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Neutral complexes with the general empirical formula
M(PTs) [M: Mn, Fe, Co, Cu, Zn, and Cd; H2PTs: N,N9-bis(2-
tosylaminobenzylidene)-1,3-diaminopropane] were obtained
by means of an electrochemical procedure. All complexes
were characterised by elemental analyses, mass spectro-
metry, IR and 1H NMR spectroscopy, and magnetic measure-
ments, where appropriate. Recrystallisation of the cobalt,
copper, and zinc complexes yielded single crystals of

Introduction

The study of supramolecular helical complexes has been
the subject of considerable interest recently, in order to cla-
rify the mechanisms of self-assembly processes.[125] From
these studies, it was concluded that metal helicates are gen-
erated by the combination of appropriate ligands and metal
ions with specific preferences for particular coordination
geometries.

Interesting studies have been devoted to the development
of synthetic procedures, in order to prepare new multident-
ate ligands with the potential ability of forming bridged po-
lynuclear species.[6211] A key parameter in the assembly of
helicates is how a flexible polydentate ligand becomes parti-
tioned into distinct metal binding sites. In many cases li-
gands have been constructed that contain several bidentate
or terdentate domains separated by rigid or bulky groups.
Thus, the domains are arranged such that each site will def-
initely bind to different metal ions rather than chelating to a
single metal centre. Furthermore, the spacer groups usually
contain aromatic moieties, which provoke π···π and/or
CH···π non-covalent interactions that control the self-as-
sembly process.

The supramolecular chemistry involving ligands con-
taining flexible spacers has not been extensively investig-
ated. In this case, the way in which the ligand is partitioned
into binding sites mainly depends on the stereoelectronic

[a] Departamento de Quı́mica Inorgánica, Facultade de Quı́mica,
Universidade de Santiago de Compostela,
15706 Santiago de Compostela, Spain
Fax: (internat.) 1 34-981/597-525
E-mail: qimb45@usc.es

Eur. J. Inorg. Chem. 2002, 4652472  WILEY-VCH Verlag GmbH, 69451 Weinheim, Germany, 2002 143421948/02/020220465 $ 17.501.50/0 465

[Co(PTs)] (1), [Cu(PTs)]·1.5CH3CN (2) and
[Zn(PTs)]2·1.5H2O·CH3CN (3). Their X-ray characterisation
shows that 1 and 2 are mononuclear tetrahedral single-
stranded helical complexes in the solid state, while 3 is a
double-helical compound containing a major and a minor
groove, with the Schiff base acting as a bis(bidentate) N4

donor.

preferences of the metal ion, and this type of ligand often
leads to the isolation of mononuclear helical species.[12214]

Our recent investigations on Schiff bases allowed us to
isolate the bis(bidentate) N4 ligand H2PTs [IUPAC name:
N,N9-bis(2-tosylaminobenzylidene)-1,3-diaminopropane]
(Scheme 1), which contains a flexible spacer. Its X-ray
structure[15] shows that it adopts an anti-opened conforma-
tion[16] in the solid state that should do it suitable to span
two metal centres, generating double-helical complexes.
This is the situation found in the related [Ni(PTs)]2 com-
plex.[17] In an attempt to know the role of the metal atom
in the disposition of this type of ligand, we extended our
investigations to the behaviour of H2PTs. In order to check
if the arrangement of the ligand is the same as that found
for nickel,[17] its electrochemical interaction with mangan-
ese, iron, cobalt, copper, zinc and cadmium was studied and
the results obtained are described here.

Results and Discussion

The Schiff base H2PTs has been prepared as previously
described and satisfactorily characterised by elemental ana-
lysis, FAB mass spectrometry, IR and 1H NMR spectro-
scopy,[17] and X-ray diffraction studies.[15]

Synthesis of the Complexes

All the complexes were prepared by an electrochemical
method previously described.[17,18] The electrochemical effi-
ciency of the cell Ef was approximately 0.5 mol·F21 in all
cases, which is compatible with the reaction mechanism
shown in Scheme 2.

Elemental analyses (Table 1) show that all metal ions re-
act with the ligand in a 1:1 molar ratio affording complexes
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Table 1. Elemental analysis and some selected data for the complexes

Compound Yield (%) Colour % C[a] % H[a] % N[a] % S[a] FAB[b] µ[c]

Mn(PTs) 72 ochre 57.8 (58.0) 4.8 (4.7) 8.6 (8.7) 9.9 (10.0) 641 6.0
Fe(PTs) 65 red 57.9 (57.9) 4.6 (4.6) 8.6 (8.7) 9.7 (9.9) 642 5.1
Co(PTs) 70 garnet 57.8 (57.6) 4.4 (4.6) 8.7 (8.7) 9.6 (9.9) 646 4.3
Cu(PTs) 75 green 57.1 (57.2) 4.6 (4.6) 8.7 (8.6) 9.8 (9.8) 650 2.2
Zn(PTs) 81 yellow 56.9 (57.0) 4.8 (4.6) 8.4 (8.6) 9.9 (9.8) 651
Cd(PTs) 77 yellow 53.4 (53.2) 4.1 (4.3) 7.7 (8.0) 9.0 (9.1) 701

[a] Found (calculated). [b] amu; peaks corresponding to [ML]1. [c] In BM.

Scheme 1. H2PTs

Scheme 2

of the bis(deprotonated) ligand [PTs]22 in high purity.
These neutral metal complexes are obtained in high yields
and appear to be stable in the solid state and in solution.
Most of them are insoluble or sparingly soluble in water
and common organic solvents, but soluble in polar coordin-
ating organic solvents such as DMF, DMSO, and pyridine.

Crystal Structures

[Co(PTs)] (1) and [Cu(PTs)]·1.5CH3CN (2)

The crystal structures of 1 and 2 are shown in Figures 1
and 2, respectively. Selected bond lengths and angles are
displayed in Table 2.

Both compounds consist of discrete molecules of M(PTs)
and show quite similar structures. In complex 2, two ace-
tonitrile solvates per complex molecule are present in the
unit cell, one of them at 0.5 occupancy.

In both complexes, the ligand uses all its N-donor atoms
to bind to the same metal centre. One oxygen atom of each

Eur. J. Inorg. Chem. 2002, 4652472466

Figure 1. ORTEP view of complex 1 (thermal ellipsoids are drawn
at 30% of probability level)

Figure 2. ORTEP view of complex 2 (thermal ellipsoids are drawn
at 30% of probability level; hydrogen atoms and solvent molecules
have been omitted for clarity)

tosyl group seems to weakly interact with the metal atom,
the M···O distances (about 2.6 Å for 1 and 2.8 Å for 2) are
too long to be considered as true coordinated bonds, and
therefore are best described as secondary intramolecular in-
teractions. Thus, the metal centres are tetracoordinated,
with the cobalt atom located in a twofold crystallographic
axis in 1. The geometry about the metal ions could be de-
scribed as pseudo-tetrahedral, although the two terminal
bidentate fragments are not mutually perpendicular. The di-
hedral angle θ between the two MNN terminal planes is
69.38° for 1 and 44.37° for 2. This shows that the deviation
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Table 2. Selected bond lengths [Å] and angles [°] for 123

1 2 3

Co(1)2N(1) 1.962(6) Cu(1)2N(1) 1.985(5) Zn(1)2N(1) 1.985(6) N(5)2Zn(1)2N(2) 106.4(2)
Co(1)2N(1A) 1.962(6) Cu(1)2N(2) 1.973(5) Zn(1)2N(2) 2.027(6) N(1)2Zn(1)2N(6) 111.5(2)
Co(1)2N(2) 2.020(11) Cu(1)2N(4) 1.975(5) Zn(2)2N(3) 2.026(6) N(5)2Zn(1)2N(6) 92.9(2)
Co(1)2N(2A) 2.020(11) Cu(1)2N(3) 1.981(5) Zn(2)2N(4) 1.971(6) N(2)2Zn(1)2N(6) 103.8(2)
N(1)2Co(1)2N(1A) 128.6(3) N(2)2Cu(1)2N(4) 149.7(2) Zn(1)2N(5) 1.987(6) N(8)2Zn(2)2N(4) 139.7(2)
N(1)2Co(1)2N(2) 89.0(4) N(2)2Cu(1)2N(3) 97.9(2) Zn(1)2N(6) 2.039(6) N(8)2Zn(2)2N(3) 110.7(2)
N(1)2Co(1)2N(2A) 128.1(3) N(4)2Cu(1)2N(3) 89.2(2) Zn(2)2N(7) 2.027(5) N(4)2Zn(2)2N(3) 94.5(2)
N(1A)2Co(1)2N(2) 128.1(3) N(2)2Cu(1)2N(1) 89.7(2) Zn(2)2N(8) 1.964(6) N(8)2Zn(2)2N(7) 93.8(2)
N(1A)2Co(1)2N(2A) 89.0(4) N(4)2Cu(1)2N(1) 99.4(2) N(1)2Zn(1)2N(5) 144.6(2) N(4)2Zn(2)2N(7) 108.0(2)
N(2)2Co(1)2N(2A) 92.6(8) N(3)2Cu(1)2N(1) 148.7(2) N(1)2Zn(1)2N(2) 92.7(2) N(3)2Zn(2)2N(7) 108.2(2)

from tetrahedral to square-planar geometry is higher for
the copper complex (θ 5 0 for square-planar geometry and
θ 5 90 for tetrahedral geometry). The wide range of angles
observed around the metal centres [from 89.0(4) to
128.1(3)° for 1 and from 89.2(2) to 149.7(2)° for 2] also
shows the deviation from the ideal tetrahedral geometry.
The M2N distances are typical of cobalt and copper com-
plexes with this type of ligand,[19220] although it should be
noted that all the Cu2N bonds are very similar while the
Co2Namide bonds are significantly shorter than the
Co2Nimine bonds (Table 2).

The tetradentate dianionic Schiff base PTs22 wraps
around the metal ions affording helical molecules in both
cases. The screwed disposition of the ligand seems to be
favoured by the presence of the two terminal bulky tosyl
groups. The steric hindrance induced by these tosyl groups
appears to provoke a twisting of the Schiff base, in order to
minimise the steric interactions. Therefore, the torsion of
the flexible spacer allows a remarkable shortening of the
Nimine···Nimine distances relative to the free ligand (ca. 2.9
Å for 1 and 2, and ca. 4.4 Å for free H2PTs[15]). This permits
the four nitrogen atoms to bind to the same metal centre,
leading to the isolation of mononuclear, tetrahedral, single-
stranded helical complexes. These compounds can be also
classified as saturated,[4] as the Schiff base fulfil the stereo-
chemical requirements of the cobalt and copper atoms.
Both right- (P) and left-handed (M) helixes[4] can be simul-
taneously observed (in 50% yields) in the unit cell of 1
and 2.

The PTs22 ligand forms three six-membered chelate
rings. The angles between adjacent calculated chelate planes
show the screwing of the thread. The degree of twisting is
much smaller for the copper complex than for the cobalt
complex (the angles between adjacent chelates for 1 is
55.67° and for 2 are 29.78 and 12.68°). Besides, in the crys-
tal structure it can be clearly seen that when the tosyl
groups are excluded, the wrapping angle is smaller than
360°. This angle is significantly higher for the copper com-
plex than for the cobalt complex (264° for 1 and 305° for 2),
and this trend correlates with the ionic radius, as expected.

Finally, no specific π-stacking interactions (face-face or
face-edge π-π) can be identified, either between the benzyli-
dene binding moieties or between terminal tosyl aromatic
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rings, which probably appear to be separated in order to
minimise the steric hindrance.

[Zn(PTs)]2·1.5H2O·CH3CN (3)

An ORTEP view of 3 is shown in Figure 3. Main bond
lengths are shown in Table 2.

The unit cell of complex 3 consists of [Zn(PTs)]2 discrete
molecules, with lattice acetonitrile and disordered water.
The complex is dinuclear and adopts an anti-opened con-
formation, with the Schiff bases acting as bis(bidentate)
donors.[16] Its structure is quite similar to that of the related
[Ni(PTs)]2 complex.[17] Each Schiff base uses the amide and
imine nitrogen atoms corresponding to one of its arms
[N(1), N(2); N(5), N(6)] to bind to Zn(1), and the nitrogen
donor atoms of the remaining arm [N(3), N(4); N(7), N(8)]
to bind to the second zinc atom [Zn(2)]. One oxygen atom
of each tosyl group weakly interacts with the metal centre
[the Zn(1)···O(1), Zn(1)···O(6), Zn(2)···O(4) and
Zn(2)···O(7) distances are ca. 2.6 Å]. These distances could
be secondary intramolecular interactions, as seen in 1 and
2, as well as in [Ni(PTs)]2.[17] Therefore, each zinc centre has
a four-coordinated pseudo-tetrahedral environment, bound
to two imine and two amide nitrogen atoms.

The two ligands wrap around the metal2metal axis giv-
ing rise to a double-stranded dinuclear helical compound
with a Zn···Zn separation of ca. 6.031 Å. This distance
compares fairly well with that observed in its analogue
nickel complex,[17] but is clearly shorter than that found for
dizinc complexes with bis(bidentate) ligands containing a
propylene spacer (11.29 Å).[21] The wrapping angle of both
strands is ca. 240°, and shows less helical coiling of the
ligand than for mononuclear complexes. Both (P,P) and
(M,M) isomers are present in the unit cell in 50% yields.

The ligands form two six-membered chelate rings, one
around each metal atom, which are nearly planar. The di-
hedral angles between the two ZnNN planes around the
same zinc centre are 84.77° for Zn(1) and 82.51° for Zn(2),
indicating the deviation of the coordination polyhedron
from the ideal geometry. All the distances and angles are in
the expected range for distorted tetrahedral zinc(II) com-
plexes with Schiff bases.[22223] The variety of angles [ran-
ging from 92.7(2) to 144.6(2)° for Zn(1) and from 93.8(2)
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Figure 3. ORTEP view of complex 3 (thermal ellipsoids are drawn at 50% of probability level; hydrogen atoms and solvent molecules
have been omitted for clarity)

to 139.7(2)° for Zn(2)] also show the distortion of the tetra-
hedral environment and that both metal atoms are not
equivalent. All these features resemble those in the nickel
analogue.[17] Besides, no symmetry elements relate the two
ligands or the two halves of the same ligand. This leads to
a certain degree of asymmetry in the complex, which gives
rise to the formation of two different grooves (major and
minor) (Figure 4), as seen in [Ni(PTs)]2.[17] In addition, no
π-interactions are observed between the aromatic rings.

Figure 4. Space-filling representation of complex 1, showing the
minor (left) and major (right) grooves; both representations corre-
spond to the same enantiomer, turned 180°

In spite of the detailed NMR spectroscopic studies of van
Koten on dinuclear zinc complexes with diimine ligands,[24]

not many complexes of this kind have been reported. There
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are some structurally characterised dizinc helical complexes
described in the literature,[7,21,23231] but only two helicates
(one triple-stranded and one double-stranded) contain
Schiff bases.[7,23] In these cases, the two bidentate domains
are separated by a rigid spacer, which is the most general
situation.[7,23,25231] In fact, the structurally characterised
zinc complexes derived from bis(bidentate) ligands con-
taining flexible spacers are usually monohelical in the solid
state,[13214] and to the best of our knowledge, there are only
two examples of bis(dipyrromethane)dizinc complexes with
aliphatic spacers, where the extent of helicity is really
small.[21] Therefore, the isolation of complex 3 further sub-
stantiates the NMR spectroscopic studies of van Koten and
unequivocally demonstrates that Schiff bases with flexible
spacers can generate zinc double-helical species.

IR Spectroscopy and FAB Mass Spectrometry

The IR spectra of all complexes show a strong band be-
tween 1641 and 1612 cm21 due to the imine ν(C5N) group
(Table 3). This is a negative shift of 4223 cm21 relative to
the free ligand for all complexes except 3. In the case of the
zinc complex, the ν(C5N) band is shifted to higher wave-
numbers (6 cm21), indicating a slight shift of charge to-
wards the CN group on coordination. However, the
v(C2N) stretching frequency is shifted to lower wave-

Table 3. Selected IR data for the complexes (ν̃, cm21)

Compound ν(C5N) ν(C2N) νas(SO2) νs(SO2)

H2PTs 1635 1340 1287 1164
Mn(PTs) 1624 1304 1272 1158
Fe(PTs) 1612 1298 1260 1158
Co(PTs) 1630 1296 1264 1134
Cu(PTs) 1617 1297 1267 1137
Zn(PTs) 1641 1296 1264 1137
Cd(PTs) 1631 1294 1259 1128
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Table 4. Selected 1H NMR chemical shifts (δ values)

H1 H2 H3 H5 H4 H7 H6 H9 H10 H8

H2PTs 2.07 3.80 8.55 7.08 7.48 7.37 7.27 2.25 7.65
(q, 2 H) (t, 4 H) (s, 2 H) (t, 2 H) (m, 4 H) (t, 2 H) (d, 2 H) (s, 6 H) (d, 2 H)

Zn(PTs) 2.17 4.20, 3.88 8.67 6.93 7.34 7.50 7.27 2.32 7.77
(st, 2 H) (m, 4 H) (s, 2 H) (t, 2 H) (d, 2 H) (d, 2 H) (m, 4 H) (s, 6 H) (d, 2 H)

Cd(PTs) 2.03 3.80 8.48 6.86 7.20 7.38 7.15 2.27 7.84
(b, 2 H) (b, 4 H) (s, 2 H) (t, 2 H) (d, 2 H) (d, 2 H) (m, 4 H) (s, 6 H) (d, 2 H)

numbers (36246 cm21) in all the complexes. This behaviour
is compatible with the participation of both imine and
amide nitrogen atoms in the coordination to the metal
centres. In addition, two bands in the ranges
125921272 cm21 and 112821158 cm21 are assigned to the
asymmetric and symmetric vibration modes of the SO2

group.[32233] Finally, no bands above 2500 cm21 were de-
tected for the complexes, indicating the deprotonation of
the NH groups, and therefore the dianionic character of
the ligand.

The FAB mass spectra show peaks assigned to the
[M(PTs)]1 fragments (Table 1) for all the complexes, indic-
ating the coordination of the ligand to the metal centre.
However, no other information about the nuclearity of the
complexes can be drawn in this case study.

1H NMR Spectroscopy

The 1H NMR spectra of the zinc and cadmium com-
plexes were recorded in [D6]DMSO as the solvent at room
temperature (Table 4), and in CD3CN at low temperatures
(273 and 233 K). The spectra do not change significantly

Figure 5. 1H NMR spectra in [D6]DMSO at room temperature for a) H2PTS, b) Zn(PTs), and c) Cd(PTs)
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with temperature. In fact, the spectra of the zinc complex
recorded at the three different temperatures are identical.
All spectra show a singlet set of proton resonances that
could be fully assigned. This seems to indicate that there is
a single species in solution. In all cases, the disappearance
of the NH protons present in the free ligand is observed,
which is in agreement with the bis(deprotonation) of the
Schiff base. When the 1H NMR spectra of the free ligand is
compared with those of the complexes at room temperature,
some clear differences are observed (Figure 5):

1. The imine hydrogen atom (3-H) shows a downfield
shift for the zinc complex, whilst it is displaced upfield in
the spectrum of the cadmium complex, indicating that the
coordination of the imine group to the metal centre induces
opposite shielding effects on this hydrogen atom. Only one
signal is observed for the H-imine atom in 3 at different
temperatures suggesting that only symmetric species exist in
solution. The imine protons of the cadmium complex are
flanked by satellites arising from spin-spin coupling to
111/113Cd, indicating that the complex is kinetically inert on
the NMR timescale.
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2. The signals of the aromatic protons of the benzylidene

ring are shifted upfield and the displacements are higher for
the cadmium complex. The spectra show that complexation
clearly affect the environments of 7-H and 4-H. In the spec-
tra of the free ligand the signals are overlapped, while two
sharp doublets are observed in the spectra of the complexes.

3. The signals of the aromatic protons of the tosyl groups
also appear to be shifted on complexation, and the displace-
ment is similar for the zinc and cadmium complexes.

4. Finally, the methylene protons of the cadmium and
zinc complexes show different chiral behaviour in solution.
The 2-H protons are equivalent in the free ligand and ap-
pear as a triplet at δ 5 3.80. However, for complex 3, the
2-H protons appear as two multiplets at δ 5 3.88 and 4.20.
This implies that the strong coordination of the hard imine
nitrogen atom to the zinc atom removes the erstwhile en-
antiotopic nature of the protons making them diastereo-
topic, and the complex chiral. This is also supported by
the central methylene 1-H protons, which in the free ligand
appear as a quintuplet at δ 5 2.07, while in 3 they appear
as a septuplet at δ 5 2.17 as a result of the coupling with
two pairs of different protons. However, these central
methylene hydrogen atoms seem to rotate freely as they
are enantiotopic.

The spectrum of the cadmium complex is clearly differ-
ent. Only one broad signal can be observed for the 2-H
protons at room temperature, at δ 5 3.80. The 1-H protons
also appear as a unique broad signal at δ 5 2.03. These
signals get sharper on lowering the temperature, and a trip-
let (4 H) and a quintuplet (2 H) can clearly be observed for
2-H and 1-H, respectively. However, no splitting of the sig-
nal assigned to 2-H (δ 5 3.80) is observed. This indicates
that all 2-H protons are equivalent, in contrast to that
found in 3, and therefore that the cadmium complex is not
chiral in solution.

Magnetic Characterisation

Magnetic measurements at room temperature of all the
paramagnetic compounds give similar values for the mag-
netic moments to those expected for magnetically diluted
MII ions. The magnetic moment of the manganese and cop-
per complexes only allows for the confirmation of the 12
oxidation state for the central atom, indicating the depro-
tonation of the Schiff base ligand. The magnetic moments
of Fe(PTs) and Co(PTs) are in agreement with high-spin
MII complexes. In both cases the magnetic moment is in the
normal range for FeII (5.025.4 BM) and CoII (4.324.8
BM) tetrahedral complexes. Thus, in view of the formula-
tion of the complexes and their magnetic moments, it seems
quite reasonable to propose a tetrahedral environment
around the metal atom for all the paramagnetic complexes,
as confirmed by the crystal structures of 1 and 2.

Comparison of all the data obtained from the charac-
terisation techniques employed herein with related com-
plexes[17] leads us to conclude that zinc and nickel[17] form
dinuclear double-stranded helicates, and Co and Cu yield
mononuclear complexes with H2PTs in the solid state. In
addition, comparison of the 1H NMR spectroscopic data
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of the Zn and Cd complexes seem to indicate that the tosyl
groups behave in a similar way in both complexes and are
not directly linked to the central atom, suggesting a tetra-
hedral environment for the metal centre in both cases. This
tetrahedral environment can also be proposed for the other
complexes on the basis of the magnetic measurements and
X-ray results. Thus, the coordination preferences of the
metal ion do not seem to have a profound effect on the
disposition of the ligand and the nuclearity of the helix in
this case study.

Experimental Section

General: Elemental analysis was performed with a Carlo Erba EA
1108 analyser. The NMR spectra were recorded with a Bruker
AMX-500 spectrometer using [D6]DMSO (296 K) and CD3CN
(273 and 233 K) as solvents. Infrared spectra were recorded as KBr
pellets with a Bio-Rad FTS 135 spectrophotometer in the range
40002600 cm21. Fast atom bombardment mass spectra (FAB)
were obtained with a Kratos MS-50 mass spectrometer in m-nitro-
benzyl alcohol as a matrix. Room-temperature magnetic measure-
ments were performed using a Sherwood Scientific Magnetic Sus-
ceptibility Balance, calibrated using mercury tetrakis(isothiocyana-
to)cobaltate(II).

Syntheses: All the starting materials were purchased from Aldrich
and used without further purification. 2-(Tosylamino)benzaldehyde
was prepared according to literature methods[34] and was fully char-
acterised.[35] N,N9-Bis(2-tosylaminobenzylidene)-1,3-diaminopro-
pane (H2PTs) was synthesised as previously reported by us and
characterised by elemental analyses, melting point, IR, 1H NMR
spectroscopy and FAB mass spectroscopy and X-ray diffrac-
tion.[15,17]

Synthesis of the Metal Complexes: All complexes were prepared in
a similar way, that can be exemplified by the isolation of [Co(PTs)]
(1). A solution of H2PTs (0.1 g, 0.15 mmol) in acetonitrile (80 mL),
containing ca. 10 mg of tetramethylammonium perchlorate as the
supporting electrolyte, was electrolysed for 1.8 h using a current of
5 mA. Concentration of the resultant solution to a third of its ini-
tial volume yielded a garnet solid that was washed with diethyl
ether and dried in vacuo. Recrystallisation of the powder obtained
in acetonitrile yielded single crystals of [Co(PTs)] (1), suitable for
X-ray diffraction studies. The other complexes were obtained by
the same method, using the appropriate metal anode. In the case
of the manganese complex, the synthesis was performed in an inert
gas under an argon stream. Recrystallisation of [Cu(PTs)] in ace-
tonitrile and of [Zn(PTs)] by diffusion of ether into an acetonitrile
solution, yielded crystals suitable for single X-ray analyses of
[Cu(PTs)]·1.5CH3CN (2) and [Zn(PTs)]2·1.5H2O·CH3CN (3), re-
spectively.

CAUTION: Perchlorate salts are potentially explosive and should
therefore be handled with the appropriate care.

X-ray Crystallography: Crystals of 1 and 2, suitable for X-ray dif-
fraction studies, were grown as previously described. Data were col-
lected at 298 K using a Siemens CCD diffractometer employing
graphite-monochromated Mo-Kα (λ 5 0.71073 Å) radiation, using
the ω-scan mode. The structures were solved by direct methods[36]

and refined by full-matrix least squares on F2.[37] Absorption and
incident beam corrections were applied (Sadabs). All non-hydrogen
atoms were refined anisotropically. All hydrogen atoms were in-
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Table 5. Crystal data and structure refinement

1 2 3

Empirical formula C31H30CoN4O4S2 C34H34.5CuN5.5O4S2 C64H66N9O9.5S4Zn2

Formula mass 654.64 711.83 1372.24
Crystal system orthorhombic monoclinic monoclinic
Crystal size [mm] 0.40 3 0.20 3 0.15 0.50 3 0.4 3 0.25 0.30 3 0.25 3 0.25
a [Å] 9.292(3) 8.7453(4) 18.729(4)
b [Å] 26.518(13) 26.9760(12) 24.693(5)
c [Å] 12.458(3) 15.4879(6) 15.633(3)
α [°] 90 90 90
β [°] 90 101.1430(10) 107.097(10)
γ [°] 90 90 90
V [Å3] 3069.8(20) 3584.9(3) 6910(2)
Space group Aba2 (no. 41) P21/n (no. 14) P21/c (no. 14)
Z 4 4 4
Absorption coefficient [mm21] 0.737 0.769 0.875
Reflections collected 6232 14814 20423
Independent reflections 2689 [Rint 5 0.0375] 6312 [Rint 5 0.0719] 12646 [Rint 5 0.0608]
Final R indices [I . 2σ(I)] 0.0504 0.0733 0.0713
R indices (all data) 0.0837 0.1239 0.1412

cluded in the model at geometrically calculated positions. Single
crystals of 3 were grown as described above. Data were collected
at 173 K using a Siemens CCD diffractometer employing graphite-
monochromated Mo-Kα (λ 5 0.71073 Å) radiation, using the ϕ-
and ω-scan mode. The structure was solved by direct methods and
refined by full-matrix least squares on F2. Non-hydrogen atoms
were refined anisotropically. All hydrogen atoms were included in
calculated positions. Data processing and computation were car-
ried out using the SHELX-97 program package.[38] Experimental
details are shown in Table 5. Crystallographic data (excluding
structure factors) for the structures reported in this paper have been
deposited with the Cambridge Crystallographic Data Centre as
supplementary publication nos. CCDC-166800 to -166802. Copies
of the data can be obtained free of charge on application to CCDC,
12 Union Road, Cambridge CB2 1EZ, UK [Fax: (internat.) 1 44-
1223/336-033; E-mail: deposit@ccdc.cam.ac.uk].
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