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ARTICLE INFO ABSTRACT

Keywords: Multinuclear complexes are metal compounds featured by adjacent bound metal centers that can lead to un-
Paddlewheel dinuclear complexes conventional reactivity. Some MyL,-type paddlewheel dinuclear complexes with monoanionic bridging ligands
N'SAIDS feature promising properties, including therapeutic ones. Molybdenum has been studied for the formation of
Dimolybdenum multiple-bonded M2t compounds due to their unique scaffold, redox, and spectroscopic properties as well as for
Metal-based complexes .. . . . . . .

Cancer applications in several fields including catalysis and biology. These latter are much less explored and only

sporadic studies have been carried out. Here, a series of four dimolybdenum (ILII) carboxylate paddlewheel
complexes were synthesized using different Non-Steroidal Anti-Inflammatory Drugs (NSAIDs) as ligands. The
reaction of (NH4)5[Mo2Clg]-H20 with the selected NSAIDs in methanol produced the complexes Moy(p-O2CR)4
where RCO; is ibuprofen (1), naproxen (2), aspirin (3) and indomethacin (4). The products were obtained in
good yields and extensively characterized with integrated techniques. Stability and solution behaviour were
studied using a mixed experimental and computational approach. Finally, the biological activity of 1 and 3 (i.e.
the most reactive and the most stable compounds of the series, respectively) was preliminarily assessed con-
firming the disassembling of the molecules in the biological milieu. Overall, some very interesting results
emerged for these unconventional compounds from a mechanistic point of view.

1. Introduction

Metal-based complexes, bearing a dimetallic center in which two
metal ions are directly connected, represent a family of inorganic mol-
ecules employed in various chemistry domains, including catalysis [1],
3D network structured molecular magnets preparation [2], and medic-
inal applications [3]. Specifically, paddlewheel complexes have attrac-
ted attention in the last decades [4-6] due to their unique chemical
features and peculiar geometry. Indeed, some of these compounds are
extensively used as industrial catalysts. This is the case, for instance, of

some dirhodium (IL,II) compounds, which are also exploited as building
blocks for molecular scaffolds [7]. Furthermore, these complexes find
application in organic synthesis where they are commonly used to
transfer electron-deficient species, act as Lewis acids for the activation of
unsaturated bonds, serve as hydrogenation catalysts, and participate in
redox processes [7]. Similarly, mixed-valence ruthenium (IL,III) com-
pounds find application in various research and industrial fields [8].
Paddlewheel compounds featured by the presence of essential metals
were also reported. Among them various copper(II) carboxylates, some
of which bearing Non-Steroidal Anti-Inflammatory Drugs (NSAID)
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ligands showed interesting features suitable for potential medicinal
application [9-19]. For instance, the ability to interact and coordinate
biological substrates such as proteins or DNA was previously reported
[10]. Interestingly, the paddlewheel geometry, combined with the
presence of a dimetallic core, makes these systems of potential interest
for medicinal application. Hence, through the accurate choice of the
dimetallic core and the ligands, it is possible, in principle, to combine
the therapeutic potential of metals with the multiple delivery of the
various ligands, provided these latter are pharmacologically active
molecules [6,20,21]. Specifically, it is the presence of the dimetallic core
allowing the coordination of up to four releasable ligands. In this
context, dimolybdenum (ILII) compounds -that are typically character-
ized by an unconventional multiple Mo-Mo bond [22] - have been far
less investigated than di-Ru, Rh, and Os complexes, especially the so-
lution stability, activation profile and the related biological activity.
Nevertheless, some evidence of the anti-inflammatory, anticancer, and
antibacterial profile of Mo-based complexes has been reported [23-26].
Accordingly, with the aim to start filling this gap, we report here the
synthesis, multi-technique chemico-physical characterization and the
first biological assessment of a series of dimolybdenum (ILII) com-
pounds where the Mo-Mo core is coordinated with four NSAID ligands,
namely, ibuprofen, naproxen, aspirin and indomethacin. These latter
were selected because they are widely employed as ligands, owing to the
presence of the carboxylate moiety capable of coordination towards the
metal centres [3,27,28]. The resulting compounds can couple the well-
known properties of NSAIDs -i.e. anti-inflammatory, antithrombotic,
the ability to reduce radicals, to induce apoptosis and to alter the
membrane function- with the medicinal properties of the selected metals
[27-29].

2. Results and discussion
2.1. Synthesis and characterization

In order to synthesize the dimolybdenum (II) carboxylate paddle-
wheel complexes of the general formula Moy(i-O2CR)4, some widely
used starting materials are the hexacarbonyl complex [Mo(CO)el
[30,31] or the tetraacetate complex [Mo2(OAc)4] [22,32]. The use of
K4[Mo2Clg] is also reported [33]. In this work, instead, the compound
(NH4)5[Mo02Clg]-HoO  (pentaammonium nonachlorodimolybdenum
monohydrate) was effectively employed as precursor. (NH4)s[Mo2Clg]-
H,0 was obtained as a violet powder in high yields (~80%), following
the procedure reported by Cotton [34]. The synthesis is fast and simple
and requires treating [Moy(OAc)4] with concentrated HCI (37%) in the

MeOH

(NH,)sMo,Cly* H,O +4 R-COOH ——————>

Room T.

Ibuprofen 1

Naproxen 2
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presence of NH4Cl for 1 h. This compound has been usually used for the
synthesis of dimolybdenum complexes Mo,ClyL4 or Mo2Cl4(LL)y (LL =
bidentate ligand) [35,36] but it proved to be an ideal starting material
for the synthesis of Moy(p-O2CR)4 paddlewheel complexes [37,38]. In
fact, attempts to synthesize these compounds by carboxylate exchange
reaction, starting from [Moy(OAc)4] in THF, failed in affording the
desired products. Brown to dark green powders were obtained, which
showed only signals belonging to the uncoordinated ligand in the 'H
NMR spectrum. The reaction of (NH4)5[Mo2Clg]-H,0 with the NSAIDs
(Fig. 1), instead, was rapid and occurred at room temperature. The
yellow-orange solids started precipitating from the solution right after
the addition of the ligand, and after a few hours of stirring, they were
collected in good yields (60-70%) by filtering the solution.

The driving force of the synthetic reaction is likely the formation of
the insoluble complexes together with a significant entropy effect
deriving from the change in the total number of molecular species (i.e.
the replacement of eight chloride ligands with four bidentate ligands).
Next, compounds were characterized via NMR and IR spectroscopy. In
the '"H NMR spectra (Figs. S1-S4), the coordination of the NSAID mol-
ecules can be confirmed by the presence of a single set of resonances,
which are generally downfield shifted, compared to the corresponding
free ligand. In particular, the peaks, accounting for the vicinal protons of
the carboxylate group, are significantly deshielded (0.5-0.6 ppm) with
respect to the uncoordinated NSAID. This perfectly confirms the coor-
dination of the carboxylate to the dimolybdenum core. The HR-ESI-MS
analysis further confirmed the obtainment of the desired products (see
the experimental section and supporting material for both NMR and
mass spectra). In Fig. 2, the IR spectra of NSAIDs and corresponding
Moy(NSAID)4 complexes 1-4 are displayed in the 1850-1110 cm™! re-
gion, which resulted to be the most informative. The comparative and
comprehensive investigation of the IR profiles (see below) allowed to
infer the formation of dimolybdenum complexes (Table 1).

Specific spectral details of each system are reported below.

(1) Moy(ibuprofen)4. The complex formation is proved by the absence
in the complex spectrum of the following bands, all attributable to the
vibrational modes of the carboxylic group: 1711 em™! (v C=0), 1320
em™! (5 C-OH), 1229 cm ™' and 1183 cm™! (v C-OH) [39,40]. Moreover,
it is noteworthy that, in the spectrum of the complex, the two bands at
1498 cm™! and 1407 cm™! appeared attributable to asymmetric and
symmetric v COO, and the one at 1289 cm ™! to v O-C-O in the carbox-
ylate group [41].

(2) Mog(naproxen)4. The lack in the complex spectrum of the band at
1726 cm™!, assigned to the ¥ G=0 in the carboxylic acid moiety, gives
evidence of the formation of the complex [39,42]. This is also confirmed

+5 NH,4Cl+ 4 HCI

Aspirin 3 Indometacin 4

Fig. 1. Reaction route for the preparation of the Mo,(NSAID), complexes.
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Fig. 2. IR spectra of: (a) ibuprofen (blue) and Mo,(ibuprofen), (red), (b) naproxen (blue) and Moy(naproxen), (red), (c) aspirin (blue) and Moy(aspirin), (red), and
(d) indomethacin (blue) and Moa(indomethacin)4 (red). Spectra are displayed in the 1850-1110 cm ! range. The most informative peaks are labelled. (For inter-
pretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 1
Comparison of selected IR bands.
Compound IR: v/em ™!
Vasym (CO2) Vsym(CO2) Other bands
1 1498 1407 -
2 1504 1408 -
3 1508 1392 1732 (v C=Oester)
1604(v C=Cpheny! ring)
4 1526 1403 1677 (v C=0amide)

by the appearance in the complex spectrum of the bands at 1504 cm ™!

and 1408 cm ™!, attributable to the asymmetric and symmetric v COO,
and 1213 em™! due to v C-O in the carboxylate group [41].

(3) Moy(aspirin)4. The formation of the complex is clearly evidenced
by the absence in the complex spectrum of the bands at 1681 em ! and
1303 cm ™}, assigned respectively to v C=0 and & C-OH vibrations in the
carboxylic acid moiety [39]. This hypothesis is also confirmed by the
appearance of the bands at 1508 cm ™! and 1392 cm™! in the complex
spectrum, attributable to asymmetric and symmetric v COO in the
carboxylate group [41]. Moreover, in the same spectrum, the v C=0
ester band shifted from 1750 cm ™! to 1732 ecm ™, and the band at 1604
em™}, assigned to v C=C phenyl ring, decreased in intensity [41].

(4) Mogy(indomethacin)4. Also in this case, the complex formation is

confirmed by the disappearance in the complex spectrum of the band at
1712 cm ™! (v C=0 in the carboxylic acid moiety) [43] together with the
concurrent appearance of the bands at 1526 cm™' and 1403 cm ™7,
attributable respectively to the asymmetric and symmetric v COO in the
carboxylate group [40,41]. Moreover, it is noteworthy that we observe a
shift from 1690 cm ™! in the indomethacin spectrum to 1677 cm ™! in the
complex spectrum (v C=0 amide) [43].

Elemental analysis of the four complexes was also performed. The
results are different based on the experimental conditions. Indeed, when
samples’ preparation was done under inert atmosphere, the calculated
composition matches the expected one for all compounds. Conversely,
when the same analysis was done exposing 1-4 to the air, they undergo
partial conversion into the corresponding oxides (Table S1). This could
be explained by the poor air stability of the complexes. In fact, in this
latter case the solids were exposed to air during the weighing operations
prior to the measurement. In other words, despite the obtainment of the
pure complexes (as attested by the independent analysis), the degrada-
tion occurred before the analysis itself, being this aspect in accordance
with the nature of other dimolybdenum carboxylate paddlewheel
compounds, vide infra. However, even in this latter case the CHN
analysis is reliable because of the absence of the N and, thus, of the
counterion NHj that belongs to the precursor (except for compound 4
bearing the indomethacin ligand; for which the experimentally deter-
mined % of N is in perfect agreement with the theoretical one).
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All the compounds are nearly insoluble in alcohols, water, and
halogenated solvents and moderately soluble in acetone. The solubility
is good in DMSO and DMF. They are all air sensitive, and the solids start
to discolour after hours upon air exposure. However, this was not sur-
prising, since the susceptibility to oxidation of the dimolybdenum
carboxylate paddlewheel complexes is well known [31,44,45]. When
dissolved in DMSO, the NSAID ligands are released over time. The so-
lutions of complexes 1 and 2 turned from yellow to green-blue after 24 h
of exposure to air, while solutions of 3 and 4 required longer times
(days) for the same change in the colour. The different stability in DMSO
was then studied comparatively using "H NMR spectroscopy. The release
of ligands was monitored at different time intervals (2, 4, and 24 h) and
the degradation percentage was calculated (Table 2).

The complexes’ stability in DMSO solution greatly depended on the
ligands coordinated to the dimolybdenum core. Complexes 1 and 2
resulted to be less stable, degrading almost completely in 24 h, while
complex 3, with aspirin as ligand, turned out to be the most stable.

For longer incubation times (48-72 h) all the compounds resulted
almost completely degraded under the applied experimental conditions
(data not shown).

2.2. Theoretical calculations

The computational assessment of the stability as well as the char-
acterization of the reactivity of dimolybdenum (II) complexes were
carried comparatively for convenience. Hence, the structural and energy
trends, calculated on the dimolybdenum (II) complexes, were compared
with the same data retrieved on analogous diruthenium (II) complexes.
Such an approach was expected to improve the reliability of the
computational outcomes. For this purpose, the geometrical and elec-
tronic structures of dimolybdenum complexes 1-4 were calculated and
compared with the analogous diruthenium complexes, respectively
labelled 1’-4’. The geometries of 1-4 and 1’-4’ paddlewheel complexes
(Fig. 3, Figs. S9-S12) were optimized by DFT approaches (see compu-
tational details). The most significant geometrical parameters, retrieved
from the DFT structures, are presented in Table 3. We noticed that the
bridging carboxylate fits better the Ru-Ru bond (2.27-2.28 A) than the
shorter Mo-Mo bond (2.04-2.05 A). Indeed, the OO distance in the
unbound carboxylate ligand was found to be 2.24 A in all examined
NSAIDs, thus suggesting that the intermetallic distance in diruthenium
compared to the dimolybdenum scaffold complexes may enhance the
p-coordination. The higher strength of Ru-O compared to Mo-O bond
was also corroborated by the corresponding bond distances of 2.02-2.05
and 2.11-2.13 A, respectively (Table 3).

Such evidence suggests that the stability of the dimetallic scaffold,
represented by the strength of the M-M bond, might be inversely
correlated to the stability of the carboxylate coordination. As previously
reported [46,47], the occupation of the axial position of bimetallic
paddlewheel complexes by solvent molecule may induce destabilization,
hence, the possible coordination of DMSO at axial position of dimo-
lybdenum and diruthenium complexes was computationally assessed.
Interestingly, we found that DMSO cannot occupy the axial positions in
dimolybdenum complexes in solution, even though its O-coordination at
the Mo, tetracarboxylate complexes has been evidenced in the crystal-
line phase [48]. On the other hand, the axial coordination of DMSO on
the diruthenium complexes, as expected, elongates the intermetallic

Table 2
Degradation percentages of the complexes at increasing time intervals in
DMSO-dg. Red numbers correspond to complexes.

Time (h) Degradation Percentage

1 2 3 4
2 16% 15% 15% 19%
4 25% 42% 23% 26%
24 84% 84% 44% 59%

Journal of Inorganic Biochemistry 260 (2024) 112697

Fig. 3. Optimized structures of complexes (a) 1, (b) 1-DMSO, (c) 1/, and (d) 1'-
DMSO with the indicated M-M, M-O, M-Cl, and M-S distances in angstrom. The
indicated M-O distances are the average values for each metal center. Colour
scheme: Ru (plum), Mo (cyan), Cl (green), S (yellow), O (red), 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 3

Calculated geometrical parameters (A)and bond breaking energies (kcal/mol) of
dimolybdenum(II) 1-4 and diruthenium(Il) 1’-4’ complexes, as well as their
corresponding adducts with one DMSO ligand.

Complex Distance Bond breaking energy
M-M M1-O M1-Cl M2-O M2-S

1 2.04 2.12 n/a 2.12 n/a 83.3
1-DMSO 2.04 2.12 n/a 2.12 3.29 83.7
1 2.27 2.05 2.43 2.02 n/a 103.8
1'-DMSO  2.36 2.05 2.47 2.02 2.55 106.3
2 2.04 2.12 n/a 2.13 n/a 88.0
2-DMSO 2.04 2.12 n/a 2.12 3.25 90.3
2’ 2.28 2.05 2.43 2.02 n/a 109.0
2'-DMSO 2.36 2.05 2.47 2.02 2.55 112.0
3 2.05 2.11 n/a 2.11 n/a 78.5
3-DMSO 2.05 2.12 n/a 2.11 3.78 80.7
3 2.28 2.05 2.42 2.02 n/a 99.7
3’-DMSO 2.39 2.05 2.46 2.03 2.51 100.3
4 2.04 2.11 n/a 2.13 n/a 98.8
4-DMSO 2.04 2.13 n/a 2.13 3.26 97.8
4 2.27 2.05 2.42 2.02 n/a 119.2

4’-DMSO 2.34 2.05 2.46 2.02 2.61 114.7

bond by 0.07-0.12 A as well as the Ru-Cl bond by 0.04 A (Table 3).
These data indicate that the stability of dimolybdenum compared to the
analogous diruthenium complexes is not directly influenced by the co-
ordination of solvent molecules, but we hypothesize it is more likely
ascribable to an intrinsically weaker carboxylate coordination in the
former complexes. In order to assess the strength of the bridging ligand
coordination, we have calculated the metal-carboxylate bond breaking
energies, i.e. the energy amount required for the breaking of the p-co-
ordination of one carboxylate ligand without taking into account the
further relaxation of the detached fragments, for the studied dimo-
lybdenum and diruthenium complexes. The bond breaking energies for
the diruthenium complexes are ~20 kcal/mol higher than the corre-
sponding values for the dimolybdenum complexes (Table 3), while the
axial coordination of DMSO affects only marginally the bond breaking
energies of the bridging ligands in either dimolybdenum or diruthenium
complexes. To better characterize the reactivity of compounds 1-4 and
1’-4’, with a special focus on the stability of the respective paddlewheel
architectures, the charge distribution and the orbital interactions
underlining the coordination of one carboxylate moiety to the bimetallic
center were analysed on the reduced model complexes Moy(CH3CO0)4
and ClRuy(CH3COO)4, which are though representative of the metal-
carboxylate interaction detectable in the 1-4 complexes.

NBO analyses allowed to compute the charge distribution in both
Mo2(CH3CO0)4 and ClRuy(CH3COO0)4 complexes, as well as the spin
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density on the latter. As expected, compared to the formal charge +4
and +5 of the Moy and Ruy centers, respectively, calculations showed
much lower values, i.e. +1.717 and +2.084, consistently with the
negative charge transfer accompanying the coordination of the four
carboxylate units (Table 4). Notably, such a negative charge transfer was
slightly larger in the Rup complex as displayed by the lower negative
charge residual on the four carboxylate moieties (Table 4). The spin
density on the Ruy scaffold confirmed that almost all the three unpaired
electrons in this quadruplet complex are localized on the bimetallic
moiety and (by a small fraction) on the axial Cl atom. These results
provided for a preliminary indication of a more effective ¢ coordination
of the carboxylate groups on the Ruy compared to the Moy scaffold.
Moreover, the natural electron configuration (NEC) data confirmed that
a higher amount of negative charge is transferred to the Ruy scaffold;
indeed, while the NEC on one Mo center was computed to be 4.66, i.e.
+0.66 over the formal d* character, the NEC on one Ru center was 6.60
which is 4-1.1 over the formal d>> character (Table 4).

The correlation diagrams depicting the relevant combinations be-
tween one carboxylate moiety and the bimetallic scaffold in Moy(CHs.
C00)4 and CIRup(CH3CO0)4 complexes were reported (Fig. 4). The
p-coordination of carboxylate to the [Mo5(CH5C0O0)3]" metal fragment
can be described by the combination of doubly occupied orbitals of
carboxylate with the low-energy empty orbitals on the bimetallic moi-
ety. The carboxylate moiety presents four electron pairs available to the
metal, corresponding to its HOMO-3 to HOMO orbitals, with the HOMO
and HOMO-2 describing the two electron pairs amenable to ¢ combi-
nations and the HOMO-1 and HOMO-3 amenable to n combinations
(Fig. S15). On the other hand, the [Mo,(CH3COO)3]" metal fragment
presents two empty orbitals, i.e. LUMO and LUMO+4, shaped to
combine with the ¢ lone pairs of carboxylate, and two orbitals, i.e.
HOMO and LUMO+-1, amenable to n combinations (Fig. 4). We detected
two bonding ¢ combinations, and one © combination with a bonding
character. The = combination involving the HOMO of the
[Mo2(CH3CO0)3]" metal fragment and the HOMO-3 of the carboxylate
moiety as no bonding character, but concurs to determine the HOMO of
the whole complex (Fig. 4). Above all, the coordination of one acetate to
the [Mo,(CH3CO0)3]" metal fragment involves two ¢ and one & electron
pairs. The analysis of the orbital interactions between the
[CIRuy(CH3CO0)3]" metal fragment and one acetate yielded a slightly
different picture because of the d®d® character of the Ruy bimetallic
center, and because of the axial chloro ligand that contributes to the
shape and the energy of the frontier orbitals on the metal fragment
(Fig. 5). In particular, we detected three orbitals on the Ruy moiety, i.e.
LUMO+1, LUMO+2, and LUMO+3, amenable to combine with the
carboxylate electron pairs. In this case, beside the involvement of the
HOMO and HOMO-2 electron pairs, as also detected in the Moo-
carboxylate analysis, the electron pair on the HOMO-4 of acetate was
found to contribute to ¢ combination, thus conferring the Rug-carbox-
ylate bonding compared to the Mo,-carboxylate a higher ¢ character. On
the other hand, only two orbitals-four electrons combinations were
retrieved in the picture of Rup-carboxylate & interactions (Fig. 5). Hence,
although three electron pairs are involved in both bimetallic-
carboxylate interactions, the coordination at Rup was found to have a

Table 4

NBO analyses of Mo(CH3CO0)4 and CIRuz(CH3CO0O)4 complexes reporting the
charge per molecular fragment (basin), the spin density (spin), and the natural
electron configuration (NEC).

Complex Basin Charge  Spin NEC (valence)
Mo,(CH3CO0)4 Mo, +1.72 n/a Mo:
5502344665,0.085,0.03
(CH;CO07); —1.72 n/a 0: 2s'682p*983p0-01
CIRu,(CH3C0O0),4 Ru, +2.08 2.60 Ru:
550-3046.605,0.015,0-04

(CH3CO07);  —1.65 0.23.
Cl —0.43 0.16

0: 251,722P4,983p0.01
cl: le .963p5.47

Journal of Inorganic Biochemistry 260 (2024) 112697

higher ¢ character compared to the coordination at Moy, in agreement
with the higher Ruy-carboxylate dissociation energies calculated in the
1-4 complexes (Table 3).

The analysis of the orbital interactions between the bimetallic frag-
ment and the equatorial carboxylate ligand also spotlighted the
composition of the paddlewheel complexes frontier orbitals, and pro-
vided a preliminary insight of the reactivity of Ruy and Moy complexes.
Indeed, by taking the complex 1 and 1’ as exemplificative, both bime-
tallic fragments were featured by low energy lying empty orbitals
expanded on the axial vacant position which are thus suitable of
nucleophilic attacks (Fig. 5). On the other hand, the presence of two
vacant axial positions on the Mo, complex 1 may be an explanation of its
higher reactivity compared to 1’ with only one axial site available. The
LUMO+1 of complex 1’ was also found to lay at a lower energy, thus
explaining the formation of the adduct with DMSO. It is also worth
noticing the higher participation of the n systems on the phenyl rings of
1 to either LUMO+1 and LUMO+2 orbitals (Fig. 5), which probably
reflects the partial n bonding character of the Mos-carboxylate interac-
tion. Conversely, the LUMO+1 of the 1’ displayed no contribution of the
phenyl orbitals (Fig. 5).

Further structural signatures of Moy(NSAID); complexes were
investigated by comparing the experimental and calculated IR spectra of
the exemplificative complex 1. We focused on the range of low vibra-
tional frequencies expected to reflect normal modes with high contri-
butions of the metal scaffold.

The calculated and experimental IR spectra of complex 1 were found
to be rather comparable (Fig. S13 and S14). Indeed, for the most
intensive three bands around 1500 cm ™, i.e. asymmetric C-O stretching,
symmetric C-O stretching, and H-C-H bending at 1528, 1443, and 1400
cm ™}, respectively, the corresponding experimental signals, 1500, 1400,
and 1360 cm ™Y, respectively, were assigned (Fig. $13).

Therefore, the Ca—Cp; stretching signal, computationally located at
1498 cm ™! and overwhelmed by the much more intensive asymmetric C-
O stretching signals, can be putatively assigned to the experimental peak
at 1470 cm ™! (Fig. S13). On this basis, we tentatively hypothesized that
each experimental band is approximately red-shifted by, on average, 30
cm ™! with respect to the corresponding calculated signal. Such a devi-
ation can be ascribed to the fact that the solid-state packing of the
Mos(ibuprofen)4 units affects the experimental IR spectrum, whereas
such an effect is totally neglected in the calculated spectrum. It is also
worth noticing that the IR spectrum calculated in DMSO (implicit sol-
vation) compared to the one calculated in gas phase was found in
slightly higher agreement with the experimental data; these data may
indicate that implicit solvation could partially account for the interunit
interactions displayed in the solid phase.

The calculated and experimental IR spectra in the lower energy re-
gion, i.e. 200-1000 cm ™!, showed in both cases 12 bands that we
tentatively reputed assignable, based on the above-mentioned average
30 ecm! red-shift (Fig. S14). The analysis of the normal modes of the
calculated bands indicated that most of these signals are characterized
by out-of-plane (oop) bending contributions. On the other hand, the
peaks in the 413-660 cm™! range (calculated spectrum) were all char-
acterized by a mixture of oop bending and asynchronous Mo-O
stretching contributions; the synchronous Mo-O stretching was also
found to be mixed with oop bending modes but located at 405 cm ™
(Fig. S14).

The mixture of Mo-O stretching, clearly specific of the bimetallic
moiety, and oop bending modes, mostly ascribable to internal NSAID
modes, suggest that the ensemble of IR absorbance bands in the low
frequency region can be used as a signature of the Moy(NSAID)4
structure.

2.3. Biological studies

Next, to gather the proof of concept that disassembling and subse-
quent release of the active ligands occurred also in a biological
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Fig. 5. Rendition of the LUMO+1 and LUMO+2 of complex 1 (up), and of the LUMO+1 of complex 1’ (down).

environment, the cytotoxic effects of complexes 1 (the less stable) and 3
(the most stable complex) on a panel of human cancer cell lines were
investigated and compared to ibuprofen and aspirin (Table 5). Specif-
ically, the effects on human breast adenocarcinoma cells (MDA-MB-
231), human type II alveolar epithelial cells (A549), and human glio-
blastoma cells (U87MG) were assessed using the MTS assay. Both de-
rivative treatments (10 pM - 1 mM) for 72 h caused a decrease in
proliferation yielding ICsq values in the high micromolar range.
Though 1-4 undergo degradation in shorter times, these experiments

were conducted at the 72 h time point to account for possible biological
effects triggered by the drugs, that may occur later. Ibuprofen alone was
able to slightly decrease the cell viability in a dose-dependent manner in
all the cell lines, in accordance with literature data [49-51]. Interest-
ingly, the ICsg values for 1 on the A549 and U87MG were lower with
respect to ibuprofen. Based on the results, we can assume that upon
degradation/activation of 1 in the biological milieu, the molybdenum
derived species (including the molybdenum oxide ones) can positively
impact the overall biological observed effect [24]. Aspirin was able to
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Table 5
ICso” values (1, 3, and Ibuprofen) or the maximum percentage of inhibition at 1
mM (Aspirin) on MDA-MB231, A549, and U887MG cells.

Compound MDA-MB-231 A549 U87MG

1 1103 + 490 617 + 150 684 + 221

3 601 + 103 891 + 220 374 + 87
Ibuprofen 963 + 152 1043 + 10 952 + 204
Aspirin 321 +8.9% n.a. 46.1 + 14.0%

# ICsp values (uM) were reported as mean + SEM of three different experi-
ments. The value of the SEMs of 1 and 3 reflects their high reactivity and sol-
ubility profiles; however, the trend can be clearly outlined. When an ICs, value
cannot be extrapolated, the decrease of cell viability percentage at 1 mM was
introduced. (n.a. = non-active).

decrease the cell viability only when a 1 mM concentration was applied.
Its derivative 3 produced a higher effect in all the cell lines. The treat-
ment with dimolybdenum acetate [Mo2(OAc)4] did not affect cell pro-
liferation at all the used concentrations (data not shown). Altogether,
thought the effects occurred at relatively high doses, yet this result is
relevant because highlights that, from a mechanistic point of view, de-
rivatives 1 and 3 can release their constituents in the biological envi-
ronment potentially promoting pharmacological effects.

Among the two compounds, 3 was not only the most stable, but on
average, also the most active. Accordingly, we selected it to assess
whether this compound could perform anti-inflammatory effects [52].
As the compound releases aspirin, we investigated whether it could exert
anti-inflammatory action in U87MG cells. Cells were treated with lipo-
polysaccharide (LPS, 1 pg/mL) to increase basal inflammatory levels and
then were treated with 3 (final concentration 250 pM) at a concentration
near the ICsg value or aspirin (final concentration 1 mM) for 48 h. This
aspirin concentration was four times higher with respect to the complex
to maintain the amount of ligand that could be released by the 250 pM
concentration of the compound. The gene expression of the pro-
inflammatory  cytokine interleukin-6  (IL-6), the enzymes
cyclooxygenase-2 (COX-2), which is the main target of aspirin, and the
nuclear factor kappa-light-chain-enhancer of activated B cells (NF-kB),
which plays a pivotal role in orchestrating inflammatory response, was
investigated (Fig. 6). As expected, the LPS alone was able to significantly
increase the expression of all the investigated genes. The complex 3
treatment significantly counteracted the increase of IL-6 and COX-2
expression, but not the NF-kB, while the aspirin alone reduced also
the NF-kB increase. Altogether, these data suggest that 3 can exert an
anti-inflammatory effect, demonstrating also in this case its ability to
release the aspirin ligands. However, the same amount of aspirin pro-
duces a more pronounced effect, indicating that the rate of disassem-
bling of compound and thus the rate of ligands release may impact the
overall pharmacological profile.
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3. Conclusions

In this paper, we report on the synthesis and multi-technique char-
acterization of a panel of compounds featured by the presence of a
bimetallic Mo-Mo core and NSAID ligands, ibuprofen, naproxen, aspirin,
and indomethacin. The resulting paddlewheel complexes were then
studied comparatively for their reactivity. The activation profiles in
solution revealed 1 and 2 as endowed with the lowest stability after 24 h
in solution, while 3 was the most stable. The reasons for the difference in
the solution behaviour and activation of the complexes were next
theoretically investigated. The computational assessment of the stability
of Moy(NSAID),4 complexes yielded an insight into the chemistry that
may operate the dismantling of the paddlewheel structure. Indeed, the
Mo, scaffold was found to be characterized by a lower stability and
higher reactivity compared to its [Rupy(NSAID)4]" counterpart, pre-
sumably ascribable to the less effective p-coordination of the carbox-
ylate group at the Mo, moiety. The calculation of the IR spectra of
Moy(ibu)4 allowed us to assign most of the experimentally detected
bands and to spotlight the region of the low energy modes, in particular
the 413-660 cm™! region, as being potentially a signature of these
complexes. The experiments against a panel of cancer cells highlight
that compounds are on average scarcely cytotoxic, inducing cell death
effects only for concentration > 500 pM. However, it should be noticed
that 1 and 3 resulted more active than ibuprofen and aspirin, respec-
tively, this evidence supporting some role of Mo in inducing the
observed activity. Next, the pilot study on compound 3 -i.e. the complex
that previously determined the greatest cellular effect- was carried out
to assess its anti-inflammatory profile, confirming again the capability to
disassemble releasing the functional anti-inflammatory drug in the
biological milieu. Considering the unconventional paddlewheel shape
and the possibility of multiple coordination of biologically active agents
acting as ligands towards the bimetallic core, these compounds poten-
tially represent valuable chemical scaffolds for biological applications.
Importantly, our investigation also allowed to delineate some relevant
aspects of the reactivity and activation pathways of this family of
compounds. This offers a tool for controlling and tuning their reactivity
and activation -specifically, it seems crucial the balance between sta-
bility and the rate of ligands’ release- and, based on these findings, for
the design of more effective bimetallic core-bearing paddlewheel
complexes.

3.1. Experimental section

All solvents and reagents were purchased from Sigma-Aldrich and
used without further purification. The synthesis of (NH4)5[Mo2Clg]-H20
was carried out, according to a known procedure [34]. All reactions
were performed under inert atmosphere (N3) and the solvent used
(MeOH) degassed with nitrogen for 30 min. Compounds were stored
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Fig. 6. Anti-inflammatory effects of 3 on glioblastoma cells. U87MG cells were treated with LPS (1 pg/mL) for 2 h and then 3 (250 pM) or aspirin (ASP, 1 mM) were
added, and the real-time PCR was performed after 48 h for IL-6, COX2, and NF-kB. Data are expressed as the fold of change versus control set to 1 and are the mean
values + SEM of three different independent experiments performed in duplicate. The significance of the differences was determined by one-way ANOVA, followed
by Bonferroni’s post hoc test: *p < 0.05 vs CTRL; # p < 0.05, ## p < 0.01, ### p < 0.001, vs LPS.
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under inert atmosphere at —20 °C. 'H NMR and *c{'H}-NMR spectra
were recorded at 293 K on a Bruker Avance II 400 MHz, chemical shifts
(expressed in parts per million, ppm) were referenced to solvent residual
peaks. For both characterization and stability experiments (see below)
anhydrous DMSO, 99.9 atom % D, code: 570672, was used. The water
content was <50.0 ppm. The NMR tube for each complex was prepared
under inert atmosphere (anhydrous Nj). The tubes were sealed under
the same inert atmosphere also using parafilm. The spectra were pro-
cessed using the MestreNova software. Elemental analysis (C,H,N) was
accomplished through VarioMICRO elemental analyser. ESI mass
spectra were recorded using an Orbitrap high-resolution mass spec-
trometer (Thermo, San Jose, CA, USA), equipped with HESI source. The
working conditions were as follows: positive polarity, spray voltage 3.5
kV, capillary temperature 300 °C, and S-lens RF level 55. The sheath and
the auxiliary gases were set at 20 and 3 (arbitrary units), respectively.
Complexes were solubilized in LC-grade anhydrous acetonitrile, just
before the analysis. The working conditions were as follows: positive
polarity, Spray voltage 3.4 kV, capillary temperature 290 °C, S-lens RF
level 50.

Sheath gas 24, auxiliary gas 5 (arbitrary units) respectively. Atten-
uated Total Reflectance — Fourier Transform Infrared (ATR-FTIR) anal-
ysis was performed at the Advanced research Laboratory, Polytechnic
University of Marche. The IR spectra of Moy(NSAID),4 together with the
NSAIDs alone were collected in the reflectance mode by an INVENIO
FTIR Spectrometer (Bruker Optics, Ettlingen, Germany), coupled with a
Platinum ATR (Attenuated Total Reflectance) accessory, mounting a
diamond crystal, and equipped with a DTGS (deuterated triglycine sul-
phate) detector. For each compound, five spectra were recorded in the
4000-400 cm ™! spectral range (512 scans, spectral resolution 4 cm™ D).
Before each sample measurement, a background spectrum was collected
with the same set-up conditions on the clean diamond crystal. Raw IR
spectra were then absorbance converted, 2-point baseline corrected (64
baseline points), and vector normalized (OPUS 7.5, Bruker Optics,
Ettlingen, Germany). Finally, for each compound, the average spectrum
was calculated.

3.2. Synthesis of the Mo2(NSAID)4 complexes

In a Schlenk flask containing (NH4)sMoyClg-H20 (100 mg, 0.16
mmol; 1 eq.), 3 mL of deaerated MeOH were added. The purple sus-
pension was magnetically stirred for a few minutes and 0.8 mmol (5 eq.)
of the desired NSAID ligand were then added. Upon the addition, the
colour of the solution rapidly turns from purple to yellow-orange. After
stirring for 2 h at room temperature, the precipitated solid was collected
using vacuum filtration and washed with H,O (10 mL) and MeOH (10
mL). The yellow-orange powders obtained were dried under vacuum for
several hours over CaCl, and then collected. Fig. 1 summarizes the
synthetic route used for the preparation of Moy(NSAID)4 complexes.

Yields were the following: 1) 68% 2) 69% 3) 58% 4) 66%.

'H NMR (400 MHz; DMSO-dg): (1) 7.22 (d, J = 8.0 Hz, 2H, H arom.),
7.11 (d, J = 8.0 Hz, 2H, H arom.), 4.22 (q, J = 7.2 Hz, 1H, CH-COOH),
2.44 (d, J =7.1 Hz, 2H, CHy), 1.84 (oct., J = 6.9 Hz, 1H, CH), 1.58-1.42
(m, 3H, CHs), 0.87 (d, J = 6.6 Hz, 6H, CH3). (2) 7.74 (m, 2H, H arom.),
7.64 (d, J = 8.6 Hz, 1H, H arom.), 7.33 (dd, J = 8.5, 1.7 Hz, 1H, H
arom.), 7.26 (d, J = 2.4 Hz, 1H, H arom.), 7.18-7.14 (m, 1H, H arom.),
4.33(q,J = 7.0 Hz, 1H, CH-COOH), 3.87 (s, 3H, CH3-0), 1.58 (d,J = 7.2
Hz, 3H, CH3). (3) 8.17 (dd, J = 7.7, 1.7 Hz, 1H, H arom.), 7.61-7.56 (m,
1H, H arom.), 7.44 (td, J = 7.6, 1.2 Hz, 1H, H arom.), 7.23 (dd, J = 8.0,
1.1 Hz, 1H, H arom.), 2.16 (s, 3H, CH3). (4) 7.66-7.61 (m, 4H, H arom.),
7.06 (d, J = 2.5 Hz, 1H, H arom.), 6.92-6.86 (m, 1H, H arom.),
6.76-6.71 (m, 1H, H arom.), 4.09 (s, 2H, CHy), 3.76 (s, 3H, CH3-0), 2.14
(S, 3H, CHg).

13¢{'H}-NMR (101 MHz; DMSO-ds): (1) 184.47 (COOH), 140.70 (C
arom.), 139.70 (C arom.), 129.41 (C arom.), 127.44 (C arom.), 47.20
(CH-COOH), 44.77 (CHy), 30.14 (CH), 22.66 (CHj3), 20.77 (CH3). (2)
184.48 (COOH), 157.58 (C arom.), 138.18 (C arom.), 133.62 (C arom.),
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129.58 (C arom.), 128.92 (C arom.), 127.30 (C arom.), 126.88 (C
arom.), 126.03 (C arom.), 119.15 (C arom.), 106.22 (C arom.), 55.63
(CH3-0), 47.40 (CH-COOH), 20.34 (CH3).

(3) 173.45 (COOH), 169.43 (-COO-CH3), 149.80 (C arom.), 133.75
(C arom.), 131.74 (C arom.), 126.03 (C arom.), 124.00 (C arom.), 21.38
(CH3). (4) 180.41 (COOH), 168.26 (-C=0), 156.03 (C arom.), 138.11 (C
arom.), 135.63 (C arom.), 134.56 (C arom.), 131.62 (C arom.), 131.17(C
arom.), 130.77 (C arom.), 129.54 (C arom.), 115.10 (C arom.), 113.91
(C arom.), 111.78 (C arom.), 102.40 (C arom.), 55.82 (CH3-O), 32.36
(CHy), 13.65 (CH3).

IR (cm™1): (1) 2952br; 2349br; 1498s; 1459 m; 1408s; 1369 m; 1289
m; 1262w; 1189w; 1167w; 1122w; 1069 m; 1021w; 894 m; 851 m; 800
m; 731 s; 695 m; 609 s; 551 s; 471 s; 434w. (2) 2972br; 1704w; 1633w;
1606 m; 1503s; 1455 m; 1406s; 1370w; 1345w; 1266s; 1214s; 1196w;
1174 m; 1161 m; 1122w; 1067 m; 103 s; 984w; 961w; 927 m; 892 m;
853 s; 814 s; 748 m; 712 m; 692 m; 619w; 566w; 547w; 523w; 473 s;
435 m. (3) 1758s; 1732s; 1606w; 1580w; 1508s; 1449w; 1409s; 1392s;
1370s; 1223s 1188s; 1160 m; 1143 m; 1095s; 1033w; 1014 m; 958w;
914 m; 877w; 849 m; 814 m; 789w; 753 s; 724w; 706 m; 677 s; 653 s;
623w; 588 m; 548 m; 496 s; 454 m; 433 m. (4) 3749w; 3735w; 3649w;
1676s; 1658s; 1616 m; 1594 m; 1525s; 1477s; 1458s; 1420w; 1403s
1369s; 1315s; 1281w; 1260w; 1219s; 1090s; 1071s; 1036 m; 1018 m;
928 m; 903w; 857 m; 835 m; 799 m; 776w; 755 s; 738w; 717w; 695w;
679w; 637w; 626w; 608w; 552w; 509w; 483w; 458w; 438w; 419w.

CHN: (1) Cs2HggMo020g; required: C = 61.66; H = 6.67; N = 0.00.
Found: C =61.60; H = 6.74; N = 0.00. (2) C57Hs5M02019; required: C =
60.91; H = 4.93; N = 0.00. Found: C = 60.75; H = 4.98; N = 0.00. (3)
C36H2gM02016; required: C = 47.59; H = 3.11; N = 0.00. Found: C =
47.30; H = 3.18; N = 0.00. (4) Cy6HgoCl4sM0oN4O16; required: C =
56.38; H = 3.74; N = 3.46. Found: C = 55.99; H = 3.63; N = 3.48.

HR-ESI-MS (1) m/z [M]" = 1014.30060 (theoretical: 1014.30155);
(2) m/z [M]* = 1110.15686 (theoretical: 1110.15603) (3) m/z [M]* =
908.94861 (theoretical: 908.94884); (4) m/z [M + H']" = 1620.09558
(theoretical: 1620.09142).

See supporting material for spectra and isotope pattern simulation.

3.3. 'H NMR stability studies

A few milligrams of the complexes (3-5 mg) were weighed and
dissolved in 500 pL of DMSO-dg affording 5 -10~3 M solutions. 'H NMR
spectra were then acquired at different time intervals (0, 2, 4 and 24 h)
for each compound. The degradation percentage was calculated at each
time interval as ( ) 100 where a stands for the integral value of the
resonance peak of a hydrogen belonging to the free ligand, and a* to the
integral value of the coordinated one (Figs. S5-S8). The values obtained
were normalized with respect to the degradation percentages assessed at
the zero time. Main Text Paragraph.

3.4. Computational details

The Gaussian 16 quantum chemistry package was employed for all
computations [53]. All geometry optimizations were performed by using
the hybrid functional ®B97XD [54] with the basis set def2SVP [55,56]
and implicit solvation (vide infra) to model the DMSO bulk. Vibrational
frequencies computations were performed at the same level of theory to
verify the stationary nature of the minima and the transition states, as
well as to produce the zero-point energy (ZPE) and vibrational correc-
tions to thermodynamic properties. Indeed, DFT is a ubiquitous tool in
the bioinorganic chemistry [57-59] that allows accurate characteriza-
tion of the structures and reaction pathways for the complexes with
transition metals [60-62] including molybdenum [63]. The density
functional ®B97XD is reputed to yield good geometrical structures and
to precisely estimate the electronic energies [64,65].

The IEFPCM formalism was employed to account for solvation in
water [66]. This method is known to yield free energies with
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considerably smaller errors than continuum models, both for neutral
and charged complexes, as recently demonstrated [67]. The IR spectra of
Moy (NSAID)4 complexes (vide infra) were calculated at the ®B97XD/
def2SVP level of theory, either in gas or DMSO. The vibrational fre-
quencies were shifted by the scaling factor 0.955 [68] and convoluted
with a Lorentzian linewidth of 5.0 cm ™! by using the Molden software
[69]. To enhance comparison, the calculated and experimental IR
spectra were reported in percentage of absorbance with respect to the
maximum absorbance band. Natural bond orbital analyses were per-
formed by using the nbo7 code (NBO 7.0.9, 21-May-2020) integrated in
the g16 execution flow [70]. The rendition of the isodensity surfaces for
relevant frontier orbitals was carried out by using the Avogadro
graphical interface (http://avogadro.cc; version 1.2.0) [71].

3.5. Cell culture

Human breast adenocarcinoma cells (MDA-MB-231) were purchased
by European Collection of Authenticated Cell Cultures (ECACC;
92,020,424). Human lung carcinoma epithelial cells (A549, American
Type Culture Collection, CCL-195), were kindly provided by Dr. R.
Danesi, University of Pisa, Pisa, Italy. Human glioblastoma cells
(U87MG) were purchased by CLS Cell Lines Service GmbH (Eppelheim,
Germany).

MDA-MB-231 and A549 cells were maintained in DMEM-F12
(Corning) supplemented with 10% FBS (Corning), and U87MG in
RPMI 1640 (Corning) supplemented with 10% FBS. All the media were
supplemented with 2 mM 1-glutamine, 100 U/mL penicillin, and 100 pg/
mL streptomycin. Cells were maintained at 37 °C in a humidified 5%
CO4 atmosphere.

3.6. Cytotoxicity MTS assay

Cells were seeded in 96-well microplates (3.500 cells/well). After 24
h, cells were treated with different concentrations of the compounds.
Compounds were dissolved in DMSO immediately before the beginning
of the assay. The final DMSO concentration was 1%. The CTRL was
treated with only DMSO at the same concentration. After 72 h of incu-
bation, cell viability was determined using MTS assay (CellTiter 96
AQueous One Solution Cell Proliferation Assay kit; Promega) according
to the manufacturer’s instructions. The absorbance values at 490 nm
were measured with the Ensight plate reader (Perkin Elmer).

3.7. Gene expression analysis

U87MG cells were seeded in 6-well microplates (350.000 cells/well).
After 24 h, cells were treated with LPS (1 pg/mL) for 2 h and then
complex 3 or aspirin were added and incubated for 48 h. At the end, cells
were washed with Phosphate-buffered saline (PBS, Sigma Aldrich) and
lysed. The total RNA was extracted using the RNeasy Mini Kit (Qiagen)
according to the manufacturer’s instructions. cDNA synthesis was per-
formed with 1 pg of RNA using the i-Script cDNA synthesis kit (Bio-Rad)
by following the manufacturer’s instructions. The 20 pL real-time RT-
PCR reactions mix consisted of 10 pL of SsoAdvanced Universal SYBR
Green Supermix (Bio-Rad), 0.5 pL of 10 pM forward and reverse primers,
5 pL of cDNA (50 ng), and water. 40 cycles were performed using the
protocol: 98 °C for 30 s and 60 °C for 30 s. The used primers were re-
ported in Table 6 [72]. The relative mRNA levels were normalized
against GAPDH used as housekeeping genes, and the relative expression
was calculated by using the methods of the AACt by using the CFX
Maestro Software (Bio-Rad).

3.8. Statistical analysis
The Graph-Pad Prism program (GraphPad Software Inc., San Diego,

CA) was used for data analysis and graphic presentation. Statistical
analysis was performed by ordinary one-way analysis of variance
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Table 6
List of the used primers.
Gene Sequence Bp
GAPDH FW 5-GAGAAGTATGACAACAGCCT-3' 107
RV 5-CCTTCCACGATACCAAAGTT-3'
IL-6 FW 5-TCCTCGACGGCATCTTCA-3' 165
RV 5-TTTTCACCAGGCAAGTCTCCT-3'
COX-2 FW 5-TGTGTTGACATCCAGATCACAT-3' 141
RV 5-GGAGTCGGGCAATCATCAGG-3'
NF-kB FW 5-CAGCAGATGGCCCATACCTT-3' 287

RV 5-CACCATGTCCTTGGGTCCAG-3'

(ANOVA) with Bonferroni’s multiple comparisons test. P < 0.05 was
considered statistically significant.
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