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Abstract: Piano stool ruthenium complexes of the composition [Ru(II)(17(’-arene)(en)Cl]H2+ (en = ethylenedia-

mine) represent an emerging class of cisplatin-analogue anticancer drug candidates. In this study, we use computa-
tional quantum chemistry to characterize the structure, stability and reactivity of these compounds. All these struc-
tures were optimized at DFT(B3LYP)/6-31G(d) level and their single point properties were determined by the MP2/
6-31+ +G(2df,2pd) method. Thermodynamic parameters and rate constants were determined for the aquation pro-
cess, as a replacement of the initial chloro ligand by water and subsequent exchange reaction of aqua ligand by
nucleobases. The computations were carried out at several levels of DFT and ab initio theories (B3LYP, MP2 and
CCSD) utilizing a range of bases sets (from 6-31G(d) to aug-cc-pVQZ). Excellent agreement with experimental
results for aquation process was obtained at the CCSD level and reasonable match was achieved also with the
B3LYP/6-31+ +G(2df,2pd) method. This level was used also for nucleobase-water exchange reaction where a
smaller rate constant for guanine exchange was found in comparison with adenine. Although adenine follows a sim-
ple replacement mechanism, guanine complex passes by a two-step mechanism. At first, Ru-O6(G) adduct is formed,
which is transformed through a chelate TS2 to the Ru-N7(G) final complex. In case of guanine, the exchange reac-
tion is more favorable thermodynamically (releasing in total by about 8 kcal/mol) but according to our results, the
rate constant for guanine substitution is slightly smaller than the analogous constant in adenine case when reaction
course from local minimum is considered.
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Introduction

Because cisplatin was discovered as a potent anticancer agent,
an intense search for other metallocomplexes is being pursued.
The reason stems from the fact that cisplatin is very toxic, has
many side effects, and is not active for all kinds of carcinomas.
Nowadays many transition metals are known as possible antitu-
mor drugs. Many experimental studies appeared on complexes
of titanium,“1 rhodium,s’9 ruthenium,'2° and other metals,>"**
which are active against cancer cells, exploring various bio-
physical and biochemical properties. Soon after these reports,
theoretical calculations also followed supporting experimental
facts with molecular description of possible reactions of these
complexes.

A lot of effort was devoted to e.g., theoretical description of
the effects of cisplatin and its derivatives.”>>° Some studies

concerned the aquation process of metallocomplexes, which is
crucial in the process of their activation,>*’ interactions with
purine DNA bases®™ ™ or other competitive cellular compo-
nents, such as side chains of amino acids.’*'

Ruthenium compounds represent another important family of
the explored complexes which attracted substantial interest in
the recent computational chemistry literature.'843°2-5%  Many
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interesting features concerning the hypotheses or conclusions
made in the experimental works'®'72%213-5% deserve a more
detailed insight based on molecular approach. The
[Ru(if'—arene)(en)Cl]+ complexes (en = ethylenediamine, arene
= benzene, p-cymen, biphenyl, or derivatives of anthracene)
bind to DNA helix in the form of monofunctional adducts (at
least in the first step). This is a substantial difference compared
with Pt-complexes that primarily form bifunctional adducts with
B-DNA. The role of the size of arene ligand was examined
experimentally6° and recently also computational study appeared
where the role of base pair - arene stacking was explored.®' It
was found that larger arene ligands like anthracene or biphenyl
facilitate complex formation with nucleobases due to n-7m stack-
ing interaction. Such interactions are not possible in the case of
smaller aromatic molecules with single benzene ring. Also, a
pronounced selectivity to guanine was explained'®® with forma-
tion of an additional H-bond between O6 and the amine group
of the ethylenediamine ligand. Such bonding cannot so effec-
tively stabilize neither adenine N7 adduct nor cytosine N3
adduct. However, in the present article it is shown that this is
only partially true because some (weaker) H-bond can be formed
also in the case of adenine.

The second class of Ru(Il) compounds comprises the com-
plexes containing monofunctional pta-ligand (1.3.5-triaza-7-
phosphatricyclo[3.3.1.1]decane) (RAPTA class) instead the
bifunctional ethylendiamine. Then the Ru cation can coordinate
two chloro-ligands and, in this way, some similarities with cis-
platin can be expected concerning the mechanism of the drug
activity in the cancer cells.

In the present study, we concentrate on the basic quantum
chemical characteristics of the first class of Ru(Il) “piano-stool”
complexes, i.e., those containing an ethylenediamine bidentate
ligand. The hydration reaction and adduct formations with gua-
nine, adenine, cytosine, thymine, and uracil are examined from
both thermodynamic and kinetic points of view. Also, some
physico-chemical characteristics of reactants, products, and tran-
sition-state structures were determined for the deeper insight
into the reaction course.

Computational Details

In the present study, the compounds of [Ru(nf’—arene)(en)Y]+
and [Ru(116—arene)(en)X]zJr (X = H,0, guanine, adenine, cyto-
sine, thymine, and uracil, Y = CI° or OH ) were examined.
Coordination to various interaction sites of nucleobases was
explored. Because it is not completely clear, which type of poly-
nucleotides is attacked (single- or double-stranded DNA or
RNA), the study was extended to metal interactions with N1,
N3, and N7 sites of purine bases and N1 (for completeness), O2,
N3, and N4/O4 sites of pyrimidine bases (numbering of atoms
in nucleobases is according to standard notation, e.g., Saenger’s
textbook®?). The general structure of this class of Ru(Il) com-
plexes is drawn in Scheme 1 where pseudo octahedral arrange-
ment of the Ru atom is assumed.

In addition, the aquation and nucleobases replacement proc-
esses were considered. In the reaction course, the Cl  ligand
was in the first (activation) reaction replaced by water. As a
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Scheme 1. [Ru(II)(nG—benzen)(en)R] structure.

next reaction, the replacement of the aqua-ligand with purine
nucleobase was considered. As arene molecule, benzene (Bz), p-
cymene (Cym), biphenyl (Bip) and dihydrogen- and tetrahydro-
gen-anthracene (DHA and THA, respectively) are used in the
first part studying aquation process and benzene and p-cymen in
the second part on nucleobase interaction.

To describe the kinetics of the aquation reaction, the supermo-
lecular approach was considered where both reactant molecules
(Ru-complex and water) are associated by H-bonding. In the tran-
sition state, the formation of ‘7-coordinated’ structure was
assumed. Transition states were searched for the replacement of
chloro ligand by water in the aquation reaction (activation) and
for the subsequent formation of the base adduct in case of the pu-
rine nucleobases, guanine and adenine. All the geometries were
optimized at the DFT level with the hybrid B3LYP functional
and 6-31G(d) basis set - further labeled as B1. The same level
was used for the vibration analyses and determination of the AG
contributions (thermal and entropy terms). The frequency calcula-
tions also served for confirmation of the correct character of TS
structures as well as reactant and product (super)molecules. The
Mgller-Plesset ~ second-order  perturbation theory  MP2/6-
31++G(d,p) (basis set labeled as B2 further) was chosen for the
single-point (SP) energy determinations and calculations of elec-
tronic properties (NBO analyses, dipole moments, and maps of
electrostatic and local ionization potentials - not presented here).
The Stuttgart-Dresden pseudopotentials®>®* were chosen for the
description of Ru and Cl atoms. The original pseudo-orbitals were
extended with a set of polarization functions (with exponents
oag(Ru) = 1.29 and a4(Cl) = 0.618) for geometry optimizations.
The same set of basis functions augmented by diffuse functions
(o(Ru) = 0.008, ap(Ru) = 0.011, og(Ru) = 0.025, as(Cl) = 0.09
and o,(Cl) = 0.0075) was used for SP calculations. The energy
profiles were also reevaluated at the B3LYP/6-31+ +G(2df,2pd)
level (this basis set will be marked as B3). It has been shown that
energy barriers of the hydrolysis reaction of cisplatin might be
substantially overestimated with double zeta basis sets due to the
basis set superposition error.”? Thus, we have re-calculated the
B3LYP energy profiles of the aquation reaction with even larger
basis sets, namely aug-cc-pvtz and aug-cc-vpqz. Further, more so-
phisticated electron correlation calculations were carried out at
coupled cluster CCSD/B1 and CCSD/B2 levels. Here, other sets of
polarization functions 2fg (x; = 2.233, 0.6503, o, = 1.4222) and
2df (xg = 1.1898, 0.3681, o = 0.7062) were optimized for neutral
Ru and Cl atoms at CCSD level using steepest descent method
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written in MOLPRO ‘shell script’. The calculations were performed
both in the gas-phase and also in water environment using the
Klamt’s COSMO implicit solvent approach®>®® with dielectric con-
stant ¢ = 78.

Studied complexes are composed from three ligands and a
Ru(Il) cation and then the total stabilization energy (AES*™) is
defined as:

A" = — (Emmpl - Eui- ERU+AEdef°f"‘) SENCY
i

Here Ecomp is total energy of the whole complex, Ey; and
Egr, are BSSE corrected energies of a given ligand i and Ru
cation. In this case also the ligand deformation energies were
included: AEdeform — S~ (ES™P! _ £ where energy terms with
superscripts compl and opt denote monomer calculations for the
frozen ligand structure taken from the complex (without the
ghost functions) and for the optimized isolated ligand, respec-
tively. The ligand bonding and association energies (AE®F) were
evaluated according to equation:

AEBE (L) = (Ecompl —E — Erest)~ (2)

The E; and E . energies mean the BSSE corrected energy values
of the given ligand and the rest of the complex, respectively. No defor-
mation corrections were considered when calculating AE®E,

The ground state of all the complexes is a closed-shell sin-
glet. It should be mentioned that in the calculations of BSSE
corrections within the COSMO regime, the ghost atomic orbital
functions are localized inside the cavity, which has the same
size as the whole complex. Then the proper cavitation energy as
well as the dispersion and repulsion terms for the solute-solvent
interaction has to be taken from other calculations where the actual
size of the cavity is considered. We used the E-*™' values from
the calculation of deformation contributions. This is a simpler
approach and other possibilities for evaluation of BSSE correc-
tions within the PCM approaches are discussed, e.g., in ref. 67

The kinetic parameters of the studied reactions were deter-
mined according to Eyring’s Transition State Theory (TST).
Because vibrational modes, energies and geometries were
obtained from the above described calculations, the rate con-
stants can be estimated from the formula:

kT FT

TST
k (T) - f ’ [FRu—compl fw

-exp(Eo/kT). 3)

The F* means molecular partition function per unit volume
for the TS, Ru-complex, and water. E is the activation barrier
for the examined reaction coordinate. Determination of k™" was
performed by the DOIT program kindly provided by Z. Smedar-
china.®® AIM analysis was conducted using Biegler-Koenig
AIM2000 program.®®

Results

Activation of the Ru(Il) Complex: Aquation Reaction

In the first part of the study replacement of chloro ligand by
water was  explored. For optimized complexes of
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Table 1. Geometry Parameters of the Isolated Chloro-, Hydroxo-, and
Aqua-Complexes at B3LYP/B1 Level of Theory.

Benzene p-cymene
X ligand  Bond [A] Gas-phase COSMO  Gas-phase COSMO
Cl™ Ru-N1(en) 2.158 2.144 2.161 2.147
Ru-N2(en) 2.168 2.151 2.176 2.155
Ru-Ar 1.720 1.716 1.728 1.728
Ru-Cl 2.402 2.476 2411 2.478
OH™ Ru-N1(en) 2.161 2.148 2.172 2.155
Ru-N2(en) 2177 2.157 2.179 2.162
Ru-Ar 1.715 1.709 1.715 1.715
Ru-OH 2.019 2.046 2.021 2.049
H,O Ru-N1(en) 2.156 2.141 2.163 2.144
Ru-N2(en) 2.172 2.151 2.179 2.155
Ru-Ar 1.741 1.718 1.742 1.727
Ru-H20 2.236 2.192 2.256 2.203

[Ru(arene)(en)C1] ", [Ru(arene)(en)(OH)]", and [Ru(arene)(en)
(HzO)]2+ the energy analysis and determination of electronic
properties were performed. Hydroxo-complex was used for com-
parison of Ru-O and Ru-Cl dative bonds within the same total
charge of the both complexes. Moreover in solution with higher
pH values the hydroxo-complex will be preferentially formed. It
is clear that neutral aqua ligand posses substantially smaller
electrostatic enhancement of the Ru-O dative bond than the
(OH)™ anion (or in other words the neutral aqua ligand is a
weaker Lewis base). Nevertheless, the dative contribution to the
Ru-O interaction should be similar in the both OH and water
cases.

The distances of the metal—ligand coordination bond in
complexes with both benzene and p-cymene are present in Table
1 for gas-phase and COSMO method. The Ru-arene distances
(to the center of the aromatic ring) shortens when passing from
gas-phase to continuum model, reflecting the hydrophobic char-
acter of arene ligands. On the contrary, the coordination bonds
of negatively charged CI° and OH ligands exhibit elongation,
which is connected with decreased electrostatic enhancement
(which forms a dominant part of their metal—ligand bonding
energy). This was observed for coordination distances with nei-
ther aqua nor ethylenediamine ligand where a shortening of the
Ru-O(aq)/Ru-N(en) bonds can be noticed. In these cases, the ex-
planation can be searched in stronger Ru-O/Ru-N donation as
their hydrogen atoms are involved in additional interactions with
environment. Confirmation also follows from NBO partial
charges and values of bond critical points obtained by AIM
analysis. Comparing the coordination distances d(Ru-L) of (en),
aqua, OH  and Cl ligands in benzene complexes with analo-
gous distances in cymene complexes, it is clearly seen that all
these values are longer in the later case regardless whether gas
phase or COSMO calculations are considered. This trend corre-
sponds with the fact that p-cymene is more firmly attached to
Ru cation than benzene (cf. below) despite the fact that it is
slightly pushed out from metal due to more bulky iso-propyl
ligand.
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Table 2. MP2/B3 Bonding and Interaction Energies of the Chloro,
Hydroxo, and Aqua Ru(II) Complexes (see method for definition).

Benzene p-cymene
Energy
X ligand [kcal/mol] Gas-phase COSMO Gas-phase COSMO
Cl™ AE®E(Ru-are) —95.1 —94.1 —105.2  —100.7
AEPERu-en)  —105.1  —107.5 —101.0  —105.0
AE®E(Ru-X) —229.8 —458  —221.1 —46.3
AESt® 591.8 387.4 602.2 393.9
OH™ AE®E(Ru-are) -92.8 -90.0  —102.2 —96.6
AEPE(Ru-en) -95.0 -93.8 -91.5 -92.5
AE®E(Ru-X) —268.6 -718  —2589 -71.5
AES®#® 6322 4157 640.3 4214
H,0 AEPERu-arey  —1163  —101.1 —133.0  —109.2
AEPERu-en)  —1347  —1205 —1257 —1182
AEPE(Ru-X) -325 —28.6 —29.2 -275
AES'® 395.3 372.7 410.9 3779

Energy characteristics of these complexes are presented in
Table 2. The Table shows that the bonding interactions of arene
ligands with metal cation are slightly weaker in comparison with
ethylenediamine (in average within 10 kcal/mol). It is interesting
to mention that the Ru-arene interaction (cation - m conjugated
system) is basically of intramolecular dispersion origin and the
bonding energies obtained at the HF level are less than half of
MP2 or DFT values. Besides the B3LYP also the BHandH func-
tional (defined as: 0.5*ENF + 0.5*ELSPA + ELYP) was used for
a comparison of the bonding and stabilization energies of the
aqua complex in gas phase. The largest difference between
B3LYP and BHandH occurred in AEPE(Ru-arene) (—95.8 and
—125.2 kcal/mol respectively - cf. Table SI 1). Generally, it fol-
lows that MP2 and B3LYP calculation give relatively similar
bonding energies. The only exception is the Ru-arene interaction
where the difference is about 20 kcal/mol and where BHandH
functional provides value closer to MP2 result. Better perform-
ance of BHandH functional for weak interaction was demon-
strated earlier, e.g., by Platts and Robertazzi.”

As already mentioned above, both the gas-phase and
COSMO calculations display larger bonding energies AEPF(Ru-
arene) for p-cymene. Because this difference is dominant com-
paring individual bonding energies of the complexes with both
arenes, the total stabilization energies AES® are also larger for
the complexes with cymene. The Ru-X bonding energies (X =
water, CI ', and OH ) are the most important in the sense of the
possible ligand replacement in a bio-environment. The large
bonding energies (in absolute values) of negatively charged spe-
cies (CI and OH ) in gas phase are substantially reduced in
PCM regime clearly indicating the influence of screening effects,
which lead to reduction of the electrostatic contribution to the
bonding interactions. Nevertheless, visibly larger bonding energy
for oxygen of OH group than for chloride (about 25 kcal/mol in
terms of energy) is apparent from Table 2. The bonding energy
of electroneutral aqua ligand is only slightly influenced by sol-
vent effects. The solvent polarization mildly increases the elec-
tronic density along the Ru-O bond as can be seen from AIM
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analysisﬂ of [Ru(bz)(en)(H,0)]** complex in gas phase (density
in the Ru-O bond critical point p = 0.049) and in COSMO
approach (p = 0.056). The same trend can also be observed
from increased (in absolute value) partial charges of the Ru, O,
N, Cl atoms, which are directly involved in dative interactions.
In the case of arene ligand, the lower bonding energies are
caused by the decrease of Ru-arene distance (shorter than opti-
mal distances) as a consequence of its hydrophobic character in
water solution. The shorter distances shift the system slightly to
the repulsive area on the potential energy surface arriving to
lower Ru-arene bonding energies. The general trend of lowering
energies of dative bonds when passing from gas-phase to contin-
uum model correlates with the analogous trend of the overall
stabilization energies.

Interaction of the [Ru(arene)(en)(H,0)]** complex with vari-
ous arene systems were examined at the gas-phase level (pre-
sented in Table SI 2). Comparing the optimized geometry pa-
rameters, longer Ru-arene distance can be noticed in the chloro-
complex with p-cymene where relatively bulky chloro and
methyl ligands do not permit closer contact of the aromatic ring
with metal cation. Otherwise, no substantial influence of the
more extended m-conjugated system can be traced neither in ge-
ometry nor in energy characteristics (cf. below). The optimized
gas-phase geometries were compared with other computational
results®! and X-ray diffraction measurements.'® Ru-arene distan-
ces are in relatively narrow interval 1.713-1.726 A, which is in
very good agreement with Ru-arene distances from [Ru(are-
ne)(en) (guanine)]®” complexes presented by Platts et al.®!
(1.707-1.750 A) and with experimental results, where slightly
shorter values were received (1.66—1.68 A). On the contrary to
all experimental structures, where X-ligand (water or Cl ) form
with long axis of arene an angle ca 25-64°, we found this angle
120-145°, e.g., the structure is oriented reversely - X-ligand
stands out of arene and (en) ligand under arene (cf. Fig. 1). In
case of biphenyl complexes, similar (33°) propeller torsion angle
between both rings was obtained and in anthracene complexes,
we found the hinge bending angle on C9-C10 axis about 37° in
DHA and ca 20° in THA, which is in reasonable agreement
with crystal structures (37 and 11°, respectively).

Kinetics of the Aquation Reaction

The stationary points of the energy profile for the chloro-ligand
replacement by water molecule were evaluated. In the supermo-
lecular approach, the geometry changes of the chloro-complex,
in comparison with isolated complex from previous part, can be
considered as a result of the perturbation due to the interacting
water molecule. As a consequence of a large polarization caused
by metal cation, this H-bonding interaction is actually not so
weak (about 14 kcal/mol in gas-phase). The extent of the pertur-
bation is also apparent from the change of Ru-Cl bond length
comparing the corresponding values in Table 1 (for isolated
complexes) and Table 3 where the bond lengths in the reactant,
TS, and product stage of the reaction are collected for supermo-
lecular model. In gas phase, an elongation of the Ru-Cl distance
together with shorter Ru-N1(en) bond points to the place where
the water molecule is associated. In COSMO approach, these
changes in bond length (correctly) diminish because already
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Table 3. Coordination Lengths for Ru(I) Cation in Reactant, TS, and
Product Supermolecular Complexes (in A).

Reactant TS Product

Gas- Gas- Gas-

Distance phase COSMO phase COSMO phase COSMO

Ru-Nl(en) 2.151 2.146 2.160 2.137 2.138 2.141
Ru-N2(en) 2.166 2.153 2.182 2.142 2.162 2.143
Ru-bz 1.720 1.713 1.696 1.700 1.721 1.714
Ru-CI 2.424 2.479 3.099 3.238 3.898 4.271
Ru-H,0 4.138 4.221 2.586 2.884 2.142 2.168

implicit water affects the geometry of isolated chloro-complex.
This can give some qualitative confirmation that the correct
trends are obtained in the PCM approaches. In a similar way,
Ru-O(aq) and Ru-N1(en) in product supermolecular complex are
shortened (in comparison with distances of the corresponding
complex in Table 1) under the interaction with Cl but also
only in the gas-phase calculations. The actual elongation of Ru-
O(aq) in product stage in COSMO reflects the situation that
water molecule partially follows the chloride particle, which is
pulled out into the ‘solvent’ in comparison with gas-phase
results.

Energy profiles of the activation process are collected for
selected computational levels in Table 4. The B3LYP/B3 profile
is drawn in Figure 2. All the optimized DFT(B3LYP)/B1 struc-
tures were subjected to frequency analysis, which confirmed a
proper character of all stationary points. In the TS structures,
imaginary frequency corresponds to the antisymmetrical stretch-
ing mode of O-Ru-Cl atoms. Reaction energy and activation bar-
rier (single point values) were computed at the MP2, CCSD and
B3LYP levels with several basis sets (6-31++G(d,p), 6-
31+ +G(2df,2pd), aug-cc-pvtz, and aug-cc-pvqz) both in gas
phase and in COSMO regime. A little worse performance of
MP2 vs. DFT in comparison to the CCSD(T) method was
noticed in the previous study on aquation reaction of cispla-
tin.>*7> However, for the Ru(Il) complexes the difference
between MP2 and B3LYP methods is markedly larger. There-
fore, CCSD calculations were performed on DFT optimized
structures using two smaller basis sets. MP2 values overestimate
the activation barrier and reaction energy in comparison with the
both CCSD and experimental results (see below), which match
excellently and both are used as reference. The B3LYP results
are in better agreement with both reference kinetic data. In addi-
tion, the B3LYP activation energies obtained for various double
zeta (B1,B2, and B3) bases are close to those obtained with the
aug-cc-pvtz and aug-cc-pvqz bases sets. Thus, the activation
energies obtained for the aquation of the piano-stool ruthenium
complexes do not suffer substantially from the basis set superpo-
sition error and can be calculated with an acceptable accuracy
using augmented double zeta bases sets (B3LYP/B3). Note, that
different behavior was observed for the aquation reaction of cis-
platin.”? The endothermic character of the reaction was obtained
(with an exception of DFT/B1 in COSMO approach). In the
continuum model at all levels, substantial reduction of activation
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energy is apparent, thermodynamical results are very close to
reference data obtained for larger basis sets. In the last section
of Table 4, aquation process for larger arene ligands (Bip, DHA
and THA) is present in gas-phase approach and the B3LYP/B3
level. Here, practically no influence of larger aromatic systems
on the aquation process can be noticed, similar activation barrier
were obtain for all these complexes. This confirm the assump-
tion that larger arenes are mainly important in a later reaction -
replacement of water molecule by the nucleobase because the n-
7 stack interaction can modify the reaction mechanism in real
oligomeric DNA/RNA sequences.

Using the B3LYP/B3 level of calculation, the association
energies and bonding energies of water and chloride particle in
stationary points were determined and are summarized in Table
SI 3. It is interesting to notice that in TS, the forming Ru-O
bond is still relatively very weak. It increases by only 3 kcal/
mol (5 kcal/mol in gas phase) in comparison with the Ru---OH,
association energy in reactant supermolecule. Similarly, the differ-
ence between the Ru-Cl bonding energy in TS and Ru- - -Cl associ-
ation energy in product state is about 2 kcal/mol in COSMO
model. This indicates that the reaction occurs by facilitated disso-
ciative mechanism. The association/bonding energies were also
determined for complexes with other arene ligands with a similar
result, e.g., no influence on the (dissociative) reaction mechanism
follows from association energies of CI  and water determined for
complexes with the larger arene ligands.

The calculated thermodynamic and kinetic data can be com-
pared with the experimentally determined aquation process pub-
lished by Wang et al.’® where rate constant k(298)°™ = (1.98
+ 0.02)*1072 s~ ! was obtained. In that article, activation barrier
was estimated: AE, = 17 kcal/mol together with the heat of
reaction AH = 2.5 kcal/mol using DFT method (B3PWO91 func-
tional) and COSMO technique. Nevertheless, that barrier is also

Table 4. Estimation of Energy Profile for Chloride Replacement by
Water in {Ru(bz)(en)Cl]" Complex (Activation AEa and AEr Reaction
Energies are in kcal/mol, Rate Constants k are in sfl).

GP COSMO

AEa AEr AGr k AEa AEr AGr k

MP2/B1 325 21.8 21.8 23E-12 228 32 32 3.2E-05
MP2/B2 33.1 231 23.1 7.7E-13 228 6.1 6.0 2.7E-05
MP2/B3 23.9 6.8 6.7 4.5E-06
DFT/B1 27.3 207 20.7 1.6E-08 172 —12 —12 3.6E-01
DFT/B2 279 221 220 S5.0E-09 185 1.9 1.8 4.2E-02
DFT/B3 28.8 23.6 23.6 1.1E-09 19.2 28 2.8 1.4E-02

DFT/aug- 19.1 29 29 1.5E-02
cc-pvtz
DFT/aug- 19.1 29 29 1.5E-02
cc-pvqz
CCSD/B1 20.8 1.7 1.6 9.3E-04
CCSD/B2 20.9 45 44 7.6E-04
DFT/B3 28.7 183 20.0 1.3E-09 p-Cymen

292 185 183 0.6E-09 Biphenyl

293 19.1 19.0 0.5E-09
28.5 182 17.5 2.0E-09

2H-Antracene
4H-Antracene
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Figure 1. [Ru(arene)(H,O)(en)] complexes where arene ligand is: a) benzene, b) p-cymene, c)
biphenyl, d) dihydrogen-anthracene, e) tetrahydrogen-anthracene.

partially underestimated because the measured rate constant
corresponds to barrier height ca 21 kcal/mol. Using Eyring’s
formula from the TST theory, the rate constant of the replace-
ment process is estimated from optimized geometries and
(unscaled) frequence calculations at the B3LYP/B1 level in

combination with the energy profile determined at several com-
putational levels. In this way, the rate constant of the pseudo-
first order forward reaction is estimated: k(298)°™ = 1.5%¥102
s~ ! and backward reaction has a rate constant k(298)**" = 1.3

s! M™L. For the 37°C, the following values were obtained:
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Figure 2. AE energy profile (at the B3LYP/B3 level) of the aquation reaction for [Ru(bz)(en)Cl]™
complex. Solid line in gas phase. dashed line in COSMO.
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02

b) c)

Figure 3. Orientation and size of the dipole moments of isolated NA bases calculated in gas phase at
the MP2/B3 level. a) guanine b) N7 protonated guanine c) adenine d) cytosine, e) thymine, f) uracil.

k310)°™ = 6.1¥107> s~' and k(310)™* = 3.9 s7' M.
These results can be compared directly with above mentioned
experimental value® determined by UV-VIS spectrometry. The
difference of one order of magnitude reflects the energy differ-
ence of ca 2 kcal/mol in the height of activation barrier, which
can be considered within an error bar of the energy calculations
(considering the levels of method - B3LYP, pseudopotentials,
PCM, and basis set). The CCSD/B2 activation barrier leads to
very accurate estimation of rate constant k(298) = 8#107 4 s 1,
Based on the achieved results, the B3BLYP/B3 level can be sug-
gested as sufficiently accurate for calculations of larger systems.
The DFT approach underestimates the CCSD results by 1-2
kcal/mol, whereas the MP2 method with the same basis set over-
estimates both energies by about 2-3 kcal/mol. Because aquation
rate constants for other arene molecules (p-cymene, biphenyl,
DHA and THA) are available from experimental study,'® gas-
phase estimation was performed for comparison. Obtained rate
constants are collected in last section of Table 6. Despite great
discrepancy in absolute values between calculated and measured
rate constants, relative values show practically no influence of
the arene m-conjugated system on the rate of aquation. Analo-
gous conclusion also follows from studies of Sadler group (refs.
18,59) where the variation of rate constants between (1.28 and
2.36)*1073 s~ was found.

Interaction of Ru(Il) Complexes With Nucleobases

In the second part of the study, the interactions of the piano-
stool Ru(Il) complexes with both purine and pyrimidine nucleo-
bases is examined, the structures and their dipole moments are
displayed in Figure 3. In the case of guanine and adenine,
energy profiles for the replacement reaction of aqua-ligand by
the base were also determined.

Journal of Computational Chemistry

Ru(Il) Adducts With Various Sites of Nucleobases

Structures. In the first part, adducts of ruthenium complexes
to various interacting sites of guanine and adenine were
explored. Bonding energies for conformers with Ru(Il) cation
interacting with N1, N3, (O6 in guanine), and N7 nucleobase
positions were compared in the complexes with the benzene
ligand. Only the most stable conformers in the PCM regime (N7
adducts) were chosen for the examination of bonding properties
in the complexes with p-cymene. Basic coordination parameters
of these structures are summarized in Table SI 4.

For adenine, the shortest Ru-N(A) distance occurs in a com-
plex where N3 site interacts with metal cation. In this structure,
a relatively short Ru-N3 distance occurs (2.140 A) together with
short (repulsive) H---H contact between N9-H---H-N2(en) sites
(2.292 A). It results in elongated Ru-N2(en) bond (2.182 A), the
longest Ru-N(en) bond within all the cases explored in the
study. In this way, the donation of the N2(en) to metal cation is
reduced giving additional space for competitive coordination of
the adenine N3 site. The consequence of this coordination rela-
tionship can be also found in bonding energies resulting in the
lowest AE®E(en) (in absolute value) from all the explored sys-
tems. In water environment, these effects are attenuated because
the five-member ring moves from the H-N2(en) by about 0.14
A. Nevertheless, the Ru-N3(A) coordination still remains the short-
est among all the Ru-N(Base) distances despite the fact that this is
the only complex where the Ru-N bond length was increased when
passing from the gas phase to COSMO approach (see Table SI 4a).
In the case of Ru-N7(A) complex, the Ru-N7 bond length is 2.16
A and a weaker H-bond interaction between N6 - -H-N(en) can be
noticed with the N- - -H distance 1.96 A (cf Fig. 4).

In the case of N1 adduct of guanine, the tautomer with
hydrogen transferred to the N7 site is considered in the further
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Figure 4. AE energy profiles (at the B3LYP/B3 level) of aqua substitution by a) adenine and b) gua-
nine. [Color figure can be viewed in the online issue, which is available at www.interscience.wiley.
com.].
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analyses. The possibility of the proton transfer to O6 was also
examined but it is energetically less stable (e.g., by about 6
kcal/mol in COSMO). In the case of guanine conformers, the
shortest Ru-N(G) distance occurs in the N7-adduct. It can be
noticed that coordination distances resemble corresponding ge-
ometry parameters of the N7-adenine complex. However, the
relatively short Ru-N2(en) bond is apparent, which is linked with
a strong O6---H-N2(en) H-bonding (1.756 1&). The same picture
occurs in the cymene complex, too. Interestingly, Ru-N3(G)
adduct does not exhibit so markedly short Ru-N3 bond and elon-
gated Ru-N2(en) bond, because the H---H repulsion is dimin-
ished here. From the interatomic distances, it can be noticed
that distance between N9°~...H°"-N2(en) is shorter than
(G)N9-H- - -H-N2(en), which is not the case of the Ru-N3(A)
complex. Finally, the Ru-O6(G) adduct was explored. The
Ru-O6 distance is relatively short in correspondence with ori-
entation of the guanine dipole moment but still longer than the
corresponding Ru-N7 coordination in Ru-N7(G) adduct. Also
the H-bonding interaction between N7---H-N2(en) atoms is not
so strong (1.872 A).

The interactions of metal complexes with all three pyrimidine
nucleobases were explored, too. In these complexes, only the
structures with benzene ligand were considered. Note that the
N1 pyrimidine positions are in nucleic acids occupied by the
attached sugars, so these positions cannot be utilized for ion
binding in nucleic acids. Note also that when the cation binds to
N(H) nucleobase positions, the corresponding proton is moved
to some acceptor site of the nucleobase, leading to a different
tautomeric form. Optimized distances of Ru(Il) dative bonds are
placed in Table SI 4b.

The ruthenium adducts with N1, N3, and O2 cytosine sites
were considered. In the Ru-N1(C) adduct, proton from the N1
site was transferred to another heteroatom; protonation of the
N3 position was found energetically more stable than the O2
position, similarly to the Ru-N1(G) conformer where N7 site
was preferred over O6. Complexes coordinated to N4 atom were
also considered but the structures with proton transferred to ei-
ther O2 or N3 positions were substantially less stable. It was
found that the shortest Ru-X(C) coordination (X = N1, N3, and
02) occurs in the Ru-O2 conformer. This conformer was also
found the most stable in gas-phase calculations, which is slightly
surprising when we realize that this is the only nucleobase
where the oxygen position is preferred for metal coordination
over nitrogen sites. In the COSMO regime, the Ru-O2 distance
still remains the shortest from all the considered Ru-X distances,
however, the stabilization energy preference is inverted and both
the Ru-N1 and Ru-N3 adducts are more stable. This demon-
strates the influence of electrostatic effects because relatively
large cytosine dipole moment (u = 6.55 D at MP2/B2 level) is
oriented in the C2-C5 direction (cf. Fig. 3). It is interesting to
notice that also the Ru-arene and Ru-N(en) distances attain the
shortest values in the same Ru-O2(C) complex in both gas phase
and COSMO approaches. This shows that oxygen o-dative abil-
ity is not so strong (more probably) or it is compensated by =«
back-donation, leaving some additional space for donation of the
other ligands. The later assumption is not confirmed by MO
analysis (no MO with combination of occupied d(Ru) AOs and
virtual antibonding MO of cytosine was found) nevertheless,
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second-order perturbation theory energies within the NBO analy-
sis give some support for possible back-donation.

In ruthenium complexes with thymine and uracil, the geome-
try relationships are similar to the situation in cytosine adducts.
The Ru-X coordination bonds are shorter in the Ru-O adducts,
especially in the Ru-O4 complex (in both thymine and uracil).
On the contrary to the Ru-O2(C) adduct, no Ru-O complex
(with neither thymine nor uracil) represents the most stable con-
formation not even in gas phase (cf. discussion on energy part
below). It is also worth to mention that the Ru-N1 adducts of
both bases prefer conformations with proton transferred to O2
(the N3 site is already occupied by another hydrogen). In the
case of Ru-N3(T,U) adducts, the more stable conformations
have proton transferred to O4 position.

Energy Analysis

The bonding, stabilization, and total energies (where relevant)
for the most stable conformers are displayed in Table 5. In the
case of purine bases, the most stable structures differ for adenine
and guanine bases in the gas-phase calculations. Although the
Ru-N1(A) conformer is preferred in the adenine complexes, the
Ru-N7(G) conformer has the lowest total electronic and stabili-
zation energies among the guanine structures. Nevertheless in
the COSMO regime, the N7-conformer represents the most sta-
ble form for the both nucleobases. This change of preference
match with the general concept according to that the influence
of electrostatic forces is decreased (screened) in PCM
approaches. In gas phase, the Ru-N1(A) coordination is visibly
enhanced by favorable orientation of the adenine dipole moment
u = 2.70 D (determined at the MP2/B2 gas-phase level) in N1—
C8 direction whereas in guanine the dipole is oriented in N7-N3
direction, 4 = 6.36 D as can be seen in Figure 3. Even larger
dipole moment oriented in N1-C8 direction occurs in N1-gua-
nine tautomer (x = 9.55 D). This dipole is responsible for the
fact that the Ru-N1(G) adduct exhibits the highest AE"“(Ru-
N(base)) bonding energy from all the explored complexes (both
in gas phase and COSMO levels). The same effect (reduction of
electrostatic enhancement) causes the change in energy prefer-
ence in the cytosine adducts. Passing from gas phase to the
implicit solvent, the Ru-O2(C) structure becomes the least stable
by more than 7 kcal/mol and the most stable adduct is Ru-
NI(C). The Ru-N3(C) complex has practically the same stabili-
zation and total electronic energies; the differences are within 1
kcal/mol. Uracil and thymine identically prefer the N3 coordina-
tion regardless the environment. This preference is in accord
with different orientation of the dipole moment of uracil and
thymine in comparison with cytosine (cf. Fig. 3). All the remain-
ing conformers (even the Ru-NI(T,U)) have substantially
smaller stabilization energies.

Because the replacing of various ligands of the ruthenium
complexes are explored in the study, it is important to know
how strongly metal cation interacts with individual ligands.
Therefore, bonding energies were evaluated. Comparing individ-
ual systems, the Ru-en interaction energies are around ca 120
kcal/mol in water surrounding. The AE®E(Ru-arene) energies are
preserved in the range of 100-110 kcal/mol for benzene and
110-120 kcal/mol for cymene in gas-phase calculations. Water
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Table 5. Bonding and Stabilization Energies at the MP2/B2 level (in kcal/mol); for Comparison of Various

Adducts also Total Energies (in a.u.) are Presented.

Ru(bz)(N1-ade)

Ru(bz)(N3-ade)

Ru(bz)(N7-ade) Ru(cym)(N7-ade)

Adenine gas phase COSMO gas phase COSMO gas phase COSMO gas phase COSMO
AE®E(are) —105.4 —100.2 —105.3 —104.6 —100.1 -119.9 —108.7
AEPE(en) -129.0 -1223 —125.8 —121.4 —131.3 —1233 —1242 —121.4
AE®E(ade) -72.7 —48.7 —69.1 —69.7 —-50.3 —65.4 -50.2
AES®® 431.1 389.2 4269 426.2 390.0 4414 396.5
E™% 14900 —81.612 —81.880 —81.605 —81.879 —81.606 —81.881

Guanine Ru(bz)(N1-gua) Ru(bz)(N3-gua) Ru(bz)(N7-gua) Ru(cym)(N7-gua)
AE®E(are) —-101.3 —96.0 -107.0 —104.4 —-102.9 -953 —117.6 —103.8
AE®E(en) —1254 —118.4 —1326 —129.6 —1223 —1222 —117.8
AEPE(gua) -103.9 -59.7 —56.4 -90.7 —56.0 —86.1 —572
AES®® 4427 390.9 412.6 384.7 4497 395.3 465.6 383.3
E™ 41000 —56.687 —56.944 —56.637 —56.939 —56.695 —56.955

Cytosine Ru(bz)(N1-cyt) Ru(bz)(N3-cyt) Ru(bz)(O2-cyt)

AE®E(are) —101.4 —94.9 —105.7 —98.2 —103.7 —95.4

AE®E(en) -126.5 —-117.6 —1282 -122.7 —115.0

AEBE(cyr) —89.5 —56.0 —-79.0 —84.0 —45.9

AES®® 441.1 392.6 4384 392.2 444.6 389.2

E™+900 —9.447 —9.710 —9.444 —9.709 —9.449 —9.701

Thymine Ru(bz)(N1-thy) Ru(bz)(N3-thy) Ru(bz)(O2-thy) Ru(bz)(O4-thy)
AE®E(are) -105.5 -97.6 —103.5 —109.9 —103.0 —109.8 -102.4
AEPE(en) —1253 -119.9 —125.7 —1243 -116.9 —125.6 —-117.6
AEBE(thy) —65.0 —46.5 -82.8 —539 -31.3 —60.0 —347
AES®® 407.4 372.3 4249 4125 374.0 4202 376.2
E™@ 1900 —68.436 —68.717 —68.467 —68.727 —68.440 —68.717 —68.454 —68.721
Uracil Ru(bz)(N1-ura) Ru(bz)(N3-ura) Ru(bz)(O2-ura) Ru(cym)(O4-ura)
AE®E(are) —106.3 —98.0 —103.8 —-110.4 —103.0 -110.0 —102.2
AE®E(en) —125.8 -120.3 —126.2 —126.2 —118.5 —126.0 —118.0
AERE(ura) —61.6 —45.9 -79.8 -50.8 -31.7 —59.1 —343
AES®® 403.2 371.2 4227 410.5 375.3 419.3 377.3
E™% 4900 —29.240 —29.527 —29.274 —29.539 —29.247 —29.531 —29.262 —29.534

solution decreases these values by about 5-10 kcal/mol. For the
singly bonded ligands (nucleobases), substantially larger bonding
energy reduction occurs, when passing from vacuo to water so-
lution. The strongest coordination bonds are formed in guanine
complexes, where AEBE(RM-N(G)) is up to 100 kcal/mol in gas
phase, which is comparable with AE®® of the ‘triply’ bonded
benzene molecule. In the case of implicit water environment the
bonding energies of guanine drop to ca 60 kcal/mol. These ener-
gies are in good accord with the similar studies both experimen-
tal”>”* and computational®****® on transition metal interactions
with nucleobases. The cytosine bonding energies are also rela-
tively high, around 80 kcal/mol in gas phase. Slightly weaker
Ru-N dative bonds are formed in complexes with thymine and
uracil, and the lowest energies were found for adenine coordina-
tion, about 70 kcal/mol. In the COSMO regime, the same order
of bonding energies can be seen. However, the AE®“(Ru-
N(base)) values are in much narrower range (from 50 to 60
kcal/mol). Most of these values are close to 50 kcal/mol, which
is actually the same energy which was obtained for platinum
interaction in electroneutral adenine and guanine complexes.”>’®
This value can be considered as an upper limit for the pure
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coordination energy of the Ru(Il)-N(base) dative bond (without
electrostatic contribution) in analogy to Pt(II)-N(base) bonds.”

Activation Barriers and Kinetics for Water-Nucleobase
Exchange Process

In analogy to aquation-dechlorination reaction, the replacement
of the aqua ligand by purine nucleobase was investigated using
the supermolecular approach. The supermolecular model is suita-
ble approach when exploring the kinetics of some reaction - for
the determination of an activation barrier. On the other hand
using this approach does not consider the association energy
and/or association Gibbs free energy. Although the former one
is nearly always negative (individual species usually attract each
other), in the case of association Gibbs free energy, this is not
always valid due to the different distribution of the degrees of
freedom (separated species has each three translational and rota-
tional degrees of freedom), which has important consequences in
determination of the entropy term. For a more realistic estima-
tion of the reaction rate, the probability factor for formation of
the associated reactant complex (or in other words its real con-
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Table 6. Energy Profile of the Aqua-Ligand Replacement by Purine Nucleobase From [Ru(bz)(en)(Hzo)]2+
Complex (activation AEa, AEr, and AGr reaction energies are in kcal/mol, rate constants in M 'sTh.

GP COSMO
Guanine AEal AEr1 AGrl1 AEa2 AET2 AGr2 AEal AErl AGr1 AEa2 AET2 AGr2 k(1)
MP2/B1 17.1 3.2 1.6 4.5 -13.9 —11.6 1.7E+00
MP2/B2 19.5 0.1 —-1.5 15.5 —15.5 —13.2 3.4E-02 14.8 1.5 —0.1 3.1 —15.3 —13.0 8.2E+01
MP2/B3 16.1 2.4 0.7 2.1 —15.5 —-13.2 1.0OE+01
DFT/B1 19.8 5.5 39 154 -9.3 =7.0 1.9E-02 18.8 6.3 4.7 8.0 —11.5 -93 1.1E-01
DFT/B2 17.7 5.9 3.8 6.0 —13.6 —114 7.0E-01
DFT/B3 17.8 5.1 35 12.5 —10.8 -85 5.2E-01 17.8 5.7 3.7 5.8 —133 —11.0 5.4E-01
Adenine
MP2/B1 20.6 —-34 —4.2 5.0E-03
MP2/B2 243 —8.5 -93 9.9E-06 17.5 =7.0 =79 8.7E-01
MP2/B3 17.7 —6.2 =7.0 6.4E-01
DFT/B1 24.3 35 2.7 9.0E-06 19.6 1.0 0.2 2.8E-02
DFT/B2 17.3 -2.0 —-2.8 1.3E+00
DFT/B3 18.1 0.6 —4.0 3.2E-01 17.1 —2.1 -2.9 1.7E+00

centration) should be taken into account together with a value of
the rate constant.

The arrangement of molecules in reactant complex, TS, and
product state was optimized. Hessian matrix of second deriva-
tives was diagonalized confirming proper character of the
obtained structures. In the transition state, one negative vibration
mode corresponding to O(aq)-Ru-N7(B) antisymmetric stretch
was found. Key coordination parameters (lengths of dative Ru-L
bonds) are summarized in Table SI 5. In the case of adenine,
the global supermolecular minimum on the reactant side (with
two H-bonds: (A)N7---H—O(aq) and (A)N6---H-N(en)) of the
potential energy surface (PES) does not correspond to the appro-
priate initial arrangement for the explored reaction coordinate.
The correct reaction minimum structure has to have opposite ori-
entation of adenine: (A)N7---H-N(en) and (A)N6---H-O(aq).
This conformer lies about 5 kcal/mol higher on the PES
(B3LYP/B3) in COSMO approach, cf. Figure 4a. Although the
water-adenine exchange reaction passes through simple reaction
mechanism, in the case of guanine no single TS reaction coordi-
nate was found. Instead, two-step reaction mechanism is sug-
gested. The reaction minimum of the first step has the analogous
arrangement as the adenine local (reaction) minimum. The reac-
tion minimum lies only slightly higher (less than 1 kcal/mol)
than global supermolecular minimum as it can be noticed in
Figure 4b. Result of the first step (an intermediate) is a complex
with guanine coordinated through O6 site (about 6 kcal/mol
above global supermolecular reaction minimum). This structure
is subsequently change to more stable N7 adduct passing very
low second transition barrier with a character of metastable che-
late O6-Ru-N7. The final Ru-N7 product lies about 5-8 kcal/mol
lower than reactant complex.

Such a metal-O6 coordination was not found for platinum
complexes in our previous studies because Pt(II) cation has
weaker affinity (by about 25 kcal/mol) for O6 atom than N7. In
the case of corresponding Ru(Il) structures the analogous differ-
ence in total energy is only 9 kcal/mol). This results partially
contradicts to study of Borgoo et al.”” According to their results
the Ru atom is slightly softer than Pt so that Ru affinity to
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harder oxygen should be lower than the affinity of the Pt atom
according to the Pearson HSAB principle.”®

Energy profiles of the exchange reaction are compiled in
Table 6 and Figure 4. On the basis of DFT(B3LYP)/B3 level, it
was determined that replacement of aqua ligand by both adenine
and guanine is an exothermic process. In the guanine replace-
ment process, slightly larger reaction heat is released (about 8
kcal/mol). The first reaction step is by about 6 kcal/mol endo-
thermic and is also a rate controlling process with the activation
barrier of ca 18 kcal/mol. The height of the subsequent barrier is
about 6 kcal/mol. According to the obtained rate constants (at
the DFT/B3 level), the formation of adenine adduct (k(A) = 1.7
M~ ! 57" should be three times faster than in the case of gua-
nine (k(G) = 0.54 M~ " s7!) if the same concentration of both
nucleobases is assumed. However, it should be taken into
account that in the case of adenine the reaction minimum lies
relatively high above global minimum. Thus, the occurrence of
the reaction minimum is very low according to Boltzmann equi-
librium distribution law (about 2.3*10~ %), which influences the
actual reaction rate for adenine replacement substantially (the
process follows second order reaction kinetics). In the guanine
case, the ratio for occurrence of reaction/global minima is 0.49.
Moreover, rate constants from the MP2/B3 level (a little bit less
accurate according to Table 4) suggest opposite kinetic prefer-
ence (k(G) = 10 vs. k(A) = 0.64 M~ ' s 1. As followed from
Table 6, the exchange reaction for both nucleobases has lower
activation barriers than in the case of aquation reaction.

It can be concluded that in real DNA/RNA, guanine adducts
will prevail approaching the thermodynamic equilibrium- com-
plexes with guanine should represent 95% occurrence of all
adducts (assuming only guanine and adenine can form adducts).

For the verification of the facilitated dissociative mechanism,
the AEPE association/bonding energies for water and nucleo-
bases are evaluated (cf. Table SI 6). It was found that adenine is
really very weakly coordinated in the TS structure, which gives
sufficient support for facilitated dissociative mechanism. In the
case guanine, some dative bonds character seems to already
exist in the TS1 structure where the base interacts by additional
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6 kcal/mol. Comparing the AEPF(Ru-X(G)) bonding energies
of intermediate and product, close values like for isolated
Ru-06(G)/Ru-N7(G) adducts were obtained (42.3/56.0 kcal/mol).

Moreover, from the Table SI 6 the association free Gibbs
energies of guanine and adenine with hydrated ruthenium com-
plex can be noticed. These values clearly demonstrate that the
reactant complex will not be formed spontaneously. Hydration
of both reactant molecules is more preferable process. From the
comparison of the guanine and adenine association Gibbs ener-
gies, it follows that the reactant complex with guanine will be
formed with substantially higher probability than in the case of
adenine. The population of guanine reactants is about 1000 times
higher than adenine one considering the energy difference of ca 4
kcal/mol and the room temperature. Because this reaction is gov-
erned by the second order kinetics, the concentration of the reac-
tants directly influence the reaction rate. In this way, the smaller
rate constant for guanine replacement is overweighed by substan-
tially higher concentration of the guanine reactant complex.

Conclusions

In this study, the piano-stool [Ru(II)(116-arene)(en)Y]+ and
[Ru(nﬁfarene)(en)X]2+ complexes (X = H,O, guanine, adenine,
cytosine, thymine, and uracil, Y = CI or OH ) were explored
using advanced quantum chemical methods. All these structures
were optimized at DFT(B3LYP)/B1 level and single point prop-
erties were determined at the MP2/B3 level. The aquation pro-
cess (replacement of chloro ligand by water) and exchange reac-
tion of aqua ligand by nucleobases were examined at several
level of ab initio and DFT theories (MP2, CCSD and B3LYP)
and several basis sets ranging from medium-polarized 6-31G(d)
to extended aug-cc-pvqz one. Environment effects were included
using polarizable continuum model with the COSMO method.
The calculations reveal that the solvent screening is of primary
importance for the studied complexes.

For adenine, the N1-adduct is more stable than the N7-con-
former in the gas phase. However, when solvent effects are con-
sidered the N7-conformer becomes more stable due to effective
screening of the electrostatic contributions. Similar result is
obtained for cytosine where the Ru-O2 adduct is the most stable
in vacuo but the least stable (from the explored cytosine con-
formers) in polar solvent.

The thermodynamic and kinetic data were determined for
aquation process and compared with available experimental
studies. There is an excellent agreement between experiment
and theory at the CCSD level and an acceptable accord in the
case of the B3ALYP/B3 approximation. Although DFT underesti-
mates both reaction energy and the height of the activation bar-
rier, MP2 method overestimates them.

Exchange reaction was studied for both purine bases. It was
found that local minimum, which is about 4-5 kcal/mol above
the global supermolecular minimum structure, is involved in
determination of reaction coordinate in the complexes with ade-
nine (Fig. 4a). In the guanine case this simple reaction mecha-
nism does not exist. Instead, two-step reaction mechanism is
suggested where first the Ru-O6(G) coordination is formed,
which is subsequently transformed through chelate TS to the
most stable Ru-N7(G) conformer.
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Comparing thermodynamic and Kkinetic parameters for both
bases, it was ascertained that formation of the ruthenium com-
plex with guanine is slightly slower. Because the “concen-
tration” of the appropriate adenine-Ru(are)(en)H,O supermolec-
ular conformer will be very low, faster reaction course can be
actually expected in guanine exchange reaction. The guanine
adduct will definitely dominate in the real DNA/RNA sequences
according to the both thermodynamic and kinetic criteria.

The present article brings thorough QM characterization of
molecular interactions in the studied systems and key reference
structures can be found in Supporting Information.
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The hydration process for two Ru(Il) representative half-sandwich complexes: Ru(arene)(pta)Cl,
(from the RAPTA family) and [Ru(arene)(en)Cl]*™ (further labeled as Ru_en) were compared with
analogous reaction of cisplatin. In the study, quantum chemical methods were employed. All the
complexes were optimized at the B3LYP/6-31G(d) level using Conductor Polarizable Continuum
Model (CPCM) solvent continuum model and single-point (SP) energy calculations and determina-
tion of electronic properties were performed at the B3LYP/6-311+4G(2df,2pd)/CPCM level. It was
found that the hydration model works fairly well for the replacement of the first chloride by water
where an acceptable agreement for both Gibbs free energies and rate constants was obtained. How-
ever, in the second hydration step worse agreement of the experimental and calculated values was
achieved. In agreement with experimental values, the rate constants for the first step can be ordered as
RAPTA-B > Ru_en > cisplatin. The rate constants correlate well with binding energies (BEs) of the
Pt/Ru—Cl bond in the reactant complexes. Substitution reactions on Ru_en and cisplatin complexes
proceed only via pseudoassociative (associative interchange) mechanism. On the other hand in the
case of RAPTA there is also possible a competitive dissociation mechanism with metastable penta-
coordinated intermediate. The first hydration step is slightly endothermic for all three complexes by
3-5 kcal/mol. Estimated BEs confirm that the benzene ligand is relatively weakly bonded assuming
the fact that it occupies three coordination positions of the Ru(Il) cation. © 2011 American Institute

of Physics. [doi:10.1063/1.3515534]

. INTRODUCTION

Despite cisplatin is a very effective anticancer metallo-
drug, an intensive research of some other metallocomplexes
is carried out. The reason is based on the fact that cisplatin
is very toxic with many side effects.! Another problem con-
sists in low or even no activity for some kinds of carcinomas.?
Therefore many studies appeared on complexes, which are ac-
tive against cancer cells. Various biophysical and biochemical
properties of rhodium,’” titanium,*'° ruthenium,''>* and
many other metal complexes?>2° were explored.

Computational studies usually concentrate on coordi-
nation and structural effects. Description of the reaction
mechanisms and electronic properties of cisplatin and its
analogs were examined in several papers.”’>! Some stud-
ies concerned the aquation process of platinum complexes,
which is crucial in the activation step,>*= interactions with
nucleobases,**! or other competitive reactions with cellular
components, such as side chains of amino acids. 20

Ruthenium compounds also attract a lot of atten-
tion as can be noticed in recent computational chemistry
literature.'>>"%* A lot of interesting features, hypotheses
and conclusions, which would be worth of computational

) Author to whom correspondence should be addressed. Electronic mail:
burda@Xkarlov.mff.cuni.cz. Tel.: 4420 221 911 246. Fax: +420 221 911
249.

0021-9606/2011/134(2)/024520/10/$30.00

134, 024520-1

confirmations or deserve a more detailed insight based on
molecular modeling can be found in many experimental
works.!8:21.24.25.65-72 Ap interesting paper on stacking inter-
action of Ru(Il) complexes with guanine and adenine us-
ing density functional theory (DFT) study was presented by
Platts.”

There are two basic families of half-sandwich ruthe-
nium(Il) complexes. First class (further labeled as Ru_en)
is represented by [Ru(n®—arene)(en)CI]* complexes®”-7* (en
= ethylenediamine, arene = benzene), which can coordinate
to DNA helix in the form of monofunctional adducts (at least
in the first step). This is one of the basic differences compared
to Pt-complexes where bifunctional adducts are believed to be
the key structure coordinated to the genomic sequence. The
role of the size of the arene ligand was examined, t00.!7 Tt was
found that larger arene ligands like anthracene or biphenyl in-
crease the drug efficiency due to possible intercalation into
DNA helix via w—m stacking interaction. This interaction is
reduced in the case of smaller aromatic ligands with a single
benzene ring. Also, a pronounced selectivity (higher affin-
ity) of these Ru(Il) complexes to guanine was discussed in
Refs. 17 and 19. The explanation was searched in a forma-
tion of an additional H-bond between O6 and the amine group
of the ethylenediamine ligand. Such a strong binding can be
created neither with N7-adenine nor with N3-cytosine adduct.
However, in our previous paper it was shown’” that this is only

© 2011 American Institute of Physics
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SCHEME 1. Structural formulas of (a) Ru_en and (b) RAPTA-B complexes.

partially true since some (weaker) H-bond can be formed also
in the case of adenine. We confirmed that the size of arene ring
does not play any role in the activation reaction so that the
extent of aromatic system does not substantially change the
coordination strength of the Ru-arene part of the complex.”
Also, the H-bonding between ethylenediamine and exocyclic
N6 amino group of adenine is markedly weaker than analo-
gous interaction in the guanine complex (at least according
to N6...H/O6...H distance which is 2.07 and 1.83 A, re-
spectively) or according to electron density of the bond criti-
cal points obtained from Bader’s Atoms-in-Molecules (AIM)
analysis.’®

The second class of the Ru(Il) “piano-stool” compounds
examined in this study is the so-called RAPTA family.
We used a model complex RAPTA-B (further called just
RAPTA), which contain monofunctional pta ligand (1.3.5-
triaza-7-phosphatricyclo[3.3.1.1]decane),”””’® benzene, and
two chloride anions. In this way, some similarities with cis-
platin can be expected concerning the mechanism of the drug
activity in the cancer cells.

The general structures of both Ru(Il) classes are drawn in
Scheme 1.

In the present study we compare activation process,
e.g., hydration reactions of basic representatives of both
classes of half-sandwich ruthenium complexes together with
the frequently studied cisplatin complex. The DFT com-
putational level and the CPCM continuum solvent model
were employed for determination of all explored structures
in reactants, products and transition states. Besides energy
profiles, also some physicochemical and electronic character-
istics were determined for the deeper insight into the reaction
mechanism.

Il. COMPUTATIONAL DETAILS

In the present study, the compounds of [Ru(n®—arene)
(en)X]*>* and [Ru(n®—arene)(pta)XY]¥!+*+ (X, Y = CI,
OH, H,0) were examined. The general structures of both
classes of Ru(Il) complexes contain the pseudo-octahedral
arrangement of the Ru atom. For the comparison cisplatin
hydration is also included.

All the explored systems were optimized both in the gas
phase and in water environment using the Klamt’s COSMO
(CPCM) implicit solvent approach’® with dielectric con-

J. Chem. Phys. 134, 024520 (2011)

stant ¢ = 78. In chosen model, default Klamt’s cavities were
used.

In the reaction course of the pseudoassociative mech-
anism (PAM), the CI~ ligand(s) was/were replaced by wa-
ter. In order to describe the reaction kinetics of the hydra-
tion reactions, the supermolecular approach was considered.
In the reactant state, the Ru-complexes and water are asso-
ciated by H-bonding. The transition states for the replace-
ment of chloro ligand by water were found where forma-
tion of a seven-coordinated structure was revealed. In the
Ru_en complexes, only one step is possible while activa-
tion of the RAPTA and cisplatin complexes can occur in
two subsequent steps replacing both chloride ligands. More-
over in the RAPTA complex also a dissociative mechanism
was explored where two reaction steps in each dechlo-
ration were determined. The first TS structure is linked with
Ru—ClI bond breaking. Then the five-coordinated intermedi-
ate is formed with both chloride and water particles detached
from the RAPTA complex. Finally, the second TS complex
follows where oxygen of water is approaching and forming a
new coordination bond.

All the geometries were optimized at the DFT level
with the hybrid B3LYP functional and 6-31G(d) basis set
(further labeled as BS1) with the description of heavy
elements Pt, Ru, P, and Cl atoms by Stuttgart energy averaged
pseudopotentials.®-8? The original pseudo-orbital basis set
was extended by polarization functions (with exponents
a(Pt) = 098, ar(Ru) = 1.29, ayq(P) = 0.51, and ay(Cl)
= 0.62) in the optimization part. The same level was used
for the determination of the AG contributions (thermal
and entropy terms) and also for confirmation of the proper
character of the optimized geometries of TS structures as
well as reactant and product supermolecules in both gas
phase and CPCM approach. The energy profiles were de-
termined at the B3LYP/6-311++G(2df,2pd)/CPCM level
(BS2) expression where original pseudo-orbitals of metals
were consistently augmented by a set of diffuse and polar-
ization (2fg) functions optimized for neutral atoms at CCSD
level, as mentioned elsewhere.”83

As it can be noticed from Scheme 1 the complexes are
composed from three/four ligands and the metal cation. The
total stabilization energy (AES®) of the complex is defined as

Ligands
AES® = — (Emmpl — ) Ei—Eme+ AEdefOrm) )

1

Here E o is total energy of the whole complex, E; and Ey.
are BSSE corrected energies of a given ligand i and Me—the
metal cation. In this case, the ligand deformation energies

were included
Ligands

> (B =BT, @)

i

A Edeform —

In the equation the superscripts compl and opt denote calcu-
lations for the frozen ligand structure (taken from geometry
of the complex) and for the optimized (isolated) ligand,
respectively. The ligand binding and/or association energies
(AEBE) were evaluated according to equation

AEBE(L) = (Ecompl — EL — Erex)- 3)
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TABLE I. Metal-ligand coordination distances (in A) within the hydration reactions for [Ru(arene)(en)Cl] ", [Ru(arene)(pta)Cl,], and [Pt(NH3),Cl,] com-
plexes. The optimized bond lengths were obtained at the BALYP/BS1/CPCM and T = 298 K level.

Ru-Cl Ru-Ben Ru-N1 Ru-N2 Ru-O
Ru_en_Cl4+w 2.479 1.713 2.146 2.151 4.218
TS_en 3.238 1.700 2.137 2.142 2.883
Ru_en_w+Cl 4.288 1.714 2.143 2.143 2.166
Ru-Cl Ru-Cl Ru-Ben Ru-P Ru-O Ru-O
Ru_pta_CI2+w 2473 2477 1.740 2.343 3.810
TS_ptala 2.447 3.305 1.716 2.359 2918
TS_ptaldl 2.397 3.698 1.714 2.362 4.391
Intl 2.380 5.244 1.717 2.365 4.794
TS_ptald2 2.358 4.960 1.711 2.382 3.584
Ru_pta_Cl_w+Cl 2.448 4.375 1.741 2.348 2.159
Ru_pta_Cl_w+w 2.458 1.743 2.347 2.175 4.070
TS_pta2a 3.206 1.715 2.367 2.199 2.724
TS_pta2dl 3.598 1.714 2.376 2.153 3.862
Int2 6.970 1.738 2.375 1.945 4.468
TS_pta2d2 5.137 1.703 2.398 2.16 3.461
Ru_pta_w2+Cl 4.207 1.740 2.362 2.176 2.148
Ru_pta_Cl_OH+w 2.496 1.763 2.335 2.087
TS_pta2d1+OH 6.970 1.738 2.375 1.945 4.468
Int2_OH 4.397 1.711 2.387 1.957 3.090
TS_pta2d2_OH 4.477 1.734 2.352 2.064 2.18
Ru_pta_OH_w+Cl 2.496 1.763 2.335 2.087
Pt-Cl Pt-Cl Pt-N Pt-N Pt-O Pt-O
Pt_a2_CI24+w 2.361 2.363 2.066 2.065 3.862
TS_cisl 2.354 2.798 2.058 2.045 2.467
Pt_a2_Cl_w+Cl 2.349 4.083 2.070 2.034 2.082
Pt_a2_Cl_w+w 2.360 2.068 2.074 2.021 3.738
TS_cis2 2.908 2.043 2.031 2.119 2.653
Pt_a2_2w+Cl 4.016 2.045 2.045 2.107 2.107
Pt_a2_Cl_OH+w 2.357 2.083 2.039 2.102 3.768
TS_cis2_OH 3.009 2.057 2.094 2.004 2.405
Pt_a2_OH_w+Cl 4.103 2.087 2.026 2.005 2.086

Similarly, the Ey and E.. energies mean the BSSE corrected
values of the given ligand and the remaining part of the com-
plex, respectively. In these energies, deformation corrections
were not considered.

The ground state of all the explored complexes is a
closed-shell singlet. In the calculations of BSSE corrections
within the CPCM regime, the ghost atomic orbital functions
are localized inside the cavity, which has the same size as the
whole complex. This is the simplest approach and discussion
on other possibilities for determination of BSSE corrections
within the PCM model can be found in Ref. 55.

The kinetic parameters of the studied reactions were de-
termined according to Eyring’s transition state theory. Be-
cause vibration modes, energies, and geometries are available
from the above-described calculations, the rate constants can
be estimated from the formula

k(T) = (ksT/h) exp(—AG*/RT). 4)

The calculations of electronic properties [Natural Bond
Orbital (NBO) and AIM analyses, and dipole moments] were
performed at the same computational level as SP calculations
(B3LYP/BS2). AIM analysis was performed by AIMALL pro-
gram of T. Keith® and natural population analysis (NPA) par-

tial charges were determined by NBO v.5 program from Uni-
versity of Wisconsin.®

A. Structures

All structures of the stationary points on the reaction
profiles of the hydration reactions were optimized in both
gas phase and CPCM levels. The obtained metal-ligand dis-
tances in water environment are collected in Table I. Longer
distances between the metal and the arene ring can be no-
ticed in the case of the RAPTA complexes compared to the
Ru_en complexes due to higher steric crowding. The Ru-—
P bond of the pta ligand is about 2.34 A in neutral reac-
tant and it slightly increases with total charge of the com-
plex up to 2.36 A in the diaqua product. It means that ori-
gin of this bond is basically nonelectrostatic. In the product
states of the both classes of Ru complexes, Ru—O distance
(~2.17 A) is visibly longer than analogous Pt-O coordina-
tion bonds in cisplatin. The same is also true for the Ru-N
bonds in Ru—en complexes and Ru—C1 bonds in Ru—pta reac-
tants. All these distances are about 0.1 A shorter in the Pt(II)
complexes. The simplest possible explanation follows from
a general study on covalent radii published recently®® where
the difference of covalent radii of Pt and Ru atoms is about
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0.1 A. The binding energy unambiguously correlates with
electron density of the bond critical point, as it will be dis-
cussed below.

Transition states of Ru(Il) piano-stool complexes in the
‘pseudoassociative mechanism’ are represented by the hepta-
coordinated structures where one can easily expect relatively
large sterical repulsion. However the exchanging ligands are
practically nonbonded (see the part on binding energies be-
low) in TSs so that lower binding competition occurs and
visibly shorter Ru—arene distances can be noticed (in com-
parison with both reactant and product states). This effect is
a little bit more pronounced in PCM geometries than in gas
phase. Similar shortening is observed for the Ru—N coordi-
nation distances of the ethylenediamine ligand in TS of the
Ru—en complex (TS_en) and for the equatorial amino ligands
in the trigonal-bipyramidal TSs structures of cisplatin. On the
contrary, in the case of the RAPTA TS structures, the Ru—
P bond of the pta ligand is elongated. Similarly the Ru—-O
distance of the aqua ligand in second reaction step elongates
in TS geometry (TS_pta2a) where the Ru—O bond is about
2.199 A (despite of H-bonding between both water molecules
and chloride) and in second hydration step (TS_cis2) where
the axial Pt-N bond is also elongated (2.094 A). The short-
ening can be explained by a lower competition to Pt—N bond
in equatorial plane of trigonal-bipyramid due to very weakly
bounded exchanging ligands. On the contrary, the coordina-
tion of the axial ligands is generally known to be always a
little bit longer (and weaker).

Another reaction mechanism was revealed in the case of
RAPTA complexes. The competitive dissociation mechanism
is linked with two TS structures and one metastable penta-
coordinated intermediate in each dechloration reaction. This
intermediate has the two pta and Cl/aqua/hydroxo ligands ori-
ented in a plane perpendicular to the arene ring. Such an ar-
rangement minimizes the interligand repulsion. In this way
it is obvious why this direct dissociative mechanism (dDM)
could not occur in the Ru_en complex. The ethylenediamine
bidentate ligand cannot form similar kind of structure (where
en ligand would be perpendicular to arene ring) due to high-
energy penalty caused by deviation of the donating electron
lone-pairs of nitrogens from the ideal sp® orientation and
by increased arene. .. H(en) steric repulsion. Basically all the
structural trends from the discussion on TS of pseudoassocia-
tive mechanism are also valid for geometries of the interme-
diates and TS’s of the dissociative pathway.

B. Energy profile of hydration reactions

All the energy characteristics of the explored complexes
are summarized in Table IT and corresponding reaction energy
profiles are drawn in Fig. 1 for PAM and in Fig. 2 for dDM.
In the first reaction step of PAM, all the explored reactions
are endoergic with AG; = 3-6 kcal/mol and have comparable
activation barrier of about 20 kcal/mol for the replacement of
the first chloride.

In the second reaction step of the RAPTA and cisplatin
complexes, much higher activation energy (over 25 kcal/mol)
was determined for pseudoassociative mechanism together
with more pronounced endoergic reaction course of about

J. Chem. Phys. 134, 024520 (2011)

TABLE II. Gibbs energy reaction surface (in kcal/mol) and rate constants
(in s~! in gray) at the B3LYP/BS2/CPCM level.

Calc. Expt.
Ru_en_Cl4+w 0.00
TS_en 20.01
Ru_en_w+Cl 2.79
1.32E-02 (1.98 £ 0.02) E-03*
Ru_pta_CI2+w 0.00
TS_ptal_a 18.95
Ru_pta_Cl_w+Cl 3.31
7.98E-02 (3.33 + 0.02) E-03°
Ru_pta_CI2+w 0.00
TS_ptal_dl 18.72
Int_1 18.46
TS_ptal_d2 20.59
Ru_pta_Cl_w+Cl 4.12
4.72E-03¢
Ru_pta_Cl_w+w 0.00
TS_pta2a 26.49
Ru_pta_w2+Cl 10.83
2.37E-07 (5.5 £ 0.2) E-02°
Ru_pta_Cl_w+w 0.00
TS_pta2_dl_w 19.90
Int2_w 17.90
TS_pta2_d2_w 27.98
Ru_pta_2w+Cl 6.23
1.87E-08¢
Ru_pta_Cl_OH+w 0.00
TS_pta2_d1_OH 11.88
Int2_OH 6.96
TS_pta2_d2_OH 12.56
Ru_pta_OH_w+-Cl 4.58
2.90E+03¢
Pt_a2_Cl24w 0.00
TS_cisl 23.86
Pt_a2_Cl_w+Cl 5.24
1.99E-05 (1.9 £ 0.2)E-04¢
Pt_a2_Cl_w+w 0.00
TS_cis2 28.95
Pt_a2_2w+Cl 10.99
3.73E-09
Pt_a2_Cl_OH+w 0.00
TS_cis2 25.90
Pt_a2_OH_w+Cl 10.51
6.94E-07 (2.3 £ 0.3)E-04¢

“Reference 19.
YReference 88.
“Reference 89.
A1 ko (ki + ko) for subsequent reversible reactions.

8-11 kcal/mol. This feature can be explained by the fact
that in the monoaqua reactant the remaining chloro ligand is
more strongly bond as follows from higher binding energy
of the Ru—Cl in Table III (compare BE of 52 kcal/mol for
monochloro reactant in the second hydration step with BE
of 42 kcal/mol for dichloro-reactant in the first step). The
same conclusion also follows from Table IV where the AIM
critical points are displayed [corresponding Bond Critical
Point (BCP) values of Ru—Cl are 0.065 versus 0.062 e/a.u.’
(Ref. 3)].

The higher extent of similarity between the RAPTA com-
plex and cisplatin follows not only from a structural factor but
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FIG. 1. Energy profile of pseudoassociative hydration reactions of
[Ru(arene)(en)CI]T, [Ru(arene)(pta)Clp], and [Pt(NH3)>Cly] complexes at
the B3LYP/6-31++G(2dp,2pd)/CPCM(UAD) level.

also from the shape of the reaction energy profile. In the case
of cisplatin, the activation barrier of the first step is a little
higher than in RAPTA (23 vs 19 kcal/mol) but otherwise the
shape is more or less the same (energy of all the other sta-
tionary points on the reaction coordinate differs at most by
2 kcal/mol). However, one should keep in mind that the sim-
ilarity deals only with the hydration reaction and (probably)
does not concern the subsequent reactions since the role of
arene ligand is believed to be important in stacking inter-
actions with nucleobases in genomic code. This aspect was
not considered in the study and it is not fully enlightened
even in vitro and in vivo experiments at present. Our previ-
ous calculations’ on this topic as well as results from other
groups®”%7 seem to confirm this assumption.

In the neutral or basic solutions the hydroxo ligand
should be considered instead of the aqua ligand (for cisplatin
the experimental pK, is 5.5; calculated value ~6.2 (Ref. 54)
and analogous calculations for Ru_pta_wCl complex lead to
estimation of ca 7.7 (Ref. 19). This leads to lower activation
barrier (by about 3 kcal/mol) due to higher competition of
negatively charged OH group in comparison with neutral aqua
ligand. Moreover, in the case of RAPTA_OH complex the
second dechloration step cannot occur within the PAM mech-
anism. Instead, the direct dissociation mechanism was found
with two lower reaction barriers (212 and 6 kcal/mol). The

35 1
30 A
25
20
15 1
10 A

5

o

-5

FIG. 2. Reaction coordinate for the dissociative mechanism of RAPTA
dechlorination at the B3LYP/6-31++G(2dp,2pd)/CPCM level.

J. Chem. Phys. 134, 024520 (2011)

same dissociation mechanism was also determined for hy-
drated RAPTA complex in presence of aqua ligand. Here, the
activation barriers were found 19 and 10 kcal/mol. It means
that lower reaction barrier was also confirmed for dissociation
mechanism in acidic and neutral solutions. The dDM pathway
has practically the same activation energy for the first dechlo-
ration reaction as PAM (AG,! =~ 19 kcal/mol). No dDM was
found in cisplatin hydration.

C. Binding energies

Table IIT summarizes the stabilization and binding en-
ergies evaluated according to Egs. (1) and (3), respectively.
Two different kinds of stabilization energies are present. Be-
sides standard definition (A ES®) based on Eq. (1) the other
energy (AES*®) represents total coordination energy of the
metal cation with the ligands fixed in their optimal positions
in the given complex. The AES® energy is determined ac-
cording to Eq. (3) supposing Ey is energy of the metal cation
and E.. represents the frozen structure of all the ligands. In
this way, mutual repulsion of the ligands is not included from
the obtained value and this repulsion basically forms the main
difference between both AES® and AES®* values (besides
deformation correction involved in AES® value). As to defor-
mation energies, it can be seen that the smallest values were
obtained in the case of cisplatin where smallest number of lig-
ands (small molecules—water and ammonia) is present. The
largest deformations are in the Ru_en complexes mainly due
to deformation of the en-ligand (about 5 kcal/mol). The de-
formation of the benzene ligand is &3 kcal/mol in the both
Ru complexes. The repulsion energy of the ligands (as a
ES@b _ ESex difference) clearly shows the highest values in
cisplatin complexes where values up to 30 kcal/mol can be
seen. Substantially smaller values were gained in the RAPTA
complexes and the smallest repulsion was determined in the
Ru_en complexes since only one negatively charged ligand is
present there.

Comparing the metal-am(m)ino binding energies, it can
be noticed that the en ligand is slightly less coordinated in
the Ru_en complex than ammines in cisplatin. Confirmation
of this fact can be observed from a comparison of BCP in
Table I'V where all the densities in BCP of Pt-N(Hj3) are higher
than 0.1 e a.u.”® while the Ru-N(en) densities are always
lower than this value. The BE of benzene is slightly higher
in the Ru_en complex than in RAPTA which is in accord with
the larger number of BCP’s of the Ru—C bonds in the Ru_en
complexes. In this case also smaller partial charge of Ru(Il)
cation of the RAPTA complexes (cf. Table V) can be responsi-
ble for the lower electrostatic cation—z system contribution.
In these complexes it can be noticed that the pta ligand is coor-
dinated with similar BE as both chloride ligands. Electrostatic
enhancement of Ru—Cl bond is compensated by a larger co-
ordination character of the Ru-P bond as follows from BCP
analysis. The Ru—P bond has by about 50% higher electron
density in the BCP (0.097 vs 0.063 in the Ru—CI BCP).

D. Rate of hydration process

Activation barriers can give an estimation of the rate con-
stants using Eyring’s transition state theory [Eq. (4)].
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TABLE III. Stabilization and binding energies of the ligands (in kcal/mol), a = NH3, w = H>O, ben = benzene, en and pta ligands are defined in the text.
The calculations were done at the B3LYP/BS2/CPCM level.

Stab Stex Repulsion Deformation
Ru_en_Cl+w 409.4 435.1 18.2 7.6
TS_en 394.3 417.6 14.3 9.0
Ru_en_w+Cl 403.3 426.7 15.0 8.4
Ru_pta_CI24w 417.8 4445 21.7 5.0
TS_ptala 397.4 4229 19.2 6.3
TS_ptaldl 387.1 4149 17.4 6.1
Intl 392.7 416.2 15.7 5.9
TS_ptald2 394.5 422.4 16.9 7.4
Ru_pta_Cl_w+Cl 404.9 435.0 233 6.8
Ru_pta_Cl_w+w 398.8 423.7 19.6 5.3
TS_pta2a 378.3 403.4 18.4 6.6
TS_pta2d1 369.6 408.8 11.1 6.4
Int2 375.5 411.5 16.5 6.6
TS_pta2d2 381.1 409.2 16.9 7.1
Ru_pta_w2+Cl 385.7 414.6 214 75
Ru_pta_CIl_OH+w 426.8 449.5 19.7 5.8
TS_pta2d1+OH 418.3 433.4 18.3 6.5
Int2_OH 414.7 428.3 13.1 6.9
TS_pta2d2_OH 415.2 431.2 16.3 7.4
Ru_pta_OH_w+Cl 422.1 445.8 22.9 7.8
Pt a2 Cl24+w 407.1 440.5 32.6 0.8
TS_cisl 391.8 4232 30.6 0.8
Pt_a2_CI_w+Cl 399.1 423.1 21.3 2.6
Pt_a2 Cl_w+w 395.6 415.1 19.5 1.0
TS_cis2 371.2 390.8 19.6 1.0
Pt_a2 2w+Cl 385.7 398.9 13.3 2.7
Pt_a2_Cl_OH+w 435.1 454.3 17.7 1.6
TS_cis2_OH 4135 443.0 28.3 1.2
Pt_a2 OH_w+Cl 422.1 449.8 25.2 2.5
Cl ben en w
Ru_en_Cl+w 46.7 72.7 99.3 44
TS_en 21.3 87.4 104.8 7.0
Ru_en_w+Cl 19.2 81.5 110.0 34.1
Cl Cl ben pta w/h w
Ru_pta_CI2+w 42.0 42.0 59.1 42.0 52
TS_ptala 47.6 16.8 71.6 46.9 49
TS_ptaldl 49.1 12.5 78.4 48.2 5.9
Intl 51.2 5.6 92.7 53.6 5.6
TS_ptald2 48.1 5.8 90.9 50.1 4.6
Ru_pta_Cl_w+Cl 46.6 16.7 65.7 45.8 31.4
Ru_pta_Cl_w+w 51.7 67.1 45.8 30.0 10.4
TS_pta2a 22.7 81.8 479 21.0 13.5
TS_pta2dl 39 67.7 49.0 20.7 1.5
Int2 13.1 86.6 55.3 37.8 14.1
TS_pta2d2 8.4 93.8 52.4 26.4 12.4
Ru_pta_w2+Cl 20.1 76.2 51.4 24.0 38.8
Ru_pta_Cl_OH+w 12.0 73.6 52.9 24.1 17.1
TS_pta2d1+OH 26.6 57.1 37.8 67.5% 9.0
Int2_OH 5.6 71.7 432 83.1% 75
TS_pta2d2_OH 4.1 85.5 46.6 91.9% 75
Ru_pta_OH_w+-Cl 5.1 86.6 41.7 85.8% 5.1
Cl Cl NH3 NH3 w/h w
Pt a2 CI24+w 48.7 48.7 54.8 54.8 7.7
TS_cisl 15.0 53.8 54.1 51.1 34
Pt_a2_Cl_w+Cl 19.7 57.8 59.4 66.8 429
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TABLE III. (Continued).

J. Chem. Phys. 134, 024520 (2011)

Cl Cl NH3 NH3 w/h w
Pt_a2 Cl_w+w 60.7 59.8 69.1 41.7 13.7
TS_cis2 27.7 62.3 72.6 37.0 7.8
Pt_a2_2w+Cl 28.8 73.2 73.2 459 459
Pt_a2_CI_OH+w 50.6 54.8 51.8 89.4% 10.4
TS_cis2_OH 12.1 53.1 50.1 86.8% 10.1
Pt_a2_OH_w+Cl 18.2 544 62.6 84.5% 40.1

“Hydroxo ligand.

Based on this equation, rate constants for pseudo-first or-
der hydration process were evaluated and collected in the gray
lines of Table II. According to these constants the fastest hy-
dration in the first reaction step occurs in the case of RAPTA
complex; hydration of the Ru_en complex is about one order
of magnitude slower. Hydration of cisplatin is, according to
our calculations, the slowest process.

Rate constants can be easily compared with experi-
mental values. Recently published rate constants for hydra-

tion of RAPTA-C (k;=3.3340.02 x 1073 and k,=5.5 £ 0.2
x1072 s71) can give a good estimation of hydration of
structurally similar complexes of RAPTA-B.®® Slightly lower
rate constant (ke;=1.98+0.02 x 1072 s~!) was obtained
for hydration of Ru(arene)(en)Cl, complexes was obtained
in Sadler’s group.!® As to cisplatin hydration, several mea-
surements were performed,® 3 estimating the k. con-
stant between 5.2 x 107> and 1.9402x107* s~!. Mea-
surements of the second hydration step lead to the ky.

TABLE IV. Critical points of all the M—L bonds (in e/a.u.?). The analyses were done at the B3LYP/B2/CPCM level.

Ru-N12 Ru-N2 Ru—Cl Ru-CP Ru-O
Ru_en_Cl+w 0.090 0.088 0.061 0.082
TS_en 0.092 0.093 0.016 0.086 0.018
Ru_en_w+Cl 0.091 0.092 0.082 0.068
Ru-P Ru-Cl Ru-Cl Ru—C4 Ru-O Ru-O
Ru_pta_CI24+w 0.098 0.062 0.062 0.082
TS_ptala 0.097 0.067 0.014 0.090 0.017
TS_ptaldl 0.096 0.075 0.007 0.089
Intl 0.096 0.078 0.088
TS_ptald2 0.093 0.082 0.090
Ru_pta_Cl_w+Cl 0.098 0.066 0.082 0.071
Ru_pta_Cl_w+w 0.098 0.065 0.082 0.067
TS_pta2a 0.096 0.017 0.089 0.064 0.023
TS_pta2d1 0.095 0.008 0.089 0.074
Int2 0.093 0.089 0.086
TS_pta2d2 0.091 0.089 0.072
Ru_pta_w2+Cl 0.096 0.083 0.066 0.074
Ru_pta_CI_OH+w 0.100 0.059 0.083 0.092
TS_pta2d1+OH 0.093 0.010 0.089 0.119
Int2_OH 0.093 0.089 0.132
TS_pta2d2_OH 0.092 0.090 0.129
Ru_pta_OH_w+Cl 0.097 0.082 0.099 0.068
Pt-N°® Pt—N¢ Pt—Cl Pt—Cl Pt-O Pt—0°
Pt_a2_CI24+w 0.117 0.117 0.086 0.085
TS_cisl 0.124 0.118 0.086 0.038 0.043
Pt_a2_Cl_w+Cl 0.126 0.116 0.088 0.093
Pt_a2_Cl_w+w 0.113 0.125 0.087 0.088
TS_cis2 0.126 0.127 0.031 0.030 0.085
Pt_a2_2w+Cl 0.124 0.124 0.088 0.088
Pt_a2_Cl_OH+w 0.116 0.112 0.085 0.115
TS_cis2_OH 0.121 0.107 0.025 0.048 0.122
Pt_a2_OH_w+Cl 0.127 0.109 0.092 0.122

4N atom involved in H-bond interactions.

b Averaged value of BCPs.

€N atom in equatorial plane of TS or in H-bond interactions.
4N atom in axial position of TS.

€0 from hydroxo ligand.
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TABLE V. Natural population analysis of the key atoms (in ¢). The analyses were done at the B3ALYP/B2/CPCM level.

Ru Cl N1 N2 (0] Benzene?®
Ru_en_Cl+w 0.394 —0.590 —0.802 —0.790 —1.027 0.493
TS_en 0.553 —0.838 -0.812 —0.808 —1.030 0.577
Ru_en_w+Cl 0.493 —0.869 —0.803 —0.787 —0.942 0.531

Ru Cl Cl P (0] (0] Benzene?®
Ru_pta_CI2+w 0.095 —0.568 —0.561 1.153 —1.046 0.483
TS_ptala 0.260 —0.544 —0.831 1.101 —1.032 0.568
TS_ptaldl 0.242 —-0.512 —0.907 1.035 —1.014 0.625
Intl 0.233 —0.494 —0.951 1.013 —-1.012 0.646
TS_ptald2 0.234 —0.481 —0.948 1.010 —0.994 0.634
Ru_pta_Cl_w+Cl 0.200 —0.548 —0.880 1.131 —0.929 0.513
Ru_pta_Cl_w+w 0.204 —0.546 1.122 —-0.935 —1.010 0.536
TS_pta2a 0.354 —0.796 1.065 —0.924 —1.030 0.639
TS_pta2d1 0.372 —0.855 1.006 —0.990 —0.896 0.674
Int2 0.390 —-0.918 0.968 —-0.992 —0.889 0.713
TS_pta2d2 0.398 —0.942 0.967 —0.998 —0.882 0.746
Ru_pta_w2+Cl 0.311 —0.858 1.094 —0.940 —0.907 0.593
Ru_pta_CI_OH+w 0.206 —0.601 1.173 —1.034 —1.002 0.392
TS_pta2d1+OH 0.377 -0.912 1.031 —1.029 —0.966 0.519
Int2_OH 0.352 —0.968 0.995 —1.030 —0.926 0.554
TS_pta2d2_OH 0.359 —0.957 1.015 —0.995 —0.935 0.533
Ru_pta_OH_w+Cl 0.294 -0.916 1.118 —-0.892 —-1.014 0.440

Pt Cl Cl N N 0 o°
Pt_a2_CI2+w 0.542 —0.615 —0.613 —1.027 —1.030 —1.035
TS_cisl 0.710 —0.607 —0.839 —1.026 —1.007 —1.016
Pt_a2_Cl_w+Cl 0.659 —0.602 —0.833 —1.049 —0.999 —0.961
Pt_a2_Cl_w+w 0.669 —0.600 —0.946 —0.894 —0.976 —0.891
TS_cis2 0.812 —0.818 —0.897 —0.889 —0.975 —0.892
Pt_a2_2w+Cl 0.782 —0.801 —0.903 —0.903 —-0.911 —-0.911
Pt_a2_Cl_OH+w 0.645 —0.627 —1.039 —1.034 —1.072 —1.106
TS_cis2_OH 0.795 —0.881 —1.056 —1.004 —1.000 —1.105
Pt_a2_OH_w+Cl 0.735 —0.848 —1.062 —0.999 —0.964 —1.113

“Sum of partial charges of all C and H atoms.
0 of hydroxo group.

value of 1.140.1 x 107*8-929 Tt is probably not neces-
sary to mention that the differences can be made by vari-
ous experimental settings. While computational estimations
of the rate constants for the first reaction steps are in ac-
ceptable agreement with measured data, calculated values
for the second steps are substantially worse for cisplatin.
In the RAPTA case, fairly good agreement was obtained
for dissociation mechanism in neutral and acidic condition
where aqua ligand is present. However, a different com-
plex is considered as a reactant under the experimental
conditions where authors®® expect a hydration of the neutral
complex with the negatively charged hydroxo group instead
of the aqua ligand. Calculations with the neutral RAPTA com-
plex lead to very fast reaction cause with rate constant k
~ 3x10% s~!. The explanation can be searched in stronger
Ru-OH coordination which represents a higher competition
to the Ru—Cl interaction and facilitates a release of chloride
particle and its replacement by second aqua ligand.

E. Properties of electron density

To complete the comparison of the hydration reactions of
the chosen metal complexes several analyses were performed

for all the stationary points on the reaction coordinates. Elec-
tron densities of the most important BCPs are collected in
Table IV and charges obtained in the framework of natural
population analysis are summarized in Table V.

Correlation between BEs and BCPs was already dis-
cussed above. Nevertheless, it is worth to note that in the
RAPTA complexes, only three BCPs of the Ru—C bonds
were found (with exception of the reaction product of the
second step where already two relatively weaker aqua ligands
are coordinated so that a stronger benzene coordination can
occur). On the other hand in all the Ru_en complexes four
BCPs were found.

It can be also mentioned that in accord with higher coor-
dination, lower BCP densities for metal coordination of re-
placing ligands were obtained in TSs of Ru(II) complexes
(both Ru—O and Ru—Cl bonds have ~0.02 e/a.u.?) in com-
parison with Pt(Il) complexes (where values of 0.04 were ac-
quired). Basically all BCP densities are visibly higher in cis-
platin complexes in comparison with Ru(II) complexes due to
lower ligand competition. The same conclusion can be also
drawn from the BE decomposition.

Results of the NPA analysis for individual metal com-
plexes are summarized in Table V. From partial charges of
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metal cations it follows that while the charge of the Pt atom
varies between 0.55 and 0.8 e in dependence on donation
strength of coordinated ligands, the Ru charges of the Ru_en
complexes lie in the range of 0.4-0.55 e. The lowest metal
charges were found in the RAPTA complexes with values
from 0.1 to 0.35 e. (In analogous analysis at the MP2/6-
314++G(d,p) computational level even negative values were
obtained for most of the RAPTA complexes.)

From Table V an estimation of electrostatic strengthen-
ing of the coordination-covalent bonds can be judged based
on the Coulomb law. Since the covalent character of the bond
basically follows from a BCP value, at least, an approximate
estimation of the prevailing contributions to the given coordi-
nation can be ensued from Tables IV and V.

lll. CONCLUSIONS

In this study hydration reactions and electronic properties
of three different organometallic complexes were subject to
quantum chemical calculations.

All the complexes were optimized at the B3LYP/6-
31G(d)/CPCM level where metal atoms were treated with
Stuttgart effective core potentials (ECPs). The SP energy cal-
culations and determination of electronic properties were per-
formed at the B3LYP/6-311++G(2df,2pd)/CPCM level.

It was found that our hydration model works fairly well
for the replacement of the first chloride by water molecule—
acceptable agreement for both Gibbs free energies and rate
constants was obtained. In the second hydration step a vis-
ibly underestimated value of cisplatin rate constant can be
noticed. On the contrary in direct dissociation mechanism in
basic environment too fast dechlorination is predicted due to
more strongly coordinated hydroxo ligand.

For the comparison of the hydration reaction of all three
complexes, stabilization and binding energies together with
BCP electron densities and NPA partial charges were evalu-
ated in all stationary points of the reaction coordinates. Es-
timated BEs confirm that the benzene ligand is relatively
weakly bonded assuming the fact that arene ligand occupies
three and four coordination positions of the Ru(Il) cation in
the RAPTA and Ru_en complexes, respectively. In this way,
this coordination has similar strength like coordination of the
aqua ligand. The strongest coordination of the chloride lig-
and occurs in cisplatin complex in accord with the lowest rate
constants (the highest activation barrier). The BE of the Ru—
Cl bond in the Ru_en complex is by about 2 kcal/mol lower,
which correlates well with faster hydration course in this com-
plex and the fastest activation reaction in the RAPTA case is
connected with the most “loosely” interacting chloride. From
the point of BEs of chloride ligands, the higher barriers in the
second reaction step are not surprising.

Basically all the relations in binding energies correlate
with NPA partial charges and AIM analysis of BCPs as fol-
lows from the discussion above.
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Abstract

Ru(IT) ”piano—stool” complexes belong to group of biologically active metallocom-
plexes with promising anticancer activity. In this study, we investigate the reaction
mechanism of [(n%-benzene)Ru'!(en)(H20)]?* (en = ethylenediamine) complex bind-
ing to DNA by hybrid QM/MM computational techniques. The reaction when the
Ru(II) complex is coordinated on N7-guanine from major groove is explored. Two
reaction pathways, direct binding to N7 position and two—step mechanism passing
through O6 position, are considered. It was found that the reaction is exothermic
and the direct binding process is preferred kinetically. In analogy to cisplatin, we also
explored the possibility of intrastrand cross—link formation where the Ru(II) complex
makes a bridge between two adjacent guanines. T'wo different pathways were found,
leading to a final structure with released benzene ligand. This process is exothermic;
however, one pathway is blocked by relatively high initial activation barrier. Geome-
tries, energies and electronic properties analyzed by atoms in molecules and natural
population analysis methods are discussed.

Keywords: Ruthenium(II) complexes, piano—stool structure, intrastrand cross—link, hy-
brid QM /MM computational method, ONIOM, DFT

Introduction

Transition metal complexes are widely used
as drugs in pharmacology because of their
high coordination numbers and strong in-
teractions with bioorganic materials [1,
2].  This is especially the case in cancer
treatment, where cisplatin (cis-diamminedi-
chloroplatinum(II), Fig. 1) was approved as
a chemotherapeutic drug in 1970s [3,4]. De-
spite the great success of this drug, its be-
haviour in living organisms is far from sat-

isfactory due to many negative side effects,
such as nephrotoxicity, neurotoxicity, oto-
toxicity, and myelosuppression. Moreover,
cisplatin is efficient only against some types
of tumours including testicular and ovarian
cancer, bladder tumours, melanoma, non-
small cell lung cancer, small cell lung cancer,
lymphomas and myelomas [5]. Many other
kinds of cancer are resistant to treatment by
cisplatin, for example, colorectal or pancre-
atic carcinoma [6].

*Corresponding author. Tel.: +42021911246; Fax: +420221911249; Email: burda@karlov.mff.cuni.cz
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Table 1: [(n-benzene)Ru''(en)Cl]™ (en =
ethylenediamine) complex, for its shape usu-
ally called Ru(II) ”piano—stool” complex.

Therefore, research of complexes with
better properties and fewer side-effects is
very intensive. Many new platinum based
drugs have been invented, and some of
them are extensively used in medical prac-
tice (such as carboplatin and oxaliplatin
[5,7,8]). Reaction mechanisms of cisplatin
in a cell have been studied both experimen-
tally [9-12] and theoretically [13-24] and its
activity explained more or less satisfactorily.

When cisplatin enters the cell, passing
through cellular membrane, first the hydra-
tion reaction occurs (see Fig. la). This is
termed activation because the hydrated plat-
inum complex is much more reactive than
cisplatin itself and can interact with numer-
ous compounds in the cell (such as RNA,
DNA, proteins or peptides [25]). However,
penetration into a nucleus and binding to
DNA is most important for anti-cancer ac-
tivity. It was shown that the preferred co-
ordination site is nitrogen N7 of guanine,
which can be easily approached in major
groove. If there are neighbouring guanines,
cisplatin may create the so called intrastrand
cross—link structure which is a bridge be-
tween N7 nitrogens of two adjacent guanines
[26-29], as shown in Fig. 1b. This bridge
is crucial for cytostatic activity, because it
causes local deformation of DNA, blocking a

transcription part of replication process and
can finally lead to apoptosis of the cell.

A group of ruthenium complexes with
the so called ”piano—stool” structure (see
Fig. 1) was discovered at the beginning of
the last decade [30,31], and their cytotoxic-
ity was experimentally proven [32,33]. The
behaviour of these compounds is to some ex-
tent similar to cisplatin. The Ru(II) com-
plex also undergoes the hydration reaction
in the cell environment, in which the chlo-
rine is replaced by water, and subsequently
interacts with DNA. Similarly to cisplatin,
the N7 position of guanine is the most prefer-
able for binding [34, 35].  Although the
chelate (en) ring stabilizes the structure of
the Ru(II) complex [36], the arene ligand can
participate in interaction with DNA [37,38]
and influence the anti-cancer activity [39].
However, in contrary to all these known facts
the whole cytostatic mechanism of these
complexes is still not completely known.

In this computational study we focus
on the already hydrated [(n°-benzene)Rul'l-
(en)(Hy0)]*" complex and its interaction
with DNA using QM/MM computational
approach. Our work has two parts. First,
the fundamental reaction is explored when
the Ru(II) complex is bound to N7 nitrogen
of guanine. Two possible pathways of this
process leading to the Ru(II)-N7(G) mono-
adduct were suggested in previous works
[35,40]. It is a diret binding crossing single
energy barrier or more complicated two—step
mecdhanism where first Ru(II)-O6(G) inter-
mediate structure is formed and then tran-
sition to N7 position proceeds. Both these
pathways are shown in Fig. 2 and are con-
sidered in calculations presented here.

The second part of this article is de-
voted to an investigation of Ru(II) com-
plexes when the intrastrand CL between
two adjacent guanines is formed, in anal-
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ogy to cisplatin. Because Ru(II) piano—
stool complexes are monofunctional, Ru(II)-
N7(G) mono-adduct cannot be transformed
into CL without at least partial release of
Ru(II) coordination to arene. Ethylenedi-
amine is important for guanine base recog-
nition and its interaction with Ru(II) cation
is relatively strong in comparison to ben-
zene ligand. Therefore, we suggest a reaction
mechanism, where the benzene is releasing.
First, n%-coordination of the benzene, for-
mally occupying three coordination sites, is
transformed into 1? type. Two vacant sites
are available after this structure rearrange-
ment. One of them is used to N7 coordina-
tion of the second guanine (G2) while the
second one can be saturated by interation
with O6(G2) oxygen or with water molecule
as shown in Fig. 3. Finally, the guanine-
guanine CL structure where the benzene
ligand is fully released and water molecule
binds the remaining vacant valence.

Computational Details

Piano—stool Ru(II) complexes, their hydra-
tion and consequent interaction with DNA
were already studied by our group at QM
level [35]. In that work, a relatively small

1+
H3N cl H3N OH;!" H;3N

HsN

—‘2+
OH;

computational model was used, concentrat-
ing only on the Ru(II) complex with guanine
at the B3BLYP/6-31++G(d,p) level of calcu-
lations. This approach was sufficiently accu-
rate for interaction energies and energy bar-
riers (detailed comparison with experimental
data is discussed in the study [35]), but the
model lacked the steric and electrostatic in-
teractions caused by molecular environment
of DNA. As a result transition state for di-
rect binding to N7 position of guanine was
not found.

In this study, the hybrid QM/MM ap-
proach is used, which allows extension of
the computational model by adding a larger
fragment of DNA. A six base—pairs ds-DNA
oligonucleotide was created using Amber
NucGen tool [41] with standard B-DNA ge-
ometry parameters. A sequence with two
adjacent guanine in the middle has been cho-
sen: 5’-GCG*G*GC-3’, the second strand is
complementary according to Watson—Crick
base pairing. Ten sodium cations were added
to saturate negative charge of the sugar—
phosphate backbone and the whole struc-
ture was relaxed by 100 ps MD run in water
box using Amber FF96 [42,43] and TIP3P
model [44]. Temperature 298.15 K was kept
by Langevin thermostat [45] during the sim-

06

NH
N7 NP

Pt, — Pt. — Pt bt
Pl
/ \CI H3N/ \CI H3N/ \OH o8 />

(a) ‘ 2 (b)

Figure 1: Cisplatin (cis—diamminedichloroplatinum(II) complex): (a) hydration to first
and second grade which proceeds in cellular nucleus because of low Cl~ concentration, (b)
intrastrand CL structure where cisplatin is bridging N7 nitrogens of two adjacent guanines.
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Figure 2: Reaction scheme of DNA ruthenization: activated Ru(II) piano-stool complex
(Ru-OHy) creates Ru-N7(G) adduct directly (red path) or undergoes two-step reaction

mechanism through Ru-O6(G) (blue path).

ulation. After that, the whole system was
minimized by conjugate gradient algorithm
available in Amber package [41].

Equilibrated and minimized DNA struc-
ture was extracted from water box and the
[(n5-benzene)Ru'!(en)(H,0)]?* complex was
docked to it manually, guided by structure
parameters from previous study [35]. As the
Ru(II) complex has charge 2+ only eight
Na™ cations were added to keep the whole
system electroneutral. The resulting sys-
tem was partitioned into QM part, including
Ru(II) complex with two guanines, and MM
part conatining the rest of the system (cf.
Fig. 4). The ONIOM version of QM/MM
technique [46,47] implemented in Gaussian
09 [48] was used here. The QM model was
evaluated at the BLYP/6-31G(d) DFT level
using SDD basis set and ECP for the de-
scription of the Ru atom [49, 50], while the
MM part is parametrized by Amber FF96
[43]. Unsaturated valence on N9 nitrogen of
guanine, created when the glycosidic bond
was broken on the QM-MM boundary, was
capped by hydrogen link atoms. Electronic
embedding is used in all ONIOM calcula-
tions.

Optimization of ONIOM model was done
subsequently one structure after another as
in reaction schemes in Fig. 2 and Fig. 3
to avoid geometry movements at the ends
of DNA double-helix that would complicate
energy comparison of these structures. That
means that DNA with unbound Ru(II)-OH,
complex in the vicinity of central guanine
pair was fully optimized, then QM part of
the model was rearranged to Ru(II)-O6(G)
geometry and reoptimized with fixed MM
part. Finally, the whole model was opti-
mized without any constrain or restrain and
the procedure continued by other structure.

After optimization of every stationary
point in ONIOM model, the QM part was
separated and reoptimized at B3LYP/6-
31G(d) with implicit IEFPCM/UFF model
of water solution. To keep the same arrange-
ment of guanines as in ONIOM optimized
structures with ds-DNA oligomer, the C2,
06 and N9 atoms of each guanine were fixed
during the DFT reoptimization. Electron
densities of final structures were analyzed at
the B3LYP/6-31++G(d,f) level where also
the SDD basis set on the Ru atom was ex-
tended by a set of diffuse functions with ex-

4
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Figure 3: Reaction scheme Ru(II) cross-link formation where two reaction pathways lead-
ing to final CLyw are assumed: water molecule interacts with Ru(II) complex already in
intermediate state CLw g (blue path) or benzene ligand first change coordination from 7°
to n*~type (CLg) and then is substitued by water (red path).

ponents a(s) = 0.008, a(p) = 0.011 and «a(d)
= 0.025.

Interaction energies of all ligands coordi-
nated to central metal cation were calculated
according to equation:

AEBE(L> - Ecomplex - EL - Erest (1)

where Eoomplex 1 total energy of the whole
QM complex and E, and FE, are BSSE
corrected energies of isolated ligand and its
complement. Deformation corrections are
not considered. We are aware of the fact
that such approach leads to some (system-
atic) overestimation of BE values. Con-
versely, relaxation of the metal complex
without one ligand would end in some
"imaginary” species with substantially mod-
ified electronic configuration of the central
cation, which is completely irrelevant to
original complex. Atoms in Molecules (ATM)
[51-53] topological analysis of the critical
point of electron density was performed by
AIMAIl program [54] and atomic partial
charges were determined using Natural Pop-
ulation Analysis (NPA) [55,56] method im-
plemented in Gaussian 09. The combined

charge and energy decomposition analysis
[57] (ETS NOCV - Extended Transition
State [58] with Natural Orbitals for Chemi-
cal Valence [59,60]) as it is implemented in
ADF program [61] was used for insight into
binding picture of Ru complex with various
ligands. BP88 functional [62] was combined
with TZP basis set. Ru cation was described
using Ru.3d core of scalar relativistic pseu-
dopotentials based on ZORA approach.

Results and Discussion

Binding to DNA -
adduct formation

Ru(II)

First, the interaction of the activated Ru(II)
aqua—complex with DNA is explored (see re-
action scheme in Fig. 2). Binding to N7
nitrogen of guanine in major groove is as-
sumed. We consider a direct reaction path
with one transition state as well as a two—
step reaction mechanism as suggested previ-
ously [35]. All stationary points on the re-
action coordinate are optimized in ONIOM
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Figure 4: QM/MM partitioning of a computational model: QM part consisting of Ru(II)
complex and two adjacent guanines is highlighted, MM part includes DNA double-helix
(5-GCG*G*GC-3’ strand is drawn in orange color) and 8 Na™ cations.

model and separated QM parts of the sys-
tem reoptimized in PCM implicit solvent
with fixed position of guanines as described
above.

Structures

Important interatomic distances in opti-
mized structures are collected in Tab. 2 and
stable minima are shown in Fig. 5. The
Ru(II) complex interacts with first guanine
(G1, located toward the 5—end base, see
Fig. 4), as seen from Ru-N7 and Ru-O6 dis-
tances, while the second guanine (G2, closer
to the 3'—end) is included in the model in
order to take into account important steric
and electrostatic effects and for comparison
with CL structures discussed in next section.

In the reactant structure, the Ru(II)
complex does not interact with DNA cova-
lently but there are three hydrogen bonds.
Both hydrogens from aqua ligand interact
with O6 oxygen on G1 or G2 and one more
H-bond is formed between N7(G1) and hy-
drogen on N4(en) (see Fig. 5a). This last
H-bond makes the Ru-N1,N4(en) interac-
tion asymmetric, as can seen from inter-

atomic distances in Tab. 2. As part of
the electron density from H-N4(en) is used
for H-bonding, the Ru-N4(en) interaction is
stronger, which results in shorter Ru-N4(en)
distance than Ru-N1(en). Similar behaviour
also appears in other structures.

In the intermediate structure as well
as in product of the reaction, the aqua
ligand is fully released from the complex.
Longer distance of Ru-O(wat) in the case
of ONIOM model, in comparison with reop-
timized quantum-—core structures, is caused
by interaction of the released water with
negatively charged phosphate group. The
intermediate structure is stabilized by two
H-bonds between hydrogens of (en) ligand
and N7(G1) and O6(G2) while in the prod-
uct structure there is only one H-bond to
O6(G1). Such differences in distances be-
tween ONIOM and QM model are caused
by ”environmental” effects presented only in
ONIOM model.

In the transition state of direct binding
mechanism (TSg;,), the position of ethylene-
diamine is stabilized by two hydrogen bonds
to N7(G2) and O6(G2). Hydrogens from
the aqua ligand interact with oxygens O6

6
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Figure 5: Optimized stationary points of reaction where the Ru complex binds to DNA
(see reaction scheme in Fig. 2), both central guanines are shown: (a)free Ru-OH, , (b)
Ru-06(G) adduct, (¢) Ru-N7(G) adduct, (d) TSqi, (e) TSy, (f) TSs.

of both guanines. Thus, the Ru complex
uses all guanine H-bond acceptor sites in ma-
jor groove for structure stabilization. The
distance of the central metal cation from
N7(G1) is already shorter than Ru-O(wat).

In the two—step reaction mechanism
there are two transition states (T'S; o, see re-
action scheme in Fig. 2). First the Ru(II)
complex interacts with O6 passing through
TS;. On the contrary to situation in TSy,
the Ru cation is closer to aqua ligand than
to oxygen O6 of G1. Position of water is
controlled by hydrogen bond to N7(G1). In
the intermediate state, the aqua ligand is
already fully released and does not assist
to bond switching from O6 to N7 through
TSy. In TS,, the chelate ring O6-Ru-N7 is

formed and the H-bond between (en) ligand
and N7(G2) stabilizes the structure.

Electronic properties

The energy profile of the reaction is shown
in Fig. 6 where single point Gibbs free
energies from ONIOM model BLYP/6-
31G(d)//FF96 are compared with analogous
energies of the quantum-—core structures in
PCM(B3LYP/6-31++G(d,p)). Free ener-
gies were calculated based on canonical en-
semble of ideal gas with harmonic oscilla-
tor approach. Frequency analysis was per-
formed on fully optimized structures. Be-
cause DNA structure obtained by optimiza-
tion procedure dscribed above is very sim-

7
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QM PCM Reac Inter Prod TS, TSe TS
Ru-C(ben) 2.201 2.110 2.223 2.157 2.150 2.169
Ru-N1(en) 2.159 2.136 2.140 2.168 2.197 2.177
Ru-N4(en) 2.139 2.124 2.156 2.133 2.148 2.177
Ru-O(wat) 2.132 4.172 4.846 2.722 4.284 3.032
Ru-N7(G1) 4.679 3.816 2.172 4.102 2.637 2.862
Ru-O6(G1) 4.257 2.136 3.731 3.106 2.637 4.474
Ru-N7(G2) 4.046 5.326 5.463 6.750 4.507 4.365
Ru-O6(G2) 4.172 4.408 4.615 4.963 4.477 4.294
ONIOM Reac Inter Prod TS; TSy TSy
Ru-C(ben) 2.205 2.186 2.225 2.157 2.150 2.169
Ru-N1(en) 2.144 2.153 2.180 2.133 2.148 2.177
Ru-N4(en) 2.182 2.130 2.146 2.168 2.197 2.177
Ru-O(wat) 2.159 4.481 6.008 2.722 4.070 3.032
Ru-N7(G1) 3.978 3.834 2201 4.102 2.637 2.862
Ru-O6(G1) 4.707 2.279 3.961 3.009 2.636 4.474
Ru-N7(G2) 4.506 4.697 4.610 6.750 4.507 4.365
Ru-O6(G2) 4.068 3.914 3.846 4.933 4.437 4.262

Table 2: Interatomic distances [A] in stationary points of reaction where Ru(II) complex
is binding to DNA on guanine N7. Direct reaction with single transtion state (T'Sg;) as
well as two step mechanism with intermediate structure (Inter) and two transition states

(TS, TSy) is included.

ilar in all stationary points of reaction co-
ordinates, we assume that an error caused
by small frequencies in ONIOM model is
more or less systematical and cancels in free
energy differences. We are aware of weak-
ness of this statement and we hope that our
next computational QM/MM model with
explicit solvent molecules and umbrella sam-
pling techniques will confirm validity of this
approximation. Both the direct reaction
with single transition state and two step re-
action mechanism are schematically plotted
in Fig. 2.

Although the reaction energy is slightly
exothermic in QM calculation (-1 kcal/mol),
much more pronounced preference for prod-
uct was obtained in ONIOM model (-12

kcal/mol). Such a large difference can be
explained by better stabilization of product
structure in ONIOM model where the sur-
rounding DNA structure is included. Also,
a hydrogen bond between (en)-H and oxygen
on neighbouring cytosine is formed, releasing
the water molecule which interacts with neg-
atively charged phosphate group instead of
N7(G2) as occurs in QM model. Free ener-
gies are very similar for both reaction path-
ways, that is 26.5 kcal/mol for direct bind-
ing and 28 kcal/mol in two—step mechanism.
To be sure that they are not influenced by
lack of dispersion in BLYP and B3LYP func-
tionals, we recalculated the direct binding
path also with more demanding and accurate
wB97XD functional. However, difference in
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Figure 6: Free energy profile of reaction where the Ru complex binds to DNA on guanine
N7 position. Direct as well as two step mechanism is shown (see reaction scheme in Fig. 2

and structures in Fig. 5).

energy barrier is less than 1 kcal/mol. Be-
cause this discrepancy is lower than absolute
accuracy of our calculations discussed below,
we present only B3LYP profiles here that can
be easily compared with our previous results.

Conversely, neither implicit nor explicit
water solution is involved in ONIOM model,
and therefore, overestimation of electro-
static interactions can be expected. Mag-
nitude of this overestimation can be ac-
quired from experimentally obtained rate
constant of Ru(II)-OH; binding to cGMP, k
= (1.1340.02) 10~2M~!s~! [63], which cor-
responds with barrier AG ~ 20 kcal/mol.
Thus, our calculations provide higher energy
barriers by about 6 kcal/mol resulting from
lack of solvent screening. However, charge of
all structures is the same and so qualitatively
correct energy profiles can be expected. Re-

sults from improved model with explicit wa-
ter solvent will be presented in our next ar-
ticle where this Ru(II) reaction mechanism
will be explored using QM/MM techniques
with explicit solvent model.

Interaction energies Binding energies of
all the ligands are calculated for optimized
QM structures using PCM according to
Eq. 1 and their values are displayed in
Tab. 3. Strong stabilization of aqua ligand
in reactant structure is caused by two hydro-
gen bonds to O6 oxygens of both guanines,
as discussed above. Binding energy of Ru-
OH, (-38 kcal/mol) can be compared with
the similar value of -29 kcal/mol in the iso-
lated Ru(II) complexes [35]. Although in the
direct reaction, the aqua ligand is fully re-
leased already in transition state structure,
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Atoms Reak Inter Prod TS, TS TSgir
Ben -67.8 -66.2 -67.9 -80.5 -68.1 -77.9
En -102.9 -109.0 -101.1 -100.5 -95.2 -103.6
Wat -37.8 -3.4 -6.4 -16.7 -4.1 -5.7
G1 -17.1 -314  -40.2 -125 -79 -8.5
G2 -9.3 -3.9 -5.4 -1.1 -10.2 -16.0

Table 3: Ru-ligand interaction energies [kcal/mol] in complexes of Ru-N7(G) adduct for-

mation reaction (QM, PCM)

it still interacts non-negligibly in TS; of the
two step mechanism before it is released in
intermediate structure.

Coordination of ethylenediamine biden-
tate ligand is the strongest of all the ligands
(ca. 100 kcal/mol) and is practically con-
stant during the reaction. Conversely, in-
teraction energy of n°-coordinated benzene
ligand varies from 67 to 80 kcal/mol and de-
pends on coordination of the remaining lig-
ands to the central Ru cation.

From the last line in Tab. 3, the role of
the second guanine, which does not interact
covalently with Ru(II) complex can be an-
alyzed. It interacts only weakly in all the
complexes of the first reaction step. Associ-
ation energy varies from 4 to 9 kcal/mol, de-
pending on the type of H-bonding between
the guanine and the Ru(II) complex. Con-
versely, G2 is important for transition state
geometry of the direct reaction mechanism,
where it helps to keep proper geometry by
two H-bonds as discussed above. The G2
has the same function also in TSy structure
of the two step reaction mechanism. Never-
theless it does not interact with Ru(II) com-
plex in TS;.

Population analysis NPA population
analysis was performed on the optimized
stationary points in the QM model at the

same level as calculation of interaction en-
ergies. The resulting atomic charges are
summarized in Tab. 4 where C(ben) means
the closest carbon of benzene ring to the
Ru(II) cation. The formally 2+ charge
on ruthenium is only slightly positive be-
cause of electron donation of surrounding
ligands. Higher charge on Ru can be seen
in transition state structures where aqua lig-
and and G1 exhibit weaker coordination and
donation comes mainly from benzene and
ethylenediamine.

Intrastrand CL structure

Intrastrand CL structure is crucial in an-
ticancer activity of cisplatin. As the be-
haviour and interaction of the Ru(II) com-
plexes with DNA is similar to that met-
allodrug, it is natural to consider the for-
mation of such a bridging geometry also in
case of Ru(Il) structures. In contrast to
cisplatin, the piano-stool Ru(II) complexes
contain only one chloride ligand that can
be substituted by water molecule and sub-
sequently by guanine. However, there is also
n%—benzene ligand, whose coordination can
be partially released and some valence of the
Ru(II) cation reorganized for further interac-
tion.

We consider such a structure reorgani-
zation and explore three possible CL ge-

10
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Atom Reak Inter Prod TS, TS, TSqir
Ru 0.123 0.040 0.120 0.238 0.154 0.233
(ben) -0.172 -0.166 -0.188 -0.179 -0.161 -0.181
Nl(en) -0.744 -0.741 -0.742 -0.777 -0.783 -0.791
N4(en) -0.748 -0.733 -0.757 -0.762 -0.748 -0.776
(Wat) -0.880 -1.027 -0.999 -1.007 -1.006 -1.009
N7(G1) -0.528 -0.415 -0.521 -0.545 -0.525 -0.471
06(G1) -0.718 -0.670 -0.592 -0.674 -0.696 -0.698
N7(G2) -0.510 -0.544 -0.507 -0.514 -0.488 -0.540
06(G2) -0.713 -0.680 -0.701 -0.700 -0.630 -0.716

Table 4: NPA atomic charges [e] in complexes of reaction where the Ru complex binds to

N7 guanine position in DNA.

ometries, in which Ru(II) cation makes the
bridge between two N7 nitrogens on adja-
cent guanines G1 and G2. Besides these
two nucleic bases, the ethylenediamine lig-
and is always present, and remaining coordi-
nation is saturated by benzene and/or aqua
ligand. Benzene ligand interacts with Ru by
n?*-coordination through one of the ring C—
C bonds. Detatching of (en) ligand was not
considered because of its strong interaction
with central Ru(Il) cation known from pre-
vious study (ca. 120 kcal/mol [35]).

Structures

Several CL complexes were prepared manu-
ally, by modification of optimized Ru-N7(G)
adduct on DNA. The preoptimized CL ge-
ometries with lowest energies were fully min-
imized in ONIOM model. Consequently, the
quantum-—cores structures were reoptimized
with constrained positions of both guanines
as in case of the previous reaction. The
obtained geometries represent stable min-
ima of simulated PES. All relevant inter-
atomic distances characterizing CL geome-
tries are summarized in Tab. 5. The Ru-
C(ben) means the distance of the closest car-

bon of benzene ring to the central Ru(II)
cation. Optimized QM cores are shown in
Fig. 7 where the pseudo-octahedral coordi-
nation of all the geometries is clearly notice-
able.

From the Tab. 5, it can be seen that
ethylendiamine preserves the same geome-
try in comparison to the complexes of the
previous reaction and it is not influenced by
the other ligands within the reaction course.
Conversely, the benzene ligand, which is
partly released and interacts through one
coordination bond only, is further departed
from the Ru(II) cation. Binding of both gua-
nines to the Ru(II) complex is not symmet-
ric since G1, which is H-bonded by O6 to
H(en-N4) throughout, exhibits shorter Ru-
N7 distance.

In the CLwp both the aqua ligand
and benzene are coordinated to the central
Ru(IT) cation (see Fig. 7c). Aqua ligand fur-
ther participates in two H-bonds to O6 of
both guanines and also ethylendiamine in-
teracts with O6 of G1. Octahedral coordi-
nation and n?-coordination of benzene are
apparent not only from geometry parame-
ters but also from AIM analysis.

11
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QM PCM RU*G CLW7B CLW CLB
Ru-C(ben) 2223 2576 4.880 2.416
Ru-Nl(en) 2.140 2.152 2.136 2.092
Ru-N4(en) 2.156 2.110 2.102 2.127
Ru-O(wat) 4.846 2.173 2.173 4.724
Ru-N7(G1) 2.172 2.096 2.187 2.140
Ru-O6(G1) 3.731 3.750 3.695 2.728
Ru-N7(G2) 5.463 2.275 2.106 2.148
Ru-O6(G2) 4.615 3.781 2.477 3.687
ONIOM Ru*G CLW,B CLW CLB
Ru-C(ben) 2225 2536 8575 2.363
Ru-Nl(en) 2180 2.149 2.132 2.111
Ru-N4(en) 2146 2.121 2.145 2.148
Ru-O(wat) 6.008 2172 2215 4.789
Ru-N7(G1) 2.201 2260 2.085 2.107
Ru-O6(G1) 3.961 3.595 2396 2.574
Ru-N7(G2) 4.610 2.180 2.194 2.226
Ru-O6(G2) 3.846 3.728 3.749 3.723

Table 5: Interatomic distances [A] in complexes where the Ru cation interacts with one
guanine only (Ru-G) or forms the cross-link geometry (CL). In latter case aqua ligand
(W), benzene (B) or both of them (W,B) interacts with Ru.

In other two types of CL geometries,
only aqua ligand (CLyw, Fig. 7b) or ben-
zene (CLp, Fig. 7d) interacts with the Ru(II)
cation while the other is fully released from
the complex as follows from distances in
Tab. 5. It is shown below that the CLw
structure is energetically the most stable and
is regarded as a final product of the reaction
processes.

Electronic properties

In Fig. 8, two reaction pathways from ini-
tial Ru-N7 adduct (i.e. product of previ-
ously discussed reaction) to final CLyy cross—
link are shown in schematic energy profile.
Both pathways represent a two step reac-
tion mechanism and differ in intermediate

state that can be CLwp or CLg. Again,
the ONIOM results are compared with re-
optimized QM cores. Heights of energy bar-
riers are obtained from energies of transi-
tion states where presence of one imaginary
frequency corresponding with antisymmet-
ric stretching vibrational mode was checked
(shown in Fig. 7). Contributions to free en-
ergy are calculated from vibrational analysis
and canonical ensemble of ideal gas.

All the CL structures are in ONIOM
model energetically lower than single gua-
nine adduct, demonstrating that they are
thermodynamically preferred (cf. Fig. 8).
Total reaction Gibbs free energy of CLyy for-
mation is -21 kcal/mol. However, the re-
action is kinetically inhibited by a high en-
ergy barrier between reactant and interme-

12
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diate structure, which corresponds to large
conformational changes in the complex. As
can be seen in Fig. 8, formation of CLw p is
blocked by barrier 30 kcal/mol while the ac-
tivation energy for the CLg complex is only
24 kcal/mol. Moreover, barrier between CLg
and CLw is much lower then the barrier from
CLwp (2 kecal/mol vs. 10 kcal/mol). From
this comparison, it is apparent that the path-
way through the CLp intermediate is kinet-
ically preferred.

Interaction energies In analogy to the
previous reaction, binding energies of opti-
mized CL structures are calculated by the
same computational procedure. These val-
ues are summarized in Tab. 6 where, for the
sake of easier comparison, energy decompo-
sition of the Ru-N7(G1) adduct is shown
as well. The binding energy of ethylene-
diamine chelate ring is practically constant
due to strong coordination to Ru(II) through
nitrogens N1 and N4, and H-bonding to
06 of G1. On the contrary, benzene in-
teraction is reduced rapidly from initial 68
kcal /mol corresponding to n°-coordination
to 17 kcal/mol in CLg and 12 kcal/mol in
CLwg. These smaller values can be eas-
ily understood by interaction of Ru(II) with
only one C-C bond of benzene ring. The
AIM analysis shows that two neighbouring
carbons participate in the Ru-benzene inter-
action, which suggests n*-coordination. The
benzene ligand is finally fully released in the
CLw structure.

The water molecule that interacts with
Ru directly in complexes CLw g and CLyw
is bound not so strongly as in reactant of
the Ru-N7(G) adduct formation reaction
(Fig. 2). The difference of the corresponding
binding energies is about 10 kcal /mol, which
represents about 30% reduction of the origi-

nal Ru-O(Aq) coordination. In CLyy this is
because the aqua ligand interacts only with
the Ru(II) cation and does not participate
in any hydrogen bond (cf. Tab. 7 below). In
contrast, binding situation of aqua ligand in
CLw g is similar to the initial reactant, but
AIM analysis reveals that all interactions of
this complex (to Ru and both O6 oxygens)
are weaker and the difference of sums of elec-
tron densities on related bond critical points
(BCPs) is 0.02 ¢/A?, which corresponds to
the fact that stronger coordination of both
N7(G) sites competes the Ru-O(Aq) bond-
ing. The similar picture follows also from
ETS-NOCYV analysis performed on QM core
structures. Comparing the Ru-O values in
Tab. 7b analogous difference is visible. In
Tab. 7 interaction energies of water lignad in
all reactants and products from both bind-
ing and cross—linking reactions are collected.
From the first part of Tab. 7, it clearly fol-
lows very strong symmetrical H-bonding in-
teraction of aqua—ligand with both guanine
bases (ca. 10 kcal/mol). The Ru-O co-
ordination is predicted to be 36 kcal/mol,
which is in fair agreement with binding en-
ergy determined in QM model in Tab. 6. In
the product state of adduct formation, wa-
ter molecule is released from Ru(II) complex.
The H-bond H,0O...06(G1) interaction is
about 6 kcal/mol (plus 3 kcal/mol for wa-
ter. .. benzene interaction).

In all the considered CL structures, the
Ru(II) complex interacts with both gua-
nines. Asymmetry in guanine interaction
energies in Cly g and CLy is caused by dif-
ferent bonding arrangements. Although in
Clw g G1 coordinates to Ru more strongly
than G2, because of hydrogen bond to
ethylendiamine, in Cly the coordination of
Ru(II) to O6 of G2 can be traced — clearly
approaching to the O6, N7—chelate bonding
pattern (cf. also the interatomic distances
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Atoms Ru-G CLwp CLw CLgp

Ben -67.9  -11.6 0.3 -17.5
En -101.1 -95.5 -101.3 -106.8
Wat -6.4 -28.2  -23.3 -3.1
Gl1 -40.2  -470 -354 -41.5
G2 -54 -35.9 -46.5 -424

Table 6: Ru-ligand interaction energies [kcal/mol] in complexes of cross-link structures
(CL) and single guanine interaction complex (Ru-G) calculated in QM model with PCM.

free Ru-OH, + G

Ru-N7(G) adduct

Ru O 3574 N7(G2)...0 -5.96

asym (O)-H...06 -9.89 H(ben)...O -3.45

sym (O)-H...0O6 -9.80

(a) Ru-N7(G) adduct formation

CLwp CLw CLp
Ru0 2770 RuO 21.10 (G2)06...H(aq) -2.59
(O)-H...06(G1) -10.83 Ru-O -2.03 (aq)O...H(ben) -0.63
(O)-H...06(G2) -436 Ru-O N706(G2) -1.61
(O)-H...06(G1) -1.56

(b) cross—link formation

Table 7: ETS-NOCV energy decomposition for interaction of aqua ligand in all reactant

and product complexes.

in Tab. 5). Finally, in the Clg intermedi-
ate structure, both these effects are balanced
and the guanine binding energies are almost
equal.

Interesting features are visible for cross—
link complexes from the ADF energy de-
composition. In the CLw p and CLy struc-
tures where water is directly coordinated to
Ru complex, clear verification of the results
in Tab. 6 discussed in previous paragraph
can be noticed. More over it can be also
seen the asymmetric H-bonding of both gua-
nines. While in CLy water interacts only
with G2, in the CLw g structure the aqua

lignad interacts with O6 of the both gua-
nines but in highly non-symmetrical manner
as is demonstrated in Tab. 7.

Based on the thermodynamic considera-
tions, the CLw structure is the final product
of the regarded reaction. Despite the fact
that in consequent steps, the aqua-ligand
will be with very high probability replaced
by some more stable lignad, we can compare
the coordination strenght to both guanines.
Similarly to cisplatin coordination also in
Ru(II) case 3’-end guanine is the base which
is more firmly attached to metal cation. In
the CLw complex the preference for G2 is
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about 10 kcal /mol while in cisplatin complex
the energy difference is ca 5 kcal/mol [64].
However, the comparison is not straightfor-
ward since different model environment (gas
phase calculations) was used in study.

Wave function analysis Atomic partial
charges calculated on optimized QM cores
in PCM using NPA method are presented
in Tab. 8. In accord to interaction ener-
gies and population analysis on complexes in
the first reaction, the charges on nitrogens in
ethylendiamine practically do not vary and a
small asymmetry is caused by different par-
ticipating in hydrogen bonding. Although
the charge on oxygen in aqua ligand is close
to -1 e in non-interacting water molecule,
significantly higher values appear in CLw g
and CLyw where the lone electron—pairs of
oxygen donate to the central Ru(II) cation.

Interesting changes can be seen on car-
bons in benzene ring. In all the CL struc-
tures the charge is more negative than
in complexes of the first reaction where
the benzene ligand is symmetrically 75—
coordinated. The difference is ca 0.06 e, and
directly corresponds to weaker interaction
with the Ru(II) cation since electron den-
sity is not donated to the metal and remains
on carbon atoms.

AIM analysis was done on thereopti-
mized QM cores. Electron densities in BCP
between the Ru(Il) cation and its ligands
were calculated by AIMAIl software and are
shown in Tab. 9 and Tab. 10. Reaction
mechanism of binding hydrated Ru(II)-OH,
complex to N7(G1) can be observed from
BCPs in Tab. 9. There is transition state for
direct path (TSg;;) where the Ru(II) cation
interacts weakly with both aqua ligand and
N7(G1). Conversely, in the two—step mech-
anism, Ru(Il) complex first passes through

TS; to O6(G1), which is in the next step
rebondd to N7(G1) through TS, structure.
Both BCPs between Ru-0O6 and Ru-N7 can
be seen in AIM analysis of TS,.

More complicated reaction changes oc-
cur in cross-linke reaction mechanism as
can be noticed from AIM analysis of re-
lated stationary points (Tab. 10). To cre-
ate new bond to N7(G2) (and thus, to form
the (G1)N7-Ru-N7(G2) cross-linked struc-
ture), the n®—coordination of benzene ligand
is transformed to n%-one. In this way, the to-
tal coordination number of Ru(II) is kept to
be 6. The bond reorganization is illustrated
by BCPs in TSy, and TS,, where the arene
ligand already interacts with Ru(II) by two
carbons only. In these transition state struc-
tures, new BCP between Ru-N7(G2) can be
already established. To saturate free valence
on Ru(Il) in CLg, where water ligand does
not participated in the complex, O6(G2) is
also involved in the interaction. The same
0O6(G2) can be found in final CLyw struc-
ture where benzene is completely released
and substituted by water.

Conclusions

First, the reaction by which a Ru(II) ” piano—
stool” aqua complex binds to DNA was stud-
ied by hybrid QM /MM computational tech-
nique coupling DFT and Amber FF96. The
Ru(II) complex and two adjacent guanines of
one DNA strand are included in the QM part
of the system, allowing comparison of di-
rect and two step reaction mechanisms. Two
step mechanism is discriminated by high en-
ergy barrier of second step, involving Ru(II)
binding switching from O6 to N7 of the gua-
nine. This is in contrast with our previ-
ous results [35] where the same reaction was
studied by QM methods and the model in-
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Atom Ru-G CLwp CLw Clg

Ru 0.120 0.240 0.322 0.298
C(ben) -0.188 -0.256 -0.249 -0.266
Nl(en) -0.742 -0.764 -0.788 -0.713
N4(en) -0.757 -0.758 -0.730 -0.784
O(wat) -0.999 -0.899 -0.867 -1.021
N7(G1) -0.521 -0.406 -0.437 -0.446
06(G1) -0.592 -0.697 -0.680 -0.614
N7(G2) -0.507 -0.449 -0.437 -0.433
06(G2) -0.701 -0.681 -0.609 -0.701

Table 8: NPA atomic charges [e] in sigle guanine interaction complex and cross-link struc-

tures (QM, PCM).

cluded only one guanine. From that, we
can deduce that the molecular environment
is important for correct description of the
reaction mechanism and QM /MM approach
including part of DNA structure seems to be
more appropriate. Formation of the adduct
to N7 guanine is energetically preferred by
12 kcal/mol but the relatively high barriers,
(ca. 28 kcal/mol both), inhibit the process
kinetically.

In the second part, in analogy to cis-
platin, the possible intrastrand CL struc-
tures are suggested and their stability in-
vestigated. Although a vast reorganization
of the structure is needed to create bridg-
ing geometry, these structures are energeti-
cally preferred in QM /MM model. All main
active position of both guanines (O6 and
N7 atoms) participate in Ru(II) complex in-
teractions with DNA leading to very sta-
ble structure with psedo—octahedral sym-
metry. There are two reaction pathways
leading to the energetically lowest structure,
CLw. First one, passing through CLw g
structure, is inhibited by high energy barrier
30 kcal/mol while the second one, with CLg
intermediate, has a barrier of 24 kcal/mol.

Although the CLg structure is energetically
higher than CLwp (by 3 kcal/mol), this
pathway is preferred kinetically.
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Figure 7: Optimized cross—link structures (see reaction scheme in Fig. 3): (a) Ru-N7(G)
adduct, (b) CLyw, (c¢) CLwg, (d) CLg, (e) TSSE, (f) TSSE, (g) TSSE, (h) TSSE.
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Figure 8: Free energy profile of reaction where the cross-link structure is formed. Three
type of cross—links are considered with interacting benzene (B), water (W) or both of them

(W.,B).

Bond Ru-G CLW7B CLW CLB
Ru-C1  7.72 — —  5.22
Ru-C2  7.86 3.44 —  4.02

Ben Ru-C3  — 2.94 — —
Ru-C4 7.31 — — —
Ru-C5  7.41 — — —
Ru-C6 7.74 — — —

En Ru-N1  8.88 8.95 8.54 8.77
Ru-N4 8.44 8.10 9.02 9.45

Wat Ru-O — 6.29 5.86 —

a1 Ru-N7  7.61 8.66 6.95 7.77
Ru-O6  — — — —

a9 Ru-N7 — 5.01 8.11 7.64
Ru-O6 — — 3.30  2.19

Table 10: Electron density [1072 e¢/A%] in important BCPs of single guanine interaction
complex and cross-link structures (QM, PCM).
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