233.63
1bC2 133.67 (263.91) 3bC2 136.40 7bC2 120.62
1bN6a 116.03 (251.08) 3bN6a 141.10 7bN6a
1bN6b 131.80 (259.14) 3bN6b 140.00 7bN6b 95.80 (200.82)
1bC8 144.90 (275.61) 3bC8 146.72 7bC8 129.00
1bN9 136.97 (261.78) 3bN9 123.69 (262.43) 7bN9 127.37

a Values in parentheses are GPAs in aqueous solution calculated
using PCM model.
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adenine (Cu+/2+-adenine(-H+)) conformers are presented
in Figures 1 and 2, respectively. Figure 3 depicts the
dependencies of GPAs on the deprotonation sites of all
species studied. The spin densities and molecular orbitals of
adenine radical cation (A•+) and Cu2+-adenine complexes
are displayed in Figures 4 and 5, respectively. Figure 6
displays the electrostatic potential of deprotonated adenine
([A(-H+)]-) and deprotonated adenine radical cation
([A(-H+)]•) species.

For simplification, the following notations are adopted in the
paper: a and b stand for the Cu+-adenine and Cu2+-adenine
complex, respectively. The coordination sites N1, N3 and N7
atoms on adenine are simplified as 1, 3 and 7, respectively. For
example, 1a indicates that Cu+ interacts with adenine through
N1 atom. To this initial notation, C2, N6a, N6b, C8 and N9
are added to denote the loss of a proton from the corresponding
site of adenine, respectively. Here, N6a or N6b means the loss
of the proton Ha or Hb attached to amino N atom. Also, the
same suffix in parentheses is added at the back of A or A• to
denote its deprotonation. For example, [A(C2)]• stands for the
removal of a proton from C2 site of adenine radical cation (A•+).

To better evolve the deprotonation process of Cu+/2+-ad-
enine, the relevant geometries and the relative stabilities of the
coordination compounds are depicted first. As is shown in Figure
1, each Cu+-adenine and Cu2+-adenine gives three conform-
ers, i.e., 1a, 3a, 7a and 1b, 3b, and 7b. Among them, 1a/b and
3a/b are planar geometries, in which Cu+/Cu2+ interacts with
adenine N1 and N3 atoms, respectively (rCu-N1 ) 1.905 Å for
1a, and 1.964 Å for 1b; rCu-N3 ) 1.896 Å for 3a, and 1.950 Å
for3b).ThedihedralanglesCu-N1-C2-N3andCu-N3-C2-N1
are near zero, and the total angles of the three bonds around
the N6 atom are 360°. 7a/b is bidentate with N7 and N6 of the
amino group (rCu-N6 ) 2.110 Å, rCu-N7 ) 2.022 Å for 7a and
rCu-N6 ) 2.179 Å, rCu-N7 ) 2.006 Å for 7b). Moreover, N7-
coordination changes the amino group from a planar to a
pyramidal form. The total bond angles of the three bonds around
the N6 are 324.2° for 7a and 326.6° for 7b. On the other hand,
comparison of the Cu+/2+-N bond lengths reveals that Cu2+-N
is generally longer than the corresponding Cu+-N (Figure 1).

Among the three Cu+-adenine complexes, 7a is the most
stable structure; 1a and 3a are about 1.30 and 1.36 kcal/mol
higher in energy than 7a, respectively (Table 1). For
Cu2+-adenine complexes, 7b is the least stable conformer. It
is ∼18.41 kcal/mol higher in energy than 3b, the most stable
Cu2+-adenine conformer. 1b is ∼1.55 kcal/mol less stable than
3b. Actually, the same result has also been found by Russo et
al.25a The predicted metal ion affinities also reflect the relative
stabilities of these complexes. Here, it is worth mentioning that
MIAs of 7a (66.7 kcal/mol, Table 1), 3a (65.1 kcal/mol) and
3b (268.0 kcal/mol) compare well with the results (69.0 kcal/
mol for 7a, 67.2 kcal/mol for 3a16,25b and 269.1 kcal/mol for
3b25a) obtained by Russo and Sodupe et al. employing B3LYP/
6-311+G(2df,2p) or 6-311++G(3df,2pd) basis set. This clearly
indicates that our basis sets are reliable and efficient in this study.
Thus, B3LYP/6-311++G**//B3LYP/6-31+G** level of theory
is employed in the following discussion.

On the other hand, bonding analysis of 7a shows that the
3dxz orbital has much overlap with the adenine N7 and N6 than

the other four orbitals; for 3a, 3dz2 orbital has much overlap
with the adenine N3, the lowest electronic states of both
structures are 1A′. These findings are in agreement with the
analysis carried out by Sodupe et al.25b As for Cu2+-adenine,
the preferred coordination is adenine N3 (i.e., planar 3b). The
lowest electronic state is 2A′ derived from A+. The 3dz2 (a′)
orbital has much overlap with the adenine N3, because the lobule
of 3dz2 positions toward the adenine N3.

Geometries and Relative Stabilities. All the possible
geometries of the deprotonated Cu+/2+-adenine are obtained
on the basis of the six optimized conformers mentioned
above. Five geometries are initially designed for each
conformer, which correspond to the loss of one of the protons
attached to adenine C2, N6 (two protons Ha and Hb bound),
C8 and N9 atoms. Optimizations reveal that, except for 7a/
b, there are five deprotonated structures for each 1a/b and
3a/b as displayed in Figure 2. For 7a and 7b, each gives
four geometries, because the removal of Ha and Hb from N6
is converged to the same conformer during the geometry
optimization. Considering the lack of structural information
experimentally, it is necessary to describe the geometrical
changes for Cu+/2+-adenine upon deprotonation before
discussing the gas-phase acidities (GPAs) of the coordination
complexes. As mentioned above, there are five active
deprotonation sites on adenine in Cu+/2+-adenine conform-
ers. Deprotonation occurring at different position can
result in significantly different geometrical changes for
Cu+/2+-adenine complexes.

As shown in Figure 2, in 1a/bC2, Cu+/Cu2+ is monodentate
with C2 rather than with the original N1 because Cu+/Cu2+ sits
much closer to C2 than to N1. Compared with 1a and 1b, the
Cu-ligand distances are shortened by 0.006 and 0.058 Å,
respectively. In addition, 1aC2 still remains the original
planarity, but 1bC2 loses it. The Cu-C2-N3-C4 dihedral
angle of 1bC2 is 161.1°. Similarly, 1a/bN6a, obtained by the
loss of the proton Ha from N6, corresponds to a bidentate form
in which Cu+/Cu2+ interacts with N1 and N6. The Cu-N1
distances are significantly weakened, where the increments in
bond length are about 0.223 Å for 1aN6a and 0.307 Å for
1bN6a. Both deprotonated structures are essentially planar. On
the other hand, the structure 1a/bN6b, formed by removing
another proton (Hb) from N6, corresponds to a monodentate
form in which metal ion bonds with N1. The Cu-N1 bonds
are greatly strengthened relative to 1a/b, respectively. Also, both
1aN6b and 1bN6b are planar. For 1a/bC8 and 1bN9, copper
ion is monodentate with N1. The decreases in bond length
(∼0.004/0.056 Å and 0.051 Å, respectively) clearly illustrate
the enhanced strength of Cu-N1 bond. In 1aC8, the Cu-N1-C2-
N3 dihedral angle is 165.8°. The total angle of the amino group
is 339.1°. 1bC8 and 1bN9 are planar geometries. For 1aN9, it
is surprising to find that Cu+ slightly moves toward the amino
group and behaves as a bidentate form with N1 and N6 (Figure
2). Accordingly, the amino group is converted into a pyramid
(the total angle of the amino is 326.3°).

For the deprotonation of 3a/b, optimization reveals that each
can also generate five conformers as displayed in Figure 2, in
which three correspond to C2-, C8- and N9-deprotonation, and
two correspond to N6-deprotonation. In 3aC2, Cu+ appears to
be monodentate with C2 instead of the original N3. Structurally,
3aC2 is exactly the same as 1aC2, indicating that C2, which is
negatively charged after deprotonation, is more favorable for
Cu+ attaching than neutral N1 or N3. Similarly, in 3aN9, Cu+

is monodentate with N9, a negatively charged atom, instead of
original N3. Except for 1aC2 and 3aN9, other deprotonated

TABLE 5: NBO Partial Charge on Each Fragment of the
Cu+-Adenine and Cu2+-Adenine Complexes

1a 3a 7a 1b 3b 7b

adenine 0.17 0.16 0.13 1.09 1.07 0.90
Cu+/2+ 0.82 0.84 0.87 0.91 0.93 1.10
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conformers correspond to a monodentate form in which copper
ion interacts with the original N3. All the Cu-N3 (or Cu-N9
for 3aN9) bonds in the deprotonated conformers are significantly
strengthened relative to that in 3a/b. This is in line with our
usual understanding when considering that deprotonated adenine
and metal ion are charged oppositely. Moreover, Cu2+-ligand

distance is generally longer than Cu+-ligand in these depro-
tonated structures. In addition, Cu+ or Cu2+ still remains in the
same plane with adenine fragment except for 3aN6a and 3aN6b
conformers. The dihedral angles of Cu-N3-C2-N1 are
-152.2 ° for 3aN6a and -150.6 ° for 3aN6b.

For 7a and 7b, each gives four deprotonated structures rather
than five (Figure 2), which are named as 7aN6b and 7bN6b.
Geometrically, all deprotonated conformers are characterized
by a bidentate form (with N7 and N6). Compared with Cu-N6
and Cu-N7 bonds in 7a/b, these bond distances are shortened
with the exception of Cu-N6 bond in 7aC8 and 7aN9.
Additionally, in 7a/bC2, 7a/bC8 and 7a/bN9, copper remains
in the same plane with adenine ring atoms, but the amino group
behaves as a pyramidal type. In 7a/bN6b, all atoms are
essentially in the same plane.

The relative energies in Table 2 clearly indicate that for a
certain deprotonation site, the conformer that corresponds to
deprotonation from the atom adjacent to Cu+ or Cu2+ is usually
more stable than those remote to the metal ion. That is, 1a/

Figure 2. Optimized geometries of Cu+-adenine(-H+) and Cu2+-adenine(-H+), calculated at the B3LYP/6-31+G** level.

Figure 3. Dependencies of GPAs on deprotonation sites of the adenine
and adenine derivatives.
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bC2 and 3a/bC2 are more stable than 7a/bC2, whereas 7a/
bC8 is more stable than 3a/bC8 and 1a/bC8. Similar situations
are observed for N6- and N9-deprotonation, in which 7a/bN6b,
1a/bN6a and 3a/bN9 are more stable. This is consistent with
our usual understanding. In the following section, further
explanation is provided by electrostatic potential. Among all
Cu+-adenine(-H+) structures, the first three most stable ones
are as follows: 7aN6b > 3aN9 g 1aN6a. 3aN9 and 1aN6a are
4.27 and 5.03 kcal/mol higher in energy than 7aN6b, respec-
tively. This order is identical to the relative stabilities of the
Cu+-adenine complexes. For deprotonated Cu2+-adenine
species, the first three most stable conformers are: 7bN6b >
1bN6a > 3bN9, where 7bN6b is 3.60 and 10.18 kcal/mol lower
in energy than 1bN6a and 3bN9, respectively (Table 2). This
is at variance with the relative stabilities of Cu2+-adenine
complexes, where the relative stabilities of Cu2+-adenine
complexes follow the order: 3b > 1b > 7b. The relative
stabilities of the deprotonated structures could be further
interpreted by employing natural bond orbital (NBO).

GPAs. The gas-phase acidities for the neutral adenine,
adenine radical cation and Cu+/2+-adenine are summarized
in Tables 3 and 4, respectively. The dependencies of the

GPAs on deprotonation sites of all species studied are
displayed in Figure 3.

It can be seen from Table 3, the N9-H group is the most
acidic site of adenine with GPA of 330.52kcal/mol, followed
by N6-Hb and N6-Ha groups. The GPA of N6-Hb and N6-Ha

groups are 347.83 and 348.40 kcal/mol, respectively. The C8-H
and C2-H are the two least acidic groups. Actually, the acidic
order of these five groups is very consistent with the result
obtained by employing the B3LYP/6-31+G** or B3LYP/6-
31+G* level of theory.22,29 There are some significant changes,
however, as far as the acidity of adenine radical cation is
concerned. As is expected, adenine radical cation is much more
acidic than the neutral adenine (Figure 3), which can be seen
from the significant decreases of GPAs (Table 3). But still in
all active sites, N9-H, N6-Hb and N6-Ha groups are the first
three acidic groups as in the neutral adenine, whereas the last
two groups is opposite to that in neutral adenine.

Also, examination of the GPA values of Cu+/2+-adenine
complexes reveals the expected behavior for the acidity, i.e.,
all of the C-H and N-H groups, especially the C-H and N-H
groups on Cu2+-adenine are greatly acidified relative to the
neutral adenine (Table 4, GPA). The GPAs of the active groups

Figure 4. Spin densities of Cu2+-adenine complexes and the adenine radical cation (A•+), calculated at the B3LYP/6-311++G** with isovalue
of 0.0004.

Figure 5. Molecular orbitals of Cu2+-adenine complexes and A•+, calculated at the B3LYP/6-311++G** with isovalue of 0.002.

Figure 6. Electrostatic potential of deprotonated A ([A(-H+)]-) and deprotonated A•+ ([A(-H+)]•), calculated at the B3LYP/6-311++G** with
isovalue of 0.0004.
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on Cu2+-adenine are significantly decreased to 95.80-146.72
kcal/mol. Consistent with the observation on the relative
stabilities, for a certain acidic group, the regions close to metal
cation are usually more acidic than the regions remote to it. As
compared with the active groups on adenine and adenine radical
cation, however, only for 3a/b, N9-H group still remains the
most acidic site (GPA is 227.15 /123.69 kcal/mol), whereas the
most acidic site for 1a/b is N6-Ha group (with GPA of 229.54
/116.03 kcal/mol) and for 7a/b is N6-Hb group (with GPA of
225.63 /95.80 kcal/mol). As mentioned above, these four stable
deprotonated structures (1a/bN6a and 7a/bN6b) are all bidentate
with N1 and N6 or with N7 and N6. Additionally, it is
unexpected to find that the metal coordination greatly increases
the acidity of C2-H group and make it be the second acidic
site in 1a, 3a/b and 7b. Even in 1b, C2-H is the third acidic
group, which is only ∼1.9 kcal/mol less acidic than the second
acidic group, N6-Hb. On the contrary, for the free adenine,
C2-H with GPA of 390.56 kcal/mol is the least acidic group
and its acidity is slightly higher than that of benzene proton,
401.7 kcal/mol.29b In 1a/b, 3a/b and 7a/b, however, the acidities
of the C2-H group are 241.64/133.67, 241.28/136.40 and
299.35/120.62 kcal/mol, respectively, which are much higher
than the aromatic proton. Similar noticeably enhanced acidity
of the C2-H group has also been found in 3-methyladenine
(GPA of C2-H in 3-methyladenine is 368.8 kcal/mol29b). This
is not surprising given the fact that the adenine derivatives are
positively charged. Comparison of the GPAs of A, A•+ and
coordination complexes reveals that the relative acidities are
as follows: Cu2+-adenine > A•+ > Cu+-adenine > A (Figure
3), in which the acidity of Cu2+-adenine is much higher than
that of Cu+-adenine, indicating that divalent copper cation has
greater effect on adenine acidity than monovalent cation.
Moreover, coordination of Cu2+ greatly decreases the GPA gap
between the most acidic group and the least one with respect
to that in the neutral adenine (60.04 kcal/mol). The GPA gap
ranges from 23.0 to 33.2 kcal/mol, depending on the coordina-
tion sites. For Cu+ coordination, the GPA gaps between the
most acidic group and the least one are 56.84 (1a), 55.67 (3a)
and 73.72 kcal/mol (7a), respectively. Such dependencies of
the acidities on the metal coordination region and oxidation state
of copper suggest that the acidities of the active groups could
be controlled by modulating the metal coordination site or the
metal cation.

Additionally, to explore the solvent effect of an aqueous
solution on the deprotonation processes and thus to verify that
our results can be extrapolated to aqueous solution, we have
chosen one of the Cu2+/+-adenine (1b and 3a systems) at
random and computed their GPAs of various active sites on 1b
and 3a systems. In addition, the GPA of the most acidic group
of the complex for each coordination site has been calculated.
The same level of the calculation shows that in aqueous solution,
the complexes and the deprotonated forms become more stable
by solvation. However, the undeprotonated form is much better
stabilized than its deprotonated forms for each coordination site.
As listed in Table 4, comparisons of the GPAs of 1b and 3a in
aqueous solution clearly indicate that the N6-Ha and N9-H
groups are still the most acidic groups of all active sites on 1b
and 3a, respectively. Moreover, the acidic order of various active
sites still follows the same order as that in the gas phase.
Therefore, it can be deduced that the other system of the metal
complex should have the same result. Also, it reveals that our
results could be extrapolated to aqueous solution. The GPAs
of the most acidic group for the other systems in aqueous
solution are also displayed in Table 4. However, comparison

of GPAs of Cu2+-adenine and Cu+-adenine complexes shows
that the gap of GPAs is decreased in aqueous solution, in spite
of this, the Cu2+-adenine complex is more acidic than
Cu+-adenine complex.

Electronic Properties. To highlight the deprotonation process
and thus to better understand the relative acidities described
above, the electronic properties of the undeprotonated and the
deprotonated conformers have been analyzed employing the
natural population analysis (NPA), natural bond orbital (NBO),
spin density, molecular orbitals (MOs) or/and electrostatic
potential.

For Cu+-adenine complexes, natural population analysis
(NPA) shows a little charge transfer from adenine (0.17, 0.16
and 0.13 for 1a, 3a and 7a, respectively, Table 5) to Cu+, which
can be attributed to the interaction from the ligand (N atom)
lone pairs toward the 4s empty orbital of Cu+. That is to say,
in the Cu+-adenine complex, copper is nearly one positively
charged and adenine is an essentially neutral molecule. Thus,
the deprotonation process of Cu+-adenine is nearly the same
as that of adenine; i.e., a proton is removed directly from the
given sites on adenine fragment. However, in the case of
Cu2+-adenine, different situations are observed. For monoden-
tate complexes 1b and 3b, NPA indicates a significant charge
transfer (1.09 and 1.07, respectively, Table 5) from adenine to
Cu2+. Thus, copper behaves more as Cu+ than as Cu2+, whereas
adenine behaves more as A•+ than as a neutral adenine.
Moreover, the spin densities of 1b and 3b show that single
electron essentially lies on adenine, not on the metal ion as is
expected for a d9 Cu2+ cation (see Figure 4). In agreement with
NPA and spin density distribution, the open shell orbital in
monodentate complex is localized at the adenine monomer, not
at the Cu2+ cation as is well-known (see Figure 5 for MOs).
Thus, the monodentate complexes could be regarded as
Cu+-A•+ rather than as Cu2+-A. Similar findings have also been
observed in the literature for guanine-, uracil-, thiouracil-
and glycine-Cu2+ complexes.4a,24,41 For bidentate complex 7b,
the spin density (Figure 4) and the open shell orbital (Figure 5)
are more delocalized between the metal cation and adenine. NPA
shows the charge transfer from adenine to Cu2+ is predicted to
be 0.90, and thus, q(Cu2+) is predicted to be 1.10 (Table 5),
not 2 as is known. Therefore, the bidentate complex 7b could
also be regarded as Cu+-A•+. That is, the interaction of Cu2+

with adenine leads to an oxidation of A to A•+, and Cu2+-A
really behaves as Cu+-A•+ irrespective of N1-, N3- or N7-
coordination. This is well reflected in the longer distance of
Cu2+-ligand bond and higher acidity of Cu2+-adenine induced
by the electrostatic repulsion between two positively charged
fragments. Consequently, the final deprotonated Cu2+-adenine
([Cu-A(-H+)]+) can be viewed as the interaction of Cu+ (d10)
with the deprotonated A•+ ([A(-H+)]•). Moreover, the similarity
in spin density of the [Cu-A(-H+)]+ to that of the correspond-
ing [A(-H+)]• confirms this assumption (Figure S).

As described above, N9-H group is the most acidic site
for A and A•+. Thus, according to the assumption on the
deprotonation process, N9-H should be the most acidic group
in Cu+/2+-adenine complexes for each coordination site.
But only for N3-coordination, this is the case (for N1- and
N7-coordination, the most acidic sites are N6-Ha and N6-Hb

groups, respectively, and the acidity of C2-H is significantly
enhanced). To highlight this relative acidity of Cu+/2+-adenine
complexes, the electrostatic potential and the natural bond
orbital (NBO) for the relevant species have been performed
on the base of the above deprotonation process. The
electrostatic potential surfaces for [A(-H+)]- and [A(-H+)]•
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are shown in Figure 6. The color at each point on these
surfaces reflects the interaction energy between the depro-
tonated molecule and the metal cation at that point. The areas
of red color indicate a negative region and are attractive to
metal cation, and blue areas represent a positive region and
are repulsive to metal cation. A cursory examination of the
electrostatic potential surfaces for [A(-H+)]- and [A(-H+)]•

reveals that the ligand atom close to the deprotonation site
is more red, whereas the ligand atom(s) remote to the
deprotonation site is(are) less red, indicating that copper ion
interaction with the ligand atom(s) close to the deprotonation
site could stabilize the deprotonated structures to the full
extent. Concretely, the regions around N1 and N6 of
[A(N6a)]- and [A(N6a)]• are encircled by more negative
charge and thus are favorable for metal bidentate coordina-
tion, which could electrostatically stabilize the adjacent N6
anion. For the N7 site of [A(N6b)]- and [A(N6b)]•, this is
also the case. A large negative cloud surrounds the regions
around N6 and N7, making it favorable for metal ion
bidentate bonding, and thereby stabilizing the deprotonated
structures. This is consistent with the relative stabilities of
the deprotonated structures and thus with the acidities of the
coordination complex. Also, this can explain the depiction
on the geometrical changes of the stable deprotonated
conformers.

On the other hand, NBO analyses for the deprotonated
structures show that in 1a/bN6a or 7a/bN6b, besides the
electrostatic interaction between the metal cation and the
[A(-H+)]-/[A(-H+)]• mentioned above, there are two dative
bonds from the N1 and N6 lone pairs or the N6 and N7 lone
pairs toward the 4s empty orbital of copper ion, which also
contributes to stabilize the deprotonated structures. In 7a/
bN6b complex, the stronger interaction of Cu+/2+ with
[A(-H+)]• N7 and N6 is reflected in a significantly enhanced
stability of the 7bN6b complex, which is ∼34.74 kcal/mol
more stable than 7bN9, although [A(N6b)]-/[A(N6b)]• is
18.4/5.0 kcal/mol less stable than [A(N9)]-/[A(N9)]•. The
situation for N6a-deprotonated 1a/b is rather similar to that
of 7a/bN6b. Bidentate coordination of Cu+/2+ with N1 and
N6 provides the 1a/bN6a about 17.0/23.0 kcal/mol more
stability energy than 1a/bN9, although [A(N6a)]- /[A(N6a)]•

is ∼18.0/5.0 kcal/mol less stable than [A(N9)]-. All of these
provide the evidence that in 1a, 1b or 7a and 7b, the most
acidic group is N6-Ha or N6-Hb, not N9-H. Also, two
dative bonds from the N1 and N6 loner pairs or the N6 and
N7 loner pairs toward the 4s empty orbital of copper ion are
the origin of the stabilities of 1a/bN6b and 7a/bN6b with
respect to 3a/bN9. For example, the stronger interaction of
Cu2+ with [A(-H+)]• enhanced the stability of the 7bN6b
by ∼10.2 kcal/mol compared with that for 3bN9, although
[A(N6b)]• and 7b are 3.0 and 18.4 kcal/mol less stable than
[A(N9)]• and 3b, respectively. The situation for N6a-
deprotonated Cu+/2+-adenine is rather similar.

In addition, as shown in Figure 6, the C2 site of [A(C2)]- is
surrounded by quite a large negative cloud around N1 and N3,
which reveals that the C2 carbanion of adenine experiences a
significant electrostatic repulsion from the N1 and N3 lone pairs.
Such electrostatic repulsion makes the C2 carbanion unstable,
suggesting that the acidity of C2-H in adenine is weak.
However, the copper ion interaction with N1, C2 or N3
decreases the negative cloud around N1, C2 or N3 atom, making
the ligand atom more positive, which could in turn electrostati-
cally stabilize the C2 anion. The enhanced stabilization of the
C2 carbanion means the coordination of copper to N1, C2 or

N3 increases the acidity of C2-H group. Similarly, copper ion
coordination to N7 also makes ligand atom more positive and
thus could stabilize the C2 carbanion through conjugation effect.
On the other hand, electrostatic potential clearly indicates that
the N7 site of [A(C2)]- is less red than that of [A(C2)]•, which
suggests that N7 coordination to copper(II) is more favorable
than copper(I). That is to say, the C2-H group in 7b is more
acidic than that in 7a. Also, NBO analyses indicate that in 1a/
bC2 and 3ac2, there is a strong σ bond between C2 and Cu+.
In the σC2-Cu+ bond, the electron occupations are ∼1.956. In
the other C2 deprotonated structure, NBO analyses show a
dative bond N3/N7 lone pair to the 4s empty orbital of copper
ion. All of these σ bonds or dative bonds provide the strong
stabilization to the deprotonated structures and thus are the origin
of the strong acidity of C2-H group in coordination complexes.
All above results are in good agreement with the higher acidity
of C2-H group with respect to the neutral adenine.

On the other hand, as described above, Cu+/2+ coordination
to adenine N1 and Cu+ coordination to adenine N3 take place
in the same adenine’s plane. However, Cu+/2+ coordination to
N1 in C2 deprotonated structures and Cu+ coordination to N3
in N6 deprotonated structures do not take place in the same
adenine’s plane. NBO analysis reveals that in 1a/b and 3a, there
is a dative bond from N1 or N3 lone pair to Cu 4s empty orbital.
However, in 1a/bC2 and 3aC2 structures, C2 forms a σ bond
with Cu+/2+ and C2 rehybridizes from sp2 to sp2.98 (near sp3).
In 3aN6a and 3aN6b, N3 forms a σ bond with Cu 4s empty
orbital, in which the bonding orbitals of N3 are sp56.89 and sp57.86,
respectively. The electron occupations of N3-Cu+ σ bonds in
3aN6a and 3aN6b are 1.697 and 1.694 e, respectively. Such
bonding interactions and hybridizations suggest that these five
structures are nonplanar, which are in good accordance with
the geometrical description above.

Conclusions

In the present research, gas-phase deprotonation of
Cu+/2+-adenine complexes as well as adenine and adenine
radical cation has been investigated theoretically. The result
reveals that the acidities of C-H and N-H groups in
Cu+/2+-adenine are significantly enhanced relative to the
neutral adenine. The acidic order for a given site on adenine
and adenine derivatives is as follows: Cu2+-adenine > A•+

> Cu+-adenine > A. For A and A•+, the most acidic site is
the N9-H group. However, for Cu+-adenine and
Cu2+-adenine, only N3-coordination still remains N9-H
acid. N1- and N7-coordination exhibits N6-Ha and N6-Hb

acid, respectively. Moreover, for a given coordination site,
Cu2+ greatly decreases the gap between the most acidic group
and the least one with respect to that in the neutral adenine.
Such dependencies of the acidities on the metal coordination
region and oxidation state of copper suggest that the acidities
of the active groups could be controlled by modulating the
metal coordination site and the metal cation. Additionally,
it is found that C2-H group is surprisingly acidic in the
coordination complexes. Calculations in aqueous solution
show that our results can be extrapolated to aqueous solution.

Analyses of the electronic property indicate that
Cu2+-adenine can be regarded as Cu+-A•+ than as Cu2+-A,
which contributes to the highest acidity of Cu2+-adenine among
the adenine derivatives studied. However, in Cu+-adenine, there
is little charge transfer, and Cu+ is essentially one positively
charged and adenine is essentially a neutral molecule. On the
other hand, electrostatic potential calculations of [A(-H+)]-

and [A(-H+)]• show that the removal of Ha or Hb from the
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amino group provides a dative bond from the deprotonated N
and the original coordination ligand to copper ion besides the
electrostatic interaction between them and thereby stabilizes the
[A(-H+)]-/[A(-H+)]•. Furthermore, NBO analysis confirms the
electrostatic potential result.
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