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Abstract The potential energy surfaces of the reactions
of organometallic arene complexes of the type [(η 6-
arene)MII(pic)Cl] (where pic = 2-picolinic acid, M = Ru or
Os) were examined by a DFT computational study. Among
the seven density functional methods, hybrid exchange
functional B3LYP outperforms the others to explain the
aquation of the complexes. The reactions and binding
energies of RuII and OsII arene complexes with both
9EtG and 9EtA were studied to gain insight into the
reactivity of these types of organometallic complexes
with DNA. The obtained data rationalize experimental
observation, contributing to partly understanding the
potential biological and medical applications of organo-
metallic complexes.
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Introduction

It is well known that platinum anticancer drugs are in
routine clinical use and under clinical development world-
wide [1]. With the sharp rise in global cancer incidence and
mortality, the development of new effective anticancer
drugs has been a major focus in this field. Ruthenium
complexes are one of the most promising non-platinum
anticancer drugs [2–18]. Although osmium (a third row
transitional metal) complexes have a reputation for being
either toxic (OsO4) or substitution-inert, the chemical and
biological activity of half-sandwich osmium arene com-
plexes is currently becoming an active area of research
[19–33]. Ruthenium and osmium arene complexes [(η6-
arene)M(XY)Z]n+ (XY = bidentate ligand) were reported
to exhibit anticancer activity comparable to that of the
clinical drugs carboplatin and cisplatin [2–33].

A number of theoretical works have focused on the anti-
cancer ruthenium and osmium arene complexes. Wang et al.
[34] investigated the aquation processes (substitution of X by
H2O) of Ru

II arene complexes using the DFT (PW91)method.
Dorcier et al. [35] discussed the binding energies between the
metal (Ru and Os) centers and the surrounding ligands with
DFT, and the results were in accordance with data obtained
using electrospray ionization mass spectrometry. An investi-
gation on the structural and energetic properties of [(η 6-
arene)RuII(en)Cl]+ (en = ethylenediamine) anticancer com-
pounds and their interaction with nucleobases using DFT
(BP86) and MP2 calculations together with Car-Parrinello
molecular dynamics has been reported by Rothlisberger and
coworkers [36, 37]. They also studied the binding processes of
two RuII arene complexes to double-stranded DNA using
classical and QM/MM molecular dynamics simulations [38].
Gkionis and coworkers [39] explored the DNA binding of
ruthenium arene complexes and represented the role of hydro-
gen bonding and π stacking. The structure, stability and
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reactivity of [(η6-arene)RuII(en)Cl]+ were further character-
ized by Burda [40, 41] using several theoretical methods.
More recently, we have also reported a series work on the
relationships between the structures and anticancer activities
for Ru and Os arene complexes [42–44].

Organometallic arene complexes of the type [(η 6-
arene)MII(pic)Cl] (where pic = 2-picolinic acid, M = Ru
or Os) offer much potential for exploration as anticancer
agents due to the large diversity of structure and bonding
modes [15, 18, 23, 25–27, 29]. We have discussed in detail
the aquation mechanism of [(η6-p -cym)MII(pic)Cl] (where
M = Ru or Os) in our previous work, in which the effect of
arene ligand and the nucleobase substitution were not
discussed for reasons of space [43]. DNA is a potential
biological target for classical transition-metal anticancer
drugs, suggesting that it is important to clarify the reaction
mechanism of nucleobase substitution. In the present study,
we explored the influence of the metal center and arene on
aquation and the interactions with nucleobases of a series of
picolinate complexes. The first part of the present study
discusses the similarities and differences in the aquation of
RuII and OsII complexes. We then examine the subsequent
nucleobase substitution of the Ru and Os complexes, which
could provide the access to transition structures and predict
the trends in the reactivity and selectivity of these com-
plexes toward biological targets.

Computational methods

The general structure of this class of complexes is drawn in
Fig. 1, where a pseudo octahedral arrangement of the Os and
Ru is assumed. The compounds of [(η6-arene)MII(pic)Cl], (η6-
arene = benzene (bz), p -cymene (cym), biphenyl (bip), M =Ru
and Os, pic = 2-picolinic acid) were examined using DFT
methods with B3LYP hybrid functional [45, 46]. The 6-
31G** basis sets were employed for H-, C-, N-, O- and Cl-
atoms, and the LanL2DZ basis set was employed for Os and
Ru [47–49], labeled as BS1. Geometry optimizations were

then redone using the COSMO implicit solvent approach with
dielectric constant ε =78.36 [50, 51]. Thermal energies were
extracted from vibrational frequency calculations, which were
used to verify the correct nature of the stationary points at
298.15 K and 1 atm. The frequency calculations also served for
confirmation of the correct character of transition state (TS)
structures as well as reactant and product (super) molecules. To
obtain accurate energies for the reaction surfaces, single-point
energies were further calculated based on the ground state
structures using a higher basis set of LanL2DZ-(f) used for
Ru and Os (ζ f=1.235 for Ru and ξf=0.886 for Os) [52] and 6-
311++G** for all other atoms, labeled as BS2.

The reported binding energies (BEs) were calculated
using the general formulas

Ebinding ¼ E MIIXY
� �þ E Zð Þ−E MIIXYZ

� � ð1Þ

whereM = Ru, Os, X = arene, Y = pic, and Z = 9EtG, 9EtA.
As Fig. 2 describes, the first reaction profile considered

was the substitution of chloride by water, namely, aquation;
the second reaction profile was the replacement of the aqua-
ligand with model nucleobases [9-ethyl guanine (9EtG) and
9-ethyl adenine (9EtA)], since they are the most preferred
nucleotide binding sites for many transition metal ions. All
geometry optimization and single-point calculations were
carried out using the Gaussian 09 program [53].

Results and discussion

For readability, acronyms are adopted throughout instead of
the full chemical formulas. Definitions of abbreviations
used are reported in the Appendix.

Hydrolysis processes

Generally, the chloride ligand acts as a leaving group dur-
ing the aquation of the complexes, giving access to a
coordination site that can be used to form an M–O bond

Fig. 1 Structures of the OsII

and RuII arene complexes
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to the water molecule. The aqua species are often more
reactive than the relevant chloride complexes, and these
RuII and OsII arene anticancer complexes were activated
via the same mechanism as cisplatin and their analogues
[19, 20, 34, 54]. The aquation mechanism of the arene
complexes studied can be generalized as shown in Fig. 3.
A previous study performed by Wang et al. [43] dem-
onstrated that the water molecule could be attacking in
three orientations, and that water attacking in the back
was unfavorable and ascribed to a large conformational
change. Therefore, we considered only the most favor-
able “model A” as mentioned in reference [43]. These
reactions belong to the class of second-order nucleo-
philic substitution (SN2) reactions and the rate-limiting
step is from the first intermediate (IM1) toward the
second intermediate (IM2) via the transition state (step
IM1→IM2).

Many DFT methods have been used to report the reac-
tion of transitional metal arene complexes. One of the most
popular methods is B3LYP. In this work, we carefully
chose an appropriate set of exchange and correlation func-
tionals when using DFT methods. Table 1 shows the acti-
vation free energies (ΔG a) for the hydrolysis processes
(Fig. 1) obtained with different computational methods,
B97-D [55], CAM-B3LYP [56], BHandHLYP [57], BP86,
M06L [58], B3PW91 [45, 59]. It was found that B97-D
overestimated ΔG a significantly, and M06L underestimated
ΔG a significantly (see Table 1). Among these methods,
only M06L and B3LYP predicted the correct aquation
trend for the osmium complexes compared to experi-
mental values (cym-Os < bz-Os < bip-Os). Moreover,
the results of B3LYP are closer to experimental mea-
surements [23, 25, 27]. Consequently, the B3LYP meth-
od was adopted in the following computational study.
The corresponding important parameter bond lengths

and angles for optimized geometries for the aquation
of six complexes are shown in Fig. 3. All reactant and
product complexes exhibit “pseudooctahedral coordina-
tion” around the central metal atom, and the water
molecules form hydrogen bonds with the negative chlo-
rides or pic group. Inspection of the geometries of the
transition states, the vibrational modes of the transition
states (TSaqua) present an angular vibrational mode be-
tween the leaving chloride and the incoming water. The
optimized transition structures of Os are slightly more
compact than those of Ru, due to the lanthanide con-
traction of Os [42].

Compared with experimental values determined by UV–vis
spectrometry [23, 25, 27], the calculated results overestimated
the measured rate constants by about two orders as reported in
Table 1 [23, 25, 27]. The hydrolysis process is significantly
more favorable for RuII complexes than for OsII complexes,
which is in agreement with the experimental observa-
tions [23, 25, 27]. Thus, the RuII arene complexes may
hydrolyze too fast to be deactivated before reaching the
target sites. As illustrated in Table 1, free energies of
activation are both in the trend of cym-M < bz-M <
bip-M for RuII and OsII complexes. There is little dif-
ference between these values, indicating that the char-
acter of the arene ligand influences the reactivity of this
type of complex to only a limited extent.

Interactions with nucleobase 9EtG and 9EtA

As DNA is a potential biological target for classical
transition-metal anticancer drugs, reactions of RuII and OsII

arene complexes with nucleobases are of great importance.
The nucleobase substitution of Ru arene complexes with en
has been intensively studied theoretically at a wide range of
different levels of theory [37–40, 60]. Differently, metal

Fig. 2 Reactions of [(η6-
arene)MII(pic)Cl] (M = Ru and
Os)

Fig. 3 Optimized geometric parameters bond lengths (Å) and angles (°) for transition states in the aquation of Os (Ru) complexes (M = Ru, Os;
values in brackets are for Ru)
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arene complexes with en prefer 9EtG to 9EtA [19, 20, 61],
whereas complexes with pic ligand bind to both 9EtG and
9EtA [23]. The ruthenium complexes are well-known to
undergo associative ligand substitution reactions via a pseu-
do seven-coordinated transition state [40, 60]. Thus, it is
necessary to include the water ligand for a realistic
simulation of the kinetics of bond formation between
metal and nucleobase, as displayed in Fig. 4. To gain
insight into the reactivity of these types of organome-
tallic complexes with DNA, we studied the reaction of
RuII and OsII arene complexes with model 9EtG and
9EtA (arene = bz).

The [M-H2O + 9EtG (9EtA)] as a reference state is
adopted to compute the activation barriers. For the sake of
calculation efficiency, only 9EtG and 9EtA cis to aqua
ligand reactions were considered, as the trans to aqua was
demonstrated to be unfavorable [37].

These reactions are of the nucleobase-water exchange
reaction type, and the transition states correspond to the
breaking of the M–O(wat) bond and the forming of the M-
N7(nucleobase) bond, as shown in Fig. 4. The reaction
energy profile for the nucleobase substitution mechanisms
is presented in Fig. 5. The reaction of 9EtG with bz-Ru
should overcome a 26.1 kcal/mol-1 activation energy and
that of bz-Os is a little higher, being 28.2 kcal/mol-1. As for
the reactions of 9EtA, the free energies of activation for bz-
Ru and bz-Os are close, being 25.2 and 25.4 kcal/mol-1,
respectively. The above results show that the reaction of

9EtA is slightly more favorable than that of 9EtG for both
Ru and Os arene complexes. Figure 5 shows that the
formation of bz-Ru-G and bz-Os-G are exothermic by 0.5
and 3.5 kcal/mol-1, respectively. In contrast, the formation
of bz-Ru-A is endothermic by 2.2 kcal/mol-1, and that of
bz-Ru-A is exothermic by 2.0 kcal/mol-1. The more exo-
thermic values for 9EtG complexes formation indicate
that 9EtG is the thermodynamically more stable prod-
uct. Hence, once guanine adducts (on DNA or RNA)
are formed, they are likely to persist. Experimental
observations show that the binding constant of 9EtA
is moderate (logK =3.95), and the equilibrium for dis-
sociation of 9EtA from [(η 6-p -cym)OsII(pic)(9EtA-
N7)]+ is reached within 24 h of incubation (310 K).
However, the dissociation of 9EtG from [(η 6-p -
cym)OsII(pic)(9EtG-N7)]+ occurs slowly (equilibrium
is not reached even after incubation at 310 K for
13 days) [23].

Hydrogen bonding is an important factor in the prefer-
ence of the complexes for 9EtA substitution. The transition
structures of 9EtA substitution exhibit two strong H-bonds:
(A)N7⋯H–O(water) and (N6)H⋯O1 (pic) (see Fig. 4),
and these strong H-bonds may play an important role in
the biological activity, since DNA is a potential target site
for these complexes [2, 3, 36, 37, 62, 63]. On the other
hand, the size of the lone-pair lobe at the N7 position is
larger for 9EtG than 9EtA as demonstrated by Lippard
[64], indicative of a larger interaction between 9EtG

Table 1 ΔG a (kcal/mol-1) and
r (s−1) of the aquation with dif-
ferent computational methods

bz-Ru cym-Ru bip-Ru bz-Os cym-Os bip-Os

B97-D 25.8 27.0 27.4

CAM-B3LYP 19.2 17.8 18.2 22.7 21.5 21.7

BHandHLYP 18.9 17.5 16.0 22.0 21.1 21.3

BP86 17.9 17.0 17.0 21.1 20.3 20.8

M06L 13.4 13.1 13.5 16.8 16.0 17.5

B3PW91 19.4 18.5 18.3 23.2 24.2 22.9

B3LYP 17.5 16.5 16.0 21.4 21.0 22.4

r (B3LYP) 1.30E-03 2.5E-03 2.40E-04

r (exptl) [23] 4.5E-04 5.0E-04 2.0E-04

Fig. 4 Optimized geometric
parameters bond lengths (Å) and
angles (°) for transition states in
the nucleobase substitution (M =
Ru and Os, and values in
brackets are for Ru)
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and the metal center. These two antagonistic effects
result in good affinity to both 9EtG and 9EtA for pic
complexes, which is in good agreement with experi-
mental observations [23].

Binding energies for nucleobases

The binding energies were calculated according to Eq. 1 in
the COSMO approach, and are collected in Table 2. Com-
parison of binding energies for model 9EtG and 9EtA
complexes is important, since the nucleophilic sites of these
bases are available for complexation in duplex DNA and
are therefore the primary sites of metalation. The former are
found to be only slightly stable by approximately 1 kcal/
mol−1, except the arene ligand is cym in which the 9EtG
and 9EtA binding energies are almost equivalent. These
data are again in agreement with experiments, which
indicate a preference for binding to G over A bases for
pic complexes [23]. The equivalent comparison for
[(η 6-arene)RuII(en)]2+ complexes has been calculated
previously at ca. 5 kcal/mol-1 in aqueous solution
[39]. The above analysis indicates that the pic
complexes show lower selectivity for G and A than
for en complexes. The nucleobase binding for both
Ru and Os complexes followed the trend: bz > bip >
cym, which could be due mainly to the steric effect of
the arene ligand.

Conclusions

A series of potential anticancer RuII and OsII pic complexes
with different arene ligands was investigated using several
DFT methods; B3LYP was demonstrated to be the best
among them. The aquation proceeded through SN2 reaction
mechanism. The reaction barriers and rates were obtained
for aquation of the complexes, and it was revealed that the
rate of aquation was very slow for OsII complexes although
their structures are similar to those of RuII complexes. This
partly explains the inactivity of the osmium arene com-
plexes. In addition, the character of the arene ligand slightly
influenced the aquation rate of this type of complexes.

The reaction mechanisms of OsII and RuII arene pic
complexes with 9EtG and 9EtA were explored in detail.
Both of the 9EtA and 9EtG substitution proceeded in con-
certed steps with dissociative characteristics. The activation
barriers of the reaction of OsII complexes with 9EtA and
9EtG are higher than those of RuII. Additionally, Ru and Os
adducts of 9EtG are more stable than those of 9EtA, which
is in agreement with experimental observations. The
obtained binding energies also verified this reality. This
could be ascribed to two antagonistic effects: H-bonds
between 9EtA and pic, and the stronger interaction between
9EtG and the metal center. The above results might con-
tribute to understanding the observed contrasting biological
properties for RuII and OsII arene complexes.

Fig. 5 Free energy (kcal/mol-1)
profiles of nucleobase
substitution of complexes in
aqueous phase at B3LYP/BS2//
B3LYP/BS1

Table 2 Binding energies (kcal/
mol-1) of the nucleobases at
B3LYP/BS2// B3LYP/BS1

cym-Ru-G bz-Ru-G bip-Ru-G cym-Os-G bz-Os-G bip-Os-G

E 21.5 25.1 23.1 22.5 26.2 24.8

cym-Ru-A bz-Ru-A bip-Ru-A cym-Os-A bz-Os-A bip-Os-A

E 21.6 24.6 22.4 22.9 25.3 23.6
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