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The NiII complexes of cyclen- and cyclam-pyridine (respectively 1-pyridin-2-ylmethyl-1,4,7,10-

tetraazacyclododecane and 1-pyridin-2-ylmethyl-1,4,8,11-tetraazacyclotetradecane denoted

[NiIIL1]21 and [NiIIL2]21) have been isolated and characterised by X-ray diffraction, UV-visible

spectroscopy and electrochemical studies for the [NiIIL2]21 complex. In particular, the [NiII L2]21

complex adopts two distinct and stable geometries (type I and V), which mainly differ by the

macrocycle configuration. In solution, the isomerisation process between these two configurations

is driven by the nickel-centered electron transfer.

Introduction

Macrocyclic polyamines, like cyclen or cyclam, bearing co-

ordinating pendant arms have attracted a lot of attention1

since they can be involved in numerous fields ranging from

diagnostic and nuclear medicine2 to waste-water treatment.3

Generally, the additional donor groups of the pendant arms

improve the thermodynamic and the kinetic stability of the

metallic complex. This property is crucial in particular for

medical purposes since the in vivometal release must be strictly

avoided. A good example to illustrate this aspect is the

coordination of the GdIII cation by the tetraacetate cyclen

ligand: the corresponding [Gd(DOTA)H2O]� complex is cur-

rently one of the most stable and inert gadolinium complexes

known and administered for MRI examinations.4

Beside these considerations, complexes of such ligands show

interesting structural features since the functionalised side

arms can coordinate and stabilise the metal centre. Further-

more, if the side chain presents a donor group (for example an

amine), its coordination may be tuned according to the pH for

instance.5 Thus, at acidic pH, the proton and the metal ion

compete with each other because if the donor group of the side

chain is protonated it can no longer interact with the metal ion

in the macrocycle. Another way to induce modifications in the

metal coordination shell is to modify the metal redox state.

This aspect is certainly worth investigating since it can lead to

molecular switches for molecular electronics, multiredox ac-

tivity, catalysis or biomimetic chemistry.6 Unlike copper com-

plexes,7 relatively few investigations have described the effects

of the redox processes on structural rearrangements of nickel

complexes.8 In this work, besides the effect of the pH on the

coordination of a pyridine pendant arm on complexes of

cyclen- and cyclam-pyridine (respectively denoted [NiIIL1]21

and [NiIIL2]21 Scheme 1), an investigation of the electroche-

mical behaviour of [NiIIL2]21 complex is undertaken to de-

monstrate that the application of a redox stimulus induces

reversible rearrangements between distinct geometries of the

complex in solution. These experiments are furthermore sup-

ported by the X-ray identification of the configurational

isomers.

Results and discussion

Synthesis and structural characterisation in the solid state of

complexes [NiIIL1,2]21

The ligands L1 and L2 were prepared following the bis(aminal)

methodology9 and the corresponding Ni(II) metal complexes

were synthesised by reacting stoichiometric amounts of ligand

and metal salt in methanol.

The X-ray structure of the [NiIIL1]21 complex shows that

the geometry around the nickel ion is octahedral (Fig. 1, Table

1). The structure clearly demonstrates a cis folded N4 config-

uration of the cyclen cavity so that the pyridine ring and an

acetonitrile molecule can be accommodated in cis positions.

Three nitrogen atoms of the macrocycle [dNi–N1
= 2.117(2) Å,

Scheme 1
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dNi–N2
= 2.140(2) Å, dNi–N3

= 2.117(2) Å] and the nitrogen

atom of an acetonitrile molecule [dNi–NS
= 2.084(2) Å] co-

ordinate in a square planar fashion while the nitrogen pyridine

atom [dNi–N5
= 2.083(2) Å] and the remaining N4 of cyclen

[dNi–N4
= 2.111(2) Å] bind apically.

In the course of the [NiIIL2]21 synthesis, two solids were

obtained and crystallised. The first one precipitates in the

solution and light pink crystals were grown from acetonitrile–

ether to give the [NiIIL2(CH3CN)]21 complex (Fig. 2a, Table

2a). The second one [NiIIL2(H2O)] 21 is purple and is obtained

by slow evaporation of the native supernatant solution (Fig.

2b, Table 2b). [NiIIL2(CH3CN)]21 and [NiIIL2(H2O)]21 in the

solid state differ mainly by the relative position of the solvent

molecule in the metal coordination sphere and then by the

configuration of the cyclam moiety. In these stereoisomers, the

cyclam configuration can be described according to the well-

known nomenclature developed by Bonisch and co-workers.10

According to this classification, the [NiIIL2(CH3CN)]21 com-

plex (Fig. 2a) adopts a type I (RSRS) configuration. Despite

the poor quality of the diffraction data and structure refine-

ment (crystals are not so stable out of the crystallisation

solution) one can see that the nickel environment is provided

by the four coplanar nitrogen atoms of the cyclam moiety and

the nickel stays in this plane. Moreover, the nitrogen pyridine

atom (N5) is bound apically (dNi–N5
¼ 2.107 Å) while the

second apical position is occupied by an acetonitrile molecule.

For the [NiIIL2(H2O)]21 complex (Fig. 2b), one can identify

the structure as the less common type V (RRRR) configura-

tion.11 The complex exhibits a cis folded N4 configuration for

cyclam. As for the cyclen analogue, three nitrogen atoms of

the macrocycle (N1, N2, N4) and a water molecule are co-

ordinated in a square planar fashion while the nitrogen atom

of the pyridine and the remaining N3 nitrogen atom of the

macrocycle bind apically. It is well known that for nickel(II)

cyclam complexes, the type V (RRRR) diastereoisomer is the

less stable. In our context, the six-coordinated type V (RRRR)

Fig. 1 Schakal diagram of [NiL1]21.

Table 1 Selected bond lengths (Å) and angles (1) in
[NiL1(CH3CN(S))]

21

Ni–N1 2.117(2) Ni–N2 2.140(2)
Ni–N3 2.117(2) Ni–N4 2.111(2)
Ni–N5 2.083(2) Ni–NS 2.084(2)

N1–Ni–N2 83.51(7) N1–Ni–N3 156.00(7)
N1–Ni–N4 81.63(7) N1–Ni–N5 101.48(7)
N1–Ni–NS 94.59(7) N2–Ni–N3 84.05(7)
N2–Ni–N4 104.01(8) N2–Ni–N5 80.88(8)
N2–Ni–NS 170.79(8) N3–Ni–N4 81.59(7)
N3–Ni–N5 96.69(7) N3–Ni–NS 100.76(7)
N4–Ni–N5 174.56(8) N4–Ni–NS 84.57(8)
N5–Ni–NS 90.71(8)

Fig. 2 (a) Schakal diagram of [NiL2]21-type I; (b) Schakal diagram of

[NiL2]21-type V.

Table 2 Selected bond lengths (Å) and angles (1) in (a)
[NiL2(CH3CN(S))]

21-type I and (b) [NiL2(H2O(S))]
21-type V

a

Ni–N1 2.058(13) Ni–N2 2.158(13)
Ni–N3 2.005(11) Ni–N4 2.065(12)
Ni–N5 2.107(10) Ni–NS 2.216(10)

N1–Ni–N2 84.1(6) N1–Ni–N3 171.9(6)
N1–Ni–N4 99.4(5) N1–Ni–N5 89.0(5)
N1–Ni–NS 88.3(5) N2–Ni–N3 88.1(7)
N2–Ni–N4 176.5(6) N2–Ni–N5 80.0 (4)
N2–Ni–NS 93.0(4) N3–Ni–N4 88.4(6)
N3–Ni–N5 91.9(4) N3–Ni–NS 89.9(4)
N4–Ni–N5 100.4(4) N4–Ni–NS 86.8(4)
N5–Ni–NS 172.7(5)

b

Ni–N1 2.099(3) Ni–N2 2.141(3)
Ni–N3 2.091(3) Ni–N4 2.131(3)
Ni–N5 2.109(3) Ni–OS 2.213(3)

N1–Ni–N2 84.62 (14) N1–Ni–N3 97.74 (14)
N1–Ni–N4 89.59 (13) N1–Ni–N5 92.83 (13)
N1–Ni–OS 176.00 (13) N2–Ni–N3 92.37 (14)
N2–Ni–N4 172.24 (14) N2–Ni–N5 81.95 (13)
N2–Ni–OS 94.15 (14) N3–Ni–N4 83.26 (15)
N3–Ni–N5 167.50 (15) N3–Ni–OS 86.11 (13)
N4–Ni–N5 103.56 (13) N4–Ni–OS 91.96 (13)
N5–Ni–OS 83.22 (13)
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[NiIIL2(H2O)]21 complex is stabilised and it can be correlated,

as suggested by molecular mechanics calculations,12 to the

Ni–N distances 4ca. 2.10 Å (Ni–N5 included). Finally, for

both isomers, most of the Ni–N bond distances are in the 2.05

to 2.10 Å range, as expected for high-spin Ni(II)–N bonds.11

Electronic absorption spectroscopy

In order to check whether the nickel coordination sphere is

modified for the complexes in solution, UV-visible absorbance

spectra of [NiIIL1]21, [NiIIL2]21-type I and [NiIIL2]21-type V

were recorded in water and acetonitrile (Table 3).w
For the cyclen complex [NiIIL1]21, the UV-visible spectrum

is indicative of an octahedral coordination for nickel. Two

bands are observed for both complexes whatever the solvent,

corresponding to the predicted 3A2g -
3T2g (839 nm in water

and 856 nm in CH3CN) and 3A2g -
3T1g (F) (540 nm in water

and 522 nm in CH3CN) transitions for a d8 metal ion in an

octahedral environment, the third transition 3A2g -
3T1g (P)

(320 nm) being partially hidden by the stronger absorbance of

the ligand (l o 300 nm). For this complex, the octahedral

nickel environment is maintained in solution, the pyridine

nitrogen atom and one molecule of solvent occupying the

two last positions of the octahedron.13,14

For the cyclam [NiIIL2]21-type I and [NiIIL2]21-type V

complexes, the UV-visible spectra exhibit the same features

as the cyclen one whatever the solvent. For instance in water,

the [NiIIL2]21-type I complex exhibits two bands of weak

intensity at 782 and 513 nm, the third expected one being

hidden by the absorbance of the ligand (l o 300 nm). [NiII

(cyclam)] complex is known to exist as a mixture of square

planar and octahedral species according to the following

solvent (S) equilibrium.15

In our case, as well as in water or acetonitrile, the absorp-

tion band of the square planar form is absent (a more intense

band than the octahedral ones, is expected at 400–450 nm),

one can conclude that the [NiIIL2]21 cyclam complexes exist in

solution in the octahedral high-spin form. In these conditions,

for both complexes [NiIIL2]21-type I and [NiIIL2]21-type V,

the pyridine nitrogen atom remains coordinated to the nickel

ion in solution. This can easily be proved in aqueous solution

since the addition of HClO4 (5 mol L�1) induces, for both

complexes, the disappearance of the bands of the octahedral

system in favour of a single intense absorption at about 455

nm.16 As described for the parent [NiII(cyclam)]21, this band is

characteristic of a square planar system where the nitrogen

pyridine atom is no longer coordinated to the nickel ion. It is

noticeable that only a strong acid medium is able to protonate

the nitrogen pyridine atom and then to remove it from the

metal.

Redox properties of the nickel cyclam complexes

The cyclen cavity is not well adapted to stabilise þI and þIII
oxidation states for nickel.17 Therefore it was not possible to

obtain reproducible voltammograms, mainly due to the de-

gradation of oxidised and reduced forms during the experi-

ment.

Concerning the cyclam complexes, X-ray data show that the

two complexes differ in the stereochemistry at the coordinated

nitrogens and this difference may influence the redox poten-

tials of the species. In this condition, it is important to consider

the consequence of the complex structures on the redox

potentials. Furthermore, the redox stimulus influence on the

isomerisation process of nickel cyclam complexes needs to be

observed more closely. Some examples of configurational

isomerisation for copper cyclam complexes consecutive to

the metal redox state modification are known7 but equilibria

on mono-N-functionalised nickel cyclam complexes are scar-

ce,8a,14 in particular between type V/I configurations. For that,

the ability to trigger a movement between [NiIIL2]21 com-

plexes was judged from cyclic voltammetry experiments.

Measurements were carried out first in an Na2SO4 0.5 mol

L�1 aqueous solution,18 the working electrode being a glassy

carbon disk, the reference a saturated calomel electrode

(potassium chloride) and the counter electrode a platinum

rod. The NiII/III half wave potentials are collected in Table 4.

The oxidation of [NiIIL2]21-type I is quasi-reversible and

occurs at 0.64 V vs. SCE (Fig. 3a). The oxidation of

[NiIIL2]21-type V (1.00 V vs. SCE) is irreversible and leads

after 40 scans at 100 mV s�1 or 15 min of electrolysis at 1.10 V

vs. SCE to the unique formation of the [NiIIL2]21-type I

system (Fig. 3b). Therefore, one can think that the

[NiIIIL2]31-type V complex formed by oxidation is unstable

and quickly isomerises into the [NiIIIL2]31-type I cation for

Table 3 Electronic data in aqueous and acetonitrile solutions

l (nm) [e (mol�1 L cm�1)] H2O CH3CN HClO4 (5 mol L�1)

[NiIIL1]21 839 [20], 540 [11] 856 [20], 522 [15], 320 385 [9]
[NiL2]21-type I 782 [11], 513 [38] 490 [22], 337 [82] 455 [7]
[NiL2]21-type V 876 [23], 523 [30] 842 [8], 524 [9], 306 [85] 455 [7]
Chromophorea NiN5S NiN5S NiN4

a S ¼ H2O or CH3CN.

Table 4 Half wave oxidation potentials of [NiIIL2]21-type I,
[NiIIL2]21-type V and [NiIIL3]21-type III in aqueous medium
(Na2SO4, 0.5 mol L�1 or HClO4 5 mol L�1)

Complex Medium Eox
1
2

(V) vs. SCE

[NiIIL2]21-type I Na2SO4 0.5 mol L�1 0.64 (DEp ¼ 100 mV)
[NiIIL2]21-type V Na2SO4 0.5 mol L�1 Eox

p ¼ 1.00 (irrev.)
[NiIIL2]21-type I HClO4 5 mol L�1 0.72 (DEp ¼ 100 mV)
[NiIIL3]21-type III Na2SO4 0.5 mol L�1 0.72 (DEp ¼ 100 mV)
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which the E1
2
potential is estimated at 0.64 V vs. SCE. From

this observation, it is possible to build the following square

scheme involving the oxidatively induced isomerisation of the

type V to the type I isomers (Scheme 2).19 In this reaction

scheme, isomerisation between type I and type V isomers at

their þII oxidation state is also involved. This point is

supported by the fact that when a type I aqueous solution is

kept for about seven days at room temperature, its first

oxidation scan shows a small wave at 1.00 V (type V) vs.

SCE, which tends to disappear after several scans in favour of

the type I system. This seems to indicate that the equilibrium

between [NiIIL2]21-type I and [NiIIL2]21-type V is shifted

towards the type I isomer. Another way to confirm the

isomerisation of [NiIIIL2]31-type V into [NiIIIL2]31-type I in

aqueous medium is to perform a chemical oxidation of the

NiII-type V isomer. This was made using half an equivalent of

(NH4)2S2O8 at pH ¼ 7 and the corresponding NiIII sample

shows a voltammetry typical of the type I complex in Na2SO4

0.5 mol L�1 (a unique quasi-reversible system at 0.64 V vs.

SCE).

The next point to check is if the coordination of the pyridine

nitrogen atom remains in the course of the isomerisation

process. For that, the cyclic voltammetry of [NiIIL2]21-type I

in a very acidic medium was investigated and compared with

the well known [NiIIL3]21-type III compound,w for which the

metal coordination sphere is NiN4.
20 Although the voltammo-

gram in acidic medium is not well resolved, one can immedi-

ately see the similarity between the CV waves of both

compounds (NiII/III process occurs at the same potential 0.72

V vs. SCE, see Table 4): it means that under acidic conditions,

the pyridine is no longer coordinated to the metal ion in the

[NiIIL2]21-type I complex. So, in neutral conditions, where the

isomerisation process between NiIII-type V and NiIII-type I

isomers is observed, the pyridine coordination is kept. It is

worth noting that in very acidic media, a third [NiIIL2]21

species exists, probably with a type III configuration, in which

the pyridine nitrogen atom is protonated and therefore no

longer coordinated to the metallic cation. Electron paramag-

netic resonance can also provide information on the electron

density distribution and coordination geometry of the metal

ion in the oxidation products.21 For that, since the square

planar NiII d8 metallic ion is diamagnetic, the chemical

oxidation previously described was used to generate the NiIII

species. Whatever the starting complex (type I or type V), the

anisotropic ESR spectra in water–glycerol at 150 K show axial

symmetry with g> 4 gJ and a value of g> considerably greater

than 2 (g> ¼ 2.172, gJ ¼ 2.032, A> ¼ 5.1 � 10�4 cm�1, AJ ¼
20.9 � 10�4 cm�1). In all cases, gJ is split into three lines with

intensity ratio of 1 : 2 : 1. These observations are consistent

with the existence of low spin d7 NiIII complexes,21 the super-

hyperfine splitting of the parallel signal confirming the coor-

dination of the pyridine nitrogen atom in one of the axial

positions.

The redox behaviour of the nickel cyclam complexes has

also been investigated in acetonitrile solutions. Table 5 re-

groups the half wave potentials measured during this work.

The [NiIIL2]21-type I and [NiIIL2]21-type V electrochemical

behaviours are represented in Fig. 4. The oxidation of the pure

Fig. 3 Cyclic voltammetry at a glassy carbon disk (100 mV s�1) in an Na2SO4 0.5 mol L�1 solution of (a) [NiIIL2]21-type I and (b) [NiIIL2]21-type

V (first scan in solid line, dashed line after 5 scans and dotted line after a 15 min electrolysis at 1.10 V vs. SCE or 40 scans).

Scheme 2 Oxidatively induced isomerisation of [NiL2]21-type V into
[NiL2]21-type I complex.
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[NiIIL2]21-type I complex is quasi-reversible and occurs at 0.68

V vs. Fc1/Fc (Fig. 4a). For the [NiIIL2]21-type I complex, as

long as the reduction is not investigated, the NiII/III system is

fully reproducible and occurs at E1
2
¼ 0.68 V vs. Fc1/Fc, which

underlines the large stability of the NiIII complex formed.

When the first scan is clipped towards negative potentials, the

NiII complex is quasi-reversibly reduced to NiI. When the

potential is subsequently and immediately raised, the NiII

oxidation happens this time in two separate systems at 0.68

V vs. Fc1/Fc and at 1.01 V vs. Fc1/Fc. These observations are

in agreement with an equilibrium between the [NiIL2]1-type I

isomer and another configuration of the complex, certainly the

[NiIL2]1-type V one. Further scans carried on oxidation show

the disappearing of the second oxidation system at 1.01 V. It is

important to notice that there is no need to go back in

oxidation to see the decrease of the second system: it naturally

disappears when the potential is maintained at a value which

gives zero current. It means that in the absence of water, the

type V complex is rapidly interconverted into the type I

complex.

Concerning the type V isomer (Fig. 4b), the oxidation is

already separated into two waves, one at 0.68 V vs. Fc1/Fc

and the other one at 1.01 V vs. Fc1/Fc and the voltammogram

is preserved after several scans. After reduction no or few

changes are observed in the whole potential range which

means that, in this case, no redox isomerisation can be

considered. It was not the case in the previous experiment in

acetonitrile for the pure [NiIIL2]21-type I isomer.

To explain these discrepancies in acetonitrile solutions, one

must consider that first, the elemental analysis of [NiIIL2]21-

type I shows that the complex is strictly anhydrous and

second, the type V isomer is monohydrated. Since the solvent

used for the electrochemical measurements is strictly anhy-

drous, it signifies that water is necessary to stabilise the

NiII/IIIL2-type V form.22

Conclusion

In conclusion, the investigations undertaken in the present

work have shown that the presence of a pyridine pendant arm

on a cyclam cavity allows the isolation of two configurational

isomers for the nickel complex, respectively the [NiL2]21-type

I and the [NiL2]21-type V. This is not the case for the

corresponding cyclen complex probably because the cavity is

less flexible. Concerning the [NiL2]21-type I and -type V

complexes, an isomerisation mechanism between these two

configurations was established mostly by electrochemical ex-

periments. These characterisations underlined that type V to

type I isomerisation is favoured in water and kinetically faster

with NiIII. This result demonstrates the relevance of electron

transfer in inducing geometrical reorganisations. According to

electrochemical measurements, the type I isomer is thermo-

dynamically more stable than the type V one. This equilibrium

is disrupted in dry acetonitrile which means that the presence

of water is necessary to improve the stability of the NiIII

oxidation state of the type V kinetic isomer. Finally, in dry

Table 5 Redox potentials (V vs. Fc1/Fc) of [NiIIL2]21-type I, [NiIIL2]21-type V and [NiIIL3]21-type III at a glassy carbon electrode in MeCN–
Bu4NPF6 0.1 mol L�1

Complex Eox
1
2

(V) vs. Fc1/Fc Ered
1
2

(V) vs. Fc1/Fc

[NiII(cyclam)]21-type III 0.64 (DEp ¼ 90 mV) �1.79 (DEp ¼ 110 mV)
[NiIIL2]21-type I 0.68 (DEp ¼ 90 mV) �1.92 (DEp ¼ 90 mV)
[NiIIL2]21-type V 1.01 (DEp ¼ 100 mV) �1.92 (DEp ¼ 90 mV)
[NiIIL3]21-type III 0.80 (DEp ¼ 90 mV) �1.64 (DEp ¼ 90 mV)

Fig. 4 Cyclic voltammetry at a glassy carbon disk (100 mV s�1) in MeCN–Bu4NPF6 0.1 mol L�1 of (a) [NiIIL2]21-type I (solid line: oxidation

scan, dashed line: scan in reduction prior to oxidation) and (b) [NiIIL2]21-type V (solid line: oxidation scan, dashed line: scan in reduction prior to

oxidation).
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acetonitrile, isomerisation involving the NiI oxidation state

seems to occur.

Experimental

Syntheses

The metals salts were purchased from Aldrich. The other

reagents were used as the highest grade commercially available

without further purification.

Ligands L1 and L2. The ligands L1 and L2 have been

synthesised according to the bis(aminal) methodology9 by

alkylation of cyclen or cyclam glyoxal ligands with (bromo-

methyl)pyridine (obtained according to ref. 23).

Ligand L1 (yield; 85%): dC (67.8 MHz; D2O): 43.2, 44.3,

45.0, 50.9 and 59.7 (CH2N), 123.0, 124.5, 138.0, 148.0 and

158.3 (Car). Elemental analysis: found for L1: C, 52.94; H,

9.96; N, 21.29%, calc. for C14H25N5 � 0.25C2H5OH � 3H2O: C,

52.69; H, 9.84; N, 21.59%;. ESI-MS (m/z): exp.: 264.1 (100%),

calc. for [L1H]1: 264.2.

Ligand L2 (yield; 86%): dC (67.8 MHz; D2O): 24.9 and 26.9

(CH2CH2N), 45.6, 46.3, 46.7, 47.3, 47.5, 48.4, 53.6, 53.8 and

58.8 (CH2N), 122.9, 123.9, 137.9, 147.9 and 158.7 (Car).

Elemental analysis: found for L2: C, 63.66; H, 10.04; N,

23.08%, calc. for C16H29N5 � 0.5H2O: C, 63.95; H, 10.07; N,

23.32%; ESI-MS (m/z): exp.: 292.3 (100%), calc. for [L2H]1:

292.3.

[NiL1(ClO4)2] . 2H2O. Nickel perchlorate hexahydrate (133

mg, 0.36 mmol) in methanol (5 mL) was added dropwise to L1

(100 mg, 0.32 mmol) in methanol (15 mL). The purple solution

was refluxed for 2 hours and the solution was concentrated by

evaporation.

This solid was further dissolved in acetonitrile and the

diffusion of a diethyl ether solution produced purple mono-

crystals of [NiL1(ClO4)2] � 2H2O, suitable for X-ray analysis.

Elemental analysis: found: C, 30.44; H, 4.64; N, 12.38%,

calc. for C14H25N5NiCl2O8 � 2H2O: C, 30.27; H, 5.26; N,

12.61%; ESI-MS (m/z): exp.: 420.2 (60%), calc. for [NiL1

(ClO4)]
1: 420.1; exp.: 320.2 (100%), calc. for [NiL1H�1]

1:

320.1.

[NiL
2
(ClO4)2]-type I and [NiL

2
(ClO4)2 . 0.25H2O]-type V.

Nickel perchlorate hexahydrate (260 mg, 0.71 mmol) in

methanol (5 mL) was added dropwise to L
2 (195 mg, 0.64

mmol) in methanol (15 mL). The purple solution was heated at

reflux for one hour. The mixture was stirred at room tempera-

ture for one day, the pink precipitate was filtered and was

dissolved in acetonitrile. Light pink crystals were obtained by

slow diffusion of ether in the acetonitrile solution; complex

(type I isomer) 27% yield.

Elemental analysis: found for C16H29N5NiCl2O8: C, 35.03;

H, 5.15; N, 12.52%; calc.: 35.00; H, 5.32; N, 12.75%. The

filtrate was then concentrated and the purple crystals were

obtained after slow evaporation (type V isomer). Elemental

analysis: found: C, 34.58; H, 4.96; N, 12.43%, calc. for

C16H29N5NiCl2O8 � 0.25H2O: C, 34.72; H, 5.37; N, 12.65%;

ESI-MS (m/z) for type I and V: exp.: 448.1 (70%), calc. for

[NiL2(ClO4)]
1: 448.1; exp.: 348.1 (100%), calc. for

[NiL2H�1]
1: 348.2.

[NiL3(ClO4)2]-type III. This complex have been synthesised

according to ref. 24.

Spectroscopic measurements

13C NMR spectra were recorded on a Bruker AC 250 NMR

spectrometer. Mass spectra in acetonitrile were recorded on a

Micromass Q-TOF electrospray positive ionisation mass spec-

trometer. Electronic spectra in aqueous or acetonitrile solu-

tions (10�3 mol L�1) and perchloric acid 5 mol L�1 solution

were all measured in the 300–900 nm range on a Lambda 6

Perkin Elmer spectrophotometer. ESR spectra of [NiIIIL2]31-

type I/V complexes were recorded at 150 K on a Bruker

Table 6 Crystal data and details of the structure determination for [NiL1,2]21complexes

[NiL1(CH3CN)](ClO4)2 [NiL2(CH3CN)-typeI](ClO4)2 �CH3CN [NiL2(H2O)-typeV](ClO4)2

Empirical formula C16H28Cl2N6NiO8 C20H35Cl2N7NiO8 C16H31Cl2N5NiO9

Formula weight 562.05 631.15 567.05
Temperature (K) 120(2) 120(2) 120(2)
Crystal system Orthorhombic Monoclinic Orthorhombic
Space group Pbca P21 P212121
Colour Violet Colourless Violet
a (Å) 14.6107(2) 14.2314(11) 9.4023(5)
b (Å) 14.6567(2) 12.7251(11) 15.7925(5)
c (Å) 21.6728(3) 15.5407(12) 16.3876(5)
a (1) 90.000 90.000 90.000
b (1) 90.000 98.313(4) 90.000
g (1) 90.000 90.000 90.000
Volume (Å3) 4641.11(11) 2784.8(4) 2433.3(2)
Z 8 4 4
Dcalc (g cm�3) 1.609 1.505 1.549
Absorption coefficient (mm�1) 1.121 0.944 1.073
F(000) 2336 1320 1184
l (Mo-Ka), (Å) 0.71073 0.71073 0.71073
N1 independent reflns 5290 11072 5541
N1 reflns [I 4 2.0s(I)] 4300 8922 4325
R1 0.0370 0.1011 0.0435
wR2 0.0922 0.2002 0.108
Goodness-of-fit on F2 1.061 1.152 1.011
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ESP300e spectrometer (X band, frequency E 9.4 GHz) in a

water–glycerol (90 : 10) solution to ensure a good glass. The

spectra were simulated with the Simfonia program to calculate

the g and A parameters.

Electrochemical measurements

Voltammetric data were recorded on an Autolab with

PGSTAT12 potentiostat (ECO Chemie) associated to a con-

ventional three electrode electrochemical cell, the working

electrode being a glassy carbon, a platinum plate being used

as a counter electrode and in aqueous medium a saturated

calomel electrode was used as the reference while in acetoni-

trile a silver electrode separated from the complex solution was

used as a pseudo reference. In acetonitrile, the potential of the

pseudo reference was measured versus the ferricinium/ferro-

cene couple. Complex concentrations were always close to

10�3 mol L�1, the supporting electrolyte being in acetonitrile

tetrabutylammonium hexafluorophosphate (10�1 mol L�1)

and in aqueous solutions, sodium sulfate (0.5 mol L�1).

Crystal structure determination

The crystal diffraction data were collected at 120 K on a

Kappa CCD diffractometer (Centre de Diffractométrie X,

Univ. Rennes, France) using monochromated Mo-Ka radia-

tion (l ¼ 0.71073 Å). Data collection was performed with the

COLLECT program.25 Frames integration and data reduc-

tion procedures have been realised using the DENZO and

SCALEPACK program of the KappaCCD software package,

respectively26 for the NiL1 and NiL2-type I/V compounds and

with EVAL27 and SADABS28 programs. Selected data are

given in Table 6.z
The structures were solved using the direct methods pro-

gram SIR97,29 that revealed all non-hydrogen atoms.

SHELXL9730 has been used to refine the structure. Finally

hydrogen atoms were placed geometrically and held in riding

mode in the least-squares refinement procedure. Final differ-

ence maps revealed no significant maxima.
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