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Magneto-structural and computational study of a tetranuclear
copper complex displaying carbonyl-r interactions

Amélie Kochem,® Bruno Faure, Sylvain Bertaina,” Eric Riviére,” Michel Giorgi, Marius Réglier,?

Maylis Orio, *¥ and A. Jalila Simaan*!

Abstract: A tetranuclear copper(ll) complex (1) was synthetized using
2-hydroxy-N-(quinolin-8-yl)acetamide ligand. Single-crystal X-ray
diffraction studies revealed that the complex consists of a distorted
Cu4O4 core in which the four copper(ll) ions are linked by alkoxo
bridges. X-ray analysis also evidenced intramolecular non-covalent
carbonyl-1r interactions. Those interactions that are encountered
between lone-pair electrons (of the amide oxygen atoms here) and
orbitals of aromatic rings, have been recently recognized as important
stabilizing interactions (named n — 1*4,). Computational studies using
density functional theory (DFT) were conducted to evaluate the
structural role of such interactions in the present tetranuclear entity.
The magnetic properties of 1 were also investigated and DFT
calculations were employed to predict, rationalize and correlate the
exchange interactions operating within this original complex.

Introduction

Polynuclear copper(ll) complexes have attracted much
attention in the past decades owing to their interesting potential
applications in different fields such as bioinorganic chemistry as
mimics for multicopper active sites of metalloproteins,™
coordination polymers,” magnetochemistry™ and catalysis.”!
Among polynuclear complexes, tetranuclear cubane-like CusO4
complexes containing oxygen bridges have received continuous
attention and account for one of the most common arrangements
of tetranuclear complexes (Scheme 1).°! While the extensive
analysis of magneto-structural correlations of cubane-type
tetranuclear complexes CusO, complexes has allowed the
understanding of the main structural factors that govern the
magnetic exchange interaction in this type of systems, much
less attention has been dedicated to tetranuclear copper(ll)
complexes that do not belong to this class of complexes. In
addition, a special attention has been dedicated in the
understanding of the driving forces that govern the self-assembly
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of supramolecular structures. Non-covalent interactions have
been shown to play a crucial role in this process. Among these
interactions, the hydrogen bonding interactions” are probably the
most popular ones, followed by interactions involving 1-systems
such as T-stacking, m-hydrogen bonding and cation-
interactions.® In addition, n — T* interactions (also termed lone-
pair T interactions) have recently emerged as important
stabilizing interactions.'®"" These n — T* interactions are found
between an electron rich species and a m-electron cloud and have
been classified into two types: n — T*am (amide) and n — T4,
(aromatic)."” The n — T*an, interactions have been described as
interactions between electrons from a lone-pair orbital of a
carbonyl oxygen donor with the antibonding m* orbital of a
neighboring carbonyl group acceptor, thereby drawing the
carbonyl groups closer. The n — T*4, interactions have been
described as interactions between lone-pair electrons from a
donor atom (e.g. oxygen, nitrogen) with the T* orbital of an
aromatic ring."""® The importance of such n — T* interactions
has clearly been evidenced in biological systems. In addition, a
growing number of examples involving small synthetic molecules
have been reported in the literature, and their importance in the
stabilization of molecular or supramolecular assemblies is
possibly under-estimated."®"*®!

Cu /
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Scheme 1. Representation of Cu,O, cubane like complex (left) and
representation of the core of 1 (right).

In this study, we report the synthesis and magneto-structural
characterization of a tetranuclear copper(ll) complex displaying
an unusual CusO4 core. The ligand 2-hydroxy-N-(quinolin-8-
yl)acetamide (H,L) was synthetized and the corresponding
tetranuclear complex [(CusL4)(CH;0H),]3(H20) (1) was prepared
(Scheme 2). Single-crystal X-ray diffraction studies revealed that
complex 1 consists of a "saddle-shaped" CusO, core that doesn’t
belong to the well-known cubane-like family (Scheme 1). The four
copper(ll) ions are linked by alkoxo bridges and intermolecular
hydrogens bonding interactions as well as intramolecular n — m*
interactions are detected. To the best of our knowledge, such n
— T* interactions have not been identified and rationalized in
copper complexes so far. Density functional theory (DFT) was
used to provide a rational of the magnetic interactions within this
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complex as well as an estimate of the energy of intramolecular n
— T1* interactions.

H2L 1

Scheme 2. Representation of the ligand H,L and of complex 1.

Results and Discussion

Synthesis and Structural Characterization. The ligand 2-
hydroxy-N-(quinolin-8-yl)acetamide, H.L (Scheme 2), was
obtained with high yield in one single-step by stoichiometric
condensation of 8-aminoquinoline with glycolic acid. The
tetranuclear complex 1 ([(CusL4)(CH30H),]3(H20)) was obtained
by mixing H,L with 1 equivalent of copper(ll) tetrafluoroborate and
2 equivalents of Et;N in a mixture of methanol and acetonitrile.
Green crystals were obtained by slow evaporation of the resulting
solution stirred overnight, and the crystal structure was
determined by single-crystal X-ray diffraction (Figures 1 and S1 in
supporting information). Selected bond lengths, distances and
angles are displayed in Figure 2.

Figure 1. Atomic displacement parameters plot (drawn at 30% probability level)
of 1 and partial atom labeling scheme. Hydrogen atoms and water molecules
are omitted for clarity.

The tetranuclear complex 1 crystallizes in monoclinic space group
C2/c with two half-units related by symmetry through a
crystallographic two-fold axis located at the center of the core unit.
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This latter is composed of four alkoxo-bridged copper(ll) ions
forming a "saddle-shaped" structure. The four copper ions are
coordinated in equatorial position by two oxygen atoms from the
alkoxo bridges and two nitrogen atoms from the ligands. Two
copper ions (Cu2 and its symmetric-related Cu2’) are in a quite
ideal square planar geometry (t parameter is equal to 0.06)!"
while Cu1 and its symmetric-related Cu1’ are in a perfect square
pyramidal geometry (t parameter is equal to 0.08) with one
molecule of methanol weakly coordinated in axial position (2.474
A for Cu1-05 and Cu1’-05’). The Cu-N and Cu-O distances in
equatorial positions range from 1.895 to 2.009 A and from 1.899
to 1.943 A, respectively. Analysis of the Cu-Cu distances reveals
four different bond lengths (3.4669(4) A for Cu1-Cu1’, 3.4004(7)
A for Cu1-Cu2 and Cu1’-Cu2’, 3.3645(7) A for Cu1-Cu2’ and Cu2-
Cu1, and 3.1625(4) A for Cu2-Cu2’).The structure was further
examined in order to understand the forces that govern the CusO4
core distortion as well as the self-assembly of the molecules to
form this tetranuclear structure.

Figure 2. Side views of the Cu,O, core of complex 1 and selected bond lengths,
angles and distances.

When looking carefully at the structure, it appears that the O
atoms from two amide functions are located close to neighboring
heteroaromatic quinoleine rings (Figure 3). This suggests the
presence of intramolecular n — 14, interactions. In general, C=0
— T*ar contacts are associated to the following distance and
angle constraints: the distance D between the carbonyl oxygen
atom and the ring-centroid has to be between 2.8 and 3.8 A, and
the dihedral angle a between the planes defined by the amide
backbone and the aromatic ring has to be smaller than 90°.®'In
the present case, the distances (D) between the oxygen atoms
03 and O3 from the amide groups and the centers of the
neighboring pyridine rings are of 3.49 A and the angle a of 86.25°
(Figure 3). This is in agreement with the geometrical constraints
associated with amide lone-pair to T*4, interactions. This type of
interaction might also exist between the oxygen atoms O2 and 02’
and their neighboring pyridine rings although a values are in the
upper limit (d = 3.49 A, a = 91.61°). As mentioned previously, n
— T* have been classified into two types: n — m*an (@amide) and
n — T*a (aromatic).”'? The n — Tan* interactions have been
found to be widely present in biomolecules and have been
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suggested to stabilize DNA and protein structures,"” 8192021 gng

were predicted to engage ca. 45% of protein residues.”? The n
— T*ar interactions are also widely present in proteins and many
examples have been found involving the backbone amide oxygen
that is interacting with the side-chain of an aromatic residue.”®""
Efforts have been dedicated towards the characterization of these
n — T* interactions in materials and low-molecular weight
molecules."®"®! Regarding intermolecular interactions, both
oxygen O3 and O3’ form a C=0...HOH hydrogen bond with water
molecules present in the crystal structure while O2 and O2’ form
a hydrogen bond with the coordinated methanol molecule from a
neighboring tetranuclear complexes (Figure 3).

Figure 3. Atomic displacement parameters plot of non-covalent interactions
and packing of 1. Hydrogen atoms except for those involved in H-bonding
interactions are omitted for clarity. The intramolecular n — 14, interactions are
represented as black dashed lines between the oxygen atoms and the centroids
of the aromatic rings (yellow balls) and the intermolecular H-bonding
interactions are represented as blue dashed lines.

Magnetic Properties. The magnetic behaviour of complex 1 was
measured from 350 to 5 K (Figure 5 and S2). The value of the
product (xmT) of the molar susceptibility (x) and the temperature
(T) is 0.847 cm® K mol™" at room temperature. This value is
significantly lower than the one expected for four uncoupled Cu(ll)
ions (1.5 cm® K mol™" with g = 2) which indicates the existence of
antiferromagnetic interactions between the Cu(ll) ions mediated
by the alkoxo bridges. As the temperature is lowered, the xuT
product decreases continuously and ym reaches a maximum at
220 K (Figure S2). This supports the predominance of
antiferromagnetic interaction between the copper(ll) ions. A
multicenter magnetically coupled system is viewed as consisting
of N spin sites interacting through N(N-1)/2 Heisenberg exchange
couplings Jj, and is described by the isotropic Heisenberg—Dirac—
van Vleck Hamiltonian (Equation 1, experimental section).” In
principle, six exchange pathways should be considered to
describe the magnetic behavior of a tetranuclear transition metal
complex. However, due to the C2 axial symmetry present in the
structure of 1, the coupling scheme was simplified considering two
main exchange interactions with Jy, = Jy2 = Jyand Jyo = Jr2 = Jo.
Two weak exchange interactions (Js1- and Jz») are expected
between the copper(ll) ions that are not connected through
alkoxide bridges and were thus neglected. By taking into account
the above simplifications, the magnetic properties of complex 1
can be described using the following spin Hamiltonian (Equation
2):

WILEY-VCH

H= -2J1*(Scu1Scuz + ScurrScuz) “2J2°(Scut1Scuz + ScurrScuz2) (EQ. 2)

The susceptibility data were fitted and two coupling constants of -
116 and -77 cm™" were obtained from the best fit (with g = 2.0, Ryt
=1.4 10" and R, = 1.9 10™, see experimental section for details).
Electron paramagnetic resonance (EPR) measurements were
performed on complex 1 using a X-band spectrometer. A small
signal was observed and was attributed to isolated copper ions.
Indeed, the signal observed at 100K is about twice larger than the
one at 200K suggesting a Curie behavior of a paramagnetic
impurity. While the signal from 1 (if observed) is expected to
decrease when the temperature decreases, the signal observed
increases as expected for an isolated paramagnetic impurity
(Figure S3).

Magneto-structural correlations have been established for p-
alkoxo and p-hydroxo dinuclear copper complexes. Several
studies on copper dimers have shown that a Cu-O-Cu angle (8)
greater than 98° usually leads to an antiferromagnetic coupling
while ferromagnetism appears for smaller values of 6.
Therefore, the antiferromagnetic coupling observed between the
four copper ions in 1 are likely due to the large Cu-O-Cu angles
and the slightly greater Cu1-O-Cu2 and Cu1’-O-Cu2’ angles
(124.49(8)°) when compared to Cu1’-O-Cu2 and Cu1-O-Cu2’
(120.17(7)°) could account for the significant differences in J
values. It is thus possible to determine J; = -116 cm™ and J; = -
77 cm™ and this assignment is further supported by our DFT
calculations (see next section). Moreover, antiferromagnetic
interactions are known to be stronger when the electron density
is increased on the corresponding bridging atoms.”® Therefore,
the magnitude of the exchange coupling constants J; and J; is
consistent with the presence of electron-enriched deprotonated 2-
hydroxy-N-(quinolin-8-yl)acetamido bridging ligands.

Computational studies: magnetic properties. In an effort to get
further insight into the magnetic behavior of the present
tetranuclear compound, density functional theory (DFT)
calculations were conducted. Complex 1 consists of four
magnetically interacting copper (ll) centers and can be
reasonably well described by the BS-DFT approach,®® as already
demonstrated in studies of related systems.”” The predicted
number of possible pairwise exchange couplings is six and can
be determined within the BS-DFT framework. For that purpose,
we first assumed that locally all spins on each metal center are
aligned in parallel (local high-spin configurations). Then a
separate solution for each of the possible spin configurations of
the cluster is computed with either a positive or a negative sign of
the local spin on each center. In the case of a tetranuclear
complex, eight distinct spin configurations exist (2"") and the
energies of these different spin configurations can be computed.
Assuming a non-symmetrical structure, a S = 2 high spin (HS)
configuration, four Ms = 1 BS solutions and three Ms = 0 BS
solutions can be thus generated (Figure 4 and Table S1). The
energy of each spin configuration can be written as linear
combination of the local spin of each magnetic center and the
individual exchange coupling constant which results in a series of
eight equations.



O J o Ul WN

Figure 4. Representation of the spin configurations in 1.

Since there are more equations than J values, the system is over-
determined and the solution is, in principle, not unique. To deal
with this situation we have solved the systems of linear equations
via singular value decomposition (SVD). The SVD approach
guarantees that the set of J values is unique, representing the
best possible solution in the least squares sense, i.e. the solution
with the smallest residual norm.?® Using this methodology, the
following J values were extracted for 1: J;,=-103 cm™, Jyp=-99
em™, Jip =75 cm™, Jyo = -79 em™, Jyp = -4 cm™, Jop = -6 cm™.
The calculated J-values based on the BS-DFT approach
compared to the experimentally-derived values are collected in
Table 1, together with the relevant energy spectrum calculated by
a direct diagonalization of the Heisenberg-Dirac-Van Vleck
(HDWV) Hamiltonian.”® The total spin of the ground and the
lowest excited states, as well as the energetic separation between
the ground and the lowest spin multiplets are reported in Table 1.

Table 1. Experimental and calculated exchange coupling constants J (cm’1)
and lowest energy levels (cm’w) for the different higher S-states of the Cu,O,4
species relative to the S = 0 Ground State.

Exp. Calc.
Jiz -116 -103
iz -116 -99
Jiz =77 -75
Ji2 =77 =79
N/ 0 4
Jo 0 -6
S=2 590 539
S=1 436 376
S=0 409 348
S=1 358 328
S=1 204 183
S=0 0 0

WILEY-VCH

Our calculations resulted in three pairs of similar J values due to
the slightly asymmetric structure resulting from the DFT-
constrained optimization of 1. The sign and the relative magnitude
of the computed exchange coupling constants are in good
agreement with the experimental results and confirm the
antiferromagnetic interaction between the copper centers. The
computed magnetic sublevel spectrum indeed supports that the
ground spin state is a singlet state while the first excited spin state
is a ftriplet state and that their energetic separation closely
matches the value probed by experiment. The same observation
can be also made for the next excited states which feature similar
energies and spin states when comparing experimental and
computed data.

Interestingly, the computed exchange coupling constants also
confirm the magneto-structural correlations.? The magnitude of
Jizand Jy2r is much greater than that of Js,- and Jy-, consistent
with the fact that the Cu10OCu2 and Cu1’OCu2’ angles are larger
than Cu1’0OCu2 and Cu10Cu2’ angles in both the crystal and
optimized structure of 1. It is also worth noting that very weak
antiferromagnetic interactions were predicted for the copper
centers that do not exhibit any bridging fragment (J;1- = -4 cm™
and J,2 = -6 cm™). These qualitative observations are in line with
the DFT-calculated electronic structure of 1 in its high spin state
(see Figure S4). All four Singly Occupied Molecular Orbitals
(SOMOs) feature a dominant Cu 3dx.y» character and are mainly
localized in the basal plane of the metal centers. They have
significant contributions of the coordinating atoms especially the
bridging oxygen atoms which will lead to significant overlap
between these orbitals and result in strong magnetic interactions
between the metal centers. In addition to the above analysis we
have also reconstructed the magnetic susceptibility curve (ym.T
vs T) using the computed exchange coupling constants. The
resulting curve is presented in Figure 5 together with the
experimental data emphasizing the nice correlation between
theory and experiment.
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Figure 5. Plot of the yu T product per mole of 1 vs temperature. The solid black
line corresponds to the best fit of the experimental data (black circle) with g =
2.029 (fixed value), J; = -116 cm'1, Jo =77 cm™. The solid red line has been
calculated using the theoretical values of J;, = -103 cm’1, Jyp =-99 cm’1, Jio =
-75 cm'1, Jyp = -79 cm’1, Jip=-4 cm", Jop = -6 cm™. Inset: schematic view of
complex 1 with the relevant magnetic exchange interactions between the four
copper centers.
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Computational studies: non-covalent interactions. Based on
the analysis of the crystal structure, several n — 1*, interactions
were evidenced, which may contribute to the stabilization of the
tetranuclear core of 1. Recently, we have reported on the major
role of intramolecular copper-1 interactions in the core
stabilization of a tetranuclear copper(ll) cubane complex.?® DFT
calculations were thus performed in order to quantify the energy
of the n — 14, interactions. Calculations were conducted by using
the range-separated wB97X-D3 functional and the structure
resulting from DFT-constrained optimization of 1. In order to
model the interactions involving the oxygen atoms and their
neighboring pyridine rings we have used a fragment-based
approach.

Figure 6 Fragments considered for the DFT-modeling of the n — 7 *4;in 1.

Four distinct fragments, namely A, B, C and D, were considered
as shown in Figure 5. Fragment A consists of one half of the
tetranuclear unit and includes oxygen atoms O2 and O2’ while
fragment B is composed of the second half of the tetranuclear unit
and incorporates oxygen atoms O3 and O3'. Fragment C consists
of one quarter of the tetranuclear unit and includes the ligand L
and the methanol molecule coordinated to the copper ion Cu1
while fragment D is composed of the ligand L coordinated to the
copper ion Cu2. The n — m*4 interaction between the oxygen

WILEY-VCH

atoms O2 and O2’ and the heteroaromatic quinoleine rings as well
as those involving involving oxygen atoms O3 and O3’ can be
evaluated using the following energetic analysis:

E(n — 'IT*A,-) = Ey+E>
E,=E(A)—2 x E(C) and E; = E(B) — 2 x E(D)

(Eq. 4)
(Eq. 5)

Where E(A), E(B), E(C) and E(D) are the Gibbs free energies of
fragments A, B, C and D, respectively.

Using this approach, values of 1.3 kcal.mol™ and 1.8 kcal.mol”
were obtained for the interaction energies E1 and E», respectively.
In the literature, theoretical studies have been applied to simple
model systems in order to evaluate the energies of various n —
T interactions. For instance, the energy of carbonyl-carbonyl n
—> T*am interactions has been estimated at 0.27 - 0.7 kcal.mol™* 2"
Lone pair - T interactions between water oxygens and aromatic
residues were calculated ranging from 0.1 to 5 kcal/mol.? Our
calculated values are therefore in line with n — 1* interaction
energies that were calculated in model systems and account for
ca. 3.1 kcal.mol” of the energy of the unusual saddle-shaped
structure of 1. A more detailed analysis of these non-covalent
interactions has been obtained from additional theoretical
calculations conducted within the Natural Bond Orbital (NBO)
framework, a technique that can directly observe bonding and
electron density between specific centres in a molecule. The
explicit examination of the n — T*4 interactions within the
complex was undertaken using the second-order perturbative
analysis which estimates the donor-acceptor interactions in the
NBO basis. For each donor NBO (i) and acceptor NBO (j), the
two-electron stabilization energy associated with delocalization is
estimated as follows:
F(i,))?
qi si—]s)j

AE;; = (Eq.6)
Where q; is the donor orbital occupancy, ¢, & are diagonal
elements (orbital energies) and F(i,j) is the off-diagonal NBO Fock
matrix element. The results of the NBO calculations are presented
in Table 3 and the atom labelling is displayed in Figure S5.

Table 2. Stabilization energies (kcaI-moI’1) from Natural Bond Orbital analysis.

Donor NBO (i) Acceptor NBO (ii)  Stabilization energy, AE;

02 Neg - C77 0.9
Oz' Ng - 023 0.9
O3 Nes - Cos 1.6
03' N10 - C42 1.6

The data collected from NBO analysis shows several stabilizing
interactions of similar energy and origin as they are due to the
oxygen donation from the amide group lone pairs to the
antibonding orbitals involving the pyridine rings. These results
thus support the importance of the non-covalent n — T*a
interactions that probably act as one of the driving forces for the
aggregation process.
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Conclusions

In summary, we have obtained a new example of a tetranuclear
copper complex, which consists of a distorted CusO4 core with
four Cu(ll) ions linked by alkoxo bridges. The X-ray structure has
been resolved and showed a non-common saddle-shaped core
as many tetranuclear copper clusters usually build cubane-like
entities. The electronic structure and the magnetic properties
were investigated through a combination of experimental
techniques and quantum chemistry. Looking at the magnetic
properties, the quantum chemical analysis of the tetranuclear unit
provides an excellent match with the experimental data that can
be also rationalized using magneto-structural correlations. The
solid state structural data suggested the presence of
intramolecular n — T1*4, interactions between the amide groups
and the aromatic rings possibly contributing to the stabilization of
this unusual distorted Cu4O4 core and to the aggregation process.
The presence and the energy of such interaction was supported
by DFT calculations. Further work is in progress in our laboratory
to prepare a series of copper analogues to elucidate the exact role
of these n — T*interactions and their possible influence on the
magnetic behaviour of the resulting copper complexes. Finally,
the behaviour of the present system in solution (magnetic, redox
and catalytic properties) has yet to be explored. Indeed, non-
innocent ligands being present, they can be used to turn this
complex into a metal-radical assembly making a potential
candidate as a novel redox-switchable metallo-organic supra-
molecular assembly.

Experimental Section

General. The solvents used for chemical reactions, electrochemistry and
spectroscopic characterization were purified by the solvent purification
system innovative technology PS-MD-5. Microanalysis was performed on
an Elementar Thermo Finnigan EA 1112. NMR-spectra were recorded at
room temperature using a Brucker-Avance Il nanobay spectrometer
operating at 300 or 400 MHz for 'H. Chemical shifts are given relative to
residual peaks of solvent (listed in ppm). Data are presented as follows:
chemical shift (in ppm on the § scale relative to 6 creis = 7.26), multiplicity
(s = singlet, d = doublet, t = triplet, g = quartet, quint. = quintuplet, sext. =
sextuplet, sept. = septuplet, m = multiplet, br. = broad, app. = apparent),
coupling constant (J/Hz) and integration. ESI-MS analyses were
performed using a SYNAPT G2 HDMS (Waters) spectrometer equipped
with a pneumatically assisted Atmospheric Pressure lonization (API)
source. Samples were ionized by positive electrospray mode as follows:
ion-spray voltage: 2.8 kV; orifice lens: 60 V and 40 V for H,L and 1
respectively; nitrogen flux (nebulization):100 L.h™". High resolution mass
spectra (HRMS) were performed on a QStar Elite (Applied Biosystems
SCIEX) spectrometer equipped with atmospheric pression ionization
source (API) pneumaticly assisted. Samples of H,L and 1 were placed in
a methanol / 3 mM ammonium acetate. The results were validated by three
measurements. X-Band EPR measurements were carried out at 9.6GHz
with a BRUKER EMX9/2.7 spectrom- eter equipped with a B-VT2000
digital temperature controller (100— 400 K).

Synthesis of H,L: Glycolic acid (0.53 g, 6.9 mmol) was added to a solution
of 8-aminoquinoline (1.0 g, 6.9 mmol) dissolved in 20 mL toluene. The
resulting solution was stirred under reflux overnight using a Dean-Stark

WILEY-VCH

apparatus. The solution was cooled down, filtered over a plug of celite, and
the solvent was removed to give the desired product as a brownish powder
(1.13 g, 80% yield). "H NMR (300 MHz; CDCls) 10.47 (br, s, 1H), 8.89 (d,
J =4.20 Hz, 1H), 8.78 (t, J = 4.20 Hz, 1H), 8.27 (d, J = 8.21 Hz, 1H), 7.61
(d, J =4.55 Hz, 1H), 7.54 (dd, J = 4.37 Hz and 8.25 Hz, 2H), 4.44 (s, 2H).
HRMS ESI: [M+Na]" calecd for Cy1HoN2OzNa’™: 225.0634, observed:
225.0634. Anal. Calc. for C11H1oN20O,: C, 65.35; H, 4.98; N, 13.85. Found:
C, 65.30; H, 4.73; N, 13.94.

Synthesis of [(CusL4)(CH3;0H)2]'3(H20) (1). Cu(BF4). (0.25 g, 1.05 mmol)
dissolved in 5 mL MeOH and Et;N (0.29 mL, 2.11 mmol) were added
sequentially to a solution of H,L (0.21 g, 1.05 mmol) dissolved in
acetonitrile (7 mL). The solution turned to dark green and was stirred at
room temperature overnight. The complex was crystallized by slow
evaporation of the solution. The crystals were collected and washed
successively with ethanol (10 mL) and diethyl ether (20 mL). The product
was isolated with 3 water molecules per complex. Yield: 0.134 g (44 %).
HRMS ESI: [M+H]" calcd for CssH33NgOsCus™: 1052.9600, observed:
1052.9606. Anal. Calc. for C4H4sCusNgO13: C, 47.18; H, 3.79; N, 9.57.
Found: C, 47.18; H, 3.16; N, 9.89.

Single-Crystal X-ray Diffraction data collection and refinement. Single
crystals of 1 (C23H205Cu2N4Os25) were grown by slow evaporation of a
concentrated CH,CI,/EtOH (1/1) solution of the compound. A suitable
crystal was selected and mounted on a Rigaku Oxford Diffraction
SuperNova diffractometer using CuK « radiation (A =1.54184 A). The
crystal was kept at 173.00(10) K during data collection. Data collection,
cell refinement and data reduction were performed with CrysAlisPro
(Rigaku Oxford Diffraction). Using Olex2,2% the structure was solved with
the ShelXT®" structure solution program using Direct Methods and refined
with the ShelXL? refinement package using Least Squares minimization.
The hydrogen atoms were all found experimentally, except for the partial
water molecule were they were introduced manually, and they were refined
as riding atoms with their Uis, parameters fixed to 1.2Ueq (parent atom) for
the aromatics and CH, groups and to 1.5Ueq (parent atom) for the methyls,
OH and water groups.

Table 3. Crystal data and structure refinement for complex 1.

Empirical formula C23H205CUsN4Os 25
Formula weight 564.01
Temperature/K 173.00(10)
Crystal system monoclinic

Space group C2/c

a/A 10.20179(17)

b/A 29.3679(4)

c/A 14.8019(2)

BI° 110.0751(19)
Volume/A® 4165.27(12)

4 8

0 carcglom’ 1.799

e fmm’™ 2.940

F(000) 2292.0

Crystal size/mm® 0.18 x 0.04 x 0.04
Radiation CuKa (2 =1.54184)

20 range for data collection/®
Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F?

Final R indexes [I>=2 0 (I)]
Final R indexes [all data]
Largest diff. peak/hole / e A*®

8.76 to 137.618
-12<h<11,-35<k<34,-9<1<17
15646

3834 [Rint = 0.0213, Rgigma = 0.0171]
3834/0/314

1.053

R1=10.0265, wR; = 0.0751
R1=0.0284, wR, = 0.0764
0.33/-0.62
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Magnetic Measurements. Magnetic susceptibility data were recorded on
a Quantum Design SQUID Magnetometer with an applied field of 1000 G.
The independence of the susceptibility value with regard to the applied
field was checked at room temperature. Powder sample was measured in
a gelatin capsule. The susceptibility data were corrected for the sample
holder and the diamagnetic contributions as calculated from tables of
Pascal’s constants.

Ryt = [ZCtm Toato— smTobs) /=X Tovs)’1 @nd P, = [Z(wicat— Xmobs) /= (Xnobs) ]

Computational Methods. All theoretical calculations were based on
density functional theory (DFT) and have been performed with the ORCA
program package.®® To facilitate comparisons between theory and
experiment, we optimized the X-ray structure of the complex while
constraining the positions of all heavy atoms to their experimentally
derived coordinates. Thus, only the positions of the hydrogen atoms were
relaxed since these are not reliably determined from X-ray diffraction.
Geometry optimization was performed for the high-spin (HS) state with the
GGA functional BP86"* using the TZVPP basis set for all atoms and by
taking advantage of the resolution of the identity (RI) approximation in the
Split-RI-J variant®®® with the appropriate Coulomb fitting sets.”*”) Increased
integration grids (Grid4 in ORCA convention) and tight SCF convergence
criteria were used. Single-point Broken-Symmetry®?®! DFT calculations
were performed with the hybrid functional B3LYP.® All alternative spin
configurations for the broken-symmetry calculations were generated with
the “FlipSpin” feature of ORCA. The magnetic susceptibility curves were
then reconstructed using the Easyspin program®® and the isotropic

Heisenberg-Dirac-Van Vleck (HDvV) exchange Hamiltonian:®**!

7‘[ = —2 JUSZSJ
; (Ea. 1)

Where J; is the exchange coupling between pairwise number i and j while
S, is the spin operator of the /" metal centre. The diagonalization of the
HDvV Hamiltonian leads to the magnetic sublevel spectrum of the
tetranuclear species which is composed of 16 states: 2 singlets, 3 triplets
and 1 quintet of energy Ess, Eso, Et1, E12, Ets, Eq, respectively. This step
was performed by employing the orca_eca utility of ORCA on both the
experimental and theoretical data. The susceptibility derived from the Van
Vleck equation is given by Equation 3:4%!

Ng®uh A
= 2 P A4
XI'==%"%5

A = 10exp(—Eg/kT)
+2 (exp(—Er1/kT) + exp(—Er2/kT) + exp(—Ers/kT))
B = 5exp(—Eq/kT) + exp(—FEs1/kT) + exp(—Eg2/kT)

+3 (exp(—E11/kT) + exp(—E72/kT) + exp(—Ers/kT))
(Eq. 3)

Where N is the Avogadro number, g the g-factor, uB the Bohr magneton
and k the Boltzman’s constant.

Using the final energy levels Esy, Esz, Er1, E12, ET3, Eq together with Eq. 2,
one finally obtains the theoretical susceptibility curves presented in Figure
5. The relative energies were obtained from single-point calculations using
the ®B97X-D3"" functional together with the TZV/P basis set. They were
computed from the gas-phase optimized structures as a sum of electronic
energy and thermal corrections to free energy. Zero point vibrational
energy (ZPVE) corrections®? were evaluated from the calculated
harmonic frequencies and are included in the total energies. The

WILEY-VCH

counterpoise (CP) procedure was used to correct the total energy for the
basis set superposition error (BSSE).*® Natural Bond Order (NBO)
analyses! were performed using the same functional®! / basis set®”
combination as employed before. Molecular orbitals were generated using
the orca plot utility program and were visualized with the Chemcraft
program. !
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