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Microwave- and sonication-assisted methods provide efficient syn-
thesis of octahedral Ru(i) and Ru(i) S- and O-bound dimethyl sulf-
oxide (DMSO) complexes, precursors to anticancer, antimicrobial
and anti-neurodegenerative drugs, in comparison with conven-
tional hotplate (thermal) synthesis. In addition, sonication led to a
novel O-bound DMSO oxo-bridged di-Ru(iv) complex, for which
the X-ray structure, solvolysis, reduction by ferrocene, and Density
Functional Theory (DFT) calculations are reported.

Ruthenium-DMSO complexes are widely used as precursors
for the synthesis of various compounds of biological
interest."™ [ImH]trans[RuCl,(DMSO)(Im)] (DMSO = dimethyl
sulfoxide, Im = imidazole) known as NAMI-A, was the first anti-
cancer ruthenium drug to be screened in humans in 1999.° Its
synthesis involves the precursor Ru(m) complex, [(DMSO),H]
trans-[RuCl,(DMSO),] (1, Fig. 1). Other Ru-DMSO complexes
that are frequently used as precursors to anticancer drugs
include cis-[RuCl,(DMSO),] (2) and trans{RuCl,(DMSO),]” (3),
Fig. 1. These Ru(u) precursors have biological significance,
including antibacterial activity against Salmonella typhimurium
and Escherichia coli® and anticancer activity’ enhanced with
UVA irradiation.”® They can bind to DNA bases, e.g. adenine
and guanine,"'™** and inhibit protein aggregation similar to
NAMI-A to treat neurodegenerative diseases.'*"”

Despite these applications, the synthesis of Ru-DMSO pre-
cursors 1-3 can present difficulties. The usual starting
material RuCl;-3H,0O has variability in water content, may
contain Ru(wv) species besides Ru(m), and a poorly-defined Ru/
Cl ratio."'® Also, impurities in DMSO such as dimethyl-
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sulfide'” and the sensitivity of the reaction to the duration and
degree of heating, can contribute to a lack of reproducibility.

Commonly, 1-3 are obtained by hot-plate heating protocols.
However, alternative synthetic methods based on microwave-
assisted and ultrasound bath-assisted synthesis have already
shown potential for use in synthesis of metal complexes®>°
and inorganic materials in general.>*>* With microwave treat-
ment, rapid transfer of energy results in effective uniform
heating of the reaction medium and reduced reaction
times,"®*® which can improve reproducibility by minimising
thermal gradients and reducing variability between batches,
allowing control of nucleation for metal-DMSO complexes.>**>”
In ultrasound treatment, the waves form local hotspots having
extremely high-energy microenvironments®® in a process
called cavitation®®" that can promote the formation of high-
oxidation-state species such as Ru(w). Ni, Cd and Zn com-
plexes containing indole Schiff bases with anticancer activity
have been synthesised using this method.**

Both these methods offer strategies for accelerating syn-
thesis and modulating electronic and/or structural outcomes
that may otherwise be inaccessible via hotplate heating. Thus,
they have been explored for M-DMSO precursors, where M =
Pd, Pt, Rh, Ir, Os, and other metals,>***° precursors of inter-
est in e.g. catalysis and energy conversion. The aim of the
present work was to explore faster and more reproducible
methods of synthesising biologically-relevant Ru-DMSO pre-
cursors using microwave and the less common sonication
method.

Using hot-plate heating methods, precursors 1 and 2
(including polymorph 2’) were obtained. In case of the micro-
wave-assisted method, we investigated the effects of tempera-
ture, reaction times and HCI (37%) on the synthesis of Ru-
DMSO precursors 2 and 3 aiming for higher reproducibility by
varying these parameters, Table 1. The ultrasound bath-
assisted reaction generated a novel redox-active diruthenium
(v) oxo-bridged compound, complex 4, Fig. 1. The products
were characterised by a combination of single crystal X-ray
diffraction (SCXRD), powder X-ray diffraction (PXRD), UV-
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Fig. 1 Chemical structures of complexes 1-4 and NAMI-A.

visible spectroscopy, high-resolution mass spectrometry
(HRMS), "H-NMR spectroscopy, elemental analysis and cyclic
voltammetry (CV). In addition, the reduction of 4 by ferrocene
was studied spectroscopically and with complementary Time-
Dependent Density Functional Theory (TD-DFT) modelling.

Details of reaction protocols are described in Table 1, SI
section S1.2, Scheme S1 and Table S1. The NMR, HRMS, CHN
analysis, SCXRD and PXRD characterisations of 1-4 are
described in the SI sections S1.3 and S1.4, Tables S2-S6 and
Fig. S1-S4. The most reliable protocol to obtain 1 with high
yield (65%) was H1. This method was used by Alessio et al.>®
and involves the dissolution of RuCl;-3H,0 in hot ethanol, fol-
lowed by reaction in DMSO + HCI.

Procedures H2, H3 and majority of microwave protocols
(MW1-MW4), under our conditions, gave 2 as product, con-
firmed by NMR, HRMS, SCXRD and PXRD data (SI section
S1.4, Tables S2, S3 and S5, Fig. S1, S3 and S4). Reactions and
characterisations were reproducible for at least 3 repeats for
each condition. Additionally, hotplate protocol H4 with the
longest heating time yielded a polymorph of cis-
[RuCl,(DMSO),], 2'. Synthesis aided by microwave irradiation
led to a considerable reduction in reaction time (to ca. 20 min)
compared to hot-plate heating (>110 min) with comparable
yields.

The reaction time influenced the yield of the microwave-
assisted synthesis. Longer heating times at 373 K resulted in
higher yields, increasing from 12% with 10 min heating
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cis-[Ru(l1)Cl,(DMSO),]

trans-[Ru(l1)Cl,(DMSO),]

Complex 2 Complex 3

L. HN

(MW1) to 62% with 20 min heating (MW3). Moreover, when
the microwave reaction was performed in the absence of HCl
(MWS5), complex 3 trans-[RuCl,(DMSO),] was formed as con-
firmed by NMR, HRMS, SCXRD and PXRD data, SI section
S1.4, Tables S2, S3 and S5, Fig. S1, S3 and S4.

Normally, the presence of excess Cl™ in the reaction mixture
leads predominantly to chlorido ruthenium products.?” Here,
the addition of CI~ for MW1-MW4 synthesis led to the for-
mation of the cis-[RuCl,(DMSO),] isomer, while in its absence
the trans isomer (MW5) was formed. This suggests that cis-
and trans-directing effects may play a role in the reductive and/
or ligand substitution processes during the reaction. Thus, the
presence of HCI stabilises the formation of the more thermo-
dynamically stable cis di-chlorido geometry.

The syntheses of 2 and 3 include a redox step in which
Ru(m) is reduced to Ru(u). DMSO acts as a S- or O-bound
ligand and also as a reducing agent, being oxidised to bypro-
ducts like the sulfone.?® Substitution of the labile chloride and
DMSO ligands by other ligands can be rate-limiting in the use
of these precursors.’®™**

Surprisingly, the sonication-assisted synthesis S1 yielded an
oxo-bridged diruthenium(iv) complex. Ultrasound waves can
generate radicals either through water homolysis or by split-
ting atmospheric oxygen,”*! assisting the formation of an
oxo bridge. The reaction was complete within 40 min with a
62% yield, and crystals of 4 were characterised by NMR,
HRMS, SCXRD and PXRD (Table 1, Tables S2, S3 and S5 and

This journal is © The Royal Society of Chemistry 2026
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Table 1 Summary of synthetic methods conducted in two steps: hotplate heating (brown labels, H1-H4), microwave (blue, MW1-MWS5) and soni-
cation (green, S1). Chemical formulae and single crystal XRD structures of the synthesised complexes 1-4 are shown. 2’ is a monoclinic polymorph

of 2. Ac = acetone

Complex 1 4,7
[(DMSO),H]
trans-[Ru(ll1)C1,(DMSO0),]

Conc. HCI
Heating
H2, H3
Conc. HCI,
Ac (MW1)

Microwave
MW1-4

Complex 4
o [(cis-Ru(IV)CI3(DMSO),),(p-0)]

Complex 3
trans-[Ru(ll)Cl,(DMSO0),4]

Complex 2 Complex 2’
cis-[Ru(Il)Cl,(DMSO),] cis-[Ru(I)Cly(DMSO0),]
(Polymorph)
Reaction  Temp.1(K) Time(min) Temp.2(K) Time (min) Reaction Temp.1(K) Time (min) Temp.2(K) Time (min)
H1 368 180 353 15 MW1¢ 353 5 373 15
H2 353 20 373 60 Mw2 353 5 373 15
H3 353 20 373 30 MW3 353 5 373 10
H4 353 20 373 90 Mwi 353 5 373 20
s1 313° 40 — — MWws® 353 5 373 15

“ Acetone was added in the beginning ® No conc. HCl was added. © Max. temperature reached after 40 min sonification. Full description of proto-

cols are found at the SI.

Fig. S2-S4). Di-Ru(v) complex is diamagnetic with sharp
"H-NMR peaks (Fig. S2). Other reported oxo-bridged Ru(wv)
complexes also showed diamagnetic NMR behaviour, and this
can be associated with the antiferromagnetic coupling of the
metal centres resulting in diamagnetism or partial
paramagnetism,**™*® where the Ru-O-Ru angle close to 180°
favours the coupling of the two metal centres.”” Furthermore,
it was reported that the strength of antiferromagnetic coupling
increases with decreasing Ru-O(oxo) bond distance, within the
range of 1.7774(1)-1.816(1) A.** This trend is consistent with
the Ru-O(oxo) bond length observed here, which is short at
1.7673(5) A and a Ru-O-Ru angle of 178.4(4)°. Complex 4
appears to be the first reported oxo-bridged Ru(iv) dimer syn-
thesised using sonication methods from a mononuclear Ru
starting material.

In all the procedures used here (H1-H4, MW1-MW5 and
$1), single crystals suitable for XRD studies were obtained.
SCXRD experiments confirmed the identity of the synthesised

This journal is © The Royal Society of Chemistry 2026

compounds (Fig. S4), while PXRD (Fig. S3) confirmed that the
bulk material corresponds to the same phase as analysed by
SCXRD. The crystallographic data, including a list of selected
bond lengths and angles for all the complexes, are summar-
ised in Tables S2-S5.

The crystal structure of complex 1, [(DMSO),H]trans-
[RuCl,(DMSO),], solved at 250 K (this work, Table S2 and
Fig. S4A) and at 298 K (reported) has a monoclinic space group
P2/n.*8 However, at a lower temperature of 100 K, an unre-
ported phase transition from P2/n monoclinic to P1 triclinic
(Tables S2 and S4 and Fig. S4B) was observed. Differential
scanning calorimetry (DSC) of complex 1 confirmed this tran-
sition, giving an endothermic event in the range of 163-133 K
(Fig. S5A). Attempts to determine the crystal structure within
this temperature range were unsuccessful, as the crystals frac-
tured, resulting in poor data quality. Reliable diffraction data
of 1 at 100 K were eventually obtained after several attempts by
gradually lowering the temperature. The resulting triclinic P1

Dalton Trans., 2026, 55,107-113 | 109
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structure (100 K) differs from the monoclinic P2/n form
(298 K) primarily by the supramolecular arrangement (Fig. S5B
and S5C). A crystal packing view along the g-axis at 298 K
shows that the molecules are parallel to each other with
respect to the ClI-Ru-Cl vector, while at 100 K, molecules are
twisted by approximately 11°, as illustrated in Fig. S5D.

The crystals of cis[RuCl,(DMSO),] (2) obtained from
methods H2-H3, and MW1-MW4 had an orthorhombic Pccn
space group (Table S2 and Fig. S4C) with similar bond dis-
tances as those reported.**”® A search in the Cambridge
Structural Database (version CSD 6.00 updated in April 2025)
revealed twelve crystal structures deposited for 2, including
five distinct polymorphs.>! These polymorphs display different
three-dimensional arrangements and intermolecular inter-
actions that stabilise the crystal packing, as summarised in
Table S6. During hotplate preparation H4, complex 2’ crystal-
lised in the chiral space group P2, (Tables S2 and S4 and
Fig. S4D), characterised by the presence of two molecules in
the asymmetric unit which differ in their molecular configur-
ation of all S-bonded DMSO ligands, Fig. S6. Although achiral
species similar to 2' generally show a strong preference for
centrosymmetric space groups, crystallisation in a Sohncke
group such as P2, has previously been reported in which a
small fraction of achiral molecules adopted chiral space
groups, due to packing interactions favouring a chiral arrange-
ment in the solid state.”” Thus, complex 2’ represents one of
these less common but well-established cases, which may be
facilitated by the ability of the DMSO ligands to adopt
different orientations through rotation about the Ru-S or Ru-
O axes, reducing the overall molecular symmetry and enabling
a chiral packing.

The trans-[RuCl,(DMSO),] complex (3) obtained from micro-
wave method MWS5, crystallised in the tetragonal system with
an I4/m space group (Table S2 and Fig. S4E). The Ru-Cl and
Ru-S bond lengths, as well as the CI-Ru-Cl, ClI-Ru-S and S-
Ru-S bond angles, are in good agreement with literature
values.*®

The new compound 4, obtained by sonication-assisted
method S1, crystallised in the orthorhombic space group Ibca,
Table S2. Each of the two Ru(wv) centres is structurally identical
with the oxo bridge ligand located on an inversion centre and
chloride ligands in a mer-configuration. Interestingly, in 4, the
DMSO ligands are exclusively O-bound, while complexes 1 and
3 have S-bound DMSO ligands, whereas 2 has one O-bound
and three S-bound DMSO ligands. This can be related to the
hardness of Ru(v) compared to Ru(u) and Ru(m), with conse-
quent DMSO coordination through O in 4. The Ru-O-(DMSO)
distances for 4 are 2.043(4) and 2.055(4) A. This appears to be
the first reported X-ray crystal structure of [Ru(iv)(DMSO-O)].
The Ru-O (oxo) bond length is 1.7673(5) A with a slight devi-
ation of Ru-O-Ru bond angle from linearity (at 178.4(4))°,
comparable with other reported oxo-bridged dinuclear Ru(wv)
complexes.** High oxidation state ruthenium dimers with an
oxo bridge such as Ru(iv)-O-Ru(v) and Ru(m)-O-Ru(m) are
well represented in the literature, especially those with polypyr-
idyl and aqua ligands. For instance, in a Ru(iv)-O-Ru(wv)

MO | Dalton Trans., 2026, 55, 107-113
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dimer,*” the Ru-O and Ru-OH, bond lengths were similar
(~1.85 A), whereas a Ru(ur)-O-Ru(ur) complex™ displayed Ru-
O and Ru-OH, distances of 1.87 A and 2.14 A, respectively,
which are comparable to the values observed for 4. Notably,
the substantially shorter Ru-O distance observed in 4 suggests
the formation of a bond with pronounced multiple bond char-
acter within the Ru-O-Ru moiety.>* This structural feature is
likely to induce elongation of the Ru-O-DMSO and Ru-Cl
bonds as a consequence. Complex 4 exhibits a twisted geome-
try, with a dihedral angle of ca. 29° between the planes
defined by O1, Cl2, CI3, and O3 at each Ru centre of 4, Fig. 2A.
The Ru-Ru distance is 3.5344(6) A. DFT optimisation of 4 con-
verged to a geometry consistent with the X-ray structure,
Fig. S7A.

UV-vis spectra of complexes 1-4 in acetonitrile were
recorded (Fig. S8). Spectra of complexes 1-3 are in agreement
with previously reported data,**>® while complex 4 showed a
broad absorption with a maximum at 463 nm (¢ = 9900 L
mol ™" ecm™"). TD-DFT calculations (Table S7) are in good agree-
ment with the experimental observations and assign the
observed absorption band to ligand field and LMCT (Cl,,d,, —
LUMO (d,.~dy. + Op,)) transitions.

The electrochemical properties of 1-4 were investigated by
cyclic voltammetry (CV) in acetonitrile under N, at 295 K from
2.0 Vto —2.0 V, Fig. S9 and Table S8. For 1-4, numerous quasi-
reversible and irreversible peaks for cathodic and anodic waves
were seen for all complexes.’®>® The assignment of observed
peaks to a particular oxidation/reduction process is difficult
due to rapid ligand labilisation of CI~ and DMSO and S/O iso-
merisation, giving new electrochemically-active species.’”">

Hydrolysis of 4 studied by UV-vis spectroscopy showed that
within an hour 4 hydrolysed. The peak at 455 nm decreased in
intensity and a new peak at 409 nm emerged in the first
10 min and then decreased over time, Fig. 2B-D. Moreover, a
clear isosbestic point is present at 495 nm, suggesting conver-
sion of 4 into a hydrolysis product. This process was also
studied by "H-NMR (4, 10 mM). The peaks assigned to DMSO
ligands disappeared with concomitant formation of four new
peaks at 3.26, 2.81, 2.46 and 1.98 ppm, Fig. S10, assignable to
hydrolysis products.

The reaction between complex 4 and 0.5, 1 and 2 mol
equiv. of the reducing agent ferrocene (Fc) in acetonitrile was
studied using UV-vis spectroscopy (4, 0.1 mM) and monitored
every minute for 30 min, Fig. 2E, F and S11. The electron trans-
fer between Fc and 4 was complete in ca. 30 min with yellow
solution changing to green. In the UV-vis spectra, the peak at
466 nm decreased steadily while new peaks at 360 nm and
620 nm emerged. Moreover, initial isosbestic points at 423 nm
and 492 nm shifted over time to 391 nm and 508 nm,
suggesting a complicated reaction with several steps.

The peak at 620 nm contains an overlap of absorptions for
ferrocenium (Fc") and reduced 4 (Fig. S12), and thus the
absorption at 660 nm was used to monitor the progress of the
reaction. This region has no absorption due to Fc' and the
observed absorption is due to the formation of reduced 4 (4-
red). In the first 20 min, the reaction between 0.5, 1 and 2

This journal is © The Royal Society of Chemistry 2026
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(A) X-ray crystal structure of complex 4 with thermal ellipsoids displayed at 50% probability. The disorder of DMSO molecules trans to the

oxo ligand (with positional occupancy of 0.5) has been omitted for clarity (B) UV-vis spectra for hydrolysis of complex 4 (0.1 mM in water, 1 h). (C)
Time dependence of absorbance at 409 nm and (D) 455 nm for hydrolysis of complex 4. (E) UV-vis spectra for the reaction of complex 4 with 1 mol
equiv. ferrocene in acetonitrile, monitored for 30 min. (F) Change in absorbance at 660 nm vs. time for reactions between complex 4 and 0.5, 1 and

2 mol equiv. of ferrocene in acetonitrile.

equiv. of Fc and 4 followed pseudo-first kinetics with kopg
0.099 + 0.003 min~', 0.099 + 0.001 min~' and 0.126
0.001 min™', respectively (Fig. S13). This may indicate an

initial rate-determining slow step involving a ligand substi-

I+

tution or electron transfer within the complex that does not
depend on the Fc concentration.

When this reaction was monitored in CD;CN by 'H-NMR
spectroscopy (4, 10 mM) in the presence of 2 mol equiv. of Fc,
the peaks at 2.51 ppm and 3.00 ppm disappeared with conco-
mitant broadening of the solvent peaks, (CD,H)CN and a trace
of H,O (Fig. S14). From HRMS, two major species were
detected in solution; the observed m/z = 569.851 peak corres-

This journal is © The Royal Society of Chemistry 2026

ponds to [Ru,(p-0)(DMSO),Cl,(MeCN); + H]' (cale. m/z =
569.856) and the m/z = 546.8229 peak can be assigned to
[Ru,(p-O)Cl,(MeCN), + Na]" (calc. m/z = 546.773) (Fig. S15).
Their isotopic distributions confirm the presence of binuclear
ruthenium species in solution. Therefore, the oxo bridge
appears to be retained after initial interaction with Fc, at least
partially.

An estimation of the reaction energy for conversion of 4
(Ru(v/1v)) into its one-electron reduced form 4-red (Ru(ui/v)) by
DFT calculations revealed the highly endothermic character of
the process, ca. —400 kJ mol™" (Fig. S7B, 16 and Table S7).
TD-DFT calculations for 4-red gave a band at ca. 790 nm (NIR)

Dalton Trans., 2026, 55,107-113 | 111
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due to a d-d transition with a low extinction coefficient,
(Table S7). The wavelength of the simulated 4-red peak differs
from that observed (620 nm) by 170 nm, suggesting the pres-
ence of different species in solution. Another model was
studied involving full replacement of DMSO ligands by aceto-
nitrile to give 4a, cis-[(Ru(iv)Cl3(MeCN),),(p-O)]. The UV-vis
transitions for both 4a and 4a-red (Ru(w/wv)) were calculated
(Table S7). However, the spectrum of 4a-red showed a weak
peak at ca. 1104 nm with a low extinction coefficient, which
differed considerably from experimental observations. Thus, it
appears that replacement of DMSO by MeCN, followed by
reduction by Fc does not describe the course of the observed
reaction. Further studies would be needed to investigate the
details of the mechanism.

Taking both experimental and theoretical studies into
account, the solution behaviour of 4 is notably atypical.
Hydrolysis studies indicate that the initial step involves displa-
cement of the CI” and DMSO ligands with aqua ligands, as
confirmed by the appearance of new peaks (Fig. 2B and S10).
Electron transfer between 4 and Fc is complicated and not a
simple 1-electron transfer. UV-vis spectroscopy revealed mul-
tiple isosbestic points during the reaction, a complexity sup-
ported by DFT calculations (Fig. 2B, S11, S14 and S16). Further
insight into the reaction mechanism between 4 and Fc was
provided by HRMS (Fig. S15). Analysis of isotopic distributions
and mass spectral peaks suggests that the oxo-bridge remains
intact, with DMSO ligands preferentially displaced by solvent
molecules, while the CI™ ligands largely remain coordinated to
the metal centre, thereby stabilising complex 4. However, it
remains unclear whether ligand displacement or metal
reduction occurs as the primary step in this process.

In summary, ruthenium-DMSO complexes 1-4 were syn-
thesised by microwave and sonication assistance and com-
pared to conventional hotplate methods. Use of microwaves
led to similar products as hotplate syntheses, however with sig-
nificantly reduced reaction times and improved yields for 2
and 3. Complex 4 is a new bimetallic oxo-bridged Ru(w)
species synthesised using sonication. This study contributes to
the optimisation of the synthesis of commonly used inter-
mediates related to drugs of medicinal interest and illustrates
the complexity of Ru-DMSO chemistry involving three oxi-
dation states, both S- and O-bound DMSO ligands and a
variety of isomers.
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CCDC 2483730 (1 at 100 K), 2483731 (1 at 250 K), 2483732
(2), 2483733 (2'), 2483734 (3), 2483735 (4) contain the sup-
plementary crystallographic data for this paper.®®*¥
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