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Spectroscopy and Redox Behaviour of Dicopper(11) and Dinickel(1) Complexes
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The dinuclear Cu' and Ni'' complexes of meta-xylyl and pyr-
idyl biscyclen and biscyclam have been prepared and char-
acterised in solution by means of UV/Visible spectra, electro-
chemical and EPR studies. X-ray structures of copper bi-
scyclen complexes have been obtained. The comparison of
all the data shows that the potentially coordinating N(py) py-

ridyl atom promotes the interaction between the two metal
centers, whether it is spontaneously coordinated (biscyclen
complexes) or not (biscyclam ones).

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2005)

Introduction

Tetraazamacrocyclic ligands like cyclen and cyclam are
well known for their remarkable capacity to coordinate
metallic ions. Their preorganisation, the flexibility of the
macrocyclic framework and the soft character of the nitro-
gen donor atoms make the cyclic tetramines well suited for
the complexation of d-block metals.'! Thus, two of the
properties of macrocyclic complexes that set them apart
from the acyclic ones are selectivity in binding and kinetic
stability with respect to dissociation. These features have
been harnessed to develop macrocycles able to transport
radioisotopic agents to a tumour site (**Cu and ®’Cu for
example).’l Moreover, changes in the nitrogen (or carbon)
substitution can determine their potential applications. In
particular, functionalisation of cyclen by substituents such
as acetate binding arms has led to a new class of ligands
which are able to coordinate lanthanide cations especially
Gd".BI The corresponding complexes are developed and
used as MRI contrast agents. Besides these medical applica-
tions, transition-metal complexes of tetraazamacrocycles in
many respects, can be seen as metalloenzyme models, par-
ticularly when the ligand framework exhibits two or even
three cavities. The corresponding bis- or tris-macrocycles
may then be able to hold two or more metal centres in prox-
imity, mimicking the multinuclear metal arrays at the active
sites of the concerned metalloenzymes.[l Since the length
of the bridging groups controls the inter-metal ion dis-
tances, these ligands have been studied to examine the
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strength, more or less pronounced of the interaction be-
tween the metal centres. Kaden, Fabbrizzi and co-workers
have shown through electrochemical and EPR studies of
metallic bistetraazamacrocyclic complexes, that below an
intermetallic distance of about 8 A, metal-metal interac-
tions can be detected.! In fact, in these studies the only
parameter considered to tune the inter-metal distance is the
spacer geometry. However, the flexibility of the macrocycle
can induce favoured configurations of the cavity and then
modifications of the metal coordination polyhedron. This
factor may affect the intermetallic distance as well as topo-
logical modification of the ligand occurring during the re-
dox process. Effectively, as recently shown for cyclam com-
plexes the change in the metal redox state can be associated
with their geometrical reorganisation.[’! Finally, the intro-
duction of additional donor atoms on the intercycle spacer
may interfere in the metal-metal distance due to selective
coordination of one of the two metals to the linker.

In order to test the influence of these latter parameters,
the preparation of dinuclear copper(i1) and nickel(i) com-
plexes based upon cyclen and cyclam cavities (Scheme 1)
was improved and their electronic properties studied by me-
ans of electrochemical and EPR measurements.

Results and Discussion

Syntheses of Ligands and Complexes

The ligands L! to L* were synthesised according the bis-
aminal methodology!” and the corresponding dinuclear
complexes were obtained by addition of equimolar amounts
of metallic salts (ClO4 or BF, salts — see experimental sec-
tion). Monocrystals suitable for an X-ray analysis were ob-
tained for the copper complexes of cyclen ligands L' and
L2
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Scheme 1.

Structural Characterisation in the Solid State of Complexes
[Cu, L™

POV-ray depiction of [Cu,L!'[*" complex is provided in
Figure 1. The monocrystals were isolated by slow diffusion
of a saturated sodium perchlorate solution into an aqueous
solution of the complex. They show that two copper ions
are coordinated by the four macrocyclic nitrogen atoms of
each cyclen cavity and by a water molecule, leading to two
pentacoordinate subunits linked together by a metaxylyl
bridge. Selected bond lengths and angles are shown in
Table 1. The Cu-NH bond lengths [2.016(5)-2.031(5) A]
are close to the ones in bis-paraxylyl cyclen copper com-
plex[®l while the bonds to the tertiary macrocyclic nitrogens
are slightly longer [2.035(5)/2.046(5)] A. This is certainly the
consequence of the N-alkylation on these atoms as it is
known that the M—N bond lengths are increased by N-alkyl
substitution.® !9 The copper coordination spheres are com-
pleted by oxygen donors from water molecules (one per
copper ion) with Cu-O bond lengths of [2.142(4)/
2.160(5)] A. For each copper ion, the resulting geometry is
based on a square planar pyramid, the metal ion being ap-
proximately at a distance of 0.50 A from the base of the
pyramid. At last for this complex, the intramolecular Cu-
Cu distance is measured at 9.713 A, while shorter intermo-
lecular Cu-Cu distances are observed (7.333, 8.274,
9.582 A).

The X-ray structure of the copper(i) complex of L2 is
provided in Figure2 and relevant geometry details in
Table 2. Monocrystals were grown by slow diffusion of di-
ethylether in an acetonitrile solution of the tetrafluorobo-
rate copper complex. Crystallographic analysis of
[Cu,LA(BF,4)](BF,); shows the two copper ions to be penta-
coordinate as expected for copper held in a cyclen cavity.
The crystal structure underlines that the pyridyl nitrogen
atom [N(py)] allows the discrimination of the two cavities
since this atom is coordinated to only one of the two copper
ions. Thus, the Cu(l) atom is bonded to the four nitrogen
atoms of the first macrocyclic cavity [Cu-NH: from
2.019(7) to 2.033(7) A; Cu—NR: 2.041(6) A] and at a greater
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Figure 1. POV-ray diagram of [Cu,L!(H,0),]**.
Table 1. Bond lengths [A] and angles [°] in [Cu,L']**.
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Cul-0l 2.142(4) O1-Cul-N1 104.6(2)
Cul-N1 2.019(5) 01-Cul-N2 104.4(2)
Cul-N2 2.016(5) 01-Cul-N3 105.6(2)
Cul-N3 2.029(5) O1-Cul-N4 103.0(2)
Cul-N4 2.046(5) NI-Cul-N2 86.4(2)
Cu2-02 2.160(5) NI-Cul-N3 149.9(2)
Cu2-N5 2.035(5) NI-Cul-N4 87.0(2)
Cu2-N6 2.031(5) N2-Cul-N3 86.2(2)
Cu2-N7 2.026(5) N2-Cul-N4 152.6(2)
Cu2-N8 2.022(5) N3-Cul-N4 86.3(2)
02 Cu2-N5 108.6(2)
02-Cu2-N6 106.9(2)
02-Cu2-N7 98.1(2)
02-Cu2-N8 102.3(2)
N5-Cu2-N6 86.5(2)
N5-Cu2-N7 153.3(2)
N5-Cu2-N8 86.0(2)
N6-Cu2-N7 86.6(2)
N6-Cu2-N8 150.8(2)
N7-Cu2-N8 87.6(2)

distance by the nitrogen atom of the pyridine ring [Cu-—
N(py): 2.266(6) A]. The coordination of the N(py) atom cer-
tainly allows the formation of an efficient five-membered
chelate ring which geometrically leads to a smaller N(py)-
Cu-N angle, of 80.4(1)° for the N, nitrogen carrying the
pyridine linker, compared to values of 95.4(3) to 129.6(3)°
for the other three N(py)-Cu-N angles. In parallel, the
Cu(2) atom is coordinated to the four nitrogen atoms of
the second macrocyclic cavity [Cu-NH: from 2.021(7) to
2.038(7) A; Cu-NR: 2.064(6) A] and to a tetrafluoroborate
anion [Cu—F: 2.135(6) A]. The distances of the copper ions
with regard to their corresponding macrocyclic cavities are
about 0.54 A (CuNs chromophore) or 0.51 A (CuN, chro-
mophore). The main consequence of the N(py) atom coor-
dination to one of the two copper ions is the significant
shortening of the intramolecular Cu—Cu distance since it is
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decreased to 5.779 A. This distance is the shortest intermet-
allic one in the crystal. Compared to the [Cu,L']** com-
plex, [Cu,L2(BF,)](BF,); could be better for the observa-
tion of metal-metal interactions.

Figure 2. POV-ray diagram of [Cu,L3(BF,)]*".

Table 2. Bond lengths [A] and angles [°] in [Cu,L2**.

N /N4 N :NB
\\ K \\ /
Cul Cllz
\—O_/\‘
Cul-NI1 2.041(6) NI1-Cul-N2 86.8(3)
Cul-N2 2.030(7) NI1-Cul-N3 149.4(3)
Cul-N3 2.033(7) N1-Cul-N4 85.5(3)
Cul-N4 2.019(7) N1-Cul-N5 80.4(2)
Cul-N5 2.266(6) N2-Cul-N3 85.5(3)
Cu2-No6 2.064(6) N2-Cul-N4 148.5(3)
Cu2-N7 2.029(7) N2-Cul-N5 113.3(3)
Cu2-N8 2.038(7) N3-Cul-N4 85.9(3)
Cu2-N9 2.021(7) N3-Cul-N5 129.6(3)
Cu2-F 2.135(6) N4-Cul-N5 95.4(3)
N6-Cu2-N7 86.9(3)
N6-Cu2-N8§ 151.7(3)
N6-Cu2-N9 86.2(3)
N6-Cu2-F 109.1(3)
N7-Cu2-N8§ 86.2(3)
N7-Cu2-N9 149.4(3)
N7-Cu2-F 102.7(3)
N&-Cu2-N9 85.8(3)
N8-Cu2-F 99.2(3)
N9-Cu2-F 107.7(3)

Solution Properties

Electronic Absorption Spectroscopy

The UV/Visible absorption maxima of the complexes
[Cu,L]** and [Ni,L]** (L = L'*) in water and acetonitrile
are given as supporting information.

Copper Complexes: As commonly observed for these
compounds, the featureless nature of the spectra makes dif-

2660 © 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

ficult a detailed description of coordination geometries.
Nevertheless, the main information resulting from the vis-
ible spectra of the copper biscyclen complexes ([Cu,L"?]*")
are the following: for [Cu,L!'[** whatever the solvent, the
spectrum exhibits a broad band at 594 nm typical of a
square based pyramidal copper complex (CulN4S chromo-
phore, S = solvent).® For [Cu,L?]**, the spectrum is dis-
symmetrical and its deconvolution analysis shows that it is
the superimposing of two spectra, the first one characteris-
tic of a CuN,S chromophore (with a band at 584-594 nm),
the second one attributed to a CuNs chromophorel'!!
(shoulder between 684 and 735 nm, according to the sol-
vent). Moreover, the presence of this shoulder indicates that
the coordination of the pyridyl nitrogen N(py) to the copper
ion is maintained in solution, whatever the pH conditions.

For the cyclam copper complexes [Cu,L3#**, the ab-
sorption maxima at about 520 nm are typical of square
planar copper complexes.'”) The lack of absorption at
about 650 nm!'3! is indicative of an absence of interaction
between the pyridyl nitrogen atom N(py) and a copper ion
for the [Cu,L*** complex.

Nickel Complexes: For the nickel biscyclen complexes
([Ni,L'2]**) the UV/Visible spectra are indicative of octahe-
dral coordination for the nickel in solution, solvent mole-
cules occupying the free positions of the octahedron (chro-
mophore NiN,S,).['Y Two bands are observed for both
complexes in water and in acetonitrile corresponding to the
predicted *A,, — T, (950-800 nm) and *A,, — Ty, (F)
(560-500 nm) transitions for a d® metal ion under octahe-
dral symmetry, the third transition *A,, — T, (P) (300
400 nm) being hidden by the stronger absorbance of the
ligand (4 < 300 nm).

For the nickel cyclam complexes ([Ni,L34]**), the solu-
tion visible spectra show a single band with the maximum
in the range 450-470 nm, depending on both the complexes
and the solvent. This signal is in accordance with the
[Ni(cyclam)]** spectrum (4 = 459 nm) and is consistent with
the adoption by the metal of a square-planar geometry, the
metal being perfectly fitted inside the macrocyclic cavity.
In solution, the coexistence for [Ni(cyclam)]>*complexes of
square planar (low spin) and octahedral (high spin) geome-
tries is well documented leading to a “yellow to blue” equi-
librium between these species.['”] For the [Ni,L3>4]** com-
plexes, we were not able to detect any additional peaks cor-
responding to octahedral nickel(ir) ions. Two reasons may
be responsible for that: either no octahedral complexes are
present in solution or, because of low molar extinction coef-
ficients, the octahedral complexes are difficult to detect. Fi-
nally, for [Ni,L4]**, whatever the solvent and the pH condi-
tions, the spectrum is identical and in addition similar to
the one of [Ni,L3]**. As for its copper homologue, this is
indicative of an absence of interaction between the pyridyl
nitrogen atom N(py) and the nickel.

Electrochemical Properties of the Bismacrocyclic
Complexes

The binuclear [Cu,L] and [Ni,L] complexes (L = L)
were all investigated by cyclic voltammetry in CH;CN, the
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working electrode being a glassy carbon disk and the Fc*/
Fc couple being used as a reference in acetonitrile.

Biscyclen Complexes: The cyclen cavity is not well
adapted to stabilize +1 and +IIT oxidation states for copper
and nickel.'® Therefore, it was not possible to obtain repro-
ducible voltammograms, mainly because of the degradation
of oxidised and reduced forms during the experiment.

Biscyclam Complexes: The copper complexes [Cu,L3**
and [Cu,L#** show two irreversible bielectronic exchanges
(one electron per metallic centre) separated by = 240V
(Table 3). The anodic peaks happen respectively for [Cu,L3]**
and [Cu,L4**at 1.25V and 1.15 V while the cathodic ones
happen at —1.21 V and —1.22 V. These values are in accord-
ance with the ones measured for the monomeric [Cu(cy-
clam)]** (1.02 V and —1.28 V), taking into account the inci-
dence of the N-alkylation of the macrocyclic cavity on the
redox potentials.’®!"l In reduction, the two copper com-
plexes exhibit a similar behaviour i.e. the Cu™ process is
irreversible and the reverse process is accompanied by a
partial release of the metal, reported by an anodic peak at
—-0.60 V (Cu®). In oxidation, the forward and reverse peak
heights are inequivalent (i, >> i), indicating that the elec-
tronic exchange CuV' is irreversible too. Moreover, the
high anodic current wave detected for the first cycle, the
decrease of its intensity when the number of cycles in-
creased, and the apparition of a deposit at the electrode
during the experiment show that the oxidated species
[Cu,L341°* are highly unstable and react rapidly in the me-
dium. This is consistent with observations generally done
with copper tetraazamacrocyclic complexes.['8] We have
checked that, as demonstrated by Fabbrizzi et al.,[*¥ in con-
centrated perchloric acid solution (70%) at a Pt electrode,
the Cu'! bistetraazamacrocyclic complexes become stable,
at least at the time scale of the voltammetry experiment. In
this special medium, the oxidation process is effectively
quasi reversible (i, = i.). In order to have a greatest resolu-
tion of the signals associated with the consecutive redox
events (Cu'! Cu" — Cu" Cu™ — Cu' Cu'") whose poten-
tials are not very distant,!>¥ differential pulse voltammetry
(DPV) was used. The DPV profiles obtained for the two
complexes in the oxidation scan are similar and exhibit a
single wave peak. The measurements reproduce well the one
already done by Fabbrizzi et al.l’¥ for the [Cu,L3]** com-
plex and indicate that for these two complexes the ring-to-
ring distance is certainly too long to induce a two consecu-
tive one-electron steps process.

Table 3. Electrochemical parameters for the Cu,L? and Cu,L* com-
plexes.

Oxidation potential

E,=125V E,=-121V
E,=115V E,=-122V
E;; =098V (0.10V) -
Ey;=102V(0.10V) -

Reduction potential

Cu,L? (CH,CN)!
Cu,L* (CH,CN)&!
Cu,L? (HCIO,, 70%)!
Cu,L* (HCIO,, 70%)!

[a] Potential values are given vs. Fc*/Fc. [b] Potential values are expressed
vs. SCE.
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Cyclic voltammograms recorded for the nickel complexes
[Ni,L3** and [Ni,L**" are reported in Figure 3. In re-
duction, the behaviour of the two complexes is quasi revers-
ible and the Ni'"! system is electrochemically slow. The oxi-
dation of the two complexes is more complicated since more
than one CV wave is observed. Thus, for the complex
[Ni,L*** two oxidation potentials at 0.80 and 1.12V are
detected while the complex [Ni,L4** shows two oxidation
processes, the first one at 0.84 V and the second one split
into two peaks at 1.03 and 1.18 V. For [Ni,L3** the two
CV waves are quasi reversible while for [Ni,L4]**, the re-
versibility of the first system is very poor. It is noticeable
that previous voltammetry experiments carried out for
[Ni,L3]** 34 have shown a simple oxidative behaviour since
only the first system (0.80 V) was detected. As the purity of
our complexes is satisfactory, one can think that in CH;CN,
two bismacrocyclic Ni'! species are successively oxidised. In
[Ni,L3]** complex, the proportion of these two species is
largely in favour of the first one while in [Ni,L*** the pro-
portion is similar. In CH5CN, an increase of the tempera-
ture (298 K up to 313 K) results in growth of the second
system at the expense of the first one (Figure 4a). When the
CV waves are recorded at temperatures of 298 K down to
233 K (Figure 4b, Figure 5b), for both complexes the sec-
ond system tends to disappear. It is also noticeable that for
[Ni,L4** the first system becomes more reversible. From
these observations, it can be assumed that the oxidation of
the first species is followed by a rearrangement. A tempera-
ture decrease can prevent this isomerisation and the van-
ishing at lower temperatures of the second oxidative system,
would tend to show that the two oxidative processes are
dependent on each other. As far as nickel(11) cyclam com-
plexes are concerned, several stereoisomers have to be con-
sidered, according to the configuration of the macrocyclic
cavity (Figure 6). There are five possible configurational
isomers of planar complexes of the macrocyclic ligand cy-
clam:["1 RSRS (++++) i.e. type I, RSRR (+-++) i.e. type
II, RRSS (+--+) ie. type III, RSSR (++--) i.e. type IV,
RRRR (+-+-) i.e. type V, where + indicates that the hydro-
gen of the NH is above the plane of the macrocycle and
- indicates that it is below the plane.

A cluster analysis of Ni-14 membered tetraazamacro-
cycles found in the Cambridge Structural databasel>”! shows
that the most frequent configurations encountered for these
complexes are the type I and type III ones; the amount of
these two forms can moreover vary according to the coordi-
nation shell geometry of the nickel and the macrocycle sub-
stitution. On certain conditions, isomerisation between type
I and type III structures have been evidenced: for instance,
the oxidatively induced isomerisation of type I [Ni-
(cyclam)]** into type III has been reported,i®®! while in bis-
tetraazamacrocyclic series, the isomerisation of the type 111
[Zn, (bis para-cyclam)] complex into the type 12! has been
described. Such an isomerisation can be proposed for the
[Ni,L3** and [Ni,L**"complexes. Unfortunately, the im-
possibility to isolate and characterise independently the
supposed type III and type I isomers prevents any kinetic
quantitative study of the equilibrium between these two
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Figure 3. Cyclic voltammetry at a glassy carbon disk (CH;CN/BuyNPF,, ¢ = 0.1 molL';

v = 100 mVs!) of millimolar solutions of

[Ni,L3] 4* (dashed lines) and [Ni,L#] 4* (straight lines) and Differential Pulse Voltammetry of their oxidation system (10 mV step poten-

tial).

configurations. However, the variation of the CV traces
with the scan sweep rate can be indicative (Figures 4c and
5a). Comparison of the CV traces shows that for [Ni,L4]**
the increase of the sweep rate improves the reversibility of
the first system. Moreover, during the same experiments,
the second system is affected since it tends to disappear
for both complexes. It is interesting to notice that changes
observed by increasing the CV sweep rate are similar to
the changes previously noted by lowering the temperature
(Figure 4b and Figure 5b). It led us to propose a configura-
tional equilibrium in solution, slightly shifted upon electro-
chemical oxidation between the type III and the type I iso-
mers of [Ni,L3]** and [Ni,L4** biscyclams. Voltammetric
data alone cannot bring any geometrical information about
the coordination shell and it is difficult to identify the struc-
tures formed upon the oxidation. However, by comparison
of the gap between redox potentials determined for type 111
and type I isomers of [Ni(cyclam)]**%4 one can propose for
[Ni,L3] that the first system (Ey,, = 0.80 V) corresponds to
the oxidation of the two Ni ions held in a type III cavity
while the second system (E1,,, = 1.12 V) corresponds to the
oxidation of the two Ni ions held in a type I cyclam cavity.
The oxidative process can then be modelled as a classical
square scheme, involving the electron-transfer reactions and

2662 © 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

the isomerisation processes (Scheme 2): the first oxidation
peak corresponds to the electrogeneration of the type III
[Ni,L?®" complex that undergoes a partial rearrangement
to form the type I [Ni,L*°". Since the potential corre-
sponding to the generation of the type I [Ni,L3]°* is more
positive than the redox potential of the Ni'V in the type
III complex, type I [Ni,L3]* species is immediately reduced
into type I [Ni,L3]** species; this species is further oxidised
at a more positive potential. This implies that the isomeris-
ation process requires an elongation of the metal-nitrogen
bonds of the tetraazamacrocycle, which readily takes place

E°
Ni(1)-Ni(Il) - Ni(TIT)-Ni(I1T)
type-III type-I11
k72 lT kz kil Tl kl
Ni(I[)-Ni(ITl) =— Ni(lID-Ni(lII)
type-I E,° type-1

Scheme 2.
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Figure 4. a: DPV profiles. b: CV curves of [Ni,L?] 4* at different temperatures. c: CV curves at v; = 100 mVs !, v, = 500 mVs'!, v; =

1000 mVs .

on cyclam derivatives by modification of the electron den-
sity on the metal, induced by the electrochemical oxidation
Ni' Consequently, such isomerisation is negligible in
acetonitrile without an electrochemical oxidation-reduction
cycle. For complex [Ni,L#]**, the electronic process is cer-
tainly more complicated than suggested by the square
scheme since the oxidation peak of the supposed type I iso-
mer is split. At this stage, only hypothesis can be formulated
to interpret this signal. On the course of the (type III —
type I) isomerisation process, a modification of the metal
coordination sphere takes place as previously said. At the
next step, the coordination of the nitrogen atom of the pyri-
dine linker can occur on one of the two nickel centres, to

Eur. J. Inorg. Chem. 2005, 2658-2668 www.eurjic.org

lead to the oxidable type I [Ni,L4]** entity. This assumption
is supported by the fact that most of the type I Ni'' com-
plexes based on cyclam cavities are known to exhibit
whether in a square planar or a square pyramidal configu-
ration.['3201 To test this proposal, modelling of type I
[Ni,L4*" was improved in order to check the preferential
equilibrium geometry of the complex. Whatever the type I
starting geometry [N(py) coordinated or not], the most
stable configuration corresponds to a situation where the
nitrogen pyridyl atom is coordinated to one of the two
nickel metals (Figure 7). Moreover, insofar as we can trust
these calculations (because of the system size, the calcula-
tion level is restricted) the pyridinic nitrogen atom brings

© 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 2663
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Figure 5. CV curves of [Ni,L4**. a: v; = 100 mVs™!, v, = 600 mVs ', v; = 2000 mVs . b: at different temperatures.
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Figure 6. Five possible configurational isomers of planar complexes of the macrocyclic ligand cyclam.
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E(UHF/LANL2MB) 0 42.47 keal mol”
L (UB3LYP/LANL2DZ) 0 38.42 keal mol”
o (Ni... Npy) 2271A 75419 A 5351A /5319 A
o (Ni ... Ni) 6.865 A 10.251 A

Figure 7. Relative energies of formation (kcalmol™') and main geometrical parameters of type I isomers of [Ni,L4]*" complexes (on the

structures, hydrogen atoms are omitted for clarity).

the macrocycles and the metallic ions nearer (6.86 A). Con-
sequently, the two distinct peaks of the type I oxidation
system can be assigned either to two different coordination
modes of the two nickel ions (respectively NiNs and NiNy)
or to consecutive monoelectronic processes, the first one be-
ing assigned to the Ni'" process at one of the metal
centres, the second one to be ascribed to the one-electron
oxidation at the other metal centre. Even if this last in-
terpretation was previously proposed for a [Niy(biscyclam)]
complex®® in which the metal centres are separated by
7.09 A, none of these two propositions can be ruled out on
the basis of electrochemical experiments.

EPR Spectroscopy of the Bismacrocyclic Complexes

The EPR spectra of the [Cu,L'#** complexes were re-
corded in DMF solution at 100 K in order to determine
their g and 4 parameters (Figure 8). The simulated aniso-
tropic EPR parameters are listed in Table 4. By way of com-
parison, the EPR parameters of the known acetate com-
plexes [Cu,L131*#221 are also reported.

The X-band EPR spectra of frozen solutions exhibit a
strong absorption at = 3200 G, attributable to the allowed
transitions AMg = 1. For the cyclam complexes [Cu,L>#**
the EPR parameters are similar which means that the cop-
per ions are held in an identical environment. The g values
are found to be the same for both complexes, namely 2.182.
These values are greater than the g ones, which is typical of
axially symmetric d® copper complexes and a d,» » ground
state.”] The hyperfine coupling constants A4; (100
104cm™!) are as expected,!®2? about half the value of the
mononuclear complexes, in which the metal is held in a
square planar environment. In the parallel region, the hy-
perfine system shows seven lines. This signal is typical of
copper(11) dimers weakly coupled and can be interpreted as
a triplet state spectrum originating from exchange-coupled
pairs of copper(i) ions.”? Thus, two series of seven lines
are theoretically expected,>* one for each allowed AMg =
1 transition; they correspond to the hyperfine coupling be-
tween the two copper d° ions (I, = 3/2). According to the
zero-field splitting amplitude, the two septets can either
overlap (weak D factor) or be shifted, even if in this case it
is difficult to observe all the lines.[**>® The simulation!?’! of
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Figure 8. Experimental EPR spectra of biscyclen complexes. a:
[Cu,L'(BF,)s. b: [Cu,L?|(BF,), and of biscyclam complexes. c:
[Cu,L3(BFy),. d: [Cu,L#(BF,). Dotted spectra: simulated EPR
spectra.

the spectrum can then help for the interpretation of the sig-
nals: for the complexes [Cu,L>***, the simulated spectra
tend to demonstrate that the two septets overlap. This me-
ans that the exchange interaction between the two copper
ions is weak. Nevertheless, the Cu™-Cu'! interaction is pres-
ent as shown by the existence of more than four hyperfine
lines in the spectra of the [Cu,L¥*** complexes and by
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Table 4. EPR parameters of [Cu,L! 4] complexes in frozen solution
(DMF) at 100 K.

g g Ap[10*em™] Dy [10#em 1]

[Cup L1+ 2207 2065 81 8

[Cu, Ll 2.20 2.07 102

[Cu, L2]#*1b] 2.193 2.03 90 90
[Culcycle)P*® 2198 2.057 184

[Cu, L3101 2182 205 100 8

[Cu, L3l 2.19 2.06 107

[Cu, L0 2182 205 100 8
[Cu(cyclam)PH9I24 2186 2.049 205

(1

[a] Parameter obtained by simulation (Simfonia).l*’! [b] This work.
[c] Ref.2?I [d] Ref.l'2],

smaller values for A4).[%>8:22241 For an analogous series of
xylyl-bismacrocyclic dicopper acetate complexes,??! a sec-
ond weak absorption at = 1550 G was previously reported
and assigned to the forbidden AMg = 2 transition. This
transition was claimed as a further proof of intramolecular
electron exchange between the two copper ions. Unfortu-
nately, we were not able to highlight this signal for the two
complexes [Cu,L34*" certainly because in these com-
pounds the presence of a noncoordinating anion (BF4) in
solution prevents any strengthening of such interaction be-
tween the metal ions.

For the cyclen complexes [Cu,L"?**, the comparison of
the EPR parameters with the ones of the mononuclear [Cu-
(cyclen)]** shows that g and g, are similar for all com-
plexes. As already described for the cyclam complexes, the
Ay values of [Cu,L"?]** are half that determined for mono-
nuclear [Cu(cyclen)]**. Moreover, the g, parameters of
[Cu,L?** are higher than the ones of the cyclam ana-
logues. This indicated that the coordination Scheme of cop-
per ions in cyclen and cyclam is different. It is confirmed
by the A values since, in cyclen complexes, the hyperfine
coupling constants are smaller than the cyclam ones. It cor-
responds to a coordination of the copper ions outside the
cyclen cavity, which is consistent with the crystal structure
and the UV/Visible spectra of the complexes. Interestingly,
the EPR spectrum of the pyridyl [Cu,L?*" complex exhib-
its more than seven lines in the parallel region. The simu-
lated spectrum allows the proposal of an hyperfine system
of nine lines. In this case, we assumed that the two septets
are shifted by zero-field splitting 2D?4 and the simulation
of the spectrum allowed the determination of a D parame-
ter of 90 10#cm™". This value is tenfold increased compared
to the ones simulated for the other complexes. This means
that in the pyridyl [Cu,L2]** complex, the interaction be-
tween the metallic centres is stronger. From the D value,
one can estimate the mean distance between the two para-
magnetic cations, provided that the zero-field splitting is
due to a pure dipole—dipole interaction:** from Equation
(1) (Table 4), one obtains rc, ¢y = 7.03 A for complex
[Cu,L?]** in frozen DMF solution. This would indicate that
in solution, the probable coordination of the pyridyl nitro-

2666 © 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

gen shown by UV/Visible spectroscopy, would tend to move
the two copper ions closer and then to favour exchange in-
teraction between them.

Conclusions

The dinuclear Cu'' and Ni'"' complexes based on bis-
cyclen L2 or biscyclam L3 ligands have been studied. X-
ray analysis of copper biscyclen complexes have shown that
the pyridyl nitrogen atom [N(py)] coordinates one of the
two copper ions. In solution, the comparison of the UV/
Visible spectra of these two complexes indicates that the
coordination of the N(py) atom is maintained, even upon
acidification. The coordination of the N(py) atom leads to
the shortening of the intermetallic copper—copper distance:
as a result, the dipolar intermetallic interaction is pro-
moted. This is underlined by the EPR spectrum of
[Cu,L?]** complex, which exhibits in the parallel region
nine equidistant lines (against seven for [Cu,L']*").

For the cyclam complexes, no evidence of the N(py) atom
coordination to one of the two metal centres was found.
However, EPR spectra of these dinuclear copper complexes
show that a weak intermetallic interaction is still present
since the parallel region of the spectra present seven equi-
distant lines. Nevertheless, for the corresponding nickel bi-
scyclam complexes, electrochemical oxidation-reduction cy-
cles, which promote a configurational rearrangement be-
tween type III and type I configurations of Ni biscyclam,
can induce a coordination of the N(py) atom in the type I
geometry. In this case, the strengthening of the metal-metal
interaction is suggested by the splitting of the correspond-
ing CV traces.

From this study, one can conclude that the existence of
a potentially coordinating atom on the intercycle spacer can
improve the metal-metal interaction. Consequently, bis-
macrocycles possessing more than one potentially coordi-
nating atom on the spacer are currently under study.

Experimental Section

Syntheses: The metals salts were purchased from Aldrich. The
other reagents were used as highest grade commercially available
without further purification.

Ligand Synthesis: The synthesis and the characterisation of ligands
L! and L3 have been described previously elsewhere.[”! Ligands L2
and L* have been synthesised according to the same procedure
from cyclen or cyclam glyoxal ligands and 2,6-bis(bromomethyl)-
pyridine.[*9]

Ligand L2 Yield 69%. 3C NMR (CDCly): 6 = 44.4, 45.6, 46.3,
51.2, 60.5 (CH,N), 121.1, 136.6, 158.4 (C,,). Elemental analysis
calcd. (%) for the hydrochloride salt of L2 C,3H4sNg6HCI-H,O:
C 40.36, H 7.81, N 18.42; found: C 40.23, H 7.76, N 18.17.

Ligand L* Yield 71%. '*C NMR (CDCly): 6 = 26.2-28.7
(CH,CH,N), 47.3, 47.9, 48.8, 49.1, 50.6, 53.2, 55.3, 59.5 (CH,N),
120.9, 136.3, 158.6 (C,,). Elemental analysis calcd. (%) for the hy-
drochloride salt of L* C,;Hs;Ng'HCI-:2H,O: C 42.75, H 8.37, N
16.62; found: C 42.99, H 8.11, N 16.45.
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Synthesis of Cu,L!(ClO,),4H,0: The neutral ligand (5.2:10>mol)
was dissolved in distilled water (10 mL) followed by the addition
of an ethanolic solution of the copper(i) perchlorate salt
(1.17-10*mol). The blue solution was refluxed for 2 h and the sol-
vents were evaporated under vacuum. The solid was washed twice
with absolute ethanol. Elemental analysis caled. (%) for
Cy4H54Cl,Cu,NgOy: C 27.62, H 5.21, N 10.74; found: C 27.99, H
5.14, N 10.45.

This solid was further dissolved in water and the diffusion of an
aqueous saturated sodium perchlorate solution produced monocry-
stals of [Cu,L!'(H,0),](ClO4)4H>O0, suitable for X-ray analysis.

Synthesis of Cu,L'#(BF,), and Ni,L'"#(BF,),: The neutral ligands
(5.2 103 mol) were dissolved in distilled water (10 mL) and aqueous
solutions of copper(i) or nickel (II) salts (1.17 10#*mol in 5 mL)
were added dropwise. The resulting solutions were heated at reflux
for 2 h, the solvents were evaporated under vacuum afterwards. The
solids were washed twice with absolute ethanol.

Elemental analysis for Cu,L'(BF,),2H,0: C,4Hs,B4Cu,NgF,c0,
caled. (%): C 30.12, H 5.27, N 11.71; found: C 29.99, H 5.02, N
12.39. Cu,L*(BF,),, 3H,0 Cy3HsB4Cu,NoF,c05 caled. (%): C
28.30, H 5.27, N 12.92; found: C 28.22, H 4.83, N 12.67.
Cu,L3(BFy), CosHsyB4CusNgF ¢ caled. (%): C 34.42, H 5.57, N
11.47; found: C 34.78, H 5.60, N 11.53. Cu,L*BF,),, 2H,O
C,7Hs57B4Cu,NoF 60, caled. (%): C 31.98, H 5.67, N 12.43; found:
C 32.17, H 5.32, N 11.90.

Ni,L'(BF,)4 1H,0: CpyHygBuNi,NgF,cO caled. (%): C 31.02, H
5.21, N 12.06; found: C 30.73, H 5.61, N 12.36. Ni,L*(BF,),,
Cy3H45B4NiLNoF 4 caled. (%): C 30.28, H 4.97, N 13.82, found: C
30.61, H 5.34, N 13.69. Ni,L3(BF,),, 3H,O CygHgoB4Ni,NgF 405
caled. (%): C 32.94, H 5.92, N 10.97; found: C 32.85, H 5.58, N
10.34. Ni,L*BF,)s, 2H,O C,;Hs;B4Ni,NgF 40, caled. (%): C
32.29, H 5.72, N 12.55; found: C 32.34, H 5.08, N 11.99.

Crystals of Cu,L*BF,), suitable for X-ray crystallography were
obtained by slow diffusion of diethyl ether into an acetonitrile solu-
tion of the complex.

Spectroscopic Measurements: Electronic spectra in aqueous or ace-
tonitrile solutions (103 molL ') were all measured in the 300
900 nm range with a Lambda 6 Perkin—Elmer spectrophotometer.
The acetonitrile solution of trifluoroacetic acid (0.1 molL ') was
prepared by dilution of trifluoroacetic acid Aldrich product at
99%. The acidification of acetonitrile copper complex solutions
was obtained by successive additions of trifluoroacetic acid solu-
tion (100 pL).

The X-band EPR spectra (9.40 GHz) were recorded in DMF solu-
tions at 100 K, with a Bruker spectrophotometer ELEXSYS 500.
Simulations were carried out using the software Simfonia.l*”!

Electrochemical Measurements: Voltammetric data were recorded
with an Autolab with a PGSTAT12 potentiostat (ECO Chemie)
associated to a conventional three electrodes electrochemical cell,
the working electrode being a glassy carbon or platinum disk, a
platinum plate being used as a counter electrode and in aqueous
medium a saturated calomel electrode was used as the reference
while in acetonitrile a silver electrode separated from the complex
solution was used as a pseudo reference. In acetonitrile, the poten-
tial of the pseudo reference was measured vs. the ferricinium/ferro-
cene couple. Complexes concentrations were always close to
103 molL ! and in acetonitrile tetrabutylammonium hexafluoro-
phosphate 10! molL! was used as the supporting electrolyte. In
concentrated perchloric acid solutions no additional electrolyte was
employed.

Computational Details: The calculations have been performed using
the Gaussian 98?71 program package. Both geometry and energy
calculations were performed at the UHF/LANL2 MB level. Each
molecular structure has been fully optimised and characterised as
minimum by frequency analysis. Single point energy have further
been calculated at the UB3LYP/LANL2DZ level [the LANL2DZ
basis set as parameterised in Gaussian has been supplemented with
polarisation function on nitrogen atoms (dy = 0.80)].

Crystal Structure Determination: The crystal data were collected at
173 K with a Kappa CCD diffractometer using monochromated
Mo-K, radiation (2 = 0.71073 A).

Table 5. Crystal data and details of the structure determination for [Cu,L!](ClO,4)4 and [Cu,L? BF,] (BF,)s.

[CuzL'](ClO4)4(H20)3

[Cu,L? BE4](BFy)s

Empirical formula

Formula mass 1025.62
Temperature [K] 173
Crystal system monoclinic
Space group P12y,1
Color blue

a[A] 14.9096(3)
b[A] 8.8632(2)
¢ [A] 30.7758(6)
a [°] 90

£ 96.913(5)
7 [°] 90
Volume [A3] 4037(1)

zZ 4

Dcalcd. [g Cm73] 1.69
Absorption coefficient [mm™!] 1.402
F(000) 2120

/. (Mo-K,) [A] 0.71073
No independent reflections 9584

No reflens. [1 > 3.0 o())] 4599

R1 0.056

WR, 0.080
Goodness-of-fit on F? 1.442

Cyy Hsy Ng Oy9 Cly Cuy

Cs3 Hys No By Fig Cuy
921.97

173

orthorhombic

Pbca

blue

20.1554(2)

20.2243(3)

17.7403(2)

7231.5(2)
8

1.69
1.292
3744
0.71073
11472
4506
0.072
0.085
1.200
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The structures were solved by direct methods. After refinement of
the non-hydrogen atoms, difference-Fourier maps revealed maxima
of residual electron density close to positions expected for hydrogen
atoms. Hydrogen atoms were introduced as fixed contributors at
calculated positions [C-H = 0.95 A, B(H) = 1.3 Begy]. Final differ-
ence maps revealed no significant maxima. All calculations were
using the Nonius OpenMoleN package.*®] Neutral atom scattering
factor coefficients and anomalous dispersion coefficients were
taken from a standard source.

CCDC-261457 (for [Cu,L!'(H,0),]-4Cl043H,0) and CCDC-
261458 (for [Cu,L?BF,]-3BF,) contains the supplementary crystal-
lographic data for this paper. These data can be obtained free of
charge from The Cambridge Crystallographic Data Centre via
www.ccde.cam.ac.uk/data_request/cif.

Crystal data and details of the structure determination for [Cu,L']-
(ClOy)4 and [Cu,L?BF,](BF,); are given in the following Table 5.
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