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The N4 Schiff base ligand N,N�-bis(2-tosylaminobenzylidene)-1,2-diaminocyclohexane (H2cyTs) and its divalent
metal (Fe, Co, Ni, Cu, Zn and Cd) complexes have been prepared. Of these compounds only Zn(trans-cyTs)�3H2O
can be considered as blue luminescent (λ = 435 nm, φ = 0, 12). Either demetallation or the absence of the tosyl
groups, results in a loss of fluorescence. The X-ray crystal structures of a diastereoisomeric mixture of H2cyTs and
its (1R,2R)-enantiomer, as well as those corresponding to Cu(trans-cyTs)�MeCN and Ni(trans-cyTs)�MeCN have
been solved. The Cu() and Ni() ions assume tetrahedrally distorted square planar coordination geometries,
involving the four donor N-atoms of the dianionic ligand. The spatial disposition of both tosyl groups prevents
global consideration as an usual symmetric helicand.

Introduction
Readily-prepared N4 imine ligands, in which the spacer plays an
important role in aspects such as control of directionality of
ligand strands within a helix or its microarchitecture, have been
reported.1 In recent years, we have worked with O2N2O2 and
N4 symmetrical molecular threads useful for obtaining self-
assembled cage-like complexes 2 and bis-helicates.3,4 In this con-
text, we have designed a series of N4 Schiff bases containing a
two- or three-membered spacer, whose flexibility is conditioned
by the chain length or the presence of an aromatic ring. The
characterization of some of these Schiff bases derived from the
condensation of 2-tosylaminobenzaldehyde with aliphatic 5a,5b

or aromatic 5c diamines has been already described. The study
of the photophysical properties of this type of ligands and their
complexes has attracted our attention, since other compounds
containing sulfonamido-substituted aromatic rings have been
described as fluorescent.6,7

Recently, we have reported the syntheses and X-ray crystal
structures of [4 � 4] nickel and zinc bis-helicates, as well as
cobalt and copper mono-helicates,4 containing a N4 sym-
metrical molecular thread with a (CH2)3 spacer. Now, we are
interested in the influence of the spacer on the formation of
helicates, as well as on their fluorescence emission. We describe
herein the synthesis, X-ray crystal structure and fluorescence
emission studies of the ligand H2cyTs [N,N�-bis(2-tosylamino-
benzylidene)-1,2-diaminocyclohexane] and some of its deriv-
atives (Scheme 1). Since this is a chiral molecule, some studies
were performed on a diastereoisomeric mixture and/or its
(1R,2R)-enantiomer. The X-ray crystal structures of tetra-
hedrally distorted square-planar Cu(trans-cyTs)�MeCN and
Ni(trans-cyTs)�MeCN are also presented.

† Electronic supplementary information (ESI) available: some 13C
NMR data and UV-VIS spectra of Zn(trans-cyTs)�3H2O � TFA. See
http://www.rsc.org/suppdata/dt/b1/b107116p/

Results and discussion

Analytical data and mass spectroscopy

The found empirical formulae M(cyTs)�xH2O (M = Fe, Co or
Cu, x = 1–3), M(trans-cyTs)�xH2O (M = Ni, Zn or Cd, x = 1–3)
and Zn(trans-cy)(MeCN) suggest that the ligands are bis-
deprotonated in the neutral metal() complexes. Bearing in
mind the variety of stereoisomers that these complexes can
present, their nomenclature only specifies a cis-trans notation
when prepared from a pure ligand derivative.

The FAB mass spectra of all complexes containing cyTs2�

show intense peaks related to the presence of M� � xH2O
fragments. This points to a solvating nature rather than to a
coordinating behaviour of the water molecules. However, the
FAB mass spectrum of Zn(trans-cy)(MeCN) shows a peak
related to the presence of a M� fragment at 423.2 (8%) that
could indicate the coordination of an acetonitrile molecule to
the Zn() ion. It must be noted that no peaks attributable to
dimeric species are detected in the complex spectra.

IR spectroscopy

Most of the complexes show a shifting of 10–20 cm�1 to lower
wavenumber values of ν(C��N) (1632 cm�1 in the free ligand
spectrum). This suggests the coordination of cyTs2� through
the imine nitrogen atoms. In contrast, a slight shifting to higher
values was detected for the cobalt and copper complexes.

Other bands, attributable to ν(C–N), νas(SO2) and νs(SO2)
modes, undergo substantial negative shifts for all complexes.
This fact is in agreement with the amide N-atoms participating
in coordination to the metal ion.4

NMR studies

The 1H NMR spectra of (1R,2R)-H2cyTs, (1R,2R)-H2cy and
their diamagnetic complexes were recorded in dmso-d6 as
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Scheme 1 Schematic representation of the synthetic procedure for (1R,2R)-H2cyTs and the labelling scheme for the 1H NMR studies.

solvent. Assignment of the signals was according to our experi-
ence 4,5 and to the available literature.8–10

The disappearance of the amide protons (Ha in Scheme 1)
present in the free ligands is in agreement with the bis-
deprotonation of the Schiff base. Those protons corresponding
to the tosyl groups (Hg, Hh and Hi), as well as a doublet from
the benzylidene ring (Hc), appear shifted in the range 0.3–
0.6 ppm to lower field upon complexation. This shifting is
higher for Zn(trans-cyTs)�3H2O than for Ni(trans-cyTs)�
MeCN�3H2O. The remaining benzylidene ring protons are only
very slightly shifted upfield. The imine protons (Hb) are not
displaced after complexation, in contrast to the shift to lower
field observed for the imine protons in a bis-helicate 4b contain-
ing a very similar ligand, with a (CH2)3 spacer. Likewise, the
cyclohexane ring protons appear unaffected by the coordin-
ation, as three groups of signals, centred at about 3.6, 1.9 and
1.6 ppm, appear where equatorial and axial protons can be
anticipated.

UV-VIS absorption and fluorescence emission studies

The UV absorption spectrum of (1R,2R)-H2cyTs, which was
performed in dry acetonitrile solution, exhibits three bands (see
Experimental section). Two of them were also observed for
2-tosylaminobenzaldehyde (III, in Scheme 1). Whereas Cd()
complexation of (1R,2R)-H2cyTs does not affect λ absorption
in its UV spectrum, coordination to Zn() leads to a substantial
shift to higher values. The only spectral feature that seems to
indicate cadmium coordination is a very weak band at about
362 nm. This could be a sign of a different interaction between
(1R,2R)-cyTs2� and Cd(). The relative stability of Zn(trans-
cyTs)�3H2O and Cd(trans-cyTs)�2H2O in acidic acetonitrile
solutions was studied by addition of trifluoroacetic acid, TFA
(see ESI). † A demetallation reaction seems to occur after
addition of about 20 equivalents of TFA for Zn(trans-cyTs)�
3H2O and about four equivalents for Cd(trans-cyTs)�2H2O.
This was deduced from the appearance of the same absorption
spectrum as previously registered for the free ligand. Therefore,
the zinc complex appears to show a higher stability towards
acidity. Unfortunately, additional measurements to determine
the ligand–Zn() interaction constant were unsuccessful.

Fluorescence emission studies in acetonitrile solutions show
that 2-tosylaminobenzaldehyde III exhibits an intense lumin-
escence at about 498 nm, whilst (1R,2R)-H2cyTs, obtained from
its condensation with (1R,2R)-diaminocyclohexane shows a
residual luminescence under the same conditions. We have
found that other aliphatic spacers, such as (CH2)2 or (CH2)3, do
not prevent the fluorescence emission of their corresponding
Schiff base ligands.5 Thus, the active unit may be located on the
2-tosylaminobenzaldehyde residue, although the origin of the

fluorescence is still unknown. Anyway, the spacer seems to play
an important role in the fluorescence properties of this type of
ligand.

The chelation of Zn() to cyTs2� involves an enhancement of
the fluorescence emission (CHEF effect, i.e. Chelation Enhance-
ment of the Fluorescence), whereas the coordination of other
metal ions such as Cd() affect it only very slightly. Zn(trans-
cyTs)�3H2O shows an intense luminescence at about 435 nm in
acetonitrile solution, as its quantum yield (Φ = 0.12) indicates.
Other evidence for the relation between luminescence and the
presence of the tosylamino groups could be the non-emissivity,
under the same conditions previously used, of Zn(trans-
cy)(MeCN). This complex contains a ligand equivalent to
(1R,2R)-H2cyTs, but lacking tosyl groups.

The variation of the Zn(trans-cyTs)�3H2O fluorescence
emission with TFA can be observed in Fig. 1. The successive

addition of acid leads to a progressive decrease of the fluor-
escence that finally (above 20 equivalents of TFA) results in a
residual emission, characteristic of the free ligand. This is con-
sistent with the demetallation hypothesis mentioned above, and
points out the reversibility of the complexation reaction
depending on the acidity of the medium.

Both UV-VIS data in the solid state (diffuse reflection, DR)
and in DMF solution (see Experimental section) suggest
square-planar environments for Ni() and Cu() ions in their
corresponding complexes. However, these spectral data seem
to indicate that the coordination geometry for Co(cyTs)�
3H2O and Fe(cyTs)�2H2O could be described as pseudo-
octahedral.

Fig. 1 Normalized fluorescence emission spectra (λexc = 314 nm) for
Zn(trans-cyTs)�3H2O in acetonitrile solution showing the effect of the
number of TFA equivalents added (0, 0.5, 2, 4, 6, 14 and 20).
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Table 1 Crystal and structure refinement data

 H2cyTs (1R,2R)-H2cyTs�0.25H2O Ni(trans-cyTs)�MeCN Cu(trans-cyTs)�MeCN

Empirical formula C34H36N4O4S2 C34H36.5N4O4.25S2 C36H37N5NiO4S2 C36H37CuN5O4S2

M 628.79 633.29 726.54 731.37
Crystal system Monoclinic Monoclinic Monoclinic Monoclinic
Space group P21/c P21 P21/c P21/c
a/Å 11.2798(3) 11.4723(2) 12.673(3) 12.6852(2)
b/Å 15.2754(4) 15.3201(3) 28.740(7) 28.7169(3)
c/Å 18.9152(3) 19.1700(3) 10.0593(16) 10.2814(2)
β/� 92.921(1) 93.286(1) 104.726(16) 106.6670(10)
U/Å3 3254.92(13) 3363.72(10) 3543.5(13) 3587.96(10)
T /K 298(2) 298(2) 298(2) 293(2)
Z 4 4 4 4
µ(Mo-Kα)/mm�1 0.207 0.201 0.711 0.770
No. reflections collected 13155 14383 14866 15058
No. independent reflections 5722 11278 6282 6325
Rint 0.0662 0.0193 0.0834 0.0309
Data/restraints/parameters 5722/0/454 11278/1/806 6282/0/435 6325/0/480
R1, wR2 [I > 2σ(I )] 0.0623, 0.1127 0.0517, 0.1052 0.0549, 0.1251 0.0510, 0.1316
R1, wR2 (all data) 0.1532, 0.1456 0.0792, 0.1223 0.1057, 0.1476 0.0771, 0.1456
Residuals/e Å�3 0.164, �0.289 0.249, �0.186 0.445, �0.804 0.341, �0.435

Magnetic studies

Magnetic susceptibility measurements at room temperature for
the iron, cobalt and copper compounds give magnetic moment
values typical of magnetically diluted M() ions. Fe(cyTs)�
2H2O presents a magnetic moment very close to that expected
for a high-spin octahedral complex (5.2 µB). However, the mag-
netic moment of Co(cyTs)�3H2O (4.5 µB) is slightly lower than
that attributed to octahedrally coordinated Co() ions (4.8–
5.2 µB). Finally, the magnetic moment of Cu(cyTs)�H2O (2.0 µB)
is in accordance with a tetrahedrally distorted square-planar
geometry, as its crystal structure confirms. Likewise, its ESR
spectrum shows a line around the g = 2 region, coherent with an
axial symmetry.

Single crystal X-ray diffraction studies

H2cyTs and (1R,2R)-H2cyTs�0.25H2O. The crystal structure
of H2cyTs was solved as a mixture containing the meso, (1R,2R)
and (1S,2S ) diastereoisomers. Table 1 provides a summary of
the crystal data, data collection and refinement parameters. The
asymmetric unit contains the six carbon atoms of the 1,2-
diaminocyclohexane residue disordered in two different posi-
tions. These correspond to the trans and cis isomers of the
diamine residue, which coexist with 79.3% and 20.7% occupa-
tion sites, respectively. The trans molecules are responsible for
the presence of the (1R,2R) isomer in the asymmetric unit, its
(1S,2S ) enantiomer being symmetry generated. The cis isomer,
which is denoted by ’ in the labelling scheme, yields the meso
form. All the diastereoisomers show a chair conformation and
Fig. 2 shows these three possibilities for the diamine residue.
Some selected bond distances and angles are listed in Table 2
for the different molecules.

Fig. 2 Schematic and PLUTO-style representations of the 1,2-
diaminocyclohexane residue for the three H2cyTs diastereoisomers:
(a) meso-H2cyTs; (b) (1R,2R)-H2cyTs and (c) (1S,2S )-H2cyTs.

As a result of the complexity induced by the presence of an
adiastereoisomeric mixture for some experiments, the pure
(1R,2R)-H2cyTs enantiomer was subsequently synthesized and
its crystal structure was also determined. In this case, the
asymmetric unit comprises two crystallographically distinct,
but chemically equivalent ligand units, as well as a water
molecule with a half occupation site. The two ligand units
(denoted by “a” and “b” in the numbering scheme) are in a very
similar conformation to that previously found for H2cyTs.
These three ligand units show many similarities, so that only
one of them (that labelled with “a”) has been represented in
Fig. 3. Therefore, we will simultaneously discuss general

features of the molecular structures. Bond lengths and angles
are within the range found in other very similar and previously
characterized compounds 4,5,11 and do not merit further
discussion.

The packing scheme and spatial molecular arrangement are
controlled by weak interactions, in which the tosyl groups are
involved. Thus, face to face π-stacking seems to exist between
both terminal tosyl rings (Fig. 3), whose centers are ca. 4.1 Å
apart. Likewise, edge to face interactions can be observed

Fig. 3 ORTEP view (30% probability) of molecule “a”, present in the
asymmetric unit of (1R,2R)-H2cyTs�0.25H2O. Parentheses are omitted
for clarity.
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Table 2 Selected distances (Å) and angles (�) for the ligands H2cyTs and (1R,2R)-H2cyTs�0.25H2O

 H2cyTs (1R,2R)-H2cyTs�0.25H2O

 (1R,2R), (1S,2S ) meso (�) (a) (b)

N(2)–C(14) 1.267(4)  1.262(4) 1.260(4)
N(2)–C(15) 1.405(8) 1.89(3) 1.465(4) 1.469(4)
N(3)–C(20) 1.482(9) 1.49(3) 1.469(4) 1.468(4)
N(3)–C(21) 1.266(4)  1.259(4) 1.264(4)
S(1)–N(1) 1.626(3)  1.628(3) 1.623(3)
S(1)–O(1) 1.440(3)  1.410(3) 1.421(3)
S(1)–O(2) 1.426(3)  1.444(3) 1.420(3)
S(2)–N(4) 1.629(3)  1.628(3) 1.637(3)
S(2)–O(3) 1.431(3)  1.425(3) 1.432(3)
S(2)–O(4) 1.436(3)  1.435(3) 1.431(3)

 
C(14)–N(2)–C(15) 118.4(5) 116.0(14) 117.2(3) 118.5(3)
C(20)–N(3)–C(21) 115.8(5) 130.5(13) 119.0(3) 118.8(3)
S(1)–N(1)–C(8) 128.8(3)  126.1(2) 127.7(2)
S(2)–N(4)–C(27) 127.5(3)  127.7(3) 127.6(3)
O(1)–S(1)–O(2) 120.8(2)  120.0(2) 120.8(2)
O(3)–S(2)–O(4) 120.35(18)  118.9(2) 119.7(2)

 
N(2)–C(15)–C(20)–N(3) �62.1(7) �51(3) �60.2(3) �62.1(4)
C(14)–N(2)–C(15)–C(20) 160.4(5) 162(2) 143.9(3) 149.7(3)
C(21)–N(3)–C(20)–C(15) 136.3(5) 140(2) 134.0(3) 138.0(3)

 
N(2) � � � N(3) 2.852(5)  2.866(4) 2.882(4)
N(1) � � � N(4) 5.346(5)  5.751(4) 5.786(4)
N(1) � � � N(2) 2.629(4)  2.669(4) 2.642(4)
N(3) � � � N(4) 2.634(4)  2.639(4) 2.632(4)
O(2) � � � O(1w)   2.995(15)  

between the tosyl and benzylidene rings, their centroids being at
a distance of 4.9 Å. No intramolecular π-stacking interactions
have been observed in related imines with other aliphatic spac-
ers,5a,5b such as (CH2)3 or (CH2)2, where both tosyl groups were
arranged in opposing positions in a pseudo-stepped conform-
ation. In this case, the cyclic central spacer lacks flexibility and
its subsequent inability to turn, leads the Schiff base to wrap
around itself, which seems to form a sort of cavity (Fig. 4).

This spatial arrangement of (1R,2R)-H2cyTs (Fig. 4a) sug-
gests that, with a simple torsion around the azomethine groups
and the subsequent repulsion of the tosyl groups, this ligand
could provide a single pseudo-planar N4 compartment. Both
(1R,2R) and (1S,2S ) enantiomers, with their imine N-atoms in
equatorial positions seem to favour a helical conformation and
they are probably suitable for accommodating a metal centre in
a pseudo-planar environment. However, the imine N-atoms are
in both equatorial and axial positions in the meso diastereo-
isomer (Fig. 4b). Consequently, the flexibility required to
coordinate a unique metal ion would need a high distortion of
the cyclohexane ring, which may even promote a conform-
ational change. This could lead the ligand to favour N2 � N2

chelation to two different metal centres, as found in the liter-
ature,10 although in our case, the steric hindrance promoted by
the terminal tosyl groups probably disfavours this arrangement.

Fig. 4 Stick view of: (a) (1R,2R)-H2cyTs and (b) meso-H2cyTs,
showing the N4 cavity in the solid state packing. The atom positions
have been selected from the crystal structure of the diastereoisomeric
mixture of H2cyTs.

Cu(trans-cyTs)�MeCN and Ni(trans-cyTs)�MeCN. Firstly, we
must point out that a joint discussion was considered the most
suitable, due to the structural similarities observed between
these two complexes. Their crystal and refinement data are
included in Table 1.

Slow evaporation at room temperature of saturated
acetonitrile solutions of Cu(cyTs)�H2O and Ni(trans-cyTs)�
MeCN�3H2O allow the isolation of crystals of Cu(trans-cyTs)�
MeCN and Ni(trans-cyTs)�MeCN, respectively, suitable for
single crystal X-ray diffraction studies. These have determined
that their asymmetric units consist of discrete molecules of
M(trans-cyTs) (M = Ni or Cu) and a solvated acetonitrile
molecule. This is disordered in the case of Cu(trans-cyTs)�
MeCN, since its terminal C-atom occupies two different sites
(61.0 and 39.0%). The absence of hydrogen or π-stacking inter-
actions leads to a weak packing scheme, which allows the pres-
ence of relatively significant vacant spaces, which are occupied
by occluded solvent molecules.

The molecular structure of Ni(trans-cyTs)�MeCN is repre-
sented in Fig. 5, and the most significant bond distances and
angles are included in Table 3. Despite preparing this complex
with the pure (1R,2R)-H2cyTs, and the asymmetric unit
containing this form, the (1S,2S ) derivative can be symmetry
generated. This reveals that complexation implied a conform-
ational change for 50% of the ligand molecules, at least in this
case. This has lead to the fact that, although the complex was
prepared with pure (1R,2R)-H2cyTs, it had been denoted trans.

With regard to Cu(trans-cyTs)�MeCN, its 1,2-diaminocyclo-
hexane residue shows four of its C-atoms on two different sites
with calculated 52.7% and 47.3% occupation factors, corre-
sponding to both (1R,2R) and (1S,2S ) derivatives, respectively.
No occurrence of the cis derivative was detected, so that this
complex was also denoted trans. Those atoms corresponding to
the (1S,2S ) enantiomer derivative are denoted by ’ in the label-
ling scheme. Both derivatives are represented in Fig. 6a and 6b,
with the atom labelling scheme used in Table 3, which lists the
most relevant bond distances and angles.

The Ni–N bond distances are noteworthy since they are
shorter than the average values found for other nickel com-
plexes with N-donor ligands also containing tosyl groups.4a,12
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Table 3 Selected bond distances and angles for Ni(trans-cyTs)�MeCN and Cu(trans-cyTs)�MeCN

Ni(trans-cyTs)�MeCN Cu(trans-cyTs)�MeCN

Ni(1)–N(1) 1.925(3) Cu(1)–N(1) 1.960(3)
Ni(1)–N(2) 1.883(3) Cu(1)–N(2) 1.963(3)
Ni(1)–N(3) 1.871(3) Cu(1)–N(3) 1.952(3)
Ni(1)–N(4) 1.919(3) Cu(1)–N(4) 1.966(3)
N(2)–C(14) 1.281(5) N(2)–C(14) 1.282(5)
N(2)–C(15) 1.477(5) N(2)–C(15) 1.542(10)
  N(2)–C(15�) 1.523(14)
N(3)–C(20) 1.476(5) N(3)–C(20) 1.569(9)
  N(3)–C(20�) 1.524(12)
N(3)–C(21) 1.287(5) N(3)–C(21) 1.273(5)
N(1)–S(1) 1.611(3) N(1)–S(1) 1.593(3)
N(4)–S(2) 1.613(4) N(4)–S(2) 1.597(3)
 
N(2)–Ni(1)–N(1) 91.13(14) N(2)–Cu(1)–N(1) 88.67(13)
N(2)–Ni(1)–N(4) 167.53(15) N(2)–Cu(1)–N(4) 157.72(16)
N(3)–Ni(1)–N(1) 167.88(15) N(3)–Cu(1)–N(1) 158.16(15)
N(3)–Ni(1)–N(2) 85.84(14) N(3)–Cu(1)–N(2) 83.74(13)
N(3)–Ni(1)–N(4) 89.83(14) N(3)–Cu(1)–N(4) 90.66(13)
N(4)–Ni(1)–N(1) 95.42(15) N(4)–Cu(1)–N(1) 103.57(13)
 
N(2)–C(15)–C(20)–N(3) �41.0(4) N(2)–C(15)–C(20)–N(3) �54.4(10)
  N(2)–C(15�)–C(20�)–N(3) 63.5(16)
C(14)–N(2)–C(15)–C(20) �142.4(4) C(14)–N(2)–C(15)–C(20) �144.7(7)
  C(14)–N(2)–C(15�)–C(20�) 153.7(10)
C(21)–N(3)–C(20)–C(15) �138.4(4) C(21)–N(3)–C(20)–C(15) �151.7(7)
  C(21)–N(3)–C(20�)–C(15�) 145.9(10)
 
N(1) � � � N(2) 2.720 N(1) � � � N(2) 2.741
N(1) � � � N(4) 2.844 N(1) � � � N(4) 3.084
N(2) � � � N(3) 2.557 N(2) � � � N(3) 2.613
N(3) � � � N(4) 2.676 N(3) � � � N(4) 2.786

The Cu–N bond distances are also slightly shorter than those
found for related complexes.13,14 They are also slightly shorter
than those corresponding to other copper complexes contain-
ing a related dianionic ligand with a three-methylene spacer.4b

The steric hindrance promoted by the bulky tosyl groups, leads
to long M � � � M distances that avoid any interaction between
the metal centres.

Both Ni() and Cu() ions assume a tetrahedrally distorted
square planar coordination geometry, involving the four
N-atoms of the dianionic ligand. This tetrahedral distortion is
rather pronounced for the Cu() chromophore, which is
deduced from the values of the half-stepped distances displayed
by a least-squares calculated plane [�0.3022(17), �0.3635(21),
�0.3576(21), �0.2964(17) Å and �0.1743(16), �0.1948(18),
�0.1980(18), �0.1774(16) Å for N(1), N(2), N(3) and N(4), in
Cu(trans-cyTs)�MeCN and Ni(trans-cyTs)�MeCN, respect-
ively]. The dihedral angle of only about 13.44(14)� (25.10(12)�

Fig. 5 ORTEP view of the P helicate present in the Ni(trans-cyTs)�
MeCN crystal structure. Ellipsoids are drawn at 40% probability.

for the Cu() complex) formed by the two opposite six-
membered chelate rings also shows a less severe tetrahedral
distortion for the Ni() complex.

The five-membered chelate ring formed by the trans-
diaminecyclohexane residue and the metal ion in Ni(trans-
cyTs)�MeCN, is the least planar ring, the farthest atoms from
the plane appearing at about ±0.22 Å. This calculated plane
forms dihedral angles of near 26.45(24)� and 32.50(20)� with
the other two six-membered chelate rings (Fig. 7), which are
slightly different to those formed by the (1R,2R) derivative
in Cu(trans-cyTs) (ca. 27.4 and 18.17�). The N(2)C(15�)-
C(20�)N(3) chelate ring corresponding to the (1S,2S ) derivative
of Cu(trans-cyTs)�MeCN is slightly less planar (maximum half-
step distances about ±0.37 Å) than that found for the (1R,2R)
derivative, with farthest atoms at about ±0.32 Å. However, this
calculated plane forms rather smaller dihedral angles with the
two opposite six-membered chelate rings (15.98(50)� and
9.52(82)�). These arrangements lead one to consider a helical
conformation of the N4 donor ligand, which is wrapping
around the metal centres (Fig. 7). The different spatial dis-
position of both tosyl groups prevents global consideration as
an usual symmetric helicand thread. Despite the smaller angles
formed by the chelate rings in the case of the (1S,2S ) derivative,
the spacer is clearly protruding from the helix.

The metal ion size and its stereochemical preferences are
crucial in microarchitecture selection. A sign of this influence
could be provided by a similar ligand, but containing a (CH2)3

spacer, that gives rise to Co() and Cu() mono-helicates 4b and
to a nickel() bis-helicate.4a These results could have been
induced by the effective ionic radii 15 of tetracoordinated Co2�

(72 pm), Cu2� (71 pm) and Ni2� (63–69 pm), and by a flexible
spacer that allows a N2 � N2 binucleating behaviour. This is
also an example of the significance of the spacer length and
flexibility. In our present case, the short cyclic spacer and its
inability to turn give reduced flexibility, which seems to prevent
binucleating behaviour, and only mono-helicates could be
obtained with cyTs2� containing the trans spacer derivatives.
Although dinuclear complexes could be prepared with ligands
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derived from the cis isomer of the spacer,10 this does not happen
in our Cu() complex.

Aspects related to helicity, such as wrapping angle, pitch or
chirality, among others, could be discussed and compared with
those corresponding to Cu(PTs)�1.5MeCN.4b Since both wrap-
ping angle and pitch can significantly change their values
depending on different considerations, such as the actual helix
extremities or the helical axis declination, only qualitative
aspects will be considered.

Neither Cu(trans-cyTs)�MeCN nor Ni(trans-cyTs)�MeCN,
complete a twist around the metal centre if we only heed the
donor atoms, so that both wrapping angles would be less than
360�. However, if we consider the whole ligand, the tosyl groups
slightly exceed this value, as Fig. 7 shows. In that sense, we
could indicate the S � � � S distances as being a close value to the
pitch, being ca. 4.594 and 4.508 Å, for Cu(trans-cyTs)�MeCN
and Ni(trans-cyTs)�MeCN, respectively. In both cases, the
wrapping angles are significantly lower than that found for
Cu(PTs)�1.5MeCN, which is probably related to a considerably
higher chelate angle, induced by the (CH2)3 spacer [97.9(2)�].
Likewise, from the comparison of those angles formed by the
different chelate planes corresponding to Cu(PTs)�1.5MeCN
(Fig 7d), we can deduce a longer pitch. The short pitch could

Fig. 6 ORTEP view of the two helicates simultaneously contained in
the Cu(trans-cyTs)�MeCN asymmetric unit: (a) the (1R,2R)-P and
(b) the (1S,2S )-P. The atom positions of the spacer have been selected
from the disordered crystal structure of Cu(trans-cyTs)�MeCN.
Ellipsoids are drawn at 40% probability and parentheses are omitted for
clarity.

cause the difference observed for the tosyl group conform-
ations, since the shorter is the pitch the higher seems to be
their steric hindrance.

With respect to the chirality, it is known that metal-assisted
assembly of helicates gives a racemic mixture of Plus (P) and
Minus (M ) helices,16,17 although several chiral ligands have been
designed to achieve selective formation of P or M helicates.18 In
our case, this type of diastereoisomeric excess has not occurred.
The asymmetric units of both metal complexes contain the P
helices, but the M forms can be symmetry generated. Thus, we
have obtained a racemic mixture of (1R,2R)-P and (1S,2S )-M
helices for Ni(trans-cyTs)�MeCN.

When we used the described diastereoisomeric mixture of
H2cyts, vide supra, to interact with Cu() ions only the trans
derivatives yielded Cu() complexes. In the asymmetric unit we
can find both (1R,2R)- and (1S,2S )-P helices, which are
symmetry-related to (1S,2S )-and (1R,2R)-M helices, respect-
ively. This makes a total of four diastereoisomers for this com-
pound. In this sense, we must point out that despite this no P or
M diastereoisomeric excess can be detected for Cu(trans-cyTs),
the majority (52.7%) of diastereoisomers are (1R,2R)-P, and
(1S,2S )-M, which contain the chair-conformed spacer (Fig. 7)
lying down on the helix.

Conclusion
The packing scheme and spatial molecular arrangement of the
ligand crystal structures are controlled by π-stacking inter-
actions, in which the tosyl groups are involved. Both (1R,2R)
and (1S,2S ) derivatives were found for Ni() and Cu() com-
plexes, but no presence of the meso diastereoisomer was
detected. Both Ni() and Cu() ions assume a tetrahedrally
distorted square planar coordination geometry, involving the
four N-atoms of the dianionic ligand. This tetrahedral distor-
tion is rather pronounced for the Cu() chromophore. The
N4 donor ligand displays a helical conformation, where the
different spatial arrangement of the tosyl groups prevents
global consideration as an usual symmetric helicand thread. We
have obtained a racemic mixture of (1R,2R)-P and (1S,2S )-M
helices for Ni(trans-cyTs)�MeCN, whereas (1R,2R)-M, (1S,2S )-

Fig. 7 Stick view of P helicates for: (a) Ni(1R,2R-cyTs), (b)
Cu(1R,2R-cyTs), (c) Cu(1S,2S-cyTs) and (d) Cu(PTs).4b PTs2� = N,N�-
bis(2-tosylaminobenylidene)-1,3-diaminopropane.
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M, (1S,2S )-P and (1R,2R)-P helices could be found for
Cu(trans-cyTs)�MeCN.

Preliminary photophysical studies point to a relation
between fluorescence and the presence of the tosylamino
groups. The 1,2-diaminocyclohexane spacer avoids lumin-
escence, whereas other spacers such as 1,2-diaminoethane or
1,3-diaminopropane do not prevent the fluorescence emission
of their corresponding free ligands. Only the chelation of Zn()
to cyTs2� involves an enhancement of the fluorescence
emission.

Experimental

Materials and methods

Chemicals of the highest commercial grade available (Aldrich)
were used as received. Iron, cobalt, nickel, copper, zinc and
cadmium metals (Aldrich) were used as plates and washed with
a dilute solution of hydrochloric acid prior to electrolysis.

Elemental analyses were performed on a Carlo Erba EA 1108
analyser. The NMR spectra were recorded on Bruker DPX-250
and DRX-500 spectrometers, using dmso-d6 as solvent. Infra-
red spectra were recorded in the range of 4000–600 cm�1, as
KBr pellets on a Bio-Rad FTS 135 spectrophotometer. Mass
spectra (FAB) were performed on a Micromass Autospec mass
spectrometer, employing m-nitrobenzyl alcohol as matrix.

UV and fluorescence studies were carried out in 10�5 M
acetonitrile solutions. Trifluoroacetic acid (TFA) was added
(0–38 equivalents) to promote complex protonation. TFA was
gradually added to the complex solution and the corresponding
spectra were registered. The addition was interrupted when any
change in absorption or emission spectra was observed. UV
absorption spectra (200–400 nm) were recorded on a Perkin-
Elmer Lambda 6 spectrophotometer and fluorescence emission
spectra on a SPEX F111 Fluorolog spectrofluorimeter. Diffuse
reflectance spectra were recorded on a Shimadzu UV-3103 PC
spectrophotometer. UV-VIS spectra in DMF solution were
registered on a HP 8452. A Varian E-109 spectrometer system
was used to perform ESR measurements at 300 K.

X-Ray diffraction studies

The structure determinations were performed at room temper-
ature on a Siemens CCD Diffractometer, using graphite-
monochromated Mo-Kα radiation (λ = 0.71073 Å) from a fine
focus sealed tube source. The structures were solved using
Siemens SHELXTL-PC software 19 by direct methods and
refined by full-matrix least-squares methods on F 2. All non-
hydrogen atoms were anisotropically refined. All hydrogen
atoms were included in the model at geometrically calculated
positions and refined using a riding model. In the case of dis-
ordered atoms, their occupation sites were allowed to refine.
Table 1 provides a summary of the crystal data, data collection
and refinement parameters. Molecular graphics were represented
by Ortep-3 for Windows 20 and RasWin.21

CCDC reference numbers 155428, 155429, 168560 and
168561.

See http://www.rsc.org/suppdata/dt/b1/b107116p/ for crystal-
lographic data in CIF or other electronic format.

Ligand syntheses

H2cyTs and (1R,2R)-H2cyTs. N,N�-Bis(2-tosylaminobenzyl-
idene)-1,2-diaminocyclohexane was prepared with an overall
yield of 80%, following a three-step procedure (Scheme 1) as
previously described.5–7

The first step involves the oxidation of I to give 2-amino-
benzaldehyde (II).22 Subsequently, the N-tosylation of II with
tosyl chloride afforded III. Finally, a mixture of cis- and trans-
1,2-diaminocyclohexane (0.204 g, 1.79 mmol) was added to a
chloroform solution (150 cm3) of III (1 g, 3.58 mmol). This

mixture was heated (70 �C) and the volume of the solution was
reduced to ca. 50 cm3 over a 3 h period, using a Dean–
Stark trap. The resultant yellow solution was filtered and then
concentrated. The resultant powdery solid was collected by fil-
tration, washed with diethyl ether (3 cm3), and dried in vacuo.
The (1R,2R)-(�)-isomer of the diamine was employed to pre-
pare, with an identical procedure, the corresponding (1R,2R)-
H2cyTs ligand. Needle crystals of H2cyTs and prismatic crystals
of (1R,2R)-H2cyTs�0.25H2O, suitable for X-ray diffraction
studies, were obtained by slow evaporation of saturated chloro-
form solutions of the corresponding powdery compounds.
Yield 0.90 g (80%); mp 176 �C; dark-yellow solid. Found: C,
64.8; H, 5.8; N, 8.9; S, 10.1. Calc. for C34H36N4O4S2: C, 64.9; H,
5.8; N, 8.9; S, 10.2%. IR spectroscopy (KBr, cm�1): ν(N–H)
3431(w), ν(C��N) 1632(s), ν(C–N) 1335(s), νas(SO2) 1289(s),
νs(SO2) 1157(s). FAB (m/z): 628.8 (100%, M�). 1H NMR (500
MHz, dmso-d6, ppm): 13.22 (s, 2H, Ha), 8.62 (s, 2H, Hb), 7.41
(d, 4H, Hg), 7.36–7.31 (m, 6H, Hc, Hf, He), 7.01 (t, 2H, Hd), 6.66
(d, 4H, Hh), 3.53 (m, 2H, Hj), 1.99 (s, 6H, Hi), 1.96–1.86 (m, 4H,
Hk), 1.71–1.52 (m, 4H, Hl). 

13C NMR data are deposited as
ESI. † Fluorescence (MeCN, nm): 439(vw). UV (MeCN, nm):
222(vs), 260(s), 313(m).

(1R,2R)-H2cy. N,N�-Bis(2-aminobenzylidene)-1,2-diamino-
cyclohexane was prepared by condensation of 2-amino-
benzaldehyde (0.43 g, 3.58 mmol) with (1R,2R)-
diaminocyclohexane (0.204 g, 1.79 mmol). Orange solid. Yield
0.47 g (83%). Found: C, 75.1; H, 7.6; N, 17.3. Calc. for
C20H24N4: C, 74.9; H, 7.5; N, 17.5%. FAB (m/z): 321.2 (100%,
M�); 1H NMR (250 MHz, dmso-d6, ppm): 8.25 (s, 2H, Hb),
7.11–7.07 (d, 2H, Hc), 7.00 (t, 2H, He), 6.60 (d, 2H, Hf), 6.45 (t,
2H, Hd), 3.21–3.17 (m, 2H, Hj), 1.82–1.80 (m, 4H, Hk), 1.66–
1.39 (m, 4H, Hl); 

13C NMR data are deposited as ESI.† UV
(MeCN, nm): 224(vs), 260(s), 343(m).

Complexes syntheses

Complexes have been obtained by an electrochemical method,23

in which a metal anode was oxidized in an acetonitrile solution
of H2cyTs or (1R,2R)-H2cy. A typical preparation is outlined
below, e.g. Fe(cyTs)�2H2O. The cell can be summarized as:
Fe(�)|H2cyTs � MeCN � NMe4ClO4|Pt(�). An acetonitrile solu-
tion (80 cm3) of H2cyTs (100 mg, 0.159 mmol), containing
about 10 mg of tetramethylammonium perchlorate, was electro-
lyzed for 1.7 h using a current intensity of 5 mA and a voltage
of 9.3 V. A platinum wire was used as cathode and an iron sheet
as anode. (CAUTION: Although no problem has been
encountered in this work, all perchlorate compounds are poten-
tially explosive, and should be handled in small quantities and
with great care!) Filtration and concentration of the resulting
solution to a third of its initial volume yielded a yellow solid
that was washed with diethyl ether and vacuum dried.

We have isolated, with high purity and yield, the correspond-
ing complexes M(cyTs)�xH2O (M = Fe, Co or Cu, x = 1–3),
M(trans-cyTs)�xH2O (M = Ni, Zn or Cd, x = 1–3) and Zn(trans-
cy)(MeCN). Prismatic crystals of Cu(trans-cyTs)�MeCN and
Ni(trans-cyTs)�MeCN suitable for X-ray studies were obtained
by slow evaporation of Cu(cyTs)�H2O and Ni(trans-cyTs)�
MeCN�3H2O acetonitrile solutions, respectively.

Fe(cyTs)�2H2O. Red solid. Yield 0.08 g (75%). Found: C,
56.6; H, 5.5; N, 7.9; S, 8.6. Calc. for C34H38FeN4O6S2: C, 56.8;
H, 5.3; N, 7.8; S, 8.9%. IR (KBr, cm�1): ν(C��N) 1620(s), ν(C–N)
1288(s), νas(SO2) 1260(s), νs(SO2) 1133(s). FAB (m/z): 682,1 (2%,
M� � 2H2O). Magnetic moment: 5.1 µB. DR (nm): 1130 (5Eg 
5T2g).

Co(cyTs)�3H2O. Dark red solid. Yield 0.09 g (80%). Found:
C, 54.6; H, 5.5; N, 7.8; S, 8.1. Calc. for C34CoH40N4O7S2: C,
55.1; H, 5.4; N, 7.6; S, 8.6%. IR (KBr, cm�1): ν(C��N) 1634(s),
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ν(C–N) 1285(s), νas(SO2) 1266(s), νs(SO2) 1128(s). FAB (m/z):
685.1 (37%, M� � 3H2O). Magnetic moment: 4.5 µB. DR (nm):
1320 (4T2g  4T1g), 540 [4T1g(P)  4T21g(F)]. UV-VIS (DMF,
nm): 545 [4T1g(P)  4T21g(F)].

Ni(trans-cyTs)�MeCN�3H2O. Greenish brown solid. Yield
0.10 g (83%). Found: C, 55.8; H, 5.9; N, 8.8; S, 8.6. Calc. for
C36H43N5NiO7S2: C, 55.4; H, 5.5; N, 8.9; S, 8.2%. IR (KBr,
cm�1): ν(C��N) 1613(s), ν(C–N) 1289(s), νas(SO2) 1262(s),
νs(SO2) 1138(s). FAB (m/z): 685.2 (19%, M� � MeCN � 3H2O).
1H NMR (250 MHz, dmso-d6, ppm): 8.63 (s, 2H, Hb), 7.57 (d,
4H, Hg), 7.43–7.26 (m, 6H, Hc, Hf, He), 7.11 (d, 4H, Hh), 7.06 (t,
2H, Hd), 3.57–3.52 (m, 2H, Hj), 2.27 (s, 6H, Hi), 2.18–2.16 (m,
4H, Hk), 1.90–1.78 (m, 4H, Hl). DR (nm): 550 (1E1g  1A1g).
UV-VIS (DMF, nm): 560 (1E1g  1A1g).

Cu(cyTs)�H2O. Dark green solid. Yield 0.10 g (87%). Found:
C, 57.2; H, 5.1; N, 7.9; S, 8.8. Calc. for C34CuH36N4O5S2: C,
57.3; H, 5.0; N, 7.8; S, 9.0%. IR (KBr, cm�1): ν(C��N) 1640(s),
ν(C–N) 1281(s), νas(SO2) 1257(s), νs(SO2) 1134(s). FAB (m/z):
690.3 (100%, M� � H2O). Magnetic moment: 2.0 µB. DR (nm):
560. UV-VIS (DMF, nm): 565. ESR (powder, 300 K, g): 2.05.

Zn(trans-cyTs)�3H2O. Pale-yellow solid. Yield 0.09 g (75%).
Found: C, 54.4; H, 5.0; N, 7.4; S, 8.8. Calc. for C34H40N4-
O7S2Zn: C, 54.7; H, 5.3; N, 7.5; S, 8.6%. IR (KBr, cm�1): ν(C��N)
1621(s), ν(C–N) 1293(s), νas(SO2) 1262(s), νs(SO2) 1138(s). FAB
(m/z): 691.1 (100%, M� � 3H2O). 1H NMR (500 MHz, dmso-
d6, ppm): 8.61 (s, 2H, Hb), 7.72 (d, 4H, Hg), 7.63 (d, 2H, Hc),
7.30 (t, 2H, He), 7.25 (m, 6H, Hh, Hf), 6.98 (t, 2H, Hd), 3.59–
3.57 (m, 2H, Hj), 2.33 (s, 6H, Hi), 1.95 (m. 4H, Hk), 1.55–1.45
(m, 4H, Hl). 

13C NMR data are deposited as ESI. † UV (MeCN,
nm): 230(vs), 275(s), 346(m). Fluorescence (MeCN, nm):
435(s).

Cd(trans-cyTs)�2H2O. Pale-yellow solid. Yield 0.10 g (81%).
Found: C, 52.4; H, 4.7; N, 7.2; S, 8.3. Calc. for C34CdH38-
N4O6S2: C, 52.6; H, 4.9; N, 7.2; S, 8.2%. IR (KBr, cm�1): ν(C��N)
1617(s), ν(C–N) 1294(s), νas(SO2) 1255(s), νs(SO2) 1126(s). FAB
(m/z): 740.1 (4%, M� � 2H2O). UV (MeCN, nm): 223(vs),
260(s), 315(m), 362(vw). Fluorescence (MeCN, nm): 430(vw).

Zn(trans-cy)(MeCN). Pale-yellow solid. Yield 0.08 g (70%).
Found: C, 62.0; H, 5.6; N, 16.7. Calc. for C22H27N5Zn: C, 62.1;
H, 5.8; N, 16.5%. FAB (m/z): 423.2 (8%, M�). 1H NMR (250
MHz, dmso-d6, ppm): 8.30 (s, 2H, Hb), 7.47 (d, 2H, Hc), 7.24 (t,
2H, He), 7.11 (d, 2H, Hf), 7.02 (t, 2H, Hd), 3.90 (m, 2H, Hj),
1.91–1.55 (m, 8H, Hk, Hl). UV (MeCN, nm): 223(vs), 313(vw).
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