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Cu' and Ni'' complexes of bis(cyclen)pyrazine and bis(cy-
clam)pyrazine, [Cu,L']**, [Ni,L!]4*, [Cu,L2]**, [Ni,L2]**, have
been isolated and characterised by UV/Vis and EPR spec-
troscopy. Complex [Cu,L!]** was characterised by X-ray dif-
fraction. The crystallographic structure indicated that the two
metal cations are held in a square-pyramidal geometry, the
central nitrogen pyrazine atoms occupying the apical posi-
tion of each metal centre. In solution, the EPR spectrum of
[Cu,L]** revealed the presence of two isomers, one of which

was the previous crystallised complex. For [Ni,L?]**, the elec-
trochemical studies have highlighted the presence of two dis-
tinct geometries for the complex (type III and type V). From
the electronic point of view, EPR and electrochemical mea-
surements indicated that in these complexes the pyrazine
bridge behaves as a poorly efficient exchange bridging li-
gand between the two metal centres.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2008)

Introduction

Tetraazamacrocyclic ligands like cyclen and cyclam, even
when they are N-functionalised, are known to be good
complexing agents towards first-row transition metals.[!]
This is a reason why these ligands are used as constitutive
subunits in more sophisticated ligands such as bistetraaza-
macrocycles,?l macrotricyclest® and trismacrocycles. If
their molecular structure is properly designed, in particular
if besides metal ion coordination, noncovalent interactions
are anticipated (hydrogen-bonding, hydrophobic or electro-
static interactions), they can be developed as artificial re-
ceptors, like anion receptors for instance. Bis- and tris-
macrocyclic Zn"' cyclen complexes developed by Kimura
and co-workers have proved to be extremely efficient in
binding mono- and diphosphate nucleotides in aqueous
solution at physiological pH.®l More fundamentally, bis-
macrocyclic ligands are interesting, because they are able
to hold two metal centres in proximity, which can allow
the possible development of metal-metal interactions and
mimic the multinuclear metal arrays at the active sites of
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several metalloenzymes.[®] Nevertheless, these interactions,
often termed “superexchange” because of the large dis-
tances between the metal ions involved, remain weak, and
the bridging atoms between the metal ions determine the
magnitude of the exchange interaction.[”l For this purpose
and in order to tune the metal-metal distance in bismacro-
cyclic systems, the most straightforward structural param-
eter to modify is the linker between the two macrocyclic
cavities. Kaden, Fabbrizzi and co-workers showed, through
electrochemical and EPR studies of metallic bistetraaza-
macrocyclic complexes, that below an intermetallic distance
of about 8 A, these metal-metal interactions can be de-
tected.®] Recently, it was shown too that in pyridyl bis-
(cyclen) and bis(cyclam) complexes, the modification of the
metal stereochemistry triggered by a metal-centred electron
transfer® associated with the presence of coordinating sup-
plementary atoms on the linker between the two macro-
cyclic cavities enhance these interactions.!'%! In order to gain
much insight into the specific influence of the bridging
atoms between the metal ions, it seemed to us relevant to
prepare bismacrocyclic copper(IT) and nickel(IT) complexes
based upon cyclen and cyclam cavities joined by a pyrazine
bridge (Scheme 1). This rigid spacer was recently used to
evaluate the superexchange mechanism in pyrazine-bridged
copper(Il) complexes.''l Our goal is to get a characterisa-
tion of the complexes both in the solid state and in solution,
in order to analyse their electronic properties. In particular,
we wish to evaluate, in bismacrocyclic complexes, the influ-
ence of the pyrazine bridge on the electronic exchange be-
tween the two metal ions.
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Scheme 1.

Results and Discussion

Ligands L' and L2 were synthesised according the
bis(aminal) methodology.!'?! The protonation constants of
the ligands and the overall formation constants of the
copper complexes were determined by means of potentio-
metric titrations at 20 °C with 7 = 1 (KNOj3) (see Exp.
Sect.).

Acid-Base Behaviour of L! and L2

The titration of the solutions of L' and L?* gave rise to
neutralisation curves with a single inflexion point at pH =
7 for both ligands (Figure S1). The mathematical treatment
of these data with PROTAF software!!3! allowed the deter-
mination of the logKy;, values, which are gathered in
Table 1 with those of relevant ligands like cyclen, cyclam
and para-xylyl L? and L* bismacrocycles.['?! For L! and L2,
the five calculated protonation constants compare well with
the constants previously determined for the relevant L3 and
L* ligands. For each bismacrocyclic ligand, the first two
protonation constants have to be compared with the first

j n=0 cyclen
n=1 cyclam

protonation constant of the sole cavity (of cyclen or cyclam,
as appropriate). The similarity between the values indicates
that in bismacrocyclic ligands the two first protons are
added alternatively in the two cavities. This can be easily
understood in terms of minimisation of electrostatic repul-
sion between positive charges in the protonated spe-
cies.'*15] These observations still hold for the third and
fourth protonations. The question that should be raised
concerns the constant value associated with the protonation
of the pyrazine nitrogen atoms. The consideration of the
protonation constants determined for aromatic nitrogen
heterocycles shows that in methylamino-substituted hetero-
cycles, this constant is lowered with substitution according
to logK = 5.3 for pyridine, logK = 2.3 for 2-methylami-
nopyridine and log K < 1 for 2,6-dimethylaminopyridine.[*¢!
Moreover, the data available for the protonation of pyrazine
nitrogen atoms!!®l indicates that their affinity for protons is
low, since they can only be protonated at a pH lower than
1.5. Therefore, for L' and L?, it seems that the fifth proton-
ation constant also corresponds to the addition of a proton
to a macrocyclic cavity.

Table 1. Ligand protonation constants (logKy;;,) and overall formation constants (logf,.;,) of the copper complexes: the numbers in
parentheses refer to the estimated standard deviations for the last significant digit (95% confidence).

L' L2 L300 L0l Cyclenl Cyclam(-d!
L+ H'=LH" 10.7(2) 11.4(2) 11.1 12.3 10.97 11.58
LH* + H*=LH,*" 10.44(6) 11.07(6) 10.5 11.1 9.87 10.62
LH,?* + H*==LH3** 9.60(5) 10.65(4) 9.44 9.8 <2 1.61
LH.* + H*=LH,* 8.71(2) 9.56(2) 8.75 8.9 <2 2.42
LH,* + H*=LH/* 1.9(1) 2.0(1) <2 2.8
LHs>* + H*=LH* <2 <2 <2 1.7
2Cu?* + L=Cu,L* 39.2(3) 41.9(2) 39.2 44.0
Cu’* + L=CulL?* 20.0(3) 20.9(4) 19.6 23.5 23.3 26.5
Cu’* + L + H"=CuLH?** 30.0(3) 32.0(3) 30.4 33.8
Cu’* + L + 2H*=CuLH,** 39.0(2) 42.2(2) 39.4 423

[a] Potentiometric titrations carried out at 20.0(1) °C, I = 1 mol L '(KNO3) (this work). [b] Ref.'4. [c] Ref.']. [d] Ref.[34].
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Thermodynamic Stability of Complexes [Cu,L']** and
[Cu2L2]4+

The complexation kinetics of the macrocycles cyclen and
cyclam is known to be pH-dependent. In order to take into
account this phenomenon, the copper complexation of L!
and L? was investigated according to the procedure of Soib-
inet and co-workers.[' The solutions were prepared for sev-
eral [total ligand]/[total metal] ratios (Cy/Cy) at acidic ini-
tial pH and stored under argon in a thermoregulated en-
closure at 40 °C for four, six and eight weeks. These condi-
tions are required, because the kinetic complexation is slow.
Prior to potentiometric analysis, it was checked by EPR
spectroscopy that, in these experimental conditions and for
C/Cy > 1, mononuclear complexes were formed (four
equidistant lines in the spectrum in the whole pH range; see
Figures S2 and S3) while for C;/Cy; < 1, dinuclear com-
plexes were formed (more than four lines in the spectrum in
the whole pH range; see Figures S2 and S3).1'4l The overall
stability constants associated to the formation of all these
complexes are gathered in Table 1. The logarithmic values
of the overall constants are (20.0 £0.3) and (20.9 = 0.4) for
the mononuclear species [CuL']>* and [CuL?]**, respec-
tively, and (39.2+0.3) and (41.9=0.2) for the dinuclear
complexes [Cu,L'** and [Cu,L?]**, respectively. These
log fi110 and logf>1o values are similar to those determined
for the relevant complexes [Cu,, L34]*"* where m = 1 or 2[!4]
(for the corresponding species distribution diagrams see
Figures S2 and S3). From these values, we deduce that the
stepwise complexation constants (log K = log 5519 — logf110)
corresponding to the addition of a second metal ion to the
mononuclear species are 19.2 and 21.0 for [Cu,L'** and
[Cu,L2]**, respectively. These values are similar to the over-
all constants determined for the mononuclear species
[CuL'?]?* and indicate that the addition of the second
metal ion on [CuL'?]?>* is not affected by the presence of
the first one. Furthermore, the comparison of the overall
stability constants for the bismacrocyclic ligands L' sug-
gests that, whatever the ligand structure, their affinity
towards copper is similar. Since in this direct comparison,
the differences in the basicities of the ligands are not taken
into account, the concentration [Cu?*].. was determined
across the pH range (see Figure S4). The concentration of
the free metal cation represents a direct indication of the
ligand—metal affinity with consideration of all involved
equilibria.l'”? The weaker the free metal concentration, the
higher the ligand metal affinity. Actually, the corresponding
plots indicated that the complexing ability of L! is the same
as that of its homologue L3, while the complexation ability
of L2 is weaker than that of L*. This suggests that, in solu-
tion, the pyrazine bridge coordination is weak and does not
counterbalance the poor o-donor ability of tertiary amines
relative to secondary amines.'® So, in order to have a better
insight of the structures of the dinuclear complexes, a study
of the complexes in the solid state was undertaken.

Molecular Structure of Complexes [Cu,L![** and [Ni,L'|**

To provide a proof of the stoichiometry and the structure
of the complexes, a crystallographic study was carried out.
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Single crystals suitable for X-ray analysis were obtained
only with L. For the [Cu,L']*" complex, the single crystals
were isolated by slow diffusion of ethyl ether into an aceto-
nitrile solution of the complex. A Schakal depiction of
[Cu,L']** is provided in Figure 1. The structure is centro-
symmetrical, and the two copper ions are pentacoordinate
in a square-pyramidal geometry as expected for copper held
in a cyclen cavity. Each metal ion is coordinated by the four
macrocyclic nitrogen atoms of each macrocycle and in an
apical position by a nitrogen atom of the pyrazine bridge.
Selected bond lengths and angles are given in Table 2. The
Cu-NH bond lengths [2.000(4)-2.018(3) A] are close to the
ones in the bis(para-xylylcyclen) copper complex,!'¥ while
the bonds to the tertiary macrocyclic nitrogen atoms are
slightly longer [2.047(3) A]. This is generally attributed to
the consequence of the N-alkylation on these atoms.['”] The
bond to the nitrogen atom of the pyrazine ring is longer
{d[Cu-N(5)] = 2.159(3) A}. The coordination of the linker
N(5) atom allows the formation of an efficient five-mem-
bered chelate ring, which leads to a smaller N(5)-Cu-N(3)
angle of 81.6(2)° for the N(3) nitrogen carrying the pyrazine
linker [relative to values of 96.7(2) to 126.7(2)° for the other
three N(5)-Cu-N angles]. These values agree with a square-
pyramidal geometry (Addison parameter,?” ¢ = 0.01). The
distance of each copper ion with regard to its correspond-
ing macrocyclic cavity is about 0.53 A. At last, for this com-
plex, the intramolecular Cu—Cu distance is measured to be
7.025A. This distance is intermediate between those
determined in homologous complexes with a para-xylyl
bridge (11.539 A)'" and a pyridine linker (5.779 A in
[Cu2L5]4+).[10]

Figure 1. Schakal diagram of [Cu,L']**.

Table 2. Selected bond lengths (in A) and angles (in °) for
[Cu,L1J**.

Cu(1)-N(1) 2.000(4)  Cu(1)-N(4) 2.012(3)
Cu(1)-N(2) 2018(3)  Cu(1)-N(5) 2.159(3)

Cu(1)-N(3) 2.047(3)

N(1)-Cu(1) N(2) 85.92(16)  N(2)-Cu(1)-N(5) 113.16(13)
N(1)-Cu(1) N(3) 151.25(13) N(3)-Cu(1)-N(5) 81.62(11)
N(1)-Cu(1) N@4) 85.31(16)  N(4)-Cu(1)-N(2) 147.90(14)
N(1)-Cu(1)-N(5)  126.69(13) N(4)-Cu(1)-N(3) 86.38(13)
N(2)-Cu(1) N(3) 86.64(14)  N(4)-Cu(1)-N(5) 96.72(13)

For [Ni,L'[** and [Cu,L?]**, we failed to obtain single
crystals suitable for a good X-ray structure determination.
Nevertheless, for these complexes the crystallisation
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attempts allowed us to elucidate the metal coordination
spheres (see Figures S5 and S6). For [Ni,L']** (Figure S5),
the two nickel ions are octahedral: the pyrazine nitrogen
atoms N(5) are coordinated to each metal centre, and the
sixth position is occupied by a solvent molecule. For
[Cu,L?]** (Figure S6), the two copper ions are held in a
pentacoordinate environment constituted by the four
macrocyclic nitrogen atoms and by a pyrazine nitrogen
atom. The intermetallic M"-M distances are estimated at
6.9A for [NiL'"* and 72A for [Cu,L3**. For
[Cu,L?** this distance is smaller than the one estimated in
the homologous para-xylyl complex by EPR measurements
(d>9.6 A).21

All these structures show that the pyrazine nitrogen
atoms are coordinated to the metal centres. Furthermore,
the presence of two coordinating nitrogen atoms on the in-
termacrocyclic spacer seems to induce both the existence of
a symmetry element through the spacer and a shortening
of the intermetallic distance.

Electronic Absorption Spectroscopy of Complexes
[Cu,L2]** and [Ni,L1-2|**

The absorption maxima of complexes [Cu,L'?*" and
[Ni,L%2** in water and in acetonitrile are listed in Table 3.
The comparison of these data with those obtained in solid
state for the same complexes is a good indication of the
nature of the metal coordination sphere in solution.

Table 3. Electronic absorption data [Z /nm (¢ /mol'Lem )] for
complexes [Cu,LV2]**, [Ni,L'2]** and [CuL78]**.

Complex In H,O In CH;CN Solid
[Cu,LY* 568 (222) 575 (222) 570
[Cu,L2** 556 (202) 551 (210) 540
[Ni,L*+ 848 (41), 529 (150) 839 (43), 530 (152) 809, 532
[Ni,L2]** 840 (37), 527 (148) 840 (38), 530 (149) 800, 532
[Cul7P*al - 595 (218) 601 (247) 600
[Cul®p*al 541 (228) 550 (125) 551

[a] Ref.l8],

Copper Complexes

For [Cu,L'**, in water, the visible spectrum exhibits a
broad band with a maximum at 568 nm. The position of
this band, associated to the copper d— d* transition, is po-
orly affected by the nature of the solvent and is similar in
the solid state and in solution. This means that the copper
environment is maintained on going from the solid state to
the solution. Furthermore, this A, value compares well
with the one determined for the reference complex
[CuL3]>*,1'81 which is typical of a pentacoordinate copper
ion. So, for [Cu,L![** in solution, the pyrazine nitrogen
atoms remain coordinated to the copper ions in a CuNjs
chromophore. For [Cu,L2]**, the spectral characteristics are
similar regardless of the recording conditions. The Ay
value (Amax = 556 nm in H,O) compares well with the one
determined for [CuL®]?*!81 (1 .. = 541 nm), where the cop-
4738
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per coordination sphere is constituted by the four macro-
cyclic nitrogen atoms and the nitrogen atom of the pyridine
linker. This value also indicates that the configuration of
the macrocyclic cavity is of type III according to Bosnich
nomenclature.[*”! So, for [Cu,L?** in solution, the pyrazine
nitrogen atoms are coordinated to the copper ions in a
CuN5 chromophore.

Nickel Complexes

The visible spectra of the nickel complexes [Ni,L'-2]**
can be interpreted on the basis of an octahedral coordina-
tion of the metal. Whatever the conditions, two bands are
observed for both complexes corresponding to the pre-
dicted *A,,— 3T, (950-800 nm) and *A,,— Ty, (F) (560
500 nm) transitions for a d® metal ion under octahedral
symmetry, the third transition *A,,—°T;, (P) (300
400 nm) being hidden by the strong absorbance of the li-
gand. For each complex, A.,., values determined on going
from the solid state to solution are similar, which indicates
that the nickel environment is maintained in solution. This
suggests that the pyrazine nitrogen atoms are coordinated
to the nickel centres.

Electrochemical Properties of the Bismacrocyclic Complexes

Since the presence of two coordinating nitrogen atoms
on the intermacrocyclic spacer involves a decrease in the
intermetallic distance, it is important to check whether this
influences the interaction between the two metal centres, in
particular when the metal redox state is modified. For this
purpose, the redox behaviour of the binuclear complexes
was investigated by electrochemistry. Since the mono-N-
functionalised cyclen cavity is not well adapted to stabilise
+1 and +I11 oxidation states for copper and nickel,[>’] only
the binuclear [Cu,L2]** and [Ni,L?]** complexes were inves-
tigated by cyclic voltammetry in CH3;CN, with a glassy car-
bon disk as the working electrode and the Fc*/Fc couple as
reference.

The [Cu,L?]** complex exhibits two irreversible systems
separated by approximately 2.50 V. The Cu'"-Cu! cathode
peak is measured at —1.25V vs. Fc*/Fc, while the anode
Cu"-Cu'" peak appears at 1.27 V vs. Fc¢*/Fc. These values
are in agreement with those already measured for copper—
cyclam complexes.l'®?*1 Moreover, the high anode current
detected for the first cycle and the decrease in its intensity
with the number of cycles suggest that the Cu''' species is
unstable in these conditions and reacts rapidly in the me-
dium.

The redox behaviour of [Ni,L?** was investigated in
similar conditions. In reduction, only one quasireversible
Ni"-Ni' system at —1.35V vs. Fc*/Fc (AE, = 130 mV) is
observed. In oxidation (Figure 2), the voltammogram pres-
ents two quasireversible waves. The oxidation half poten-
tials of these systems are at 0.80 V vs. Fc™/Fc (AE, =
120 mV) and 1.16 V vs. Fc*/Fc (AE, = 120 mV). Relative
to the known E9%[Ni(cyclam)]?* potential (0.64 V vs.

Eur. J. Inorg. Chem. 2008, 4735-4744
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Fc*/Fc), these potentials are shifted to higher values. This is
generally attributed to the reduction of the in-plane metal—
ligand interaction under the influence of the macrocyclic N-
substitution.”! In order to explain the existence of two
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Figure 2. Cyclic voltammetry at a glassy carbon disk (CH3CN/
Buy,NPFg 0.1 molL™!'; v = 100 mV.s™') of millimolar solutions of
two different samples of [Ni,L?** (a) a mixture of type Il and
type V stereoisomers (b) type III isomer as the major component.

European Journal
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Ni"-Ni"" oxidation systems for [Ni,L2]**, two hypotheses
can be formulated. The first one implies the existence of
interactions between the two metal centres. In this case, the
oxidation of the first Ni'' would make more difficult the
oxidation of the second one, leading to two separate sys-
tems. This mixed-valence behaviour has previously been ob-
served with a dinuclear Ni'' complex of ligand L6101 If
[Ni,L]** presents such a behaviour, its two Ni'l-Nil gys-
tems must be similar, i.e. they must present the same shape
and current intensities. The second hypothesis implies the
existence of isomers for [Ni,L?]** in solution, which is in
agreement with the isolation of two [Ni,L?]** samples dur-
ing the synthesis of the complex (see Exp. Sect.). During
the electrochemical study of the [Ni,L*[** samples (for
which the purity was checked by mass spectrometry and
elemental analysis), two voltammograms were recorded
(Figure 2): the voltammogram of the first sample (Fig-
ure 2a) shows that the currents for the second oxidation sys-
tem are higher than those for the first system, while for
the second sample (Figure 2b), the first oxidation system
predominates. This tends to prove that the two Ni''-Ni'll
systems are not due to a mixed-valence behaviour for one
species but rather to the existence of two isomers of
[Ni,L2**. This is supported by the fact that cyclam com-
plexes are known to exist as several isomers in solu-
tion.[®10-221 The identification of the isomers can be taken
further by comparison of the E¢} values of relevant com-
plexes for which the stereochemistry was elucidated
(Table 4). The comparison of the [Ni,L*|** E{% values with
those of [NiL®P?* and [NiL°P**® indicates that, for
[Ni,L?]**, the first oxidation system at 0.80 V can be as-
cribed to the oxidation of two nickel ions fitted in type I11
cyclam cavities, while the second one corresponds to the
oxidation of two nickel ions held in type V cyclam cavities.
Moreover, no modification in the intensity or reversibility
of the waves can be observed in the cycle, which means that
at the voltammetry time scale, the interconversion between
these isomers is very slow or even prevented. Relative to
[Ni,L6]** 1101 the electrochemical study of [Ni,L?[** shows
no mixed-valence behaviour, which means that, unlike the
pyridine bridge, the pyrazine bridge does not improve
metal-metal interactions. Previous work concerning the
superexchange mechanism in dinuclear, pyrazine-bridged
copper(Il) complexes have already established that pyrazine
and pyrazine derivatives are relatively inefficient exchange
bridging ligands.!'!&-11b.11e1lel Tn order to understand the
nature of the weak superexchange interaction in the pyr-

Table 4. EY} values (in V vs. Fc*/Fc) of relevant nickel cyclam complexes according to their stereochemistry; quasi-reversibility criterion

ipalipe=1.
Complex Type 1 Type 111 Type V
[N@2L2]4*[al 0.80 (AE, = 120 mV) 1.16 (AE, = 120 mV)
[Ni, LA+l 0.80 (AE, = 100 mV) 1.16 (AE, = 100 mV)
[Ni, Lo+l 0.84 (EQ* irrev.) 1.03 (AE, = 100 mV)
P P

1.18 (AE, = 100 mV)
[NiL8)?*el 0.68 (AE, = 90 mV) 1.01 (AE, = 100 mV)
[NiL2)?*el 0.80 (AE, = 90 mV)

[a] This work. [b] Ref.[']. [c] Ref.[?¢].
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azine bismacrocyclic systems, EPR analyses were carried
out with the copper analogues [Cu,L2]**,

EPR Studies of the Bismacrocyclic Complexes

The EPR spectra of the [Cu,L'2]*" complexes were re-
corded in dmf solution at 150 K (Figure 3, Figure 4). The
X-band EPR spectrum of frozen [Cu,L!]** solution exhibits
a strong absorption at approximately 3200 G, attributable
to the allowed transitions AMg = 1 (Figure 3a). This spec-
trum is similar to the one recorded prior to the potentio-
metric study in frozen aqueous solution with Cp/Cy < 1
(see Supporting Information). The recrystallisation of
[Cu,L']** was then performed and yielded single crystals of
[Cu,L'**, for which the dinuclear structure was confirmed
(Figure 1). The EPR spectrum of [Cu,L']** single crystals
in frozen dmf solution exhibits a strong absorption at ap-
proximately 3200 G, and the hyperfine signal consists of

a)

Gauss
2600 2800 3000 3200 3400 3600
b)
_/\_/\—/
Gauss
2600 2800 3000 3200 3400 3600

Figure 3. (a) EPR spectra for [Cu,L']** (a) before and (b) after
recrystallisation [dmf (150 K)]. The dotted lines correspond to the
simulated spectrum.
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four equidistant lines (Figure 3b). The comparison of the
EPR spectra of [Cu,L'[** before and after crystallisation
seems to indicate that, in the first spectrum, the complex
exists in two isomeric forms (since the purity of the sample
as checked by conventional methods is satisfactory).

_J\_/J\,/ &

Gauss
)

2600 2800 3000 3200 3400 3600

Figure 4. (a) Experimental [dmf (150K)] and (b) calculated EPR
spectra for [Cu,L2]**.

The EPR parameters for the crystallised [Cu,L']** com-
plex can then be obtained by simulation. The X-Sophe sim-
ulation software®’! allows us to construct the molecular
Hamiltonian to obtain the spin parameters for the
[Cu,L']** single crystals. For that, the spin Hamiltonian is
taken as

H = ugBgaSAa + IAAASA + upBgpSy + IgAgSy +
JapSaSa+ SADSg

where up is the Bohr magneton, ga, gg, As, A correspond
to the individual site g and A tensors, S5 and Sy are spins
on the two copper centres (S5 = Sg = 1/2), Jap accounts
for the isotropic exchange interaction and D is the zero-
field-splitting tensor. For [Cu,L']** the overall structure is
centrosymmetric. In this condition, the D term is null.[*%]
The spin Hamiltonian parameters of this complex are com-
puted according to Comba’s procedurel>’! on the basis of
the known parameters of the relevant mononuclear com-
plex [CuL”P?* (g, = 2.192, g, = 2.045, Ay = 175X 10 *cm!
and 4, =15.6 X 10*cm™").['8 This is supported by the fact
that the individual site tensors in the dinuclear complex are
not expected to deviate much from those of the mononu-
clear complex.l*!l For the perturbation treatment, it is nec-
essary to take into account the complex geometry, that is
to say, the Cu—Cu distance (o), the structural parameters
7, n and { describing the orientation of one CulN,4 chromo-
phore relative to the other (Figure 5)?°¥ and finally the Eu-
ler angles. So, in the first step of the spectrum simulation,
the structural parameters from the X-ray structure were
used as input data [rap = 7A, 7 = 0° 5 = 0° (the two
CulN, chromophores are parallel), ¢ = 30°]. The magnetic
exchange constant between metal ions is weak and taken to
be equal to —25 X 10* cm™!, which is the magnitude of J for
this type of complexes.?* After optimisation, the resulting
computed spectrum (Figure 3b dotted lines) gives an ac-
ceptable fit with the experimental spectrum, and the simu-
lated EPR parameters are g| = 2.195, g, = 2.051 (Table 5).
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These values (g > g,) are typical of axially symmetric d’
copper complexes with a d,. ,» ground state.’”! The hyper-
fine coupling constant for the spectrum of [Cu,L!]** single
crystals is equal to 180 X 10~* cm™!. This result supports the
previously formulated assumptions i.e. D equal to zero and
a very weak J amplitude. This signifies that in this complex,
spin delocalisation towards the pyrazine nitrogen atoms is
poor. Magnetic interactions through the bridging pyrazine
ligand are often described as weak.!''l Furthermore, the di-
rection of magnetic copper orbitals towards the bridging
pyrazine ligand is important, since an unfavourable overlap
of the corresponding orbitals prevents the development of
such interactions. The [Cu,L']** structure indicates that the
d,> ,» copper orbitals (the x and y axes are roughly defined
by the Cu—N macrocyclic bonds) are orthogonal to the pyr-
azine nitrogen lone pairs located in axial positions. There-
fore the overlap is null, and the two magnetic centres behave
almost independently, leading in the parallel region to a sig-
nal similar to that of mononuclear complexes.[!®]

Figure 5. Definition of the structural parameters used in the spin
Hamiltonian (ref.[>°¥) for the simulation of the EPR spectrum of
[Cu, L1214+,

Table 5. EPR parameters of [Cu,L"?]** complexes in dmf solution
at 150 K.

g g, A“ /104 cm ™!
[Cu,L'J*E 2195 2.051 178.5
[Cu,L2** 2.195 2.045 180

[a] Single crystals.

For [Cu,L2]**, the hyperfine system can be interpreted
as consisting of four equidistant lines, the shoulders being
observed for each line of the system (Figure 4a). The global
signal shape can be explained on the basis of the partial
knowledge of the copper coordination sphere in this com-
plex (Figure S6). Since the structure seems to be centrosym-
metric, four lines are expected in the parallel region of the
EPR spectrum. The signal splitting may then result from a
distortion of the complex geometry as described previously
for relevant spiro complexes.[®?! If the two macrocyclic
CuNy planes are tilted towards each other and are orthogo-
nal to the pyrazine bridge, this may generate a local aniso-
tropy that differentiates the two Cu' centres.
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As it has been shown in similar cases, the origin of this
interaction is purely dipolar.l°®>3!l To test this hypothesis, a
spectrum simulation similar to the one previously per-
formed for [Cu,L'** was undertaken. In the first step of
the simulation, the structural parameters of the partial
[Cu,L2** structure were used as input data [rap = 7.2 A,
T = 0° n = 15° (the two CuNy chromophores are slightly
tilted), £ = 45° — see Figure S6]. The spin Hamiltonian
parameters used in the first step are the parameters deter-
mined for the type III [CuL®P* complex (g = 2.197,
g, = 2045 4 = 1887x10%*cm! and 4, =
22.5x10*cm™").l'"81  An exchange constant of J =
—25%X10*cm™! was firstly used for the calculation. Unfor-
tunately, these data did not yield an acceptable fit between
the simulated and experimental spectrum. A single-point
calculation was then attempted by modifying some param-
eters of the model (rap = 7.2 A, 7 = 0°, n=15°&="70°J
=130 X 10*cm™"). The resulting calculated spectrum fits
better with the experimental one (Figure 4b). The corre-
sponding EPR parameters are listed in Table 5. This incom-
plete optimisation seems, however, to indicate that the for-
mulated hypothesis, i.e. that the signal splitting is a conse-
quence of the complex geometry with a local anisotropy
that differentiates the two copper centres, seems reasonable.

Conclusions

Dinuclear Cu' and Ni'" complexes based on bis(cyclen)
(L") and bis(cyclam) (L2) ligands have been studied. X-ray
analysis of the [Cu,L']**, [Cu,L?**and [Ni,L'1** com-
plexes have shown that the pyrazine nitrogen atom coordi-
nates the two metal ions. This coordination remains in solu-
tion. Furthermore, configurational isomers can be detected
in solution for [Ni,L?]** by cyclic voltammetry. Potentio-
metric investigations have indicated that the coordination
of nitrogen pyrazine atoms to the metal centres does not
affect the stability of the complexes. As indicated by the X-
ray structure, the coordination of the pyrazine nitrogen
atoms leads to the shortening of the intermetallic copper—
copper distance in comparison with the corresponding
para-xylyl ligands. The evaluation of the possible intermet-
allic interactions was then investigated by electrochemical
and EPR measurements. These experiments have shown
that the pyrazine bridge is a relatively inefficient exchange
bridging ligand between the two coordinated metal centres
in these complexes. The first reason lies in the fact that this
ligand is known to give a poor superexchange pathway. The
second reason results from the apical position of the pyr-
azine bridge in the copper coordination sphere, which im-
poses an orthogonality on the copper(Il) magnetic orbitals
and the lone pairs of the pyrazine nitrogen atoms. This
leads to a peculiar EPR fingerprint of four lines in the par-
allel region for these dinuclear complexes. These lines may
be further be divided in two if a fortuitous local anisotropy
differentiates the two metal centres without necessarily cre-
ating a superexchange pathway.
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Experimental Section

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

Synthesis of the Ligands: The ligands L' and L? have been synthe-
sised according to the bis(aminal) methodology!!?! by alkylation of
cyclen—glyoxal and cyclam—glyoxal with 2,5-bis(chloromethyl)-
pyrazine (obtained according to ref.’?). Prior to cyclen—glyoxal
and cyclam-glyoxal alkylation, 2,5-bis(chloromethyl)pyrazine
(2.2 mmol) and Nal (4.4 mmol) were dissolved in dry acetonitrile
(10 mL). After stirring for two hours at room temperature, a white
precipitate of NaCl was removed from the solution by filtration.
The resulting solution was then added dropwise to a solution of
cyclen—glyoxal or cyclam—glyoxal (4 mmol) dissolved in dry aceto-
nitrile (10 mL). The mixture was stirred at room temperature for
four days. The precipitate was collected by filtration, washed with
acetonitrile and dried in vacuo, giving the bismacrocyclic bis(ami-
nal) compounds L'a and L?b (see Scheme S7). These bis(aminal)s
(2 mmol) were further deprotected by addition of hydrazine mono-
hydrate (10 mL) at 120 °C for 3 h. After cooling, the resulting pre-
cipitate was collected by filtration, washed with ethanol and dried
under vacuum to give L' and L2.

Ligand L': Overall yield: 65%, 0.665 g. '"H NMR (500 MHz, D,0):
2.56 (t, 8 H, CH,N), 2.62 (m, 16 H, CH,N), 2.69 (t, 8 H, CH,N),
3.79 (s, 4 H, pyrazineCH,N), 8.59 (s, 2 H, CH,,) ppm. *C NMR
(62.9 MHz, D,0): 6 = 43.8, 44.9, 45.6, 51.3, 57.4(CH,N), 153.5,
144.6 (5C,,) ppm. CarHaaN:3.5H,0 (511.72): caled. C 51.64, H
10.04, N 27.37; found C 51.56, H 9.82, N 27.14.

Ligand L Overall yield: 65%, 0.691 g. '"H NMR (500 MHz, D,0):
1.54 (q, 4 H, CH,CH,N), 1.70 (g, 4 H, CH,CH,N), 2.43 (m, 8 H,
CH,N), 2.50 (m, 12 H, CH,N), 2.57 (t, 4 H, CH,N), 2.63 (t, 8 H),
3.70 (s, 4 H, pyrazineCH,N), 8.57 (s, 2 H, CH,,) ppm. *C NMR
(62.9 MHz, D,0O): 6 = 25.3, 27.3 (CH,CH,N), 46.0, 46.8, 47.1, 47.8,
48.1, 48.8, 54.1, 542, 56.5 (CH,N), 153.6, 1442 (C,) ppm.
CosHsoN i 1.5H,0 (531.79): caled. C 58.72, H 10.42, N 26.34;
found C 58.94, H 10.41, N 26.20.

Synthesis of Copper and Nickel Complexes: The neutral ligands
(5.2 X 1073 mol) were dissolved in methanol (15 mL), and methanol
solutions of copper(II) or nickel(II) salts (1.17 X 10 mol in 5 mL)
were added dropwise. The resulting solutions were heated at reflux
for 2 h. The solutions were further concentrated, and addition of
diethyl ether allowed precipitation of the complexes. The solids
were then collected by filtration and dried under vacuum. Their
purity was controlled by mass spectrometry and elemental analysis.
The solids were further dissolved in acetonitrile, and the diffusion
of a diethyl ether solution produced single crystals of [Cu,L']**,
[Cu,L21** and [Ni,L'(CH;CN),J**. It should be noted that for
[Ni,L(CH;CN),]** two different samples were collected for which
the mass spectrum and the elemental analysis were rigorously the
same.

CAUTION: Perchlorate-containing complexes are potentially ex-
plosive and appropriate precautions should be in place for their
preparation, handling and storage.

[Cu,LY(Cl04)4: Blue solid, 60%, 0.0304 g. CoyHyuN;(Cu,Cl,O 6
(973.54): caled. C 27.14, H 4.55, N 14.13; found C 27.09, H 4.49, N
14.20. ESI-MS: calcd. for [Cus(CynHuuN o)(ClO,);]* 871.1; found
871.0.

[Cu,L?|(Cl10,),4:0.5H,0: Blue solid, 53%, 0.0286 g.
C56H35,NoCl4Cu,044°0.5H,0 (1038.66): caled. C 30.06, H 5.14, N
13.48; found C 30.03, H 5.02, N 13.21. ESI-MS: calcd. for
[Cus(Cy¢Hs:N o) (ClO,)5]" 927.1; found 927.0.
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[Ni,L'](C104)4H,0: Yellow solid, 72%, 0.0362 g.
Cy,HuNoCI4Ni,0,6°0.25H,0 (968.34): caled. C 26.91, H 4.72, N
14.26; found C 27.10, H 5.08, N 14.16. ESI-MS: calcd. for
[Niy(CooHysN10)(ClO4)5]* 861.09; found 861.09.

[Ni,L?|(C104)42CH30OH:  Yellow  solid, 68%, 0.0383 g.
C56H5,NoC14Ni»O,4-2CH;0H (1084.03): caled. C 30.91, H 5.48,
N 2.39; found C 31.01, H 5.54, N 12.92. ESI-MS: calcd. for
[Niy(C56H355N;0)(Cl04)5]* 917.15; found 917.20.

Potentiometric Measurements

Potentiometric titrations were carried out with an automatic titr-
ator composed of a microprocessor burette Metrohm dosimat 665
and a pHmeter Metrohm 713 connected to a computer. The com-
bined Type “U” glass electrode Metrohm used had a very low alka-
line error. The titration procedure was fully automated. All mea-
surements were performed within a thermoregulated cell at
20.0 0.1 °C under an argon stream to avoid the dissolution of
carbon dioxide. The ionic strength was adjusted to 1 with potas-
sium nitrate. The ionic product of water was determined under
these conditions (pK,, = 13.93). Solutions of ligand (1 X103 to
2X 1073 molL") were titrated with a KOH solution (0.1 molL™1).
For the complexation studies, several ligand/copper nitrate mix-
tures (ligand/metal ratio in the range 0.5-2 for a ligand concentra-
tion of 10molL™! in the measurement cell) at acidic initial pH
were stored under argon in a thermoregulated enclosure at 40 °C
for four, six and eight weeks. Before titration with a KOH solution
(0.1 mol L"), these solutions were allowed to reach the equilibrium
temperature (25 °C) for 48 h.

The protometric data were processed by using the PROTAF pro-
gram!'3! to obtain the best fit chemical model and refined overall
constants [,

[M,L,H,]
[M]m L] [H+]h

mM + IL + hH* M, LH, B =

The stepwise protonation constants (K,) related to equilibrium (1)
are defined by equation (2) and were deduced from the refined fy,
values given by relation (3):

Kom
LH/ " + H'=—=

LH;" (1)

Nz
Oth (h=1)+
e Tl N
h
B = 1;[ Ky, 3)

Each titration made use of at least 15 points per neutralisation
curve, and titrations were repeated until a satisfactory agreement
was reached. A minimum of ten curves were used for the determi-
nation of the L' and L? protonation constants, while for the deter-
mination of the complexation constants, six curves were used for
each [L])/[M] ratio. The confidence intervals based on the standard
deviation obtained for the different protonation constants and
overall complexation constants are given in Figure S1.

The potentiometric data used for the determination of the com-
plexation constants of the mononuclear complexes towards Cul!
corresponded to the ratios Cy/Cy; = 1.7 and 2. Under these condi-
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tions, either the EPR or the mass spectra of the corresponding
solutions recorded in water at different pH indicated the sole pres-
ence of the mononuclear complexes. The calculations were then
performed without considering the formation of the dinuclear spe-
cies. The potentiometric data used for the determination of the
complexation constants of the dinuclear complexes corresponded
to the ratio C;/Cy = 0.58. Under these conditions, either the EPR
or the mass spectra of the corresponding solutions recorded in
water at different pH indicated the sole presence of the dinuclear
complexes. The calculations were then performed without consider-
ing the formation of the mononuclear species.

Spectroscopic Measurements

Electronic  spectra in aqueous or acetonitrile solutions
(103 molL!) were all measured in the 300-900 nm range with a
Lambda 6 Perkin—Elmer spectrophotometer.

EPR spectra were recorded with a Bruker ESP 300e spectrometer
(X-band) equipped with a Bruker E035M gaussmeter and a HP
5350B microwave frequency counter. Samples were prepared at a
concentration of 5mmolL™! in dmf frozen solutions (150 K —
Bruker ER4111VT variable temperature unit). The best resolution
was obtained at 7' = 150 K by using the modulation amplitude
266 G for [Cu,L'** 0.596 G for [Cu,L?**, time constant
655.36 ms, conventional time 327.68 ms and sweep time 335.54 ms.
The simulation of the high-field EPR spectra were performed by
using XSophe software version 1.1.4 for Mandriva 2006 x86_64
developed by the centre for Magnetic Resonance and the Depart-
ment of Mathematics of the University of Queensland, Brisbane,
Australia, for Bruker Biospin GmbH.?”] The software uses a line-
width model with an angular dependence of g and a Simplex op-
timisation method with the copper element in a natural abundance
(for [Cu,L']**: linewidth in the parallel region = 23.7 X 10~ cm™,
linewidth in the perpendicular region = 19.8X10“*cm™!; for
[Cu,L2]**: linewidth in the parallel region = 30.0 X 10* cm™', line-
width in the perpendicular region = 30.0 X 104 cm™).

Electrochemical Measurements: Voltammetric data were recorded
with an “Autolab with PGSTATI12” potentiostat (ECO Chemie)
associated to a conventional three-electrode electrochemical cell,
the working electrode being a glassy carbon disk, and a platinum
plate being used as a counterelectrode and a silver electrode in ace-
tonitrile separated from the complex solution was used as a pseu-
doreference. The potential of the pseudoreference was measured vs.
the ferricinium/ferrocene couple. Concentrations of the complexes
were always close to 10 mol L' and in acetonitrile tetrabutylam-
monium hexafluorophosphate (10! molL!) was used as the sup-
porting electrolyte.

Crystal Structure Determination

The crystal data were collected at 173 K with a Kappa CCD dif-
fractometer by using monochromated Mo-K, radiation (1 =
0.71073 A). The structure was solved by direct methods. After re-
finement of the non-hydrogen atoms, difference-Fourier maps re-
vealed maxima of residual electron density close to positions ex-
pected for hydrogen atoms. Hydrogen atoms were introduced as
fixed contributors at calculated positions [C—H 0.95 A, B(H) 1.3
Beqv]. Final difference maps revealed no significant maxima. All
calculations were performed by using the Nonius OpenMoleN
package.[*3 Neutral atom scattering factor coefficients and anoma-
lous dispersion coefficients were taken from a standard source. Mo-
lecular formula: C,HsoN>B4FsCu,, M, = 1005.1 gmol!, ortho-
rhombic, Pbca (Nr 61), a = 11.574(5) A, b = 15.6205) A, ¢ =
22.322(5) A, V = 4036(2) A3, Z = 4, Deye = 1.654gem 3,y =
1.167 mm ™', F(,0,) = 2048, T = 173 K. A total of 53662 reflections
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were collected; there are 4604 independent reflections. Final R val-
ues are: R = 0.052 for 3150 observed reflections, R(all data) =
0.087, wR = 0.126, S = 1.03, largest difference peaks/holes:
0.819/-0.687 e A2,

CCDC-677258 contains the supplementary crystallographic data
for this paper. These data can be obtained free of charge from The
Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/
data_request/cif.

For [Ni,L'[** and [Cu,L2]** we were unable to obtain high-quality
single crystals, but the data, although poor, allowed a qualitative
description of the structures (see Figures S5 and S6).

Supporting Information (see footnote on the first page of this arti-
cle): potentiometric titrations curves (Figure S1), distribution speci-
ation diagrams for {L' — Cu'"} and {L2? — Cu''} systems (Figures S2
and S3), the comparison of L! and L? affinities towards Cu'! by
comparison with relevant ligands (Figure S4), the Schakal diagram
of [Ni,L'(CH;CN),]*" (Figure S5) and the coordination polyhe-
dron of Cu'! in [Cu,L?** (Figure S6). Finally, the synthesis of L!
and L2 is reported in Scheme S7.
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