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Structural Trends in Divalent Benzil Bis(thiosemicarbazone) Complexes
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Redox-related changes in the biological properties of copper
bis(thiosemicarbazones) are induced by the backbone of the
ligand. To get information about how these changes depend
on the structural parameters, three X-ray structures of com-
plexes with different behaviour of the benzil bis(thiosemicar-
bazone) ligand have been determined. These include two al-
most planar copper(II) complexes with different grades of de-
protonation in the ligand and a ZnII complex in which the
ligand acts as a monoanion and a nitrate group is bonded to

Introduction
The increasing interest in thiosemicarbazones (TSCs)

that has arisen in the last decades is related to their wide
range of biological properties, for example as antiviral, anti-
bacterial and anticancer agents.[1–4] These biological activi-
ties are often attributed to their chelating ability with metal
ions. Copper complexes of bis(thiosemicarbazones) have
been investigated for use as anti-cancer chemotherapeutic
agents[5,6] and as superoxide dismutase-like radical scaven-
gers.[7] It is, however, their use as delivery agents for radio-
active copper in new copper-based radiopharmaceuticals
and the hypoxic selectivity of certain copper bis(thiosem-
icarbazonate) complexes that has created much recent inter-
est.[8–20] The biological characteristics of copper bis(thiose-
micarbazonate) complexes derived from 1,2-diones are de-
pendent on the nature of the “backbone” substituents in
the ligand. The most detailed studies of these structure–
activity relationship have been carried out in connection
with hypoxia imaging.[14,15,21] These studies correlated hyp-
oxic cell selectivity with the reduction potential, electronic
structure and chemical behaviour and found that all of
these properties are extraordinarily sensitive to the alkyl
groups attached to the diimine backbone of the ligand. The
trapping in a hypoxic cell is believed to occur by reduction
of the copper() complex by intracellular reducing agents
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the metal ion in a square-based pyramid. The changes in the
backbone bond lengths agree with the variation in the ionic
radius and with the grade of electronic charge delocalisation
in the chelate rings; these have consequences for the coordi-
nation sphere, allowing the metal to fit slightly better into
the ligand cavity, which in turn may affect the complex sta-
bility and the redox potential.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2005)

to give stable protonated CuI species, which are trapped in-
side the cell.[22] The structure–activity relationships of cop-
per bis(thiosemicarbazone) radiopharmaceuticals derived
from 1,2-diones show a correlation between the reduction
potential for the CuII/CuI couple and the hypoxic cell selec-
tivity.[14,23] The hypoxia-selective radiopharmaceutical [Cu-
(ATSM)] [ATSM = biacetyl bis(4-methylthiosemicarba-
zone)], for example, undergoes a reversible reduction at
E1/2 = –0.620 V in DMF at a glassy carbon working elec-
trode. On the other hand, some zinc thiosemicarbazone
complexes that have been shown to be active as anti-tumour
agents are as cytotoxic as cisplatin and are also effective
against cisplatin-resistant cell lines.[24] Recently, fluores-
cence studies and the cellular distribution of zinc bis(thiose-
micarbazone) complexes have been reported.[25]

Since relatively superficial modifications induce remark-
able changes in redox and biological properties, it is natural
to enquire whether they might also significantly affect the
core structural parameters of the complexes and, if so,
whether this might be related to their biological behaviour.
The aim of this work is to get information about the impor-
tance of the changes induced by the modification of the
backbone of benzil bis(thiosemicarbazone) (LH6) in some
complexes. In particular, for copper() complexes these
changes affect the redox properties and therefore their po-
tential activity as hypoxia-selective radiopharmaceuticals.
We report the X-ray structures of two copper complexes
derived from LH6 (Figure 1) whose reduction potential val-
ues are –0.550 and –0.520 V,[26] close to those of [Cu-
(ATSM)], a related zinc complex, as well as the structure of
a nickel complex for comparison.[27] We also discuss struc-
tural variations as a function of the ligand behaviour and/
or the metal ion.
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Figure 1. Drawing of benzil bis(thiosemicarbazone) (LH6).

Results

All complexes were synthesised as described previously,
except complex 2, which was isolated from the mother
liquor of the synthesis of a previously published com-
plex.[26] Their analytical and spectroscopic properties are
consistent with those reported previously.[26,28] Complex 2
presents a 1:1 ligand:copper molar ratio and has a nitrate
group as a counterion.

In complex 1, which was prepared from copper() chlo-
ride, benzil bis(thiosemicarbazone) acts as a dianion, while
in complexes 2 and 3, which were synthesised from copper
and zinc nitrate, respectively, it has lost only a hydrazinic
hydrogen atom and therefore acts as a monoanion. How-
ever, the nitrate ion contained in 2 and 3 shows a different
behaviour: it is outside of the coordination sphere in the
first complex but is bonded to the zinc atom in complex 3.

The crystal structures of all complexes consist of discrete
molecules where the ligand is tetradentate through the im-
ine nitrogen and the sulfur atoms by changing the trans
disposition of the thiosemicarbazone moieties in the free
ligand to cis to form an N2S2 chelate, as has been observed
in other complexes.[27]

The crystal structure of 1 consists of discrete molecules
of [CuLH4]. A perspective view of the complex, together
with the atom-labelling scheme, is given in Figure 2 (the
thermal ellipsoids are shown at 50% probability) and se-
lected bond lengths and angles are given in Tables 1 and 2,
respectively. The crystallographic data of the complex con-
firm the geometry proposed from spectroscopic data[26] and
the cell parameters are close to those reported previously.[29]

The copper() ion is tetracoordinate in a planar disposition.

Table 1. Selected bond lengths [Å] for the complexes and ligand LH6.

1 2 3 4[27] LH6
[27]

C(2)–C(3) 1.485(3) 1.481(3) 1.491(3) 1.475(3) 1.478(3)
C(2)–C(5) 1.484(3) 1.480(3) 1.483(3) 1.474(3) 1.490(3)
C(3)–C(11) 1.482(3) 1.478(3) 1.490(3) 1.474(3) 1.490(3)
C(2)–N(3) 1.293(3) 1.305(3) 1.300(3) 1.308(3) 1.298(3)
C(3)–N(4) 1.296(3) 1.295(3) 1.285(3) 1.307(3) 1.294(3)
N(3)–N(2) 1.357(3) 1.351(2) 1.357(2) 1.372(3) 1.361(3)
N(4)–N(5) 1.363(3) 1.361(2) 1.357(3) 1.371(3) 1.362(3)
N(2)–C(1) 1.324(3) 1.333(3) 1.341(3) 1.329(3) 1.369(3)
N(5)–C(4) 1.327(3) 1.356(3) 1.352(3) 1.320(3) 1.367(3)
C(1)–S(1) 1.754(3) 1.751(2) 1.739(2) 1.745(3) 1.667(3)
C(4)–S(2) 1.744(3) 1.712(2) 1.707(2) 1.744(3) 1.668(3)
N(3)–M 1.976(2) 1.9873(17) 2.1407(19) 1.861(2)
N(4)–M 1.968(2) 1.9682(17) 2.1290(18) 1.862(2)
S(1)–M 2.2356(8) 2.2458(5) 2.3143(6) 2.1572(7)
S(2)–M 2.2332(8) 2.2844(6) 2.3695(7) 2.1461(7)
C(1)–N(1) 1.322(4) 1.329(3) 1.338(3) 1.330(3) 1.305(3)
C(4)–N(6) 1.334(4) 1.314(3) 1.319(3) 1.342(3) 1.306(4)
O(1)–M 2.1142(17)

© 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org Eur. J. Inorg. Chem. 2005, 4401–44094402

The coordination sphere of the copper atom is formed by
two sulfurs and two imine nitrogens, as expected for this
ligand.[30,31] The environment of the copper ion is planar,
with a distance from the copper ion to the basal plane of
0.1219 Å. The phenyl rings C(5)–C(10) and C(11)–C(16)
form dihedral angles of 81.9° and 81.0°, respectively, with
respect to the basal plane. The molecules are held together
in the crystal packing through an extended network of
intermolecular hydrogen bonds involving the amino groups
and the hydrazinic nitrogen atoms (see Figure 3 and
Table 3).

Figure 2. XSHELL view of [CuLH4] (1).

The structure determination of [CuLH5]NO3 (2; Figure 4
with the thermal ellipsoids shown at 50% probability. See
also Tables 1 and 2) shows a similar disposition for the cop-
per ion as in complex 1, but with a nitrate group acting as
a counterion, although a weak interaction with the copper
ion is also observed [d(Cu–O) = 2.46 Å]. The bis(thiosemi-
carbazone) acts as an N2S2 chelate ligand around the metal
ion, giving a quasi-planar geometry for the copper with a
deviation of 0.2084 Å from the basal plane. The main differ-
ence is the unusual asymmetric behaviour of the thiosemi-
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Table 2. Bond angles [°] for the complexes and ligand LH6.

1 2 3 4[27] LH6
[27]

N(3)–C(2)–C(3) 114.4(2) 114.13(18) 114.1(2) 111.8(2) 114.0(2)
N(4)–C(3)–C(2) 114.7(2) 113.90(18) 114.35(19) 113.1(2) 114.2(2)
C(2)–N(3)–M 114.50(16) 115.40(14) 117.66(15) 116.09(16)
C(3)–N(4)–M 114.54(16) 116.64(14) 118.88(14) 115.41(17)
N(2)–N(3)–M 123.05(16) 122.74(13) 121.04(14) 123.43(15)
N(5)–N(4)–M 123.22(17) 119.56(13) 118.16(14) 123.89(16)
N(3)–N(2)–C(1) 111.6(2) 111.75(16) 111.65(18) 110.1(2) 119.0(2)
N(4)–N(5)–C(4) 110.8(2) 116.89(17) 118.26(19) 109.5(2) 119.1(2)
N(2)–C(1)–S(1) 125.6(2) 125.80(16) 128.33(17) 124.41(19) 118.68(19)
N(5)–C(4)–S(2) 126.4(2) 122.09(16) 123.20(17) 124.81(19) 118.3(2)
C(1)–S(1)–M 94.71(9) 94.55(7) 95.68(8) 94.11(8)
C(4)–S(2)–M 94.49(9) 95.76(7) 97.24(8) 94.26(8)
N(3)–M–N(4) 81.06(8) 79.87(7) 73.46(7) 83.32(8)
N(3)–M–S(1) 84.96(6) 84.89(5) 81.93(5) 87.62(6)
N(4)–M–S(2) 85.09(6) 85.33(5) 81.37(5) 87.38(7)
S(1)–M–S(2) 108.80(3) 108.52(2) 115.57(2) 101.69(3)
N(3)–M–S(2) 165.73(6) 161.90(5) 147.35(5) 170.68(6)
N(4)–M–S(1) 165.98(7) 163.79(5) 152.24(6) 170.87(7)
C(2)–N(3)–N(2) 122.2(2) 121.83(17) 120.48(19) 120.5(2) 118.7(2)
C(3)–N(4)–N(5) 122.2(2) 123.65(17) 122.96(18) 120.7(2) 118.9(2)
C(5)–C(2)–C(3) 120.6(2) 121.15(18) 120.24(19) 123.2(2) 121.0(2)
C(11)–C(3)–C(2) 121.3(2) 121.91(18) 121.45(19) 122.7(2) 120.2(2)
C(5)–C(2)–N(3) 125.0(2) 124.72(18) 125.64(19) 125.0(2) 125.0(2)
C(11)–C(3)–N(4) 124.0(2) 124.13(18) 124.2(2) 124.1(2) 125.6(2)
N(2)–C(1)–N(1) 117.9(3) 116.93(19) 115.7(2) 117.3(2) 115.8(2)
N(5)–C(4)–N(6) 116.8(3) 115.9(2) 115.9(2) 117.9(2) 115.7(3)
N(1)–C(1)–S(1) 116.5(2) 117.26(16) 115.99(18) 118.3(2) 125.6(2)
N(6)–C(4)–S(2) 116.9(2) 122.00(17) 120.92(19) 117.3(2) 126.0(2)

Figure 3. Plot of complex [CuLH4] (1) showing the hydrogen bonds.

carbazone branches of the ligand, due to the presence of
the hydrogen atom in a secondary amine for only one
thiosemicarbazone moiety. The phenyl rings C(5)–C(10)
and C(11)–C(16) form dihedral angles of 65.0° and 58.3°,
respectively, with respect to the basal plane. The presence

Eur. J. Inorg. Chem. 2005, 4401–4409 www.eurjic.org © 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 4403

of an additional hydrogen together with the nitrate group
allows this complex to form additional hydrogen bonds, as
shown in Figure 5 and Table 3.

Yellow crystals of complex 3 were obtained by recrystalli-
sation from methanol. Discrete [ZnLH5NO3] entities form
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Table 3. Hydrogen bonds for complexes [Å and °].

Interaction d(D–H) d(H···A) d(D···A) �(DHA)

1[a] N(6)–H(6B)···N(5)#1 0.79(3) 2.28(3) 3.066(4) 176(3)
N(1)–H(1A)···N(2)#2 0.76(4) 2.28(4) 3.030(4) 174(3)

2[b] N(6)–H(6A)···O(3)#2 0.87(3) 2.03(3) 2.901(3) 179(3)
N(5)–H(5···O(2)#2 0.82(3) 2.20(3) 2.932(2) 150(3)
N(1)–H(1B)···N(2)#3 0.83(3) 2.18(3) 2.999(3) 176(3)

3[c] N(1)–H(1B)···N(2)#1 0.74(3) 2.29(3) 3.023(3) 172(3)
N(6)–H(6A)···O(2)#2 0.86(3) 2.10(3) 2.944(3) 169(3)
N(6)–H(6B)···O(1)#3 0.84(39) 2.47(3) 3.153(3) 139(2)
N(5)–H(5)···O(3)#2 0.82(39) 2.42(3) 3.062(3) 136(2)

[a] Symmetry transformations used to generate equivalent atoms:
#1 –x, –y, –z; #2 –x + 2, –y, –z + 1. [b] Symmetry transformations
used to generate equivalent atoms: #2 –x + 1, –y + 1, –z; #3 –x +
2, –y + 2, –z + 1. [c] Symmetry transformations used to generate
equivalent atoms: #1 –x + 2, –y + 1, –z + 1; #2 –x + 1, –y + 1, –
z; #3 x – 1, y, z.

Figure 4. XSHELL view of [CuLH5]NO3 (2).

Figure 5. Plot of complex [CuLH5]NO3 (2) showing the hydrogen
bonds.
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the crystal structure of the complex (Figure 6 with the ther-
mal ellipsoids shown at 50% probability. See also Tables 1
and 2). The benzil bis(thiosemicarbazone) acts as a mono-
deprotonated N2S2 ligand in a pseudo-planar disposition.
The coordination sphere of the zinc atom is completed by
an oxygen atom provided by the nitrate group to give a
distorted square-based pyramidal geometry for the metal
ion, as proposed from the spectroscopic data.[28] The value
of the parameter, τ, defined by Addison et al.,[30] is 0.08 (τ
= 0.0 for a regular square-based pyramid). The zinc atom
is displaced by 0.439 Å out of the basal plane toward the
oxygen atom at the apex of the pyramid. The phenyl rings
C(5)–C(10) and C(11)–C(16) form dihedral angles of 63.6°
and 57.0°, respectively, with respect to the basal plane. The
molecules are bonded through hydrogen bonds between the
amine and the nitrate groups (Figure 7, Table 3).

Discussion

The overall impression from the bonds and angles
around the copper atoms (Tables 1 and 2) is that the ligand
cavity is too small to accommodate the copper() ideally.
The N–Cu–N bond angles are only 81.06° and 79.87° and
the sulfur ends of the ligand arms are pushed outward well
beyond the natural position that would be adopted by the
planar ligand with 120° bond angles. For comparison, the
NiII complex with the same ligand shows a much better
fit[27] as a result of the smaller ionic radius of nickel, with
Ni–N and Ni–S distances of 1.86 and 2.157 Å, respectively,
compared to 1.976 Å (N) and 2.235 Å (S) and 1.987 Å (N)
and 2.24 Å (S) for complexes 1 and 2, respectively. All the
angles at the nickel centre are significantly closer to the 90°
preferred at the square-planar metal centre. Thus, the
average N–Cu–N angle in our complexes is 80.45°, whereas
for the nickel complex it is 83.32°. Similarly, the S–M–S
angles are 108.7° for copper but only 101.68° for nickel,
while the N–M–S angles are 85.21° for the copper com-
plexes and 87.62° for the nickel complex.

Although the ligand appears somewhat strained in the
copper complexes, it has been shown that the ligand can
open up even further to accommodate CdII in its neutral
form, while still maintaining an essentially planar struc-
ture.[28] As a result of the larger ionic radius of the zinc
(giving two Zn–N distances of 2.1407 and 2.1290 Å and two
Zn–S distances of 2.3143 and 2.3695 Å), all the angles are
significantly far from 90°. Thus, the N–Zn–N angle is
73.46°, the S–Zn–S angle is 115.57° and the N–Zn–S angles
are 81.93° and 81.37°. For comparison with the copper and
nickel complexes, these data agree with the variation in the
ionic radius for these ions even though the grade of depro-
tonation of the benzil bis(thiosemicarbazone) changes.

The backbone C(2)–C(3) distances in the complexes, ex-
cept for the nickel complex, are larger than in the free li-
gand, ranging from 1.475 to 1.491 Å, in accordance with
the metal ratio variations. The C(2)–N(3) distances range
from 1.285 to 1.308 Å, and are consistent with a bond order
greater than 1.5 but less than 2. The C(3)–N(4) bonds in



Divalent Benzil Bis(thiosemicarbazone) Complexes FULL PAPER

Figure 6. XSHELL view of [ZnLH5NO3] (3).

Figure 7. Plot of complex [ZnLH5NO3] (3) showing the hydrogen bonds.

Eur. J. Inorg. Chem. 2005, 4401–4409 www.eurjic.org © 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 4405
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the non-deprotonated thiosemicarbazone branch are closer
to a full double bond than in the deprotonated one. The
N(2)–N(3) distances, which range from 1.351 to 1.371 Å,
are consistent with a bond order less than 1.5 but greater
than 1. The N(2)–C(1) distances are larger than the C(2)–
N(3) distances, but are still greater than 1, and the N(5)–
C(4) distances are larger than before, but shorter than in
the free ligand. The C(1)–S(1) distances in the deprotonated
thiosemicarbazone branch are much larger than in the non-
deprotonated one [C(4)–S(2)] and are consistent with a
bond order close to 1. The largest difference (0.084 Å) ap-
pears between the free ligand (1.667 Å) and complex 2
(1.751 Å). The C(1)–N(1) distances range from 1.328 to
1.338 Å and the C(4)–N(6) distances from 1.314 to 1.319 Å;
they are intermediate between the C–N and N–CS dis-
tances. These data confirm there is extensive conjugation
within the ligand that is greater in the deprotonated thio-
semicarbazone branch.

The study of the electrochemical behaviour of the copper
complexes was carried out in the range from +1 to
–1.5 V.[26] In the positive range (+1 to 0 V), a quasi-revers-
ible CuIII/CuII oxidation process can be observed. Cyclic
scanning between 0 and –1.5 V permits the study of the
copper-centred reduction processes and the ligand re-
ductions; the values of the potential for the CuII/CuI re-
duction processes are related to the biological activity. The
cyclic voltammogram of complex 1 in the latter range shows
a peak at –0.520 V in the cathodic scan, which can be attrib-
uted to the CuII/CuI reduction. Under the same conditions,
the cyclic voltammogram of complex 2 shows waves at
–0.600 V and –0.500 V associated with a quasi-reversible
CuII/CuI process.

It appears that a relationship exists between the back-
bone C(2)–C(3) bond length and the categorisation accord-
ing to reduction potential, and, in turn, with the biological
behaviour, although any relationship between these struc-
tural parameters and biological function remains speculat-
ive. Thus, complex 1, with a longer C(2)–C(3) bond than
complex 2, has a lower reduction potential (harder to re-
duce). As was mentioned in the introduction, the hypoxia

Figure 8. Displacement of atoms [Å] from least-squares plane defined by C(1), C(2), C(3), C(4), N(1), N(2), N(3), N(4), N(5), N(6), S(1),
S(2) and M.
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selectivity (HSI) is related to the electrochemical behaviour,
and those complexes with an HIS greater than 0.4 have a
low redox reduction potential (�0.58 V).[14] Therefore,
some hypoxic selectivity of complex 1, which has a re-
duction potential of –0.550 V vs. Ag/AgCl, could be ex-
pected.

The ease of deformation away from planarity could be
connected to the redox potential and other aspects of the
redox behaviour because distorting ions towards tetrahedral
favours the copper reduction and decreases the stability of
the copper() complex. Complex 2 shows a slightly larger
distance to the plane formed by the ligand than complex 1,
which agrees with the values of the reduction potential.[26]

The grade of the deviation from planarity can be deter-
mined from the least-squares displacement of the ligand
atoms from the mean plane of the complex. Figure 8 shows
the displacement of the ligand atoms from the least-squares
plane for the complexes. Both copper and nickel complexes
are closer to planarity than the zinc complex. Complexes 1
and 4, which show the same behaviour of the ligand, show
a similar pattern, although in the nickel complex both sul-
fur atoms show identical deviation with respect to the least-
squares plane, which agrees with the minimum degree of
deviation from planarity in this complex, probably due to
the better fit of the nickel atom. Moreover, the deviation
from planarity of complexes 2 and 3 shows the same
pattern, namely two distances for the sulfur and the imine
nitrogen atoms, which agrees with the asymmetry in the li-
gand and the tetragonal deformation in the metal environ-
ment. Additional information can be gained from the tor-
sion angles: the value of the N(3)–C(2)–C(3)–N(4) torsion
angle is less than 2° for the complexes, except for the zinc
complex, where it is 4.1°.

The presence of terminal nitrogen atoms gives rise to
intermolecular N–H–N hydrogen bonds, which lead to ex-
tended architectures in all complexes. The intermolecular
contact distances are listed in Table 3. Complex 1 shows
intermolecular interactions between the terminal amine
group and the deprotonated secondary amine, as was
shown in complex 4, although N–H–S hydrogen bonds do
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Figure 9. N–H–N hydrogen bonds and π–π interactions in the complexes.

not appear in the free ligand or in complex 4.[27] Complex
1 is formed by flat ribbons that are linked through π–π in-
teractions between the phenyl rings, which are at 3.644 Å
(Figure 9). In complexes 2 and 3, the molecules are linked
to form couples by paired N(1)–H(1B)–N(2) hydrogen
bonds, and these couples are linked by π–π interactions be-
tween the phenyl rings at 3.459 and 3.401 Å, respectively.
They also contain hydrogen bonds to the nitrate ions, al-
though in a different way: Complex 2 contains interactions
between two oxygen atoms and both primary and second-
ary amine groups from the neutral thiosemicarbazone
branch, whereas in complex 3 the nitrate group interacts
also with NH and NH2 groups, but belonging to two dif-
ferent chains, instead of to the same thiosemicarbazone arm
(Figure 9). Complex 4 shows an intermolecular structure
similar to those of complex 2, but with hydrogen bonds
with the DMF molecule. Couples are linked by π–π interac-
tions with a distance of 3.376 Å.

Conclusions

The copper complexes are inherently planar and the zinc
complex shows a distorted square-based pyramidal geome-
try with the nitrate group in the apical position, as pro-
posed from the spectroscopic data. The bond length and
angles for the complexes agree with the variable grade of
deprotonation in the ligand and the requirements of the
metal ion. The complexes present a variable grade of distor-

Eur. J. Inorg. Chem. 2005, 4401–4409 www.eurjic.org © 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 4407

tion from planarity although they all present intermolecular
interactions, especially pairs of N(1)–H(1B)–N(2) hydrogen
bonds and π–π interactions between the phenyl rings. Com-
plex 1 shows the smallest deviation with respect to the
planar nickel complex 4. The presence of a hydrazinic hy-
drogen and a nitrate group in complexes 2 and 3 changes
the intermolecular interactions, which increases the devia-
tion from planarity, as reflected in the reduction potential
of complex 2. We have established the relationship between
the distorted geometry and the reduction potential of cop-
per complexes. In complex 1, this parameter is close to
those of copper bis(thiosemicarbazones) with hypoxic selec-
tivity, therefore some activity could be expected.

Experimental Section
Physical Measurements: Microanalyses were carried out with a Per-
kin–Elmer 2400 II CHNS/O Elemental Analyser. IR spectra in the
4000–400 cm–1 range were recorded as KBr pellets on a Jasco FT/
IR-410 spectrophotometer. FAB mass spectra were recorded on a
VG Auto Spec instrument using Cs as the fast atom and m-ni-
trobenzyl alcohol (m-NBA) as the matrix. Conductivity data were
measured for freshly prepared DMF solutions (ca. 10–3 ) at 25 °C
with a Metrohm Herisau model E-518 instrument.

Synthesis: Thiosemicarbazide (Fluka), benzil (Aldrich), copper()
nitrate trihydrate (Merck), copper() chloride dihydrate (Aldrich)
and zinc() nitrate hexahydrate (Fluka) were used as received.

Benzil Bis(thiosemicarbazone) (LH6): This compound was prepared
following the procedure reported previously.[37] FAB-MS (m-NBA):
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m/z (%) = 357 (25) [M + 1]+. IR (KBr): ν̃ = 3420, 3386, 3342, 3330,
3210, 3151 (NH); 1608 (NH2); 1581 (C=N); 848 (CS) cm–1.

[CuLH4] (1):[26] A solution of copper() chloride dihydrate (120 mg,
0.70 mmol) in methanol (20 mL) was added to a suspension of LH6

(500 mg, 1.40 mmol) in methanol (20 mL). The mixture was stirred
for 48 h at room temperature. The reddish solid formed was filtered
off, washed with methanol and dried in vacuo (yield: 65 mg, 22%).
FAB-MS (m-NBA): m/z (%) = 418 (30) [M + 1]+. IR (KBr): ν̃ =
3343, 3271, 3102 (NH) + (NH2); 1626, 1600, 1569 (C=N) + (NH2);
1467, 1427 thioamide II; 836 thioamide IV; 449 (Cu–N); 428 (Cu–
S) cm–1. Recrystallisation from DMSO gave reddish crystals suit-
able for X-ray analysis.

[CuLH5]NO3 (2): A solution of copper() nitrate trihydrate
(360 mg, 1.49 mmol) in methanol (20 mL) was added to a suspen-
sion of LH6 (500 mg, 1.40 mmol) in methanol (20 mL). The mix-
ture was stirred for 19 h at room temperature. The brown solid
formed was filtered off, washed with methanol and dried in
vacuo.[26] A black solid (2) was isolated from the mother liquor.
C16H15CuN7S2O3 (480.55): calcd. C 39.95, H 3.12, N 20.39, S
13.31; found C 39.63, H 2.98, N 20.77, S 13.02. FAB-MS (m-NBA):
m/z (%) = 418 (50) [M – NO3]+. IR (KBr): ν̃ = 3443, 3408, 3274,
3097 (NH) + (NH2); 1663, 1628, 1604 (C=N) + (NH2); 1554, 1534,
1490, 1444 thioamide II; 778 thioamide IV; 475 (Cu–N); 428 (Cu–
S) cm–1. ΛM = 86 Ω–1 cm2 mol–1. Black crystals suitable for X-ray
analysis were obtained from the mother liquor after a week in the
freezer.

[ZnLH5NO3] (3):[28] A solution of zinc() nitrate hexahydrate
(520 mg, 1.75 mmol) in ethanol (10 mL) was added to a suspension
of LH6 (500 mg, 1.40 mmol) in ethanol (40 mL). The mixture was
stirred under reflux for 4 h. The yellow-orange solid was filtered
off, washed with ethanol and dried in vacuo (yield: 305 mg, 45%).
FAB-MS (m-NBA): m/z (%) = 419 (100) [M – NO3]+. IR (KBr): ν̃
= 3440, 3268, 3111 (NH); 3421, 3169 ν(NH2); 1629, 1576 (C=N);
1615 (NH2); 1439 thioamide II; 816 thioamide IV; 447 (Zn–N); 341
(Zn–S) cm–1. ΛM = 51 Ω–1 cm2 mol–1. Yellow crystals suitable for
X-ray analysis were obtained by recrystallisation from methanol.

Table 4. Crystal data and structure refinement for complexes 1, 2 and 3.

1 2 3

Formula C16H14CuN6S2 C16H15CuN7O3S2 C16H15N7O3S2Zn
Formula mass 417.99 481.01 482.84
Temperature [K] 296 100 293
Crystal system triclinic triclinic triclinic
Space group P1̄ P1̄ P1̄
a [Å] 8.9504(10) 7.9999(10) 7.9889(10)
b [Å] 9.5991(10) 10.6314(10) 10.7110(13)
c [Å] 10.8885(10) 12.3778(2) 12.4027(17)
α [°] 99.456(10) 86.162(10) 85.859(8)
β [°] 106.114(10) 77.177(10) 75.065(9)
γ [°] 92.456(10) 68.452(10) 68.518(8)
Volume [Å3] 882.66(16) 954.69(2) 953.9(2)
Z 2 2 2
Density (calcd.) [Mgm–3] 1.573 1.673 1.681
Absorption coefficient 4.055 mm–1 3.976 mm–1 4.152 mm–1

F(000) 426 490 492
Goodness of fit on F2 1.076 1.038 1.029
Reflection collected 7179 7352 7141
Independent reflections 2613 3277 3261
Final R indices R1 = 0.0345 R1 = 0.0294 R1 = 0.0339
[I � 2σ(I)] wR2 = 0.0967 wR2 = 0.0797 wR2 = 0.0899
R indices (all data) R1 = 0.0385, wR2 = 0.0999 R1 = 0.312, wR2 = 0.0809 R1 = 0.0369, wR2 = 0.0926
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[NiLH4] (4): This compound was prepared following the procedure
previously described.[27]

Crystallography: Single crystals of complexes 1 and 3 were obtained
by recrystallisation from DMSO and methanol, respectively, and
crystals of 2 were isolated from the mother liquor of the reaction.
Crystals of the compounds were mounted on a glass fibre and
transferred to a Bruker SMART 6 K CCD area-detector three-cir-
cle diffractometer with a MAC Science Co., Ltd. Rotating Anode
generator (Cu-Kα radiation, λ = 1.54178 Å) equipped with Goebel
mirrors at settings of 50 kV and 110 mA. X-ray data were collected
with a combination of six runs at different φ and 2θ angles for
3600 frames. The substantial redundancy in data allows empirical
absorption corrections (SADABS)[32] to be applied using multiple
measurements of symmetry-equivalent reflections (ratio of mini-
mum to maximum apparent transmission: 0.578995 for complex 1,
0.514195 for complex 2 and 0.722376 for complex 3). The unit cell
parameters were obtained by full-matrix least-squares refinements
of 4562 reflections for complex 1, 4593 reflections for complex 2
and 4356 reflections for complex 3. Crystallographic details are re-
ported in Table 4. The raw intensity data frames were integrated
with the SAINT[33] program, which was also used to apply correc-
tions for Lorentz and polarisation effects.

The software package SHELXTL[34] version 6.10 was used for
space group determination, structure solution and refinement. The
structures were solved by direct methods (SHELXS-97),[35] com-
pleted with difference Fourier syntheses, and refined with full-matrix
least-squares using SHELXL-97[36] by minimizing ω(Fo

2 – Fc
2)2.

Weighted R factors (Rw) and all goodness-of-fit (S) values are
based on F2; conventional R factors (R) are based on F. All non-
hydrogen atoms were refined with anisotropic displacement para-
meters. All scattering factors and anomalous dispersions factors
are contained in the SHELXTL 6.10 program library. The high
quality of the data set allowed all hydrogen atoms to be located by
difference maps and refined isotropically in all complexes.
CCDC-258838 (for 1), -258839 (for 2) and -258840 (for 3) contain
the supplementary crystallographic data for this paper. These data
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can be obtained free of charge from The Cambridge Crystallo-
graphic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.
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