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ABSTRACT: The formation of copper(II)-mediated base pairs
involving pyridine-2,6-dicarboxylate derivatives and canonical nucleo-
sides has proven to be a smart approach to introduce copper(II) ions
at specific locations of DNA duplexes. However, the structural
characteristics of these metalized base pairs have not yet been
revealed, and their effect on DNA structures is difficult to assess.
Herein, for the first time, we report on the different structural details
of copper-mediated base pairs formed by themselves and in DNA
duplexes. The individual base pairs [Cu(mcheld)(N3-Cyt)(H2O)]·
3H2O (1Cu_Cyt), [Cu(mcheld)(N7-Ade)(H2O)2] ·2H2O
(1Cu_Ade), [Cu(mcheld)(N7-Gua)(H2O)] (1Cu_Gua), and [Cu-
(mcheld)(N1-7CAde)(H2O)]·H2O (1Cu_7CAde) were obtained from
the reaction of the metal complex [Cu(mcheld)(H2O)2] (1Cu)
(mcheld = 4-methoxypyridine-2,6-dicarboxylic acid) with model
nucleosides (Cyt = N1-methylcytosine, Ade = N9-ethyladenine, Gua = N9-propylguanine, 7CAde = N9-propyl-7-deazaadenine).
The crystal structure of the five complexes was determined by means of single-crystal X-ray diffraction. Furthermore, the formation
of the 1Cu_Cyt and 1Cu_Gua base pairs in the middle of DNA duplexes, duplex DNA15 (917 atoms) and DNA10 (649 atoms),
respectively, was studied using highly demanding ab initio computational calculations. These theoretical studies aimed to validate,
from a structural point of view, whether base pairs of the kind 1Cu_nucleosides can be included in a DNA double helix and how this
situation affects the double-helical structure. The results indicate that the 1Cu_Cyt and 1Cu_Gua base pairs can be formed in a
DNA molecule without significant structural constraints. In addition, the double-helix DNA structure remains virtually unchanged
when it contains these Cu(II)-mediated base pairs.

■ INTRODUCTION

The development of DNA-based nanotechnology has received
deep attention due to the remarkable properties of nucleic
acids.1 DNA is very soluble in water, and its synthesis is well
established, making it an ideal biopolymer for research
purposes. The code programmability of DNA derives from
the natural self-assembly capabilities of adenine−thymine (A-
T) and guanine−cytosine (G-C) base pairs. The DNA
structure and conformation can be rationally preprogrammed
on the basis of the self-recognition abilities of DNA
sequences,2 leading to tailored structures that range from the
nanometer to the micrometer scale.3 In addition, the DNA
genetic code can be further expanded if novel ligand-type
nucleobases (LTNs), i.e. specific ligands replacing canonical
nucleobases, are employed.4 In this regard, different LTNs
have been demonstrated to self-assemble inside DNA in the
presence of metal ions, forming the so-called metal-mediated
base pairs.5 This strategy, first proposed by Shionoya’s research
group6 and first achieved by Schultz,4 has led to the formation
of smart metal-mediated base pairs with different combina-

tions, which include LTN-M-LTN and LTN-M-nucleobase
pairs (M = metal ion).7,8Among the LTNs, some nucleobase
analogues are capable of mimicking either Watson−Crick or
Hoogsteen pairing in both the absence and presence of metal
ions.9−12 Remarkably, the use of LTNs has led to short
oligonucleotides featuring specific transition-metal ions situ-
ated at precise locations inside a DNA double helix, with
applications ranging from sensing to electron transport
processes.13−17 The formation of metal-mediated base pairs
inside DNA is normally determined in solution using
spectroscopic and spectrometric methodologies. However,
unraveling the structural organization of these systems can
be a complicated task due to the difficulty in either obtaining
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crystals suitable for single-crystal X-ray diffraction, or perform-
ing structural high-resolution NMR studies. Notably, in some
cases, solid-state crystallographic investigations and solution
NMR studies have been carried out for DNA molecules
containing metal-mediated base pairs.18 Alternatively, theoreti-
cal computational procedures can help in revealing the
structural aspects of metal-mediated base pairs. Such
calculations are commonly performed for individual base
pairs,19,20 with few cases involving the DNA framework.21,22

The ligand pyridine-2,6-dicarboxylic acid (Cheld, a planar
tridentate ligand) and its carboxyamide derivative23 were
among the pioneering ligands to be employed in the formation
of metal-mediated base pairs. Cheld has been widely used in
the preparation of metalated double-stranded DNA (ds-DNA)
molecules via the formation of metal-mediated base pairs.
Initially, Cheld and pyridine were employed to introduce
Cu(II) ions into DNA duplexes by forming unsymmetrical [3
+ 1] metal−base pairs. This approach led to the formation, in
solution, of DNA duplexes containing Cheld-Cu-nucleobase
mismatches, which showed higher thermal stability in
comparison to the unmetalated counterparts.4 The stabiliza-
tion of these mismatches followed the trend adenine > cytosine
> guanine, with no data for thymidine mismatches. These
results demonstrated that the ligand Cheld can be employed to
form metal-mediated base pairs with canonical bases within ds-
DNA molecules.
The crystal structure of a DNA duplex containing one

Cheld-Cu-pyridine metallo-base pair was determined,24 as well
as the crystal structure of the complex itself,25,26 demonstrating
the predictable coplanar arrangement between Cheld and
pyridine in both cases. However, no further studies have been
performed to fully reveal the structure and conformation of
Cheld-Cu-nucleoside systems, where noncoplanar arrange-
ments between the units can be anticipated. In this regard, it is
important to compare the structure of metal-mediated base
pairs when they are prepared inside and outside a double helix,
in order to determine the effect of the DNA scaffold on the
final arrangement. In this respect, Cheld-Cu-nucleoside
systems are important representative examples.
To the best of our knowledge, only the crystal structure of

the Cheld-Cu-adenine ternary complex27 and the interaction of
other iminodiacetic acid based copper(II) complexes toward
adenine derivatives28 have been reported. Though the
molecular structure of Cheld-Cu-nucleoside systems could be
foretold in principle on the basis of these previously described
systems, detailed, experimentally derived structural information
at the molecular and crystal-packing level is still needed to
accurately understand the structural implications that the
Cheld-Cu-nucleoside systems can have in DNA molecules.
Ultimately, determining the crystal and molecular structure

of metal-mediated base pairs will provide fundamental
information that can be used in the design of novel metal−
DNA systems, potentially finding applications in different
areas, from catalysis to charge transport.
In this context, we report herein the preparation and solid-

state characterization of complexes of the type Cheld-Cu-
nucleoside as well as, utilizing ab initio theoretical calculations,
their organization inside DNA duplexes, in an effort to get
some insight into the molecular arrangement of these systems
when they are prepared by themselves and in the context of a
DNA molecule.

■ EXPERIMENTAL SECTION
Materials and Methods. 1-Methylcytosine (Cyt),29 N9-ethyl-

adenine (Ade),30 and diethyl-4-hydroxypyrimidine-2,6-carboxylic acid
(decheld)31 were synthesized according to literature procedures. 6-
Amino-7-deazapurine, 6-chloro-2-amino-7-deazapurine, adenine, so-
dium hydride (60% oil dispersion), anhydrous N,N-dimethylforma-
mide, 1-iodopropane, and the oligonucleotides d(Ade)15, d(

7CAde)15,
d(Cyt)15 and d(Gua)10 were purchased from Sigma-Aldrich. 1H NMR
spectra were recorded with a Bruker AMX instrument working at 300
MHz. 13C NMR spectra were recorded with a Bruker Neo 500 MHz
spectrometer. Elemental analyses were carried out with a Fisons-Carlo
Erba Model EA 1108 analyzer. CD spectra were recorded on a
JASCO J-815 spectrometer. High-resolution electrospray mass
spectrometry was performed with a Waters LCT Premier XE mass
spectrometer. Infrared (IR) spectra were registered with a Bruker
Tensor-27 FT-IR spectrometer.

Synthesis of the Ligands. Diethyl-4-methoxypyrimidine-2,6-
dicarboxylic Acid (demcheld). To a solution of decheld (3.00 g,
12.50 mmol) in anhydrous N,N-dimethylformamide (150 mL) was
added sodium hydride (0.50 g, 12.50 mmol) under N2. The reaction
mixture was stirred for 30 min at room temperature. After this time,
iodomethane (0.79 mL, 12.50 mmol) was added and the mixture was
stirred under N2 for 48 h. The solvent was then removed under
reduced pressure, and the product was diluted in dichloromethane
(150 mL) and washed with aqueous sodium hydrogen carbonate
(10% m/m, 150 mL) and brine (150 mL). The organic layers were
collected, dried over magnesium sulfate, filtered off, and concentrated
in vacuo, giving the title compound as a white powder (3.00 g, 94%
yield). 1H NMR (300 MHz, DMSO-d6): δ (ppm) 7.72 (s, 2H; CH),
4.38 (q, J = 7.1 Hz, 4H; CH2), 3.98 (s, 3H; CH3), 1.34 (t, J = 7.1 Hz,
6H; CH3). HRMS (ESI): m/z calcd for C12H16NO5 [M + H]+,
254.1028; found, 254.1037.

4-Methoxypyridine-2,6-dicarboxylic Acid (mcheld). demcheld
(2.00 g, 8.37 mmol) was dissolved in 0.5 M aqueous sodium
hydroxide (25 mL), and the solution thus obtained was refluxed
overnight. Then, the solution was acidified with concentrated
hydrochloric acid until the pH reached 3.6 and was concentrated
under reduced pressure to give the title compound as a white
precipitate, which was filtered off and dried under vacuum (1.21 g,
58% yield). 1H NMR (300 MHz, DMSO-d6): δ (ppm) 7.36 (s, 2H;
CH), 3.80 (s, 3H; CH3). IR (ν/cm−1): 3564.7, 3429.8, 3084.3, 2923,
1722, 1631.5, 1601, 1574.7, 1465.8, 1439.5, 1410.2, 1372.5, 1312.1,
1234, 1165.4, 1112.3, 1047.7, 892.7, 865.1, 814.9, 783, 696.7, 579.6.
HRMS (ESI): m/z calcd for C8H8NO5 [M + H]+, 198.0402; found,
198.0406.

N9-Propyl-7-deazaadenine (7CAde). To a solution of 6-amino-7-
deazapurine (1.00 g, 7.23 mmol) in anhydrous N,N-dimethylforma-
mide (200 mL) was added NaH (0.10 g, 2.48 mmol) under argon.
The reaction mixture was stirred for 30 min until H2 evolution ceased.
1-Iodopropane (0.22 mL, 2.26 mmol) was then added, and the
reaction mixture was stirred at room temperature for 24 h under
argon. The solvent was removed under reduced pressure. The crude
residue was dissolved in dichloromethane (200 mL) and washed with
an aqueous solution of sodium hydrogen carbonate (10% m/m, 150
mL) and brine (150 mL). The organic layer was collected, dried over
magnesium sulfate, filtered off, and concentrated in vacuo. The
precipitate was recrystallized from dichloromethane to give the title
compound in the form of a powder (0.70 g, 55% yield). 1H NMR
(300 MHz, DMSO-d6): δ (ppm) 8.04 (s, 1H; CH), 7.13 (d, J = 3.4
Hz, 1H; CH), 6.87 (s, 2H; NH2), 6.51 (d, J = 3.4 Hz, 1H; CH), 4.05
(t, J = 7.1 Hz, 2H; CH2), 1.90−1.61 (m, 2H; CH2), 0.81 (t, J = 7.4
Hz, 3H; CH3).

13C NMR (500 MHz, DMSO): δ (ppm) 157.84 (C6),
151.89 (C2), 150.01 (C4), 124.52 (C8), 102.77 (C5), 98.68 (C7),
45.76 (C10), 23.70 (C11), 11.54 (C12). IR (ν/cm−1): 1680, 1639.6,
1612.6, 1568.2, 1502.7, 1467.9, 1415.8, 1363.8, 1334.8, 1305.9,
1215.2, 1084.1, 1047.4, 1022.3, 960.62, 925.9, 879.6, 792.8, 752.3,
733, 700, 673.2. HRMS (ESI): m/z calcd for C9H13N4 [M + H]+,
177.1140; found, 177.1113.
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N9-Propyl-6-chloro-2-amino-7-deazapurine (Cl-7CGua). 6-
Chloro-2-amino-7-deazapurine (1.00 g, 5.90 mmol) was dissolved in
anhydrous N,N-dimethylformamide (100 mL), and NaH (0.24 g, 6.00
mmol) was added under argon. The reaction mixture was stirred until
H2 evolution ceased. 1-Iodopropane (0.58 mL, 6.00 mmol) was then
added, and the solution was stirred for 24 h at room temperature
under argon. The solvent was removed under reduced pressure. The
crude precipitate was dissolved in dichloromethane (200 mL) and
washed with aqueous sodium hydrogen carbonate (10% m/m, 150
mL) and brine (150 mL). The organic layer was collected, dried over
magnesium sulfate, filtered, and concentrated in vacuo. The sample
was then recrystallized from dichloromethane to give the title
compound in the form of a powder (0.85 g, 68% yield). 1H NMR
(300 MHz, DMSO-d6): δ (ppm) 7.17 (d, J = 3.5 Hz, 1H; CH), 6.61
(s, 2H; NH2), 6.28 (d, J = 3.4 Hz, 1H; CH), 3.97 (t, J = 7.1 Hz, 2H;
CH2), 1.73 (m, 2H; CH2), 0.82 (t, J = 7.3 Hz; 3H; CH3). HRMS
(ESI): m/z calcd for C9H12ClN4 [M + H]+, 211.0750; found,
211.0732.
N9-Propyl-7-deazaguanine (7CGua). Cl-7CGua (0.40 g, 1.90

mmol) was refluxed in a hydrochloric acid (25 mL, 1 M) and
ethanol (5 mL) mixture for 2 h. After the mixture was cooled to room
temperature, the pH was adjusted to ca. 7 using sodium hydroxide
and the suspension was cooled in an ice bath for 1 h. The precipitate
was collected by filtration and dried in vacuo to afford the title
compound in the form of crystals (0.05 g, 15% yield). 1H NMR (300
MHz, DMSO-d6): δ (ppm) 10.22 (s, 1H; NH), 6.71 (d, J = 3.2 Hz,
1H; CH), 6.19 (d, J = 3.3 Hz, 2H; NH2), 6.17 (s, 1H; CH), 3.85 (t, J
= 7.0 Hz, 2H; CH2), 1.68 (m, 2H; CH2), 0.82 (t, J = 7.3 Hz, 3H;
CH3).

13C NMR (500 MHz, DMSO-d6): δ (ppm) 159.1 (C6), 152.9
(C2), 150.5 (C4), 120.4 (C8), 101.4 (C7), 100.3 (C5), 45.81 (C10),
23.7 (C11), 11.5 (C12). IR (ν/cm−1): 3402.7, 3173.1, 2874.1,
1660.8, 1608.7, 1539.3, 1508.4, 1433.2, 1410.1, 1369.6, 1334.8, 1304,
1213.3, 1180.5, 1072.5, 889.2, 850.7, 785.1, 717.8, 677.1, 601.8, 555.5.
HRMS (ESI): m/z calcd for C9H13N4ONa [M + H]+, 193.1089;
found, 193.1086.
Synthesis of the Complexes. [Cu(mcheld)(H2O)2] (1Cu). To an

aqueous solution of Cu(CH3COO)2 (0.09 g, 0.50 mmol) was added
an aqueous solution of mcheld (0.10 g, 0.50 mmol) dropwise with
stirring. The resulting solution was heated to 90 °C and left at this
temperature with stirring for 30 min. A light blue precipitate
appeared, which was filtered off and washed with water, ethanol, and
ether. The filtrate was left to crystallize by slow evaporation from the
aqueous solution. After a few days, blue single crystals suitable for X-
ray diffraction were collected (0.07 g, 50% yield). Anal. Calcd for
C8H9CuNO7: C, 32.60; H, 3.08; N, 4.75. Found: C, 32.55; H, 3.75;
N, 4.81.
[Cu(mcheld)(N3-Cyt)(H2O)]·3H2O (1Cu_Cyt). To a warm aqueous

solution (15 mL) of 1-methylcytosine (0.09 g, 0.07 mmol) was added
an aqueous solution (10 mL) of 1Cu (0.02 g, 0.07 mmol) dropwise.
The solution was heated to 65 °C and left at this temperature with
stirring for 30 min. When the solution appeared clear, it was left to
crystallize by slow solvent evaporation at room temperature. After a
few days, blue single crystals suitable for X-ray diffraction were formed
(0.01 g, 40% yield). Anal. Calcd for C13H14CuN4O7·3H2O: C, 34.25;
H, 4.42; N, 12.29. Found: C, 34.55; H, 4.50; N, 12.54.
[Cu(mcheld)(N7-Ade)(H2O)]·2H2O (1Cu_Ade). To a warm aque-

ous solution (15 mL) of N9-ethyladenine (0.02 g, 0.10 mmol) was
added an aqueous solution (15 mL) of 1Cu (0.03 g, 0.10 mmol)
dropwise. The solution was heated to 65 °C and left at this
temperature with stirring for 30 min. The precipitate was collected by
filtration and dried in vacuo to afford the title compound in the form
of a powder (0.04 g, 87% yield). Anal. Calcd for C15H16CuN6O6·
6.6H2O: C, 32.03; H, 5.30; N, 14.94. Found: C, 31.84; H, 4.93; N,
15.45. The precipitate was recrystallized by room-temperature slow
evaporation in DMF, giving blue single crystals suitable for X-ray
diffraction after a few days. The detection of higher water content by
elemental analysis than by X-ray diffraction (vide inf ra) could be due
to the presence of surface-absorbed moisture.
[Cu(mcheld)(N7-Gua)(H2O)] (1Cu_Gua). To an aqueous solution

(15 mL) of N9-propylguanine (0.02 g, 0.10 mmol) was added an

aqueous solution (10 mL) of 1Cu (0.03 g, 0.10 mmol) dropwise. The
solution was heated to 65 °C and left at this temperature with stirring
for 30 min. A very thin precipitate was formed and eliminated by
filtration. The clear solution was then left to crystallize at room
temperature by slow solvent evaporation. After a few days, blue single
crystals suitable for X-ray diffraction were collected (0.02 g, 47%
yield). Anal. Calcd for C16H18CuN6O7(H2O): C, 39.39; H, 4.13; N,
17.23. Found: C, 39.71; H, 4.22; N, 17.12. The detection of higher
water content by elemental analysis than by X-ray diffraction (vide
inf ra) could be due to the presence of surface-absorbed moisture.

[Cu(mcheld)(N1-7CAde)(H2O)2]·H2O (1Cu_7CAde). To an aqueous
solution (15 mL) of 1Cu (0.02 g, 0.07 mmol) was added an aqueous
solution (10 mL) of the ligand (0.01 g, 0.07 mmol) dropwise. The
solution was heated to 60 °C and left at this temperature with stirring
for 30 min. A thin precipitate was formed and eliminated by filtration.
The clear solution was then left to crystallize at room temperature by
slow solvent evaporation. After a few days, blue single crystals suitable
for X-ray diffraction were recovered (0.01 g, 32% yield). Anal. Calcd
for C17H19CuN5O6(H2O): C, 43.35; H, 4.49; N, 14.87. Found: C,
43.18; H, 4.92; N, 14.70.

Single-Crystal X-ray Diffraction Structure Determination. X-
ray diffraction data for 1Cu_7CAde were collected using a Bruker X8
Proteum diffractometer equipped with a Cu (λ = 1.54178 Å) sealed
rotating anode X-ray tube, a Bruker AXS Smart 6000 CCD detector,
and an Oxford Cryostream 700 plus cooling apparatus. X-ray
diffraction data for 1Cu, 1Cu_Ade, and 1Cu_Gua were collected
on a Bruker D8 Venture diffractometer equipped with either a Cu (λ
= 1.54178 Å) or a Mo (λ = 0.71073 Å) X-ray tube, a Bruker AXS
Photon 100 detector, and a Kryoflex II cooling apparatus. For all four
of the complexes, data reduction was performed with the software
APEX3,32 while data correction for absorption was carried out using
the software SADABS.33 X-ray diffraction data for 1Cu_Cyt were
collected using a Bruker SMART APEX I diffractometer equipped
with a Mo (λ = 0.71073 Å) X-ray tube and a Kryoflex cooling
apparatus. In this case, data reduction was performed with the
software SAINT V6.36A, while data correction for absorption was
carried out using SADABS.33 The structures were solved by direct
methods as implemented in SHELXS-97,34 which allowed the
location of most of the atoms of the asymmetric unit. All the
remaining non-hydrogen atoms were located from difference Fourier
maps calculated from successive full-matrix least-squares refinement
cycles on F2 using SHELXL-2018/3.34 The electron densities around
the propyl group in 1Cu_Gua and 1Cu_7CAde were ill-defined: the
central carbon atom of the propyl group was found to be disordered
into two positions. Isotropic thermal displacement parameters were
refined for the three carbon atoms of the propyl group, and no
hydrogen atoms were located on them. Anisotropic thermal
displacement parameters were assigned to all the other non-hydrogen
atoms. The hydrogen atoms were located at idealized positions using
HFIX instructions and described with isotropic thermal displacement
parameters fixed at 1.2 or 1.5 times those of the atom to which they
were bound. The main crystallographic information and experimental
and data treatment details are provided in Table S1 in the Supporting
Information.

Computational Details. Theoretical models were built from
scratch using the Avogadro software.35 Sodium counterions or
protons were added to the phosphate groups, thus resulting in
neutral model systems. After a partial geometry optimization of these
molecules, using semiempirical methods (PM3) within the ORCA
4.2.1 computational program,36,37 a suitable geometry was obtained
for further full optimization by quantum mechanics ab initio
calculations using the HF-3c method.38 The latter method includes
the so-called MINIX basis set and a correction of the basis set
superposition error (BSSE) by means of the geometrical counterpoise
gCP correction algorithm,39 as well as the atom-pairwise London
dispersion energy from the D3 dispersion correction scheme with the
Becke−Johnson damping scheme (D3BJ).40−42 The solvent effect was
included by the so-called “implicit solvent model”. Thus, the solute
was placed in a cavity of roughly molecular shape, and the solvent was
described by a continuum that interacts with the charges on the cavity
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surface. Specifically, the conductor-like polarizable continuum model
(CPCM) was used for the computations of the DNA structure
comprising only three base pairs (DNA3), using water as a solvent,
which is an efficient way of accounting for solvent effects in quantum
chemical calculations.43 The solvent effect was not included for the
calculations of larger DNA15 and DNA10 models, composed of 971
and 649 atoms, respectively, due to the extremely costly computa-
tional demand.

■ RESULTS AND DISCUSSION

Synthesis of 4-Methoxypyridine-2,6-dicarboxylic
Acid (mcheld) and Model Nucleosides. The synthetic
route to prepare 4-methoxypyridine-2,6-dicarboxylic acid
(mcheld) consists of three steps (Scheme S1). The synthesis
is initiated from the commercially available 4-hydroxypyridine-
2,6-dicarboxylic acid, which is converted to diethyl-4-
hydroxypyridine-2,6-carboxylate (decheld) in good yields, as
described previously.31 The successive reaction steps consist of
the methylation of the hydroxyl functional group of decheld,
using sodium hydride and iodomethane, to obtain diethyl 4-
methoxypyridine-2,6-dicarboxylate (demcheld) in 94% yield.
Finally, the demcheld ester is converted into the carboxylic
acid mcheld using sodium hydroxide in water, affording it in
58% yield.
The model nucleosides N9-propyl-7-deazaadenine (7CAde)

and N9-propyl-7-deazaguanine (7CGua) were prepared by
following an adaptation of previous synthesis protocols
(Scheme 1).30,44 The synthesis of 7CAde was achieved in
good yield via N-alkylation of the commercially available 7-
deazaadenine using sodium hydride and 1-bromopropane, in
anhydrous N,N-dimethylformamide. In the case of N9-propyl-
7-deazaguanine (7CGua), the synthesis starts from 6-chloro-2-
amino-7-deazapurine and the N9 position is blocked by
introducing a propyl chain via N-alkylation, to form N9-propyl-
6-chloro-2-amino-7-deazapurine. Then, a hydroxyl group
displaces the chlorine atom by nucleophilic aromatic
substitution in acidic conditions (1 M hydrochloric acid) to
obtain 7CGua.
Synthesis and Crystal Structure of [Cu(mcheld)-

(H2O)2] (1Cu). The reaction of copper(II) acetate and mcheld
was carried out in water at 90 °C, leading to a light blue
precipitate. The latter was recovered by filtration and
recrystallized in water, isolating blue single crystals which
were characterized by elemental analysis and single-crystal X-

ray diffraction according to the formula [Cu(mcheld)(H2O)2]
(1Cu).
1Cu crystallizes in the monoclinic space group P21/n (Table

S1). The asymmetric unit contains one copper(II) ion, one
mcheld molecule, and two water molecules, all in general
positions. The copper(II) ion is five-coordinated and adopts a
distorted-square-pyramidal geometry (τ = 0.08)45 (Figure S1),
as already observed in [Cu(Cheld)(H2O)2].

46 In 1Cu, the
mcheld ligand56 shows the μ,κ3-N10,O2,O4 coordination mode
(Cu−N10 1.900(2) Å, Cu−O2 2.056(1) Å, Cu−O4 2.043(2)
Å) and occupies three basal positions. Two water molecules
complete the coordination sphere, occupying the basal position
opposite to the pyrimidine nitrogen atom (Cu−O2w 1.939(2)
Å) and the apical position (Cu−O1w 2.174(2) Å). The latter
water molecule forms a slightly elongated Cu−O bond, in
agreement with the Jahn−Teller distortion that typically occurs
in five- or six-coordinated Cu(II) complexes.47 Intermolecular
hydrogen bonds56 are present among neighboring [Cu-
(mcheld)(H2O)2] complexes, involving the carboxylic oxygen
atoms of mcheld and the water molecules (O1w···O2w
2.925(2) Å, O1w···O3 2.706(2) Å, O1w···O5 2.698(2) Å,
O2w···O2 2.693(2) Å, O2w···O4 2.973(2) Å, O2w···O5
2.712(2) Å) (Figure S2). Overall, these interactions bring
about the formation of a 3D supramolecular network. The
methylation of the hydroxyl group of mcheld avoids the
formation of intermolecular hydrogen bonds via this
position.48,49 As shown below, this feature is important
regarding the coordination of the [Cu(mcheld)] fragment to
nucleobases and nucleosides, since it favors the formation of
hydrogen bonds exclusively between the carboxylic groups of
mcheld and the donor or acceptor groups of the nucleobase
moiety.55

Synthesis and Crystal Structure of mcheld-Cu-
Nucleoside Complexes. The interaction of 1Cu with a
number of model nucleobases (Scheme 2) was studied in the
solid state and solution by means of single-crystal X-ray
diffraction and CD spectroscopy, respectively.
The general procedure to obtain complexes of the type

[Cu(mcheld)(model nucleoside)] consisted of adding a warm
aqueous solution of 1Cu to a warm solution of the appropriate
model nucleobase and leaving the mixture to react at 65 °C for
30 min with stirring. The precipitate was then filtered off and
left to crystallize by slow evaporation (in DMF or water; see

Scheme 1. Synthesis of the Model Nucleosides N9-Propyl-7-deazaadenine (7CAde) and N9-Propyl-7-deazaguanine (7CGua)a

aLegend: (a) sodium hydride, 1-iodopropane, anhydrous N,N-dimethylformamide, rt, 24 h; (b) hydrochloric acid (1 M), reflux, 2 h.
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the Experimental Section). In all cases except for the Thy and
7CGua nucleobases, single crystals were formed after a few days
and were characterized by X-ray diffraction as [Cu(mcheld)-
(N3-Cyt)(H2O)]·3H2O (1Cu_Cyt), [Cu(mcheld)(N7-Ade)-
(H2O)2]·2H2O (1Cu_Ade), [Cu(mcheld)(N7-Gua)(H2O)]
(1Cu_Gua) and [Cu(mcheld)(N1-7CAde)(H2O)]·H2O
(1Cu_7CAde).
The complex 1Cu_Cyt crystallizes in the triclinic space

group P1̅ (Table S1). The asymmetric unit consists of one
metal ion, one mcheld ligand, one Cyt nucleoside, and four
water molecules, all in general positions. The copper(II) ion is
six-coordinated and adopts a distorted-octahedral geometry.
The mcheld ligand shows the μ,κ3-N10,O2,O4 coordination
mode (Figure 1-a) (Cu−N10 1.893(3) Å, Cu−O2 1.997(2) Å,
Cu−O4 2.027(2) Å), occupying three equatorial positions,
while the Cyt ligand shows the μ,κ2-N3,O21 coordination
mode (Figure 1a) (Cu−N3 1.956(3) Å, Cu−O21 2.711(3) Å),
completing the equatorial plane with the pyrimidine nitrogen
atom N3 and locating the ketonic oxygen atom O21, with a
loose interaction, at one of the axial positions. One water
molecule completes the coordination sphere (Cu−O1w
2.407(2) Å) at the remaining axial position, opposite to
O21. Again, the longer axial Cu−O distances are reasonably
the result of the Jahn−Teller effect. An intramolecular
hydrogen bond is found between the coordinated water
molecule O1w and the nitrogen atom N4 of the Cyt amino
group (Figure 1a) (N4···O1w 2.822(2) Å). Intermolecular
hydrogen bonds56 are present between N4 and one non-
coordinated water molecule (N4···O2w 2.863(4) Å) and
among noncoordinated water molecules (O3w···O2w 2.821(5)
Å, 2.826(3) Å, O3w···O3w 2.796(5) Å), as well as between
water molecules and coordinated and dangling oxygen atoms
of the carboxylate groups of mcheld (O4w···O2 2.886(4) Å,
O4w···O4 2.866(4) Å, O1w···O5 2.775(4) and 2.841(4) Å).
Overall, all the hydrogen-bond donor and acceptor atoms,
from both mcheld and the Cyt moiety, are involved in
hydrogen bonds (Figure 1b). The O1w···O5 interactions
define a graph set motif of the type R2

4(8) (Figure S3).50 In
addition, each O2w···O3w···O3w···O2w segment (Figure 1b),
running along the [001] crystallographic direction and lying on
an inversion center, connects six [Cu(mcheld)(N3-Cyt)-
(H2O)] complexes. The crystal structure of 1Cu_Cyt is

further stabilized by the formation of π−π interactions
(distance between the centroids 3.596(2) Å, α = 0°, β = γ =
27.25°) between the pyridine rings of mcheld (Figure 1b). The
angle between the rms planes of Cyt and the [Cu(mcheld)]
fragment is 77.64(11)°, highlighting the high deviation from
coplanarity of the two ligands, likely enforced by the
coordination of N3 and O21 to the same metal center.
The complex [Cu(mcheld)(N7-Ade)(H2O)2]·2H2O

(1Cu_Ade) crystallizes in the monoclinic space group P21/n
(Table S1). The asymmetric unit features one copper(II) ion,
one mcheld ligand, one Ade nucleoside, and four water
molecules, all in general positions. The copper(II) ion is six-
coordinated in a distorted-octahedral geometry. The ligand
mcheld shows the μ,κ3-N10,O2,O4 coordination mode (Figure
2) (Cu−N10 1.953(4) Å, Cu−O2 2.229(3) Å, Cu−O4
2.310(4) Å), occupying three meridional positions within the
octahedron. Ade is coordinated to the copper(II) ion through

Scheme 2. Model Nucleosides Employed in the Present
Worka

aFor easy reading, the labels of the modified nucleobases avoid any
reference to their alkyl functionalization.57

Figure 1. (a) Molecular structure of the complex [Cu(mcheld)(N3-
Cyt)(H2O)]·3H2O (1Cu_Cyt) with thermal ellipsoids set at the 30%
probability level. (b) Portion of the crystal structure of 1Cu_Cyt,
showing pairs of 1Cu_Cyt complexes connected by hydrogen bonds
(dashed cyan lines) and π−π interactions (dashed purple line). The
uncoordinated water molecules O4w (and the corresponding
hydrogen bonds) have been omitted for clarity. The O2w and O3w
noncoordinated water molecules have been represented as space-
filling spheres.

Figure 2. Molecular structure of the complex [Cu(mcheld)(N7-
Ade)(H2O)2]·2H2O (1Cu_Ade) with thermal ellipsoids set at the
30% probability level. The intramolecular hydrogen bond is depicted
as a cyan dashed line.
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N7 (Cu−N7 1.960(4) Å), occupying the remaining meridional
position. Two water molecules occupy the axial positions
(Cu−O1w 2.032(3) Å, Cu−O2w 2.072(4) Å) (Figure 2). The
observed N7-Ade coordination mode is reinforced by an
intramolecular hydrogen bond, involving the Ade N6 exocyclic
amino group as a donor and one carboxylate group of mcheld
as an acceptor (N6···O2 2.846(6) Å) (Figure 2). This
molecular recognition pattern has been previously observed
in related aromatic amine analogues27,51,52 and reasonably
influences the low value of the angle between the rms planes of
mcheld and the nucleobase (23.98(12)°).
The crystal structure is further stabilized by intermolecular

hydrogen bonds56 involving coordinated and uncoordinated
water molecules, the aminic nitrogen atom N6 of Ade, and the
carboxylate groups of mcheld (N6···O5 2.964(5) Å, O1w···O3
2.678(4) Å, O1w···O5 2.743(5) Å, O2w···O4w 2.749(4) Å,
O2w···N3 2.819(6) Å, O3w···N1 2.834(5) Å, O3w···O4w
2.736(5) Å, O4w···O3 2.814(5) Å) (Figure 3). Interestingly,

upon consideration of the hydrogen bonds involving the
coordinated water molecule O2w, a 1D double-strand motif
running along the [001] direction can be envisaged (Figure 3).
The strands interact through antiparallel π−π stacking
interactions between the five- and six-membered rings of
Ade (distance between the centroids 3.552(3) Å, α = 2.30°, β
= 19.93°, γ = 22.26°) (Figure 3 and Figure S4). Further
hydrogen bond interactions define a 3D supramolecular
network, in which two graphs set motifs of the kinds
R3

4(10) and R3
2(10) can be identified (Figure S5).

The complex 1Cu_Gua crystallizes in the monoclinic space
group Cc (Table S1). The asymmetric unit consists of one
copper(II) ion, one mcheld ligand, one Gua nucleoside, and
one water molecule, all in general positions. The copper(II)
ion adopts a distorted-square-pyramidal geometry (τ = 0.20)45

(Figure 4). The mcheld ligand shows the μ,κ3-N10,O2,O4
coordination mode (Cu−N10 1.908(4) Å, Cu−O2 2.061(4)
Å, Cu−O4 2.046(4) Å), occupying three basal positions of the
pyramid. The nucleobase Gua is coordinated to the copper(II)
ion through N7 (Cu−N7 1.979(4) Å), occupying the fourth
basal position. The apical position is occupied by a water
molecule (Cu−O1w 2.155(4) Å). An intramolecular hydrogen
bond is present between the water molecule and the keto
group oxygen atom O61 of the nucleobase (Figure 4) (O1w···
O61 2.698(5) Å). Moreover, intermolecular hydrogen bonds56

are observed between the water molecule and the carboxylic
atom O4 of mcheld (O1w···O4 2.746(6) Å), which leads to
the formation of a 1D supramolecular chain of collinear metal
ions 5.3 Å apart running along [010] (Figure S6). Hydrogen
bonds are also present between the guanine N2 amino group
and the carboxylate O5 atom of mcheld and between the

guanine endocyclic N1 nitrogen atom and the carboxylate O3
atom of mcheld (N2···O5 2.988(7) Å, N1···O3 2.827(7) Å)
(Figure S7). Overall, a 3D network of intermolecular
hydrogens bond is formed. The [Cu(mcheld)] fragment and
the Gua moiety are not coplanar, with an angle between their
rms planes of 78.94(10)°. This non-negligible deviation from
planarity can be due to the repulsive interactions that take
place between the Gua keto group and the mcheld carboxylate
groups, which also allows for the formation of the intra-
molecular hydrogen bond. No π−π stacking interactions are
observed in the crystal structure.
The interaction of complex 1Cu with Ade and Gua

derivatives occurs via the Hoogsteen-position N7 atom, as is
evidenced by the complexes 1Cu_Ade and 1Cu_Gua,
respectively. This metal−nucleoside binding mode is expected,
since the N7 position is usually preferred by metal ions that
interact with purine nucleobases/nucleosides, especially
guanine.53 The fact that no interaction was observed via the
Watson−Crick position (the N1 atom) prompted us to use a
different strategy to evaluate this alternative binding mode that
could also occur when Cheld-Cu complexes are introduced in
a DNA molecule. Thus, 7-deazapurine analogues were
employed, namely N9-propyl-7-deazaadenine (7CAde) and
N9-propyl-7-deazaguanine (7CGua), and their interactions
toward 1Cu were evaluated. This strategy has been already
proven to be successful to study the interactions of metal ions
toward Watson−Crick positions.11,12

The complex 1Cu_7CAde was obtained upon reaction of
1Cu with 7CAde in water. This complex crystallizes in the
triclinic space group P1̅ (Table S1). The asymmetric unit
contains one copper(II) ion, one mcheld ligand, one 7CAde
nucleoside, and one water molecule, all in general positions.
The copper(II) ion shows a distorted-square-pyramidal
coordination (τ = 0.10)45 (Figure 5). The mcheld ligand
shows the μ,κ3-N10,O2,O4 coordination mode (Cu−N10
1.922(3) Å, Cu−O4 2.128(2) Å, Cu−O2 2.038(2) Å),
occupying three basal positions. In this case, the nucleoside
7CAde is coordinated to the copper(II) ion through the
Watson−Crick position N1, occupying the fourth basal
position of the pyramid (Cu−N1 1.974(3) Å) (Figure 5).
The apical position is occupied by a water molecule (Cu−O1w
2.210(2) Å) (Figure 5).
The mcheld ligand and the 7CAde nucleoside are not

coplanar, with an angle between their rms planes of 45.47(7)°,
considerably larger than the angle observed when the
[Cu(mcheld)] fragment binds via the Ade-N7 atom (vide
supra). Intra- and intermolecular hydrogen bonds are present
between the 7CAde-N6 amino protons and the carboxylate O2

Figure 3. Portion of the crystal structure of 1Cu_Ade. The hydrogen
bonds (dashed cyan lines) involving the coordinated water molecules
O2w lead to the formation of 1D double-strand motifs running along
[001]. These motifs are connected by additional intermolecular π−π
interactions (purple lines), contributing to the formation of 2D
supramolecular layers (a detail of the antiparallel π−π interactions is
provided in the inset).

Figure 4. Molecular structure of [Cu(mcheld)(N7-Gua)(H2O)]
(1Cu_Gua) with thermal ellipsoids set at the 30% probability level.
The intramolecular hydrogen bond interaction is highlighted by a
cyan dashed line. For clarity, an ordered model has been adopted for
the Gua propylic residue.
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and O3 atoms of the mcheld ligand (N6···O2 2.768(4) Å and
N6···O3 2.960(3) Å, respectively). Also, the water molecule
O1w forms intermolecular hydrogen bonds56 with the donor
atoms of two different adjacent complexes (O1w···O4
2.790(4) Å, O1w···O5 2.717(3) Å, O2w···N3 2.956(4) Å),
leading to a staircase-like 3D structure (Figure 6). No π−π
stacking interactions are present.
Interestingly, no complexes were either isolated or detected

in solution when 1Cu was reacted with thymidine and 7-
deazaguanine derivatives (Scheme 2). This is probably due to
the experimental conditions adopted. Unfortunately, although
several attempts were performed at higher pH (9.5) to fully
deprotonate such nucleosides, no complexes were isolated and
further efforts still need to be done in this regard.
CD Spectroscopy Interaction Studies between Com-

plex 1Cu and Single-Stranded DNA Homopolymers.
The interaction of 1Cu toward single-stranded DNA (ss-
DNA) molecules was studied in an effort to evaluate the
possible formation of a contiguous array of 1Cu_nucleobase
base pairs. To this aim, we used circular dichroism (CD) to
unveil the interactions, at the oligomer level, between 1Cu and
different synthetic ss-DNA homopolymers containing the
nucleoside analogues studied herein: namely, d(Ade)15,
d(7CAde)15, d(Cyt)15, and d(Gua)10. The 1Cu complex is
CD inactive, and its UV−vis absorbance spectrum shows a
broad band in the range 240−280 nm. Therefore, any induced
circular dichroism (ICD) signal caused by the interaction of
1Cu with the DNA homopolymers should be developed in this
region. Unfortunately, in all cases, the addition of 1Cu did not
bring about significant changes in the CD spectra (Figure S8),

thus indicating that the DNA helix conformation is not
significantly altered. Therefore, nothing but weak interactions
between 1Cu and the ss-DNA homopolymers can be expected
in solution. This is in contrast with the reported formation of
individual mcheld-Cu-nucleobase base pair mismatches within
double-stranded DNA scaffolds.4 In that case, the copper(II)
complex was covalently attached to the backbone of the DNA
molecule and only one mismatch was introduced within the
helix. On the other hand, in our study, the 1Cu fragments are
unrestricted in solution and the Cu···N(nucleoside) interaction
does not seem to be strong enough to yield a Cu(II)-mediated
base pair in solution. This fact, together with the hindering
effect of several copper(II) ions close to each other, reasonably
prevents the formation of stable Cu-ss-DNA hybrid systems in
solution.

Ab Initio Computational Studies: Structural Features
of 1Cu_nucleoside Pairs inside DNA Molecules. As was
mentioned above, the binding of complex 1Cu toward
canonical nucleosides has been previously reported in solution
at the oligomer level in double-stranded DNA (except for
thymidine),4 while the crystal and molecular structures of the
resulting 1Cu_nucleoside monomers have been determined in
this work. These results prompted us to evaluate the structural
organization of 1Cu_nucleoside pairs inside DNA double-
helix structures and compare the structural features derived
therefrom with those of the monomers described herein, as we
believe that the DNA structure should have an important
influence on the arrangement of these copper−base pairs.
Furthermore, we aimed at evaluating the effect of Cu(II)-
mediated nucleobase formation on the DNA structure that
contains it.
The study of a DNA structure, in the solid state or solution,

can be very difficult and expensive due to the difficulty in
obtaining single crystals suitable for X-ray diffraction measure-
ments or powdered batches in enough quantity to accomplish
nuclear magnetic resonance studies (in the present case the
latter studies are made even more difficult by the presence of
the paramagnetic Cu(II) ions). More affordable spectroscopic
or spectrometric studies (for instance, UV−vis absorption and
fluorescence spectroscopy, CD, ESI-MS, MALDI-TOF) do not
provide information on the three-dimensional structure. For
this reason, theoretical computational studies can be a very
important tool.

Figure 5. Molecular structure of the complex [Cu(mcheld)-
(N1-7CAde)(H2O)]·H2O (1Cu_7CAde) with thermal ellipsoids set
at the 30% probability level. The intramolecular hydrogen bond is
highlighted by a dashed cyan line. The uncoordinated water molecule
(and the corresponding hydrogen bonds) has been omitted for clarity.
An ordered model has been adopted for the 7CAde propylic residue.

Figure 6. (A) In the crystal structure of 1Cu_7CAde, hydrogen bonds (dashed cyan lines) involving the coordinated water molecule O1w and the
exocyclic 7CAde amino group lead to the formation of staircase motifs. (B) Detail of the symmetry-related hydrogen bond interactions present in
each “step” of the staircase. Red dotted lines represent hanging contacts.

Inorganic Chemistry pubs.acs.org/IC Article

https://dx.doi.org/10.1021/acs.inorgchem.0c01210
Inorg. Chem. XXXX, XXX, XXX−XXX

G

http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.0c01210/suppl_file/ic0c01210_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c01210?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c01210?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c01210?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c01210?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c01210?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c01210?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c01210?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c01210?fig=fig6&ref=pdf
pubs.acs.org/IC?ref=pdf
https://dx.doi.org/10.1021/acs.inorgchem.0c01210?ref=pdf


We have employed computational calculations to study the
structure of a 10-mer and a 15-mer DNA duplex model
containing one Cu(II)-mediated base pair covalently attached
to the DNA structure. Although they could be considered
simple, these models enable us to study a realistic structure.
Within the available theoretical models, molecular mechanics is
not a valid method in the presence of metal ions such as
Cu(II), while semiempirical models, although parametrized,
can result in significant errors in the estimation of bond
distances and angles.
Therefore, we strongly believe that the most useful methods

to approach a DNA molecule of ca. 1000 atoms and containing
metal ions are the ab initio and QMM methodologies. The
latter approach, though faster, has the problem of validation. In
our case, we do not have a reliable starting DNA structure to
be validated. Thus, we decided not to use an approach that
could lead to artifacts but rather to carry out a theoretical−
computational structural study using the ab initio HF-3c
method for DNA molecules holding the 1Cu_Cyt or
1Cu_Gua base pair located in the middle of the double
helix. We have selected these Cu(II)−base pairs, as they
exhibited the longest deviation from coplanarity between the
[Cu(mcheld)] fragment and the Cyt or Gua bases in their
crystal structure (see Synthesis and Crystal Structure of
mcheld-Cu-Nucleoside Complexes), and thus they will
potentially have a greater effect on the DNA double-helix
conformation.
To this purpose, we have followed a bottom-up strategy,

starting with the study of the 1Cu_Cyt complex, followed by
the study of a 3-mer DNA molecule containing the 1Cu_Cyt
base pair in the center of the structure, and finally performing
calculations for 10-mer and 15-mer DNA molecules containing

the 1Cu_Cyt or 1Cu_Gua complexes. To the best of our
knowledge, this is the first time that a duplex DNA molecule
containing metal-mediated base pairs has been studied at this
computational level.

Single Model Complex. Initially, we carried out a
theoretical study of the 1Cu_Cyt molecular structure, starting
from the experimentally determined one, to validate the
theoretical ab initio HF-3c method employed in our following
studies. After this preliminary study, we compared the
computational results (1Cu_Cyt-S) with the experimental
results, giving special attention to the interaction of the Cyt
base with the copper(II) ion. Subsequently, we performed
additional studies taking into account solvent effects
(1Cu_Cyt-SE), using water as the solvent, and removing the
coordinated water molecule (1Cu_Cyt-NW) to evaluate the
consequence of the absence of the sixth coordination position
observed experimentally.
For 1Cu_Cyt-S, the results show a good agreement among

the calculated and observed Cu−O and Cu−N distances
(Table S2), with the greatest deviations observed for the Cu−
O2 and Cu−O4 distances and for the angle between the
[Cu(mcheld)] fragment and Cyt base (by 10°; see Figure S9).
When the calculations were repeated with the solvent effects
(1Cu_Cyt-SE) or without the coordinated water molecule
(1Cu_Cyt-NW) taken into account, the results were very
similar, and no significant differences were observed.

Model Systems of Three Base Pairs. After validating the
theoretical model of 1Cu_Cyt with the experimental
observations, we set out to study how the scaffolding of a
DNA molecule would affect the conformation of the 1Cu_Cyt
base pair. In an effort to work with the simplest DNA model,
we studied a DNA duplex structure comprising only three base

Figure 7. Ab initio HF-3c optimized geometries for the structures DNA3-Na (left) and DNA3-H (right) hosting the 1Cu_Cyt complex.

Table 1. Comparison of the Relevant Bond Distances (Å) and Dihedral Angles (deg) of the 1Cu_Cyt Base Pair in the DNA3
Optimized Models with the Experimental Valuesa

exptl 1Cu_Cyt DNA3-Na
b DNA3-H

c DNA3-H-SEd

Cu−N10 1.893 1.902 (0.009) 1.924 (0.031) 1.966 (0.073)
Cu−O2 1.997 1.900 (−0.097) 1.908 (−0.089) 1.923 (−0.074)
Cu−O4 2.027 1.900 (−0.127) 1.9 (−0.127) 1.916 (−0.111)
Cu−Oaxial 2.407 2.527 (0.120) 2.504 (0.097) 2.488 (0.081)
Cu−N3 1.956 1.939 (−0.017) 1.965 (0.009) 1.977 (0.021)
Cu−O21 2.711 2.844 (0.133) 2.957 (0.246) 2.948 (0.237)
interplanar angle 77.7 47.6 (−30.1) 36.6 (−41.1) 34.9 (−42.8)
C1′Gua···C1′Cyt 10.509 10.656 10.668
C1′1Cu···C1′Cyt 8.759 9.284 9.566
C1′Gua···C1′Cyt 10.760 10.682 10.688

aDeviations with respect to the latter are shown in parentheses. bNa indicates the use of sodium(I) as a cation. cH indicates the use of a proton as a
cation. dSE indicates that the “solvent effect” has been included in the calculation.
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pairs (DNA3), constructed with the sequences 5′-(G 1CuG)-
3′ and 5′-(CCC)-3′. This DNA3 molecule represents a good
starting point before studying larger DNA molecules (vide
inf ra) because it takes into account the influence of the base
pairs above and below the 1Cu_Cyt base pair, which has been
positioned in the middle.
For these calculations, the counteranions (namely the

phosphate groups) were treated with either sodium cations
(DNA3-Na) or protons (DNA3-H) and the results obtained
with the two strategies were compared. We also evaluated the
influence of the solvent effect on the latter model (DNA3-H-
SE).
In all cases, the copper(II) ion is five-coordinated in a

square-pyramidal geometry. The mcheld ligand shows the μ,κ3-
N10,O2,O4 coordination mode, occupying three equatorial
positions, while the Cyt ligand acts as a monodentate ligand via
N3 coordination, completing the basal plane. Remarkably, the
axial position of the copper(II) coordination sphere now
involves a neighboring nucleotide, and the copper(II) ions
bind the guanine-O6 atom (Figure 7). This situation is similar
to that observed in the crystal structure of a related copper-
mediated base pair in DNA.20

The results show that in all cases there is a good agreement
among the experimental and calculated bond distances
involving the copper(II) ions (Table 1). The greatest
deviations are again observed for the Cu−O2 and Cu−O4
distances and the interplanar angle between the [Cu(mcheld)]
fragment and the cytosine base. Both DNA3 models show a
significantly lower interplanar angle in comparison to the
complex alone, which can be explained as a result of the
influence of the DNA scaffold: the presence of the base pairs
above and below the 1Cu_Cyt base pair reasonably limits the
rotation around the Cu−N3 bond. In this regard, the best
agreement was found with the DNA3-Na model, which exhibits
an interplanar angle closer to the observed angle.
The glyosidic C1′···C1′ distances between opposite

nucleobases are within the range 10.5−10.8 Å observed for
natural base pairs, while they are significantly smaller for the
1Cu_Cyt base pair (<9.56 Å), especially in the DNA3-Na
model, which displays a distance of 8.76 Å.
Interestingly, the presence of the 1Cu_Cyt complex seems

to affect more the conformation of the strand that holds the
1Cu metal fragment. This is highlighted by the shorter P···P
distance (5.94 Å) of contiguous phosphate groups attached to
the sugar unit of [Cu(mcheld)] vs the other P···P distances in
the duplex (>6.39 Å). This is situation is more pronounced in
the case of the DNA3-Na model, where the phosphate groups
are separated by only 4.2 Å and seem to be stabilized by two
nearby sodium cations (Na···Na 3.766 Å) that bridge both
phosphate groups (Na···O 2.068−2.132 Å) (Figure 8).
It is worth mentioning that, since a water molecule was

found to be involved in the coordination sphere of copper(II)
in the 1Cu_Cyt complex, the DNA3-H model was also studied
in the presence of a water molecule placed near the metal ion.
In this situation, the results also showed the formation of the
Cu(II)−Gua(O6) bond (Figure S10).
Full DNA Model Systems. Finally, we performed a

theoretical study for 15-mer (DNA15) and 10-mer (DNA10)
duplexes containing the 1Cu_Cyt and 1Cu_Gua base pairs,
respectively, in the middle of the double helixes. In an effort to
reduce the influence of arbitrary DNA sequences surrounding
the copper-mediated base pair, the model sequences have been

designed to contain only guanosine and cytidine bases (Table
2).

First, we studied the structure of the 15-mer duplex DNA15,
compensating the negative charge of the phosphate groups
with the presence of sodium cations (DNA15-Na). It is worth
noting that this study required an extensive computational
effort, as up to 28 sodium cations were considered in the ab
initio calculations.
We also performed the same calculation using protons as

counterions (DNA15-H) to reduce the computational cost, and
the results were compared to those obtained with DNA15-Na
to evaluate the consequences of this approach. Finally, we
studied duplex DNA10 by treating the phosphate groups with
protons (DNA10-H). The solvent effect was not taken into
account in any case, due to the great calculation effort that this
would have required.
The optimized geometry of duplex DNA15-Na contains 15

base pairs and completes an entire turn, holding a right-handed
B-like conformation (Figure 9). The 1Cu_Cyt base pair is
placed at site 8, and copper(II) is six-coordinated and adopts a
distorted-octahedral geometry, as seen for the 1Cu_Cyt
complex. The mcheld ligand shows the expected μ,κ3-
N10,O2,O4 coordination mode (Cu−N10 1.916 Å, Cu−O2
1.900 Å, Cu−O4 1.906 Å), occupying three basal positions.
However, in contrast to the studied trimer DNA3-Na, where
the Cyt base acts as a monodentate ligand via N3 coordination,
in duplex DNA15-Na the Cyt base shows a μ,κ2-N3,O21

Figure 8. Close view of the HF-3c optimized geometry for DNA3-Na
showing the position of two sodium ions (purple) bridging
contiguous phosphate groups.

Table 2. DNA Duplexes Employed in the Ab Initio
Calculations

duplex sequence

DNA15 5′-(CCCCCCCCCCCCCCC)-3′
3′-(GGGGGGG 1CuGGGGGGG)-5′

DNA10 5′-(CCCC 1CuCCCCC)-3′
3′-(GGGGGGGGGG)-5′
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coordination mode (Cu−N3 1.964, Cu−O21 2.703 Å), as seen
in the X-ray crystal structure of the 1Cu_Cyt complex (Table
3).
The axial position of the copper(II) coordination sphere

involves a neighboring nucleotide: i.e., the copper(II) ion
binds a neighboring Gua-O6 atom (Cu−O6 2.444 Å). It
should be noted that this distance is considerably shorter than
the sum of the Cu/O van der Waals radii. This situation has
been also observed for the DNA3-Na model, which displays a
longer distance (2.527 Å), as well as for the crystal structure of
the copper-mediated Dipic-Py base pair in DNA (Dipic =
pyridine-2,6-dicarboxylate; Py = pyridine), although in that
case the Cu−O6 distance was considerably longer (3.1 Å).24

The fact that our ab initio calculation reveals the formation of
the Cu−O axial bond with an adjacent guanidine nucleoside,
for both DNA3-Na and DNA15-Na models, as reported for the
DNA crystal structure, constitutes a validation that supports
our theoretical method to study these copper-mediated base
pairs in DNA duplexes.
Interestingly, the optimized geometry of DNA15-Na reveals a

larger interplanar angle (54.43°) between the [Cu(mcheld)]
fragment and the cytidine base in comparison to that observed

in the DNA3-Na model (43.63°). This evidence shows that our
original assumptions were not entirely correct; larger DNA
molecules are not necessarily more constrained. Indeed, the
rotation around the Cu−N3 bond inside the helix is allowed,
leading to arrangements far from coplanarity. As a con-
sequence, the Cu−O21 distance in our optimized DNA15-Na
model is very similar to that observed in 1Cu_Cyt, indicating
that this interaction could also occur in a duplex structure. This
unexpected result indicates that the adjacent base pairs are not
the only ones that influence the organization of the 1Cu_Cyt
base pair, but instead, the overall structure of a large DNA
molecule has an effect. This could also be explained by the fact
that the energy required to rotate the Cu−N3 bond and
diminish the deviation from planarity of the complex can be
dampened by a higher number of slight deviations from the
optimal bond geometry of the higher number of bonds present
in larger DNA structures.
In the duplex DNA15-Na, the C1′···C1′ distances between

opposite 2′-deoxyriboses of natural base pairs vary in the range
10.5−10.7 Å, which is consistent with a standard B-form
conformation. However, as foreseen by our previous DNA3
models, at the copper−base pairs level (site 8) the C1′···C1′
distance is considerably shorter (8.3 Å), causing a narrowing of
the double helix. The distortion caused by the 1Cu_Cyt base
pair in the duplex structure is analogous to what was observed
for DNA3-Na. Actually, two sodium(I) cations are also very
close to each other (Na···Na 3.741 Å) and bridge two
contiguous phosphate groups (Na···O 2.093−2.128 Å). In
addition, stacking interactions occur between the mcheld
ligand and the contiguous guanosine base to which the
copper(II) ions coordinate through O6 coordination. The rest
of the DNA structure presents a characteristic B-form
conformation, without other remarkable changes. Therefore,
the presence of 1Cu_Cyt appears to only distort neighboring
base pairs and is suitable to be formed in a DNA structure
without major disruption of the structure.
The structure of DNA15-H is shown in Figure 10. The

optimized copper(II) ion is in a five-coordinated square-
pyramidal geometry. The mcheld ligand shows the expected
μ,κ3-N10,O2,O4 coordination mode (Cu−N10 1.927 Å, Cu−
O2 1.910 Å, Cu−O4 1.901 Å), occupying three basal positions.
However, in contrast to the molecular structures of 1Cu_Cyt
and DNA15-Na, where the Cyt ligand shows a μ,κ2-N3,O21
coordination mode (vide supra), in duplex DNA15-H the Cyt
base acts as a monodentate ligand via N3 coordination,

Figure 9. (left) The geometry-optimized duplex DNA15-Na. (right)
Closer view of the 1Cu_Cyt base pair formed in the duplex structure
showing the apical Cu−Gua-O6 and the Cu−Cyt-μ-N3,O21 bonds.
Dots surrounding the double helix represent sodium cations which
balance the negative charge of the phosphate DNA backbone. Color
scheme: black, DNA structure different from the Cu(II)-mediated
base pairs; green, neighboring nucleobases to 1Cu_Cyt base pair.

Table 3. Comparison of the Relevant Bond Distances (Å) and Dihedral Angles (deg) in the Crystal Structures of the 1Cu_Cyt
Base Pair and the DNA3-Na, DNA15-Na and DNA15-H Optimized Modelsa

exptl 1Cu_Cyt DNA3-Na
b DNA15-Na DNA15-H

c

Cu−N10 1.893 1.902 (0.009) 1.916 (0.023) 1.927 (0.034)
Cu−O2 1.997 1.900 (−0.097) 1.900 (−0.097) 1.910 (−0.087)
Cu−O4 2.027 1.900 (−0.127) 1.906 (−0.121) 1.901 (−0.126)
Cu−Oaxial 2.407 2.527 (0.120) 2.444 (0.037) 2.470 (0.063)
Cu−N3 1.956 1.939 (−0.017) 1.964 (0.008) 1.965 (0.009)
Cu−O21 2.711 2.844 (0.133) 2.703 (−0.008) 2.968 (0.257)
interplanar angle 77.7 47.6 (−30.1) 54.4 (−23.3) 38.9 (−38.9)
C1′Gua···C1′Cyt 10.509 10.547 10.681
C1′1Cu···C1′Cyt 8.759 8.347 9.263
C1′Gua···C1′Cyt 10.760 10.694 10.624

aDeviations with respect to the observed crystal structure are shown in parentheses. bNa indicates the use of sodium(I) as a cation. cH indicates the
use of a proton as a cation.
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completing the basal plane (Cu−N3 1.965 Å). This
organization can be explained as a result of a smaller
interplanar angle between the [Cu(mcheld)] fragment and
the cytidine base (38.88°) and consequently a greater Cu−
O21 distance (2.968 Å). The axial position of the copper(II)
coordination sphere also involves a neighboring nucleotide:
i.e., the copper(II) ion binds a neighboring Gua-O6 atom
(Cu−O6 2.470 Å), as observed in DNA15-Na. In this case, the
C1′···C1′ distance between opposite 2′-deoxyriboses at the
copper−base pairs level (site 8) is larger (9.2 Å), although the
distance for natural base pairs remains within the expected
10.5−10.7 Å range. Importantly, the rest of the DNA15-H
structure does not show any major differences vs DNA15-Na.
These results indicate that our ab initio calculations

performed for the DNA molecules containing one 1Cu_Cyt
base pair can be successfully performed using sodium(I) ions
or protons as counterions to compensate for the negative
charge of the phosphate groups. The choice of one strategy or
another will depend on the objective of the study. The DNA15-
Na model is more accurate by comparison with the observed
molecular structure of 1Cu_Cyt, at the expense of a
considerably higher computational cost. Replacing Na+ ions
with protons (DNA15-H) requires less demanding and more
affordable computational resources. However, this model can
lead to variations in the angles and bond distances of the
1Cu_Cyt base pair, although the overall DNA structure is little
affected. Therefore, these considerations must be taken into
account depending on the aim of the calculation: namely, to
study the overall DNA structure containing metal-mediated
base pairs or to evaluate the arrangement of a specific base pair
in the DNA structure. Although experimental structural data
are required to evaluate the conformation in solution, namely
high-resolution NMR data, our result indicates that the 1Cu-
Cyt base pair will exist inside the double helix with a large
interplanar angle, as observed in the DNA15 models.
In an effort to assess the effect of the 1Cu_Gua base pair in

the DNA structure, we also performed a calculation using
protons as counterions (DNA10-H), as the computational cost
was considerably lower (Figure S10). The DNA10-H double

helix contains 10 base pairs, holds a right-handed B-like form,
and nearly completes a turn, with all the complementary
cytidine and guanosine bases assembled via Watson−Crick
hydrogen bonds along with stacking interactions. The
[Cu(mcheld)] fragment is placed at site 5 (starting from the
5′-end), in the middle of the duplex, and binds guanosine 5 via
the N7 atom, as observed in 1Cu_Gua (vide supra). The
copper(II) ion adopts a square-planar geometry, as previously
described in related systems,24 with no additional axial
coordination observed. The mcheld ligand shows the expected
μ,κ3-N10,O2,O4 coordination mode, and the copper(II) ion is
involved in shorter bonds (Cu−N10 1.925 Å, Cu−O2 1.884 Å,
Cu−O4 1.903 Å) than in the crystal structure of 1Cu_Gua.
The guanosine moiety is coordinated to the copper(II) ion
through N7 with a distance (Cu−N7 1.975 Å) very close to
that present in the crystal structure. However, the spatial
assembly of the units has considerably changed in comparison
to the free 1Cu_Gua monomer. In duplex DNA10-H, the
[Cu(mcheld)] fragment and the guanosine base self-assemble
with a lower deviation from coplanarity, with an interplanar
angle of 19.6°, instead of the 78.94(10)° angle observed in the
crystal structure. Surprisingly, this arrangement appears to be
possible despite the short distance observed between the
guanosine keto group and the mcheld carboxylic atom (O61···
O2 2.866 Å), which would be expected to generate a
significant repulsion. This fact could be due to the strong
influence that the overall duplex structure must have on the
copper−base pair, indicating that the formation of the double
helix may restrict the free rotation around the Cu−N7 bond,
hampering the separation of the keto and carboxylic groups
any further.

■ CONCLUSIONS
The formation of copper-mediated base pairs containing a
pyridine-2,6-dicarboxylate derivative (mcheld) and model
nucleosides (Ade, Cyt, Gua, and 7CAde) was studied in the
solid state and solution by means of single-crystal X-ray
diffraction and CD spectroscopy, respectively. The former
revealed the crystal and molecular structures of four mcheld-
Cu-nucleoside systems, namely 1Cu_Cyt, 1Cu_Ade,
1Cu_7CAde, and 1Cu_Gua, which have been reported to
occur individually in double-stranded DNA molecules.4

Unfortunately, no single crystals suitable for X-ray diffraction
could be isolated for the 1Cu_7CGua compound. The
versatility of these nucleoside analogues is evidenced in the
case of adenine derivatives, where the coordination to the
metal ion can be directed via either the Hoogsteen N7 position
(as in 1Cu_Ade), or the Watson−Crick N1 atom (as in
1Cu_7CAde). Although the interaction metal−N1-Gua has not
been observed in the present work, its formation cannot be
ruled out; indeed, it is expected for the 1Cu_7CGua complex
and it has been previously reported for silver(I) ions.54 The
complex 1Cu_Cyt demonstrates that the binding of 1Cu could
occur via both keto and amino groups simultaneously. The
presence of a keto group in the nucleobase moiety induces a
nearly perpendicular disposition of the [Cu(mcheld)] frag-
ment vs the Gua or Cyt residues, as observed in 1Cu_Gua and
1Cu_Cyt, respectively, which could be attributed to the
reciprocal repulsion of the keto and carboxylate groups.
Interestingly, this high deviation from coplanarity between the
[Cu(mcheld)] moiety and the nucleosides is not present in the
1Cu_Ade and 1Cu_7CAde derivatives, most likely due to the
cooperation of the coordination bonds along with an

Figure 10. (left) The geometry-optimized duplex DNA15-H. (right)
Closer view of the 1Cu_Cyt base pair formed in the duplex structure
showing the Cu-Gua-O6 and Cu-Cyt-N3 bonds Color scheme: black,
DNA structure different from the Cu(II)-mediated base pairs; green,
neighboring nucleobases to 1Cu_Cyt base pair.
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intramolecular hydrogen bond interaction involving the
exocyclic amino group NH2. These results are in agreement
with the stabilization trend observed for the Cheld-Cu-
nucleobase system inside DNA duplexes (adenine > cytosine
> guanine),4 since a lower deviation from coplanarity of the
units can facilitate the formation of intermolecular π−π
interactions and intramolecular hydrogen bonds between
adenine and Cheld.
Importantly, the ab initio calculations performed for

duplexes DNA15 and DNA10, which embrace the 1Cu_Cyt
and 1Cu_Gua base pairs in the middle of the duplexes,
respectively, revealed that these base pairs can be formed
inside DNA duplexes without significant distortion of the
natural base pair arrangement. As a matter of fact, the
geometry-optimized structures for duplexes DNA15 and
DNA10 show that the 1Cu_nucleoside base pairs remain in
good harmony with the rest of the canonical Watson−Crick
base pairs. The ab initio methodologies also revealed that the
phosphate groups can be treated with Na+ ions or protons,
depending on the purposes of the computational calculations.
A better agreement among the 1Cu_Cyt calculated and
experimental bond distances was found for the DNA15-Na
model, using Na+ ions as counterions. However, the calculation
performed on the DNA15-H model, using protons as
counterions, revealed some small deviations for the relevant
bond distances at the Cu(II) ion, but the overall DNA
structure can be correctly studied using this approach.
These results demonstrate that the organization of Cu−

nucleobase base pairs can be studied in the solid state and in
the context of a double helix using ab initio methodologies to
evaluate the potential effects derived from the DNA scaffold,
which may drive both metal coordination and the supra-
molecular assembly. These results can be extended to other
metal-mediated base pairs.
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