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ABSTRACT: Single-crystal X-ray structures of hydrated di(2-pyridyl) ketone 4,4-dimethyl-3-thiosemicarbazone (HDpk44mT·
H2O), the ternary ionic copper(II) complexes [Cu(Dpk-H-44mT)(phen)](ClO4)2·1(1/2)MeOH (1·1(1/2)MeOH) and
[Cu(Dpk44mT)(phen)]ClO4 (2) (Dpk-H-44mT = zwitterionic) form of HDpk44mT; phen = 1,10-phenanthroline and the
molecular dioxovanadium(V) complex [VO2(Dpk44mT)] (3) have been determined. Additionally, the solution structures of
HDpk44mT·H2O and complex 3 have been elucidated with the aid of NMR spectroscopic techniques. Coordination compounds 1·

1(1/2)MeOH, 2 and 3 represent extremely rare examples of thiosemicarbazone complexes of their specific kind possessing a di(2-
pyridyl)-ketimine moiety. Under slightly acidic conditions, complex 1·1(1/2)MeOH is produced with the thiosemicarbazone ligand
occurring in the zwitterionic thio-enolate form, but readily converts to complex 2 in basic medium. In the crystal lattice, these two
copper(II) complexes show vastly different patterns of π-π stacking interactions. However, they have in common the ligand-imposed
distorted square-pyramidal coordination geometry exhibiting a tetragonally induced disparity between the distances of the axial−
equatorial CuII−Nphen bonds. X-band EPR spectroscopy demonstrated retention of the coordination sphere (gz > gx,y > 2.00; Az >
Ax,y) in frozen solution. The crystallographic asymmetric unit of [VO2(Dpk44mT)] comprises two discrete molecules, one of which
exhibits π-π stacking interactions. Their coordination geometry at the vanadium(V) center is severely distorted square pyramidal.
Complexes 1·1(1/2)MeOH, 2 and 3 are electroactive with reduction potentials lying within the biologically accessible redox
potential window. While the copper(II) complexes are highly efficacious as antiproliferative agents against the cancer cell lines HeLa
and MCF-7, the main drawback is the lack of selectivity over the normal cell line MCF-10A. In sharp contrast, [VO2(Dpk44mT)] is
specifically and selectively potent toward MCF-7 over HeLa and MCF-10A cells, and may provide impetus for further in vitro
antitumor investigations.

■ INTRODUCTION

Thiosemicarbazones constitute a vitally important type of
Schiff-base chelating agents having the characteristic structural
feature R1R2C�N−N(H)−C(�S)−NR3R4.1 The relative
ease with which these hydrazone ligands can be generated by
a one-pot condensation reaction has rendered them a magnet
for synthetic researchers in the pertinent fields of chemistry
where they find applications. Of structural interest is their
coordination versatility deriving from their tendency to
undergo base-/metal-assisted tautomerization concomitantly
with deprotonation as often demanded by the central metal ion

for charge-neutrality of the resultant complex. Moreover, a
given polydentate thiosemicarbazone ligand has the ability to
exhibit different denticities and coordination modes within the
same complex to meet the stereochemical requirements at the
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metal center.2−9 Strategic ligand designs involving incorporat-
ing moieties bearing additional donor atoms (often pyridyl
and/or phenolic rings) can create heterodonor coordination
environments10 for targeted physicochemical and biological
activities.3,8,9,11−27 Steric and electronic effects of substituent
groups can be used to modulate or fine-tune physicochemical
and pharmacological properties of thiosemicarbazone com-
plexes. There exist a plethora of examples of thiosemicarba-
zone complexes exhibiting a wide range of pharmacological
properties including antitumor,3,8,9,11−22 antibacterial,20,21,23

antiviral,24,25 antifungal23,26 and antimalarial.22,27 The discov-
ery that pyridyl-based thiosemicarbazones exhibit marked and
selective antiproliferative activity against cancer cells, a
property which is enhanced upon complexation with bioactive
transition metal ions, has brought these ligands to the forefront
of the development of metal-based anticancer drugs.3,8,9,11−22

Of these ligands, di(2-pyridyl) ketone 4,4-dimethyl-3-thio-
semicarbazone (HDpk44mT)12,13 emerged as the most
efficacious antiproliferative agent. Consequently, HDpk44mT
and lately di(2-pyridyl) ketone 4-cyclohexyl-4 methyl-3-
thiosemicarbazone have featured in groundbreaking cancer
research investigations28−32 particularly those seeking solutions
to overcome multidrug resistance. Both thiosemicarbazones
exhibit selectivity toward cancer cells over normal cells in vitro
and in vivo.12,14,17−19

Single-crystal X-ray structure determinations have shown
that, prior to complexation with metal ions, tridentate 2-
formylpyridine-,20,33,34 2-acetylpyridine-,15,33,35−38 2-benzoyl-
pyridine-14,19,39−41 and di(2-pyridine)-based7,10,13,42−46 thio-
semicarbazones as well as the closely related pyridyl-containing
selenosemicarbazone,47 semicarbazone48 and aroylhydra-
zone49−58 Schiff-base ligands exist either as the Z or E
configurational isomer with respect to the imine bond (Chart
S1). In relatively rare cases, these hydrazones can adopt the
bifurcated E′ configuration.33,48 Invariably, X-ray structures of
di(2-pyridyl) ketimine-based thiosemicarbazones demonstrate
the occurrence of the Z-isomer (Chart 1) exhibiting an
intramolecular hydrogen bond between the hydrazinic NH
group and the nitrogen atom of the adjacent pyridyl
moiety.7,10,13,42−46 Depending on the orientation of the
thiocarbonyl group relative to the imine nitrogen [as a
consequence of free rotation about the thioamide single bond,

i.e., (H)N−C(�S)], the conformation is either syn,syn (Npy,
Nim on the same side and Nim, S likewise) or syn,anti (Npy, Nim
on the same side but Nim, S on opposite sides) (Chart 1).
When the terminal N4-position is unsubstituted or mono-
substituted (i.e., primary or secondary amino group,
respectively), intermolecular H-bonding interactions can lead
to formation of dimeric or chain structures.
In solution, the E/Z configurational isomers of pyridyl-based

hydrazones are readily distinguishable by 1H NMR spectros-
copy in that in the Z-isomer the hydrazinic proton hydrogen-
bonds intramolecularly to the pyridyl nitrogen thereby causing
a considerable downfield chemical shift typically in the range
∼14.5−15.9 ppm (cf. ∼10.1−11.9 ppm for the E-
isomer).7,15,20,34,36−38,42,48,53−63 Additionally, these pyridyl-
based Schiff-base tridentate ligands can adopt different
conformational arrangements with the donor atoms (N, N,
S/Se/O) positioned anti or syn relative to one another
depending on the relevant σ-bonds rotated (Charts S1 and
1).7,10,13−15,19,20,33−58 Thiosemicarbazones stabilize predom-
inantly metal ions from the p-, d- and f-blocks;1 some of the
transition-metal thiosemicarbazone complexes exhibit fascinat-
ing magneto-structural64 and catalytic65 properties among
other features. Schiff-base complexes of copper and vanadium
tend to be electrochemically active; the copper center shuttles
between the +1 and +2 oxidation states (CuII/CuI redox
couple)8,16,18,20 whereas the higher-valent vanadium center
interconverts among the +3, + 4 and +5 oxidation states (VV/
VIV and VIV/VIII redox couples).66 Thiosemicarbazone
complexes whose cyclic voltammograms exhibit these redox
couples with potentials lying within the biologically accessible
redox potential window ranging from −0.4 to +0.8 V vs NHE67

are of pharmacological importance in that they have the ability
to generate intracellular reactive oxygen species (ROS)
desirable for apoptotic cytotoxicity. High-valent vanadium
exists predominantly as oxo-cations: VO2+ for the +4 oxidation
state (but rarely as the non-oxo V4+ion); VO2

+ and VO3+ for
the +5 oxidation state (but rarely as the non-oxo V5+ ion).
Ternary mononuclear complexes of copper(II) and

oxovanadium(IV) of the type [CuL(N,N-donor-L)]n+4.9,68−91

and [VO(L)(N,N-donor-L)]n+96,97 [where L represents a
neutral or anionic polydentate primary ligand and N,N-
donor-L stands for a heterocyclic bidentate N,N-donor
chelating coligand such as 1,10-phenanthroline (phen), 2,2′-
bipyridine (bipy), dipyridoquinoxaline (dpq), dipyridophena-
zine (dppz) or derivatives of these] abound. Such coordination
compounds are of considerable interest, not least because of
the i r potent ia l to exh ib i t DNA binding/c leav -
age,71,76,78−81,87,88,90−92,96 anticancer9,76,80,81,86,90,91,97 and anti-
microbial activities.72−74,77 Some have been explored as
models for metallo-enzymes70,82 while others have been
designed to investigate structural and spectroscopic features
of interest.4,69,75,83−85,89,93−95 There is a paucity of ternary
copper(II) and oxovanadium(IV) thiosemicarbazone complexes
of this type; for the former,4,9,68−76 there exist a mere handful
of papers reporting crystallographically characterized examples,
and for the latter, none save for a few examples of
thiosemicarbazates.98,99 Even rarer, in the case of the ternary
copper(II) complexes, are examples of complexes possessing a
pyridyl-based thiosemicarbazone. As far as we are aware, only
two papers ever have reported structurally characterized
ternary copper(II)-α-pyridyl thiosemicarbazone complexes
with phen or bipy (or their substituted derivatives) as
coligands: one by Ainscough et al.75 just over three decades

Chart 1. Illustrations of Crystallographically Determined
Conformations of the Z-Configuration of Di(2-pyridyl)
Ketone Thiosemicarbazones
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ago based on 2-formylpyridine thiosemicarbazone and the
other by Kartikeyan et al.76 very recently based on 2-
formylpyridine 4-phenyl-3-thiosemicarbazone.
In this work, we have produced and crystallographically

characterized the f irst examples of ternary copper(II)

complexes with a di(2-pyridyl)-based thiosemicarbazone,
namely [Cu(Dpk-H-44mT)(phen)](ClO4)2·1(1/2)MeOH
(1·1(1/2)MeOH) and [Cu(Dpk44mT)(phen)]ClO4 (2).
Moreover, we have also determined the X-ray crystal structure
of the thiosemicarbazone HDpk44mT. It is rather surprising

Scheme 1. Synthetic Routes to the Ternary Copper(II) Thiosemicarbazone Complexes 1 and 2a

aSolvent molecules of crystallization have been omitted.

Scheme 2. Synthetic Routes to the Dioxovanadium(V) Thiosemicarbazone Complex 3
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that HDpk44mT has never been employed in the design of this
type of ternary copper(II) thiosemicarbazone complexes
despite its well-known potent antiproliferative efficacy.12

Attempts to synthesize the corresponding ternary complex of
oxovanadium(IV) afforded the dioxovanadium(V) complex
[VO2(Dpk44mT)] (3) instead, which is one of a mere handful
of examples of structurally characterized pyridyl/di(2-pyridyl)-
based thiosemicarbazone complexes of dioxovanadium(V)
witnessed by the literature. All three complexes 1·1(1/
2)MeOH, 2 and 3 exhibit fascinating structural and
spectroscopic features. The antiproliferative activity of these
complexes has been tested against the cancer cell lines MCF-7
(human breast adenocarcinoma) and HeLa (human cervical
carcinoma). Moreover, to determine their potential as
anticancer metal-based drugs, we have also investigated their
cytotoxicity toward the MCF-10A (noncancerous human
breast epi the l ia l MCF-10A cel l l ine) . In toto ,
[VO2(Dpk44mT)] exhibits the most interesting pharmaco-
logical properties and lends itself to further exciting in vitro
anticancer investigations.

■ RESULTS AND DISCUSSION

Syntheses and Identification of Copper(II) and
Dioxovanadium(V) Complexes of HDpk44mT. The
thiosemicarbazone ligand (HDpk44mT) was produced
straightforwardly by the acid-catalyzed Schiff-base condensa-
tion reaction in accordance with a synthetic procedure
described in the literature.13 That it was isolated with a
water molecule of crystallization was demonstrated by
microanalysis and, subsequently, verified definitively by
structural analysis. Its existence in the thioamide (thione)
tautomeric form as a pure solid substance, having the
characteristic −N(H)−C(�S)− functional feature, was
evidenced by the ν(N−H) and ν(C�S) absorption bands at
3450 and 1002 cm−1, respectively, coupled with the absence of
the thio-enol S−H stretch around 2600 cm−1.10 The Schiff-
base imine absorption band was observed at 1655 cm−1.
Selected portions of the IR spectrum of this ligand along with
those of its complexes are displayed in Figure S1. Illustrative
representations of the synthetic routes to the mononuclear
copper(II) complexes [Cu(Dpk-H-44mT)(phen)](ClO4)2·
1(1/2)MeOH (1·1(1/2)MeOH) and [Cu(Dpk44mT)-
(phen)]ClO4·xMeOH (2·xMeOH) and the dioxovanadium-
(V) complex [VO2(Dpk44mT)] (3) are given in Schemes 1
and 2, respectively. The formation of complex 1·1(1/2)MeOH
having the zwitterionic (dipolar) ligand was facilitated by the
slightly acidic reaction conditions; in contrast, in basic medium
the reaction favored complex 2 with the ligand in the thio-
enolate (thiolate) form. Pertaining to complex 1·1(1/
2)MeOH, protonation of a non-hydrogen-bonded pyridyl
moiety in closely related thiosemicarbazones at pH ≤ 7 has
been demonstrated crystallographically7,13,35,40 in previous
studies. Under basic conditions, complex 1·1(1/2)MeOH is
readily converted to complex 2 which is isolated with a MeOH
molecule of crystallization (i.e., 2·MeOH). Interestingly, as
demonstrated crystallographically, when prepared from the
ligand rather than from complex 1·1(1/2)MeOH, complex 2 is
obtained nonsolvated. Both 1·1(1/2)MeOH and 2 (or 2·
MeOH) were isolated from their solutions in MeOH as large
black blocks and the results of their CHN analyses are
consistent with the proposed chemical formulas. Moreover,
that they are ionic was proven by the electrical conductivity of
their solutions (10−3 M) in common organic solvents:100 the

former is a 2:1 electrolyte type [ΛM (Ω−1 cm2 mol−1): 86
(EtOH), 165 (DMF) and 192 (MeOH)] whereas the latter is
a 1:1 electrolyte type [ΛM (Ω

−1 cm2 mol−1): 38 (EtOH), 84
(DMF) and 118 (MeOH)]. The positive-ion electrospray
ionization (ESI) mass spectra of complexes 1·1(1/2)MeOH
and 2 are identical implying dissociation of the pyridinium N−
H bond of 1·1(1/2)MeOH in this process. As can be seen
from Figure S2, the representative mass spectrum exhibits the
parent peak at m/z = 527 ascribable to the complex cation
[Cu(Dpk44mT)(phen)]+, and having an isotopic distribution
pattern closely matching the simulated one. Fragmentation
involving the loss of the phen coligand results in the formation
of the ion [Cu(Dpk44mT)]+ associated with the peak at m/z =
347.
For the synthesis of [VO2(Dpk44mT)] (3) either [VO-

(acac)2] or VOSO4 (Scheme 2) can be utilized as the source of
the vanadyl ion which is subsequently oxidized and oxygenated
to the dioxovanadium(V) ion. In the case of the former,
mechanistically, the reaction is expected to commence with
attachment of the thiosemicarbazone to the coordinatively
unsaturated [VO(acac)2] complex through the thione sulfur
atom, as crystallographically demonstrated in the closely
related semicarbazone complex [VO(H2APS)(acac)2]
(H2APS = 2-acetylpyridine semicarbazone)101 in which the
keto oxygen is attached to the vanadium atom of [VO(acac)2]
at the vacant site; though rare, the occurrence of similar
monodentate coordination of a thiosemicarbazone ligand has
been shown structurally in the complexes [M(Ap4Et)-
(H2ApEt)] (M = PdII, PtII; H2Ap4Et = 2′-hydroxyacetophe-
none 4-ethyl-3-thiosemicarbazone).2 Thereafter, upon tauto-
merization and deprotonation, the thiosemicarbazone is
expected to coordinate tridentately (Scheme 2)102−104 with
concomitant displacement of one of the acetylacetonate
ligands to afford the intermediate complex “[VO(Dpk44mT)-
(acac)]” (observed in solution in an inert atmosphere), an
analogue of several crystallographically characterized com-
plexes of closely related ligand systems.103,105−107 Under
aerobic conditions, the reaction proceeds to generate the air-
stable complex [VO2(Dpk44mT)] (3) as shiny orange blocks
whose solution in organic solvents is nonelectrolytic, as
expected. This dioxovanadium(V) complex has been formu-
lated in accordance with CHN analysis and ESI-MS (molecular
peak: m/z = 367). It is noteworthy that attempts to synthesize
the nonexistent complex “[VO(Dpk44mT)(phen)]ClO4”, the
oxovanadium(IV) analogue of 2, in the presence of ClO4

− as a
possible counteranion were futile; complex 3 was produced
instead and this was proven conclusively by single-crystal X-ray
crystallography.
All three complexes 1·1(1/2)MeOH, 2 and 3 are readily

identifiable by Fourier transform infrared (FT-IR) spectrosco-
py. Selected portions of the IR spectra are displayed in Figure
S1. The disappearance of the ligand N−H absorption band and
the shift of the thione C�S absorption band to 853, 845, and
823 cm−1, respectively, are indicative of thione-thioenol
tautomerization. As evident from Figure S1(a), there is a
marked shift of the stretching frequency of the imine bond
upon coordination of the ligand imine nitrogen donor atom to
the central metal ions [ν(C�N) = 1622, 1622, and 1598 cm−1

for 1·1(1/2)MeOH, 2 and 3, respectively]. Conspicuously, in
the FT-IR spectra of the copper(II) complexes are intense
absorption bands of the ClO4

− counterions in the range 1121−
1088 cm−1 accompanied by a weaker one around 624
cm−1.108−111 An overlay of the IR spectra of HDpk44mT
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and [VO2(Dpk44mT)] in Figure S1(b) shows prominent
absorption bands at 956, 934, and 919 cm−1 along with a
shoulder at 913 cm−1, characteristic of νas(VO2) and
νs(VO2),

101,102,112−116 and attributable possibly to two
independent complex molecules as revealed by single-crystal
X-ray analysis. The oxidation states of the copper and
vanadium atoms in the coordination spheres of these
complexes were inferred from the established chemical
formulas as +2 and +5, respectively, and subsequently verified

by room-temperature (RT) magnetic susceptibility measure-
ments. The values of effective magnetic moment, [μeff =
(8χMT)

1/2], for the complexes [Cu(Dpk-H-44mT)(phen)]-
(ClO4)2·1(1/2)MeOH and [Cu(Dpk44mT)(phen)]ClO4 are
1.78 and 1.73 μB, respectively, and compare favorably with the
value of μS, [4S(S + 1)]

1/2, for a single unpaired electron, in
accord with the [Ar]3d9 ground-state electron configuration of
the central metal atom. Moreover, these RT values of μeff lie
within the range (μeff = 1.7 − 2.2 μB) reported in the literature

Figure 1. X-ray crystal structure of HDpk44mT·H2O: (a) crystallographic asymmetric unit, (b) a portion of a chain of thiosemicarbazone
molecules with intervening water molecules of crystallization.
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for closely related mononuclear complexes.82,84,93,94

[VO2(Dpk44mT)] is diamagnetic on account of the 3d-
subshell of the vanadium(V) ion being vacant.
Single-Crystal X-ray Crystallography. The X-ray crystal

structure determinations of HDpk44mT·H2O and complexes
1·1(1/2)MeOH, 2 and 3 were performed using diffraction data
collected at LT (100 or 110 K). All atoms but hydrogen were
refined anisotropically. Hydrogen atoms were placed in
calculated positions with idealized geometries [aromatic sp2

C−H = 0.95 Å and aliphatic (−CH3) sp
3 C−H = 0.98 Å] and

then refined by employing a riding model and isotropic
displacement parameters [Uiso(H) = 1.2Ueq(Csp2) or
1.5Ueq(Csp3) and O]. The values of the final R1 index [I ≥
2σ(I)] for HDpk44mT·H2O and complexes 1·1(1/2)MeOH,
2 and 3 are 3.29, 5.32, 3.89 and 4.43%, respectively. The crystal
data and parameters for data collection and structure
refinement are compiled in Table S1.
X-ray Analysis of HDpk44mT·H2O. The thiosemicarbazone

ligand HDpk44mT crystallized in the orthorhombic P212121
space group with Z = 4, and the crystallographic asymmetric
unit shows the presence of a water molecule of crystallization
(Figure 1). Indeed, as expected of a di(2-pyridyl)-based
thiosemicarbazone (Chart 1), this ligand exists in the Z-
isomeric form, and the syn-syn orientation of the donor atoms
relative to one another is consistent with the N4-terminal
amino group being tertiary. The Z configuration causes
intramolecular hydrogen bonding between the pyridyl and
hydrazinic moieties adjacent to each other (Figure 1). Crystal
packing shows one-dimensional (1D) chains of molecules of
HDpk44mT linked by water molecules through intermolecular
H-bonding interactions involving the nitrogen atom of the
second pyridyl ring of one ligand molecule and the
thiocarbonyl sulfur of the next ligand molecule [Figures 1b
and S3]. The H-bonding parameters are presented in Table 1.

Each chain is stabilized by π−π stacking interactions between
the intermolecularly H-bonded pyridyl ring (plane N1/C1−
C5) of one molecule and the intramolecularly H-bonded
pyridyl ring (plane N5/C10−C14) of the next molecule [1/2
+ x, 1/2 − y, 1 − z, centroid-centroid distance 3.7134(15) Å,
shift distance 1.562(4) Å, angle 6.64(9)°] (Table S2).
The distance of the imine bond [C6−N2 = 1.300(3) Å] is

comparable with those reported for other hydrazones (C�N:
1.26−1.30 Å).7,9,10,13−15,19,20,33−58 NB: In the reduction of 2-
acetylpyridine 4,4-dimethyl-3-thiosemicarbazone, the resultant
C−N single bond was ∼1.47 Å.38 That HDpk44mT was

isolated as the thione (thio-keto) tautomer, as is usually the
case for thiosemicarbazones, is demonstrated by the thio-
amide carbon−sulfur bond length [C7−S1 = 1.683(3) Å]
which lies within the literature range 1.65−1.70
Å.7,9,10,13−15,19,20,33−58 The distances of the backbone chemical
bonds N2−N3, N3−C7 and C7−N4 are normal for
uncoordinated thiosemicarbazones. The selected bond angles
shown in Table 1 are consistent with the orbital hybridizations
for the pertinent central atoms.
X-ray Analyses of 1·1(1/2)MeOH and 2. Both [Cu(Dpk-H-

44mT)(phen)](ClO4)2·1(1/2)MeOH (1·1(1/2)MeOH) and
[Cu(Dpk44mT)(phen)]ClO4 (2) crystallized in the mono-
clinic space group P21/n with Z = 4. The asymmetric unit of 1·
1(1/2)MeOH comprises the complex cation [Cu(Dpk-H-
44mT)(phen)]2+ with the noncoordinated pyridyl moiety
protonated, two perchlorate counterions and one-and-a-half
methanol solvent molecules of crystallization. As depicted in
Figure 2, the pyridinium ring is hydrogen-bonded to a
methanol molecule (N−H···O) which in turn interacts with
a perchlorate ion by H-bonding (O−H···O). The pyridinium
ring also interacts with the other perchlorate counterion and
the methanol molecule with half occupancy through weak
nonclassical H-bonds (Table S3). Crystal packing shows π−π
stacking interactions between the coordinated pyridyl rings
(plane: ring atoms N1,C1−C5) of adjacent complex cations
[Figure 2b] with a centroid-centroid distance of 3.950(3) Å,
shift distance of 1.669(6) Å and angle of 0.000(11)° (Table
S2).
The asymmetric unit of complex 2 consists of the complex

cation [Cu(Dpk44mT)(phen)]+ and a perchlorate counter-
anion [Figure 3a]. In contrast to 1·1(1/2)MeOH, 2 exhibits π-
π stacking interactions between phen coligands of adjacent
complex cations involving all three phen rings [Figure 3b] with
intercentroid distances in the range 3.5462−3.9564 Å (Table
S2).
In the complex cations of 1·1(1/2)MeOH and 2, the

tridentate thiosemicarbazonate ligand and bidentate coligand
are oriented virtually orthogonally with respect to each other
thereby adopting meridional and axial−equatorial coordination
modes, respectively, to afford a five-coordinate geometry at the
metal center. The angle of tilting of the uncoordinated pyridyl
moiety off perpendicularity, which is 33.5(3)° in 1·1(1/
2)MeOH and 32.27(9)° in 2, was determined from the torsion
angle of the C5−C6−N2 and C10−C14,N5 planes, which is
56.50(3)°in 1·1(1/2)MeOH and 57.73(9)°in 2. Selected bond
distances and angles for both complexes are presented in Table
2. The Schiff-base imine bonds exhibit characteristic distances
[C6−N2 = 1.302(4) and 1.301(3) Å] in 1·1(1/2)MeOH and
2, respectively, comparable with those encountered in the
literature (1.27−1.32 Å).9,33,117,118 The lengths of the bonds in
the ligand backbone N2−N3−C7-N4 are indicative of
significant delocalization of π-electrons. That the thiosemi-
carbazone ligand has tautomerized and deprotonated is
evidenced by the magnitude of the carbon−sulfur bond
distances [C7−S1 = 1.740(3) and 1.748(2) Å in 1·1(1/
2)MeOH and 2, respectively],9,33,117,118 which is consistent
with single-bond character of the thioenolate carbon−sulfur
bond and much longer than that of the thiocarbonyl bond
[C7−S1 = 1.683(3) Å] of the free thione ligand HDpk44mT.
It can be deduced from the values of the trigonality index [τ

= (β − α)/60°]119 for 1·1(1/2)MeOH and 2 (0.28 and 0.24,
respectively) that the coordination spheres are distorted square
pyramidal [τ = 0 and 1 for idealized square pyramidal and

Table 1. H-Bonding Parameters and Selected Bond
Distances and Angles for HDpk44mT·H2O

a

hydrogen-bond geometry (Å, °)

D−H···A D−H H···A D···A D−H···A

N3−H3···N5 0.93(3) 1.80(3) 2.598(3) 143(3)

O1−H1A···N1 0.82(5) 2.07(5) 2.883(3) 173(4)

O1−H1B···S11 0.86(4) 2.48(4) 3.329(3) 167(3)

bond distances (Å) and angles (°)

C5−C6 1.498(3) C6−N2 1.300(3)

N2−N3 1.362(3) C7−N3 1.369(4)

C7−S1 1.683(3) C7−N4 1.345(4)

C8−N4 1.462(3) C9−N4 1.469(4)

C6−N2−N3 118.1(2) C10−C6−C5 119.5(2)

N3−C7−S1 123.5(2) N4−C7−S1 123.1(2)
aSymmetry code (1): 1/2 + x, 1/2 − y, 1 − z.
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trigonal bipyramidal coordination geometries, respectively].
The pyridyl nitrogen, imine nitrogen and thioenolate sulfur of
the tridentate thiosemicarbazone ligand together with one of
the phen pyridyl nitrogens define the equatorial plane, out of
which the central metal ion is displaced 0.1772(12) Å in 1·

1(1/2)MeOH and 0.1723(9) Å in 2 toward the second phen
nitrogen donor atom which is apically positioned. This
coordination sphere implies that in the ground state, of the
copper(II) 3d-orbitals, the dx2−y

2 orbital has the highest energy,
hence singly occupied. Conspicuously, there exists a disparity
between the CuII−Nphen coordinate bonds, the axial one being

considerably longer [2.203(3) vs 2.009(3) Å in 1·1(1/
2)MeOH and 2.2091(19) vs 2.0147(18) Å in 2]. This
asymmetric coordination of phen and the closely related
ligands bipy and dpq, along with their derivatives, is a
characteristic feature of square pyramidal9,68−80,82−89 and
octahedral81,90 copper(II) complexes in which this heterocyclic
symmetrical bidentate ligand adopts an axial−equatorial
coordination arrangement. As observed in the distorted
octahedral structures of [Cu(phen)3](ClO4)2,

120 [Cu(tdp)-
(phen)]ClO4

81 (where Htdp = 2-[(2-(2-hydroxyethylamino)-
ethylimino)methyl]phenol) and [Cu(trien)(bipy/phen)]-

Figure 2. X-ray crystal structure of [Cu(Dpk-H-44mT)(phen)](ClO4)2·1(1/2)MeOH (1·1(1/2)MeOH): (a) crystallographic asymmetric unit
and (b) π−π stacking interaction.
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(ClO4)2
90 (where trien = triethylenetetramine), the axial Cu−

N bond of the coligand which lies along the Jahn−Teller axis is
considerably weakened. Likewise, invariably, square pyramidal
ternary copper(II) complexes9,68−80,82−89 with the heterocyclic
bidentate ligand in an axial−equatorial coordination mode
exhibit this structural feature. The magnitude of the difference
between the two Cu−N bond distances of the coligand,
Δd(Cu−N), is typically 0.17−0.35 Å.9,68−90 However, if the
same bidentate ligand, namely phen, coordinates equatori-
ally91−95 or occurs in a trigonal bipyramidal coordination
geometry, as in the complex [Cu{N(CN)2}(phen)2]

+,121 the
two Cu−N bonds are virtually of equal distance since such
copper(II) complexes are not subject to the Jahn−Teller effect.
The tetragonal elongation of one of the two Cu−Nphen bonds
leads to a decrease in the N−CuII−N bite angle with values
ranging from 75 to 79°9−90,120 whereas the corresponding
angles not affected by the Jahn−Teller distortion are reliably in
the range 80−82°.91−95,121 In complexes 1·1(1/2)MeOH and
2, the values of Δd(Cu−N)phen are the same (0.194 and 0.1944

Å, respectively) and the phen N−CuII−N bite angles are 79.49
and 78.80°, respectively. Incidentally, that the Jahn−Teller
effect can impose a square pyramidal geometry on a binary
bis(chelate) copper(II) complex possessing a potentially
tridentate ligand is exemplified by the X-ray crystal structure
of [Cu(Dpk44mT)2]

122 in which the ligand exhibits different
denticities.
X-ray Analysis of 3. There exist a number of mononuclear

dioxovanadium(V) complexes possessing a diverse range of
ligands. However, papers reporting crystallographically char-
acterized dioxovanadium(V) complexes of pyrid-
yl102,104,105,123−125 or di(2-pyridyl)117 thiosemicarbazones are
few and far between. [VO2(Dpk44mT)] crystallized in the
triclinic space group P with Z = 4. In the asymmetric unit
reside two crystallographically discrete molecules, designated A
and B (Figure 4), which are similar but not identical. That the
thiosemicarbazone ligand underwent tautomerization followed
by deprotonation is evidenced by the typical thioenolate C−S−

bond distances of 1.746(3) and 1.759(2) Å (Table

Figure 3. X-ray crystal structure of [Cu(Dpk44mT)(phen)]ClO4 (2): (a) crystallographic asymmetric unit and (b) π−π stacking interaction.
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3).9,33,102,104,105,116−118 In the crystal lattice, the complex
molecules are packed such that only molecule B engages in π-π
stacking interactions, involving the coordinated pyridyl ring,
with a symmetry equivalent of itself [plane: N1B,C1B−C5B,
symmetry code: −x, 1 − y, 1 − z; centroid-centroid separation
= 3.4025(19) Å, shift difference = 0.483(4) Å and shift angle =
0.00(17)°] (Table S2).
The five-coordinate geometry at the metal center arises from

the equatorial tridentate coordination of the thioenolate ligand
[Dpk44mT]− and the axial−equatorial coordination of the
vanadyl oxygen atoms. In molecules A and B, the
uncoordinated pyridyl moiety is tilted 32.82(9) and
39.51(9)°, respectively, off perpendicularity as determined
from the torsion angle of the planes of C5−C6−N2 and C10−
C14,N5 [57.18(9) and 50.49(9)°, respectively]. The values of
the angular distortion parameter [τ = 0.091 and 0.050 for
molecules A and B, respectively]119 point to a distorted square
pyramidal coordination geometry, taken at face value; however,
as is always the case with such dioxovanadium(V) complexes,
the bond angles β and α deviate considerably from linearity
(Table 3).101,102,104,105,112−117,123 The vanadium(V) atoms
V1A and V1B are displaced out of the mean basal plane by
0.5170(11) and 0.529(1) Å, respectively, toward the apical
oxygen donor atom. The bond angles of the vanadyl moiety,
109.81(11)° in molecule A and 109.50(9)° in molecule B, lie
within the range 107−111° reported for a broad spectrum of
dioxovanadium(V) complexes.101,102,104,105,112−117,123 Gener-
ally, when the vanadyl oxygen atoms are not engaged in H-
bonding interactions, the V�O distances range from 1.60 to
1.64 Å, with subtle differences between them, the one in the
basal plane being somewhat longer presumably on account of a
modest trans influence. This structural feature is observed in
the independent molecules of complex 3 (Figure 4, Table 3).
When either of the vanadyl oxygen atoms participates in H-
bonding, its bonding to the vanadium(V) center is somewhat
weakened, thereby causing significant lengthening of the V�O
bond (∼1.66−1.69 Å).114,126

EPR Spectroscopy of Copper(II) Complexes. As already
established by magnetic susceptibility measurements, the
ternary complexes [Cu(Dpk-H-44mT)(phen)](ClO4)2·1(1/
2)MeOH (1·1(1/2)MeOH) and [Cu(Dpk44mT)(phen)]-
ClO4 (2) are paramagnetic with one unpaired electron. The
X-band EPR spectrum of 1·1(1/2)MeOH which was recorded
in frozen MeOH solution at 77 K is shown in Figure 5. The
spin Hamiltonian parameters gz = 2.175, gx,y = 2.06, Az = 198 ×
10−4 cm−1 and Ax,y ∼ 10 × 10−4 cm−1 from the simulated axial
spectrum are indicative of a dx2−y

2 ground state (gz > gx,y > 2.00;
Az > Ax,y)

76,122,127−129 implying that the crystallographically
determined solid-state coordination geometry is retained in
solution. The degree of the extent of the tetragonal distortion
as revealed by the value of gz/Az (110 cm) is comparable with
those of the closely related ternary complexes of copper(II)
with 2-formylpyridine-4-phenyl-3-thiosemicarbazone and het-
erocyclic bidentate ligands.76 The EPR spectra of polycrystal-
line samples of 1·1(1/2)MeOH and 2 [Figure S4] gave the
following approximate values of gz and gx,y: 2.17 and 2.05,
respectively, for the former and 2.15 and 2.05, respectively, for
the latter, consistent with the structural analyses.

Electronic Absorption Spectroscopy of the Com-
plexes. The discernible differences in the colors of the
copper(II) complexes (1·1(1/2)MeOH and 2) especially in
solution (olive and olive brown, respectively, as can be seen
from Figure 6), point to subtle structural differences in their
coordination spheres. They have an intense visible absorption
at 433 nm (εmax = 19,850 and 23,620 dm3 mol−1 cm−1,
respectively) in common, which is assignable to an LMCT
transition. The lopsidedness of this broad absorption band
suggests an occurrence of an additional electronic transition;
the shoulder around 412 nm [Figure 6a inset] probably arises
from an intraligand transition akin to that reported for
[Zn(Dpk44mT)2] (λ = 416 nm, ε ∼ 14,795 dm3 mol−1

cm−1),122 a complex having a metal center with the 3d-
subshell fully occupied. Another similarity in the visible spectra
of 1·1(1/2)MeOH and 2 is the occurrence of a d-d absorption
band at ∼660 nm (ε ∼ 320 and 330 dm3 mol−1 cm−1,
respectively).76,127 Copper(II) centers in a distorted square-
based pyramidal coordination geometry tend to exhibit broad
ligand-field absorptions in the visible region, sometimes
extending to the near-IR region, in electronic spectra which
are attributable to dxz,yz → dx2−y

2 and dxy → dx2−y
2 transitions.127

A noticeable difference is the absorption at ∼520 nm appearing
as a shoulder in the electronic spectrum of complex 1·1(1/
2)MeOH, but missing from that of complex 2, which might
explain the color difference between these two copper(II)
compounds [Figure 6b]. This visible absorption most likely
arises from the protonation of the di(2-pyridyl) moiety of the
ligand in 1·1(1/2)MeOH. Given its relatively higher energy
and higher molar absorptivity than those of d-d absorptions
coupled with the similarity of the coordination geometries of
complexes 1·1(1/2)MeOH and 2 (which precludes a differ-
ence between their ligand-field transitions), this visible
absorption probably originates from a CT transition.
The reddish orange crystals of [VO2(Dpk44mT)] (3)

dissolve in MeOH to form a strong orange-yellow solution
whose electronic absorption spectrum is displayed in Figure 6c
along with that of the free ligand. The lowest-energy intense
broad ultraviolet (UV) absorption band of HDpk44mT (λ =
335, εmax = 10,800 dm

3 mol−1 cm−1) whose tail extends into
the higher-energy end of the visible spectrum imparts the pale
greenish yellow color to this ligand in solution. The pertinent

Table 2. Selected Bond Distances (Å) and Angles (°) for
[Cu(Dpk-H-44mT)(phen)](ClO4)2·1(1/2)MeOH (1·1(1/
2)MeOH) and [Cu(Dpk44mT)(phen)]ClO4 (2)

1·1(1/2)MeOH 2

Cu1−S1 2.2680(9) 2.2682(7)

Cu1−N1 2.026(3) 2.0590(19)

Cu1−N2 1.970(3) 1.9625(18)

Cu1−N6 2.009(3) 2.0147(18)

Cu1−N7 2.203(3) 2.2091(19)

C7−S1 1.740(3) 1.748(2)

C6−N2 1.302(4) 1.301(3)

N2−N3 1.347(4) 1.353(2)

C7−N3 1.354(4) 1.341(3)

C7−N4 1.327(4) 1.339(3)

N1−Cu1−S1 158.91(8) 158.04(5)

N1−Cu1−N7 97.50(11) 89.50(7)

N2−Cu1−S1 83.99(8) 84.54(5)

N2−Cu1−N1 81.13(11) 80.28(7)

N2−Cu1−N6 175.94(11) 172.29(7)

N2−Cu1−N7 104.56(11) 102.43(7)

N6−Cu1−S1 95.14(8) 102.32(5)

N6−Cu1−N1 98.65(11) 92.15(7)

N6−Cu1−N7 79.49(11) 78.80(7)

N7−Cu1−S1 100.66(8) 109.31(5)
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electronic transition also occurs within the thio-enolate ligand
which is coordinated to the [VO2]

+ ion in complex 3 (λ = 330,
εmax = 12,000 dm

3 mol−1 cm−1). The visible spectrum of 3 is
dominated by the LMCT band at 458 nm (εmax = 9,410 dm

3

mol−1 cm−1).102 As is always the case with dioxovanadium(V)
complexes, ligand-field absorptions are nonexistent on account
of the vacant d-subshell of the central metal ion.
NMR Spe c t r o s c op y o f HDpk44mT and

[VO2(Dpk44mT)]. The thiosemicarbazone ligand HDpk44mT
and its dioxovanadium(V) complex [VO2(Dpk44mT)] were
characterized by 1H- and 13C NMR spectroscopic techniques
and, additionally, in the case of the latter, by 51V-NMR
spectroscopy. We have elucidated the solution structures of
these compounds largely from their 1H NMR spectra which
were recorded in DMSO-d6 at a radiofrequency of 700 MHz.
The chemical shifts, referenced to TMS as an internal standard
(δ = 0), for the resonances in the 1H NMR spectra were
assigned in accordance with spin−spin splitting patterns,
magnitudes of the coupling constants and 1H−1H COSY.

Moreover, a comparison of the 1H NMR spectrum of
HDpk44mT with those of other members of the HDpkT
series as well as those of thiosemicarbazones derived from 2-
formylpyridine, 2-acetylpyridine and 2-benzoylpyridine is
instructive. Similarly, the literature 1H NMR spectra of the
corresponding pyridyl and di(2-pyridyl) aroylhydrazones
provide invaluable structural information in solution, partic-
ularly because of the greater propensity of their E/Z-isomers
(Chart S1) to undergo interconversion in solution. A close and
systematic inspection of the 1H NMR spectra across a wide
spectrum of pyridyl hydrazones has revealed a reliable
distinguishing NMR trend between the E- and Z-isomers
involving the chemical shifts of the resonances of the
hydrazinic proton (i.e., = N−NH−C�X, X = O, S, Se) and
the pyridyl α-proton (adjacent to the pyridyl nitrogen atom)
(Chart S1).7,15,20,34,36−38,42,48,53−63 For the E-isomer, the
resonances of these two protons tend to occur in the ranges
δ 10.15−11.50 and δ 8.57−8.64, respectively. In sharp
contrast, for the Z-isomer, which exhibits intramolecular H-

Figure 4. X-ray crystal structure of [VO2(Dpk44mT)] (3): (a) two independent molecules in the crystallographic asymmetric unit, (b) π−π

stacking interaction of molecules B.
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bonding between the hydrazinic proton and the pyridyl
nitrogen, this pair of proton resonances appears consistently
more downfield in the ranges δ 14.70−15.86 and δ 8.79−8.98,
respectively.
The whole-range 1H NMR spectra of HDpk44mT·H2O and

[VO2(Dpk44mT)] (3) are presented in Figures S5 and S6,
respectively. The spectrum of HDpk44mT shows the
thioamide proton to be the most deshielded (δ 14.92),
consistent with existence of this ligand in the Z-isomeric form
as demonstrated crystallographically (Figure 1 and Chart 1).
Consequently, the two pyridyl moieties of HDpk44mT are
spectroscopically nonequivalent; indeed, as can be seen from
Figure 7a, the spectrum shows the pyridyl proton peaks in
duplicate. Consistently, for each pyridyl ring, the α-proton
(HA/Ha) is the most deshielded whereas the β-proton (HB/

Table 3. Selected Bond Distances (Å) and Angles (°) for
[VO2(Dpk44mT)] (3)

molecule A molecule B

V1−O1 1.633(2) 1.6405(17)

V1−O2 1.622(2) 1.6159(17)

V1−N1 2.098(2) 2.095(19)

V1−N2 2.142(2) 2.1653(19)

V1−S1 2.3652(8) 2.3676(7)

C7−S1 1.746(3) 1.759(2)

C6−N2 1.307(3) 1.308(3)

N2−N3 1.367(3) 1.365(3)

C7−N3 1.338(3) 1.331(3)

C7−N4 1.342(3) 1.343(3)

O1−V1−S1 97.25(8) 96.87(6)

O1−V1−N1 94.72(9) 95.93(8)

O1−V1−N2 142.74(10) 143.21(8)

O2−V1−S1 103.73(7) 105.10(7)

O2−V1−O1 109.81(11) 109.50(9)

O2−V1−N1 99.66(9) 99.81(8)

O2−V1−N2 107.16(9) 107.08(8)

N1−V1−S1 148.20(6) 146.20(6)

N1−V1−N2 74.56(8) 74.00(7)

N2−V1−S1 78.14(6) 77.05(5)

Figure 5. X-band EPR spectrum of [Cu(Dpk-H-44mT)(phen)]-
(ClO4)2·1(1/2)MeOH (1·1(1/2)MeOH) in frozen methanol sol-
ution at 77 K (ν = 9.4 GHz): experimental (blue) and simulated
(orange).

Figure 6. UV−visible spectra of (a) 1·1(1/2)MeOH, (b) 1·1(1/
2)MeOH (blue line, olive solution) and 2 (red line, olive-brown
solution), and (c) HDpk44mT (black line) and 3 (blue line) in
MeOH.
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Hb) is the most shielded. Of the two α-protons, HA (of the H-
bonded pyridyl moiety) occurs more downfield at δ 8.85 (cf. δ
8.61 for Ha). The spectroscopic data and peak assignments are
compiled in Table 4. The 1H NMR spectrum of the complex
[VO2(Dpk44mT)] is displayed in Figure 7b. The two pyridyl
moieties have been rendered spectroscopically nonequivalent
by the coordination of the nitrogen donor atom of one of them
to the vanadium(V) ion, giving rise to the occurrence of twin
peaks for the pyridyl proton resonances, the α-proton of the
metal-bound pyridyl ring being more deshielded than that of
the metal-free ring (δ 8.80 for HA vs δ 8.68 for Ha). Two
conspicuous differences between the 1H NMR spectra of the
ligand and the dioxovanadium(V) complex are as follows: (1)
the doublet-of-triplet (dt) resonances are well-resolved in the
latter whereas they are unresolved in the former, and (2) the dt
resonance for Hd (of the metal-free pyridyl ring) in the
complex appears surprisingly more upfield than that of the β-
proton (Hb). The explanation for this behavior is complicated
by the fact that the upfield shift occurs on the free pyridyl ring.
In a previous study based on 2-acetylpyridine thiosemicarba-
zones, this phenomenon involved the corresponding proton of
the pyridyl ring bound to the metal center and so this upfield
shift was attributed to the coordination of the azomethine
nitrogen.104

In the 13C NMR spectrum of HDpk44mT the resonance at
δ180.50 is attributable to the thione carbon, which for closely

related thiosemicarbazones is observed in the range δ177−
181.20,34,36−38,104,105 The concomitant tautomeric transforma-
tion of this ligand and its complexation with the vanadium(V)
ion in [VO2(Dpk44mT)] is evidenced by the new signal at
δ177.42 ascribable to the thio-enolate carbon. The few known
crystallographically and spectroscopically characterized
dioxovanadium(V) complexes with pyridyl-based thiosemicar-
bazones exhibit similar behavior with ΔδC ranging from −3 to
−7 [ΔδC = δC(complex) − δC(ligand)].

104 Coordination of the
imine nitrogen of HDpk44mT to the vanadium(V) atom
causes an enormous increase in the chemical shift of the
associated carbon atom from δ156.28 to 207.00, indicative of
considerable deshielding, as observed for closely related
dioxovanadium(V) complexes.114,116,130

The 51V-NMR spectrum of [VO2(Dpk44mT)] (Figure 8),
recorded in DMSO-d6 at 105 MHz with VOCl3 as the
reference standard (δ = 0), exhibits a strong resonance at δ

−428, a chemical shift that compares favorably with those
reported for similar dioxovanadium(V) complexes with pyridyl-
based thiosemicarbazones and thiosemicarbazates possessing
the [NpyridylNimineSthioenolate] donor set which range from δ

−415 to −444.102,105,116,124 In contrast, the 51V NMR signal
for phenolate-based thiosemicarbazone or thiosemicarbazate
complexes with dioxovanadium(V) is observed relatively more
upfield typically between δ −465 and −473.114,130 Evidently,
the δ(51V-NMR) resonance for the [VO2]

+ moiety is sensitive

Figure 7. Aromatic regions of 1H NMR spectra of (a) HDpk44mT·H2O and (b) [VO2(Dpk44mT)] (3).
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to the coordination environment; replacement of the
thioenolate sulfur atom with an oxygen (e.g., enolate,131−133

alkoxo,134 or carboxylate135) or a nitrogen (e.g., amine136 or
benzimidazole137,138) donor atom causes even greater
shielding with chemical shifts between δ −500 and −570.
Pharmacological Properties and Redox Chemistry.

The antiproliferative activity of complexes 1·1(1/2)MeOH, 2
and 3 was investigated in two cancer cell lines, namely human
cervical carcinoma (HeLa) and human breast adenocarcinoma
(MCF-7), along with the normal (noncancerous) human
breast epithelial cell line (MCF-10A), using the MTT cell
viability assay [MTT = 3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide] which entails cleavage of the
tetrazolium rings of MTT by mitochondrial dehydrogenases of
viable cells resulting in the formation of dark purple
membrane-impermeable crystals of formazan quantifiable in
DMSO solution by visible spectroscopy. Although HDpk44mT
is a well-established anticancer agent, the purpose of including
it in the cytotoxicity evaluation was to allow a direct
comparison of its potency with those of its new complexes
(1·1(1/2)MeOH, 2 and 3) under the same experimental
conditions. The values of the 50% inhibitory concentrations
(IC50) of these substances together with the positive controls
(docetaxel and paclitaxel) were determined as exemplified for
complexes 1·1(1/2)MeOH and 3 in the HeLa cells (Figure 9).

The antiproliferative potential of each substance was tested
within the 0.01−100-μM range of concentrations; the results
of these cytotoxicity measurements are presented in Table 5.
IC50 values for cisplatin (against HeLa,139 MCF-7140 and
MCF-10A141), phen (against MCF-790) and Cu(ClO4)2·6H2O
(against MCF-790) were obtained from the literature for the
purpose of comparison.

Table 4. 1H NMR Spectroscopic Dataa for HDpk44mT·

H2O and [VO2(Dpk44mT)] (3)

protons HDpk44mT [VO2(Dpk44mT)]

−NH− 14.92 (s)

−N(CH3)2 3.34(s) 3.33(s)

hydrogen-bonded py vanadium-coordinated py

HA 8.85 (ddd, J = 4.9, 1.7,
0.9 Hz)

8.80 (ddd, J = 4.8, 1.7, 1.0 Hz)

HB 7.58 (ddd, J = 7.6, 4.9,
1.1 Hz)

7.57 (ddd, J = 7.6, 4.9, 1.3 Hz)

HC 8.01 (ddd, J = 7.8, 7.9,
1.8 Hz)

8.04 (ddd, J = 7.7, 7.7, 1.8 Hz)

HD 7.62 (dt, unresolved,
J = 8.1 Hz)

7.99 (dt, J = 7.8, 1.1 Hz)

Free py Free py

Ha 8.61 (ddd, unresolved) 8.68 (ddd, partially resolved,
J = 5.4, 0.8 Hz)

Hb 7.48 (ddd, J = 7.5, 4.8,
1.2 Hz)

7.61 (ddd, J = 7.6, 5.5, 1.3 Hz)

Hc 7.98 (ddd, J = 7.70, 7.70,
1.75 Hz)

8.15 (ddd, J = 7.9, 7.9, 1.6 Hz)

Hd 7.92 (dt, unresolved,
J = 7.8 Hz)

7.55 (dt, J = 8.4, 1.0 Hz)

aAssignments confirmed with 2-D NMR experiments.

Figure 8. 51V-NMR spectrum of [VO2(Dpk44mT)] (3) in DMSO-d6
at 105 MHz.

Figure 9. Cytotoxicity curves for (a) [Cu(Dpk-H-44mT)(phen)]-
(C lO 4 ) 2 · 1 ( 1 / 2 )MeOH ( 1 · 1 ( 1 / 2 )MeOH) a n d ( b )
[VO2(Dpk44mT)] (3) in the HeLa cell line obtained after a 48-h
incubation period.
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Characteristic of its anticancer behavior, HDpk44mT
selectively inhibited proliferation of the HeLa and MCF-7
cancer cells over the MCF-10A normal cells. However, its
copper(II) complexes 1·1(1/2)MeOH and 2 were indiscrim-
inately potent against all three cell lines. It is noteworthy that
the ligand and complexes 1·1(1/2)MeOH and 2 exhibited
comparable cytotoxicity toward the cancer cells, with slightly
higher antiproliferative efficacy toward the MCF-7 cancer cells.
Complexes 1·1(1/2)MeOH and 2 are cytotoxic toward the
HeLa cancer cells to a somewhat comparable extent to that
reported for the similar complex [Cu(L)(phen)]ClO4 (HL =
2-formylpyridine 4-phenyl-3-thiosemicarbazone).76 Although
1·1(1/2)MeOH and 2 have greater cytotoxicity potency than
cisplatin against the HeLa and MCF-7 cancer cells, their lack of
selectivity over MCF-10A renders them unsuitable as in vivo
drugs. In contrast, the dioxovanadium(V) complex (3) bears
the hallmarks of a promising drug in cancer treatment. It is
∼50-fold more cytotoxic toward MCF-7 than HeLa and its
selectivity factor over MCF-10A [SF = IC50(MCF-10A)/
IC50(MFC-7)] exceeds 20. In contrast, cisplatin is equally
potent toward these two cancer cells judging by the reported
comparable IC50 values (Table 5).139,140 Thus, in vitro,
complex 3 appears to be a better antiproliferative agent than
cisplatin for targeted cancer treatment. Additionally, complex 3
exhibits higher antiproliferative efficacy toward MCF-7 than
does the closely related dioxovanadium(V) complex of
acetylpyridine 4-(p-fluorophenyl)-3-thiosemicarbazone (IC50
= 90.6 ± 0.97 μM, after a 48-h incubation period).102 There
exist a paucity of dioxovanadium(V) complexes with pyridyl-
based thiosemicarbazones which have been investigated for
anticancer activity.105

Invariably, copper(II) thiosemicarbazone complexes are
redox-active,8,16,18,20,76,122 the redox couple CuII/I being the
most prevalent. The electrochemical properties of complexes
1·1(1/2)MeOH, 2 and 3 were investigated by cyclic
voltammetry using a three-electrode electrochemical cell
comprising a glassy carbon working electrode, an Ag/AgCl
reference electrode and a Pt wire auxiliary electrode (NB:
EAg/AgCl + 197 mV = ENHE; EAg/AgCl − 45 mV = ESCE; ESCE +
242 mV = ENHE; EAg/AgCl − 444 mV = EFc/Fc

+; EFc/Fc
+ + 640

mV = ENHE). The cyclic voltammograms were recorded at a
scan rate of 100 mV/s within the potential window −2.5 to
+1.5 V in dry CH2Cl2 and MeOH (∼1 mM solutions of the
complexes) under argon with 0.1 M [n-Bu4N]PF6 as the
supporting electrolyte. Although the solubility of the
complexes was slightly lower in MeOH than in CH2Cl2,
solutions of the complexes [Cu(Dpk-H-44mT)(phen)]-
(C lO 4 ) 2 · 1 ( 1 / 2 )MeOH ( 1 · 1 ( 1 / 2 )MeOH) a n d
[VO2(Dpk44mT)] (3) in the former solvent afforded better

defined cyclic voltammograms (Figure S7). On the other hand,
solutions of [Cu(Dpk44mT)(phen)]ClO4 (2) in both solvents
gave well-defined cyclic voltammograms (Figure 10). The
copper(II) complexes 1·1(1/2)MeOH and 2 exhibit a
reversible one-electron reduction associated with the Cu(II)/
Cu(I) redox couple having half-wave redox potentials of −0.28
V (ΔEp = 130 mV) vs Fc/Fc+ (E1/2 = +0.36 V vs NHE) and
−0.96 V (ΔEp = 280 mV) vs Fc/Fc

+ (E1/2 = −0.32 V vs NHE),

Table 5. Cytotoxicity Evaluation of Compounds by MTT Assay in Cancer and Normal Cell Lines

IC50 values/μM (after 48-h incubation period)

compound HeLa MCF-7 MCF-10A

HDpk44mT 2.23 ± 0.28 0.58 ± 0.02 25.13 ± 2.06

[Cu(Dpk-H-44mT)(phen)](ClO4)2·1(1/2)MeOH 1.64 ± 0.23 0.50 ± 0.03 0.47 ± 0.09

[Cu(Dpk44mT)(phen)]ClO4 5.22 ± 0.61 0.36 ± 0.09 0.67 ± 0.11

[VO2(Dpk44mT)] 42.93 ± 3.17 0.89 ± 0.07 19.22 ± 2.25

docetaxel 60.70 ± 5.13 92.54 ± 7.99 >100

paclitaxel 15.84 ± 1.28 >100 >100

cisplatin 13.28 ± 3.84139 13.36 ± 1.25140 91 ± 7141

phen 6.1 ± 0.590

Cu(ClO4)2·6H2O 6.4 ± 0.590

Figure 10. Cyclic voltammograms for [Cu(Dpk44mT)(phen)]ClO4
(2) in (a) CH2Cl2 and (b) MeOH (∼1 mM solutions) and 0.1 M [n-
Bu4N]PF6 supporting electrolyte (scan rate = 100 mV/s).
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respectively, in CH2Cl2. The corresponding half-wave redox
potentials for these complexes in MeOH are −0.38 V (ΔEp =
100 mV) vs Fc/Fc+ (E1/2 = +0.26 V vs NHE) and −0.78 V
(ΔEp = 90 mV) vs Fc/Fc+ (E1/2 = −0.14 V vs NHE),
respectively.
The trend in this CV experiment is that the reduction of the

central metal ion occurs more spontaneously in complex 1·

1(1/2)MeOH than in complex 2 as evidenced by the anodic
shift presumably due to the protonation of the thiosemicar-
bazonate ligand in the former. More importantly, the values of
the reduction potentials lie within the biologically accessible
redox potential window,67 and are capable of inducing
intracellular generation of reactive oxygen species (ROS)
leading to cytotoxicity and cell death. The electrochemical
properties of these copper(II) complexes are comparable with
those of the closely related copper(II) ternary complexes of 2-
formylpyridine 4-phenyl-3-thiosemicarbazone with bipy/phen
or methyl-substituted derivative of bipy/phen as a coligand76

as well as the binary complexes [Cu(Dpk44mT)2]
122 and

[Cu(Ap44mT)2],
16 all of which are highly antiproliferative

against cancer cells. Finally, the cyclic voltammogram of
[VO2(Dpk44mT)] (3) in MeOH [Figure S7(b)] shows four
prominent cathodic potential (Epc) peaks at −1.0, −1.3, −1.6
and −1.9 V, tentatively attributable to irreversible vanadium-
and ligand-based reductions. The highest of these potentials is
biologically relevant.67

■ CONCLUSIONS

Considering that HDpk44mT has drawn much attention over
the years and has featured prominently in previous anticancer
investigations, it is rather surprising that its X-ray structure has
not been determined up until this research endeavor.
Crystallographic analysis has demonstrated that it is isolated
as the thioamide tautomer adopting the Z-configuration.
Moreover, it has revealed that as a monohydrate, i.e.,
HDpk44mT·H2O, the molecules of this thiosemicarbazone in
the crystal lattice pack as 1D chains with intervening water
molecules through H-bonding interactions. These chains are
reinforced by π-π stacking interactions. NMR spectroscopy has
shown that the tautomeric form and configuration of the free
ligand remain intact in solution.
Reactions of equimolar amounts of HDpk44mT·H2O,

Cu(ClO4)2·6H2O and phen in refluxing MeOH produced
the ternary ionic complexes [Cu(Dpk-H-44mT)(phen)]-
(ClO4)2·1(1/2)MeOH (1·1(1/2)MeOH) and [Cu-
(Dpk44mT)(phen)]ClO4 (2) under slightly acidic and
moderately basic conditions, respectively. Treatment of 1·

1(1/2)MeOH with Et3N in MeOH afforded 2·MeOH. Thus,
complex 2 was produced in both solvated and nonsolvated
forms. Complexes 1·1(1/2)MeOH and 2 are the first such
ternary complexes of copper(II) with a di(2-pyridyl)-based
thiosemicarbazone whose 3-D structures have been crystallo-
graphically determined. During the synthesis of each of these
complexes, the thio-keto tautomer converted to the thio-enol
tautomer concomitantly with deprotonation to bring about
charge-neutrality upon complexation with the copper(II) ion.
X-ray analyses of 1·1(1/2)MeOH and 2 show the
thiosemicarbazonate ligand coordinating meridionally while
the bidentate phen coligand is nearly orthogonally oriented
toward it. The resultant distorted square-pyramidal geometry
at the metal center is subject to the Jahn−Teller effect as
evidenced by the asymmetric coordination of phen with the
axial Cu−Nphen bond considerably elongated. EPR spectro-

scopic measurements of polycrystalline and frozen MeOH
solution samples gave axial spectra consistent with a dx2−y

2

ground state. Electronic absorption spectroscopy detected
subtle differences in the visible spectra of 1·1(1/2)MeOH and
2 possibly responsible for the noticeable color differences. Both
copper(II) complexes are highly cytotoxic toward the Hela and
MCF-7 cell lines, but lack selectivity over normal MCF-10A
cells. Both copper(II) ternary complexes are redox-active with
the values of the potentials for the Cu(II)/Cu(I) redox couple
lying within the biologically accessible redox potential window.
Evidently, the anodic shift of the potentials of the zwitterionic
complex (1·1(1/2)MeOH) points to greater spontaneity of the
reduction process in this complex than in the deprotonated
complex (2).
Intriguingly, attempts to synthesize the oxovanadium(IV)

analog of the ternary copper(II) complexes (1·1(1/2)MeOH
and 2) by reacting [VO(acac)2] with HDpk44mT·H2O in the
presence of ClO4

− as a possible counterion, afforded the
complex [VO2(Dpk44mT)] (3) instead, which to the best of
our knowledge, is the second such dioxovanadium(V) complex
with a di(2-pyridyl)-possessing thiosemicarbazone crystallo-
graphically characterized. Complex 3 exhibits a severely
distorted square-pyramidal coordination geometry with the
oxo donors in axial−equatorial positions. The chemical shift of
the broad 51V-NMR signal reflects the nature of the donor
environment. The electrochemistry of [VO2(Dpk44mT)] is
complicated, but irreversible reduction processes have been
revealed by the cyclic voltammogram of this complex in
MeOH. Fina l ly , the cytotox ic i ty eva lua t ion of
[VO2(Dpk44mT)] using the MTT cell viability assay has
demonstrated that in vitro this complex is not only cancer-
specific, but it is also selectively antiproliferative toward MCF-
7 over MCF-10A. This in vitro anticancer activity makes this
dioxovanadium(V) complex a promising candidate for further
investigations including photocytotoxicity for photodynamic
behavior, DNA binding/cleavage, ROS generation and
apoptosis induction.

■ EXPERIMENTAL SECTION

Materials and Physical Techniques. All pertinent
chemicals, reagents and solvents (HPLC/AR-grade) were
purchased from Sigma-Aldrich save for vanadium(V) oxide
and acetylacetone which were procured from BDH Chemicals
LTD and Fluka Chemika, respectively, and used as received.
Considering the notoriety of perchlorate salts for their
tendency to explode, Cu(ClO4)2·6H2O was used in minute
quantities and handled with the utmost care. The ligand di(2-
pyridyl) ketone 4,4-dimethyl-3-thiosemicarbazone
(HDpk44mT) was synthesized and isolated as described in a
literature procedure13 with minor modifications. [VO(acac)2]
was produced from the redox reaction between V2O5 and
EtOH in the presence of Hacac with an adaptation of the well-
known reported method,142 and recrystallized from CHCl3.
Detailed synthetic procedures for the copper(II) and
dioxovanadium(V) complexes are provided in the Supporting
Information.
Microanalyses (CHN) were performed on a EuroEA or

EuroVector elemental analyzer. Electrical conductivities of the
complexes were determined with a JENWAY 4520 con-
ductivity meter at room temperature using freshly prepared
solutions (1 mM) in MeOH. FT-IR spectra were recorded on
a PerkinElmer spectrophotometer (4000−400 cm−1) with the
samples compressed as KBr discs using a Specac press. 1H- and

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.5c01984
ACS Omega 2025, 10, 23440−23460

23454

https://pubs.acs.org/doi/suppl/10.1021/acsomega.5c01984/suppl_file/ao5c01984_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.5c01984/suppl_file/ao5c01984_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.5c01984/suppl_file/ao5c01984_si_001.pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.5c01984?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


13C NMR spectroscopic measurements were carried out at
room temperature in DMSO-d6 on a Bruker ASCEN 700
spectrometer operating at radiofrequencies of 700 and 176
MHz, respectively; the chemical shifts are referenced to TMS
as an internal standard (δ = 0). The 51V NMR spectrum of
[VO2(Dpk44mT)] was run at room temperature on a JNM-
ECS400 spectrometer operating at a radiofrequency of 105
MHz, using VOCl3 as an external reference standard (δ = 0).
X-band EPR spectra of the copper(II) complexes were
recorded on a Bruker ELEXSYS E580X FT CW spectrometer
(ν ∼ 9.4 GHz) and a Bruker EMX Micro X spectrometer (ν ∼
9.6 GHz). Electronic absorption spectra were measured with a
Shimadzu 2450 UV−visible spectrophotometer (190−1000
nm) using freshly prepared solutions. Magnetic susceptibility
measurements were carried out at room temperature using a
Sherwood Scientific magnetic susceptibility balance. The
magnetic data were corrected for diamagnetism using Pascal’s
constants the usual way (xpara = xmeas − xdia). Cyclic
voltammetry experiments were performed on a BAS 100BW
Electrochemical Analyzer under a dry inert atmosphere at
room temperature with potentials recorded between +1.5 and
−2.5 V employing a conventional three-electrode cell
comprising a glassy carbon disk (1.5 mm radius), platinum
wire and Ag/Ag+ ([n-Bu4N]ClO4/CH3CN) as working,
counter and reference electrodes, respectively. Cyclic voltam-
mograms were measured in CH2Cl2 and MeOH (∼10−3 M
solutions of complexes) with 0.1 M [n-Bu4N]PF6 as the
supporting electrolyte. All cyclic voltammograms were
internally referenced to the Fc+/Fc redox couple.
Single-crystal X-ray structure determinations were carried

out at low temperature (T = 100 or 110 K) on a Bruker APEX-
II CCD area-detector diffractometer (Mo−Kα radiation, λ =
0.71073 Å) or on a XtaLAB Synergy R, HyPix-Arc 100
diffractometer (Cu−Kα radiation, λ = 1.54184 Å). The crystals
were mounted in fomblin oil and cooled in a stream of cold N2.
Data were corrected for absorption using empirical methods
(SADABS)143 based upon symmetry equivalent reflections
combined with measurements at different azimuthal angles.144

The crystal structures were solved and refined against F2 values
using ShelXT145 for solution and ShelXL146 for refinement
(using least-squares minimization) accessed via the Olex2
program.147
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