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Single End-to-End Azidocopper(IT) Chain Based on an Electroactive Ligand:
A Structural, Electrochemical, Magnetic and Ab Initio Study
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By combining azide and the (Z)-1,1,1-trifluoro-4-(quinolin-8-
ylamino)but-3-en-2-one enaminone ligand, HL, an azido-
bridged copper(lI) one dimensional polymer was synthesized
in a one-pot reaction. The solved and refined crystal struc-
ture evidenced the unusual single and asymmetric end-to-
end coordination mode of the azide ion. The redox properties
of this complex were studied by cyclic voltammetry, and
oxidation of the azido bridge was evidenced. Magnetic
measurements, combined with magnetostructural-driven
analysis revealed a weak ferromagnetic interaction between

the copper(Il) ions within the N3 ~-bridged chains, comple-
mented by an antiferromagnetic interaction between the
chains mediated by n—r interactions. A survey of the scarce
literature of single end-to-end azido bridges, associated with
quantum chemical ab initio calculations, was carried out to
tentatively identify the relevant parameters driving the weak
intrachain exchange interaction.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2009)

Introduction

Research on hybrid organic-inorganic metallic clusters
exhibiting local magnetic moments has led to important
progress in both the chemistry and physics communities.["-?]
The design of such clusters should imply ligands able to
aggregate metal centres and mediate exchange interactions
between them. In that sense, the pseudohalide azido ion,
N5, turns out to be a very versatile candidate.”®3-3! The
most frequently encountered coordination modes of the
azido bridges are end-to-end (p,;-N3, EE) and end-on
(11.1-N3, EO; Scheme 1).2531 Besides, triple p; ;[ and
piaa or quadruple py % and py ;33! connection
modes remain relatively rare. One or several azido bridges
may be involved in the coordination of metal centres with
double EE and EO bridges being the most common
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(Scheme 1). An additional feature lies in the coordination
pattern, which may either be symmetric, with all equivalent
metal-azide bond lengths, or deviate from such perfect pic-
ture (Scheme 1). As a result of the large panel of coordina-
tion abilities, the structural variety of azido complexes ran-
ges from molecular clusters®! to multidimensional materials
(1D,12b-191 2pHI and 3D 131 Furthermore, different
bridging modes of the azido ions may simultaneously exist
in the same species, leading to original alternating topolog-
ies and magnetic behaviours exemplified by the widespread
{EO-EE}, sequence*!% and the less common, {EO-EE—
EE},, {EO-EO-EO-EE},, {EO-EO-EO-EO-EE}, chain
assemblies.['4]

Scheme 1. Symmetric EE (a) and EO (b) and asymmetric EE (c)
and EO (d) coordination modes for the azido bridge.

The sign and magnitude of the exchange coupling con-
stant, J, may be drastically tuned. From magnetostructural
correlations, based on both experimental!’”! and theoreti-
call'®l studies, some general trends have been evidenced for
double-bridged species: the EE mode favours antiferromag-
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netic interactions, whereas the EO one generally leads to
ferromagnetic behaviour. These studies have also high-
lighted the great sensibility of the magnetic exchange cou-
pling with specific structural parameters such as the metal—-
azido—metal angles or asymmetry in the coordination mode
of the azido bridges.['”? Similarly to the richness of azido-
based material topologies, the magnetic properties are
extremely wide, giving rise to single molecule magnets
(SMMs)P! and single-chain magnets (SCMs)!'®! materials.

To complete the coordination sphere of the metal centres,
azide ions are often associated with other ligands. Among
those, multidentate Schiff base molecules are widely used.
In that sense, we have reported recently the ability of such
a ligand class to generate various molecular architectures!'”!
involving azido coupler™!7-2% or exhibiting SMM proper-
ties.?!1 Our attention is currently focused on the design of
multidentate ligands that may hold redox properties in or-
der to tune the magnetic behaviour either in the oxidized or
reduced forms. Enaminones and their trifluoromethylated
analogues would possess such potentialities. Indeed, they
are possible redox-noninnocent ligands,*?! as they can
either be N,O-coordinated to transition-metal ions as
closed-shell anions, radical-anions or dianions. Recently,
we studied their coordination ability to form polynuclear
assemblies.”*! Such systems deserve particular attention, as
the electrochemistry of only two other fluorinated en-
aminone complexes [with Cu'! and Ni"] have been reported
to date.[* Such ligands have been involved also in the prep-
aration of metallomesogens with liquid crystal properties®”!
or highly active catalysts in olefin polymerization.?®!

We report here the thorough investigation, including syn-
thesis, structural analysis, redox properties and magnetic
characterizations, as well as quantum chemical calculations,
of a 1D azido-bridged copper(Il) chelated by the HL en-
aminone ligand [HL = (£)-1,1,1-trifluoro-4-(quinolin-8-yl-
amino)but-3-en-2-one; Scheme 2] polymer. This complex is
one of the scarce examples of neutral chains based on single
EE-Nj; bridge.

Scheme 2. Schematic representation of the HL ligand.

Results

In our previous studies, the HL ligand was evidenced to
coordinate copper(Il) ions, giving rise to the mononuclear
species [CuL,] in a 2:1 ligand/ion ratio.[>3! The electrochemi-
cal study of this complex in dichloromethane and in N,N-
dimethylformamide revealed two distinct monoelectronic
reduction processes, that is, Cu'! — Cu! and Cu' — Cu®. In
addition, the Cu! species generated from the reduction of
the [Cu'"L,] complex is stable and exhibits a quasireversible
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redox process, opening the possibility to modulate the ex-
change interaction between copper ions within polynuclear
architectures. Indeed, this process converts paramagnetic
Cu'! into diamagnetic Cu' ions, switching off the exchange
coupling between copper centres.

A common strategy to generate polynuclear assemblies
involves bridging ligands such as the azide N3 ion. In that
sense, the concomitant use of tridentate Schiff base ligands,
copper ion and azide salt may give rise to extended net-
works.[4:10-14.20.27.28] Therefore, we applied this strategy in a
one-pot method to build such extended architecture.

Crystal Structure Description

The {CuL(N3)}, complex crystallizes in the monoclinic
system. According to the observed systematic extinctions,
its structure was solved and refined in the P2,/c space group
(see the Experimental Section). It consists of neutral chains
running along the b axis of the unit cell (Figure la) and
built from the [CuL(N3)] neutral asymmetric unit (Fig-
ure 1b). Each copper atom is connected to its Cu'! neigh-
bours by a single azido bridge in an EE mode (p, 3-N3). Let
us note that only few examples of singly bridged com-
pounds are known.?”-28]

: j

Figure 1. (a) Infinite neutral chain {CuL(N3)}, running along the
b axis of the unit cell; (b) asymmetric unit. H atoms are omitted
for clarity.

Each Cu'! cation is five-coordinate and located in a regu-
lar square pyramid with an Addison parameter of 0.03.1>°]
The basal square plane is composed of two nitrogen atoms
[N12 and N21 with Cu-N bond lengths equal to 1.995(3)
4719
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and 1.965(3) A, respectively], one oxygen atom [028, Cu-O
bond length equals to 1.953(3) A] belonging to the depro-
tonated L~ ligand and a third nitrogen atom (N1) brought
by an azido bridge (Figure 1b) with a Cu—N bond length of
1.973(3) A. The apical position is occupied by the terminal
nitrogen atom (N3) of a second azido bridge with a Cu-N
bond length of 2.446(3) A. The presence of long and short
Cu-N(azido) bond lengths induces an asymmetric EE coor-
dination mode of this single p; 3-N; bridge. The metal ions
are separated by 5.6910(5) A, in agreement with the usual
metal-metal distances observed for simple or double EE N3
bridges.*

The crystal packing can be described by parallel chains
stacked by 7 interactions. Indeed, the shortest distance be-
tween adjacent aromatic rings is 3.43 A (Figure 2). This
leads to intermolecular Cu-+Cu distances of 5.925 A,
slightly larger than the intrachain one.

Figure 2. View of two parallel {CuL(N3)},, chains with the close
contact between ligands. H atoms are omitted for clarity.

Electrochemical Studies

This 1D polymer complex described above is a derivative
of one of our previous compounds [CuL,]?¥ and synthe-
sized from the same enaminone ligand. The redox proper-
ties of the HL and azide ligands as well as the {CuL(Ns)},,
complex were studied by cyclic voltammetry in acetonitrile
(CH;CN) and N,N-dimethylformamide (DMF). Moreover,
to help the assignment of the peaks observed in the poly-
meric {Cul(N3)}, voltammogram, a comparison with the
monomeric [CuL,] electrochemical behaviour was made.[*!

The HL ligand involved in the title compound was first
studied in acetonitrile. The voltammogram reveals one re-
duction step at —1.40 V (Figure 3, dark grey curve) and one
4720

www.eurjic.org

© 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

oxidation step at 1.40 V. Both processes are irreversible,
demonstrating that the radical-anion and radical-cation
are unstable and give rise to follow-up chemical reactions.
Moreover, the NaNj salt in this solvent (containing 6% of
H,O to ensure better solubility) gives a single irreversible
oxidation step at 0.9 V (Figure 3, black curve).’! In ad-
dition, cyclic voltammetry analysis of the ligand in CH;CN/
H,O (6%) in presence of NaNj gave the corresponding oxi-
dation steps at 0.9 and 1.4 V (Figure 3, light grey curve);
the absence of new electroactive species demonstrates that
no chemical reaction between these two reactants occurs.

140 -
A1

100 ‘

-60 -

Figure 3. Cyclic voltammetry of HL (dark grey), NaNj; (black) and
a mixture of NaN3/HL (2 mm < C < 4 mm, light grey) in CH3CN/
H,0 (6%) with 0.1 m nBuyNPF; as supporting electrolyte.

{CuL(N;)},, Complex in Acetonitrile

No peak corresponding to the reduction of the free li-
gands was observed. The voltammogram shows two
irreversible reduction processes, with similar intensities, at
—-0.58 and —0.77 V (Table 1). The first reduction step is con-
nected to an oxidation wave at 0.10 V of weak intensity,
whereas the second reduction step is associated with a typi-
cal redissolution peak of Cu® at —0.37 V. Exhaustive elec-
trolysis at a potential corresponding to the second re-
duction step gives an electron apparent number value equal
to 1.7 Fmol!. Then, the working electrode is covered by a
Cu® mirror. The reduction mechanism can be summarized
as follows:

{CuIIL(N3)}r1 te — {CU,IL(N3)},,
{Cu'L(N3)}, + ¢ — n Cu® + nL~ + nN;~

Table 1. Electrochemical datal® for the Cu'' complex.

Solvent  E, ™ [V] E V]
DMF -0.60 —0.10[4/0.109/0.90
CH;CN  -0.58/-0.77 —0.3714/0.10191/0.90/1.40

[a] Peak potential recorded at 293 K with a glassy carbon electrode
with 0.1 m nBuyNPF¢ as supporting electrolyte; all potential are vs.
SCE, scan rate 0.05 Vs!. [b] Cathodic peak potential. [c] Anodic
peak potential. [d] Anodic peak potential only appears after re-
duction.

The complex can also be oxidized at 0.9 and 1.4 V. Let
us mention that the oxidation peak at 0.9 V was not ob-
served in [CuL,]?3! (Table 2), whereas it appeared at this
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potential for the free azide salt (Figure 3). Therefore, this
process was associated to the oxidation of the azido bridge.

Table 2. Electrochemical datal® of the complexes in DMF.

Complexes E, [P [V] E, V]
(Cu''L(N3)},, 0.60 ~0.101/0.1019/0.90
[Cu''L,] -0.80/~1.10 —0.25ldl

[a] Peak potential recorded at 293 K with a glassy carbon electrode
with 0.1 m nBuyNPF¢ as supporting electrolyte; all potential are vs.
SCE, scan rate 0.05 Vs!. [b] Cathodic peak potential. [c] Anodic
peak potential. [d] Anodic peak potential only appears after re-
duction. The potential of the redissolution peak is not mentioned
here.

The fact that the azido bridge in the {CuL(N3)}, com-
plex may be oxidized at the same potential as the free azide
anion suggests similar redox properties. The assignment of
the 1.4 V oxidation step is more tricky, as it may correspond
to the oxidation of L~ or residual HL ligand or to the one-
electron oxidation of Cu'. Indeed, the latter phenomenon
was suggested in a recent study for a N,N,N,O-coordinating
tripodal ligand.??!

{CuL(N3)},, Complex in N,N-Dimethylformamide

In this solvent, a first monoelectronic reduction step (de-
termined by coulometry) is observed at —0.6 V and remains
irreversible up to 1 Vs! (Figure 4, peak C1). This reduced
complex, {Cu'L(N3)},, is not stable and upon oxidation
gives rise to two new species at —0.1 and 0.1 V (Figure 4,
peaks Al and A2, respectively). In addition, a second
irreversible reduction step was evidenced at a more negative
potential close to —2.2 V, which has not yet been assigned.
Moreover, no redissolution peak could be observed
(Tables 1 and 2).

1 s

1,2 / 0,2 03
H 5
-10 -
a5
c1 HA
20 -

Figure 4. Reduction process of the complex (I mm) in DMF with
0.1 m nBuyNPFg as supporting electrolyte.

Then, a strong solvent effect was evidenced, because the
electrochemical studies of {Cu"L(N3)}, revealed only one
monoelectronic process in DMF instead of two in aceto-
nitrile. In addition, comparison with the electrochemical be-
haviour of [Cu'L,]i>3! allowed us to assign voltammogram
peaks and highlight the role of the azido ligand. Moreover,
the observed oxidation steps in DMF around -0.1 and
0.1V are irreversible for the {Cu"L(N3)}, complex. This
contrasts with the [Cu''L,] behaviour, as its reduction into
Cu® gives rise to a quasireversible peak around —0.25 V.
This quasireversibility was even more pronounced when
only one monoelectronic process [Cu!! — Cul] was per-
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formed, with an estimated standard potential E° of —0.23 V.
Thus, this suggests that the presence of the azido bridge in
{Cu"L(N3)}, strongly affects the redox behaviour of the
whole complex in a manner that still has to be clarified.
The difference of stability between the two reduced forms
of the chain and the monomer are currently under study.

Magnetic Studies

Figure 5 reports the magnetic properties of the
{Cu'"L(N3)}, chain. At room temperature, the y7 value of
0.400 cm?*K mol ™! corresponds to the expected value for
one copper(I1) ion (0.375 cm®* K mol!) with a slight anisot-
ropy of the g factor (2.08). Upon cooling, 7T is almost con-
stant down to 50 K and then slightly increases to 12 K,
where it reaches a maximum value of 0.407 cm3Kmol ™.
Below 12 K, T decreases down to 0.384 cm3K mol™! at

2 K.
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Figure 5. Thermal dependence of the molar magnetic susceptibility.
The insert presents the magnetization curve at 2 K. The lines stand
for the fit discussed in the text.

This behaviour indicates the coexistence of weak ferro-
magnetic (F) and antiferromagnetic (AF) exchange interac-
tions between the copper(Il) ions. The experiment was re-
produced to avoid any artefact of measurement. The com-
petition between F and AF interactions is also evidenced
by the magnetic field dependence of the magnetization at
2 K (Figure 5, inset) that reaches 0.98 pug at 5T, without a
clear saturation, instead of the expected 1 pg for one spin
Y. The magnetization curve is well reproduced by a Bril-
louin function for one spin %> with g = 2.08 (solid line),
whereas the curve calculated for one spin 1 (g = 2.08) com-
ing from a ferromagnetic coupling between two copper(Il)
ions deviates from the experiment (dashed line).

An estimation of the magnetic exchange constants was
obtained by using high-temperature series expansion!?®3>]
based on the H = —J2SS;,; spin Hamiltonian. This estima-
tion is complicated by the presence of the interchain cou-
pling, J', which was introduced through the molecular field
approximation. Figure 5 presents one fitted curve with J, o
~ + 1.5cm’!, with an intermolecular interaction J' =
4721
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—~1.2cm™ (z = 2). The similar intensities observed for the
intra- and interchain interactions may be correlated with
the Cu---Cu distances that are almost equivalent within and
between the chains. Obviously, the relevance of such values
is questionable.

Ab Initio Calculations

CAS(2,2) calculations were performed to evaluate the in-
tra- and interchain exchange interactions. The intrachain
behaviour was estimated on a [Cu,L,(N3);] dimer. As ex-
pected, the magnetic orbitals are mainly Cu-d,-_» type with
a small delocalization on the coordinated atoms of the
square pyramid base (Figure 6). At the highest level of cal-
culations (DDCI-3),#! a small F exchange constant was
calculated (2.7cm™!), in agreement with the values ex-
tracted from the experimental fit. Then the intermolecular
contribution between two adjacent [CuL(Nj3),] entities
stacked together by rt interactions (Figure 2) were estimated
at the same level of calculations (J' = —0.4cm!). Even if
these results lie within the limits of accuracy of such a
method, the calculated exchange constants qualitatively re-
produces the experimentally observed behaviour.

Figure 6. Magnetic molecular orbitals of the [Cu,L,(N3); ] dimer.

Discussion

Traditional studies of double azido-bridged metal com-
plexes have evidenced ferromagnetic interactions mediated
by an end-on coordination mode, whereas end-to-end coor-
dination modes generally lead to antiferromagnetic cou-
pling.[?2-31 However, in copper systems, the magnitude of the
AF component of the superexchange constant J is strongly
dependent on structural parameters.

The coupling may be strongly AF when the end-to-end
azido ligands are bonded to the equatorial coordination
sites of the two copper atoms (symmetric coordination
mode, Scheme la), in which case the atomic orbitals in-
volved in the superexchange mechanism are the d,» ,» orbit-
als. In contrast, very low coupling interactions and even F
exchange could be encountered when the copper ions are
bound by axial and equatorial azido ligands (asymmetric
coordination mode, Scheme 1c). In the latter situation, the
metallic atomic orbitals involved in the coordination are of
d,> ,» and d.> type. In a perfect square pyramid coordina-
4722
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tion polyhedron of the copper ions (Addison parameter t
= 0), the overlap between the d,-_» and the ligand orbitals
is expected to be small, leading to a weak exchange interac-
tion. Deviation from the square pyramid is often encoun-
tered when the copper ion is out of the basal plane (Addi-
son parameter T > 0), with the limit geometry being a trigo-
nal bipyramid polyhedron (Addison parameter t = 1), lead-
ing to a greater mixing of d,. ,» and d.. atomic orbitals.
Therefore, a greater AF coupling is observed in such ca-
ses.1%] Let us note that, for highly asymmetric double
azido-bridged copper ions, this interaction could become
FL7

Several other structural parameters have been shown to
strongly affect the exchange interaction between the copper
ions, as the null overlap between the axial ligand orbitals
and the d,- » magnetic orbitals are ruled out. Indeed, when
the Cu—N-N angle with the axial ligand is 90°, a zero spin
density delocalization towards the ¢ ligands orbitals should
be theoretically observed, whereas it should be at a maxi-
mum for 180°. Moreover, the Cu—, 3-N;—Cu torsion angle
(0) affects the contribution of the ¢ ligand orbitals in the
delocalization and therefore in the exchange interaction, as
it was observed that large torsion angles 0 enhance the F
behaviour.[!5¢150.16b]

In our case, the copper ion lies on a square pyramidal
polyhedron with one nitrogen atom of the bridging azido
linked to the equatorial position, whereas the other end ni-
trogen of the same azido is linked to the axial site of the
neighbouring copper(I) centre, indicating that the spin un-
paired electron is mainly located in the basal d,- - orbital,
as confirmed by the theoretical calculations (Figure 6). The
consequence is that the delocalization is mainly towards the
equatorial « ligand orbitals, whereas it is very poorly of c-
type towards the axial ligand, leading to a weak interaction,
as observed experimentally. The nature of this low interac-
tion may be F or AF, as a function of the bond parameters
in the bridging region. The AF component of the superex-
change may be drastically reduced for large M—N-N bond
angles or large 6 angles.['% Then, the F nature may be ex-
plained tentatively by the quasiorthogonal arrangement of
the magnetic orbitals,?* because the angle a between the
two basal planes of the square pyramid coordination poly-
hedron of the Cu' ions is 81°.[>%1 However, inspection of
the literature rules out such a naive picture. Indeed, the title
complex is a scarce example of a single end-to-end azido
bridge. With the objective of drawing some trends for a sin-
gle end-to-end azido-bridging mode, Table 3 reports similar
complexes structural and magnetic data usually used in
magnetostructural correlations. Except for one 2D architec-
ture, all complexes are arranged in either alternated or uni-
form polymeric chains.

A first look at the exchange parameters J indicates a pref-
erence for weak F interactions in such single azido-bridged
systems. In that sense, with J = 1.5 cm™, the title complex
is relevant with the other values. Let us notice that several
magnetic models were used to extract these exchange con-
stants. Therefore, a strict comparison of the absolute values
may be difficult, especially for the one obtained from inter-
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Type of complex ~ Cu-NI o dey cu 09 Cu-N-N dl al J Magnetic model Ref.
[A] [A] [A] [] [l [] [em™]
Alternated chain 2.46 0.48 532 759 122.3/123.9  0.24/0.16 63 -22.5 Fisher model 128a]
Alternated chain 2.36 0.39 5.59 69.8 120.5/143.4  0.21/0.097 20.6 0.45 interdimer interaction [28b]
Alternated 2D 233 035 581 101.7 121.5/144.7 0.01 65.7 0.4 interdimer interaction (28]
Alternated chain 229 028 563 55.1 122.2/151.4  0.1/0.022 24.9 2.7 alternated chain [28d]
Uniform chain 247 0.51 5.06 874 108.2/124.1 0.07 0 -3.8 Hall model 28¢]
Uniform chain 2.36 0.37 6.12 124.1 123.6/161.3 0.18 56.4 1.84 HTSE! 281]
Uniform chain 2.36 0.41 5.69 97.8 126.5/131.2 0.083 359 2.15 HTSE! [27a]
Uniform chain 2.31 0.35 5.63 499 131.2/139.1 0.17 15.8 3.61 HTSE! [27a]
Uniform chain 227 0.32 5.54 404 132.2/139.0 0.15 14 2.06 HTSE! [27a]
Uniform chain 2.27 — 5.59 314 134.4/136.7 0.12 — 2.69 HTSE! 128¢]
Uniform chain 24 - 5.74 102.8 122.5/135.1 0.13 338 2.02 HTSE! 128¢]
Uniform chain 2.49 0.55 5.77 91.6 125.6/135.7 0.15 29.7 1.36 HTSE! [28i]
Uniform chain 245 0.47 5.69 86.3 127.8/130.5 0.03 81 1.5 HTSE! this work

[a] The longest Cu—N(azide) bond length. [b] ¢ is the difference between the longest and the shortest Cu—N(azide) bond lengths and is
related to the “shearing-like” distortion.l'” [c] @ is the Cu-N1-+N3-Cu torsion angle, assuming the linearity of the azide bridge. [d] 7 is
the Addison parameter.*’! [e] a is the angle between the two basal planes of the square pyramid coordination polyhedron of two adjacent

Cu'! ions. [f] High-temperature series expansion model.[?4:331

dimer interactions. Among these systems, only three com-
plexes are reported with AF exchange. One of them even
exhibits a strong AF behaviour with J = -22.5cm™".

Nevertheless, none of the usual geometrical parameters
used in magnetostructural correlations allow a clear trend
in the evolution of J for single EE azido-bridged complexes
to be drawn. A closer look at other structural data such as
the Cu-+Cu distance or the a angle between the two basal
planes of the square pyramid coordination polyhedron of
the Cu'! ions failed to draw convincing correlations. There-
fore, one may postulate that a single structural parameter is
not sufficient to correctly depict such a system. The greater
flexibility allowed by single bridges, with respect to double
ones, may explain the need of a multiparameter description.
However, both a tentative combination of several param-
eters and a restriction to uniform chains described by the
same magnetic model, that is, the high-temperature series
expansion (HTSE),[?*33] do not raise any tendency.

Finally, let us note that the weakness of the magnetic
exchange constants in the single EE coordination mode of
the azido ligand does not facilitate any detailed magne-
tostructural analysis. In addition, the large AF value J =
-22.5cm™! observed in {Cu"L'(N3)}, [with HL' = 1-(di-
methylamino)-2-(salicylideneamino)ethane]®®#  deserves
particular attention, as its magnetic behaviour strongly dif-
fers from the other complexes.

Conclusions

The structural, magnetic and electrochemical study of
one of the scarce examples of a single end-to-end azidocop-
per(IT) chain was achieved. The redox activity of the en-
aminone electroactive ligand involved in this architecture
was checked, as well as the electrochemical behaviour of the
complex in acetonitrile and N,N-dimethylformamide.
Whereas the new species (with a new Cu'/Cu! redox cou-
ple) generated from the reduction of the [Cul,] complex is
stable and exhibits a quasireversible redox process, no such
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stable species was observed from the reduction of the
{Cu'"L(N3)},, polymeric chain. The role of the azide ligand
on the absence of reversibility remains to be clarified.

The magnetic inspection, supported by state-of-the-art
ab initio quantum calculations has evidenced very weak fer-
romagnetic interactions between the metallic centres
through single end-to-end asymmetric azido bridges.
Whereas magnetostructural trends are known for double
azido-bridged complexes, no correlation emerged from our
analysis for singly bridged species. Therefore, further mag-
netostructural investigations, mainly based on high-level
theoretical calculations, are currently in progress to fully
rationalize the experimental observations collected for this
class of systems.

Experimental Section

General Comments: Caution! Although we did not experience any
problems, azido complexes are potentially explosive. Small
amounts of material should be prepared and handled with care.
The synthesis of the HL ligand was previously reported.**!

Synthesis of the {CuL(Ns)}, Complex: A solution of CuCl,-2H,O
(73.2 mg, 0.56 mmol) dissolved in methanol (5 mL) was added drop
by drop to a solution of HL (150 mg, 0.56 mmol) in methanol
(15 mL). After 10 min of stirring, NaN; (10 mL, 183 mg, 2.8 mmol)
dissolved in methanol was added dropwise. The solvent of the re-
sulting dark green solution was removed by slow evaporation for
10 d, giving crystals (plates) suitable for X-ray analyzes and isolated
upon filtration. Yield: 128 mg (62%). C3HgCuF;NsO (370.78):
caled. C42.11, H 2.17, N 18.88, F 15.37, Cu 17.14; found C 42.9,
H 2.2, N 19.1, F 15.0, Cu 16.8.

Electrochemical Measurements: Electrochemical measurements
were performed by using an EG & G-Princeton Applied Research
263A all-in one potentiostat by using a standard three-electrode
setup with a glassy carbon electrode, platinum wire auxiliary elec-
trode and SCE (saturated calomel electrode) as the reference elec-
trode. CH3CN and DMF solutions of the compound under study
were 1 mM and 0.1 M in the supporting electrolyte nBuyNPF4 with
the voltage scan rate equals to 0.05 Vs'. Under these experimental
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conditions, the ferrocene/ferricinium couple, used as internal refer-
ence for peak potential measurements, was located at 0.416 V in
CH;CN and 0.445V in DMF.

Single-Crystal X-ray Diffraction Studies: Data collection was per-
formed at 293 K by using the KappaCCD analysis programs.[3¥
The lattice constants were refined by least-squares refinements. No
absorption correction was applied to the data sets. The structure
was solved by direct methods by using the SIR97 program*! com-
bined with Fourier difference syntheses and refined against F by
using the CRYSTALS program.¢l Hydrogen atoms were found
either by Fourier difference or located theoretically based on the
conformation and environment of the supporting atom and then
refined. All the atomic displacement parameters for non-hydrogen
atoms were refined anisotropically.3”! Results of the refinement can
be found in Table 4.

Table 4. Crystal data and structure refinement parameters.

Formula C,3HgCuF;NsO
Fw [gmol ] 370.8
Crystal system monoclinic

Space group P2,/c (No. 14)

T [K] 293

V4 4

a[A] 9.6555(6)
b[A] 8.7154(3)
c[A] 16.450(1)
Bl 99.868(2)
VA3 1363.8(1)
Independent reflections 3223

Rin 0.035

D [gem ) 1.806

4 [mm!] 1.648

R [Ilo(]) > 2] 0.0375
R, [llo(l) > 2] 0.0378

S 1.13

No. reflections used 1864
No. parameters refined 232
Apmay [ A7) 0.38
Apin [6 A7) -0.31

Magnetic Measurements: Magnetic measurements were performed
on polycrystalline samples by using a Quantum Design SQUID
magnetometer MPMS-XL that works between 1.8 and 300 K for
DC applied fields ranging from -5 to 5T. The magnetic suscep-
tibility was measured at 0.5 and 1 T. The magnetic data were cor-
rected for the sample holder and diamagnetic contributions.

Computational Details: Calculations were performed on a molecu-
lar dimer unit [Cu,(N3);L,] extracted from the crystal data, with-
out any geometry optimization. Because the system we are inter-
ested in consists of an open d-shell ion (Cu'!, d°), we favoured
explicitly correlated ab initio calculations. Besides, the evaluation
of magnetic coupling constants calls for an accurate low-energy
spectrum description (= 10 cm™!). Thus, rigorous multireference
calculations were carried out to take advantage of the relevant in-
formation conveyed by the wavefunction. Firstly, complete active
space self-consistent field (CASSCF)I3¥1 calculations, including n
electrons in m MOs, were performed by using the MOLCAS 7.2
packagel® to generate a reference space [CAS(n,m)], which consists
in the configurations that qualitatively describe the problem. Ca-
ballol et al.*%l showed that a CAS(2,2) including two electrons in
two orbitals (one on each metal centre) is recommended for the EE
azido-bridged copper(Il) complexes, whilst a CAS including © and
n* azido orbitals is required to describe EO analogues.['*d The
dynamical correlation effects were then incorporated on top of the
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triplet CASSCF wavefunction by using the dedicated difference
configuration interaction (DDCI)*!l method implemented in the
CASDI code.*?! With this approach, one concentrates on the
differential effects rather than on the evaluation of the absolute
energies. Such a strategy was successfully used to study the mag-
netic properties of various molecular and extended materials.[*17:43]
Basis sets and pseudopotentials on the Cu atoms (9s6p6d)/
[3s3p4d]“4 as well as (4s4p)/[2s2p] for C and N, and (4s5p)/[2s3p]
for O were used, whereas the H atoms were described with
(3s)/[1s].14¢]
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