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Introduction

Detailed mechanism of a DNA/RNA nucleobase
substituting bridging ligand in diruthenium(i,in)
and dirhodium(i,n) tetraacetato paddlewheel
complexes: protonation of the leaving acetate is
crucial

logann Tolbatov, 2 #¢ Tiziano Marzo, {2 ® Paolo Umari, {2 @ Diego La Mendola® and

Alessandro Marrone (12 *©

Paddlewheel complexes of bimetallic scaffolds are emerging metallic agents in the bioinorganic chemistry
landscape. In the most commonly employed construct, these complexes are decorated by the carboxy-
late moiety, prompting their possible deployment to target either protein or nucleic acid targets. In this
study, density functional investigation was performed to assess viable mechanistic routes for the substi-
tution of one acetate ligand with one chelating purine, i.e. adenine or guanine, in diruthenium and dirho-
dium tetraacetate paddlewheel complexes. This study evidenced the relevant stages of the process at an
atomistic scale of resolution and provided for the encompassed rate-determining chemical events.
Therefore, calculations indicated that acetate decomplexation as well as the concomitant nucleobase
bridging proceeded gradually via a multistep process that included protonation of the leaving acetate. The
present picture of the mechanism is envisioned to be relevant to the design and interpretation of experi-
ments focused on the reaction of diruthenium and/or dirhodium tetracarboxylate complexes with
nucleobases and eventuating in the formation of either nucleobase bridged-complexes or in the disman-
tling of the bimetallic construct.

(G), and thymine (T) in DNA or its demethylated equivalent
uracil (U) in RNA. By studying the coding sequences of nucleo-

The genetic guidelines for the crucial mechanisms in all life
forms and viruses are held by deoxyribonucleic (DNA) and
ribonucleic (RNA) molecules. The cellular nucleus of eukar-
yotes contains DNA biopolymers with the instructions relevant
on how the organism should correctly operate, develop, and
replicate.” The intricate network of metabolic directives within
the cell is functionally held by RNAs, which not only serve as
the prototypes for proteins,” but are also capable of executing
specialized biological tasks, e.g. non-coding RNA.? The infor-
mation both in DNA and RNA is stored in the form of ordered
nucleobases, which include adenine (A), cytosine (C), guanine
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bases via either high-resolution experimental methods or via
computational approaches, it is possible to comprehend their
functionalities.* The recent successes in the clustered regularly
interspaced short palindromic repeats (CRISPR) methodology
permit the modification of the genetic data, thus allowing the
control of transcription, the alternation of epigenomes, and
the conduction of genome-wide screens.” Such a CRISPR-
enabled genome editing produced tangible successes in tar-
geted cancer and antimicrobial therapies, crop and livestock
breeding, and regulating the disease-carrying insect
proliferation.®™®

Formulation and development of therapeutic agents which
hamper the proper operation of DNA and RNA funnel into a
promising research direction, which affects the cellular metab-
olism and results in apoptosis.”" Conversely, DNA and RNA
could be undesired targets of drugs developed for other bio-
molecular targets, thus causing toxic side effects.'>"*

The therapeutic agents targeting DNA are numerous;
while there are only very few drugs that specifically target
RNA,''® the development of such drugs has given rise to a
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novel trend in the field of medicinal chemistry since RNA plays
the crucial role in cellular and viral metabolism.'®*°
Development of drugs that selectively attack DNA or RNA is a
challenging task; the composition and folding of their back-
bones are markedly different; both nucleic compounds bear
essentially the same nucleobases, with the only exception of
uracil and thymine found only in RNA and DNA, respectively.
As said, the secondary and tertiary structures are very dis-
tinguishable with the very flexible RNA and the more rigidly
composed DNA. Another possible route to design drugs that
distinguish between these two biopolymers is the implemen-
tation of differing activation characteristics. Indeed, it is sup-
posed that the drugs, activated in the nucleus, more favorably
target DNA, whereas those activated in the cytoplasm attack
RNA.ZLZZ

The process for the development of drugs selectively target-
ing DNA or RNA includes the exploitation of the chemistry of
nucleobases, the geometries of the whole molecules (steric
and electrostatics effects of the secondary and tertiary struc-
tures), as well as the fine control of the chemical conditions in
which the drug is activated.>*** The drug that coordinates a
nucleobase in vivo alters its chemical characteristics, thus
hampering the correct functioning of the whole DNA/RNA
chain.?® Another approach is the preliminary preparation of a
nucleobase with an attached drug in vitro and its subsequent
dispense into the cell. Thereupon, the drug-linked nucleobase
occurs to be incorporated into the DNA/RNA chain, impeding
its correct activity.”® This strategy, based on mimicking the
nucleosides, showcased multiple successes.>”°

Some inorganic drugs are prominent examples of drugs
specifically capable of coordinating nucleobases.’’*> For
instance, cisplatin, the leading platinum-based anticancer
drug with the formula [Pt(NH;),Cl,], has been the first FDA
approved anticancer metallodrug. Upon the activation that
occurs in the cell by the release of chloride ligands, the
prodrug converts into the corresponding active pharmaco-
phore that, in turn, mainly binds at the N” position of guanine
residues.®** The latter event induces DNA distortions and
alterations eventually leading to apoptosis. Many other tran-
sition metals are employed in metallodrugs, ruthenium being
one of the most ubiquitous metal centers in use. Indeed,
ruthenium-based metallodrugs NAMI-A and KP1019 reached
the advanced phases of pharmacological testing.*®

Among the most interesting and intensely studied types of
metallodrugs are the paddlewheel complexes based on the dir-
uthenium(u,u) and dirhodium(i,u) cores with a crown of the
bridging acetate ligands. These complexes have a general
formula [M,(O,CR),]L, (M = Rh, Ru; R = CH;~, CH;CH, ™, etc.,
L = solvent molecule or anionic ligand). In the case of the Ru,
core, three uncoupled electrons on antibonding metal-metal
bonds provide the mixed valence character(u,u) to the complex
and +2.5 charge on each metal center.’’*® Encouraging results
on the possible employment of Ru, paddlewheel complexes in
the targeting of RNA structures have been reported by Herrero
et al.*® In contrast, the Rh, core features a metal-metal bond
of the first order, thus yielding the valence(u,u). This disparity
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is in the origin of the different selectivity of both paddlewheel
complexes. The Rh, construct has been found to effectively
bind at the B-DNA structure via the coordination of one
adenine nucleobase at the axial position of the paddlewheel
scaffold.*® For the Ru complex with bridging acetates of the
formula [Ru,(p-O,CCHj;3),Cl], a high selectivity toward the side
chains of the protein residue aspartate has been reported,*!
whereas its Rh-based equivalent shows a lower selectivity and
binds to Asn, Asp, His, Lys, and the C-terminal.*>™**

Depending on the ligand composition, both Ru, and Rh,
paddlewheel complexes with an ascertained cytotoxicity were
reported.”>™*® The Rh complex was found to be effective against
several cancers, such as Ehrlich-Lettre ascites carcinoma,*®™>!
L1210 tumors,>* and P388 leukemia.’®* The most promising
feature of the paddlewheel complexes relies on the chance to
couple the medicinal properties of the dimetallic core together
with the biological effects of the bound carboxylate-bearing
ligands. Provided the latter are pharmacologically active enti-
ties, it is potentially possible to effectuate the simultaneous
delivery of up to four equivalents of them. There have been
multiple studies in which various active medicinal substances
were tested as the bridging ligands, for instance, fatty acids or
dipeptides.®® Nevertheless, the most auspicious results were
produced with various non-steroidal anti-inflammatory drugs
(NSAIDs), such as aspirin, ibuprofen, indomethacin, ketopro-
fen, and naproxen. Their integration allowed an advantageous
combination of anti-inflammatory and cytotoxic properties.*®>*

In a recent study,>® the thermodynamics of the first step of
the coordination at the DNA and RNA nucleobases of the
prototypical Ru- and Rh-based paddlewheel complexes [Ru,(p-
0,CCH3)4(H,0)Cl], [Ru,(p-O,CCH;),(OH)Cl], and [Rhy(p-
0,CCH3;)4(H,0),] was investigated. It was found that the Rh,
complexes tend to react more effectively with the nucleobases
compared to the Ru, complexes and that both bimetallic cores
bind preferentially to purines, i.e. adenine and guanine.>® The
computational analysis of the metal-acetate bonds witnessed
their substantial weakening upon binding with a nucleobase
at the axial position, and it was noted that this bond debilita-
tion should favor the downstream dechelation of the bridging
ligands. It is a very promising effect for the medicinal use of
these complexes since the drugs replacing the bridging
ligands should thus be released.

The present study focuses on a detailed mechanistic descrip-
tion of the process in which the purine nucleobase coordinates
to the paddlewheel complexes [Ru,(p-O,CCH;)4(H,O0)Cl] and
[Rh,(1-0,CCH3)4(H,0),]. The process starts with the n'-coordi-
nation of the nucleobase N” at the axial position of the complex,
by replacing one axial ligand, and eventuates into the substi-
tution of one acetate ligand and the concomitant formation of a
nucleobase-bridged complex. The studied reaction route consists
of several steps which we described quantitatively as well as all
the existing barriers, some of which were found to be rate-deter-
mining. Our investigation showed that the acetate decomplexa-
tion and nucleobase chelation are not simultaneous under the
physiological conditions, but rather progress gradually and, more
importantly, proceed via the protonation of the leaving acetate.
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Computational details

The Gaussian 16 was employed for all DFT calculations.’® DFT
allows for the accurate description of reactions of transition
metal complexes,”’° including Ru and Rh.°°®> All the
optimizations were performed with the hybrid range-corrected
functional ®B97X-D®® and the def2SVP basis set.®*®® Indeed,
this functional is expressed by the sum of the ®B97X func-
tional and the empirical term D that enhances the estimate of
non-covalent interactions. The wB97X-D has been indicated
among the high performing functionals in the prediction of
the CCSD geometry and the interaction energy in molecular
dimers® and showed overall good predictive performances in
combination with the def2SVP basis set, as previously ascer-
tained by us in the study of bioinorganic systems.®”®® That is
why we regard the ®B97X-D/def2SVP methodology as adequate
for the energy calculation focused on the disentanglement of
the interactions of the studied metal scaffolds with the nucleo-
bases. We performed frequency computations to verify the
correct topology of the localized minimum and the transition
state geometries. Also, these computations produced the
Gibbs free energies (GFE) for each structure, the zero-point
energies (ZPE) and vibrational corrections to the thermo-
dynamic properties by means of the application of harmonic
approximation. We used the Polarizable Continuum Model
using the integral equation formalism variant (IEFPCM) tech-
nique® to characterize the solvation free energy in water, as
this approach yields accurate free energies both for neutral
and charged complexes.”® Therefore, COSMO or PCM methods
being endowed by very similar predictive and numerical per-
formances when small to medium sized molecular systems are
concerned,”® we opted for the IEFPCM method which is
merely the PCM methodology in the g16 default set-up.

The Gibbs free energy for the step III, i.e. the protonation of
the partially decomplexed acetate, was computed by assuming
the molar Gibbs free energy of the H'(aq) ion (298.15 K and
1.0 atm) of —265.9 kcal mol™" reported by Kelly et al.”' The
free energy correction of 1.98 kcal mol™" was applied to each
species to account for the different standard states in gas
(unitary partial pressure) and in water (unitary molar concen-
tration); it is worth noting that this correction cancels off in all
but steps I and III, in which two moles of reactants yield one
mole of product, i.e. the standard state correction is —1.98 kcal
mol ™" in both cases.

The Natural Bond Orbital (NBO) analysis,”* performed in
water at the level ®B97X-D/def2SVP, allowed the assessment of
the strength of the hydrogen bond interactions in either
free or metalated nucleobase pairs. In particular, the second
order perturbation analysis (SOP)”® was used to estimate the
energy gap in the donor-to-acceptor orbital interaction
between the lone pair orbital on either N or O atoms and the
virtual o* orbital of either N-H or O-H bonds, thus providing
for semi-quantitative estimation of the hydrogen bond
strengths. All NBO calculations were performed by using the
nbo (version 3) called and executed in the g16 script (i.e. popu-
lation = nbo).
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Results and discussion

Chelation is the most energetically effective coordination
process and eventuates in the formation of generally highly
stable metal complexes. The tetracarboxylate paddlewheel
complexes of Ru, and Rh, are indeed highly stable, being basi-
cally structured by four O,0’-p-coordinated equatorial ligands
that confer a particularly high thermodynamic stability and
low reactivity.”®”* On the other hand, the extraordinarily high
chemical complexity of biological media may expose these
complexes to the reaction with more effective chelating agents
compared to acetate which are thus expected to dismantle
their highly stable paddlewheel structure. Metal-coordinating
residues settled on the surface of protein structures may give
rise to outperforming chelating agents (Fig. 1). On the other
hand, other biological scaffolds, i.e. either DNA or RNA nucleo-
bases, may act as bidentate chelating ligands; for example,
adenine and guanine may be considered as 1,4-chelating
ligands via the involvement of the N” and either N°® or O°
donor atoms, respectively (Fig. 1). In fact, by taking into
account all tautomer forms, as well as deprotonation of either
amino or six-membered NH groups, further 1,3 chelating sites
can be retraced on both adenine and guanine scaffolds
(Fig. 1). On the other hand, we think that the 1,3 chelating
sites might be assumed as accessory or secondary if compared
with the chelation involving the N” position. Indeed, this
pyridyl site has been recognized as the primary target of metal
binding on the DNA because of its majorly exposed location
into the duplex major groove.”®

Therefore, to better resemble the chemical environment of
the A and G scaffolds encountered in biological systems, the
N° position was methylated, thus hampering any involvement
of this site in the metal coordination. These considerations
have prompted us to consider the purine nucleobases as viable
ligands of the Ru, and Rh, paddlewheel complexes, capable to
replace one of the p-carboxylate moieties via either N’,N° or
N’,0%-p-coordination.

We have recently shown that the coordination of purine
nucleobase scaffolds on vacant axial coordination sites is not
only a viable process, but it was also shown to be thermo-
dynamically more favorable compared to the reaction of pyrimi-
dines, and that the coordinating role of the N” position is pro-
minent.”>® In the present study, the reaction of purine nucleo-
bases with either CIRu,Ac,, 1a, or (H,O)Rh,Ac,, 1b (Ac =
CH3COO7), i.e. the metal scaffolds with one vacant axial site
obtained from  [Ru,(p-O,CCH3),(H,0)Cl] and [Rhy(p-
0,CCH3;)4(H,0),], respectively, was investigated more compre-
hensively to assess both thermodynamics and kinetics of the
adenine or guanine chelation at these bimetallic moieties. The
coordination of water molecules at both axial positions is
reputed to be the most probable initial configuration of the bi-
metallic complex. In this case, we chose to investigate the early
coordination of the purine nucleobase on each paddlewheel
complex in its native form, i.e. before hydrolysis or other ligand
exchange processes are completed; hence, the second axial
position was assumed to bear a chloro or an aquo ligand in the
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Fig. 1 Exemplificative rendition of a chelating site formed on a protein surface: an a-helix fragment is shown with spatially proximal aspartate and
arginine sidechains forming an O,N-bicoordinate construct (left). Ball and stick representation of guanine (top, right) and adenine (bottom, right)
highlighting the N7, O°® and N’, N, respectively, chelating character of these two purines. The 1,3 coordinating sites, accessible when either tauto-
merization or deprotonation has occurred, are also rendered by dashed arrows.

Ru, or Rh, complex, respectively. We assumed that the ligand
on the second metal center would affect only marginally the
calculated energy profiles. Furthermore, our choice allowed us
to compare the reactivity of bimetallic Ru and Rh species
bearing the same formal charge, thus enhancing the compari-
son of the calculated energy profiles. The above mentioned pro-
cesses were investigated by means of density functional theory
and by the use of pseudomolecular models; a general scheme
of the overall processes is provided (Scheme 1). To model the
early coordination of purines on the Ru, and Rh, complexes,
we relied on both chemical intuition/knowledge and compu-
tational outcomes. The initial axial coordination of the N’
nucleobase was reputed as the most probable, and it was inves-
tigated by gradually approaching the nucleobase toward the
metal center (and several orientations were explored). At this
stage, we trusted the geometry optimization to show up the
most stable coordination for the nucleobase. In all our

o Vol
H
x—|\|/|—|\|/| + N Y—2>x_|\|/|—|\|/| + 0_,0
O (6] N Y

6a Y = N° (adenine)
6a’ Y =0° (guanine)

6b Y = N°® (adenine)
1b M=Rh, X=H,0 ———<Z
’ 2 6b’ Y = O (guanine)

1@ M=Ru, X=Cl ——<

Scheme 1 Studied substitution reactions.
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attempts, the coordination of the N” in the calculated minima
was always obtained. Hence, we report that the experimental
evidence of axial nucleobase chelation in X-ray structures does
not necessary deny or conflict with our computational
outcome. Indeed, the lack of water solvation and the influence
of packing forces may explain the higher stability of nucleobase
chelates detected in the X-ray structures. On the other hand,
when the aqueous environment is concerned, the mono-N’
coordination of the purine allowed the favorable interactions of
the other heteroatomic functional groups with the solvent, thus
stabilizing the monodentate coordination. Both adenine and
guanine bear a pyridyl nitrogen atom, N’, available to coordi-
nate the vacant axial site and initiate the chelation process,
thus, we hypothesized that the axial coordination of the N”
corresponds to the first step of the process (Scheme 2). As pre-
viously reported,> the nucleobase coordination on the axial
position of the Ru, or Rh, scaffold causes a weakening of the
paddlewheel structure; hence, this chemical event can reason-
ably anticipate the upcoming acetate substitution. Despite this
destabilizing effect, the axial coordination of the nucleobase
cannot appreciably affect the “chelating effect” still operating
on the metal-carboxylate coordination. For this reason, we
hypothesized that the decomplexation of one acetate occurs
gradually in a multistep pathway. The second step was thus
sketched to operate the partial decomplexation of one acetate
oxygen concertedly to the axial-to-equatorial position shift of
the nucleobase (Scheme 2). The viability of our mechanistic
hypothesis was assessed by the calculation of the kinetics and
thermodynamics of the two earlier steps of the process, ie.
nucleobase coordination and partial acetate decomplexation
(Scheme 3). As expected, the approach of either adenine or
guanine at the vacant axial site of either 1a or 1b was always
kinetically and thermodynamically highly favorable (Scheme 3).

Dalton Trans., 2025, 54, 662-673 | 665
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Scheme 2 Rendition of the five-step mechanistic hypothesis investi-
gated in the present theoretical study.

On the other hand, the axial-to-equatorial flip of the nucleo-
base ligand, accompanying the partial decomplexation of one
acetate, was found to be less favorable with an endergodicity of
7.8-13.7 kcal mol™" and the activation free energy in the range
of 18.8-27.3 kcal mol™" (Scheme 3) and, more importantly, evi-
dencing a mechanistic differentiation between Ru, and Rh,
scaffolds. Indeed, while the activation free energies for the for-
mation of the adenine and guanine complexes of the Ru,
scaffold 3a and 3a’ of 19 and 23 kcal mol™", respectively, are
consistent with a viable process, a barrier of almost 27 kcal
mol ™, calculated for the formation of 3b and 3b’, is consistent
with kinetically hampered processes. Some technical consider-
ations on these data must be expounded. The activation free
energies for the axial-to-equatorial flip of the nucleobases were
calculated as the difference between the free energy of the
corresponding transition state, TS2, and the free energy of
species 2; this means that the higher the stability of species 2
is, the higher the activation free energy is for the formation of
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species 3. However, the stages of the reaction process, obtained
as minimum energy structures by DFT calculations, are repre-
sentative of the transformation of the chemical system at 0 K,
whereas, at higher temperature, higher energy structures are
sampled. Based on this consideration, we envisioned that the
overall activation free energy for the combination of step I and
II could be better estimated with the free energy of TS2, which,
conversely, evidences how the formation of 3a, 3a’, 3b, and 3b’
is kinetically viable (Scheme 3). The species 3 were character-
ized by a partially decomplexated acetate ligand and two poss-
ible mechanistic continuations of the process: on one hand,
the monocoordinated nucleobase on species 3 may coordinate
at the second metal center upon the release of the acetate
ligand; on the other hand, the dangling and solvent-exposed
acetate oxygen may be protonated by the bulk, ie. hydrolysis,
and the formed carboxylic ligand may be replaced by a nucleo-
base in a subsequent step. Both mechanistic alternatives were
investigated, and the corresponding results are shown in
Scheme 3. The direct replacement of the dangling acetate to
afford the nucleobase-bridged complex was found to be
affected by a huge activation free energy, thus making it sub-
stantially unviable (Scheme 3). On the other hand, the protona-
tion of the partially decomplexated acetate in species 3 yielded
an unexpected outcome: the carboxylic ligand, formed in
species 4, is first released in the bulk, and the nucleobase che-
lation is accomplished subsequently. The carboxylic ligand
release yielding species 5, i.e. the complexes with the tricarbox-
ylate bimetallic moiety monocoordinated by the nucleobase,
was found to be rate-determining and affected by an activation
free energy barrier of 15-20 kcal mol ™, while the further step
leading to the final species 6 was very fast and highly exergonic
(Scheme 3).

The comparison of the calculated free energy profiles spot-
lighted several interesting differences in the reactivity of Ru,
and Rh, tetraacetato with adenine and guanine.

The rate-determining step for the reaction of the Rh,
scaffold with nucleobases was represented by the axial-to-
equatorial flip of the monocoordinated nucleobase (step II),
whereas the downstream steps, III-V, are all kinetically and
thermodynamically much favorable. On the other hand, the
step 1V, i.e. the release of the carboxylic ligand, was found to
be rate-determining in the reaction of Ru, with nucleobases.
We envision that the presence in the reaction medium of a
high concentration of nucleobase might be more effective to
prompt the reaction of Rh, compared to the Ru, complex,
which would increase the concentration of species 2. On the
other hand, the low pH condition should majorly prompt the
nucleobase chelation of Ru, compared to Rh, complexes due
to an enhanced formation of species 4. Although the pre-
sented computational results and their interpretation are
still limited to the stage of speculation, we hope they pro-
vided new stimuli and addresses to the investigation of the
binding of purine nucleobase at bimetallic paddlewheel
complexes.

Transition states TS2 describe the breaking of the M-O(Ac)
bond with a concomitant axial — equatorial shift of the co-

This journal is © The Royal Society of Chemistry 2025
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Scheme 3 Calculated free energy profiles for the substitution of one acetate ligand by either adenine or guanine in Ru, and Rh, tetraacetato pad-
dlewheel complexes. The mechanism hypotheses for the release of the acetate anion, i.e. with no protonation step, are rendered by dashed lines.

ordinated nucleobase (Fig. 2). The M-M-N angle, where N is
the nitrogen of the nucleobase, is around 45° in all instances.
The M-N bond ranges from 2.15 to 2.30 A, whereas the M-O
(Ac) breaking bond is within the range 2.59-2.85 A, i.e. corres-
ponding to the 125-138% of the non-elongated bond which is
around 2.05 A. TS2 is rate-determining in the case of the Rh,
scaffold.

Transition states TS3 describe the complete detachment of
acetate with a concomitant formation of the second bond
between the nucleobase and the second metal center, i.e. the
formation of the nucleobase-bridged complex (Fig. 3). These
states are described by the geometry where there already exists
a coordination of the nucleobase at one of the metal centers
(via M-N bonds of 2.06-2.10 A). The protonated acetate moves
out, being substituted by the adenine’s N°® or guanine’s O°
atom. The transition state is characterized by the presence of
multiple hydrogen bonds in each case. In the instance of the
Ru, scaffold, the leaving acetic acid interacts with chloride via
only one hydrogen bond (2.32-2.42 A). Moreover, the detach-
ment of acetate from the adenine-bound complex is facilitated
by a strong hydrogen bond with a length of 2.00 A (Fig. 3). In
the case of the Rh, scaffold, the breaking of the M-O(Ac) bond
is eased by the presence of the water molecule in the axial
position, which forms a H-bond with the O of acetate (around
1.90-2.00 A). On the other hand, this release is further facili-
tated by the formation of a hydrogen bond between an oxygen
of one of the remaining bridging acetates with the hydrogen of
protonated acetate (1.72-1.83 A). The presence of these two

This journal is © The Royal Society of Chemistry 2025

hydrogen bonds in the case of the Rh, scaffold was envisioned
to stabilize appreciably the TS3, thus resulting in the axial —
equatorial shift of the coordinated nucleobase as the only rate-
determining step. In contrast, in the case of the Ru, scaffold,
there is only one hydrogen bond that forms between the
leaving (protonated) acetate and chloride.

The calculated GFE profiles provided not only a clear energy
picture of the purine nucleobase chelation at either Ru, or Rh,
paddlewheel scaffolds, but also allowed us to analyze in detail
the structural features of the relevant transition states. The
atomic charges calculated via the natural bond orbitals (NBO)
analysis on both TS2 and TS3 structures confirmed that proto-
nation is determinant to induce the release of one acetate
ligand. Indeed, the axial-to-equatorial flip of the nucleobase
yields the n'-coordination of one acetate with the exposure of
the dangling oxygen atom to the aqueous bulk, acquisition of
a partial negative charge (Fig. 2), and propensity to hydrolyze.
On the other hand, the NBO atomic charges calculated on TS3
structures showed that the leaving carboxylic moiety is fea-
tured by a small positive charge (Fig. 3), conferring this group
a slightly higher acidity compared to the free acetic acid. On
the other hand, the purine nucleobase moieties retrieved in
the TS3 structures were also found to acquire a positive charge
(Fig. 3). This evidence anticipates that the leaving carboxylic
ligand may disclose a hydrogen bond donor character, with
the OH group being able to form strong hydrogen bond inter-
actions. Indeed, we noted that the hydrogen bond interactions
play a crucial role in the stabilization of the structures TS3. In

Dalton Trans., 2025, 54, 662-673 | 667
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Fig. 2 Ball-and-stick representation of the transition states TS2. Forming/breaking bonds are indicated with black dashed lines. All the bond lengths
are in A. Color scheme: Rh (dark green), Ru (plum), Cl (light green), O (red), N (blue), C (grey), H (white). The blue, orange, and green boundaries
render the purine, leaving acetate, and metal fragment basins, respectively. The NBO charge (in electron units) of each basin is also reported.

order to estimate the strength of the hydrogen bonds in these
structures, we performed the second order perturbation ana-
lysis (SOP) in the framework of NBO calculations (Table 1). In
the structure TS3a, two hydrogen bond interactions were
detected, involving (i) the adenine N°-H bond with metal-
bound oxygen of the leaving carboxylic ligand, and (ii) the car-
boxylic bond of the leaving acetate and chloride ligand. SOP
analysis quantified the strength of the tiled two interactions
with 7.5 and 11.8 kcal mol™, respectively. Since these inter-
actions are accentuated by the decomplexation of the car-
boxylic moiety, i.e. the carbonyl part becoming more basic and
carboxyl more acidic, they are expected to stabilize the TS3a
species, thus favoring the carboxylic release process.

Interestingly, the same effect was not detected in TS3a’, in
which there is only a very weak H-bond interaction between
the leaving carboxylic ligand and one p-coordinated acetate
with the value of 6.8 kcal mol~". We presume that the reason
is that the geometry in which the OH bond is not well directed
toward the oxygen of bridging acetate, and the interatomic dis-
tance of 2.0 A turns out to be poorly effective. Moreover, NBO
detected no significant interaction (<1 kcal mol™") between the
axial Cl and leaving carboxylic group in this species.

668 | Dalton Trans., 2025, 54, 662-673

The H-bonding in the TS3b species resembles slightly the
case of TS3a. Indeed, there is present a weak interaction
between the NH, group of adenine (1.7 kcal mol™") and the
other two interactions: between the leaving and bridging acet-
ates (14.9 kcal mol™") and between water and leaving acetate
(4.0 keal mol™). These data demonstrate that the contribution
which substantially stabilizes this structure is the hydrogen
bond between leaving and bridging acetates.

In the case of the structure TS3b', we have a strong H-bond
(22.2 kcal mol™") between the leaving and bridging carboxylic
groups. Moreover, there is also present a weak (8.5 kcal mol™")
interaction between the axial water ligand OH bond and the
leaving acetate oxygen. Both interactions are expected to stabil-
ize the TS3b’ species and intensify along the reaction coordi-
nate (when the carboxylic group is completely detached from
the metal fragment).

The SOP analysis provided the important picture in which
the trend in the strengths of hydrogen bonds fairly correlates
with the order of barrier heights for TS3. Indeed, the summed
strengths of all present H-bonds are 19.3, 6.8, 20.6, and 30.7
for TS3a, TS3a’, TS3b, and TS3b', respectively, whereas the
height of these barriers are 20.3, 19.1, 18.7, and 15.9 kcal

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 Ball-and-stick representation of the transition states TS3. Forming/breaking bonds and hydrogen bonds are indicated with black dashed
square-dot lines and round-dot lines, respectively. All the bond lengths are in A. Color scheme: Rh (dark green), Ru (plum), Cl (light green), O (red),
N (blue), C (grey), H (white). The blue, orange, and green boundaries render the purine, leaving acetic acid, and metal fragment basins, respectively.
The NBO charge (in electron units) of each basin is also reported.

Table 1 Transition state TS3: H-bond lengths and angles compared to the corresponding E? values that estimate the H-bond strength via second
order perturbation analysis (SOP) provided by NBO calculations. The leaving carboxylic ligand is reported in curly brackets, p-coordinated acetate is
reported in square brackets

Structure H-bond Length, A Angle, © E?, keal mol™

TS3a Adenine—N6H2~~~{O:C(OH)CH3} 2.00 142.2 7.5
{CH,C(=0)-OH}---Cl 2.32 168.4 11.8

TS3a’ {CH,C(=0)-OH}[0-C(=0)CH,] 2.00 140.3 6.8

TS3b Adenine-N°H,+-[0-C(=0)CH,] 2.19 161.9 17
{CH,C(=0)-OH}-[0-C(=0)CH,] 1.83 157.2 14.9
OH,--{0=C(OH)CH,} 1.96 139.1 4.0

TS3b' {CH,C(=0)-OH}[0-C(=0)CH,] 1.72 162.9 222
OH,--{0=C(OH)CH,} 1.89 143.3 8.5

mol ™", the TS3a’ data representing the only outlier within the ie. the axial-to-equatorial shift of the nucleobase and release of

tiled correlation. the carboxylic ligand, respectively. The analysis of the charge dis-
The analysis of NBO charges is consistent with the charge dis- tribution displayed almost no significant differences when either

tributions expected for the processes intercepting TS2 and TS3, A/G nucleobases or Ru/Rh scaffolds are compared (Fig. 2 and 3).

This journal is © The Royal Society of Chemistry 2025 Dalton Trans., 2025, 54, 662-673 | 669
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Scheme 4 The general mechanistic scheme for the reaction of adenine or guanine with either Ru, or Rh, tetraacetato paddlewheel complexes is
rendered. The atoms involved in the metal coordination and decomplexation are colored blue and red, respectively.

Conclusions

Diruthenium and dirhodium paddlewheel complexes are
metal complexes with great medical potential due to the ease
with which their novel derivative complexes may be syn-
thesized by varying the composition of the bridging ligands.
Indeed, these complexes have been demonstrated as optimal
for the design of dual acting prodrugs via integration of
various pharmaceutically-active bidentate ligands, such as
NSAIDs.*®>* Additionally, these structures may easily load up
to four releasable, medicinally active ligands whose properties
could be enhanced owing to the synergistic combination with
the metal properties.*®

In the present computational study, we investigated the
possible mechanisms for the substitution of one bridging
acetate with one chelating purine, i.e. adenine or guanine, in
both diruthenium and dirhodium tetraacetato paddlewheel
complexes and identified several stages in which the acetate
decomplexation and the nucleobase chelation concomitantly
took place (Scheme 4).

The involvement in the metal binding of the heteroatomic
group on the position 6 of the purine nucleobase, expected to
be not accessible due to the Watson-Crick base pairing, must

670 | Dalton Trans., 2025, 54, 662-673

be better circumstantiated. The first consideration concerns
the presence of the A and G scaffolds not only in polynucleo-
tides, but also in soluble cellular cofactors such as NADH, ATP,
and GMP, in which all heteroatomic functional groups (with
the exception of N°) can be assumed available to the metal
coordination. Therefore, even in the polynucleotide structures,
the hydrogen bond complementarity may interrupt in certain
conditions, for instance, during the biochemical processes
inducing a partial detachment of the complementary mono-
strands (duplication, transcription) and exposure of the
involved nucleobases. Another consideration may be drawn
concerning the possible employment of the reaction between
paddlewheel complexes and nucleobases. Indeed, we think
that, alternatively to the use of paddlewheel complexes as
metallodrugs targeting the purine scaffolds in the cell, pre-
formed bimetallic complexes with nucleobases (or modified
nucleobase scaffolds) could be prepared and tested as pro-
drugs (or dual acting metallodrugs when biologically-active
modified nucleobases are concerned). The first important con-
clusion that we made was that the protonation of the leaving
acetate is crucial since it lowers the barrier for the acetate
release by >20 kcal mol™", making this step accessible under
physiological conditions.

This journal is © The Royal Society of Chemistry 2025
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Another important observation is that the two paddlewheel
complexes exhibit differences in their reaction profiles. While
the rate-determining step for the reaction of the Rh, scaffold
with nucleobases is the axial-to-equatorial flip of the mono-
coordinated nucleobase, the rate-determining step in the case
of the Ru, scaffold is the release of the carboxylic ligand. We
conclude that the substitution of the bridging acetate by the
nucleobase can be effectively prompted at a high concen-
tration of nucleobase in the case of the dirhodium paddle-
wheel complex, while a low pH should facilitate the nucleo-
base chelation of diruthenium compared to dirhodium
complexes.

The overall insight into the energy landscape where the
reaction of purines with Ru, and Rh, paddlewheel complexes
takes place, provided by the calculated reaction free energy
profiles (Scheme 3), inferred the feasibility of the examined
processes. Indeed, calculations showed that the bridging
coordination of either A or G on the Rh, paddlewheel scaffold
is endowed by the highest exergodicity, i.e. an essentially right-
shifted process. On the other hand, the coordination of A and
G on the Ru, paddlewheel complex is much less exergonic,
consistent with an equilibrium. Thus, while Rh, complexes are
expected to be the most effective in the targeting of purine
scaffolds in the cell or in other biological contexts, the Ru,
scaffold might be taken into account to prepare
ClRu,(acetate);( purine) paddlewheel complexes in which
acetate and purine are endowed by a similar lability. We envi-
sion that dual acting metallodrugs based on the paddlewheel
paradigm could then be designed by incorporating a modified
purine featured by an intrinsic biological or therapeutic
activity.

This study sheds light upon the reactivity of diruthenium
and/or dirhodium tetracarboxylate complexes with nucleo-
bases and the correlation between the chelation of nucleo-
bases and the destabilization of these bimetallic constructs.
We anticipate that these computational outcomes will support
and induct the forthcoming experimental and theoretical
investigations on the interaction of bimetallic paddlewheel
complexes towards DNA and RNA.
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