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A novel tridentate thiosemicarbazide-type ligand class with an SNS
donor set, H2L1, was prepared by reactions of N-[N′,N′-dialkylami-
no(thiocarbonyl)]benzimidoyl chlorides with thiosemicarbazides. H2L1

ligands readily react with (NBu4)[TcOCl4] in MeOH under the
formation of red oxotechnetium(V) complexes of composition
[TcOCl(L1)]. The monomeric, five-coordinate compounds are air-
stable and bind (L1)2- tridentate in the equatorial coordination
sphere. The compounds represent the first examples of oxotech-
netium(V) complexes with NS chelate-bonded thiosemicarba-
zones.

Thiosemicarbazones form stable complexes with many
main-group and transition metals,1 and some of the products
possess remarkable biological and pharmaceutical properties
such as antibacterial, antiviral, antineoplastic, or antimalarial
activity.2 However, surprisingly less is known about tech-
netium complexes of this ligand class. The structural ver-
satility of thiosemicarbazones early recommended them for
applications in organ imaging, and several studies have been
undertaken particularly with kethoxal bis(thiosemicarba-
zones) and glucosone bis(thiosemicarbazones).3 However,
no structural information about the composition of the
complexes, which were mainly prepared with 99mTc at a
concentration level of approximately 10-9 mol/L, could be
given. The first structurally fully characterized technetium

thiosemicarbazones were published in 2005.4 Nevertheless,
the mono- and binuclear tricarbonyltechnetium(I) compounds
with 2,2′-dipyridylketone (1) and 4-acetylpyridine (2) thi-
osemicarbazones do not contain the ligands in the common
NS chelating mode, and several attempts to isolate techne-
tium compounds with intact, chelate-bonded thiosemicarba-
zones failed. Instead, some decomposition products that are
mainly due to solvolysis of the Schiff base CdN double bond
could be characterized.

Here, we present technetium complexes with new triden-
tate ligands (H2L), which combine a thiosemicarbazide
moiety with a thiourea building block. They can easily be
modified by variation of either the residues R1 and R2 of the
thiosemicarbazide or the alkyl substituents of the thiourea
unit, as has been demonstrated previously for a number of
benzoylthiourea and thiocarbamoylbenzamidine complexes
of rhenium and technetium.5 Reactions of appropriate N-
[N′,N′-dialkylamino(thiocarbonyl)]benzimidoyl chlorides and
4,4-dialkylthiosemicarbazides in dry acetone give the novel
benzamidine ligands H2L in high yields (Chart 1). The
products were isolated as colorless, analytically pure, mi-
crocrystalline solids directly from the reaction mixtures.6

They were characterized by elemental analysis and spectro-
scopic methods such as IR, 1H NMR, and 13C NMR. H2L1a

was additionally studied by X-ray analysis.7 A representation
of its molecular structure is given in Figure 1. The proto-
nation of the nitrogen atoms N5 and N7 is experimentally
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justified by the detection of the corresponding hydrogen
atoms and the fact that they are involved in hydrogen bonds
(for details, see the Supporting Information). Thus, the bond-
ing situation in the solid state of the compound recommends
the treatment of H2L1a as a “thiosemicarbazide” rather than
as a “thiosemicarbazone”, as is indicated by the mesomeric
formulas A and B in Chart 2. This is also supported by the
bond length situation inside the C,N skeleton of the ligand
with a C4-N5 bond length of 1.348(2) Å, which can be
regarded as an (only slightly shortened) single bond, and
the IR spectrum of the complex. The IR spectra of H2L1a

and H2L1b are characterized by strong and broad NH
absorptions around 3185 cm-1 and very strong and sharp
absorptions at 1632 and 1635 cm-1, which can be assigned
to CdN stretches. In solution and in metal complexes of
the new ligands, however, the other mesomeric forms should
also be considered, particularly when chelate formation
establishes an extended system of delocalized π-electron
density. Thus, with regard to the conformations C-F, the

formation of thiosemicarbazone-type complexes cannot be
ruled out.

The 1H NMR spectra of the new ligands show two sets of
well-separated signals corresponding to their ethyl residues,
which are due to the hindered rotation around of the C-NEt2

bonds of the thiourea moiety, as has already been observed
for some other benzamidines.5b,9 The rotation around the
C-NR1R2 bonds of thiosemicarbazide sides is not restricted,
as is indicated by a singlet at 3.28 ppm for the methyl protons
in the spectrum of H2L1a, while fluctuation of the CH2 groups
in the seven-membered ring of H2L1b results in less resolved
1H NMR signals of the corresponding protons. The signals
of the two NH protons appear in a very broad singlet in the
region between 9.5 and 9.8 ppm. In the 13C NMR spectra,
the CdN and CdS signals of thiourea residues appear around
the 149 and 183 ppm regions, while the CdS resonances
of the thiosemicarbazide parts appear around 179 ppm.

Reactions of H2L1 with (NBu4)[TcOCl4] in MeOH at room
temperature afford red solids of composition [TcOCl(L1)]
(3) in excellent yields.9 The compounds are stable both in
solution and in the solid state. IR spectra of complexes 3
exhibit strong bands near 1520 cm-1, which corresponds to

(6) General Procedure of the Synthesis of H2L1: N-(N′,N′- Diethylami-
nothiocarbonyl)benzimidoyl chloride (5 mmol) was dissolved in 10
mL of dry acetone and slowly added to a stirred mixture of
4,4-dialkylthiosemicarbazide (5 mmol) and NEt3 (1.51 g, 15 mmol)
in 10 mL of dry acetone. The mixture was stirred for 4 h at room
temperature. The formed precipitate of NEt3 ·HCl was filtered off, and
the filtrate was evaporated to dryness under reduced pressure. The
residue was redissolved in 5 mL of CH2Cl2, and the obtained solution
was extracted with a brine solution (3 × 5 mL). After being dried
with MgSO4, the organic solvent was halved in volume under vacuum.
Diethyl ether (10 mL) was added, and the mixture was stored at -20
°C. The colorless solid of H2L1, which deposited from this solution,
was filtered off, washed with diethyl ether, and dried under vacuum.
The compounds were used for the syntheses of complexes without
further purification. For analytical and spectroscopic data, see the
Supporting Information.

(7) Structure Determination and Refinement of H2L1a: STOE IPDS,
C15H23N5S2, yellow block, triclinic, space group P1j, a ) 9.603(1) Å,
b ) 10.227(1) Å, c ) 10.978(1) Å, R ) 63.66(1)°, � ) 65.23(1)°, γ
) 83.92°, V ) 873.3(2) Å3, Z ) 2, Dcalc ) 1.284 g/cm3, θ )
2.78-29.57°, 8476 reflections collected, 4488 independent [R(int) )
0.0298], µ ) 0.309, no absorption correction, solved b direct methods
and refined by full-matrix least-squares procedures using SHELXS and
SHELXL (Sheldrick, G. M. University of Göttingen, Göttingen,
Germany), 207 parameters, R1 ) 0.0399, wR2 ) 0.0979. Structure
Determination and Refinement of [TcOCl(L1a)]: STOE IPDS,
C15H21ClN5OS2Tc, red block, monoclinic, space group P21/c, a )
10.012(1) Å, b ) 21.742(2) Å, c ) 9.601(1) Å, � ) 109.41(1)°, V )
1971.1(3) Å3, Z ) 4, Dcalc ) 1.637 g/cm3, θ ) 2.71-29.30°, 14 681
reflections collected, 5309 independent [R(int) ) 0.0733], µ ) 1.091,
no absorption correction, solved by direct methods and refined by full-
matrix least-squares procedures using SHELXS and SHELXL (Sheld-
rick, G. M. University of Göttingen, Göttingen, Germany), 248
parameters, R1 ) 0.0518, wR2 ) 0.1213. Structure Determination
and Refinement of [TcOCl(L1b)]: STOE IPDS, C19H27ClN5OS2Tc,
red block, monoclinic, space group P21, a ) 9.213(1) Å, b ) 10.906(1)
Å, c ) 11.792(1) Å, � ) 106.73(1)°, V ) 1134.7(2) Å3, Z ) 2, Dcalc

) 1.578 g/cm3, θ ) 2.31-29.26°, 8841 reflections collected, 6053
independent [R(int) ) 0.0621], µ ) 0.957, no absorption correction,
solved by direct methods and refined by full-matrix least-squares
procedures using SHELXS and SHELXL (Sheldrick, G. M. University
of Göttingen, Göttingen, Germany), 281 parameters, R1 ) 0.0463,
wR2 ) 0.1300. Flack parameter: -0.11(5).
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Chart 1. Synthesis of H2L

Figure 1. Molecular structure of H2L1a.8 Hydrogen atoms at carbon atoms
are omitted for clarity. Selected bond lengths (Å): S1-C2 1.701(2), C2-N6
1.332(2), C2-N3 1.367(2), N3-C4 1.285(2), C4-N5 1.348(2), N5-N7
1.380(2), N7-C8 1.372(2), C8-S9 1.669(2).

Chart 2. Possible Conformations of H2L1
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a bathochromic shift of the νCdN stretches of about 115 cm-1

and indicates chelate formation with a large degree of π-
electron delocalization within the chelate rings. The ab-
sence of νNH absorptions in the regions above 3100 cm-1

indicates the expected double deprotonation of the ligands
during complex formation. Intense bands appearing at 957
and 961 cm-1 can be assigned to the TcdO vibrations. In
the 1H NMR spectra of the complexes, expectedly two triplet
signals of the thiosemicarbazide methyl groups are observed.
Furthermore, the 1H NMR spectra reflect the rigid structure
of the tertiary amine nitrogen atoms of thiourea groups. The
appearance of four proton signals of the methylene groups
with the ABX3 splitting pattern shows that they are magneti-
cally not equivalent with respect to their axial and equatorial
positions. No hindered rotation effects are observed for the
CNR1R2 moiety of the thiosemicarbazide side.

Figure 2 illustrates the molecular structure of 3b as the
prototype compound of the [TcOCl(L1)] complexes. A
structural plot of 3a with an identical atomic labeling scheme
is given in the Supporting Information. Selected bond lengths
and angles for both technetium complexes are compared in
Table 1. The arrangement around the technetium atoms is
best described as distorted square pyramids with the oxo
ligands in apical positions. The basal planes are defined by

the donor atoms of the tridentate ligand and a remaining
chloro ligand. The technetium atoms are situated 0.742(1)
Å for 3a and 0.727(1) Å for 3b above this plane toward the
oxo ligands. All O10-Tc-X angles (X ) equatorial donor
atom) fall in the range between 105 and 113°. This
corresponds to the typical bonding situation in square-
pyramidal TcVO complexes.11 The TcdO distances of
1.646(4) and 1.650(4) Å are within the expected range for a
Tc-O double bond.11 A considerable delocalization of the
π-electron density in the six-membered ring is indicated by
the observed bond lengths. The C-S and C-N bonds inside
the chelate rings are within the ranges between C-S and
C-N single and double bonds. This bond-length equalization
is even extended to the C2-N6 bonds, which are signifi-
cantly shorter than expected for typical single bonds. The
partial transfer of the electron density into this bond agrees
with the 1H NMR spectra of the compounds. In the five-
membered rings, the C8-N7 bonds of 1.285(7) and 1.290(5)
Å have more double-bond character. The C8-S9 bonds in
the complexes are almost equal, which indicates a stronger
lengthening of the C8-S9 bond with respect to the situation
in H2L1a. Interestingly, the C4-N5 bond in H2L1a [1.348(2)
Å] is only slightly influenced by the complex formation
[1.365(5) Å] and indicates that also the bonding situation in
the technetium complexes under study is mainly determined
by the (deprotonated) borderline structure A in Chart 2, and
the novel ligands are best discussed to be of the “thiosemicar-
bazide” type with some characteristics of “thiosemicarbazone”.

This “zwitter” type of the new ligands might explain the
high stability of the novel technetium complexes (with regard
to the frequently observed decomposition of thiosemicarba-
zones during reactions with technetium complexes; see
above) and will open the door to a new class of metal com-
plexes of potential interest for medical applications, which
combine the activity features of thiosemicarbazones and the
stability of amine complexes. Related studies also involving
rhenium and other transition metals are currently underway
in our laboratories.
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(10) Synthesis of 3: H2L1 (0.11 mmol) dissolved in 3 mL of MeOH was
dropwise added to a stirred solution of (NBu4)[TcOCl4] (50 mg, 0.1
mmol) in 2 mL of MeOH. The color of the solution immediately turned
deep red, and a red precipitate deposited within a few minutes. The
red powder was filtered off, washed with cold MeOH, and recrystal-
lized from CH2Cl2/MeOH. For analytical and spectroscopic data, see
the Supporting Information.
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Figure 2. Structure of the complex 3b.7 Hydrogen atoms are omitted for
clarity.

Table 1. Selected Bond Lengths (Å) and Angles (deg) in 3a and 3b

3a/3b 3a/3b

Tc-O10 1.646(3)/1.650(4) N3-C4 1.311(5)/1.324(7)
Tc-S1 2.303(1)/2.296(1) C4-N5 1.365(5)/1.359(7)
Tc-N5 1.996(3)/2.024(4) C2-N6 1.324(6)/1.340(7)
Tc-S9 2.276(1)/2.280(1) N5-N7 1.414(5)/1.417(6)
Tc-Cl 2.373(1)/2.358(2) N7-C8 1.290(5)/1.285(7)
S1-C2 1.749(5)/1.747(6) C8-S9 1.773(4)/1.771(6)
C2-N3 1.328(6)/1.322(7) C8-N51 1.348(6)/1.354(7)

O10-Tc-S1 112.5(1)/110.0(2) N5-Tc-S9 80.5(1)/80.4(1)
O10-Tc-N5 105.9(2)/106.5(2) S9-Tc-Cl 84.7(1)/82.9(1)
O10-Tc-S9 113.4(1)/110.5(2) Cl-Tc-S1 80.5(1)/80.6(1)
O10-Tc-Cl 105.6(1)/109.2(2) S1-Tc-S9 133.9(1)/139.4(1)
S1-Tc-N5 90.0(1)/91.8(1) N5-Tc-Cl 148.3(1)/144.0(1)
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