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ABSTRACT: This paper deals with the synthesis, structural studies, and
behavior in solution of unprecedented coordination complexes built by the
association of a panel of 14 representative thiosemicarbazone ligands with the
cluster [Mo2O2S2]

2+. These complexes have been thoroughly characterized
both in the solid state and in solution by XRD and by NMR, respectively. In
particular, HMBC 1H{15N} and 1H DOSY NMR experiments bring important
elements for understanding the complexes’ behavior in solution. These studies
demonstrate that playing on the nature and the position of various substituents
on the ligands strongly influences the coordination modes of the ligands as well
as the numbers of isomers in solution, mainly 2 products for the majority of
complexes and up to 5 for some of them.

■ INTRODUCTION

Molybdenum is a very important trace element found in over
50 molybdoenzymes that play numerous roles in living
organisms. Nitrogen assimilation by plants, vitamin A
formation in mammals, and many other crucial biological
redox processes in nature are efficiently performed by these
metalloproteins that incorporate Mo(VI) or Mo(V) metallic
centers usually embedded within a coordination sphere
including sulfur, oxygen, and nitrogen atoms.1−6 This makes
molybdenum very interesting for biochemical and biomedical
research. Therefore, developing new Mo-based compounds
appears to be a good strategy for developing new drugs, and
there are many examples in the literature of the biological
activity of Mo-based compounds, including polyoxomolyb-
dates and Mo-coordination complexes.7−10 In particular,
during the past six decades, many authors reported
coordination complexes built around the [Mo(V)2O2E2]

2+ (E
= O or S) cores with polysulfides and/or polycarboxylate
ligands. These clusters are one of the common forms of
Mo(+V) cations in solution, and many coordination complexes
formed with usual ligands were studied as biomimetic models
for redox active centers of molybdoenzymes, notably by
Schultz and Ott in the 1960s and 1970s.11,12 More recently,
complexes combining the [Mo2O2S2]

2+ core and ligands such
as polysulfides, cyclopentadiene, DMF, serine, cysteine, or
threonine have been suggested to have biological potential by
the group of Suman. Their convenient low cytotoxicity on cells
was considered useful for possible therapeutic applications like
the development of catalytic drugs,13 especially for cyanide
detoxification, for instance.14−16 Following this work, we

recently published a screening study of a series of complexes of
[Mo(V)2O2E2]

2+ (E = O or S) with commercial polycarboxylate
ligands demonstrating that the biological properties of such
complexes strongly depend on the nature of the ligand. For
instance, complexes of EDTA were not active for antioxidative
properties, while the complexes synthesized with L-cysteine, L-
histidine, and iminodiacetate ligands are highly active.17 These
results prompt us to explore new families of complexes with
ligands known to be highly bioactive.
For this purpose, our attention turned to thiosemicarbazone

molecules. Such ligands are polydentate organic ligands that
contain an imine group linked to a thiosemicarbazide moiety
(Scheme 1). R1, R2, and R3 groups can be modified as desired,
which gives thousands of possibilities. In the past couple of
decades, thiosemicarbazone coordination complexes have
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Scheme 1. General Representation of Thiosemicarbazone
Ligands
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received considerable attention in many domains such as
molecular magnetism,18−20 analytical chemistry,21 biology, or
medicine. In particular, thousands of studies gathered in more
than 200 reviews were focused in the area of biology and
medicine because of the promising biological implications and
remarkable pharmacological properties of thiosemicarbazone
complexes as antitumor, antiviral, antimalarial, antibacterial,
antifungal, or antioxidant agents.22−38

Despite the plethora of 3d transition metal thiosemicarba-
zone complexes reported to date,39−44 those involving
molybdenum are much rarer, although they have been
shown to exhibit biological activity.45−51 In addition, a
majority of thiosemicarbazone complexes of Mo contain only
one Mo center often found as MoVI-dioxo moieties, such as
MoO2(L)(CH3OH)-type complexes (where L is a tridentate
thiosemicarbazone ligand), which exhibit antioxidant,46 anti-
tumor,49 and antibacterial51 properties. Mo(V) complexes are
more scarce.52−55

In this context, our work was focused on the preparation of
[MoV2O2S2]

2+-based thiosemicarbazone complexes. The dinu-
clear cluster [MoV2O2S2]

2+ can be used as an electrophilic
center with polytopic carboxylate ligands leading to various
supramolecular cyclic compounds or with vacant polyoxome-
talates to give spectacular supramolecular assemblies.56,57 As

seen in Figure 1a, the [MoV2O2S2]
2+ cluster displays 3 available

coordination sites on each Mo center, i.e., 2 in the equatorial
position and 1 in the axial position, in a position trans to the
MoO bond. This topology does not favor the reaction with
thiosemicarbazone ligands, which usually behave as planar
tridentate ligands.20,42,58 In addition, the chemistry of the
[MoV2O2S2]

2+ cluster is usually developed in acidic aqueous
solution,56 while 3d thiosemicarbazone complexes are
commonly prepared in alcoholic medium in the presence of
base.42,43 Furthermore, to the best of our knowledge,
coordination compounds with thiosemicarbazones containing
the [Mo2O2S2]

2+ thiocation have never been described before,
even if some binuclear oxo-bridged Mo-based thiosemicarba-
zone complexes exist.53,59

This study thus aims to tackle the challenge of synthesizing a
new family of [Mo2O2S2]

2+-based coordination complexes with
a panel of 14 thiosemicarbazone ligands representative of the
very wide thiosemicarbazone family of ligands (see Figure 1b).
The work will be focused on structural data analysis and the
behavior of the complexes in solution thanks to NMR
spectroscopy studies, notably 1H DOSY and HMBC 1H{15N}
NMR techniques. The latter is rarely used to our knowledge,
but we would like to convince the readers that it could be an

Figure 1. Drawings of (a) the [Mo2O2S2(H2O)6]
2+ cluster highlighting the 6 coordination positions available (arrows) and (b) the 14

thiosemicarbazones ligands used in this study.
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efficient and accessible tool for identifying the nitrogen atoms
coordinated to metals.
In the present work, we vary the nature of R1, R2, and R3

groups (see Scheme 1) and divide the ligands into 3 groups for
more clarity in the discussion. In particular, R1 will be pyridine
or quinoline derivatives (group I, ligands HL1−HL7), phenol
or naphthol derivatives (group II, ligands H2L

8−H2L
12), or

thiophene or furan derivatives (group III, HL13 and HL14

ligands). For group I, the R2 group will be −H or −Me to see
the effect of functionalization of the ligand on this position,
while R2 = H is for ligands of groups II and III. Finally, mainly
in group I, the R3 group will change between H, methyl,
cyclohexyl, and phenyl-acetamide to evaluate the influence of
substitution of this position on the ligand.

■ RESULTS AND DISCUSSION

Syntheses. The thiosemicarbazone ligands have been well-
known since the 1960s. For this study, 14 ligands were selected
among hundreds of molecules. These 14 ligands are
representative of the large variety of existing ligands in the
literature and are prepared by condensation of aromatic and
heterocyclic aldehydes and ketones with thiosemicarbazides in
methanol or ethanol as described in the Experimental Section
(Supporting Information).
The coordination of thiosemicarbazone ligands to the

[Mo2O2S2]
2+ thiocation is not straightforward. Indeed, the

cluster [Mo2O2S2]
2+ is not isolated and is usually found in 1 M

HCl aqueous solution,57 while the thiosemicarbazone ligands
are deprotonated in basic medium.58 Mixing both reactants in
acidic medium and increasing the pH lead first to the
formation of oxothiomolybdenum cycles which can be partially
avoided in large excess of ligand. This approach is not
satisfying. Therefore, we developed a novel synthetic route to
combine the different reactivities of both components.
Specifically, the target complexes were obtained by dropwise
addition of a freshly prepared clear yellow-orange aqueous
solution of the polyoxothiomolybdate cyclic precursor
(NMe4)0.5K1.5[I2Mo10O10S10(OH)10(H2O)5]·20H2O (denoted
hereafter Mo10)

60 to a hot alcohol solution (methanol or

ethanol, see the Experimental Section in the SI) of the ligand
(2 equiv per {Mo2O2S2} fragment). This precursor appears to
be very convenient for this purpose since the 10 hydroxo
bridges connecting the 5 [Mo2O2S2]

2+ units are basic enough
to deprotonate the thiosemicarbazone ligands, and at the same
time, this process leads to the hydrolysis of the Mo-ring to
provide 5 [Mo2O2S2]

2+ units which can then react with
monodeprotonated ligands. The mixture is continuously
stirred and heated at 60 °C for 2 h.
In all cases, the compounds are poorly soluble or insoluble

in water/alcohol mixtures and are isolated as yellow powders,
filtered, washed with ethanol, dried with diethyl ether, and
characterized by FT-IR, EDX, and elemental analysis (see the
Experimental Section, SI). EDX and elemental analyses (C, H,
N, S) carried out on the powders (see Table S2) agree with
n eu t r a l c omp l e x e s w i t h t h e g en e r a l f o rmu l a
[Mo2O2S2(Hx−1L)2] (x = 1−3) which combine one
[Mo2O2S2]

2+ cluster with two of whichever monodeprotonated
ligand is used. For compounds [Mo2O2S2(L

3)2] ,
[Mo2O2S2(L

4)2], and [Mo2O2S2(HL6)2] some traces of a
neutral cyclic cluster [Mo12O12S12(OH)12(H2O)6] (“Mo12”)
are also detected. The latter is almost insoluble and is therefore
difficult to separate from the target neutral complexes. It can be
formed by reorganization of the Mo10 cycle in water, which
necessitates the use of a very freshly prepared solution of Mo10
for the synthesis of complexes to avoid its formation. MALDI-
TOF spectra were measured in the positive mode for all of the
compounds (Figure 2 and Figures S3−S16), observing major
species corresponding to protonated or sodium-cationized
species (see Table S3). The isotopic distribution is in perfect
agreement with a dimolybdic cluster, and the results perfectly
agree with the formation of neutral [Mo2O2S2(HnL

x)2]
complexes. Furthermore, it rules out the hypothesis of the
formation of more sophisticated species including larger
clusters.

Structures. The thiosemicarbazone ligands used (see
Figure 1b) possess at least 5 donating functional groups
capable of coordination: 1 from the initial aldehyde/ketone
part (R1 on Scheme 1), which can be either a pyridine/
quinoline group (group I), a phenolic group (group II), or a

Figure 2. MALDI-TOF spectrum for compound [Mo2O2S2(L
1)2]. Inset: zoomed-in section of the peak assigned to [M + H]+ species in

comparison with the simulated spectrum calculated with Isopro3 software. See Figures S3−S16 in the Supporting Information for the other
compounds.
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thiophene/furan group (group III); and 4 others on the
thiosemicarbazide part where the coordination can take place
on (i) the imine nitrogen atom HCN, (ii) the
hydrazinic nitrogen atom NNH that can also be
azomethinic NNCSH because of the thione−thiol
tautomer equilibrium, (iii) the thioamide terminal nitrogen
atoms CS(−)NH2 or CS(−)NHR, and (iv) the
sulfur atom usually in the thiol SH form, which is
deprotonated as thiolate for coordination. Usually, 3d
transition metal complexes of such ligands involve tridentate
planar binding modes with the coordination of metal to
thiolate, imine, and the function provided by the aldehyde/
ketone part R1. In this study, due to the topology of the cluster
[Mo2O2S2]

2+, three positions are available on each Mo(V)
center, but they are not located on the same plane (see Figure
1a). Therefore, unusual coordination modes are expected for
such complexes, making it essential to obtain structural details.
Crystals suitable for X-ray diffraction studies were obtained

by diffusion of water into DMSO or DMF solutions of
compounds [Mo2O2S2(L

2)2] , [Mo2O2S2(HL6)2] ,
[Mo2O2S2(L

7)2], [Mo2O2S2(HL8)2], [Mo2O2S2(HL12)2],
and [Mo2O2S2(L

13)2], i.e., structures involving ligands of all
three groups.
Except for the molecular structure obtained with ligand

H2L
6, all of the other molecular structures of complexes exhibit

similar features: Each molecular structure (see Figures 3, 5, and

6) involves one [Mo2O2S2]
2+ fragment coordinated to two

ligands in agreement with MALDI-TOF experiments per-
formed on the powders. The formulas determined in powders
are maintained except for solvate molecules which become
DMF/DMSO and water molecules instead of water and
alcohols. The Mo atoms of the [Mo2O2S2]

2+ cluster are in a
distorted square pyramid geometry. The MoMo (range
2.818−2.844 Å), MoS (range 2.302−2.338 Å), and MoO
(range 1.667−1.692 Å) distances perfectly agree with the
preservation of the dinuclear unit [MoV2O2S2]

2+.56,57 Fur-
thermore, the bond valence sum calculations (see Table 1)
confirm the oxidation state of Mo (BVS in the 5.06−5.11
range, see Table 1). From their side, the ligands act as
bidentate ligands involving the thiolate group and one nitrogen
atom of the thiosemicarbazide moiety. The comparison of
selected bond lengths between free and coordinated ligands
evidences a significant increase of CS bond length passing
from 1.649 to 1.697 Å for the CS bond in uncoordinated
ligands to 1.738−1.769 Å in complexes in agreement with
single CS bonds, while the newly formed π bond between C
and hydrazinic N atoms shortens their interatomic distance
from 1.335 to 1.369 Å in free ligands to 1.294−1.339 Å in
complexes according to the formation of the NC(S)
group. This confirms the formation of monodeprotonated
ligands upon reaction with the Mo10 precursor and, more
precisely, the deprotonation of the hydrazinic NH group and
the formation of a thiolate group instead of the thione function
of the free ligand. Moreover, the MoS(ligand) distances are
in good agreement with the distances expected between
Mo(V) centers and thiolate groups (see Table 1).52−55 The
second coordination of the ligand to the Mo(V) atoms is
ensured by nitrogen atoms, but the coordination modes vary as
a function of the nature of the ligand. Surprisingly, the R1
group remains uncoordinated in all cases, while this group is
usually involved in coordination complexes of 3d transition
metals.20,42,58

Structures with “Group I” Ligands. Figure 3 shows the
molecular structures obtained for complexes of pyridinalde-
hyde and quinolinaldehyde thiosemicarbazone ligands, namely,
[Mo2O2S2(L

2)2] (Figure 3a) and [Mo2O2S2(L
7)2] (Figure

3b), respectively. In both cases, the ligands are bidentate and
are coordinated in the two equatorial positions of each Mo(V)
center by thiolate groups and the azomethinic N atoms, thus
forming a 4-atom cycle with Mo(V) atoms. Classically, the
thiosemicarbazone ligands coordinate by the thiolate group, by
the N-imino atom, and by the R1 function (pyridine, phenol,

Figure 3. Molecular structures of complexes [Mo2O2S2(L
2)2] (a) and

[Mo2O2S2(L
7)2] (b). Color code: Mo (blue), C (gray), O (red), N

(green), S (yellow), and H (white).

Table 1. Selected Bond Lengths around Mo Atoms (Å)

complex label CS (N)NC(S) MoN MoSligand Mo−Sbridges MoO BVSa

[Mo2O2S2(L
2)2] Mo1 1.748 1.339 2.126 2.452 2.303, 2.337 1.675 5.08

Mo2 1.742 1.337 2.126 2.453 2.334, 2.303 1.668 5.12
[(Mo2O2S2(L

6)(DMSO))2] Mo1 1.767 1.292 2.088 2.444 2.306, 2.338 1.690 5.09
Mo2 2.342, 2.251 2.306, 2.332 1.693, 2.179, MoODMSO 5.03

[Mo2O2S2(L
7)2] Mo1 1.740 1.336 2.132 2.457 2.313, 2.316 1.672 5.10

Mo2 1.738 1.342 2.123 2.462 2.312, 2.321 1.676 5.08
[Mo2O2S2(HL8)2] Mo1 1.740 1.321 2.128 2.453 2.335, 2.310 1.670 5.09

Mo2 1.747 1.326 2.129 2.460 2.303, 2.329 1.674 5.03
[Mo2O2S2(HL12)2] Mo1 1.729 1.315 2.139 2.474 2.330, 2.314 1.670 5.04

Mo2 1.732 1.320 2.129 2.451 2.304, 2.324 1.669 5.11
[Mo2O2S2(L

13)2] Mo1 1.750 1.319 2.216 2.388 2.337, 2.301 1.667 5.09

aBond valence sum calculation for Mo atoms obtained with Platon software.
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...). In our case, the N-imino atoms are not coordinated, and
the coordination of this N azomethinic atom is thus surprising
and unusual in coordination complexes of thiosemicarbazones;
however, the Mo−N distances fall within the usual bond
lengths (see Table 1). Interestingly, the two ligands are
positioned on opposite sides of the cluster [Mo2O2S2]

2+,
therefore making a trans isomer for [Mo2O2S2(L

2)2], while
they appear in the cis configuration for [Mo2O2S2(L

7)2] (see
Figure 3). These two structures show that such complexes can
exist at least in two cis and trans isomeric forms. The pyridine
and the quinoline groups are nonprotonated (from a distance
analysis) and noncoordinated to the Mo(V) centers. This
result also contrasts with 3d transition metal complexes in
which these groups are generally involved in bonding with the
metal. This freedom could be of interest for biological
properties. From the crystalline packing point of view depicted
in the SI (XRD section), no π−π intermolecular contacts
between complexes for both compounds are identified, and
only intermolecular contacts between solvates (DMF and/or
H2O) and N atoms of pyridine or quinoline groups or between
solvates and the terminal thioamido group can be evidenced.
Finally, given the very close nature of pyridine-containing
ligands HL1, HL3, HL4, and HL5, the corresponding complexes
are expected to present similar coordination modes in cis and
trans arrangements.
In the case of the ligand H2L

6, the R3 group on the terminal
thioamide function of the thiosemicarbazide moiety also
contains an amide function which could coordinate a metal.
Such a ligand thus exhibits additional donating atoms and
steric hindrance, which could provide different structures. The
analyses performed on the powder obtained by the reaction of
Mo10 with the H2L

6 l igand gives the formula
[Mo2O2S2(HL6)2]. By recrystallization from a DMSO/water
mixture, single crystals of formula [(Mo2O2S2(L

6)(DMSO))2]
were obtained. This formula does not correspond to that of the
product obtained in powder form. This suggests that the
precipitate formed during the synthesis is a kinetic product,
while a second deprotonation of the ligand can occur during
the recrystallization step to give the (L6)2− ligand. The only
possibility to provide a poorly soluble neutral species between
[Mo2O2S2]

2+ and (L6)2− is a stoichiometric combination. This
corresponds to the tetranuclear complex that we obtained, i.e.,
[(Mo2O2S2(L

6)(DMSO))2], which could be the thermody-
namic product. As represented in Figure 4, the molecular
structure reveals two twice-deprotonated ligands acting as
bridging bis(bidentate) ligands that are coordinated to two
[Mo2O2S2]

2+ clusters. On one side, the ligand is coordinated to
the labeled Mo1 atom on two equatorial coordination sites by
the thiolate group of the ligand and surprisingly by the
nitrogen atom of the thioamide N10 atom (see Figure 4),
which seems to also be deprotonated. Such deprotonation is
unusual, but it could be favored by a mesomeric stabilization
by the aromatic R3 group functionalized by a withdrawing
amide function. Such a phenomenon is not observed and not
possible for the 13 other ligands. On the other side of the
ligand, the imine (N11) and the pyridine (N18) N atoms are
both coordinated in a classical way to the Mo2 atom belonging
to a second [Mo2O2S2]

2+ cluster. The imine N13 atom is
found in the apical position, while the N atom of the pyridine
group N21 is linked to the metal through an equatorial
coordination site.
The Mo−N13 distance of 2.34 Å appears to be significantly

longer than the Mo−N21 distance (2.25 Å), in agreement with

a trans effect on Mo. The coordination sphere of Mo2 is filled
by a DMSO molecule on an equatorial position to obtain a
distorted octahedral arrangement while Mo1 adopts a distorted
square pyramid geometry. Finally, the analysis of the crystalline
packing (see the SI, XRD section) reveals partial overlapping
between pyridine rings from neighboring complexes and thus
π−π intermolecular contacts between complexes in the solid
state (distance in the range 3.3−3.5 Å). This result
demonstrates the possibility to obtain original arrangements
when bulky appropriate aromatic groups are used in this
terminal position of the ligands.

Structures with “Group II” Ligands. In the case of phenolic
derivatives, the molecular structures of complexes formed with
salicylaldehyde (H2L

8) and 2-hydroxy-naphtaldehyde thiose-
micarbazones (H2L

12) have been solved by XRD. According to
MALDI-TOF experiments, complexes with a 1:2 stoichiometry
were obtained as depicted in Figure 5. The two Mo atoms of
the cluster are pentacoordinated, and the coordination modes
are similar to those obtained with the thiosemicarbazone
ligands of Group I: Mo atoms in a distorted square planar
geometry and thiosemicarbazone ligands coordinated to
Mo(V) atoms through thiolate and azomethinic N atoms. In
these cases , the two l igands within complexes
[Mo2O2S2(HL8)2] and [Mo2O2S2(HL12)2] display a trans
arrangement.
In these two molecular structures, unexpectedly for this class

of ligands, the ligands do not act as classical tridentate ONS
donors. Indeed, in contrast with the number of complexes in
the literature, the −OH function of the R1 group remains
protonated and noncoordinated to the metal, while it is usually
deprotonated and coordinated in 3d transition metal
complexes.20,58,61

Furthermore, the configuration of the ligand in both
complexes could be stabilized by intramolecular contacts
between the N imino group with the −OH group from R1

F i g u r e 4 . Mo l e c u l a r s t r u c t u r e o f c o m p o u n d
[(Mo2O2S2)2(L

6)2(DMSO)2]. Color code: Mo (blue), C (gray), O
(red), N (green), and S (yellow).
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(dN−O 2.65 Å in both complexes) and terminal −NH2 group
(dNimino−Nthioamido

= 2.72 and 2.75 Å). Finally, in both cases, H-
bonds between −OH and −NH2 functions of the ligands and
solvates can be identified in both structures, but there is no
evidence of a direct H-bond network or π−π stacking between
complexes.
Structures with “Group III” Ligands. Finally, for the last

category of ligands represented by HL13, the molecular
complex of a 1:2 stoichiometry gives a trans-type isomer
with 2 monodeprotonated (L13)− ligands in which the
thiophene group is found to be free, in agreement with the
structures obtained with HL1, HL2, H2L

8, and H2L
12 ligands,

and the coordination spheres of the two Mo(V) centers are
ensured by the thiolate groups and the imine group of the
ligand (Figure 6), while the imine was found uncoordinated in

almost all of the other complexes. Such a coordination mode is
more usual for this type of ligand with transition metals.
Nevertheless, as seen in Figure 6, it provokes a stronger
distortion of the coordination sphere of the Mo atoms and also
a distortion within the dinuclear cluster evidenced by the two
MoO bonds which appear to be clearly not parallel. This
distortion is very limited in the other structures when
azomethinic N atoms are coordinated. This could explain the
preferential coordination to the latter rather than the imino N
atom.

From the crystalline packing point of view, intermolecular
contacts between complexes are ensured through H-bonds
involving −NH2 functions of the ligands with S atoms of the
R1 groups (dS−N = 3.25 Å) which allows one complex to
connect to four neighboring complexes. In contrast with the
previous structures, the solvates that usually interact with these
groups are highly disordered in this structure and were not
positioned confidently.
In summary, as a general feature, the structures combining

the cluster [Mo2O2S2]
2+ with thiosemicarbazone ligands

evidence a bidentate behavior of these ligands, a preferential
coordination of the ligands at the equatorial positions of the
Mo(V) centers, and unusual and sometimes even unprece-
dented coordination modes for such a class of ligands. We also
observe that the aldehyde/ketone part of the ligand, i.e., R1
groups, is noncoordinating regardless of the nature of this
group and the possible formation of different isomers, mainly
cis and trans for a 1:2 stoichiometry. In contrast with the other
ligands, the structural studies also evidence that a more
sophisticated ligand, such as H2L

6, can induce the formation of
a dimeric arrangement of 2:2 stoichiometry with a bridging
bis(bidentate) character for the ligand. In this case, the use of
an R3 group capable of stabilizing the deprotonation of the
thioamido group of the ligands is undoubtedly very important.
Finally, the replacement of H by a methyl group as R2 or the
use of a thiophene derivative as R1 seems to favor the
coordination of the imino N atom to Mo atoms, which adopts
either a highly distorted square pyramidal or a distorted
octahedral geometry. To confirm these assessments, and to
study the formation of different isomers in solution, an NMR
study was thus performed in DMSO.

Solution Studies by NMR. Considering (i) the equatorial
and axial positions of the two Mo(V) centers, (ii) the presence
of two ligands for each complex with 4 or 5 donating atoms on
each ligand, and (iii) the evidence by X-ray diffraction studies
of the formation of different types of assemblies and isomers,
the investigation of properties in solution of [Mo2O2S2]-based
thiosemicarbazone complexes appears to be necessary to
evidence the formation of favored isomers among numerous
possible isomers (at least 12 possible isomers just by
considering the coordination involving thiolate groups and N
azomethinic atoms; see Figure S112 and the corresponding
discussion in the SI for more details). The investigations were
performed in DMSO by using various NMR techniques
including 1D 1H NMR, 2D 1H NMR experiments such as
ROESY and DOSY, and 2D 15N{1H} HMBC correlation
NMR. Only a few selected spectra corresponding to the
complex [Mo2O2S2(HL8)2] as representative example are
presented in the main text, while all other NMR spectra are
given in the Supporting Information (see the NMR section).
The main results are gathered in Table S5, while Tables 2 and
3 summarize data acquired for DOSY and 15N{1H} HMBC 2D
experiments for ligands and complexes.
As can be seen in Figure 7, a comparison of the 1H NMR

spectra of the free ligand H2L
8 and the powder analyzed as

[Mo2O2S2(HL8)2] shows that the chemical shifts of all protons
of the ligand have undergone significant changes. Interestingly,
the 1H spectrum of [Mo2O2S2(HL8)2] exhibits two sets of
signals highlighted by spectral decomposition using the Dmfit
NMR tool.62 The two subspectra display the same features and
the same multiplicities in agreement with two identical ligands
within the complexes thanks to an inversion center for the
trans isomer or a symmetry plane passing by the center of the

Figure 5. Molecular structures of complexes [Mo2O2S2(HL8)2] (a)
and [Mo2O2S2(HL12)2] (b). Color code: Mo (blue), C (gray), O
(red), N (green), and S (yellow).

Figure 6. Molecular structure of complex [Mo2O2S2(L
13)2]: top view

(a) and side view (b). Color code: Mo (blue), C (black), O (red), N
(green), and S (yellow).
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Mo−Mo bond for the cis isomer. The signals are assigned
using literature and NOESY experiments (see the SI). In
particular, the cross peaks corresponding to H12−H10 and
H5−H7 correlations confirm the assignment of the imine
proton as H5 and the presence of the noncoordinated phenol
group H12, in agreement with the structure (the labels are
given in Figure 7).
The signals of the proton or the methyl group on the imine

function of the ligands are sufficiently resolved to serve as a
good probe to distinguish a mixture of complexes with their

proportions in all of our 14 compounds. In the present case,
two species of relative proportions of 20/80 are identified and
must correspond to the two position isomers with cis and trans
configurations for the two ligands as the XRD studies revealed.
For both species, the aromatic protons (H7−H10) are the
least affected (up to 0.3 ppm shifts), while the peaks from the
thiosemicarbazide moiety are dramatically shifted downfield.
The most sensitive are the imine and thioamide protons (H5
and H1/H1′, respectively), having moved on the spectrum by
1.1−1.3 ppm. It is important to mention that the H3 signal
disappeared after complexation in accordance with the
deprotonation of the hydrazinic N atoms of the ligand.
Unfortunately, it was not possible to assign the cis and trans
isomers to their spectra, even by using different 2D NMR
methods (DOSY, NOESY, ROESY, ...).
Similarly, only two species were evidenced for the eight

compounds [Mo2O2S 2 (L
1 ) 2 ] , [Mo2O2S 2(L

2 ) 2 ] ,
[Mo2O2S2(L

7)2], [Mo2O2S2(HL8)2], [Mo2O2S2(H2L
9)2],

[Mo 2O 2S 2 (H 2L
1 0 ) 2 ] , [Mo 2O 2S 2 (HL 1 1 ) 2 ] , a n d

[Mo2O2S2(HL12)2], which clearly demonstrates that the two
cis and trans isomers are undoubtedly favored in this family of
complexes. In contrast, for complexes with 2-acetylpyridine,
i.e., when the R2 group of the ligand is a methyl group (ligands
HL3, HL4, and HL5), more isomers are observed in solution.
As seen in Figures S42, S48, and S54, the number of isomers

increases to 4, 5, and 4 for [Mo2O2S2(L
3)2], [Mo2O2S2(L

4)2],
and [Mo2O2S2(L

5)2], respectively. As seen in Figure S42, 4
isomers of [Mo2O2S2(L

3)2] are observed with two main
isomers with relative intensities of 46% and 36%, respectively,
and two minor species at 12% and 8%, respectively. The NMR
methods did not permit an identification of the type of
isomers. For [Mo2O2S2(L

4)2], the two main isomers represent
55% of the mixture while the three others represent 45% (see
Figure S51). Finally, for [Mo2O2S2(L

5)2] (see Figure S54), the
two main isomers correspond to 55% and 25% of the mixture,
while the two minor species are found with 13% and 7%
proportions.
In the case of ligand H2L

6, the broadness of some signals
precludes a confident determination of the number of isomers
(Figure S62). Finally, for complexes of ligands of Group III,

Table 2. Diffusion Coefficient Values in μm2/s for Ligands and Complexes Measured for a Total Concentration of Ligand of 5
mM in DMSO-d6

uncoordinated ligands complexes

ligand D (μm2/s) formulaa D (μm2/s) calculated rh hydrodynamic radius of complexb (Å)

HL1 266 ± 8 [Mo2O2S2(L
1)2] 160 ± 9 6.9

HL2 300 ± 10 [Mo2O2S2(L
2)2] 190 ± 7 5.8

HL3 290 ± 10 [Mo2O2S2(L
3)2] 190 ± 30 5.8

HL4 300 ± 20 [Mo2O2S2(L
4)2] 170 ± 20 6.5

HL5 270 ± 4 [Mo2O2S2(L
5)2] 170 ± 20 6.5

H2L
6 300 ± 20 [(Mo2O2S2)(HL6)2] 130 ± 20 8.5

HL7 243 ± 7 [Mo2O2S2(L
7)2] 157 ± 10 7.0

H2L
8 230 ± 20 [Mo2O2S2(HL8)2] 158 ± 5 7.0

H3L
9 221 ± 3 [Mo2O2S2(H2L

9)2] 153 ± 6 7.2
H3L

10 229 ± 7 [Mo2O2S2(H2L
10)2] 170 ± 10 6.5

H3L
11 250 ± 8 [Mo2O2S2(H2L

11)2] 170 ± 20 6.5
H2L

12 230 ± 10 [Mo2O2S2(HL12)2] 170 ± 20 6.5
HL13 279 ± 6 [Mo2O2S2(L

13)2] 175 ± 7 6.3
HL14 291 ± 5 [Mo2O2S2(L

14)2] 190 ± 10 5.8
[Mo2O2S2(HNTA)2]

2− 173 ± 6 6.4
aFormulas are those of powders (without solvates) solubilized in DMSO. bHydrodynamic radii are calculated by using the Stokes−Einstein
equation D = kBT/6πηrh: kB Boltzmann’s constant, T temperature (K), and η solvent viscosity.

Figure 7. 400 MHz 1H NMR (DMSO-d6) spectrum of ligand H2L
8

(black), complex [Mo2O2S2(HL8)2] (red), and the two simulated
subspectra contained in [Mo2O2S2(HL8)2]. Attributions of the 1H
NMR signals of the free ligands were made thanks to the literature
data63 and ROESY experiments when needed, while those of protons
in complexes are confirmed by ROESY and by heteronuclear 1H{15N}
HMBC NMR techniques (see the NMR section in the SI).
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i.e., furaldehyde (HL14) or thiophenaldehyde (HL13), thio-
semicarbazone ligands, up to 8 different species are observed
for [Mo2O2S2(L

13)2] (Figure S99) and 5 isomers for
[Mo2O2S2(L

14)2] (Figure S107). Note that, for the latter, as
shown in the Supporting Information, from two isomers
identified in a fresh mixture (Figure S105), the solution slowly
evolves to give up to 5 isomers (Figure S107), which suggests a
dynamic equilibrium between these species.
Although it was not possible to identify the nature of each

isomer, the main results of this solution study are that the
preferential isomers are formed in solution. In addition, the
number of species clearly depends on the nature of R1 and R2
groups of the thiosemicarbazone ligands. To limit the
formation of isomers, R1 must be pyridine, quinoline, phenol,
or naphthol derivatives, while R2 must be H (and not Me).
Indeed, when R1 = thiophenaldehyde or furanaldehyde, or R2
= Me, in all cases, the number of isomers increases. It should
increase the basicity of the N imino atoms and reinforce the
competition with N azomethinic atoms for coordination with
Mo. This hypothesis agrees well with the results obtained by X-
ray diffraction of [(Mo2O2S2(L

6)(DMSO))2] and
[Mo2O2S2(L

13)2] (see Figures 4 and 6, respectively), which
suggests that the imino N atom can be coordinated when R2 =
Me and R1 = thiophene derivative.

1H DOSY NMR proved to be an efficient tool for
investigating size and supramolecular assemblies in solu-
tion.64,65 In our case, such an experiment can be useful to
demonstrate that the two subspectra seen in Figure 7
correspond to a mixture of two isomers. Diffusion NMR
experiments were thus performed on DMSO solutions of free
ligands and their corresponding complexes. The diffusion
coefficients are gathered in Table 2, while Figure 8 shows the
spectra obtained for l igand H2L

8 and complex
[Mo2O2S2(HL8)2]. Note that the dinuclear complex
[Mo2O2S2(HNTA)2]

2−, which exhibits a size similar to that
of two arms of the nitrilotriacetate (NTA3−) remaining
uncoordinated and either cis or trans positions of the two
ligands (Figure 8a) in equilibrium in solution, is chosen as a
reference for the diffusion coefficient of dinuclear species.
As shown in Table 2, the diffusion coefficients of the free

ligands fall in the range 230−300 μm2/s depending on the size
of the ligands. The formation of complexes naturally leads to
larger molecular systems. Therefore, the values of diffusion
coefficients are found to be lower than those of the free ligands
in the range 153−190 μm2/s. These values agree with the value
expected for dinuclear species and are fully compatible with the
reference compound [Mo2O2S2(HNTA)2]

2− showing a value
of 173 μm2/s. More interestingly, the two subspectra identified
by 1H NMR (see Figure 7) exhibit similar diffusion coefficients
as those seen in Figure 8b. Such a result is possible for species
possessing similar hydrodynamic radii. Therefore, considering
the results of the XRD studies, the assignments of the two
subspectra agree well with the formation in solution of both cis
and trans isomers of the [Mo2O2S2(HL8)2] complex in slow
dynamic exchange in DMSO (variable temperature NMR did
not modify the proportions of the species). A similar
conclusion is made for the seven other compounds
[Mo2O2S2(L

1)2], [Mo2O2S2(L
2)2], [Mo2O2S2(L

7)2],
[Mo2O2S2(H2L

9)2], [Mo2O2S2(H2L
10)2], [Mo2O2S2(HL11)2],

and [Mo2O2S2(HL12)2].
For complexes exhibiting more complicated systems with a

mixture of up to 8 components (see the SI), the DOSY
experiments also suggest a mixture of isomers with comparable

diffusion coefficients, which could involve different coordina-
tion modes of the ligands, notably the nature of the
coordinated N atoms, as well as coordination in both the
axial and equatorial positions of Mo centers as depicted in
Figure S112. Finally , in the case of compound
[Mo2O2S2(HL6)2], the diffusion coefficient displays a much
lower value of D = 130 μm2/s in agreement with larger species
with an average hydrodynamic radius of 8.5 Å, which is an
intermediate value between the size of the tetranuclear
complex characterized by X-ray diffraction (11 Å) and the
common dinuclear complexes (6−7 Å). This suggests for this
compound an equilibrium in solution between the two
complexes [Mo2O2S2(HL6)2] and [(Mo2O2S2(L

6)-
(DMSO))2] and also probably some intermediate species
and, consequently, averaged D values.
Although 1H NMR techniques have yielded important

information on ligand coordination, complex size, and the
presence of multiple isomers, such techniques cannot
confidently elucidate ligand coordination modes, especially
the nature of N atoms bound to the Mo centers. Due to its
quadrupolar moment, which leads to broad lines, the 14N
nucleus is rarely used in NMR despite a natural abundance of
99.63%. In addition, the 15N isotope exhibits a spin of 1/2, but
the sensitivity of 15N is much lower than 13C; the direct 1D
NMR measurement is very difficult. HMBC 1H{15N} experi-
ments were developed in the 1990s, and this method has
proved beneficial in determining structures of alkaloids and
nitrogen atoms involved in coordination processes and
protonation.66,67 It allows the acquisition of a 15N spectrum
through the 1H nuclei linked to nitrogen atoms, and it
necessitates about 16 h experiments in 10 mM solution to
obtain satisfactory data for our study. HMBC 1H{15N}

Figure 8. (a) Molecular structures of cis and trans isomers of
[Mo2O2S2(HNTA)2]

2− chosen as a reference. (b) Superimposed 400
MHz 1H DOSY NMR (DMSO-d6) spectra of ligand H2L

8 and
complex Mo2O2S2(HL8)2. The

1H NMR spectra of the ligand and
complex are given for clarity in black and red, respectively.
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experiments not only measure 15N spectra but also provide the
correct assignment of both 15N and some 1H peaks. Figure 9
displays the HMBC 1H{15N} spectra recorded for ligand H2L

8

and complex [Mo2O2S2(HL8)2] in DMSO, while those
obtained for the other complexes are given in the Supporting
Information. Table 3 lists the 15N NMR chemical shifts
obtained for ligands and the main isomer of complexes.
As shown in Figure 9a and the corresponding figures in the

SI, the 1H − 15N correlations and the strength of the coupling
constant in the ligand allow the unambiguous identification of
the signals assigned to the nitrogen atoms within the ligands.
In the case of the ligand H2L

8 (Figure 9a), the signal of the
imine N4 atom appears coupled with the H5 proton at −64.8
ppm, and the hydrazinic/azomethinic N3 atom also coupled
with the H5 proton through 3J (6 Hz) at −206.0 ppm. The
signal of the terminal thioamide function of the ligand, N1, is
found at −269.1 ppm. In this case, the two protons of the
amine groups are nonequivalent, and each is coupled with N1
through a strong coupling constant 1J = 85−86 Hz. As can be
seen in Table 3, the chemical shift of the terminal thioamide
function appears in the −266 to −274.4 ppm range except for
ligands HL5 and H2L

6 (labeled N7 and N10, respectively)
which are found at −245.4 and −248.7 ppm due to the
electronic effect of the cyclohexyl or aromatic group grafted on
this thioamide. The hydrazinic nitrogen atom appears for all of
the ligands in the range from −204.7 to −212.0 ppm. The
nitrogen atom of the imine function falls in the range from
−60.2 to −67.7 ppm, except for ligands HL1 (−50.5 ppm),
HL2 (−53.1 ppm), and HL7 (−46.1 ppm). The signals of N
atoms belonging to the pyridine or quinoline moieties are in
the same region in the range from −56.5 to −67.3 ppm.
Upon the formation of complexes (the major isomer), the

latter are only slightly shifted up to +3.8 ppm, indicating that
the pyridine/quinoline moieties of the ligands do not
participate in the formation of complexes in almost all cases.
In contrast, for the complex formed with ligand H2L

6, the
chemical shift of the N21 atom of the pyridine part undergoes
a strong deshielding by 55.2 ppm which suggests coordination
of Mo with the N21 atom, in agreement with the structure
given in Figure 4.
Concerning the complexes formed with ligands HL1, HL2,

and HL7, the chemical shifts of the azomethinic N3 or N4
atoms are strongly affected with upfield ranging from 27.2 to
30.8 ppm, in accordance with the deprotonation and
coordination of these atoms, while the imine nitrogen atoms

are only slightly shifted by less than 3.8 ppm. These data agree
well with the structures of complexes [Mo2O2S2(L

2)2] and
[Mo2O2S2(L

7)2] (Figure 3) and suggest that the complex
[Mo2O2S2(L

1)2] possesses a similar molecular structure. The
same features are evidenced for the complexes formed with
phenolic derivatives [Mo2O2S2(HL8)2], [Mo2O2S2(H2L

9)2],
[Mo 2O 2S 2 (H 2L

1 0 ) 2 ] , [Mo 2O 2S 2 (HL 1 1 ) 2 ] , a n d
[Mo2O2S2(HL12)2] with an upfield of the hydrazinic/
azomethinic N group in the 28.4−30.9 ppm range while the
imino N atom is slightly affected. Once again, this result agrees
well with the molecular structures of complexes
[Mo2O2S2(HL8)2] and [Mo2O2S2(HL12)2] (Figure 5).
Interestingly, the 15N NMR data of complexes

[Mo2O2S2(L
3)2], [Mo2O2S2(L

4)2], and [Mo2O2S2(L
5)2]

evidence a strong chemical shift variation of the imine group
from +35.0 to +39.1 ppm, while it is difficult to observe the
signals of the hydrazinic atoms because there is no proton in
the vicinity through at least three bonds in these molecules.
This result demonstrates that for these three complexes the
ligand is coordinated by thiolate and by N imino groups. In the
three cases, the ligands were synthesized with 2-acetylpyridine,
i.e., R2 = Me. The donor methyl group should enhance the
basicity of the imine groups for coordination with Mo(V)
centers which favors the coordination of this N atom.
Nevertheless, considering the formation of up to 5 isomers
for these three complexes, even if this mode of coordination is
favored, the latter probably competes with that involving the
hydrazinic N atoms.
This hypothesis is supported by the NMR experiments

per formed for complexes [Mo2O2S2(L
13)2] and

[Mo2O2S2(L
14)2]. Indeed, the

15N NMR data recorded for
both complexes suggest the coordination of the azomethinic N
atoms while the imino group remains noncoordinated. It
contrasts with the structure obtained for complex
[Mo2O2S2(L

13)2] which displays coordination through imino
N atoms (see Figure 6). This demonstrates the possibilities of
the formation of complexes by the two modes of coordination
of the ligands, and the consequence is that up to 8 isomers
have been observed in solution (see Figures S99 and S112).
In summary, 15N NMR data allow the identification of the

coordination mode of ligands with the [Mo2O2S2]
2+ clusters.

All of the complexes except for one do not exhibit a
coordination of the terminal thioamido group and of the
aldehyde/ketone part of the ligand R1. The coordination of
the thiolate groups appears obvious from the crystallographic

Figure 9. 400 MHz 1H{15N} HMBC NMR (DMSO-d6) spectra of ligand H2L
8 (a) and complex [Mo2O2S2(HL8)2] (b) (a and b correspond to the

two isomers identified by 1H NMR). (c) Highlight of the chemical shift variation of 15N spectra induced by coordination of the ligand.
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Table 3. Chemical Shift Values of Nitrogen Atoms in the Free Ligands and Complexes (Major Isomer Can Be Either cis or
trans but the Nature of the Isomer Could Not Be Determined)
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data and FT-IR spectra, and the coordination of the hydrazinic
N atoms seems to be favored for the main part of our
complexes. If so, only two isomers, cis and trans, are observed.
On the contrary, when substituent R2 is a methyl group or
when R1 is a furan or a thiophene group, a competition takes
place between imino and thioamido N atoms to link the MoV

centers. In this case, a complex mixture of 4−8 isomers in
solution occurs. Such types of ligands should be avoided in
further work to prevent the formation of complicated mixtures.

■ CONCLUSION

We have succeeded in isolating 14 new coordination
complexes made by associating the cluster [Mo2O2S2]

2+ with
a collection of thiosemicarbazone ligands displaying various
R1, R2, and R3 groups. MALDI-TOF experiments demon-
strate that the powders obtained during the syntheses
correspond to binuclear complexes of Mo(V) coordinated by
two monoanionic thiosemicarbazone ligands. For the major
part of complexes, single-crystal structural studies show
unusual coordination modes of the thiosemicarbazone ligands
through the thiolate groups and the azomethinic N atoms. In
addition, the two ligands can take either a cis or a trans position
with respect to the molybdenum block [Mo2O2S2]

2+, in
agreement with the NMR solution studies. In fact, most of the
complexes exist in solution in two isomeric forms generally in
unequal proportions. 15N NMR studies allowed character-
izations of the nitrogen atoms of ligands coordinated to the
metallic centers in DMSO. This technique, rarely used, appears
as an efficient tool to study such complexes in solution and
provides important information about the coordination modes
of thiosemicarbazone ligands for diamagnetic complexes. It
also unambiguously highlights the nature of N atoms linked to
the Mo centers for the major isomers. Through the 14 ligands
used in this study, influences of the variation of the R1, R2, and
R3 groups are also studied. It appears that, in all cases, R1
groups remain uncoordinated. Furthermore, when R1 is a
furan or a thiophene derivative, the number of isomers in

solution increases up to 8 isomers which have not been
identified. The same effect is obtained when R2 = Me instead
of H for ligands HL3, HL4, HL5, and H2L

6, which makes the
solution studies more difficult. This could be due to an
increase of the basicity of the imine group. Such ligands should
thus be avoided in further work with [Mo2O2S2]

2+ if we want
to diminish the number of isomers. Our attention is now
focused on biological properties of such coordination
complexes and the chemical ways to favor the selective
synthesis of one unique isomer for such types of complexes.
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