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a b s t r a c t

Two new ligand derivatives of ferrocene, namely N-4-[3,5-di-(2-pyridyl)-1,2,4-triazoyl]ferrocene carbi-
mine (L1) and N-4-[3,5-di-(2-pyridyl)-1,2,4-triazoyl]ferrocene carbamide (L2), were synthesised in good
yields by reacting the known compound 3,5-di-pyridine-2-yl-[1,2,4]triazol-4-ylamine (1) with ferrocen-
ecarbaldehyde and chlorocarbonyl ferrocene, respectively. The structures of L1 and L2 were determined
by X-ray crystallography. The complexation of L1 and L2 with CuI, AgI, ZnII and CdII was studied by NMR
and UV–vis spectroscopies, as well as by electrochemistry, with titrations used to determine metal:ligand
stoichiometries. The cyclic voltammograms of L1 and L2 and their respective complexes indicated revers-
ible one-electron transfers corresponding to the Fc0/+ redox couple (Fc = ferrocene), with formal electrode
potentials shifting to more positive values upon metal complexation.

� 2009 Elsevier B.V. All rights reserved.
1. Introduction

The self-assembled formation of well-defined metal-containing
architectures is an ongoing topical area in supramolecular chemis-
try [1,2]. In particular, grid-type coordination arrays, which consist
of a regular array of metal cations arranged between two perpen-
dicular sets of parallel ligands, have been extensively studied over
the past years [3–6]. The resulting compounds present interesting
physico-chemical properties, such as electrochemical [7,8], optical
[8], electronic [9], magnetic [10–12] or catalytic activity [13]. The
choice of suitable ligands and metal ions is hence crucial for their
synthesis. In the case of grids, the ligands used are normally planar
and contain rigid linear spacers between the binding sites. The
choice of metal ions employed depends on the number and type
of coordinative sites of the ligand. Although the properties of
self-assembled structures have been examined in detail, electro-
chemistry has seldom been used to follow their formation. One
convenient method for doing this is to simply append or link re-
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dox-active units to ligands that can form self-assembled com-
plexes. Previously ferrocene has been utilised as a linker group
between bipyridine and quinquepyridine ligands that form heli-
cate complexes with metal ions [14,15]. More recently, the con-
trolled self-assembly of ferrocene-containing heterobimetallic
rhomboidal and hexagonal complexes and their associated electro-
chemistry were reported [16]. Here we report two new ligands (L1
and L2, Scheme 1) bearing a ferrocene (Fc) unit that were designed
primarily to investigate the possibility of forming novel redox-ac-
tive assembled structures and to monitor the formation of these
assemblies through electrochemical means. Furthermore, since it
has previously been shown that the aggregation of ferrocene-con-
taining surfactants can be controlled using the Fc0/+ redox couple
[17,18], a secondary aim was to determine whether the strength
of these inorganic assemblies could be controlled by the Fc redox
state.

As shown by our [19,20] and other more recent [14,21–24] stud-
ies on ferrocene-containing metal complexes involving heterocyclic
ligands, the ferrocene group is an ideal choice as a redox-active
moiety due to the ease in which it can be functionalised with
metal-binding ligands and its reversible electrochemistry. The
coordinative unit selected for this work was a derivative of 3,5-di-
pyridine-2-yl-[1,2,4]triazol-4-ylamine [25,26] (1, Scheme 1) and
was chosen because tetrahedral complexes of 1:1 stoichiometry
were anticipated to be not dissimilar to those obtained by Youinou
et al. in [2 � 2] grid formation with 3,6-bis(20-pyridyl)pyridazine
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Scheme 1. Synthesis of L1 and L2. (a) H2SO4conc., 5 Å molecular sieves, toluene,
reflux, 22 h, 56%. (b) Triethylamine, CH2Cl2, 0 �C to r.t., 64 h, 59%.
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[27]. Ligand 1 also presents the advantage of having a free amino
group, which can be easily coupled to the ferrocene group in differ-
ent ways.

Multinuclear complexes of AgI [28], CdII [29], ZnII [29–32], CuI

[33–36] and FeII [37] have previously been reported with 3,5-di-
2-pyridyl-1,2,4-triazole and its derivatives. Chen et al. has also
summarised the different 1:1 isomeric complexes with CuI in a tet-
rahedral coordination environment that can potentially form with
this ligand in its deprotonated state [36]. These are chair, [2 � 2]
grids, circular helicate, 41 helix, zigzag chain or 21 helix. In the case
of ligands L1 and L2, in line with previous studies on closely related
ligands [30,38] and also due to the bulkiness of the ferrocene
group, we anticipated that the nitrogen of the imine/amide groups
and the adjoining nitrogen atom on the triazole were less likely to
be coordinated. Therefore, in this study, cis-bridging [2 � 2] grids
or polymeric helices were the only 1:1 complexes in a tetrahedral
coordination environment that could reasonably be expected to
form.

In this contribution, we report the facile synthesis and in-depth
characterisation of ferrocene-containing ligands L1 and L2
(Scheme 1), including X-ray crystallographic studies. Their com-
plexation with the metal ions CuI, AgI, ZnII and CdII, as studied by
NMR and UV–vis spectroscopies and by electrochemistry, is also
reported.
Fig. 1. ORTEP plot of L1, with thermal ellipsoids drawn at the 50% probability level.
2. Results and discussion

2.1. Synthesis and characterisation of ligands

Both ligands N-4-[3,5-di-(2-pyridyl)-1,2,4-triazoyl]ferrocene
carbimine (L1) and N-4-[3,5-di-(2-pyridyl)-1,2,4-triazoyl]ferro-
cene carbamide (L2) were obtained in good yields by reacting the
known compound 3,5-di-pyridine-2-yl-[1,2,4]triazol-4-ylamine
[25,26] (1) with the commercially available ferrocenecarbaldehye
and the easy-to-prepare chlorocarbonyl ferrocene [39,40] (2),
respectively (see Scheme 1). Interestingly, both ligands did not
need to be purified by column chromatography. The main impurity
of L1, ferrocencarbaldehyde, could be easily washed away/recov-
ered due to its solubility in hexane. The poor solubility of L2 in
dichloromethane allowed the effective removal of all impurities.
The formation of L1 and L2 was confirmed unambiguously by 1H
NMR spectroscopy with, for both ligands, the disappearance of
the proton signal of the amine group of 1 at 8.51 ppm and the
appearance of the imine proton of L1 and amide proton of L2 at
8.71 ppm and 10.84 ppm, respectively. Furthermore, the presence
of L1 and L2 was further ascertained by 13C NMR spectroscopy
with two peaks at 173.02 ppm and 170.42 ppm corresponding to
the imine carbon of L1 and the amide carbon of L2, respectively.

2.2. X-ray crystallography studies [41]

Orange needles of L1 suitable for X-ray analysis were grown by
slow diffusion of ether into a solution of L1 in dichloromethane.
The crystallographic structure of L1 (see Fig. 1) reveals classical
interatomic and torsion angles for such types of bonds [42]. Hence,
the average distance between the cation Fe2+ and the carbon atoms
of the Cp ring (Cp = cyclopentadienyl) of ferrocene is about 2.04 ÅA

0

and the angle between the two Cp planes is 0.7(2)�. Of interest
for the purpose of this work, is the fact that the pyridine rings
can rotate to allow the formation of the desired grid-type
geometry.

Interestingly, two polymorphs were obtained during our at-
tempts to crystallise L2. The first polymorph crystallised in the
non-centrosymmetric orthorhombic space group Fdd2, with one
molecule in the asymmetric unit, Fig. 2. The second crystallized
in the centrosymmetric monoclinic space group P21/c, with two
independent molecules per asymmetric unit, Fig. 3. It can be seen
that there are significant structural differences between these two
polymorphs. In the orthorhombic polymorph the two nitrogen
atoms of the pyridine rings, N5 and N6, are oriented on the same
side as the two nitrogen atoms of the triazole ring, N3 and N4.
There are, therefore, no intramolecular N–H� � �N hydrogen bonds
formed. Interestingly, Fig. 2 shows clearly that ligand L2 has the
ideal geometry to form the [2 � 2] grid-type complex with the
two pyridine rings, which are almost co-planar with the triazole
ring.



Fig. 2. A view of the orthorhombic polymorph of L2 with thermal ellipsoids drawn
at the 50% probability level.

Table 1
Distances (ÅA

0

) and angles (�) formed by the H-bonds for the monoclinic polymorph of
L2. Symmetry operation used to generate the equivalent atoms: (i) = x, y � 1, z.

D–H� � �A D–H H� � �A D� � �A D–H� � �A

N1–H1A� � �N6 0.87(3) 2.36(3) 2.806(3) 112(2)
N1–H1A� � �N12i 0.87(3) 2.57(2) 3.205(2) 131(3)
N7–H7A� � �N4 0.89(2) 2.26(3) 3.070(2) 152(3)

Table 2
Shift in formal potential,a DE�0 ¼ E�0com � E�0host, for the ferrocene-centered redox couple
of selected ligand upon the addition of 1.1 equiv. of metallic cations in a mixture of
CH2Cl2:acetonitrile 1:1 V/V at ambient temperature.

Metal E�0 (L1) (mV) E�0 (L2) (mV)

ZnII +51 +53
CuI +41 +57
AgI +39 +32
CdII +45 +43

a Formal potentials, E�0 , at ambient temperature, referenced to E�0 (Fc0/+) as
internal reference, were determined as the midpoint between the anodic and
cathodic peak potentials (Epa + Epc)/2; the margin of error was ±5 mV.
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In the monoclinic polymorph the two independent molecules
have a slightly different geometry (Fig. 3) with the pyridine rings
being orientated differently with the respect to the plane of the
pyrazole ring. In the molecule involving Fe1, both pyridine N-
atoms, N5 and N6, are oriented in the direction of the nitrogen
atom (N1) of the amide group, resulting in the formation of an
intramolecular hydrogen bond with the NH group (Table 1). In
the molecule involving Fe2, only one of the pyridine N-atoms,
N11, faces the nitrogen atom (N7) of the amide group, which
Fig. 3. ORTEP plot of the two independent molecules in the monoclinic polym
hydrogen bonds to atom N4 in the first molecule (Table 1). The
two molecules are also connected via an intermolecular hydrogen
bond involving the amide (N1) H-atom and pyridine N-atom N12
(Table 1).

2.3. Metal-binding studies

All the complexes were made in situ by mixing one equivalent
of ligand with one equivalent of a metallic salt (Zn(CF3SO3)2, AgPF6,
CuPF6�4CH3CN and CdCl2 were used) in CD3CN (10 mM concentra-
tion). The choice of these metal ions was dictated by their diamag-
netic nature and their preference for a tetrahedral geometry. The
similarity of the 1H NMR spectra when different ZnII salts
(CF3SO�3 ;ClO�4 and NO�3 ) were added indicated the lack of different
competitive interactions from counter-ions. 1H NMR spectra of L1
orph of L2, with thermal ellipsoids drawn at the 50% probability level.
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Table 3
Crystallography data for the monoclinic polymorph of L2.

L2 – monoclinic polymorph

Empirical formula C23H18FeN6O
M (g mol�1) 450.28
Crystal shape Block
Colour Orange
Crystal system Monoclinic
Space group P 21/c
a (Å) 9.3188(5)
b (Å) 11.6723(4)
c (Å) 36.798(2)
a (�) 90
b (�) 92.561(5)
v (�) 90
V (Å3) 3998.6(4)
Z 8
T (K) 153(2)
k (Å) 0.71073
Dcalc (g cm�3) 1.496
l(Mo Ka) (mm�1) 0.783
Number of data measured 27 379
Unique data (Rint) 7318 (0.0604)
Observed Data [I > 2(r)I] 6257
Restraints 0
Number of parameters 567
Final R1

a, wR2
b (observed data) 0.0372, 0.1004

Final R1
a, wR2

b (all data) 0.0448, 0.1049
qmin, qmax (e Å�3) �0.504, 0.733

aR1 = R||Fo| � |Fc||/R|Fo|.
bwR2 = [Rw(F2

o � F2
c )2/Rw(F2

o)2]1/2.
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and L2 and their respective AgI, ZnII, CuI and CdII complexes are
presented in data Appendix A (Figs. S1 and S2).

It was difficult to obtain better spectra for the CuI complex of L1
and for the CdII complex of L2 as these complexes precipitated
quickly. However, for all the other complexes, significant shifts of
all the ferrocene protons were observed for both these complexes.
For all the L1 complexes, small downfield shifts in the signals for
the pyridine and ferrocene protons were observed, with the only
exception being the imine proton and the underivatised Cp ring
of the AgI complex, which underwent a small upfield shift. In addi-
tion, the changes were smaller for this complex, probably due to its
cation having only one positive charge. Similar results to those ob-
tained for L1 were found with L2, with again the underivatised Cp
of the Ag complex being upfield shifted and the pyridine protons of
metal complexes generally undertaking a downfield shift. An inter-
esting observation was the shift of the amide proton which was
+1.80 ppm for the AgI complex, +0.60 ppm for the ZnII complex
and +0.60 ppm for the CuI complex. If intramolecular H-bonding
in L2, as indicated in the solid-state from the X-ray measurements,
is also present in solution, complexation of the pyridine nitrogens
would break this interaction, with downfield shifts then indicating
extensive interaction with solvent molecules. IR spectroscopy
measurements on L2 in acetonitrile, which were undertaken to
monitor the shifts of the mN–H vibration stretch, were compounded
by the presence of signals from the solvent. However, no shift in
the amide carbonyl stretch was found upon complexation, which,
in agreement with previous studies on related ligands [19], sug-
gests that this bond does not play a role in the complexation of
these d-block metals.

In order to establish complex stoichiometries, some NMR titra-
tion experiments were undertaken by following the shift in the
most downfield ferrocene proton signal of L1 (4.68 ppm) and L2
(4.78 ppm) (ca. 5 mM, CD3CN) upon addition of aliquots of ligand.
The absence of new signals at sub-stoichiometric ratios indicated
that exchange between complexed and uncomplexed ligand was
fast on the NMR timescale. In the case of CuI, although downfield
shifts were small, it was clear that complexes of 1:1 stoichiometry
were forming (see Appendix A for example with L2) with no fur-
ther shifts observed after the addition of more than 1.0 equivalent
of the metal ion. A similar result was found in the case of ZnII,
except that the curve shape indicated that the 1:1 complex formed
via a 2:1 (ligand:metal) complex, which was clearly predominant
in the presence of half an equivalent of metal ion (see Appendix
A for example with L1). It might be possible that the coordination
of solvent or counter-anion to the ZnII ion might stabilise the for-
mation of an octahedral six-coordinate 2:1 (ligand:metal) complex,
a structure that has been previously reported by others [30,38] on
3,5-di-2-pyridyl-1,2,4-triazole derivative ligands. In fact, all the X-
ray structures of ZnII complexes reported to date with this ligand
system have solvent molecules or counter-anions coordinated to
the metal ion [29–32].

As outlined in the introduction, out of the various possible 1:1
geometries [36] with metal ions in a tetrahedral geometry that
can form with this ligand, only a [2 � 2] grid structure or a polymer
(e.g. a 21 helix) are possible in saturated complexes where both of
the heterocyclic binding sites are occupied per ferrocene molecule,
as shown schematically in Scheme 2.

In the absence of suitable crystals for X-ray crystallography,
mass spectrometry on 1:1 metal:ligand stoichiometry solutions
was used to shed further light on the structures of the complexes,
which in each case revealed fragments of metal complexes but
none at or above the molecular weight of a tetrameric assembly.

In order to get further insight into the complexation process,
UV–vis measurements were carried out in a 1:1 v/v CH2Cl2:aceto-
nitrile mixture to observe the shift of kmax of the characteristic d–d
band of the ferrocene moiety as well as the change of the absor-
bance e upon complexation. In general, changes in kmax were small
but slightly more marked for L1 with small bathochromic shifts of
up to +30 nm observed (see Table in Appendix A). In addition for
L1, a general increase in the molar extinction coefficient was more
apparent, with a visible change in colour from orange to red ob-
served upon complexation. These results suggest that the conju-
gated imine linker allows for a slightly better chromogenic
response from electronic bands associated with the ferrocene unit.

2.4. Electrochemistry

Cyclic voltammetry (CV) was performed on ligands L1 and L2 in
a 1:1 mixture by volume of CH2Cl2:MeCN to determine the effect of
the complexation on the ferrocene-centered redox couple (see
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Section 4 for further details). Their cyclic voltammograms (CV) all
indicated reversible, one-electron transfers, for which the formal
potentials, E�0, were determined as E�0L1 ¼ 241 mV and E�0L2 ¼
254 mV versus E�0(Fc0/+) (Fc = ferrocene, used as internal
reference). There was thus little dependence on E�0 by changing
the linker group from an imine to an amide.

Electrochemical data for ligands L1 and L2 in the presence of
1.1 equiv. of metal cation are presented in Table 2 (see Appendix
A for the CV of L2 in the presence of CuI). All the voltammograms
gave one-wave behaviour, demonstrating a gradual positive shift
in the ferrocene-centred redox potential upon the addition of
increasing amounts of guest. Further additions of metal ion gave
no further significant changes, in line with 1:1 complex stoichiom-
etries. As found with the NMR studies, no distinct counter-ion ef-
fect was observed in that the addition of 1.1 equiv. of three
different salts of ZnII (CF3SO�3 ;ClO�4 and NO�3 ) to a solution of L1
gave similar DE�0 values within the margin of error (+49, +55 and
51 mV, respectively).

The shifts in electrode potential confirm that complex forma-
tion can be followed electrochemically and, in line with previous
studies on the complexation of metal ions by ferrocene-containing
ligands [19,20,23,24], the positive shifts indicate that the ferrocene
centre is harder to oxidise upon complexation due to the effect of
the positively charged metal centres lying in relatively close prox-
imity to the redox centre. However, the comparison with previous
work [19,20] also suggests that the relatively small potential shifts
observed here are consistent with the metal-binding sites being lo-
cated not directly adjacent to the ferrocene unit but at the hetero-
cyclic units, in agreement with other results presented in this
study that point to only the heterocyclic groups being involved
in the formation of these 1:1 complexes.

The shifts in potential obtained for both ligands are relatively
similar and with the exception of CuI, are within the margin of er-
ror. While this supports the notion that complex geometries are
similar for both ligands, it also indicates that marginally better
electronic communication between the binding site and the ferro-
cene unit in L1, as indicated from the UV–vis studies, does not
manifest itself in the electrochemical data. This effect in ferro-
cene-based systems has been discussed in detail previously [43].
These latest findings presented here indicate that in terms of the
electrochemical sensing of metal ions, conjugated C@C links are
more effective at communicating binding events than their imine
counterparts [19,20].

The positive shifts observed in this study indicate that the com-
plexes are more weakly bound in their oxidised forms, with de-
creases in binding strength upon oxidation of up to 1 order of
magnitude (see Appendix A for further details). Such redox-
switched binding [24,44,45] is consistent with our previous work
on related H-bonded systems [46,47] and can be explained here
on electrostatic grounds. It is interesting to note however that
the high electrochemical and chemical reversibilities of the cyclic
voltammograms for each system indicate that the complexes re-
main intact upon ferrocene oxidation under the conditions used
in each experiment. This result is not unexpected in that more pro-
nounced changes might only be expected when oxidation encour-
ages phenomena such as intermolecular aggregation [17,18] or
ejection of the binding species. The latter process has been ob-
served as a result of oxidation inducing chemical changes to the
interacting components [48] or when the binding site for a highly
charged guest is located very near to the redox-active unit [49].
3. Conclusion

Two new ferrocene-containing ligands (L1 and L2) have been
synthesised, fully characterised and their structures proven by
X-ray crystallographic analysis. Their complexation with several
diamagnetic metal ions has been monitored by a number of analyt-
ical methods, with the results of these indicating the formation in
solution of 1:1 complexes with grid-like or linear geometries. The
presence of the tethered ferrocene group has allowed the complex-
ation process to be followed by electrochemistry, which has
indicated that such complexes become more weakly bound but
remain intact upon oxidation under the experimental conditions
used.

Further studies on other ferrocene-based ligands that can elec-
trochemically sense the formation of complexes with specific
geometries are currently underway in our laboratories and will
be published in due course.
4. Experimental

4.1. Materials

All reagents were purchased from commercial suppliers and
used as received without further purification. Solvents were used
with a technical purity for reactions, or, when mentioned, purified
by standard literature methods prior to use [50].

4.2. Physical measurements

NMR spectra were recorded on a Brucker AMS 400 FTP spec-
trometer or on a Bruker Advance DRX 400 MHz spectrometer with
different kinds of deuterated solvents. The chemical shifts (d) were
reported in ppm values with the residual solvent peaks used as an
internal reference. Coupling constants (J) are given in Hertz (Hz).
The following abbreviations were used: s (singlet), d (doublet), t
(triplet), m (multiplet), and b (broad). NMR titrations were carried
out by adding aliquots of a stock solution of the particular metal
ion to a solution of the ferrocene ligand, in the same solvent
(CD3CN). UV–vis spectra were recorded on a Varian Cary 50 Bio
spectrometer. UV�vis titrations were carried out by adding ali-
quots of a stock solution of the particular metal ion to a solution
of the ferrocene ligand, in the same mixture of solvent (CH2Cl2:ace-
tonitrile 1:1 by volume). The absorbance readings for the UV–vis
spectra were adjusted to take into account the dilution of the solu-
tion during the course of each experiment. Melting and decompo-
sition points were taken on a Gallenkamp apparatus in open
capillaries and are uncorrected. Elementary analyses were per-
formed by the microanalysis service of the pharmaceutical and or-
ganic chemistry laboratory of Geneva and the Engineer School of
Fribourg. Electron impact mass spectrometry was recorded on a
NERMAG RC30-10 system. The electron beam energy used to carry
out the EI was 70 eV. ESI-Mass Spectrometry was carried out using
a LCQ apparatus of Thermofinnigan, San José, California. The infra-
red spectra were obtained using a Perkin–Elmer FT-IR 1720X spec-
trometer with potassium bromide disc containing a trace of the
sample. Peaks were labelled with the following abbreviations: br
(broad), s (strong), m (medium) and w (weak).

4.3. Electrochemistry

Cyclic voltammograms were recorded at 293 K using a BAS
50 W Electrochemical Workstation. The cyclic voltammetry exper-
iments were conducted in a dry nitrogen-purged mixture 1:1 by
volume CH2Cl2:acetonitrile, with tetrabutylammoniumperchlorate
(0.1 M) as supporting electrolyte. Pt wire was used as the counter-
electrode, with a BAS Pt disc working electrode (3 mm diameter) in
combination with a BAS Ag/AgCl (3 M NaCl) reference electrode,
separated from the main cell compartment by a salt bridge. The po-
tential scan rate was 50 mV s�1.
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Caution: Although no problems were encountered in this work,
metal perchlorate salts and complexes are potentially explosive.
They must be handled with special care.

4.4. Synthesis

4.4.1. 3,5-Di-(2-pyridyl)-4-amino-1,2,4,5-triazole (1)
Compound 1 was synthesised following the procedure reported

by Geldard and Lions [51]. The analytical data of the obtained
product matched that reported by Brooker and co-workers [30].

4.4.2. N-4-[3,5-di-(2-pyridyl)-1,2,4-triazoyl]ferrocene carbimine (L1)
A mixture of ferrocenecarbaldehyde (2.52 g, 11.75 mmol), 1

(2.11 g, 8.84 mmol) and 5 Å molecular sieves (3.50 g) in anhydrous
toluene (210 ml) were heated to reflux in a three-necked flask
equipped with a magnetic stirring bar and a reflux condenser, un-
der an atmosphere of nitrogen. When the reflux started, 10 drops
of sulphuric acid 96% were added to the mixture. Every hour, 10
supplementary drops were added until all of 1 had been converted
(NMR-analysis). After a further 22 h stirring, the reaction was
cooled to room temperature and filtered on celite. The residue of
filtration was then washed with toluene (70 ml). A rapid washing
of the organic phase with water (210 ml) was carried out to re-
move any excess sulphuric acid. After evaporation to dryness, the
orange-red residual solid was washed with hexane (3 � 70 ml) to
remove the excess ferrocenecarbaldehyde. Finally a red solid was
obtained. The slow diffusion of ether into a solution of pure L1 in
dichloromethane, in a 16 mm glass tube, after approximately two
days under a nitrogen atmosphere, gave red block-like crystals
suitable for X-ray analysis. Yield: 2.15 g (56%); m.p.: 194 �C (de-
comp.). 1H NMR (CD3CN, d): 4.23 (s, 5H, CH Cp), 4.58 (m, 2H, CH
Cp), 4.70 (m, 2H, CH Cp), 7.47 (ddd, 2H, 3J = 7.8 Hz, 3J = 4.8 Hz,
4J = 1.2 Hz, CH pyridyl), 7.93 (ddd, 2H, 3J = 7.8 Hz, 4J = 1.8 Hz, CH
pyridyl), 8.10 (ddd, 2H, 3J = 7.8 Hz, 5J = 1.0 Hz, CH pyridyl), 8.59
(s, 1H, N@CH), 8.66 (ddd, 2H, 3J = 4.8 Hz, 4J = 1.8 Hz, 5J = 1.0 Hz,
CH pyridyl). 13C NMR (CDCl3, d): 70.00 (CH Cp), 72.57 (CH Cp),
74.99 (CH Cp), 77.62 (C Cp), 124.57 (CH pyridyl), 125.19 (CH pyri-
dyl), 137.11 (CH pyridyl), 147.47 (C pyridyl), 149.64 (CH pyridyl),
151.01 (C triazole), 173.02 (N@CH). ESI-MS m/z: 457 ([M+Na]+),
435 ([M+H]+). IR (KBR disc): 3425m, 3118w, 3082m, 2923m,
2853w, 1678w, 1601s, 1584s, 1566m, 1522w, 1473m, 1450s,
1429s, 1394m, 1365m, 1350m, 1281w, 1257m, 1206w, 1181w,
1147m, 1105m, 1092m, 1044m, 1034m, 994m, 976w, 899w,
821m, 791s, 740m, 716m, 700m, 670w, 647w, 619w, 599m,
520m, 502m, 461w, 403w. Anal. Calc. for FeC23H18N6�0.5H2O: C,
62.32; H, 4.32; N, 18.96. Found: C, 62.53; H, 4.09; N, 19.05%.

4.4.3. Chlorocarbonylferrocene (2)
Compound 2 was synthesised following the procedure pub-

lished by Wende and co-workers [40] and was used without fur-
ther purification for the next synthetic step.

4.4.4. N-4-[3,5-di-(2-pyridyl)-1,2,4-triazoyl]ferrocene carbamide (L2)
A solution of 2 (0.61 g, 2.45 mmol), in anhydrous dichlorometh-

ane (120 ml), was added dropwise at 0 �C over a period of 90 min
from a funnel tube, onto a mixture of triethylamine (0.27 g,
2.69 mmol), 1 (0.64 g, 2.69 mmol) and anhydrous dichloromethane
(20 ml) in a 250 ml two-necked flask equipped with a magnetic
stirring bar. The reaction was allowed to return to room tempera-
ture and stirred for 64 h. The reaction was quenched with satu-
rated NaHCO3 (90 ml) and the aqueous layer was extracted with
dichloromethane (3 � 150 ml). The combined extracts were dried
(MgSO4), filtered and the solvent removed under reduced pressure
to give an orange solid. This solid was washed with dichlorometh-
ane (3 � 5 ml) to obtain pure L2 as an orange solid. The slow diffu-
sion of ether into a solution of pure L2 in dichloromethane in a
16 mm glass tube, gave, after about three days under a nitrogen
atmosphere, orange block-like crystals suitable for X-ray analysis.
Yield: 0.65 g (59%); m.p.: 221 �C (decomp.). 1H NMR (CD3CN, d):
4.10 (s, 5H, CH Cp), 4.45 (m, 2H, CH Cp), 4.77 (m, 2H, CH Cp),
7.46 (ddd, 2H, 3J = 7.8 Hz, 3J = 4.9 Hz, 4J = 1.2 Hz,), 7.96 (ddd, 2H,
3J = 7.8 Hz, 4J = 1.7 Hz, H pyridyl), 8.18 (ddd, 2H, 3J = 7.8 Hz,
5J = 1.0 Hz, H pyridyl), 8.70 (ddd, 2H, 3J = 4.9 Hz, 4J = 1.7,
5J = 1.0 Hz, H pyridyl), 10.10 (s, 1H, NH). 13C NMR (CDCl3, d):
69.08 (CH Cp), 70.43 (CH Cp), 71.88 (CH Cp), 77.63 (C Cp), 124.51
(CH pyridyl), 125.08 (CH pyridyl), 137.85 (CH pyridyl), 147.36 (C
pyridyl), 149.22 (CH pyridyl), 152.07 (C triazole), 170.42 (CO).
ESI-MS m/z: 449 ([M�H]�). IR (KBR disc): 3256m, 3081m, 3006w,
1690s, 1677s, 1588m, 1569m, 1537m, 1520m, 1498m, 1476m,
1467m, 1446s, 1412m, 1375m, 1354w, 1312w, 1292m, 1279s,
1223w, 1180w, 1156m, 1125m, 1092m, 1052w, 1034w, 1010w,
994m, 971w, 928w, 876w, 843w, 823m, 792s, 770w, 754w,
739m, 702m, 634w, 621w, 608m, 531w, 498m, 482m, 457w,
404w. Anal. Calc. for FeC23H18N6O�0.5H2O: C, 60.15; H, 4.17; N,
18.30. Found: C, 60.44; H, 3.90; N, 18.45%.

4.4.5. Synthesis of complexes with L1 and L2
Complexes were made in situ by addition of the metal salt in

acetonitrile to the ligand in acetonitrile. The triflate or perchlorate
hexahydrate salts for ZnII, the hexafluorophosphate salt for AgI, the
chloride salt for CdII and the tetrakis(acetonitrile)hexafluorophos-
phate salt for Cu(I), were used as they are relatively soluble in this
solvent.

4.4.5.1. ZnII complex with L1. 1H NMR (CD3CN, d): 4.29 (s, b, 5H,
CpH), 4.82 (s, b, 2H, CpH), 4.96 (m, b, 2H, CpH), 7.82 (m, b, 2H, H
pyridyl), 8.30 (m, b, 2H, H pyridyl), 8.38 (m, b, 2H, H pyridyl),
8.77 (m, b, 3H, CH@N and H pyridyl).

4.4.5.2. AgI complex with L1. 1H NMR (CD3CN, d): 4.18 (s, b, 5H,
CpH), 4.73 (m, b, 2H, CpH), 4.87 (m, 2H, CpH), 7.62 (m, 2H, H pyr-
idyl), 8.08 (m, b, 2H, H pyridyl), 8.21 (m, b, 2H, H pyridyl), 8.54 (s, b,
1H, N@CH), 8.78 (m, b, 2H, H pyridyl).

4.4.5.3. CdII complex with L1. 1H NMR (CD3CN, d): 4.28 (s, b, 5H,
CpH), 4.79 (m, b, 2H, CpH), 4.94 (m, b, 2H, CpH), 7.74 (m, b, 2H,
H pyridyl), 8.24 (m, b, 2H, H pyridyl), 8.39 (m, b, 2H, H pyridyl),
8.76 (s, b, 1H, N@CH), 8.83 (m, b, 2H, H pyridyl).

4.4.5.4. ZnII complex with L2. 1H NMR (CD3CN, d): 4.20 (s, b, 5H,
CpH), 4.68 (m, b, 2H, CpH), 5.00 (m, b, 2H, CpH), 7.80 (m, b, 2H,
H pyridyl), 8.24 (m, b, 2H, H pyridyl), 8.40 (m, b, 2H, H pyridyl),
8.82 (s, b, 2H, H pyridyl), 10.71 (s, b, 1H, CONH).

4.4.5.5. AgI complex with L2. 1H NMR (CD3CN, d): 3.95 (s, b, 5H,
CpH), 4.50 (m, b, 2H, CpH), 4.89 (m, b, 2H, CpH), 7.52 (m, b, 2H,
H pyridyl), 7.97 (m, b, 2H, H pyridyl), 8.18 (m, b, 2H, H pyridyl),
8.63 (m, b, 2H, H pyridyl), 11.88 (s, b, 1H, CONH).

4.4.5.6. CuI complex with L2. 1H NMR (CD3CN, d): 4.17 (s, b, 5H,
CpH), 4.65 (m, b, 2H, CpH), 4.99 (m, b, 2H, CpH), 7.78 (m, b, 2H,
H pyridyl), 8.21 (m, b, 2H, H pyridyl), 8.39 (m, b, 2H, H pyridyl),
8.80 (m, b, 2H, H pyridyl), 10.69 (s, b, 1H, CONH).

4.5. X-ray crystallography analysis

Intensity data for the monoclinic polymorphs of L2 were col-
lected using a STOE Image Plate Diffraction System with graphite
monochromated Mo Ka radiation (k = 0.71073 ÅA

0

). The structure
was solved by Direct methods using the program SHELXS-97 [52].
The refinement and all further calculations were carried out using
SHELXL-97 [52]. The NH and NH2 H-atoms were located from
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difference Fourier maps and freely refined. The C-bound H-atoms
were included in calculated positions and treated as riding atoms
using SHELXL default parameters. The non-H atoms were refined
anisotropically, using weighted full-matrix least-squares on F2.
Multi-scan absorption corrections were applied using the MUL-
scanABS routine in PLATON [53]. Crystallographic data and refine-
ment details are summarised in Table 3. The figures are drawn
using the program PLATON [53].
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