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Zinc complexes of three substituted pyridine thiosemicarbazones, [N(4)-p-tolyl-2-benzo-
ylpyridine-thiosemicarbazone]zinc(II) (1), dichloro[N(4)-p-tolyl-2-formylpyridine-thiosemicarbazone]-
zinc(II) (2), and dichloro[N(4)-p-tolyl-2-acetylpyridine-thiosemicarbazone]zinc(II) (3), have
been investigated by DFT calculations (B3LYP/6-31G*). The calculated 13C NMR data for 1–3
are harmonized with experimental data. The structures are suggested to be distorted tetrahedral
for all complexes.
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1. Introduction

Determination of structures of zinc complexes is essential for a better understanding of
their reactivity in chemical and biological systems [1]. Zinc is the second most abundant
transition metal in living organisms and plays an important role in structural, catalytic,
and enzymatic processes [2, 3]. Zinc enzymes are related to hormonal actions and brain
pathologies, and are involved in synthetic, hydrolytic, hydration, and degradation
processes [4–6]. Heterocyclic ligands occur in natural products, such as nucleic acids,
plant alkaloids, vitamins, proteins, anthocyanins, flavones, heme pigments, and
chlorophyll [7]. Complexes of bispyridine and its derivatives are used in photo- and
electrochemical devices [8, 9], electro catalysts [10], multicolor luminescent cross-linkers
for biological molecules [11], and photo-luminescence [12]. Thiosemicarbazones have a
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long history and broad spectrum of biological efficacy [13, 14] that includes
antimalarial [15], antimicrobial [16], and antitumor activities [17, 18].

The number of coordinated ligands around Zn(II) is flexible. In both zinc-finger
proteins and enzymes, zinc is usually tetrahedrally coordinated, but in some catalytic
binding sites and in solution it is found to be five coordinate and rarely six
coordinate [19, 20]. Thiosemicarbazide (NH2CSNHN2) and thiosemicarbazones
(NH2SNHN¼CR1R2) usually react as chelating ligands with transition metal ions
by bonding through the sulfur and hydrazinic nitrogen, although in a few cases they
behave as monodentate ligands and bond through sulfur only [21]. The thiosemicarba-
zone ligand coordinates with divalent zinc with different coordination number
depending on the type of the chelating ligand [22].

In this study we want to demonstrate that the combination of NMR spectroscopy
and standard DFT calculations (B3LYP/6-31G*) is a valuable tool to derive structural
data, not only in organic chemistry [23] but also in coordination chemistry. Recently,
we have used DFT calculations (B3LYP/6-31G*) in combination with NMR
spectroscopic data to solve the structures of new pentadentate zinc complexes
containing N3S2 [24]. Recently, da Silva et al. [25] synthesized three zinc
complexes containing pyridine thiosemicarbazone, namely, dichloro[N(4)-p-tolyl-
2-benzoylpyridine-thiosemicarbazone]zinc(II) (1), dichloro[N(4)-p-tolyl-2-
formylpyridine-thiosemicarbazone]zinc(II) (2), and dichloro[N(4)-p-tolyl-2-acetylpyri-
dine-thiosemicarbazone]zinc(II) (3), and proposed their structures from IR and NMR
data (figure 1). In order to gain deeper insight, we investigated these structures using
DFT calculations (B3LYP/6-31G*) [26–30] and simulated the NMR by DFT
(B3LYP/6-31G*), too, to compare these data with the experimental NMR data.

2. Quantum chemical method

All structures were fully optimized at the B3LYP/6-31G(d) level of theory (DFT) [26]
using the Gaussian 03 program [27]. Frequencies were computed at the same level to
characterize all structures as local minima to obtain zero-point vibration energies
(ZPEs). DFT, in particular B3LYP, was shown to provide accurate geometries
and good harmonic vibration frequencies for a broad range of molecules and ions
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Figure 1. Schematic representatives for zinc complexes 1–3.
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(see, e.g. [28]). The level of theory selected (B3LYP/6-31G(d)) is well-suited for NMR
[29] and NICS calculations [30]. Following the approach of van Eikema Hommes and
Clark [29a], we converted the calculated magnetic shielding constants (�) into �(C)
relative to SiMe4 by applying equation (1).

� ¼ 200:65þ ð�1:0715�ÞðR2 ¼ 0:9984Þ ð1Þ

3. Results and discussion

Parallel to experimental studies, theoretically orientated chemists model the structures
by quantum chemical calculations. In general, there is a good agreement between the
experimental information (X-ray structure) and the computed data. In this study, the
structure of a series of zinc complexes containing thiosemicarbazones have been
investigated using DFT calculations (B3LYP/6-31G*) [26–30] and simulated the NMR
by DFT (B3LYP/6-31G*), too, to compare these data with the experimental NMR
data. The DFT (B3LYP/6-31G*) calculated structure for dichloro[N(4)-p-tolyl-2-
benzoylpyridine-thiosemicarbazone]zinc(II) (1) shown in figure 2 fit with the experi-
mental 13C-NMR data, as well as with the structure suggested by da Silva et al. [25]
(see table 1). The structure shows that one thiosemicarbazone coordinates to zinc
through N(imine), S(thione) and with additional two chlorides to form the four-
coordinate zinc(II) complex. The thiosemicarbazone in this case is in the Z
configuration, as experimentally found.

The coordination of the thione sulfur to zinc is evidenced experimentally [25] by
the new absorption in the IR (KBr) spectrum at 344–350 cm�1 assigned to �(Zn�S).

Figure 2. Calculated (B3LYP/6-31G*) structure of dichloro[N(4)-p-tolyl-2-benzoylpyridine-
thiosemicarbazone]zinc(II) complex 1.
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The thiosemicarbazone acts in this case as a bidentate ligand because the pyridine is too

far away from the zinc center. Formation of hydrogen bonds between the N(pyridine)

donor to the NH group may preclude the pyridine moiety from free rotation along the

C–C bond. A fifth coordination by the pyridine moiety is prevented by the ligands

conformation especially the N¼C double bond. The calculated d(Zn�S) in 1 (247 pm)

Figure 3. Calculated structures (B3LYP/6-31G*) of dichloro[N(4)-p-tolyl-2-formylpyridine-
thiosemicarbazone]zinc(II) (2) and dichloro[N(4)-p-tolyl-2-acetylpyridine-thiosemicarbazone]zinc(II) (3).
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is within the range of the average d(Zn�S) (av. 244 pm), whereas the d(Zn�Cl) is
slightly shorter than in related zinc complexes in general (av. 230 pm) [31].

In the case of dichloro[N(4)-p-tolyl-2-formylpyridine-thiosemicarbazone] zinc(II) (2)
and dichloro[N(4)-p-tolyl-2-acetylpyridine-thiosemicarbazone]zinc(II) (3), the DFT
(B3LYP/6-31G*) calculated structures are shown in figure 3 and fit with the
experimental 13C-NMR data, also. The thiosemicarbazones have the E conformation
as experimentally found, too.

To the best of our knowledge, no X-ray structures are known for zinc complexes with
the investigated ligands but there are a couple of related structures published with the
thiosemicarbazone building block in combination with ZnCl2 [31]. A comparison of
the bond lengths of the investigated complexes with the related X-ray structures are
depicted in table 2. The d(Zn�S) in 2 and 3 (284 pm) fall outside the range of the
average d(Zn�S) in general (av. 244 pm) [31], indicating very weak bonding with
the central zinc center. This observation is in line with the experimental observation
reported by da Silva et al. [25]. Upon formation of 2 and 3, the signals of the pyridine
carbons and the signal of the C(6)¼N shift, in accord with the coordination of the
imine nitrogen and the heteroaromatic nitrogen, whereas the C(7)¼S signal stays
practically unaffected after complexation [31]. In this case the thiosemicarbazone ligand
coordinates to the central metal ion through N(imine), N(pyridine) donor as well as two
chlorides and the zinc center is four coordinate. If this is the case, a question may arise
why the thione function cannot coordinate to the zinc center? To answer this question
one should compare these structures with the reported X-ray structures (table 2). One
observation is that all reported complexes do not have a substituent at the amino group
at position 4, which is much closer to the thione function. The steric hindrance, as
a result of replacing one of the amine hydrogens by p-tolyl may prevent the thione
function from coordination. Additionally, the basicity of the thiourea may be
important. The basicity and, therefore, the electron density increases from the amino
(in 4–7) to the p-tolyl-amino (in 2 and 3) and as a result the electron density of the
thione sulfur to the metal increases, too. This may lead to destabilization of the
zinc–sulfur bond and in this case the zinc center becomes four coordinate. The effect of
the electron-donating group at the C(6) is insignificant in 3 due to the weak interaction
between sulfur and the central ion. Another possibility is DMSO could replace
chlorides. For this reason the structures of 2 and 3 have been calculated
(B3LYP/6-31G*) after replacing both chloride with DMSO (table 2). The d(Zn�S) in
both complexes are slightly longer than the d(Zn�S) in general but the calculated data
do not fit nicely with the experimental data and 13C-NMR signals for coordinated
DMSO have not been mentioned in the reported data [25]. In conclusion, the calculated
data show that the zinc centers in 1–3 are four coordinate with a distorted tetrahedral.
The thiosemicarbazone moieties in all complexes act as bidentate ligands.
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