Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Open Access Article. Published on 06 March 2023. Downloaded on 3/3/2026 2:14:35 PM.

[{ec

7 ROYAL SOCIETY
PN OF CHEMISTRY

CrystEngComm

View Article Online

View Journal | View Issue

Perchlorate-induced structural diversity in
thiosemicarbazone copper(i) complexes provides
insights to understand the reactivity in acidic and
basic mediat

i '.) Check for updates ‘

Cite this: CrystEngComm, 2023, 25,
2213

Rubén Gil-Garcia,® Gotzon Madariaga, ©*° Alondra Jiménez-Pérez,?

Ignacio Herran-Torres,® Adrian Gago-Gonzalez, @®2 Maria Ugalde,?

Vaidas Januskaitis,® Joaquin Barrera-Garcia,® Maite Insausti, ©9 Maria S. Galletero,®
Joaquin Borras,” José Vicente Cuevas, ©?2 Rosa Pedrido, @9 Patricia Gomez-Saiz,?
Luis Lezama @ and Javier Garcia—Tojal@*a

The use of perchlorate ancillary ligands with relatively low coordination ability nicely illustrates a rich
structural diversity in thiosemicarbazone copper(i) (TSC-Cu(n) systems. Five compounds with the formulae
{[CUL(OHIICUL(OCIO3)},:nClO4-2nH,O (1), [{CuL(OClOs)}] (2), [Cu(HL(OCIO3)-(OH,)l HoO (3), [Cusls]
(ClO4)-2H,O  (4) [CUHL(NCS)I(CLO,) (5) are studied, where HL = pyridine-2-carbaldehyde
thiosemicarbazone. The crystal structures show the presence of polynuclear species in the compounds

and

containing an anionic L~ thiosemicarbazone ligand: 1D chains (1) and dinuclear (2 and 4) arrangements.
Meanwhile, complexes with a neutral HL ligand give rise to mononuclear entities (3 and 5). The chemical
and structural parallelism of these complexes with the analogous TSC-Cu(i)-nitrate system is discussed.
The thiocyanate ligand in compound 5 comes from partial desulfurization of the thiosemicarbazone in acid
medium and results in an incommensurate modulated structure. On the other hand, it is proposed that
[CuslLs]™ species present in 4 could play a possible role in desulfurization reactions. Experimental evidence
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and theoretical calculations support a proposed mechanism for the partial desulfurization of preformed
TSC-Cu(l) entities in basic and physiological media to yield the [CuL(L“M)] (HL*N = pyridine-2-
ylmethylene(hydrazine carbonitrile)) and [{CuL(SH)},)] compounds.

DOI: 10.1039/d3ce00119a
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Introduction

Thiosemicarbazones (TSCs) and their metal complexes have
been proposed to exhibit a wide range of biological
activities’™® and tested as drugs against microbial diseases
(malaria, tuberculosis,'*?° smallpox,>"** influenza,*
leishmaniasis®****), neurological pathologies (Alzheimer's,>*>°
Parkinson's®’) and cancer.**® Several biochemical targets
have been identified,**™** while the formation of TSC-Fe and
TSC-Cu complexes seems to play an important role in their
affectation to cells.***>

The promising results in cells and animals prompted the
researchers to test these substances as antitumor
therapeutics, being evaluated in phase I,°*°° phase II and
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even phase III clinical trials.”® To date, the results in humans
have been poorer than those obtained in cells and animal
models, except for combination therapy,”* and this decrease
in the effectiveness has been associated with methemoglobin
formation in patients, hypoxia, lower clearance times than
those observed in mice, and toxicity effects.”*”® Glucuronide
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formation and an increase in sulfate contents in plasma have
also been reported, which suggested possible transformations
of TSCs in physiological medium.”* Taking into account that
reactions with intracellular copper seem to be pivotal to
understanding the biological activity of TSCs,”>”’
desulfurization processes such as those described for PTSC-
Cu(u) species in aqueous medium ranging from basic to
physiological pH 7.4 values (HPTSC = HL = pyridine-2-
carbaldehyde thiosemicarbazone, Scheme 1)’® deserve special
attention. This reaction is not detected for complexes of HL
with other metal ions such as Hg(u), Pb(u), Fe(i/ur), Co(m),
and Ni(n).””*® Notwithstanding, desulfurization processes
triggered by coordination to different metal ions have been
described for other TSC systems.®'° In fact, these kinds of
transformations could be responsible, at least in part, for the
biological behaviour and its control could be key to
improving the use of these substances as antitumor agents.”

In order to obtain insight into the coordination behaviour,
chemical speciation and desulfurization processes in TSC-
Cu(u) complexes, our starting hypothesis was to consider that
ligands with low coordination ability, such as perchlorate
anions, lead to an increase in the variety of entities in the
isolated solids. Our experience with nitrate ions suggested
this idea, but nitrate derivatives were often difficult to
crystallize. Thus, we have synthesized and characterized a
series of perchlorate derivatives of TSC: {[CuL(OH,)]
[CuL(OCIO;)]},nClO,-2nH,0 (1), [{CuL(0CIO,)},] (2), [Cu(HL)
(OCI0;),(OH,)|H,O (3), [Cu,L;](ClO,)-2H,0 (4) and [Cu(HL)
(NCS)](ClO,) (5). Acidic media induce the loss of the sulfur
thiosemicarbazone atoms released as a part of molecular
fragments arising from a breakage reaction, such as the
thiocyanate groups present in the aperiodically ordered
compound 5. The crystal structures and spectroscopic
properties are described and compared with those of
analogous thiosemicarbazone systems, emphasizing the role
that perchlorate anions play in the structural and chemical
behaviour. In fact, the parallelism with the HL-Cu-nitrate
system is analysed in depth and supported by an extensive
characterization provided as ESIt so as not to hinder the
discussion of the rest of the results. The relevance of the
[Cu,Ls]" entities present in the crystal structure of 4, also
detected in aqueous solutions at physiological pH 7.4, is
discussed in relation with ESI" measurements and different
structural and spectroscopic evidence of thiosemicarbazone
desulfurization processes in neutral and basic media. A

mechanistic proposal is given, filling the gaps in
3
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Scheme 1 HL ligand and the corresponding atom labels for the
present work.
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desulfurization mechanisms for TSCs previously published.
In addition, it rationalizes the relationships among different
species independently isolated for decades.

Results and discussion
Synthesis

The chemical complexity of the reported perchlorate system
is analogous to that found in other HL-Cu(u) compounds
containing O-donor inorganic ancillary ligands derived from
strong acids, such as sulfato®>®® and nitrato.®***® This
behaviour contrasts with the simple structural chemistry
found in more coordination ligands, such as chloride (square
pyramidal geometries for monomers and centrosymmetric
dimers in acidic and basic media, respectively) and acetate
derivatives (only centrosymmetric dimers, because anionic
ligands derived from weak acids are not compatible with the
neutral HL form).” Concerning the nitrate ligands, there is a
marked parallelism with the composition and structures
reported here and those of previously published nitrate
compounds, as discussed in the crystallographic section and
the chapter entitled Summary about the parallel Cu*'/HL/
NO;™ system in the ESL} In particular, there are important
analogies in the chemical composition, spectroscopic
properties and crystal structures of CuL(NO;) (actually,
[CuL(ONO,)],)*® wvs. compound 1, [Cu(HL)(ONO,)(OH,)]
(NO;)*® vs. compound 3, Cuy(HL)Ly(NO;),(H,0), vs.
compound 4 (see the ESIf), and [Cu(HL)(NCS)](NO3)* vs.
compound 5.

Some of the crystals whose structures are reported here
were serendipitously obtained when we were looking into the
reaction of the HL-Cu(u) system with nucleobases and
nucleotides.’”*® For that reason, we focused on the search
for rational methods to attain them (see Experimental
section). It is worth noting the nearly ubiquitous presence of
compound 1, even as an impurity, in many of the assays
carried out in spite of its high solubility in water. In the case
of compound 3, the only successful synthetic method
required an ethanolic acid medium because of the high
solubility in water, long reaction times and also several
filtrations to remove impurities of 1 and 5. Regarding 5, it
was also attained in a highly acidic medium, which
emphasizes the great affinity between HL and Cu(u) ions.
Unfortunately, we failed in the reproducibility of the
syntheses of compounds 2 and 4 (Fig. S1.17 and S1.187%). In
spite of this, the physicochemical characterization suggests
that the powder samples retained the main figures of the
crystal structures: CuL(ClO,) motifs in an anhydrous lattice
(2) and a compound with presumable [Cu,L;](ClO,)-3H,0
formulae (4, see Experimental section).

Considering the latter results, a complete
spectrometry study was performed in aqueous solution at pH
4.0, 7.4, 9.0, 11.0 and 13.0 with the aim of elucidating the
experimental conditions that boost the formation of [Cu,Ls]"
entities (see the ESI; Fig. S3.1-S3.4). The work was carried
out on aqueous solutions of the CuL(NO;) compound, a

mass
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better understood complex whose behaviour in solution is
expected to be quite parallel to that of its homologue 1
because of the low coordination abilities of the counterions
that allow easy release of the nitrate and perchlorate groups.
Peaks at m/z 662.8 and 664.7 attributed to [Cu,L;]" and
[Cuy(HL),L]" species, respectively, were detected in aqueous
solutions only at physiological pH 7.4 (Fig. $3.5-53.8t). Both
peaks were also observed in the mass spectra of the solids
isolated from experiments at different pH values. The
formation of [Cu,L;]" species in aqueous solutions at
physiological pH is in good agreement not only with the
measured pH 7.6 value in the medium that yielded the
crystals of 4 but also with the studies reported for analogous
[Cuy(TSC);]" species detected in the 3-aminopyridine-2-
carbaldehyde thiosemicarbazone copper(u) system.’'

Regarding the origin of the thiocyanate ligands in
compound 5, they could only arise from a desulfurization
process involving a breakage of the thiosemicarbazone ligand
induced by the acid medium because no other sulfur-
containing reactant was present in the reaction. A possible
mechanism will be discussed later in the section dealing with
desulfurization reactions.

Crystal structures

The backbone of 1 contains two different thiosemicarbazone
copper(n) units connected through a hydrazine nitrogen
atom: [CuL(ClO,)] (entity 1) and [CuL(OH,)]" (entity 2) that
constitute {([CuL(OH,)][CuL(ClO,4)])'},, chains (Fig. 1). These
chains run parallel to the [1 1 0] and [-1 1 0] directions
(Fig. 2). A perchlorate counterion and two water molecules
complete the crystal network. The donor atoms around the

Fig. 1 (a) Crystal structure of the asymmetric unit [{CuL(OClO3)}
{CUL(OH 1" in 1. Thermal ellipsoids are drawn at 30% probability
level. (b) Detail of the monomer arrangement in the chain.
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Fig. 2 Detail of the chains parallel to the [-1 1 0] (red) and [1 1 O]
(blue) directions in crystal 1.

metal centres adopt a distorted square pyramidal
arrangement,’®* ¢ = 0.15 and 0.10 for Cul and Cu2,
respectively. Thiosemicarbazone ions behave as tetradentate
ligands by coordination to a Cu(u) ion through their N1, N2
and S atoms, while the N3 atom links to the neighbouring
metal centre: [Cul-N11, N12, S1, N23 and O21: 1.995(3),
1.975(3), 2.2339(14), 2.004(3) and 2.678(3) A] and [Cu2-N21,
N22, S2, N13 and O1W: 2.012(3), 1.972(3), 2.2428(15),
2.005(3) and 2.546(3) A] (see Table S1.1%). The distance
between two consecutive Cu(un) ions inside the chain is
Cul---Cu2: 4.857(1) A and the angle of the NNS planes of
their thiosemicarbazone ligands is 72.14°. The activation of
the thiosemicarbazone N3 hydrazine donor atom to act as a
single linker to neighbouring Cu(u) ions is not usual.”**?>%3

The crystal structure of 2 is formed by dimers (Fig. 3),
where Cu(n) ions in distorted square pyramidal symmetries (z
= 0.25) are linked to oxygen atoms of two perchlorate ligands
that act as bridges. The X-bridged dimer system formed in
this way is structurally expected in the case of HL-Cu(u)
compounds for coligands containing four or more non-
hydrogen atoms, as the perchlorate ones, being lighter
coligands, are prone to generate S-bridged systems through
the thiosemicarbazone — atoms.’®  The NNS
thiosemicarbazone donor atoms and an oxygen of a
perchlorate anion constitute the basal plane [Cu-N1, N2, S
and 0O12: 2.015(7), 1.954(6), 2.283(2) and 1.920(9) A,
respectively], while the apical position is occupied by an
oxygen atom of the other perchlorate ion [Cu-O12"; 2.324(6) A
(@ = -x + 1/2, -y + 1/2, -2)] (Table S1.1}). The distance
between the metal centres inside the dimer is Cu---Cu':

sulfur

Fig. 3 Crystal structure of 2. Thermal ellipsoids are drawn at 30%
probability level.
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Fig. 4 Crystal structure of the [Cu(HL)(OClOs3),(OH)] unit in 3.
Thermal ellipsoids are drawn at 30% probability level.

3.322(2) A and the minimum interdimeric distance is
Cu---Cu': 5.927(6) A ((i) = —x + 1/2, =y + 1/2, —z; (ii) = —x, -y +

1, -2).
The crystal lattice of 3 consists of [Cu(HL)(OClOj3),(OH,)]
distorted octahedral monomers (Fig. 4) and one

crystallization water molecule per metal complex formula.
Perchlorate groups act as unidentate ligands, placed in ¢rans
position with respect to the [Cu(HL)(OH,)]** equatorial
fragment, while the aqua ligand O1W atom sits 0.22 A above
the plane formed by the NNS chelating centres of the
thiosemicarbazone ligand. The Cu-ligand bond lengths are
Cu-N1, N2, S, O1W, O11 and O12": 1.998(6), 1.950(4),
2.282(2), 1.933(5), 2.697(5) and 2.440(12) A, respectively (Table
S1.21). The mononuclear species are essentially the same as
those reported for the dihydrate [Cu(HL)(OClO3),(OH,)]-2H,0
derivative."*

[Cu,Ls]" units (Fig. 5), a perchlorate anion and two water
molecules per formula make up the crystal lattice of 4. The
dinuclear entity has two different Cu(u) ions. Cul is bonded
to the NNS chelating centres of thiosemicarbazone 1 [Cul-
N11, N21 and S11: 2.043(3), 1.973(3) and 2.2591(14) A] and to
the sulfur atoms of the other two TSC ligands [Cu1l-S12 and
S13: 2.2848(14) and 2.8329(13) A] in a distorted square
pyramidal disposition (r = 0.26). On the other hand, Cu2,
which has a distorted octahedral geometry, is coordinated to
NNS atoms of thiosemicarbazones 2 and 3 [Cu2-N12, N22,
S12, N13, N23 and S13: 2.307(5), 2.046(3), 2.7361(13),
2.080(4), 1.973(3) and 2.3269(14) A, respectively] (Table

Fig. 5 Crystal structure of the [Cu,Ls]* unit in 4. Thermal ellipsoids
are drawn at 30% probability level.
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$1.37). The intramolecular distance between metal centres is
Cul--Cu2: 3.562(1) A and the minimum interdinuclear
distance is Cul---Cu2" 6.305(1) A ((i) = —x + 1, -y, -z + 1). It
must be highlighted that the structure of this compound
shows important resemblances to those reported for the
2-acetylpyridine N(4)-phenylthiosemicarbazone copper(i)'®
and the 2-acetylpyridine 4,4-dimethyl-3-selenosemicarbazone
copper(n) analogues.'” In both compounds, the Cu(ClO,),
salt was used as starting material and the media were
basified with NaOAc and Et;N, respectively, as in the case of
compound 4.

The structure of compound 5 is aperiodic and has been
refined using a rigid body approximation; see details in the
Experimental section and the ESIt (Fig. S1.19 and S1.20 and
Table $1.10). It contains [Cu(HL)(NCS)]" cationic monomers
(Fig. 6a) and perchlorate counterions. Note that the
thiocyanate ligands arise from the breakage of some of the
thiosemicarbazone molecules by desulfurization. Bond
lengths in the coordination polyhedron are Cu-N1, N2, S and
N5: 2.013(7), 1.939(5), 2.290(2) and 1.888(6) A, respectively
(Table S1.2%). The value of Yang's parameter t, is 0.13, very
close to a square planar geometry.'”® The [Cu(HL)(NCS)]"
entities stack, forming ladders along the [0 1 0] direction
through Cu---S pseudo-contact distances of 3.3318(10) A that
relate the closest Cu-+-Cu ions at 5.7114(19) A (Fig. 6b).

The molecular structures of the five compounds described
here mostly obey the structural features deduced for Cu(u)
complexes derived from tridentate TSC ligands that allow a

(b)

Fig. 6 (a) Crystal structure of the [Cu(HL)(NCS)]* motif in 5. Thermal
ellipsoids are drawn at 30% probability level. (b) Detail of the pseudo-
chains in 5, depicting an approximation for the actual modulated
structure of the perchlorate anions.

This journal is © The Royal Society of Chemistry 2023
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differentiation between the neutral (HL) and the anionic (L7)
forms of the thiosemicarbazone ligand'*(see Table S1.4 in
the ESIY).

Noncovalent interactions stabilize the crystal building,
such as hydrogen bonds (Fig. S1.1-51.3 and Table S1.57), n-nt
stacking (including chelate-n linkages, Fig. S1.4 and Table
S1.67), anion-n (Fig. S1.5 and Table S1.71) and CH-= (only in
4, Fig. S1.6 and Table S1.87) interactions.

There is a clear chemical and structural parallelism
between the perchlorate and the nitrate systems derived from
pyridine-2-carbaldehyde thiosemicarbazone copper(u)
entities. Note, in this regard, the analogies between 1 and the
extended 2D framework of [CuL(ONO,)],, where chains
formed by [CuL]" monomers linked through the hydrazine
N3 atom are connected by m-O, nitrate bridges to form
sheets in the [010] direction.’® The structure is even closer to
that of [CuL(ONO,)(DMSO)],, where each of the Cu(u) ions
completes its polyhedron by nitrate and dimethyl sulfoxide
ligands, generating 1D chains.® The formation of coligand-
bridged centrosymmetric dimers (X-bridge systems) such as 2
has been reported for the quite similar [{Cu(PTSC*)(ONO,)},]
derivative =~ (HPTSC* =  pyridine-2-carbaldehyde  4N-
methylthiosemicarbazone)."'® The monomeric nature of the 3
derivative containing the neutral ligand is reflected by the
analogous [Cu(HL)(OH,)(ONO,)](NO3) compound,
notwithstanding the square-pyramidal geometry of the
latter.”® Besides, there is a thiocyanate [Cu(HL)(NCS)](NO5)
derivative very close to 4, obtained under similar acidic
conditions, together with a compound which exhibits a 28%
replacement of NCS™ by NO;~ ligands.®® Finally, in spite of
the lack of [Cu,L;](NOj;) crystal structures with the same
ligand, a preliminary synthetic study points to the presence
of analogous [Cu,L;]" and [Cu,(HL)L,]*" entities in some of
the experiments performed with copper(n) nitrate (see the
ESIt). The similarity between both nitrate and perchlorate
systems opens up other possibilities for increasing the
structural complexity of the HL-Cu-perchlorate derivatives,
such as the quite distorted dinuclear [{Cu(PTSC*)},(NO;)]
(OH) compound found in the closely related system.®* In this
sense, a solid with the proposed (CuL),(NO;)(OH) formula
obtained at pH 9.0 is also described in the ESI} (chapter 3,
Fig. $3.8 and S3.11).

110

Spectroscopic and magnetic characterization

Despite the complexity of the spectra that precludes a
complete assignment of the bands, they clearly exhibit the
usual infrared spectroscopy (IR) features in the pyridine-2-
carbaldehyde thiosemicarbazone copper(i) system™" (see Fig.
$1.7-S1.9, S2.12 and S2.13 in the ESL} Experimental section
and Table S1.9 for tentative assignments). In this regard, one
of the most informative items is the ratio between the
intensity of the bands around 1620-1590 cm™ (region A in
Fig. 7) and those in the 1480-1430 cm ™" range (region B). The
bands at 1620-1590 cm " are assigned to v(C=N)aomethinics
Y(C=N)pyridinic and thioamide I absorptions with high J(NH,)

This journal is © The Royal Society of Chemistry 2023
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Fig. 7 Selected IR region (2000-400 cm™) for derivatives containing
anionic L~ (compound 1, red) and neutral HL ligands (compound 3,
blue).

contribution, and those absorptions observed about 1480-
1430 cm™" are attributed to thioamide II vibrations. The
bands in region B are more intense than the bands in region
A in compound 1 with anionic deprotonated ligands. On the
other hand, the medium intensity band at 1646 cm™ in 1
could be related to the imine C2=N3 group involved in the
linkage to neighbouring Cu(u) ions. This band is weaker
(compound 2) or absent in the spectra of compounds without
this kind of connectivity (see the ESIf). In different
experiments carried out at variable pH values obtaining solid
mixtures where 1 is one of the present phases, the intensity
of this band decreases on increasing pH, with concomitant
appearance of absorptions in the 2200-2000 cm™" region,
probably due to breakage of the TSC ligand (see the ESI}).
Bands observed at 1080-1015 cm ™" (very strong and broad,
vs-b) and 640-610 cm™ (strong, s) are attributed to the v;
and v, perchlorate group modes, respectively. In addition,
the spectrum of 5 exhibits a strong band at 2136 cm™
assigned to the thiocyanate v(NCS) stretching vibration. Note
that the energy of this band is higher than those observed in
the [{CuL(NCS)},] and [Cu(HL)(NCS)](NO3) compounds (2100/
2072 and 2097 cm™, respectively),’”> perhaps due to an
increase in the intensity of the Cu-NCS bond, in agreement
with the bond distance of 1.888(6) A for 5, 1.906-1.918 A for
[Cu(HL)(NCS)](NO;) and two values, 1.96(1) and 1.89(1) A, for

these bond lengths in the asymmetric [{CuL(NCS)},]
compound (see Fig. $1.107).
The electron paramagnetic resonance (EPR)

measurements performed for compound 1 reveal the
presence of at least two signals (Fig. S1.151). The most
intense and broad absorption can be attributed to an
antiferromagnetic phase. In addition, a weak and sharper
line, with an approximate contribution of 1% to the whole
intensity at RT, predominates at low temperatures. The latter
could be ascribed to a paramagnetic or even ferromagnetic
impurity. In fact, about 0.2% of impurities are deduced from
the best fitting of the magnetic susceptibility data (Fig.
S1.21%), while the predominant strong antiferromagnetic
interactions (J/k = =100 K, —69.44 ¢cm™') can be attributed to
exchange pathways in the chains through the -Cu-N3-N2-
Cu’-N3'- moieties that involve the closest Cu(u) centres at

CrystEngComm, 2023, 25, 2213-2226 | 2217
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4.84 A and run parallel to the lobes of the dy>-y> orbitals of
the metal ions. This behaviour resembles that observed in
[CuL(ONO,)],.>® Axial and orthorhombic EPR spectra are
obtained for 3 and 5, respectively (Fig. S1.15 and S1.167),
which are characteristic of § = 1/2 Cu(u) ions with a dy. .
ground state, in good agreement with the tetragonally
distorted octahedral and square-planar geometries elucidated
in the crystallographic studies. The broad isotropic spectrum
of the compound containing the same [Cu,L;]" motif as that
of 4 (see experimental details) suggests dominant dipolar
interactions between Cu(u) ions, as expected in a dimer with
short Cu-Cu distances but inefficient exchange pathway.

Desulfurization studies

As explained before, compound 5 exhibits a thiocyanate
group bonded to the Cu(u) ion. A proposal for a plausible
pathway to explain the origin of the thiocyanate ligand in
compound 5 is depicted in Scheme 2. The coordination to
Cu(u) ions would increase the electron-withdrawing
properties of the thioamide carbon atom in the
thiosemicarbazone neutral ligand, which would undergo
nucleophilic attack of a water molecule. Then, an electron
reorganization process could lead to the breakage of the
thiosemicarbazone  ligand  with  the  release  of
2-(hydrazinomethyl)pyridine (RNH, in Scheme 2 and
compound 5 in the Experimental section and the ESI}), and
carbamothioic O-acid. The dehydration of the latter, probably
facilitated by its coordination to metal ions, and further
deprotonation would give rise to thiocyanate groups.
Desulfurization reactions in thiosemicarbazone-metal
aqueous solutions induced by pH and temperature have been
described to yield [CuL(L™M)]® [HL®N = pyridine-2-

..--N\
y O\ NH

R~

{ )eNS H
—— sleo@
NH, H

"'s=</_\..o _H

NHy "™\
2 l

NCE <— NH=C=S <7— s:<OH

H H,0

(@)

(b)
Scheme 2 (a) Mechanism proposed for desulfurization process in acid
medium leading to compound 5. (b) Structure of the R-NH, product.
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Scheme 3 Nitrile LN derivative arising from desulfurization of HL in
basic medium.

ylmethylene(hydrazine carbonitrile), Scheme 3],
[CuLCl],[Cu(pic),]*® (Hpic = picolinic acid), sulfate, sulfide
and thiocyanate  derivatives.*>®  In  fact, partial
transformation of [CuL]" entities seems to operate even at
physiological pH 7.4.

The possibility of breakage of the thiosemicarbazone
ligand with a concomitant increase in the acidity of the
medium could influence the biological activity of these
substances. In this sense, the reactivity against reduced
glutathione seems to be notably enhanced with acidity in
thiosemicarbazone copper(n) complexes*'? and, therefore, the
reactive oxygen species (ROS) production.

On the other hand, the processes related with
transformations of the thiosemicarbazone ligand in
physiological and basic aqueous media seem to be quite
complex, as demonstrated by the experiments performed on
the CuL(NOj;) system under different basic conditions (see
chapter 3 in the ESIj entitled Studies in aqueous basic
media). Thus, peaks at m/z 628.99 and 630.99 are detected in
the mass spectra of solids filtered from solutions at pH >7.4
(Fig. S3.7 and S3.8%), which are attributed to metal cationic
[CuLo(L°N)]" and [Cu,(HL),(LN)]" complexes derived from
HLN (see Scheme 3). It must be emphasized that the
[Cuy(HL),(L°M)]" formula is merely nominal and does not
necessarily imply the presence of Cu(i) ions in the species,
because it is possible that both hydrogen atoms could be
incorporated into the L°N" ligand by transforming the triple
bond to a double bond without affecting the negative charge
in the new ligand. The intensity of these peaks increases in
solutions heated to 80 °C. In these hot solutions, the greater
the pH (9.0 vs. 7.4) and the longer the time of treatment (3 h
vs. 1 h), the more intense are the peaks at 628.99 and 630.99
(Fig. S3.9 and S3.107%). In addition, medium to intense bands
at about 2116-2106 cm ™" appear in the IR spectra of samples
obtained at pH 7.4 and 9.0 (Fig. S3.11 and S3.12}). These IR
bands are characteristic of the (N-C=N) cyanamide/
(N=C=N) carbothioamide moiety in the L°~" anionic
ligands arising from desulfurization reactions of HL.”®%°
Surprisingly, IR bands in the 2150-2050 cm™* region (Fig.
S3.12t) do not appear in compound CuL,, synthesized at pH
13 by addition of Cu(u) salts to basic aqueous solutions of HL
with metal-to-ligand stoichiometry (1:2).”® It seems that the
presence of preformed [CuL]” entities in solution before the
addition of base could be required for the desulfurization.
Taking into account all these observations, it can be
proposed that formation of dinuclear [Cu,L;]" entities could
be an intermediate stage in a desulfurization reaction whose

This journal is © The Royal Society of Chemistry 2023
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Scheme 4 Mechanism proposed for the desulfurization process in
basic medium involving [Cu,Lz]* intermediates.

sequence, inspired by an already published mechanism,”® is
provided in Scheme 4.

Briefly, the approximation of a [CuL(OH,),]" species to a
[CuL,] neutral complex (I) leads to the formation of [Cu,L;]"
entities (II). Further nucleophilic attack of hydroxide OH"
anions (III) triggers transformations inside one of the
thiosemicarbazone ligands (IV + V) that lead to the formation
of [CuL(L°N)] and [CuL(SH)] complexes (VIa). The
desulfurization process can be summarized by reactions (1)
and (2). The plausibility of this process is based not only on
the results described in the present study but also on the
existence of crystal structures for all the species mentioned
in the reactions, ie. [CuL(OH,)]" entities in [{CuL(OH,)},]
(SiFe)-4H,0,"" [CuL,],”® [CuL(LM)],”® and [{CuL(SH)},].*
Notwithstanding, the formation of [Cu,L;]" could also be
influenced by the effects of the concentration of [CuL]’
entities in the medium. Finally, the influence or
concomitance of other processes in the desulfurization
reaction cannot be ruled out as redox reactions involving the
Cu(u) ions. Regarding this possibility, note that three sulfur
atoms are placed around one of the Cu(n) ions in [Cu,L;]",
which represents a reducing environment in the coordination
polyhedron.

[CuL(OH,)]" + [CuL,] — [Cu,Ls]" + H,O (1)

This journal is © The Royal Society of Chemistry 2023
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VI

Scheme 5 Final steps of the desulfurization mechanism according to
DFT calculations.

[Cu,Ls]" + OH™ — [CuL(L°N)] + [CuL(SH)] + H,O (2)

Computational studies

The viability of the proposed mechanism shown in Scheme 5
has been tested through quantum chemical calculations (see
the Experimental section for details). The first step is the
formation of a dinuclear intermediate II by the displacement
of a water molecule from I. This step is calculated to be
exergonic with AG = -57.9 kcal mol™. The next step
(represented in structure III of Scheme 4) is the nucleophilic
attack of a hydroxide anion to the carbon bonded to a
bridging sulfur atom to yield structure IV. This process is
calculated to be exergonic with AG = -146.1 kcal mol™. Then,
it is proposed a prototropy from the -NH, group next to the
carbon atom that suffered the nucleophilic attack; while the
C-S bond is breaking, a new Cu-S bond is forming and a
single bond C-N is transforming in a double bond to reach
structure V. The transformation of IV into V is found to be an
exergonic process, AG = -15.6 kcal mol™". The final step is
the release of a new water molecule with the transformation
of the newly formed double bond C=N in the previous step
into a triple C=N bond, as shown in structure VIa. This step
was found to be endergonic, AG = 37.4 kcal mol™
nevertheless, the coordination of the leaving water molecule
to the copper atom that had received the sulfur atom
(structure VIb in Scheme 5) transforms this step into an
exergonic step, AG = —11.3 kcal mol™. Finally, the splitting of
the units integrating VIb release a pentacoordinate copper
complex (entity VII in Scheme 5) that undergoes a
dimerization with a calculated free energy, AG = -47.1 kcal
mol ™. Packing these [{CuL(OH,)(SH)},] dimers (VIII) to form
the crystal structure would lead to the loss of the water
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molecules compensated for by different intermolecular
interactions. In this sense, it is well established that strong
non-covalent interactions stabilize the lattice of the
[{CuL(SH)},] compound (see Supporting Information in ref.
80). Regarding hydrogen bonds, it is worth noting that the
N4---N3 distance is as short as 3.05 A. Notwithstanding,
the =n-m interactions are even more relevant in this
structure. Three n-n interactions associate the pyridine
fragment and two chelating rings in each of the TSC-Cu
moieties with their analogues in a neighbouring dimer,
with centroid-to-centroid distances of 3.46, 3.33 and 3.46 A,
respectively.

The mechanism is of paramount relevance because the
presence of [Cu,L;]" species has also been detected in
experiments carried out with the antitumor drug Triapine®
and Cu(u) ions,”>' and it could be even more general.
Besides, it has been proved that Cu(u) ions have an essential
role in the biological activity of free TSCs inside the cell.”*

Experimental
Materials and methods

Copper(n) perchlorate hexahydrate, copper(n) nitrate
trihydrate, sodium hydroxide, pyridine-2-carbaldehyde and
thiosemicarbazide, methanol, acetone, guanine (Hgua) and
adenosine-5-monophosphate monohydrate (H,AMP) were
purchased from commercial sources and used as received.
Published methods were used to synthesize HL,"'*'™
[CUL(ONO,)], (ref. 92) and [CuL,].”® The preparation of
complexes of the HL-Cu(u)-nitrate system is described in the
ESL} In particular, compounds with the following formulae
are shown: [CuL,], Cu,(HL)L,(NO;3),(H,0), and Cu,L,(NO3)
(OH) together with the [{CuLCl},] complex for comparative
spectroscopic studies. CAUTION: Perchlorate salts and their
respective metal complexes can be explosive and the use of
small amounts of reactants is strongly recommended. In fact,
thermal measurements attempted on the products were not
possible due to small explosions in the thermobalance.

Synthetic procedures

Compound 1: {[CuL(OH,)][CuL(OClO;)]},,-nClO4-2nH,0.
Solid HL (0.5 mmol, 0.090 g) was added to a distilled water
solution (30 ml) of Cu(ClO,),-6H,0 (0.5 mmol, 0.185 g). After
30 min the solution was filtered and basified up to pH 4 with
1 and 0.1 M NaOH. This solution was stirred for 1 h and then
filtered. Dark green crystals grew from the mother liquor two
weeks later. They were filtered off, washed with acetone and
dried under vacuum (0.050 g, 27%). Anal. found: C, 22.65; H,
2.81; N, 15.33; S, 8.89%. Calc. for C;,;H,,Cl,Cu,NgO4;S,
(738.48 g mol™*): C, 22.75; H, 2.73; N, 15.18; S, 8.67%. IR
bands (ATR-FTIR) vpa/em ': 3451 w, 3414 w, 3322 ms, 3213
w, 1646 m, 1629 ms, 1610 s, 1565 w, 1487 ms, 1462 s, 1443 s,
1383 ms, 1324 s, 1301 m, 1270 w, 1224 m, 1153 s, 1061 vs
03(ClOy4)7, 929 w, 913 m, 883 s, 775 s, 741 m, 707 w, 653 W,
620 vs v,4(ClO,)7, 557 m, 514 m, 505 w, 477 sh, 460 ms, 422 w,
412 w, 401 w. The IR method must be selected with caution
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because the compound degrades on grinding with KBr if we
try to elaborate pellets for measuring the IR spectrum; in
fact, the resulting spectrum in this process is identical to that
of a mixture between the dinuclear [{CuLBr},]'"> complex
and KClO,. FAB' mass spectrometry (m/z): 242.00 [CuL]’. ESI"
mass spectrometry (m/z): 241.97 [CuL]", 319.98 [CuL(DMSO)]".
The synthesis was repeated with 1 mmol of HL and
Cu(ClO,),-6H,0 in 20 ml of water. The stirring was kept for 1
h and then a diluted NaOH solution was added dropwise to
reach pH 4. Afterwards, the reaction was run for 2 h. A brown
precipitate was isolated, washed with water and acetone and
dried under vacuum (0.667 g, 90%).

Compounds 2 and 3, [{CuL(OClOs)},] (2). A solution of
Cu(Cl0O,),6H,0 (0.5 mmol, 0.185 g) in 5 ml of acetonitrile
was poured into a suspension of HL (0.5 mmol, 0.090 g) in 5
ml of acetonitrile. Meanwhile, a solution of Cu(ClO,),-6H,0
(0.5 mmol, 0.185 g) in 5 ml of acetonitrile was added to a
suspension of Hgua (0.5 mmol, 0.075 g) in 5 ml of
acetonitrile. Both dark green solutions were separately stirred
for 3 h. Next, the Cu(u)/Hgua solution was poured into the
first one and the mixture was stirred for 8 h. A pale green
precipitate of Hgua (0.047 g) was filtered off. After two
months, the slow evaporation of the mother liquor at room
temperature yielded green crystals suitable for structural
elucidation, resulting in 2. C;,H;4,Cl,Cu,NgOgS, (684.43 ¢
mol™). IR bands (ATR-FTIR) & pa/cm 1: 3401 m, 3309 s, 3207
m, 2173 w, 1637 m, 1626 m, 1613 s, 1570 m, 1488 m, 1461 s,
1448 s, 1382 m, 1326 m, 1305 m, 1272 m, 1225 m, 1157 m,
1051 vs (v3-ClO, "), 971 w, 934 w, 914 w, 880 m, 786 w, 769 m,
739 m, 653 w, 619 s (0,-ClO,”), 590 sh, 514 m, 473 m, 464 m,
451 m, 430 w, 415 m. None of the trials performed allowed
us to establish a rational method to obtain compound 2.

[Cu(HL)(0Cl03),(0H,)] H,0 3. An analogous attempt was
carried out by addition of solid HL (0.5 mmol, 0.090 g) to an
aqueous solution (20 ml) of Cu(ClO,),-6H,0 (0.5 mmol, 0.185
g) with stirring for 30 min until a dark green solution
formed. In parallel, another mixture was prepared by
addition of solid Hgua (1.0 mmol, 0.151 g) to a solution of
Cu(ClO,),6H,0 (0.5 mmol, 0.185 g) in 20 ml of methanol/
water (1/1) and further stirred for 40 min. Finally, the latter
solution was poured dropwise into the first one, kept stirring
for 30 min and filtered off. The mother liquor was evaporated
to dryness and the resulting solid was redissolved in 40 ml of
ethanol/water (1/1). One month later, greenish-blue crystals
of 3 were isolated.

Further experiments were carried out in order to perform
a rational method to obtain compound 3. Some of them
involved the reaction between Cu(ClO,), and HL in perchloric
acid media. In a representative assay, a solution of
Cu(Cl0O,),6H,0 (1.0 mmol, 0.370 g) in ethanol (15 ml) was
acidified with 9 drops of HClO,(c). A few minutes later, a
solution of HL (1.0 mmol, 0.180 g) in ethanol (50 ml) was
added dropwise and the mixture was stirred for 3 h. A brown
precipitate was immediately filtered out and identified as
compound 1. The mother liquor was allowed to slowly
evaporate for several days, yielding green crystals of

This journal is © The Royal Society of Chemistry 2023
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compound 5, which were removed. Two months later, dark
bluish green crystals of compound 3 were isolated (0.045 g,
9%). No successful elemental analysis was obtained
presumably due to the explosive character of the compound.
In fact, an attempt to carry out thermogravimetric studies
gave rise to a small explosion inside the thermobalance. IR
bands (ATR-FTIR) & . /cm ' 3480 b, sh, m, 3380 s, sh, 3302
s, 3210 sh, 3200 s, 3168 sh, 3053 sm, 2980 vw, 2947 w, 2897
vw, 2656 vw, 1635 sh, 1624 s, 1605 sh, 1574 s, 1478 m, 1453
m, 1394 ms, 1332 m, 1304 m, 1281 m, 1227 s, 1185 m, 1160
w, 1130, 1107, 1082, 1049 vs and vb (v5-ClO, "), 931 m, 880 w,
784 m, 740 m, 666 w, 650 W, 616 s (,-ClO,"), 511 w, 448 vw,
450 vw, 415 w. ESI" mass spectrometry (m/z): 241.97 [CuL]’,
528.94 [Cu,L,(HCO,)]". X-band EPR signals at RT: g = 2.226,
g1 =2.053.

Compound 4: [Cu,L;](:Cl04)-2H,0. Solid H,AMP (0.5
mmol, 0.276 g) was added to a solution of Cu(ClO,),-6H,0
(0.5 mmol, 0.185 g) in 10 ml of water, and then its pH was
adjusted to 7.6 with NaOH. Meanwhile, HL (0.5 mmol, 0.090
g) was dissolved in 10 ml of acetone. Both solutions were
placed in a U-tube with a chloroform phase that acted as a
bridge between them (see Fig. S1.22 in the ESI}). Several
weeks later, it was possible to pick green crystals in one of
the six different phases formed inside the tube. We
performed several trials in the search for a rational and
reproducible method to obtain this compound. In this way,
we obtained products with different hydration degrees whose
analytical results strongly suggest the formation of the
dinuclear entity Cu,L;" and one perchlorate coligand. Here
we describe one of them, with the formula [Cu,L3](ClO,)-3H,-
O, together with the corresponding characterization. Solid
HL (3.0 mmol, 0.540 g) was added to an aqueous solution of
Cu(ClO,),6H,0 (2.0 mmol, 0.742 g) in 20 ml of water. The
reaction proceeded for 1 h. Then, dilute NaOH was added
dropwise with vigorous stirring until pH 7 was reached. The
reaction was kept stirring for 1 h and a dark brown powder
solid was filtered off, washed with water and acetone and
dried under vacuum (0.667 g, 82%). Anal. found: C, 30.55; H,
2.78; N, 20.43; S, 11.81%. Calc. for C, H,,CICu,N;,0,S;
(818.26 g mol™): C, 30.82; H, 3.33; N, 20.54; S, 11.76%. UV
absorption, Apyax (DMF)/604 nm (¢/337 dm3 mol 1 ecm'1, d-d
transition), 408 (32728 charge transfer transition), 298 (50
454, intraligand). IR bands (ATR-FTIR) 0 ,/cm 1: 3585 b, vw,
3440 m, sh, 3330 s, 3265 mw, 3168 sh, 3115 mb, 3020 vw,
2960 v w, 2705 vw, 1628 m, sh, 1602 s, 1586 s, 1558 m, 1511
m, 1480 m, 1430 vs, 1378 w, 1322 m, 1294 w, 1265 vw, 1253
vw, 1230 m, 1170 m, 1156 m, 1078, 1053, 1041 vs and vb (0
ClO4), 1018 w, 945 vw, 929 vw, 913 w, 902 vw, 875 m, 825
mw, 770 m, 741 w, 722 w, 680 vw, 620 s (v4-ClO, ), 548 wvw,
515 w, 448 vw, 450 w, 415 m. ESI" mass spectrometry (m/z):
181.05 [H,L]", 241.97 [CuL]’, 422.02 [Cu(HL)L]", 530.93 [Cu,-
L,(HCO,)]", 664.98 [Cu,Ls]". X-band EPR signals at RT: g =
2.070. Analogous results were achieved by a third method,
which required the use of the [CuL,] compound as starting
material. However, this experiment yielded a greater amount
of unidentified impurities. Briefly, reaction of Cu(ClO,),-6H,-
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O (1.0 mmol, 0.371 g) and HL (1.0 mmol, 0.180 g) in 20 ml of
water was carried out for 1 h. Then, dilute NaOH was added
to reach pH 3-4. Afterwards, solid [CuL,] (1.0 mmol, 0.422 g)
was added and the reaction was kept with stirring for 3 h. A
brown precipitate was obtained, washed with water and
acetone and dried (0.683 g, 83%).

Compound 5: [Cu(HL)(NCS)](ClO,). Solid HL (2.0 mmol,
0.360 g) was very slowly added to a solution of Cu(ClO,),-6H,-
O (1.5 mmol, 0.542 g) in 20 ml of ethanol and the blue-
coloured solution turned to green. Then, 8 drops of HCIO,(c)
were slowly added. After 2 h of reaction, a brown precipitate
identified as compound 1 was filtered off and the dark green
mother liquor was left to evaporate. Days after, long
prismatic bright green crystals suitable for X-ray analysis co-
crystallized with greenish-blue ones corresponding to
compound 3. Analogous results were obtained in experiments
carried out using a 1/1 Cu/HL ratio in ethanol as the solvent
acidified with 1-4 drops of HClO,(c). Direct synthesis was
achieved by addition of solid HL (1.0 mmol, 0.180 g) to a
solution of Cu(ClO,),-6H,0 (1.0 mmol, 0.370 g) in 20 ml of
water. Then, solid KNCS (0.194 g, 2.0 mmol) and drops of
HCIO, 1 M were added to reach pH 0.5. Once the pH value
showed no variation, the mixture was kept with stirring for 3
h; finally, a green precipitate was filtered off, washed with
acetone and dried under vacuum (0.360 g, 90%). Anal. found:
C, 24.04; H, 1.91; N, 17.20; S, 15.76%. Calc. for CgHzCICuN--
0,45, (401.31 g mol™): C, 23.94; H, 2.01; N, 17.45; S, 15.98%.
IR bands (ATR-FTIR) #ya/cm 1: 3525 m, 3339 m, 3275 m,
3165 s, 3066 w, 2934 w, 2890 w, 2136 s o(NCS), 1614 s, 1568
S, 1475 w, 1454 w, 1390 w, 1330 w, 1297 vw, 1280 w, 1230 m,
1183 w, 1164 w, 1045 vs, broad, and 1017 s (v;-ClO,"), 927 s,
877 mw, 818 vw, 777 w, 736 w, 671 vw, 698 w, 623 sh and 610
s (04-ClO,), 515 w, 499 vw, 446 w, 409 m. ESI' mass
spectrometry (m/z): 121.05 [RNH,]" (see Scheme 3), 241.97
[CuL]’, 467.1 [Cu(HL)(NCS)(ClO,)(H,0),(MeOH)]", 543.91
[Cu,L(NCS)(Cl04)(H,0)(MeOH),]". X-band EPR signals at RT:
g1 = 2.196, g, = 2.058 and g; = 2.042; Q-band EPR signals at
RT: g, = 2.208, g, = 2.065 and g; = 2.045.

Physical measurements

The pH measurements were carried out using a Crison micro
pH 2002 pH meter fitted with a combined glass electrode
with 3 M KCIl solution as a liquid junction. Conductivity
measurements were acquired using a Crison 522
conductometer. Microanalyses were performed using a LECO
CHNS-932 analyzer. FAB' mass spectrometry data were
obtained on a Micromass AutoSpec instrument. ESI'
measurements were carried out on DMSO solutions of the
samples with a Bruker Esquire 3000 Plus LC-MS 6545 Q-TOF
Agilent instrument, using as mobile phase a water-methanol
(70:30, v/v) mixture acidified by formic acid (0.1%). XRD
measurements were recorded at RT on powder samples on a
PANalytical X'Pert Pro diffractometer using a copper fine
focus X-ray tube, with Cu K,; 4 = 1.54059 A with a secondary
monochromator. Thermal analysis

measurements were
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performed using Netzsch STA 449C and TA SDT 2960
instruments. Crucibles containing 20 mg samples were
heated at 10 °C min™" under a dry air atmosphere. UV-visible
measurements were carried out using a Shimadzu UV-2450
spectrophotomer. IR spectra were obtained in the 4000-400
em ™' region on a JASCO FT-IR 4200 spectrophotometer
equipped with a single-reflection ATR PRO ONE device. The
intensity of the reported IR bands is defined as vs = very
strong, s = strong, m = medium and w = weak, while b stands
for broad band. Room-temperature X-band EPR spectra of
powder samples were recorded on a Bruker EMX
spectrometer equipped with a Bruker ER 036TM NMR tesla
meter and an Agilent 53150A microwave frequency counter to
fit the magnetic field and the frequency inside the cavity.
Q-band measurements were carried out with a Bruker ESP300
spectrometer equipped with a Bruker BNM 200 gaussmeter
and a 5352B microwave frequency counter to fit the magnetic
field and the frequency inside the cavity. Simulations of the
EPR spectra were carried out using the SimFonia program.'*®
Magnetic measurements of powder samples were performed
in the 5-300 K temperature range by using a Quantum
Design MPMS-7 SQUID magnetometer with a magnetic field
of 0.1 T. Diamagnetic corrections were calculated from Pascal
tables.

Crystallography

The structure of 5 is aperiodic. The ESIf contains a succinct
description of the modulated structure. Also shown are both
the average C2/c structure where perchlorate anions are
disordered and an ordered commensurate approximant of
the incommensurate structure [¢ = -0.615a* + 0.345c%,
superspace group C2/m(a0y)] refined using the weak satellite
reflections that appear in the diffraction diagram. Crystal
data collection was performed on a STOE StadiVari Pilatus-
100 K single-crystal diffractometer (multilayer
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0.71073 A). Data
117

monochromated Mo Ko radiation, 1 =
frames were processed using the X-Area software package.
Absorption corrections were made using Gaussian integration
(compounds 1-3), spherical (4) and integration from the
crystal shape (5). Direct methods (SIR97)"*® were employed to
solve the structures and then refined using the SHELXL-2018
computer program™'® within WINGX'** and JANA2006 (ref.
121) (for the modulated structure of 5). The non-H atoms
were refined anisotropically using weighted full-matrix least-
squares on F> and hydrogen atoms were placed in calculated
positions using idealized geometries (riding model) and
assigned fixed isotropic displacement parameters. Selected
crystallographic and refinement details for the five crystal
structures are shown in Table 1. CCDC 2217580-2217584
contain the supplementary crystallographic data for 1-5. The
B-IncStrDB (https://www.cryst.ehu.eus/bincstrdb/search/)
reference for the modulated structure of 5 is R50CsLsDyhg.

Computational details

Quantum chemical calculations were performed using the
B3LYP exchange-correlation functional’®*'** implemented in
the Gaussian09 package."> Cu and S centers were described
with the Stuttgart RECPs and associated basis sets.'*’
6-31G** basis sets were used for all other atoms."”*"*” See
Chapter 4 in the ESI{ dealing with computational studies for
more details.

Conclusions

Five compounds containing thiosemicarbazone copper(n)
[CuL]"/[Cu(HL)]** entities and perchlorate anions have been
crystallographically studied. The crystal structures show the
presence of polynuclear species, 1D or dinuclear entities, in the
compounds with anionic thiosemicarbazone L~ ligands, while
the linkage to neutral HL ligand leads to the formation of
mononuclear complexes. This great structural diversity is

Table 1 Crystallographic data for compounds 1-5. For compound 5 the data correspond to the average structure

1 2 3 4 5
Empirical formula C14H;5Cl,Cu,NgO44S, C14H14Cl,Cu,NgOgS, C14H,,C1,Cu,NgO46S, Cy1H,5CICu,N;,06S5 CgHgCICuN;0,S,
Formula weight 720.46 684.43 939.39 800.24 401.3
Temperature (K) 293(2) 293(2) 293(2) 293(2) 293(2)
Wavelength (A) 0.71073 0.71073 0.71073 0.71073 0.71073
Crystal system Monoclinic Monoclinic Monoclinic Monoclinic Monoclinic
Space group C2/c C2/c C2/c P2,/n C2/m
a(A) 15.172(4) 14.812(14) 14.429(6) 10.963(3) 14.950(5)
b (4) 11.583(5) 9.144(4) 18.170(13) 10.1822(13) 6.5697(17)
c(A) 29.439(5) 17.494(9) 13.688(5) 18.387(3) 15.010(5)
Q) 95.35(2) 104.95(9) 118.29(4) 91.860(14) 106.96(2)
Volume (A%) 5151(3) 2289(3) 3160(3) 3174.1(9) 1410.1(7)
zZ 8 4 4 4 4
p (mg m™) 1.858 1.986 1.975 1.675 1.890
4 (mm™) 2.086 2.336 1.909 1.679 2.056
Reflns meas. 11721 8551 12025 34357 5377
Reflns ref. (Rin) 4472 (0.052) 2226 (0.170) 2879 (0.114) 9647 (0.090) 1762 (0.0864)
Reflns [I > 20(1)] 3352 1099 1453 3516 801
R all/[I > 20(1)] 0.0532/0.0361 0.1265/0.0516 0.1104/0.0453 0.1870/0.0516 0.1265/0.0497
wR all/[I > 20(1)] 0.095/0.091 0.133/0.113 0.103/0.088 0.123/0.093 0.115/0.093
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ascribed to the low coordination ability exhibited by the
perchlorate anion, its non-hydrolyzable character and the high
solubility of its complexes. All these features provoke (i) the
activation of the hydrazine N3 as a donor atom in 1, (ii) the
building of X-bridged dimers in 2, and (iii) the coexistence in
the same complex of perchlorate and the neutral HL form in 3
and 5. The structural richness is shared by other complexes with
O-donor ligands derived from strong acids, such as sulfate and
nitrate. In fact, a clear parallelism with the chemical, magnetic
and structural behaviour in the analogous Cu(u)-HL-nitrate
system can be established. Desulfurization processes operate in
acidic media and give rise to the formation of thiocyanate
ligands in compound 5. On the other hand, our studies point to
a possible role that [Cu,L;]" entities, such as those present in
compound 4, could play in intermediate stages of
desulfurization reactions developed in basic medium or even at
physiological pH values. These and/or analogous species, at low
concentrations and with short lifetimes, could be involved in
different chemical processes triggered by thiosemicarbazone
copper(n) complexes in biological medium, strongly affecting
their potential therapeutic uses.
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