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Ferromagnetic Tetranuclear and Pentanuclear Copper(I) Complexes
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The new complexes [(Cu,L'),(p-OOC-CgH,-COO)]-7H,0
(1:7H,0),  [(CuyL?),(p-O0C-CgHy-CO0)]-2H,0  (2:2H,0),
[(CuyLt),Cu(O4C-CH;-C0Oy),]-9H,0 (3-9H,0) and [(CuyL?),-
(OOC-CH,-CO0)]:5.5H,0 (4-5.5H,0) have been obtained
by interaction of either [(Cu,L!),(CO3)]-8H,0 or [Cu,L?(OH)]-
1.125H,O0 with the corresponding dicarboxylic acid.
Recrystallisation of 1-7H,0O in methanol/ethanol yields single
crystals of 1-2EtOH-2H,O, whereas recrystallisation of
3:9H,0 and 4-:5.5H,0 in methanol allows crystals of 3:9H,O

and 4-5.5H,0-1.25MeOH, respectively, to be isolated, which
were suitable for X-ray diffraction studies. The X-ray charac-
terisation of 1.2EtOH-2H,O, 3-9H,O and 4-5.5H,0-
1.25MeOH shows that both the Cu, and Cus clusters can be
understood as being built from two dinuclear [Cu,L*]* (x =1
or 2) blocks with different connectors. Magnetic analyses of
1.7H,0, 3:9H,0 and 4:5.5H,0 reveal that the three com-
plexes are ferromagnetic, and the magnetic exchange medi-
ated by the carboxylate ligands is weak.

Introduction

The synthesis and characterisation of polynuclear 3d
metal complexes has attracted intense study, because they
are of prime importance in the area of molecular magne-
tism.['#* Thus, the chance of discovering new molecular
magnets will profit from the continuous development of
synthetic procedures for polynuclear species. Actually, vari-
ous methods have been worked out, but the final outcome
can be rarely predicted beforehand. In this way, the node
and spacer approach is maybe one of the most foreseeable
synthetic methods, where the topology of the compound
and even its nuclearity can be modulated by choosing the
appropriate metal ion and bridging ligand.

We have reported that a certain kind of compartmental
Schiff base ligand (Scheme 1) can easily yield dinuclear
complexes of the type [M,LL'].[! This kind of complex al-
ways shows an exogenous bridge (L") that can be simply
replaced. In addition, the magnetic interaction between the
two metal ions allocated in the ligand pockets is always fer-
romagnetic in nature, an unusual feature promoted by the
presence of a NCN imizadolidine bridge, as it could be
demonstrated by DFT calculations.[”! Thus, it seems that
the [M,L]* fragments can be exploited as tectons of prede-
fined ground state. Consequently, the use of suitable
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crosslinking ligands between these dinuclear units could be
a route to produce complexes of higher nuclearity, with a
total spin sum of the individual spins of the initial nodes.
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Scheme 1.

Among bridging ligands, dicarboxylates have been widely
studied and their magnetic behaviour has been mainly ana-
lysed in copper complexes.®1% From these studies, it
becomes apparent that some coordination modes of
terephthalate and malonate donors mediate a ferromagnetic
coupling. With these considerations in mind, we decided to
investigate the structure and magnetic behaviour of copper
complexes constructed from [Cu,L]* blocks, bridged by
terephthalate or malonate ligands. The results achieved are
reported herein.

Results and Discussion

Interaction of the related microcrystalline products
[(Cu,L1),(CO3)]-8H,08  or  [Cu,L?(OH)]-1.125H,0¢!
(H;L' and H;L? in Scheme 1) with terephthalic acid leads
to tetranuclear complexes of the type [(Cu,L¥),(p-OOC-
CcH4-COO)'nH,O [x =1, n =7 (A-7TH,O)or x =2, n =2
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(2-2H,0)], showing the displacement of the carbonate or
hydroxide exogenous ligands by the terephthalate one.
However, when a similar reaction is performed with the use
of malonic acid instead of terephthalic acid, the nuclearity
of the obtained complex seems to depend on the nature of
the Schiff base donor. Thus, with [L']>~ the pentanuclear
cluster [(Cu,L!')>Cu(O,C-CH,-CO,),]'9H,0 (3-9H,0) is
obtained, whereas the presence of [L?]*~ leads to the tetra-
nuclear  complex  [(Cu,L?),(OOC-CH,-CO0)]-5.5H,0
(4-5.5H,0). Regardless of this, the performed experiments
clearly show that the tested synthetic method constitutes a
route to isolate complexes of higher nuclearity that are
based on dinuclear [Cu,L*]" (x = 1, 2) blocks.

Complexes 1-7H,0O to 4-5.5H,0 were fully characterised
by analytical, spectroscopic and spectrometric methods.
Besides, recrystallisation of microcrystalline samples of
1-7H,O in methanol/ethanol and that of 3-9H,O and
4-5.5H,0 in methanol yields single crystals of 1-2EtOH-
2H-0, 3-9H,0 and 4-5.5H,0-1.25MeOH, respectively, suit-
able for X-ray diffraction studies. Accordingly,
1-2EtOH-2H,0, 3-9H,0 and 4-5.5H,0-1.25MeOH could be
also crystallographically characterised. In addition, com-
plexes 1:7H,O, 3-9H,O and 4-5.5H,O were additionally
analysed by magnetic studies.

The infrared spectra of all the compounds contain a
sharp band at ca. 1630 cm ™, in agreement with the coordi-
nation of the Schiff base to the metal ions through the
imine nitrogen atoms. Besides, it should be noted that the
high number of bands about 1600 cm™' (due to C=C,
C—Ophenotic- and C=N bonds) prevents the unambiguous as-
signment of the C-O stretching modes of the carboxylate
ligands.'!1 In addition, the ESI mass spectra of all the com-
plexes show a main peak with mass and isotopic distribu-
tion patterns related to the fragments [Cu,L*]" (x = 1, 2).
No peaks related to the whole molecules could be detected,
maybe owing to their neutral character.
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Description of the Crystal Structure

Single crystals of 1-2EtOH-2H,0, 3-9H,0 and 4-5.5H,0-
1.25MeOH, suitable for X-ray diffraction studies, were
grown as detailed in the Experimental Section.

1-2EtOH-2H,0

An ORTEP view of 1 is shown in Figure 1. Main dis-
tances and angles are listed in Table 1, and experimental
details are given in Table 5.

Table 1. Main bond lengths (A) and angles (°) for
1-2EtOH-2H,0.[

Cull-0101 1.9339(12) Cul2-0102 1.9126(11)
Cull-N101 1.9446(13) Cul2-0103 1.9425(10)
Cull-010 1.9495(11) Cul2-N102 1.9448(13)
Cull-N103 2.1101(13) Cul2-N104 2.0580(13)
Cull-0103 2.2762(11)

Cull--Cul2 3.2454(3) Cull--Cul2’ 10.2545(4)
NI10I-Cull-O10 173.83(5) 0103-Cul2-N102 155.97(5)
0101-CulI-N103 171.92(5) 0102-Cul2-N104 172.83(5)
Cull-0O103-Cul2 100.28(5)

[a] Symmetry operation ' = —x, —y, —z.

The crystal structure of 1-:2EtOH-2H,0 shows that it is
a tetranuclear complex, with ethanol and water molecules
as solvates. The neutral complex [(Cu,L"),(p-OOC-C¢H,-
COO)] can be considered as self-assembled from two dinu-
clear [Cu,L'" nodes joined by a doubly deprotonated
terephthalate ligand. The compound shows an inversion
centre located on the centroid of the aromatic ring of the
dicarboxylate donor and, accordingly, both [Cu,L']* cat-
ions are crystallographically equivalent.

In each dinuclear unit, the Schiff base acts as an hepta-
dentate dicompartmental donor, allocating a copper ion in
each one of its N,O compartments (Namine> Nimines Ophenol)-
In addition, the central phenol oxygen atom O103 bridges
the two metal atoms of the same dinuclear cation.
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Figure 1. An ORTEP view of the crystal structure of 1. Hydrogen atoms are omitted for clarity. Ellipsoids are drawn at 40% probability.
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Both [Cu,L!]" nodes are joined by a terephthalate ligand
acting as a [, donor: only one oxygen atom of each carbox-
ylate group links a copper ion of each dinuclear node. Thus,
the described features lead to different environments for the
copper atoms of the same dinuclear unit. In this way, Cul 1
is N,O; pentacoordinate, with a t parameter!!?l (0.03) in
agreement with a slightly distorted square pyramid geome-
try. In this pyramid, O103 occupies the apex. Regarding
Cul2, this can be considered as tetracoordinate in a square
planar environment, although the distance Cul2--O10
(2.55 A) seems to indicate a second order interaction.

As a result, both copper atoms of the same dinuclear
moiety share the N103C120N104 imidazolidine bridge as a
basal vertex and O103 as a basal-apical vertex. This double
bridge leads to a Cu--Cu separation of 3.2454(3) A within
the [Cu,L']* unit, whereas the shortest distance between the
copper ions of different cations (Cull--Cul2’) is
10.2545(4) A. This value is similar to those found in the
literature for other copper complexes with terephthalate
bridges coordinated in the same mode.[*-!3]

3-9H,0

An ORTEP view of 3 is shown in Figure 2. Experimental
details are given in Table 5, and main distances and angles
are listed in Table 2.

The unit cell of 3-9H,0 is composed of neutral molecules
of the pentanuclear complex [(Cu,L"),Cu(O,C-CH,-CO,),]
and water as solvate. The complex can be considered as
being assembled from two dinuclear [Cu,L']* blocks joined
anion.

through a mononuclear [Cu(O,C-CH,-CO,),]*
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Table 2. Main bond lengths (A) and angles (°) for 3-9H,0.[

Cull-0101 1.909(5) Cul0-010 1.919(5)
Cull-N101 1.948(6) Cul2-0102 1.910(5)
Cull-0103 1.986(5) Cul2-N102 1.921(7)
Cull-N103 2.073(6) Cul2-0103 1.981(5)
Cull-Ol1 2.391(5) Cul2-N104 2.067(7)
Cul0-0O12' 1.900(5) Cul2-0O11 2.372(5)
Cul0-0O12 1.900(5) Cull--Cul2 3.2124(13)
Cul0-0O10’ 1.919(5)

N101-Cul1-0O103 158.8(2) N102-Cul2-0O103 159.3(3)
0101-Cul1-N103 175.1(2) 0102-Cul2-N104 176.4(2)
010'-Cul0-O10  180.0(4) Cull-0103-Cul2 108.1(2)
012'-Cul0-012  180.0(3) Cull-Ol11-Cul2 84.82(18)
[a] Symmetry operation ' = —x + 1, -y, —z.

Compound 3 also shows an inversion centre located on
Cul0, which makes both halves crystallographically equiva-
lent.

If we only consider the [Cu,L']" cations, as occurred in
1, each ligand compartment forms a N,O, coordinative en-
vironment around each copper(Il) ion. These two cations
are bridged by a [Cu(O,C-CH,-CO,),]> anion, where the
copper atom Cul0 is coordinated to two malonate ligands
acting as bidentate chelates, with only one oxygen atom of
each carboxylate group (O10 and O12) linked to CulO.
Hence, the central copper atom is tetracoordinate, with a
perfect square plane geometry, and the donor O atoms and
the copper(Il) ion lie on the same plane. Even, the whole
malonate ligands present a marked planarity, because the
farther atom to this plane is the methylene C11 atom, at
about 0.33 A. One of the uncoordinated oxygen atoms of
each malonate ligand (O11) acts as a pu,-n'm' connector
between the [Cu,L']* and [Cu(O,C-CH,-CO,),]* frag-
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Figure 2. An ORTEP view of the crystal structure of 3. Hydrogen atoms are omitted for clarity. Ellipsoids are drawn at 40% probability.
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ments. Therefore, Cul X (X = 1, 2) and CulO interact thor-
ough a carboxylate group in a syn—anti disposition between
Cul2 and Cul0O and in an anti-anti disposition between
Cull and Cul0.

As a result, the four metal centres allocated by the Schiff
base ligands are actually N,O3 pentacoordinate, with 7 val-
ues (0.272 for Cull and 0.285 for Cul2) that agree with a
distorted square pyramidal geometry. These pyramids share
0103 as a basal vertex and O11 as the apex. Accordingly,
the copper atoms are triple bridged (NCN, Ophenols
Ovcarboxylate)> With a Cull-+Cul2 distance of 3.2124(13) A.
In addition, the distances between the copper ions of each
dinuclear unit and that of the mononuclear fragment,
bridged by the malonate ligand, reflect the different disposi-
tion of the Cu—OCO-Cu fragments. In this way, the dis-
tance between the copper atoms connected through the
anti-anti carboxylate [d(Cull-+Cul0) = 6.2814(12) A] is
significantly longer than that between the copper atoms
joined through the syn—anti one [d(Cul2---Cul0)
4.7861(11) A}, as expected for copper malonate complexes
with this coordination mode.['4]

4-5-5H,0-1.25MeOH

An ORTEP view of 4 is shown in Figure 3. Experimental
details are given in Table 5, and main distances and angles
are also listed in Table 3.

This complex is a tetranuclear compound as well, which
apart from neutral molecules of [(Cu,L?)5(0,C-CH,-CO,)]
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Table3. Main bond lengths (A) and angles (°) for
4-5.5H,0-1.25MeOH.

Cull-0101 1.903(7) Cu21-0201 1.932(6)
Cull-N101 1.922(7) Cu21-N201 1.948(7)
Cull-0103 1.964(6) Cu21-0203 1.975(5)
Cull-N103 2.112(7) Cu21-N203 2.110(8)
Cull-Ol1 2.112(6) Cu21-021 2.136(6)
Cul2-0102 1.911(6) Cu22-0202 1.936(6)
Cul2-0103 1.963(6) Cu22-N202 1.965(7)
Cul2-N102 1.967(7) Cu22-0203 1.988(5)
Cul2-N104 2.088(7) Cu22-N204 2.075(7)
Cul2-012 2.154(6) Cu22-022 2.162(6)
Cull--Cul2 3.2944(15) Cu2l-+-Cu22 3.3356(15)
0101-CulI-N103 172.7(3) 0201-Cu21-N203 166.8(3)
N101-Cull-O103 150.0(3) N201-Cu21-0203 157.2(3)
0102-Cul2-N104 166.2(3) 0202-Cu22-N204 170.1(2)
0103-Cul2-N102 155.0(3) N202-Cu22-0203 155.3(2)
Cull-0O103-Cul2 114.1(3) Cu21-0203-Cu22 114.7(3)

contains methanol and water molecules as solvates in its
unit cell. Similarly to that told for 1, 4 can be also under-
stood as formed from two dinuclear [Cu,L?]* tectons, with
the Schiff base ligand again supplying a N,O, environment
to each copper atom, but which in this case are joined
through a doubly deprotonated malonate ligand. Accord-
ingly, in spite of the close similarities, some remarkable dif-
ferences are noteworthy and will be explained below.

Thus, in this case the four copper(Il) ions are connected
through a pym'm'n'm'-0,0,0"",0'"" bridge, which com-
pletes the coordination spheres of the metal ions. Therefore,
the four metal centres are pentacoordinate, with distorted
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Figure 3. An ORTEP view of the crystal structure of 4. Hydrogen atoms are omitted for clarity. Ellipsoids are drawn at 40% probability.
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square pyramidal geometries (t values of 0.378 for Cull,
0.187 for Cul2, 0.160 for Cu2l and 0.248 for Cu22). In
these pyramids, the oxygen atoms of the malonate ligand
occupy the apical sites. Besides, the pyramids of each dinu-
clear moiety share the phenol oxygen atom of the central
arm (OX03, with X = 1, 2) as a basal vertex. This disposi-
tion leads to distances between the triply bridged metal
atoms of ca. 3.3 A.

In this complex, in contrast with 3, the malonate dianion
is not planar, as its two carboxylate groups form an angle
of about 78.1°, whereas they are only slightly twisted in 3
(ca. 7.9°). This can be attributed to the flexibility provided
by the central methylene group of the malonate ligand,
which allows a different spatial arrangement of the global
complex, if compared with 1 and 3. In fact, the connectors
of these two latter complexes lead to a similar disposition,
with an inversion centre situated on the middle of the cen-
tral connector, so their [Cu(L')]" units are logically in-
verted. In contrast, the shortest distances between cop-
per(IT) ions of different dinuclear units in 4 are longer and
are significantly different [Cul2--Cu22 distance of
6.7104(18) A and Cull--Cu2l distance of 8.194(2) A].

Magnetic Studies

The magnetic properties of 1:7H,O, 3-9H,O and
4-5.5H,0 were investigated in the 2-300 K temperature
range.

The plot of y,,T vs. T for 1:-7H,0 is shown in Figure 4,
where it can be seen that the y,,7" product is nearly constant
in the range 300-100 K, and it then increases until 8 K and
finally quickly decreases at low temperature. Accordingly,
the shape of the curve agrees with a predominant intramo-
lecular ferromagnetic coupling. Besides, the M/Nf vs. H
curve at 2 K (Figure 5) tends to 4 (4.05) at 50000 G, which
seem to suggest an S = 2 ground state, although a mixture
of states cannot be ruled out.
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Figure 4. Plot of y,,T vs. T for 1:7H,0. Experimental results ((J),
best fit without intermolecular interactions (—), best fit including
the intermolecular interactions term (@).

The structural analysis of 1-7H,O reveals two different
superexchange pathways (Scheme 2). Thus, in view of the
xmT vs. T graph, the diminishment of the y,,7 values at
low temperature could be associated with a small intramo-
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Figure 5. Plot of M/Nf vs. H at 2 K for 1-7H,0.

lecular antiferromagnetic contribution, the presence of anti-
ferromagnetic intermolecular interactions or the effect of
the zero-field splitting (ZFS) of the ground state.

102
N o

Scheme 2.

Accordingly, the susceptibility curve was treated with the
MAGPACK program,'3! where the exchange spin Hamilton-
ian is expressed as H = —2XJ;S;S;. In a first approach, a
simple model with the lowest number of parameters was
chosen. Thus, a 2J model (Scheme 2), which additionally
incorporates the TIP parameter, was used to reproduce the
experimental data. The best fit with this model renders an
S = 0 calculated ground state and the following parameters:
2J; = 107cm™!, 2J, = -1.7cm!, g = 2.09 and TIP =
320X 10*cm®mol ! (R = 1.88X107°). In a second ap-
proach, the antiferromagnetic intermolecular interactions
or the effect of the zero-field splitting of the ground state
was taken into account. As the MAGPACK program only
considers Dy, and not Dy, the chosen model is now
a 2J model that furthermore includes the intermolecular
interactions and 77P variables. The best fit with this model
gives the parameters: 2/, = 109 cm™, 2J, = 0.8 cm™!, g =
2.09,J' =-0.37cm ! and TIP = 2.95X 10 *cm’*mol ' (R =
1.18 X 107%), with an S = 2 calculated ground state. Both
fits (Figure 4) produce nearly superimposable graphs and
give rise to very similar values of J;; the J, values are posi-
tive or negative but small in any case.

The reliability of the obtained parameters was checked
by comparison with the literature. Thus, J; reflects the mag-
netic interaction between two Cu'' ions mediated by a NCN
and a Oppenor bridge (Scheme 2). The NCN link is in the
basal plane of both square pyramids, whereas the oxygen
bridge is basal-apical. Therefore, the magnetic exchange

Eur. J. Inorg. Chem. 2010, 2376-2384
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through this latter pathway must be small. Accordingly, the
main magnetic interaction is mediated by an imidazolidine
NCN link that, as DFT calculations demonstrated,!’®
should transmit a net ferromagnetic coupling, as it is. Be-
sides, the magnitude of J; is in the order of the expected
one for this situation.[#16]

J> represents the magnetic coupling between Cull and
Cull’, mediated by the terephthalate ligand, coordinated
as shown in Scheme 2. This coordination mode leads to a
distance of ca. 10.25 A between both copper atoms, and
therefore, the magnetic exchange between them is expected
to be weak. The small value obtained for J, is in agreement
with the previous discussion and within the values reported
in the literature for this type of situation.[]

The y,,T vs. T graph for pentanuclear complex 3-9H,O
is shown in Figure 6. Once again, the y,,7 product remains
almost constant between 300 and 150 K and then increases
with decreasing temperature to reach a maximum. After
that, it slightly decreases on cooling. Thus, once more, this
behaviour suggests a net intramolecular ferromagnetic cou-
pling. In addition, the magnetic measurements at 2 K shows
that the M/Nf vs. H curve (Figure 7) tends to 4 at 50000 G,
suggesting a nonisolated ground state but a mixing of an S
= 1.5 and S = 2.5 states.

2.3-
227
3
g 21
c
o
~
3 201
1.9 : : : : . ;
0 50 100 150 200 250 300
T (K)

Figure 6. Plot of y,,T vs. T for 3-9H,O. Scattered points: experi-
mental results; solid line: best fit.

The possible superexchange pathways for 3 are shown in
Scheme 3. Accordingly, the y,,T vs. T curve was treated
with the MAGPACK program, with a 3J model, including
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Figure 7. Plot of M/Nf vs. H at 2 K for 3-9H,0.

the intermolecular interaction parameter and 77P. The best
fit gives the values: 2J; = 373cm™!, 2J, = 0.3 cm’!,
2J; = 04cm™!, g = 194, J/ = Ocm™! and TIP
3.87 X 10* cm?*mol™! (R = 2.06 X 107°). These values render
an S = 2.5 ground state, and they seem to justify the mixing
of the S = 2.5 and S = 1.5 states (AE = 0.17 cm™!). Besides,
they appear to be consistent with those expected. Thus, J;
represents the interaction between CuX1---CuX2 (X = 1, 2)
mediated by the NCN and O103 bridges, both of them situ-
ated in the basal plane of the square pyramids. In addition,
both pyramids share an oxygen carboxylate atom (O11) as
the apex, but this bridge should slightly contribute to the
magnetic exchange. Therefore, this magnetic superexchange
pathway is very similar to one of the magnetic pathways for
[(Cu,L")5(CO5)]-8H,0, where DFT calculations estimate a
coupling constant close to 30 cm™'.[72

J> and J3 represent the magnetic exchange within the ter-
minal and central copper atoms, mediated by the carboxyl-
ate groups of the malonate ligand, in a syn—anti (J,) or anti—
anti (J3) mode. Moreover, it is noticeable that one of the
oxygen atoms of the malonate ligand is always at the apex
of the pyramid (O11 or O11’) and the other one is at the
base of the square plane (O10 or O10). Therefore, these
are basal-apical interactions and they should be small. In
addition, it is well known that carboxylate bridges coordi-
nated in a syn—anti mode transmit a ferromagnetic coupling
and in an anti-anti mode an antiferromagnetic interac-
tion.'7 Accordingly, J, should be small and positive and J3
small and negative, as they are.

The yy,T vs. T graph for 4-5.5H,0 (Figure 8) suggests,
once more, an intramolecular ferromagnetic coupling be-
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;\C/,.'/o 0\| , \ H [N S,
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Scheme 3.
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tween the copper ions. Besides, the M/NJ vs. H curve at 2 K
(Figure S1, Supporting Information) tends to 4 at 50000 G,
which, once more, seems to indicate an S = 2 ground state,
in spite of the fact that a mixture of states cannot be com-
pletely excluded.

1.9+
g 1.8+
5
S
§
= 1.7 4
=
=
1.6 T T T T T T
0 50 100 150 200 250 300
T(K)

Figure 8. Plot of y,,T vs. T for 4:5.5H,0. Experimental results ({J),
best fit without intermolecular interactions (—), best fit including
the intermolecular interactions term (@).

Compound 4-5.5H,0 shows three different magnetic ex-
change pathways (Scheme 4). Hence, the susceptibility data
were treated with the MAGPACK program using a 3J
model. It must be noted that, in a first attempt, we tried to
fit the data with the lowest number of parameters, that is,
excluding intermolecular interactions and/or ZFS. This fit,
which renders an S = 0 ground state, give the following
magnetic parameters: 2J, = 3.5cm !, 2J, = -0.3cm !, 2J5
—0.7cm™!, g = 2.14 and TIP = 1.07 X 10 cm?*mol! (R

model including the intermolecular interactions. This gives
as the best-fitting parameters 2J; = 3.7 cm’ , 2J, =
l.lem !, 2J5=0. ZCmfl, g=2.14,J =-0.60 cm ' and TIP

= 1.19%10*cm?*mol ! (R = 3.58 X 107), with an S = 2
calculated ground state.

Analysis of the data shows that the values of the mag-
netic parameters are in the range of those expected. Thus,
J, represents the magnetic interaction between two cop-
per(Il) ions mediated by a NCN, a Oppenol bridge and a
carboxylate link in a syn—syn mode, this latter occupying
the apexes of the square pyramids. Therefore, the carboxyl-
ate bridge should poorly contribute to the magnetic ex-
change. Accordingly, this superexchange pathway is very
similar to that reported for 3-9H,O. In this kind of copper
compound, where the interaction between the copper atoms
is mainly transmitted through a NCNjisadolidine and an O
bridge, the magnetic interaction depends not only on the
Cu-Oy,.—Cu angle but on the angle (¢) between the square
planes of the pyramids.[°®) When both factors are analysed
and compared with those of a series of Cu'f complexes de-
rived from H;L' or H5L? (Table 4, Scheme 5), it can be seen
that the J; value is in agreement with the large Cu—Oyuga1—
Cu angle and the acute 0 angle.

=9.31X107). A new fit was also performed with the 3J  Scheme 5.
02
N201 J
2
Gut2-oee R Cu21
0103-Cutz—N102 203N\\ e ;
1010‘ N , CU21\ J1 "‘\x, v Jq
AN / L / \o oY W\ i
1o N 0203 i Lk
LN T o 177
\ A\ 0 204N . Jy
v N103 o/ i
101N~ TCu22,
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Scheme 4.

Table 4. Some magnetostructural parameters for copper complexes with basal NCN; iqazolidgine and O bridges.

a(Cu-Og—Cu) (°) ol (°) p-OR 2J1®1 (cm ™) Geometry typel?  Ref.[d]
[(CusL2)2(0,C-CHA-CO,)] (4) 114.4 313 PhO 3.3 I *
[Cu,L2(OAC)] 113.7 33.0 PhO 1.5 I [6c]
[(CusL)o(CO3)] 112.0 37.0 PhO ~30 I [7a)
[(CusL1),Cu(0,C-CH,-CO,),] (3) 108.1 453 PhO 373 1 *
[Cu,L'(OAC)] 102.5 46.0 PhO 49.2 11 [6a]
[Cu,L{(CH;0)] 104.0 117.0 MeO 82.1 it f6b]
[Cu,L2(CH,0)] 106.0 119.6 MeO 99.9 it [6e]

[a] Angle between basal planes of the square pyramids. [b] J values referred to Hamiltonian H =

[d] * = this work.
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J> and J;3 represent the magnetic interaction within the
copper atoms through the malonate ligand and, once more,
the oxygen atoms of this malonate ligand occupy apical
sites. Therefore, the values of J, and J; should be small, as
they are. However, they could be interchangeable, as they
could not be compared with literature values. As far as we
know, this is the first magnetostructural characterised cop-
per(I) complex with a malonate ligand coordinated in a
wentmintin!-0,0,0",0""" mode occupying apical sites
and the magnetic analysis indicates that it transmit a weak
coupling.

Conclusions

Three new Cuy (1:7H50, 2-2H,0 and 4-5.5H,0) clusters
and one Cus (3:9H,0) cluster have been prepared from li-
gand-exchange reactions. The crystal structure of three of
them show that all the compounds can be considered as
constructed from dinuclear [Cu,L*]* (x = 1, 2) blocks and
different carboxylate connectors. Therefore, this work
clearly shows that the tested synthetic method allows com-
plexes of higher nuclearity to be constructed from
[Cu,L]* (x =1, 2) nodes.

Magnetic studies for 1:7H,0O, 3-9H,O and 4-5.5H,0
show that all the complexes are predominantly ferromag-
netic in nature; the magnetic coupling mediated by the di-
carboxylate ligands is weak. In addition, it is noteworthy
that this paper describes the first magnetostructural charac-
terisation of a copper(I) complex with a malonate ligand
coordinated in a pyn'min'n'-0,0,0",0""" mode placed
at apical sites.

Experimental Section

General Considerations: Elemental analyses of C, H and N were
performed with a Carlo Erba EA 1108 analyzer. Infrared spectra
were recorded as KBr pellets with an FTIR Bruker IFS-66v spec-

Eur|IC

European Journal
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trophotometer in the range 4000-400 cm . Electrospray mass spec-
tra of the metal complexes were obtained with a Hewlett—Packard
LC-MS spectrometer, in methanol as solvent.

Syntheses: All solvents, malonic and terephthalic acid are commer-
cially available and were used without further purification. [(Cu,L"),-
(CO3)]'8H,0 and [Cu,L*(OH)]-1.125H,0 were obtained as pre-
viously reported,l®7] and satisfactorily characterised.

1-7H,0: To a methanol (40 mL) solution of [(Cu,L")»(CO5)]*8H,O
(0.19g, 0.14mmol) was added terephthalic acid (0.023 g,
0.14 mmol). The mixture was heated to reflux with stirring for 3 h,
and the green solid that precipitated was filtered off and dried in
air. Yield: 0.15g (73.7%). M.p. >300°C. CgH76CuyNgOy;
(1454.13): caled. C 51.16, H 4.95, N 7.70; found C 50.69, H 4.20,
N 7.58. MS (ESI+): m/z = 582.1 [Cu,L']*. IR (KBr): ¥ = 1633
(C=N), 3441 (OH) cm!'. Recrystallisation of a microcrystalline
sample of 1:7H,0 in MeOH/EtOH allowed green single crystals of
1-:2EtOH-2H-0, suitable for X-ray diffraction studies, to be iso-
lated.

2:2H,0: To a methanol (40 mL) solution of [Cu,L*(OH)]
1.125H,0 (0.14 g, 0.16 mmol) was added terephthalic acid (0.014 g,
0.08 mmol). The mixture was heated to reflux with stirring for 3 h,
and the dark green solid that precipitated was filtered off and dried
in air. Yield: 0.092 g (62.6%). M.p >300 °C. Cy,Hs¢BrsCuyNgO>
(1837.6): calcd. C 40.49, H 3.05, N 6.09; found C 40.04, H 2.99, N
5.91. MS (ESI+): m/z = 818.5 [Cu,L?]*. IR (KBr): ¥ = 1633 (C=N),
3441 (OH) cm ™.

3:9H,0: To a MeOH/MeCN (20:20 mL) solution of [(Cu,L!),-
(CO3)]'8H,0 (0.1 g, 0.07 mmol) was added malonic acid (0.007 g,
0.07 mmol). The mixture was heated to reflux with stirring for 3 h,
and the green precipitated solid was filtered off and dried in air.
Yield: 0.038 g (68.1%). M.p >300 °C. CgoH76CusNgO,3 (1593.75):
caled. C 45.18, H4.77, N 7.03; found C 45.86, H 4.48, N 7.01. MS
(ESI+): m/z = 582.3 [Cu,L']". IR (KBr): v = 1636 (C=N), 3429
(OH) cm™!. Recrystallisation of the microcrystalline solid in MeOH
yielded 3-9H,O as green single crystals suitable for X-ray diffrac-
tion studies.

4-5.5H,0: To a MeOH/MeCN (20:20 mL) solution of [Cu,L*(OH)]-
1.125H,0 (0.14 g, 0.16 mmol) was added malonic acid (0.0085 g,
0.08 mmol). The mixture was heated to reflux with stirring for 3 h,
and the green precipitated solid was filtered off and dried in air.

Table 5. Crystal data and structure refinement for 1:2EtOH-2H,0, 3-9H,0 and 4-5.5H,0-1.25MeOH.

1-2EtOH-2H,0 3-9H,0 4-5.5H,0-1.25MeOH
Empirical formula C66H74CH4N8014 C60H61CUSN8023 C58'25H66Br(,CU4NgO](,'75
Formula weight 1457.49 1579.87 1879.81
Temperature (K) 100(2) 100(2) 100(2)
Wavelength (A) 0.71073 0.71073 0.71073
Crystal system monoclinic monoclinic orthorhombic
Space group P2,/c P2,/c P2,2,2,
a (A) 20.0314(7) 9.6724(9) 15.951(3)
b (A) 9.6076(3) 18.2891(16) 16.340(3)
¢ (A) 16.1353(5) 18.9534(17) 27.028(4)
a (°) 95.650(2) 101.133(2) 90
p(©) 20.0314(7) 9.6724(9) 15.951(3)
7 (°) 9.6076(3) 18.2891(16) 16.340(3)
Z 2 2 4
Absorption coefficient (mm) 1.433 1.674 4.664
Reflections collected 71533 28190 63580
Independent reflections 11875 [Riy, = 0.0264] 6238 [Rin = 0.0599] 15597 [Rin, = 0.0548]
Data/restraints/parameters 11875/0/418 6238/0/431 15597/0/833

Ry, wR, [I>206(1)]
R, wR, (all data)

0.0354, 0.0952
0.0470, 0.0994

0.0772, 0.2018
0.1339, 0.2343

0.0611, 0.1578
0.0734, 0.1639
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Yield: 0.079 g (53.7%). M.p. >300°C. Cs;Hg BrgCusNgOis.s
(1838.4): caled. C 37.2, H 3.32, N 6.09; found C 37.6, H 3.17, N
6.05. MS (ESI+): m/z = 818.3 [Cu,L?]*. IR (KBr): ¥ = 1635 (C=N),
3436 (OH) cm!. Green single crystals of 4-5.5H,0-1.25MeOH,
suitable for X-ray diffraction studies, were obtained by recrystalli-
sation of 4-5.5H,0 in MeOH.

Crystallographic Measurements: Selected crystal data and some de-
tails of refinements are given in Table 5. Crystals of 1-2EtOH-
2H,0, 3-9H,0 and 4-5.5H,0-1.25MeOH, suitable for single-crystal
X-ray studies, were obtained as detailed above. Data were collected
at 100 K with a Bruker X8 KappaAPEXII (1-:2EtOH-2H,0) or a
Smart-CCD-1000 (3-9H,O and 4-5.5H,0-1.25MeOH) dif-
fractometer, employing graphite-monochromated Mo-K, (1 =
0.71073 A) radiation in all cases. The data reduction procedure in-
volved corrections for polarisation and Lorentz effect, whereas a
multiscan absorption correction was applied by using SADABS.[!8]
The structures were solved by direct methods employing SIR-
200411 and refined by full-matrix least-squares on F2 using the
SHELX-97% program package. Non-hydrogen atoms were aniso-
tropically refined, excluding some corresponding to disordered sol-
vated molecules. Hydrogen atoms were mostly included at geomet-
rically calculated positions with thermal parameters derived from
the parent atoms. Partial occupancies of solvate molecules were
individually refined and then rounded to simplify the formulae. It
should be noted that 3-9H,O shows a marked disorder of its sol-
vates. In this way, most of the water molecules had to be modelled
with very low occupation sites, and their H atoms could not be
mostly located.

CCDC-762477 (for 1-2EtOH-2H,0), -762478 (for 3-9H,0O) and
-762479 (for 4-5.5H,0-1.25MeOH) contain the supplementary
crystallographic data for this paper. These data can be obtained
free of charge from The Cambridge Crystallographic Data Centre
via www.ccde.cam.ac.uk/data_request/cif.

Magnetic Measurements: Magnetic susceptibility measurements for
powder crystalline samples of 1:7H,0, 3-9H,0 and 4-5.5H,0 were
carried out at the Unitat de Mesures Magnétiques of the Uni-
versitat de Barcelona with a Quantum Design SQUID MPMS-XL
susceptometer. The magnetic susceptibility data were recorded in
the 2-300 K temperature range under magnetic fields of 300 G (2—
30 K) and 5000 G (30-300 K). Diamagnetic corrections were esti-
mated from Pascal’s Tables The agreement factor is based on the
function R = Z(xasTexp — X Tea) 21 0 Texp)*. Magnetic fields rang-
ing from 0 to 50000 G were used for magnetisation measurements
at 2 K.

Supporting Information (see footnote on the first page of this arti-
cle): Plot of M/Np vs. H at 2 K for 4-5.5H,0.
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