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Density functional theory calculations have been employed to investigate the role of structural properties of copper
phenanthroline complexes for DNA-cleavage activity. Structural changes imposed on the coordination geometries
of Cu(phen)2

+,2+ (phen ) 1,10-phenanthroline) linked by a serinol bridge (abbreviated as Clip) were studied, as
well as their energetic profiles. Our calculations show that structures of these copper complexes (in this work
named as clipped complexes) strongly depend on the position of the link, rather than on the copper oxidation state.
Ionization energies slightly differ among the three selected complexes, while inner-sphere reorganization energies
more markedly depend on the serinol link. However, the relative rates of the redox reaction of Cu(phen)2, Cu(2-
Clip−phen), and Cu(3-Clip−phen) were found not to correlate with their relative DNA-cleavage activity experimentally
observed. Thus, the serinol link mainly affects the structural properties of copper phenanthroline complexes rather
than their electronic properties. Docking simulations of clipped and nonclipped Cu(I) phenanthroline complexes on
a DNA 16mer, d[CGCTCAACTGTGATAC]2, were finally performed to assess how different structural properties
could affect the formation of DNA adducts. This analysis revealed that the most stable adducts of Cu(phen)2

+ and
Cu(3-Clip−phen)+ with DNA bind in the minor groove, whereas Cu(2-Clip−phen)+ binds preferentially into the major
groove.

Introduction

Copper complexes of 1,10-phenanthroline (phen) and their
derivatives are widely used chemical nucleases employed
as footprinting reagents for determining ligand binding sites
and recently also for therapeutic use.1,2 These compounds,
along with Fe, Mn complexes, and bleomycin,3 cut DNA at
physiological conditions.4 The cleavage activity of the best-
studied complex, Cu(phen)2, which is significantly more
reactive than the monophen complexes, Cu(phen),1,5-17

supposedly occurs according to the following mechanism (see
Scheme 1):3,18 (a) Cu(phen)22+ is reduced in solution to Cu-
(phen)2+; (b) Cu(phen)2+ binds DNA noncoordinatively; (c)
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Cu(phen)2+ is oxidized to Cu(phen)2
2+ by H2O2 produced

in loco via redox reactions; (d) upon oxidation, the metal
ion gains one ligand,19 leading to Cu-“oxo” and/or Cu-
“hydroxyl” species, the exact nature of which is still
unknown;3 (e) an oxidative attack mediated by these copper
compounds leads to DNA cleavage mainly at C-1′, C-4′, or
C-5′ of the 2-deoxyribose units.10,11,20-22

Unfortunately, the use of Cu(phen)2 presents some draw-
backs that limit its applicability. Indeed, its formation is
rather unfavorable under physiological conditions because
of the very small association constant of the second phenan-
throline.23,24 Moreover, Cu(phen)2 shows a small DNA
sequence selectivity, although it is not nucleotide specific.25,26

In an effort to overcome these drawbacks, Pitie´ et al.3 used
a serinol bridge (abbreviated as Clip) to link two phenan-
throline ligands on positions 2 (resulting in Cu(2-Clip-
phen)) and 3 (resulting in Cu(3-Clip-phen)) (Figure 1).
These chemical modifications lead to several advantages.
First, the link ensures that the two phen ligands both
coordinate to Cu. Second, Cu(2-Clip-phen) and Cu(3-Clip-
phen) complexes turn out to cleave DNA macromolecules 2
and 60 times more efficiently than Cu(phen)2, respectively,
but with a mechanism similar to that of Cu(phen)2.3,27,28The
reason for this increase in DNA-cleavage activity is not
completely clear, but it is supposed to arise from structural
characteristics rather than from electronic properties.29

Indeed, no correlation was found between the redox proper-
ties and the DNA-cleavage efficiency of clipped and non-
clipped complexes. Finally, the presence of the serinol bridge
allows one to functionalize copper phenanthroline com-
pounds with sequence specific anticancer drugs, rendering

the compound highly sequence selective and possibly even
providing it with anticancer properties. In this respect,
examples include a conjugate of 3-Clip-phen with (i) an
analogue of distamycin, which showed promising results
toward a selective binding to DNA;22,30-32 and (ii) cisplatin
derivatives, with the platinum units playing two roles,
namely, as an antitumor drug and as an anchor to DNA.33

Despite the promising role of these clipped derivatives,
modeling studies34,35and quantum chemical calculations36-41

have been reported only for free copper phenanthroline
complexes. Modeling studies,34 corroborated by classical
simulations,35 suggest that the “noncovalent” binding of Cu-
(phen)2+ to double-strand (ds) DNA involves minor-groove
binding of one phen and partial intercalation of the other.
Quantum chemical studies, instead, have mainly focused on
the structural and spectroscopic properties of Cu(phen)2 and
its derivatives, such as Cu(dmp)2, [Cu(phen)(PPh3)2], etc.36-41

In the present work, we have carried out an extensive
Density Functional Theory (DFT) study of the structural and
electronic properties of Cu(2-Clip-phen) and Cu(3-Clip-
phen) in Cu(II) and Cu(I) oxidation states, comparing them
to those of free Cu(phen)2 complexes. The study was
complemented by using docking calculations of copper
phenanthroline compounds to ds DNA. Similarities and
differences are pointed out, aiming at rationalizing their
relative efficiency in DNA cleavage. This study may help
in developing rationally engineered DNA cleavers in which
sequence-specific anticancer drugs are combined with copper
phenanthroline complexes.3,33

Computational Details

All DFT calculations were performed usingGaussian03.42

Geometry optimizations were carried out without symmetry con-
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Scheme 1. Putative DNA-Cleavage Mechanism of Copper
Phenanthroline Complexesa

a Question marks indicate that different oxidation states are possible.

Figure 1. Structure and labeling scheme of Cu(phen)2
+,2+ (a), Cu(2-Clip-

phen)+,2+ (b), and Cu(3-Clip-phen)+,2+ (c).
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straints at the BLYP43,44 level using the 6-31G(d) basis set on C,
H, O, and N atoms and the SDD45 basis set and effective core
potential (ECP) on Cu (as implemented inGaussian03, SDD is
D95V up to Ar and Stuttgart/Dresden ECPs for the remaining
elements of the periodic table). Harmonic frequency calculations
were performed to confirm that the calculated structures were
minima. After optimization, single-point calculations were per-
formed, adding one polarization function on hydrogen and one
diffuse function on heavy atoms (6-31+G(d,p)), to calculate electron
densities and estimate solvent effects with the polarizable continuum
model (PCM)46 (water solvent,ε ) 78.39 as implemented in
Gaussian03). The B3LYP44,47functional with a range of basis sets
(6-31G(d), 6-31+G(d,p), 6-311++G(d,p)) was also used to test
the geometrical dependence on the exchange-correlation functional.
Moreover, calculations with an even larger basis set (6-311++G-
(2d,2p)) were performed to test the energy dependence on the
number of basis functions. In addition, test calculations showed
that the basis set superposition error (BSSE, estimated using Boys
and Bernardi’s counterpoise method)48 is as small as 5% of the
overall binding energies reported in Table 3.

Open-shell Cu(II) complexes were treated with a spin-unrestricted
formalism. A detailed analysis of the spin densities has been carried
out for all the Cu(II) complexes studied in this work to check if
unrealistic localization of the unpaired electron occurs. As reported
previously,49 DFT calculations may give an unphysical localization
of the spin densities due to the self-interaction error. However, few
cases in which good agreement is observed between DFT (BLYP,
B3LYP) calculations and experimental data were reported in the
literature.50-52 Calculations with both BLYP and B3LYP were
performed on our systems. As expected,53 the B3LYP functional
provides more feasible spin densities compared with the BLYP
functional, but differences between the two exchange correlation
functionals are virtually constant for the three complexes. Therefore,
if a small overstabilization of the oxidized copper energies occurred,
clipped and unclipped species would be similarly affected, influenc-
ing the absolute value of ionization energies to a similar extent

and confirming the observed relative trends. Indeed, energy and
geometry trends estimated with the BLYP, B3LYP, BP,43,54 and
PW9155 functionals hardly differ (see Discussion and Supporting
Information). To further support this point, additional post-HF
MP256 calculations (which are not affected by the self-interaction
error) were performed on clipped and unclipped water-coordinated
copper phenanthroline complexes, showing that although at the MP2
level the unpaired electron is properly localized on Cu(II), ionization
energies have a very similar trend to those of DFT calculations.

Bonding interactions were characterized using Bader et al.’s
theory of atoms in molecules (AIM),57-59 which partitions molecules
into constituent atoms on the basis of the electron density (F).
Minima, maxima and saddle points in the density critical points
(CP), especially at the so-called bond critical points (BCPs), have
found extensive use in characterizing bonding interactions, such
as covalent,60 hydrogen61,62andπ-stacking bonds.63 Topologies were
built using theAIMPAC series of programs.64

Calculated Properties.To relate the structural changes of copper
complexes occurring upon the redox process with their cleavage
efficiency, the reorganization energy for Cu(phen)2, Cu(2-Clip-
phen), and Cu(3-Clip-phen) was estimated. According to
Marcus theory, the rate of electron transfer is given by

whereHDA is the electronic coupling element that depends on the
overlap between the wave functions of the two states,∆G0 is the
free energy of the redox reaction, andλ is the so-called reorganiza-
tion energy, i.e., the energy associated with the relaxing geometry
of the system after electron transfer. In particular, for metal
complexes, the inner-sphere reorganization energy (λi) is associated
with the structural changes between reduced and oxidized forms,
whereas the outer-sphere reorganization energy involves those
associated with the solvent.λi is the sum of two contributions,λred

andλox, calculated as following:λox as the difference between the
energy of Cu(II) at its optimal geometry and the energy at the
optimal geometry of the Cu(I) andλred as the difference between
the energy of Cu(I) at its optimal geometry and the energy at the
optimal geometry of the Cu(II) complex.65-69 Inner-sphere reor-
ganization energies of coordination compounds are typically
between 1 and 50 kcal/mol.65,68 Ionization energies (IEI/II ) for Cu-
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(I)/Cu(II) couples were calculated as the energy difference between
Cu(I) and Cu(II) species. According to equation 1, relative rates of
electron transfer have been estimated assuming that∆G ≈ IEI/I

and thatHDA is unchanged for all the studied complexes.
Strain energies were calculated as the difference between the

energy of Cu(phen)2 at its own geometry and that of the Cu(phen)2

fragment at the optimal geometry of corresponding clipped
complexes. Formation energies of water adducts (∆EH2O) were
calculated via the supermolecule approach, i.e.,∆EH2O ) ECu(II)-H2O

- (ECu(II) + EH2O). All energies have been corrected by performing
single-point calculations with an implicit solvent model (PCM)46

on the geometries optimized in vacuo.
As in previous works,70,71 reduction potentials at standard

conditions (E°) were estimated from the following equation

whereF ) 96 485 C (the Faraday constant),E° is the reduction
potential, andn is the number of electrons involved in the redox
process. Computed reduction potentials were referred to the normal
hydrogen electrode, NHE. As shown in previous benchmark
studies,71 DFT calculations with basis sets similar to those used in
this work showed qualitative agreement with experimental results,
with a virtual systematic error of∼0.5 V between estimated and
experimental reduction potentials. Large basis set and entropic
corrections are required to drastically improve DFT perfor-
mance.12,71However, these corrections were not taken into account
in this work since the main goal was to qualitatively describe the
similarities and differences of the copper complexes studied.

To evaluate different DNA binding abilities of the reduced copper
phenanthroline compounds, the programAutodock 3.0was em-
ployed,72 building an increasing number (N with N ) 10, 30, 50)
of complex/DNA adducts with each copper(I) species.

The DNA used was a double-strand 16mer, d[CGCTCAACT-
GTGATAC]2. This sequence was chosen as copper phenanthroline
complexes preferably bind the pyrimidine-purine-pyrimidine triplet,
such as TGT.25,73 The interactions between DNA and copper
compounds were confined to the six central base pairs (reported in
bold). Subsequently, statistical and energetic analysis was per-
formed. Interaction energies of all the docked complexes are very
similar (∆E ≈ 7-10 kcal/mol), suggesting that most of the copper
complex/DNA adducts are, in principle, possible. Results obtained
with different values of N are equivalent; thus, only those
corresponding toN ) 50 were reported.

Results and Discussion

Structural Properties of Cu(phen)2, Cu(2-Clip-phen),
and Cu(3-Clip-phen). Test calculations confirmed that
DFT-BLYP reproduces the structures of Cu(phen)2

+,2+ and
Cu(phen)2(H2O)2+ in good agreement with experimental data
(see Supporting Information). Furthermore, geometries of
clipped copper complexes optimized using the BLYP
functional were compared to those obtained with B3LYP
(Supporting Information).44,47 Also, the energies computed
at B3LYP/6-311++G(2d,2p) are virtually equivalent to those
obtained with BLYP/6-31+G(d,p), and, most importantly,

the energy trends of the clipped and unclipped complexes
are maintained. These tests confirmed the accuracy of our
computational scheme (Supporting Information).

In accordance with experimental74-77 and DFT38,40studies,
closed-shell Cu(phen)2

+ complexes slightly deviate from the
D2d symmetry. Structures minimized at BLYP/6-31G(d)
present a dihedral angle (N1-N2-N3-N4, Figure 1)
between the aromatic ligands equal to 81°, while the
intraligand N1-Cu-N2 (Figures 1 and 2) and interligand
N1-Cu-N3 angles are equal to 81° and 125°, respectively
(Table 1). Cu-N bonds are virtually equivalent (d∼ 2.08
Å) as confirmed by the AIM analysis (Supporting Informa-
tion Figure 2S and Table 2) with electron densities at the
Cu-N BCPs between 0.0691 and 0.0695 au. Interestingly,
the oxidation process induces drastic changes on the copper
coordination geometry and, in agreement with other studies,52

our calculations predict a more planar structure for Cu-
(phen)22+ with respect to Cu(phen)2

+ (Supporting Informa-
tion, Figure 3S). The oxidized structure is also characterized
by shorter Cu-N bonds (fromd ) 2.08 to 2.04 Å), and a
wider interligand N1-Cu-N3 angle (from 125° to 152°).
In addition, the dihedral angle between aromatic rings of
Cu(phen)22+ is markedly smaller than 90° (N1-N2-N3-
N4 ) 41°) (Figure 2 and Supporting Information Figure 3S),
leading to shorter distances between the two H2 hydrogen
atoms of opposite phenanthroline rings (d ) 2.65 vs 4.63
Å) with respect to Cu(phen)2

+. These geometrical features
are mirrored in the AIM topology with Cu-N bonds
presenting greater electron density at BCPs (F ∼ 0.0770 au).
In addition, new BCPs withF e 0.005 au and new bond
paths appear between the H2 hydrogen atoms, suggesting a
small repulsive interaction (Supporting Information, Figure
2S).

It has been shown experimentally that Cu(II) complexes
similar to those studied in this work are able of retaining
their four-coordinated conformation in solution.7 Neverthe-
less, d9 cations undergo distortions resulting from the Jahn-
Teller effect, and they usually are five- or distorted six-
coordinated. Unfortunately, the exact nature of the DNA
cleaving species is still unknown (Scheme 1).3 Since a large
number of X-ray structures of water adducts of Cu(phen)2

complexes is available (Supporting Information, Table 1S),78

the effect of water as a fifth ligand was explored. In
particular, the computed geometries of Cu(phen)2(H2O)2+

were compared to the available experimental data (see
Supporting Information) as well as to those of the corre-
sponding clipped complexes. Preliminary calculations were
also performed on the complexes bearing a radical or anionic
hydroxyl group as an apical ligand (see Supporting Informa-
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tion Tables 3S and 4S). However, a systematic study of the
many hypotheses suggested by the experimental data1,3,31 is
needed to identify the active cleaving species (Scheme 1).

The effect of water coordination is significant and leads
to a distorted tetragonal symmetry (Table 1). Particularly,
in agreement with previous DFT studies,40 the binding of a
water renders Cu-N bonds not equivalent (two shorter bonds
of d ∼ 2.04 Å and two longer bonds ofd ∼ 2.12 Å). The
dihedral angle between phenanthroline rings becomes slightly
smaller (40° vs 41° of Cu(phen)22+), while the N1-Cu-N3
angle increases sensibly, from 152° in Cu(phen)22+ to 175°
(Figure 2). Moreover, the Cu-OH2 bond length is 2.31 Å,

slightly longer than that seen in the experimental data (Table
1S). Interestingly, as the N1-N2-N3-N4 angle decreases,
the distance between the H2 hydrogen atoms becomes even
shorter than in Cu(phen)2

2+ (from 2.65 to 2.55 Å). The AIM
topology of Cu(phen)2(H2O)2+ confirms the formation of the
Cu-OH2 bond, showing a BCP between copper and water
with an electron density equal to 0.0363 au (Table 2). Also,
electron densities at BCP of Cu-N suggest the presence of
two couples of equivalent bonds,F ∼ 0.0780 andF ∼ 0.0650
for shorter and longer bonds, respectively. Weak repulsive
interactions are virtually unchanged from those of Cu-
(phen)22+.

Figure 2. DFT-optimized structures of Cu(phen)2
+,2+, Cu(2-Clip-phen)+,2+, and Cu(3-Clip-phen)+,2+ complexes. Complexes with a water molecule as

the fifth coordination ligand are also depicted.

Table 1. Selected Bond Lengths (Å), Angles (deg), and Dihedral Angles (deg) of Cu(phen)2
+,2+, Cu(2-Clip-phen)+,2+, and Cu(3-Clip-phen)+,2+.

Structural Properties of Oxidized Complexes with a Water Ligand in the Apical Position are Also Given

oxidation
state ligand(s) Cu-N1 Cu-N2 Cu-N3 Cu-N4 Cu-OH2 N1-Cu-N3 N1-N2-N3-N4

Cu(I) (phen)2 2.07 2.07 2.08 2.08 125 81
2-Clip-phen 2.16 2.05 2.04 2.17 125 82
3-Clip-phen 2.14 2.07 2.06 2.14 146 49

Cu(II) (phen)2 2.04 2.04 2.04 2.04 152 41
2-Clip-phen 2.19 2.02 2.04 2.12 124 74
3-Clip-phen 2.07 2.06 2.06 2.09 146 34

Cu(II) (phen)2)(H2O) 2.04 2.11 2.04 2.12 2.31 175 40
(2-Clip-phen)(H2O) 2.09 2.07 2.01 2.45 2.45 161 70
(3-Clip-phen)(H2O) 2.12 2.06 2.11 2.09 2.33 168 33
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Figure 2 displays structures of Cu(2-Clip-phen)+,2+ and
Cu(3-Clip-phen)+,2+ optimized in the gas phase. The
geometrical constraints imposed by the serinol bridge
determine the opening of the binding angle and lead to two
Cu-N types; i.e., Cu-N bonds closer to the 2 and 3 positions
of phenanthroline (Cu-N1 and Cu-N4 in Figure 1) are
longer, whereas those distant from the link (Cu-N3 and Cu-
N2) are shorter. In particular, the Cu-N1 and Cu-N4 bonds
of Cu(3-Clip-phen)2+ are 2.14 Å long, whereas the Cu-
N2 and Cu-N3 bonds are 2.06 Å long (Table 1). This
behavior is mirrored in the electron density values at BCPs,
F ∼ 0.0700 andF ∼ 0.0600 au for shorter and longer bonds,
respectively. This trend is shown by all the tetracoordinated
complexes.

Since species that effectively cleave DNA bear an ad-
ditional ligand in the apical position, the structural features
of five-coordinated complexes may also be very important
to rationalize the cleavage activity of copper phenanthroline
compounds. Interestingly, Cu(3-Clip-phen)(H2O)2+ shows
similar characteristics to Cu(phen)2(H2O)2+ (Figure 2). In
particular, the Cu-N bonds differ by only∼0.06 Å on
average and the Cu-OH2 bond lengths are virtually equiva-
lent (∆d < 0.05 Å), while the N1-Cu-N3 and N1-N2-
N3-N4 angles differ by about 7°, on average. In contrast,
the geometry of Cu(2-Clip-phen)(H2O)2+ is rather distorted
with the Cu-N4 bond significantly longer than the other
C-N bonds (2.45 Å, compared with 2.01, 2.07, and 2.09
Å). Importantly, Cu(2-Clip-phen)(H2O)2+ is not a global
minimum of the potential energy surface. In fact, the
geometry displayed in Figure 2 corresponds to a local
minimum (chosen by monitoring forces acting on the
structure), and it is reported only to show the structural
distortions that Cu(2-Clip-phen)(H2O)2+ undergoes with
respect to the other water adducts.

The AIM topology analysis shows that the strength of the
Cu-N4 bond decreases by∼50% after water coordination
with F ∼ 0.0300 au. In addition, the Cu-OH2 bond is
markedly longer than in Cu(phen)2(H2O)2+ and Cu(3-Clip-
phen)(H2O)2+ (2.45 Å vs 2.31 Å and 2.33 Å, respectively),
and the electron density is 0.0277 au; i.e., the Cu-OH2 bond
is ∼30% weaker than that of Cu(3-Clip-phen)(H2O)2+.
Interestingly, in vacuo full optimization of Cu(2-Clip-phen)-
(H2O)2+ leads to a water adduct in which H2O is not
directly coordinated to the metal center, but the water shows
a O‚‚‚H-C interaction with phenanthroline rings (Supporting
Information, Figure 4S). In particular, the electron density

and its Laplacian at C-H‚‚‚O confirm the presence of a weak
interaction, asF ) 0.0180 au and32F ) 0.0120 au.
Moreover, the N1-N2-N3-N4 dihedral angle is 70°,
roughly 30° larger than those of Cu(phen)2(H2O)2+ and Cu-
(3-Clip-phen)2(H2O)2+.

Thus, the most intriguing structural parameters summariz-
ing the geometrical differences among all studied complexes
are the interligand N1-Cu-N3 angles and N1-N2-N3-
N4 dihedral angles (Table 1). For instance, the N1-Cu-
N3 angles range between 125° and 175° and 124° and 161°
for Cu(phen)2 and Cu(2-Clip-phen), respectively. This range
is much narrower for Cu(3-Clip-phen), from 146° to 168°.
Interestingly, the N1-N2-N3-N4 dihedral angles show a
more pronounced dependence on the positions of the serinol
link than on the oxidation states. For example, N1-N2-
N3-N4 is 49°, 34°, and 33° for Cu(3-Clip-phen)+, Cu(3-
Clip-phen)2+, and Cu(3-Clip-phen)(H2O)2+, respectively,
resembling the coordination geometries of Cu(phen)2

2+. At
opposite, N1-N2-N3-N4 angles of the complexes bearing
the 2-Clip-phen range between 82° and 70°, closer to that
of Cu(phen)2+.

Experimental studies point to a possible role played by
Cu-hydroxyl species among several other putative active
species (Scheme 1).2,3 Preliminary calculations on Cu(phen)2,
Cu(2-Clip-phen), and Cu(3-Clip-phen) complexes bearing
an OH- or OH• group as the fifth ligand were performed. In
particular, while the coordination geometry is affected by
the binding of the hydroxyl (anion and radical), the relative
trend of the N1-N2-N2-N4 torsional angle is virtually
retained (Supporting Information Tables 3S and 4S), leading
to similar conclusions to those reported above.

Energetics. Table 3 reports the relative energies of all
studied complexes in both the gas phase and corrected with
an implicit solvent model.46 Ionization energies were calcu-
lated as reported in the Computational Details. To test the
accuracy of the BLYP functional, we also performed single-
point calculations of copper complexes in vacuo with
different DFT functionals (such as B3LYP,44,47 BP,43,54 and
PW9155) (data not shown), using the same basis set as the
one used for BLYP. The ionization energies calculated with
different functionals hardly differ, demonstrating that the
relative stabilities of reduced and oxidized complexes do not
significantly depend on the functional used.

The IEI/II of Cu(phen)2+/Cu(phen)22+ is ∼207 kcal/mol,
and it is reduced by∼100 kcal/mol in the presence of an
implicit solvent model (IEI/II ∼ 109 kcal/mol). Clearly, the

Table 2. Electron Density and32F at Cu-N and Cu-OH2 BCPs of Copper Phenanthroline Complexes

Cu-N1 Cu-N2 Cu-N3 Cu-N4 Cu-OH2

oxidation
state ligand(s) F ∇2F F ∇2F F ∇2F F ∇2F F ∇2F

Cu(I) (phen)2 0.0691 0.0946 0.0692 0.0947 0.0694 0.0950 0.0695 0.0952
2-Clip-phen 0.0565 0.0700 0.0747 0.1030 0.0734 0.101 0.0578 0.0721
3-Clip-phen 0.0609 0.0750 0.0700 0.0957 0.0721 0.0984 0.0602 0.0756

Cu(II) (phen)2 0.0770 0.0939 0.0770 0.0939 0.0769 0.0939 0.0769 0.0940
2-Clip-phen 0.0643 0.0795 0.0777 0.0977 0.0807 0.1030 0.0544 0.0626
3-Clip-phen 0.0734 0.0895 0.0695 0.0849 0.0747 0.0913 0.0713 0.0865

Cu(II) (phen)2(H2O) 0.0774 0.928 0.0653 0.0786 0.0768 0.0927 0.0645 0.0778 0.0363 0.0397
(2-Clip-phen) (H2O) 0.0669 0.0810 0.0729 0.0894 0.0833 0.1030 0.0332 0.0254 0.0277 0.0227
(3-Clip-phen) (H2O) 0.0688 0.0828 0.0655 0.0794 0.0727 0.0873 0.0637 0.0770 0.0352 0.0367
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effect of solvent is larger for the oxidized complex, since
the PCM takes into account mainly the electrostatic solute-
solvent interactions. Clipped complexes show in vacuo
energies similar to those of Cu(phen)2, with IEI/II slightly
larger for Cu(2-Clip-phen) (∼208 kcal/mol) and smaller for
Cu(3-Clip-phen) (∼202 kcal/mol). Interestingly, the IEI/II
in a solution of Cu(3-Clip-phen) is virtually equivalent to
that of Cu(phen)2 (∆E < 1 kcal/mol), while the IEI/II of the
solvated complexes bearing a 2-Clip-phen link is larger (∆E
> 10 kcal/mol) than those of previous ones. This scenario
is mirrored in the copper complexes reduction potentials (E°)
calculated as discussed in the Computational Details (Table
3). In particular, a very qualitative agreement exists between
the calculated and experimental reduction potentials (mea-
sured on slightly different complexes from those studied in
this work).29 As suggested by experimental studies,29 no clear
correlation is found between the reduction potentials and
cleavage activity of the clipped copper complexes.

The formation energy of water adducts (∆EH2O) of Cu(II)
species was estimated to investigate the relative ability of
clipped and nonclipped species to form five-coordinated
complexes.∆EH2O is ∼36 and 35 kcal/mol for Cu(phen)2-
(H2O)2+ and Cu(3-Clip-phen)(H2O)2+, respectively. In
contrast, a direct comparison is not possible for Cu(2-Clip-
phen)(H2O)2+, since in vacuo optimization leads to a complex
with the water not directly coordinated to the metal center.
This aspect, as well as the geometrical and topology
properties discussed above, confirms that in the absence of
DNA the formation of five-coordinated water complexes of
Cu(2-Clip-phen) is not likely. This may be a significant
drawback of copper phenanthroline complexes bearing a
2-Clip-phen link, assuming that the mechanism of DNA
cleavage may proceed through the formation of five-

coordinated water intermediates.1 Since it has been experi-
mentally established that Cu(2-Clip-phen) is twice as
reactive as Cu(phen)2, we cannot exclude that the relative
ability to form a five-coordinated water complex may change
in water solution and in the presence of the DNA. Further-
more, the exact nature of the reactive species responsible
for the oxidative attack is unknown, and preliminary calcula-
tions on hydroxyl species indicate that five-coordinated
complexes bearing a hydroxyl anion or radical may form
for all clipped and unclipped structures (Supporting Informa-
tion Tables 3S and 4S).

Strain energies (see Computational Details) reported in
Table 3 and Figure 3 are important to rationalize the
geometrical differences imposed by the serinol links. In
particular, the strain energy of Cu(2-Clip-phen)+ is only 5
kcal/mol, confirming that the link induces no major structural
changes with respect to Cu(phen)2

+. In contrast, the strain
energy of Cu(3-Clip-phen)+ is ∼11 kcal/mol, due to the
significant geometrical differences discussed in the previous
section. An opposite trend is observed for the oxidized
species, for instance, Cu(2-Clip-phen)22+ and Cu(3-Clip-
phen)22+ strain energies are 12 and 10 kcal/mol, respectively.
Upon coordination of the fifth ligand, we observe that in
Cu(3-Clip-phen)(H2O)2+ the strain energy is reduced by∼1
kcal/mol.

To estimate the effect of the serinol link on the redox
properties of these copper complexes, inner-sphere reorga-
nization energies were also calculated (see Computational
Details). Table 3 displays theλred, λox, andλi values of free
and clipped copper phenanthroline complexes both in vacuo
and in solution. The value ofλi is 19 kcal/mol for Cu(phen)2

complexes, with contributions of 9 kcal/mol fromλred and
10 kcal/mol fromλox. Solvation increasesλox by ∼3 kcal/

Table 3. Energetic Profile (kcal/mol) and Reduction Potentials (V, vs NHE) of Cu(phen)2
+,2+, Cu(2-Clip-phen)+,2+, and Cu(3-Clip-phen)+,2+ as well

as Cu(phen)2(H2O)2+, Cu(2-Clip-phen)(H2O)2+, and Cu(3-Clip-phen)(H2O)2+

strain energy

∆EH2O
a Cu(I) Cu(II) Cu(II)-H2O IEI/II

b,c E° (V, vs NHE) λred
c,d λox

c,d λi
c,d

(phen)2 36.0 206.8 (108.9) 0.29 9.0 (9.0) 10.0 (13.1) 19.0 (22.0)
(2-Clip-phen) - 5.0 12.2 14.0 208.0 (119.3) 0.74 2.9 (3.4) 3.9 (2.5) 6.7 (5.9)
(3-Clip-phen) 35.0 11.0 10.0 9.0 202.4 (109.2) 0.31 5.2 (4.9) 6.2 (6.6) 11.4 (11.5)

a Formation energies of water adducts.b ΙΕI/II is calculated asECu(II) - ECu(I). c In parentheses are the energies calculated with the inclusion of the solvent.
d See Computational Details for further information aboutλred, λox, andλi.

Figure 3. Strain energies (kcal/mol) of Cu(2-Clip-phen) and Cu(3-Clip-phen) relative to those of the Cu(phen)2 complexes.
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mol, leading to aλi of 22 kcal/mol in solution. The serinol
link is expected to reduceλi, since structural differences
between the reduced and oxidized structures are less relevant.
In particular, bothλox andλred of complexes with 3-Clip-
phen are about 4 kcal/mol smaller than those of Cu(phen)2,
with λi ∼ 11 kcal/mol in vacuo. Likewise,λi is 7 kcal/mol
for the complexes with 2-Clip-phen, since bothλred andλox

decrease by∼6 kcal/mol. Unlike Cu(phen)2 complexes, the
effect of solvent is marginal in the clipped structures (∆E e
1.5 kcal/mol). Thus, from equation 1 and the data displayed
in Table 3, the redox properties of clipped complexes do
not seem to correlate with their different abilities of cleaving
DNA as already suggested experimentally by Pitie´ et al.29

Copper Phenanthroline Complexes Binding to DNA.
Relative Nuclease Efficiency. Cu(3-Clip-phen) reacts 60
times more efficiently than the unclipped complex, whereas
Cu(2-Clip-phen) reacts only twice as much as Cu-
(phen)2.3,27,28 Experimental data29 as well as our results
suggest that differences in the relative DNA-cleavage ef-
ficiency of these complexes cannot be explained in terms of
redox properties; thus, the geometrical features may play an
important role in the DNA-cleavage activity.

Our studies clearly show that the serinol link has a crucial
effect on the geometries of Cu(2-Clip-phen)+,2+ and Cu-
(3-Clip-phen)+,2+ complexes. In particular, the geometries
of Cu(2-Clip-phen)+,2+ hardly differ upon oxidation (i.e.,
the dihedral angle between phenanthroline rings is virtually
constant) leading to structures always close to the Cu(phen)2

+

geometry. In contrast, Cu(3-Clip-phen)+,2+ complexes are
fairly planar and similar to Cu(phen)2

2+. This point is
significant, since the geometry differences may affect the
way that phenanthroline compounds bind DNA, echoing the
experimental findings of Pitie´ et al.29 In particular, the
mechanism of DNA cleavage is believed to occur through a
partial intercalation and/or minor-groove binding of these
complexes. Since planar molecules such as Cu(3-Clip-phen)
should be favored for these binding modes, they are expected
to cleave DNA more efficiently than nonplanar molecules,
such as Cu(phen)2 and Cu(2-Clip-phen). Yet, the presence
of the serinol link in clipped complexes favors the binding
of two phen ligands. Indeed, copper complexes with two
phen ligands cleave DNA more efficiently than those with
only one phen.1,5-17 This may explain why Cu(2-Clip-phen)
is more reactive than Cu(phen)2.

All these findings point to a major role of the structural
properties for the cleavage activity of the copper phenan-
throline complexes. The serinol link affects the structures
of Cu(2-Clip-phen) and Cu(3-Clip-phen) complexes, modu-
lating their DNA-cleavage activity.

Interaction with DNA Grooves and Intercalation . Since
geometrical properties appear to be crucial in determining
the binding mode of copper phenanthroline complexes to a
double-strand oligonucleotide, docking simulations of Cu-
(phen)2+, Cu(2-Clip-phen)+, and Cu(3-Clip-phen)+ were
performed to further investigate this aspect. For each Cu(I)
complex, we builtN ) 50 (see Computational Details)
adducts and evaluated their corresponding geometries. It
should be stressed that these calculations were performed

keeping the conformations of both copper complexes and
DNA fixed, while the binding is of course expected to induce
geometrical rearrangements. Thus, these results are very
qualitative, and they probably underestimate those binding
modes (i.e., intercalation) that impose larger geometrical
changes. Figure 4 summarizes these data in terms of the
probability of (partial) intercalation, minor-groove binding,
and major-groove binding for the three reduced complexes.

As mentioned above, experimental1,3,10,14,26and theoreti-
cal34,35 studies focused on the binding modes of copper
phenanthroline complexes with DNA. Several studies suggest
that Cu(phen)2 preferably binds the DNA in the minor
groove, with partial intercalation between base pairs. Data
regarding clipped complexes are not as abundant as those
of unclipped complexes, although their binding mode is
believed to be similar.3

In agreement with these data,21,25,73,79,80our results show
that Cu(phen)2+ slightly prefers the minor groove (∼45%)
over the major groove (∼40%), while a partial intercalation
occurs with less probability (∼15%). Cu(3-Clip-phen)+

slightly prefers to bind to the major groove (∼50%) over
the minor groove (∼40%), and a partial intercalation occurs
with a probability of ∼10%. Nevertheless, the relative
energies of the adducts indicate that in the most stable Cu-
(3-Clip-phen)+/DNA adduct, the copper complex lies in
the minor groove, forming two strong hydrogen bonds, such
as N-H‚‚‚O (2.5 Å) and N-H‚‚‚N (1.8 Å). This is
remarkable, as experimental findings led to comparable
conclusions.29 In contrast,∼70% of the Cu(2-Clip-phen)+/
DNA adducts appear to be located into the major groove, as
the probability of minor-groove binding and intercalation is
substantially smaller. Furthermore, the most stable Cu(2-

(79) Veal, J. M.; Merchant, K.; Rill, R. L.Nucleic Acids Res.1991, 19,
3383-3388.

(80) Veal, J. M.; Rill, R. L.Biochemistry1991, 30, 1132-1140.

Figure 4. Probability of major-groove binding, minor-groove binding, and
(partial) intercalation (%) for Cu(phen)2

+, Cu(2-Clip-phen)+, and Cu(3-
Clip-phen)+ adducts with a DNA oligomer d[CGCTCAACTGTGATAC]
(see Computational Details for further information). Pictures represent the
most stable adducts as determined by theAutodocksoftware:72 (A) Cu-
(phen)2, minor groove; (B) Cu(2-Clip-phen), major groove; (C) Cu(3-Clip-
phen), minor groove.
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Clip-phen)+/DNA adduct shows the copper species into the
major groove and no hydrogen bonds were detected. Within
the approximation of this analysis, it is remarkable that Cu-
(phen)2+ and Cu(3-Clip-phen)+ complexes can bind to DNA
in several ways (including partial intercalation and minor-
groove binding), whereas Cu(2-Clip-phen)+ mainly binds
to the DNA in the major groove.

Summary and Conclusions

We have presented a theoretical study of Cu(phen)2
+,2+,

Cu(2-Clip-phen)+,2+, and Cu(3-Clip-phen)+,2+ complexes.
Our results confirm that Cu(phen)2

+ undergoes significant
geometrical changes upon oxidation to Cu(II), such as the
strengthening of Cu-N bonds, the opening of interligand
angles of N1-Cu-N3, and the reduction of dihedral angles
between phenanthroline rings. In contrast, the geometries of
Cu(2-Clip-phen)+,2+ and Cu(3-Clip-phen)+,2+ complexes
depend more strongly on the position of serinol bridges than
on their oxidation state, echoing experimental results.29 For
instance, the Cu(2-Clip-phen)+,2+ geometry resembles that
of Cu(phen)2+, while the Cu(3-Clip-phen)2+,2+ structures
are similar to Cu(phen)2

2+, retaining an almost planar
arrangement of the phenanthroline rings.

Ionization energies for the three redox couples in the gas
phase are rather similar, but they are affected differently by
the inclusion of an implicit solvent model. Typically, the
PCM model sensibly stabilizes Cu(II) species and leads to
smaller IEI/II energies. IEI/II energies of solvated Cu(phen)2

+,2+

and Cu(3-Clip-phen)2+,2+ differ by less than 2 kcal/mol,
while IEI/II for Cu(2-Clip-phen)+,2+ is about 10 kcal/mol
higher. Reorganization energies calculated for the three redox
couples have the largest value in the Cu(phen)2 (λi ) 22.0
kcal/mol); this value decreases in Cu(3-Clip-phen) (λi )
11.5 kcal/mol) until a minimum value for Cu(2-Clip-phen)
(λi ) 5.9 kcal/mol) is reached. However, in agreement with
experimental findings,29 redox properties cannot account for
the different DNA-cleavage efficiency of these compounds.

In contrast, the trend experimentally determined in the
cleavage activity (3-Clip-phen . 2-Clip-phen > Cu-
(phen)2) may be attributed to the geometrical features of
3-Clip-phen and 2-Clip-phen. For instance, the former
retains a certain planarity, ideal for intercalation or minor-
groove binding, and the latter keeps the dihedral angle
between aromatic rings larger than 70°, which may hamper
such binding modes. Indeed, docking simulations show that
Cu(phen)2+ and Cu(3-Clip-phen)+ bind preferably in the
minor groove, whereas Cu(2-Clip-phen)+ binds in the major
groove.

In light of these results, the trend in cleavage activity Cu-
(3-Clip-phen) . Cu(2-Clip-phen) > Cu(phen)2 is only
partly due to the increased affinity of copper for two
phenanthroline rings caused by the serinol link. Indeed, the
largest increase in the DNA-cleavage efficiency (i.e., Cu-
(3-Clip-phen) reacts 60 times more efficiently than Cu(2-
Clip-phen)) may be ascribed to the planar structure of Cu(3-
Clip-phen), which may bind DNA more strongly. Notably,
our docking simulations showed the latter forming two
hydrogen bonds in the minor groove, thereby stabilizing the
interaction with DNA, in contrast to Cu(2-Clip-phen), which
prefers the major groove.

In summary, our study provides an extensive electronic
and structural characterization of copper phenanthroline
compounds. This may be of interest for the design of novel
mixed-metal anticancer complexes, where the unspecific
copper phenanthroline ligand may be linked to sequence-
selective anticancer compounds.33

Supporting Information Available: Test calculations; Tables
1S and 2S contain a comparison between calculated and experi-
mental geometrical parameters of copper complexes; Tables 3S and
4S report Cu-hydroxyl complexes bonding parameters; Figures
1S-4S. This material is available free of charge via the Internet at
http://pubs.acs.org.
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