
Journal of Molecular Graphics and Modelling 131 (2024) 108806

Available online 31 May 2024
1093-3263/© 2024 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

The binding of diruthenium (II,III) and dirhodium (II,II) paddlewheel 
complexes at DNA/RNA nucleobases: Computational evidences of an 
appreciable selectivity toward the AU base pairs 

Iogann Tolbatov a,*, Paolo Umari a, Alessandro Marrone b 

a Department of Physics and Astronomy, University of Padova, via F. Marzolo 8, 35131, Padova, Italy 
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A B S T R A C T   

Multiple medicinal strategies involve modifications of the structure of DNA or RNA, which disrupt their correct 
functioning. Metal complexes with medicinal effects, also known as metallodrugs, are among the agents intended 
specifically for the attack onto nucleosides. The diruthenium (II,III) and dirhodium (II,II) paddlewheel complexes 
constitute promising dual acting drugs due to their ability to release the therapeutically active bridging ligands 
upon their substitution by endogenous ligands. In this paper, we study the structure and the stability of the 
complexes formed by the diruthenium (II,III) and dirhodium (II,II) paddlewheel complexes coordinated in axial 
positions with the DNA/RNA nucleobases or base pairs, assuming the attainable metalation at all the accessible 
pyridyl nitrogens. Dirhodium complexes coordinate at the pyridyl nitrogens more strongly than the diruthenium 
complexes. On the other hand, we found that the diruthenium scaffold binds more selectively to nucleobase 
targets. Furthermore, we reveal a tighter coordination of diruthenium complex at the adenine-uracil base pair, 
compared to adenine-thymine, hence constituting a scarce instance of RNA-selectivity. We envision that the here 
reported computational outcomes may pace future experiments addressing the binding of diruthenium and 
dirhodium paddlewheel complexes at either single nucleobases or DNA/RNA fragments.   

1. Introduction 

The deoxyribonucleic acid (DNA) and ribonucleic acid (RNA) bio
polymers conceal the genetic instructions for the major processes in 
living organisms and viruses. The DNA polynucleotides encode the in
formation on how to function, grow, develop, and reproduce these data 
being stored in the nucleus of eukaryotes [1]. On the other hand, the 
RNA molecules are employed as a means to transport the commands 
outside of the nucleus and a blueprint for the formation of proteins 
(messenger RNA) [2], or some RNA may perform the biological func
tions themselves (non-coding RNA) [3]. Both DNA and RNA bio
polymers constitute the chains of nucleosides held together by a 
phosphodiester scaffolding; this assembly holds the pieces of biodata via 
the particular sequencing of the nucleobases, i.e. adenine (A), cytosine 
(C), guanine (G), and thymine (T) in DNA or its demethylated analogue 
uracil (U) in RNA. 

Nowadays, our understanding of the structures, topologies, and 
functions of nucleobase assemblies have been expanded and detailed to 

a high resolution; thanks to the continuous evolution of the computa
tional sciences, the investigation of the genes’ or alleles’ functional in
teractions can be approached [4]. Also, our capability to manipulate the 
genetic information has been notably improved by the development of 
the clustered regularly interspaced short palindromic repeats (CRISPR) 
technologies, for example, by providing novel approaches to the treat
ment of cancer [5]. Therefore, several evidences have highlighted the 
clinical relevance of less common RNA topologies, such as circular RNA 
or noncoding RNA fragments as markers and/or potential targets for the 
development of new therapies [6,7]. 

The inhibition of a correct functioning of DNA or RNA molecules is a 
robust technique in medicinal chemistry since it results into the major 
effects on the cell homeostasis and causes apoptosis. On the other hand, 
the drugs, designed for targeting other cellular functions, may still 
attack the DNA and RNA polymers, thus producing the unintended side 
effects [8,9]. 

Most anticancer drugs are formulated expressly for attacking DNA or 
proteins [10–12], whereas the therapeutic agents aiming at RNA are less 
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numerous [13,14]. It is quite surprising since the RNA molecules are 
essential for correct metastasis in cells, both eukaryotic and bacterial, as 
well as in viruses. Although the DNA and RNA consist of the same 
nucleobases, their secondary and tertiary structure differs greatly, thus 
permitting the conception of the drugs selective for only DNA or RNA 
targets [15]. One of the possible strategies here is the formulation of 
drugs with the activation profiles designed either for the activation 
happening in the cytoplasm or in the nucleus [16]. Presumably, in the 
first case, the drugs will target RNA, whereas in the latter case, they 
should predominantly target the nucleus, thus, DNA would be a more 
likely target. 

Both the chemical constituents of the nucleoside biopolymers and 
their secondary and tertiary geometrical configurations allow for the 
rational design of a drug preventing the cellular dispatch of the correct 
bit of biodata [17,18]. There exist two possible strategies to this end. 
Firstly, it is feasible to alter the nucleobase in vivo by coordinating a 
drug to it, the nucleobase then changes its chemical properties due to the 
presence of a drug, thus, the whole chain of biopolymer will not be able 
to properly fulfil its biological role [19]. The other way is the in vitro 
synthesis of a nucleobase distorted by appending of a drug which is to be 
administered into the cell afterwards. The modified nucleobase becomes 
then included in the biopolymers, which become distorted in their turn 
by the presence of an altered nucleobase [20]. Indeed, there exists a 
category of the nucleoside therapeutic agents designed for the treatment 
of cancers, viral and bacterial infections. They mimic the native nucle
osides, become included in the DNA and RNA biopolymers yielding 
them debilitated [21–24]. 

Metal complexes with medicinal effects, also known as metallodrugs, 
are among the drugs intended specifically for the attack onto nucleo
sides [25]. The textbook example of such a metallodrug is the cisplatin, 
[Pt(NH3)2Cl2], a complex with the discovery of the cytotoxic features of 
which the modern bioinorganic chemistry started [26]. Its mode of ac
tion includes the activation via the replacement of one or two chlorides 
by the water molecules. The activated complex possesses an enhanced 
selectivity to purine bases, especially to N7 of guanine [27,28]. The 
success of cisplatin and the wont to circumvent its severe toxic side ef
fects have caused a great progress in this subfield, which resulted in the 
conception of novel metallodrugs based on Pt or other transition metals 
[29–31]. Ruthenium is among the most ubiquitous metals utilized in the 
formulation of novel metallodrugs, and it gives great results. For 
example, the Ru-based drugs NAMI-A and KP1019 have recently 
attained the elevated stages of clinical tests [32,33]. 

The diruthenium (II,III) and dirhodium (II,II) paddlewheel com
plexes consist of the bimetallic core and the bridging carboxylate ligands 
arranged in a lantern-like fashion (Fig. 1), their general formula being 
[M2(O2CR)4]L2 (M = Rh, Ru; R––CH3

− , CH3CH2
− , etc., L = solvent 

molecule or anionic ligand). Their high cytotoxicity has been showcased 

in a myriad of recent studies [34–37]. The diRu and diRh paddlewheel 
complexes feature a different nature of the intermetallic bond. The diRu 
core has a mixed valence (II,III) due to the availability of three uncou
pled electrons on antibonding metal–metal orbitals, thus, each Ru atom 
has a charge of +2.5 [38]. On the other hand, the core of diRh complex 
includes an intermetallic bond of the first order, assigning the valence 
(II,II) to this complex. These differences produce the crucial distinctness 
in the selectivity of these paddlewheel complexes. 

The Ru-based paddlewheel analogue [Ru2(μ-O2CCH3)4Cl] binds to 
aspartate side chains of the model protein hen egg white lysozyme [39]. 
The usage of therapeutic ligands with the acetate motif, such as di
peptides, non-steroidal anti-inflammatory drugs (NSAIDs), or fatty 
acids, allowed to obtain the complexes with anti-inflammatory and 
cytotoxic properties [40,41]. Its Rh-based analogue [Rh2(μ-O2CCH3)4] 
was found to target the side chains of Asn, Asp, His, Lys, and the 
C-terminal carboxylate in proteins [42–44]. The diRh paddlewheel 
complex is active against a plethora of cancers, such as sarcoma 180 
[45], P388 leukemia [45], L1210 tumors [46], and Ehrlich-Lettre ascites 
carcinoma [47–49]. However, it is very toxic due to the harsh 
side-effects. 

In the present investigation, we studied the coordination at the DNA 
and RNA nucleobases of the [Ru2(μ-O2CCH3)4(H2O)Cl], [Ru2(μ- 
O2CCH3)4(OH)Cl], and [Rh2(μ-O2CCH3)4(H2O)2] complexes (Fig. 1). We 
studied the reactions yielding the metalation of the nucleobases by these 
complexes. We always considered the exchange of an axial ligand with 
the attacked nucleobase. In case of the complex [Ru2(μ-O2CCH3)4(H2O) 
Cl], we analyzed both the reactions resulting in the loss of chloride or 
water (reactions 1 and 2). The diaquo complex in high pH by means of 
deprotonation of the axial aquo ligand transforms into the complex 
[Ru2(μ-O2CCH3)4(OH)Cl]. We considered only the loss of axial chloride 
for this complex (reaction 3). The substitution reaction of the complex 
[Rh2(μ-O2CCH3)4(H2O)2] can happen only via the loss of the aquo ligand 
in the axial position (reaction 4). 

We analyzed the structural impact of the metalation by these com
plexes on the stability of the polynucleotide structure by using the 
density functional theory (DFT) methodology. We studied the selectivity 
of the diRu and diRh complexes towards A, C, G, T, and U by assuming 
possible the coordination at all existing pyridyl nitrogens. We also 
studied whether this metalation may alter the complementarity of 
nucleobases. Moreover, we evaluated whether the binding of a diRu or 
diRh paddlewheel complex to a nucleobase may affect the coordination 
of the bridging acetates and induce their detachment, a property of these 
complexes which makes them the promising double-action drug candi
dates. Our computational study formulated an important rationale for 
future experimental and theoretical studies onto the interactions of diRu 
and diRh paddlewheel complexes with DNA and RNA. 

Fig. 1. Studied substitution reactions (1)–(4). Attacked nucleophile is denoted by X and represents nucleobases A, C, G, Ta, Tb, Ua, Ub, and nucleobase pairs AT, 
AU, GC. 
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2. Computational details 

All the calculations were carried out by the Gaussian 16 quantum 
chemistry package [50]. DFT permits the accurate analysis of reactions 
of transition metal complexes [51–53], encompassing Ru and Rh 
[54–56]. The hybrid range-corrected functional ωB97X-D [57] was used 
for all optimizations together with the basis set def2SVP basis set [58, 
59], the employed functional is recognized to produce the trustworthy 
geometries and accurate evaluation of the electronic and solvation en
ergies [60,61]. The same computational scheme has been previously 
adopted to investigate the thermodynamics and kinetics of the reaction 
of diruthenium and dirhodium paddlewheel complexes with protein 
sites [62,63]. Therefore, we repute adequate the ωB97X-D/def2SVP 
level of theory being the energy evaluations devoted to rank either the 
metal-nucleobase interactions or the base complementarities within the 
base pairs’ complexes (vide infra), i.e. by performing relativistic com
parisons within sets of congeneric complexes. The stationary nature of 
the minima was checked by the frequency calculations which also 
allowed the computation of zero-point energy (ZPE) and vibrational 
corrections to the thermodynamic properties via the harmonic approx
imation as well as the Gibbs free energy for each structure. The solvation 
free energy in water was described by the Polarizable Continuum Model 
using the integral equation formalism variant (IEFPCM) technique [64], 
this method producing accurate free energies both for neutral and 
charged complexes [65]. We used experimental values for the solvation 
energies − 6.3 and − 74.5 kcal/mol for water [66] and chloride [67], 
respectively. 

Snapping energies of acetate for the diRu and diRh paddlewheel 
complexes were calculated for all 4 acetates in each case, only the one 
with the lowest snapping energy was reported. 

The Natural Bond Orbital (NBO) analysis [68], performed in water at 
the level ωB97X-D/def2SVP, allowed the assessment of the strength of 
the hydrogen bond interactions in either free or metalated nucleobase 
pairs. 

3. Results and discussion 

The binding of either diRu or diRh paddlewheel scaffolds to the 
nucleophile sites available on the nucleobase moieties of DNA and RNA 
was modelled by assuming the substitution of one axial ligand as the 
early chemical event, following the logic of previous investigations [62, 
63]. The [Ru2(μ-O2CCH3)4]+ and Rh2(μ-O2CCH3)4 metal fragments, 
composed of the bimetallic moiety and four equatorial carboxylate 

ligands, were coordinated by aquo and/or chloride axial ligands 
assumed to be labile. 

The four substitution reactions of diRu and diRh paddlewheel com
plexes with the nucleobases were summarized in Fig. 1. The substitution 
of the chloro or aquo ligand in the Ru2(μ-O2CCH3)4(H2O)Cl complex 
were modelled via processes (1) and (2), respectively. The formation of 
the latter aquo-chloro diRu complex has been hypothesized to parallel 
the dissolution of Ru2(μ-O2CCH3)4(H2O)Cl (s) in neutral/acidic aqueous 
media, whereas at higher pH, the formation of [Ru2(μ-O2CCH3)4(HO) 
Cl]– anionic species cannot be excluded. Hence, the reactions of [Ru2(μ- 
O2CCH3)4(HO)Cl]– with nucleobase scaffolds were also modelled via the 
substitution of the chloro ligand, i.e. via the process (3) (Fig. 1). 

The diRh tetra-carboxylate complex was assumed in the biaquo form 
Rh2(μ-O2CCH3)4(H2O)2 and the substitution of one aquo ligand by 
nucleobase scaffolds were modelled via the process (4) (Fig. 1). 

Both pyrimidine and purine nucleobases are characterized by several 
nucleophile sites amenable to the metal coordination and potentially 
able to replace either aquo or chloro axial ligands from diRu or diRh 
paddlewheel complexes. The amenable metal binding atoms on the 
nucleobase scaffolds are either decorating or part of the five and/or six- 
membered rings (Fig. 2). Despite the oxo or amino groups decorating the 
nucleobases, cyclic structures (red, Fig. 2) may in principle replace the 
labile aquo ligands in the considered diRu and diRh complexes since the 
metal coordination ability of these groups is commonly assumed to be 
negligible because of their participation in the inter-nucleobase 
hydrogen bond interactions. On the other hand, the pyridyl nitrogen 
atoms (green, Fig. 2) feature a higher metal coordination ability and, in 
the case of the adenine and guanine N7, a high bulk exposure since they 
are not involved in the hydrogen bond base pairing. For the thymine and 
uracil nucleobases, being deprived of any pyridyl site, the tautomeric 
equilibrium is assumed to form the corresponding Tb and Ub species, 
converting the non-coordinating site NH (blue, Fig. 2) into the metal 
binding N1 (green, Fig. 2) at a free energy cost of about 13 kcal/mol. 

The thermodynamics of the processes (1)–(4) involving single 
nucleobase scaffolds was investigated at DFT level of theory, and the 
calculated reaction Gibbs free energies (GFEs) were reported in Table 1. 
As shown, our calculations clearly demonstrated a remarkable differ
ence between the highly endergonic chloro substitution for the processes 
(1) and (3) and the largely exergonic (2) and (4) processes involving the 
substitution of the axial aquo ligand in diRu and diRh paddlewheel 
complexes. 

The reactions (2) and (4) of thymine and uracil nucleobases, as well 
as the reaction (2) of the guanine via the metal coordination of the N3, 

Fig. 2. The nucleobases attacking the axial positions of paddlewheel complexes via the numbered nucleophile pyridyl nitrogen atoms. The two tautomers of T and U, 
i.e. Tb and Ub, respectively, present the N1 nucleophile site. 
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were found to be endergonic (Table 1), whereas in all other cases, the 
processes (2) and (4) resulted to be exergonic. As a general trend, we 
recorded the higher exergodicity of process (4) compared to (2), indi
cating that the diRh, compared to the diRu scaffold, reacts more favor
ably with nucleobases. 

Also, the purines, adenine and guanine, were found to react more 
favorably. These data corroborated the well-known role of these 
nucleobases in the binding of a transition metal complex cisplatin which 
has been found to bind DNA almost exclusively to the N7 of these 
nucleobases [27,69]. Interestingly, the reaction (4) of A1 resulted more 
exergonic compared to A7, whereas the reaction (2) of A7 resulted to be 
the most favored. These data may reflect a higher preference for the 
adenine nucleobase disclosed by both diRu and diRh paddlewheel 
complexes and for the N7 and N1 pyridyl sites of this nucleobase, 
respectively. More precisely, the reaction of the diRu scaffold with the 
most amenable adenine site, i.e. A7, was more exergodic by about 2 
kcal/mol (Table 1) compared to G7; these data would translate in an A7: 
G7 binding ratio of about 29:1. On the other hand, in the reaction of the 
diRh with adenine and guanine nucleobases, although generally more 
exergonic, the free energy difference between A1 and G7 is only − 0.9 
kcal/mol (Table 1) that would translate in a lower A1:G7 binding ratio of 
about 4:1. The reactions (2) and (4) of the cytosine nucleobase, although 
exergonic in both cases, resulted to be always less exergonic by 2–4 
kcal/mol compared to the purine nucleobases – purine:pyrimidine 
binding ratio higher than 100:1 – hence, our calculations eventually 
corroborated that adenine and guanine are the most favorable nucleo
base binding sites to diRu and diRh paddlewheel complexes. 

The order of favorability of metalation of various nitrogens in the 
studied nucleobases can be also seen from the calculation of relative 
bond Gibbs free energies for the 4 metalated complexes [Ru2(μ- 
O2CCH3)4(H2O)NB]+, Ru2(μ-O2CCH3)4Cl(NB), [Ru2(μ-O2CCH3)4(HO) 
NB]+, and Rh2(μ-O2CCH3)4(H2O)(NB), formed via the substitution re
actions (1)–(4), respectively (Table S1, NB denotes a metalated nucle
obase). As expected, the relative bond free energy data paralleled the 
trends of substitution free energies, thus corroborating the conclusions 
based on Table 1. 

The higher favorability of processes (2) and (4) involving the purine 
nucleobases paves the way to targeting of biomolecules bearing not only 
single nucleobases, e.g. nucleotide cofactors such as adenosine 
triphosphate (ATP), guanosine monophosphate (GMP), nicotinamide 
adenine dinucleotide (NAD), etc., or unpaired nucleobases in single 
stranded RNA, but also paired nucleobases in double stranded DNA or 
RNA. To better elucidate the impact of nucleobase pairing on the reac
tion with diRu and diRh scaffolds, the thermodynamics of reactions (1)– 
(4) was investigated when the AT, AU and GC base pairs coordinate at 
the axial position of diRu and diRh scaffolds. 

On overall, calculations showed that the nucleobase pairs reacted 
less favorably compared to single nucleobases with paddlewheel com
plexes, as testified by the slight increase of the GFE values (Table 2). 
Although the lower affinity toward the bimetallic scaffolds was not 
uniform, G7 and A7 were confirmed to be the most favorable metalation 
sites on the nucleobase pairs. Moreover, the preference for the binding of 

the adenine nucleobase in the AU and AT over the GC pair was also 
confirmed. Again, the diRh paddlewheel scaffold disclosed a higher 
preference for the adenine nucleobase, the reaction of either AT or AU 
pair resulted to be more exergodic by at least 4 kcal/mol compared to 
the GC pair. Interestingly, calculations evidenced the highest exer
godicity for the reaction (2) of the diRu paddlewheel complex with AU 
(A7), and GFE value of 1.5 kcal/mol lower than the value for the reaction 
with the AT(A7) pair, which correspond to an AU(A7):AT(A7) binding 
ratio of about 12:1 and, more importantly, indicate a rare example of 
RNA selective metalation. 

The response of nucleobase pairs upon coordination at diRu or diRh 
bimetallic scaffolds was also investigated by the estimate of the base 
pairing interaction energy. Although quantitative estimates of the base 
pairing energies were not expected at the employed level of theory, we 
envision that a qualitative insight of the energy trends and comparisons 
was correctly gained. On overall, we found that the coordination of both 
diRu and diRh fragments induces a weakening of the corresponding base 
pairing interaction (Table 3). 

It is worth focusing on the trends of pairing interactions affecting the 
AU(A7), AT(A7) and GC(G7) systems that were found to most favorably 
coordinate the diRu and diRh scaffolds (data in bold, Table 3). The AT 
(A7) and AU(A7) pairing interactions are more sensibly weakened by the 
coordination of the diRu compared to the diRh scaffold, i.e. the base 
pairing interaction decreases by − 58 %, whereas the decrease in the GC 
(G7) complex is only − 11 %. On the other hand, the coordination of the 
diRh scaffold determined a more pronounced weakening of the GC(G7) 
base pairing, i.e. − 59 %, while the AU(A7) and AT(A7) pairs were 
affected by only − 30 and − 33 % (Table 3). The different response of the 
base pairing interaction to the binding of diRu and diRh paddlewheel 
scaffolds may be ascribed to a different modulation of the hydrogen 
bonds patterns involving the metalated nucleobase. Indeed, the AT and 
AU base pairs are held by two hydrogen bond interactions in which the 
adenine base plays the donor and the acceptor role by means of the 6- 
amino and N3 groups, respectively (Fig. 3). On the other hand, the 
guanine base in the GC pair forms three hydrogen bond interactions, two 
donor and one acceptor interactions, involving the 2-amino and NH 
groups (donor) and the 6-oxo group (acceptor) (Fig. 3). We envision that 
the binding of metal fragments on the N7 may cause the fading of both 
the hydrogen bond acceptor and donor attitudes in the nucleobase 
because of the electron withdrawing effect commonly ascribed to 
metallic fragments. Instead, the different responses of the adenine versus 

Table 1 
GFE values for the substitution reactions (1)–(4) in kcal/mol. The position of the 
nucleobase at which the metalation occurs is indicated (superscript).  

Nucleobase Substitution reaction 

(1) (2) (3) (4) 

A1 19.7 − 6.8 11.3 − 10.9 
A3 24.0 − 2.6 12.6 − 6.5 
A7 19.2 − 8.1 10.1 − 10.0 
C1 21.9 − 3.4 14.7 − 6.3 
G3 26.6 0.0 15.0 − 5.6 
G7 19.8 − 5.9 14.7 − 10.0 
Tb1 35.1 8.5 27.8 3.3 
Ub1 35.6 8.6 25.1 4.7  

Table 2 
GFE values for the substitution reactions with the nucleobase pairs.  

Nucleobase pair Substitution reaction 

(1) (2) (3) (4) 

AT(A3) 25.3 − 1.8 14.2 − 4.4 
AT(A7) 21.7 − 4.4 11.8 − 8.5 
AU(A3) 24.6 − 1.9 13.7 − 4.7 
AU(A7) 21.5 − 5.9 11.8 − 8.8 
GC(G3) 26.7 − 1.1 14.5 − 3.6 
GC(G7) 20.9 − 4.7 11.1 − 4.3  

Table 3 
GFE values for uncoupling non-metalated and metalated nucleobase pairs (in 
kcal/mol). The percentage loss of pairing interaction upon diRu or diRh coor
dination is also reported (in parentheses).  

Nucleobase pair Metalation process No metal 

(2) (4) 

AT(A3) 3.0 (− 30 %) 2.3 (− 47 %) 4.3 
AT(A7) 1.8 (− 58 %) 2.9 (− 33 %) 
AU(A3) 3.4 (− 15 %) 2.2 (− 45 %) 4.0 
AU(A7) 1.7 (− 58 %) 2.8 (− 30 %) 
GC(G3) 9.5 (− 2%) 7.6 (− 23 %) 9.7 
GC(G7) 8.6 (− 11 %) 4.0 (− 59 %)  
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guanine base pairs to metalation could rather be determined by the 
presence of non-covalent interactions between the paddlewheel moi
eties and the bound nucleobase. Indeed, the close spatial proximity of 
the 6-amino group of adenine and the μ-bridged carboxylate ligands may 
eventuate in the formation of a hydrogen bond. Beside evidently stabi
lizing the metal-nucleobase coordination, such a hydrogen bond is ex
pected to also tune the hydrogen bond acceptor attitude of the adenine 
6-amino group. Therefore, the formation of such a strong non-covalent 
interaction in either AU(A7) or AT(A7) complexes may modulate the 
reciprocal orientation of the paddlewheel scaffold toward the bound 
nucleobase. 

To better analyze these aspects, the optimized geometries of the diRu 
and diRh complexes (via processes (2) and (4), respectively) with either 
single or paired adenine and guanine scaffolds were inspected, and the 
relevant geometrical parameters were summarized in Table 4. As ex
pected, the hydrogen bond interaction between the 6-amino group and 
one μ-bridged carboxylate was retrieved in all diRh and diRu complexes 
of the adenine nucleobase, whereas no hydrogen bond was detected in 
the guanine complexes. The N–H⋯O(carboxylate) distances in the 
adenine complexes were found to be well below 2 Å, even though 
slightly lower values, testifying stronger interactions, were detected in 
the diRh complexes (Table 4). Therefore, the coordinating nucleobase 
was found to approach the diRu and diRh scaffolds with slightly 
different angular orientations: the coordinating adenine resulted more 
eclipsed than guanine, as shown by the lower O(OAc)-M-N7-C6 dihedral 
angles. Therefore, adenine is even more eclipsed upon coordination at 
the diRh scaffold probably because of a more effective orbital over
lapping between the two approaching moieties. These results are totally 
in line with above discussed GFE values for the processes (2) and (4), 
indicating stronger diRh-adenine interactions compared to diRu- 
adenine. To further corroborate this view, natural bonding orbital 
(NBO) analyses were carried out on the diRu and diRh complexes of the 
adenine nucleobase (Table 4). In particular, the second order pertur
bation NBO analysis of both diRh and diRu complexes showed a stronger 
orbital interaction between an occupied orbital (labelled LP in the NBO 
scheme) located on the carboxylate oxygen and an unoccupied orbital 
(labelled BD* in the NBO scheme) ascribed to the antibonding combi
nation between an sp2 orbital of the N and an s orbital on the H atom of 
the 6-amino group (Table 4). Importantly, such an analysis showed this 
orbital interaction to be in the 14.2–15.7 kcal/mol range for the diRh 

complexes, whereas it falls in the 9.0–10.5 kcal/mol range when the 
diRu complexes are concerned. Thus, the hydrogen bond between the 
paddlewheel scaffold and the coordinated adenine is at least 50 % 
stronger in the diRh compared to diRu complexes. 

In order to estimate the effect of binding of a diRu or diRh paddle
wheel complex to a nucleobase onto the facileness with which a bridging 
acetate may detach, we calculated the GFE energies for the cleavage of 
one acetate, without taking into account the relaxation of the structures, 
which follows the acetate detachment. Since there are four bridging 
acetates in each structure, each with a different detachment energy, only 
the lowest energy values are presented in Table 5. The coordination of a 
nucleobase at the axial position decreased the energy by 11.1–18.8 kcal/ 
mol for the acetate detachment in the structures [Ru2(μ-O2CCH3)4(H2O) 
(NB)] and [Ru2(μ-O2CCH3)4Cl(NB)] produced in the reactions (1) and 
(2), respectively. The greatest diminishing of energy occurred for the 
products of reaction (2), indeed, the coordination of nucleobases 
decreased the energy by 15.8–18.8 kcal/mol. On the other hand, the 
reaction (3) increased the detachment energy by 3.3 kcal/mol, whereas 

Fig. 3. Ball-and-sticks representation of the diRu complexes coordinated with 
AU(A7) (a) and GC(G7) nucleobase pairs (c) and diRh complexes of AU(A7) (b) 
and GC(G7) (d). Hydrogen bond interactions are depicted as black dashed lines. 
Color scheme: Rh (dark green), Ru (plum), Cl (light green), O (red), N (blue), C 
(grey), H (white). (For interpretation of the references to colour in this figure 
legend, the reader is referred to the Web version of this article.) 

Table 4 
Structural parameters for the metalated A, AT, AU, and GC (products of sub
stitution reactions 2 and 4) and energies of the hydrogen bonds. Distances in Å, 
dihedral angle in degrees, energy of the H-bonds in kcal/mol. Always the closest 
acetate is considered. N indicates the atom to which the metal complex is 
attached (N1 or N7).  

Complex Structural parameters Energy of H- 
bond 

Distance O(OAc)- 
H(NH2) 

dihedral O(OAc)- 
M-N-C6 

O(OAc)-H 
(NH2) 

[Ru2(μ-O2CCH3)4Cl 
(A1)] 

1.91 29.33 9.00 

[Rh2(μ-O2CCH3)4(H2O) 
(A1)] 

1.82 16.70 14.20 

[Ru2(μ-O2CCH3)4Cl 
(A7)] 

1.88 31.00 10.51 

[Rh2(μ-O2CCH3)4(H2O) 
(A7)] 

1.81 22.88 14.93 

[Ru2(μ-O2CCH3)4Cl 
(A7T)] 

1.88 33.34 9.89 

[Rh2(μ-O2CCH3)4(H2O) 
(A7T)] 

1.81 20.02 15.68 

[Ru2(μ-O2CCH3)4Cl 
(A7U)] 

1.89 34.20 9.84 

[Rh2(μ-O2CCH3)4(H2O) 
(A7U)] 

1.81 22.02 15.22 

[Ru2(μ-O2CCH3)4Cl 
(G7C)] 

n/a 44.28 n/a 

[Rh2(μ-O2CCH3)4(H2O) 
(G7C)] 

n/a 45.49 n/a  

Table 5 
GFE energy values for the dissociation of one acetate for the diRu and diRh 
paddlewheel complexes (last row) and paddlewheel complexes attached to 
nucleobases. Energies are calculated for the non-relaxed complexes. Values in 
kcal/mol.  

Nucleobase (NB) Structure, reaction 

Ru2(μ- 
O2CCH3)4 

[Ru2(μ- 
O2CCH3)4 

Ru2(μ- 
O2CCH3)4 

[Rh2(μ- 
O2CCH3)4 

(H2O) 
(NB)]+, (1) 

Cl(NB)], (2) (OH)(NB)], 
(3) 

(H2O) 
(NB)], (4) 

A7 101.0 95.5 89.9 85.1 
C1 98.8 93.4 88.9 83.7 
G7 98.0 93.6 89.4 83.8 
Tb1 101.1 96.4 90.7 85.6 
Ub1 100.2 95.1 91.1 85.0 

Ref. values for non- 
attached 
paddlewheel 

112.2 112.2 85.6 85.2  

I. Tolbatov et al.                                                                                                                                                                                                                                



Journal of Molecular Graphics and Modelling 131 (2024) 108806

6

the reaction (4) did not appreciably affect the bond the acetate coordi
nation strength. We can conclude that the coordination of a diRh com
plex to a nucleobase does not ease the subsequent cleavage of acetate, 
while the coordination of diRu complex in a substitution reaction (2), 
resulting in the presence of chloride and nucleobase in the axial posi
tions of the complex, substantially facilitates the detachment of acetate. 
The occurrence of this effect corroborates the concept of the diRu pad
dlewheel complex as a promising dual acting drug candidate or a drug 
with the targeted delivery. Indeed, the initial coordination at a nucleo
base weakens the diRu-acetate bonds, favoring the release of the acetate. 
If the acetate is substituted by an active pharmacophore, then its release 
will be targeted and will happen only after the attachment to a 
nucleobase. 

4. Conclusions 

To resume, the structural insight provided by our calculations evi
denced how diRu and diRh paddlewheel complexes can bind preferen
tially to the adenine nucleobase, either in the single or paired form, 
through the formation of a hydrogen bond between the 6-amino group 
of the nucleobase and one equatorial carboxylate ligand, in full agree
ment with the available experimental data [70]. Moreover, we showed 
how the diRh compared to diRu is able to coordinate at the pyridyl ni
trogen sites of nucleobases more tightly, thus resulting to be probably 
more cytotoxic. On the other hand, the diRu scaffold was found to be 
bound less and, curiously, more selectively to nucleobase targets. 
Interestingly, we appreciated how diRu may coordinate more tightly the 
AU compared to the AT nucleobase pair, thus being a rare example of 
RNA-selectivity. Based on our study, we can tentatively depict the diRh 
compared to the diRu scaffold as more potent and less selective in the 
binding of nucleobases, being the N7 of adenine the preferential coor
dinative site. 
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