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Ligand Design for Alkali-Metal-Templated Self-Assembly of Unique High-
Nuclearity Cu" Aggregates with Diverse Coordination Cage Units: Crystal

Structures and Properties

Miao Du,' Xian-He Bu,*!*! Ya-Mei Guo,™ and Joan Ribas™

Abstract: The construction of two
unique, high-nuclearity Cu" supra-
molecular aggregates with tetrahedral
or octahedral cage units, {(u-Cl)[LiC
Cuy(-L)3}(CIO)s(H0),s (1) and
{[Na,CCuyy(-L?)5(u-C1),] (ClO4)5(H,0) -
(H;0%),).. (2) by alkali-metal-templat-
ed (Li* or Na%) self-assembly, was

lizes in the trigonal R3c space group (a
= b = 20.866(3), ¢ = 126.26(4) A and
Z = 12), and 2 in the triclinic P1 space
group (a = 13.632(4), b = 14.754(4), ¢
= 19.517(6) A, a = 99.836(6), f =
95.793(5), y = 116.124(5)° and Z = 1).
By subtle variation of the ligand struc-
tures and the alkali-metal templates,

different polymeric motifs were ob-
tained: a dodecanuclear architecture 1
consisting of three Cu, tetrahedral cage
units with a Li* template, and a supra-
molecular chain 2 consisting of two
crystallographically nonequivalent oc-
tahedral Cu, polyhedra with a Na*
template. The effects of ligand func-

achieved by the use of two newly de-
signed carboxylic-functionalized diaza-
mesocyclic  ligands, N,N’-bis(3-pro-
pionyloxy)-1,4-diazacycloheptane

(H,L") or 1,5-diazacyclooctane-N,N'-di-
acetate acid (H,L*). Complex 1 crystal-

synthesis

Introduction

The self-assembly of high-nuclearity metal-organic aggre-
gates, especially for paramagnetic polyhedral cage com-
plexes, has become a focus in recent years on account of the
fascinating structures of these compounds and their impor-
tance in host-guest chemistry associated with suitable cen-
tral cavities. These aggregates also have other potential ap-
plications."! A variety of organic bridging spacers involving
carboxylate or alkoxide,” multidendate heterocycles,” phos-
phonate or phosphinate,”! and other spacers® have been
employed for the design of these aggregates, and a series of
coordination cages, termed Platonic solids (e.g., tetrahedron,
cube, octahedron, dodecahedron, and icosahedron) or Ar-
chimedean solids (e.g. truncated tetrahedron, cuboctahe-
dron, truncated cube, and snub cube), in addition to other
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tionality and alkali metal template ions
on the self-assembly processes of both
coordination supramolecular aggre-
gates, and their magnetic behaviors are
discussed in detail.

types of solids (e.g. trigonal bipyramid, adamantanoid, and
trigonal prism) have been constructed by self-assembly by
the use of the aforementioned ligands." In addition, the
smallest cage unit, the tetrahedral system, has attracted
much interest since it was discovered that it is also the
smallest aggregate showing single molecule magnet (SMM)
behavior.[! Furthermore, the counteranions, such as halide,
perchlorate, or tetrafluoroborate, commonly act as tem-
plates in the construction of the polymetallic cages.” How-
ever, templated cage formation with cations, such as an
alkali metal or RN ™, is still rather limited.”

As described by us®™? and others,"”! diazamesocycles, es-
pecially 1,5-diazacyclooctane (DACO), modified by suitable
donor pendants, can be used as building blocks to construct
polymeric systems with unique structures and properties.
Recently, we attempted to incorporate the carboxylic group,
a versatile group displaying a variety of coordination modes,
onto the backbone of DACO. In this process, some fascinat-
ing chemistry of this ligand (H,L) was observed under self-
assembly conditions with metal ions.”) One of the main rea-
sons justifying the continuous interest in this attractive
system is the construction of other novel metal-organic ar-
chitectures with special topologies and properties by modify-
ing the backbone of the diazamesocycle, for example, by
choosing 1,4-diazacycloheptane (DACH) as the initial mate-
rial, or by altering the functional pendant arm on DACO.
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Herein, we report the preparation, crystal structures, and
magnetic behaviors of two remarkable high-nuclearity
supramolecular Cu" aggregates formed by alkali-metal-tem-
plated self-assembly of [Cu(ClO,),] and two well-designed
ligands, N,N'-bis(3-propionyloxy)-1,4-diazacycloheptane
(H,L") and 1,5-diaza-cyclooctane-N,N'-diacetate acid (H,L?,
Scheme 1).

Results and Discussion

Comments on the crystal structures of complexes 1 and 2:
The X-ray crystal structure of 1 shows that it has a dodeca-
nuclear architecture in which three tetrahedral Cu, aggre-
gates are linked through an unusual p;-Cl bridge. They are
related to each other by a threefold symmetry axis that
passes through the chloride center. Four crystallographically
independent Cu" centers bridged by six carboxylic groups in
u-O,,,,0',,; mode (Scheme 2a) result in a tetrahedral Cu,
motif (Figure 1). Selected bond lengths and angles for struc-
ture 1 are given in Table 1. Cul, Cu2, and Cu3 have similar
distorted square-pyramidal (CuN,O;) coordination spheres
(structural parameter 7 0.038, 0.03, and 0.2, respective-
1y, with two nitrogen atoms and two oxygen donors of

Figure 1. The Cu, tetrahedral cage unit in the structure of 1. Bond length
ranges [A]: Cu—O (equatorial sites) 1.928-2.005, Cu—O (axial) 2.183-
2.222, Cu—N 1.969-2.010.
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Scheme 2. Bridging modes of the carboxylic groups in 1 and 2

Table 1. Selected bond lengths [A] and angles [°] for complex 1.

Cul-03 1.935(6) Cul-N1 1.985(8) Cul-N2 1.996(8)
Cul-01 2.005(6) Cul-O12 2222(7) Cu2-06 1.946(6)
Cu2-N3 1.969(7) Cu2-07 1.988(5) Cu2-N4 2.010(7)
Cu2-04 2.183(7) Cu3-Ol1 1.918(6) Cu3-09 1.968(6)
Cu3-N5 1.981(7) Cu3-N6 1.999(7) Cu3-05 2215(6)
Cud—08 1.928(6) Cu4—02 1.941(6) Cu4-010 1.965(6)
Cud-013 2.003(6) Cud—Cl1 2.644(1) 03-Cul-N1  170.9(3)
03-Cul-N2  96.0(3)

N1-Cul-N2  80.7(4) O1-Cul-O3 85.0(2) O1-Cul-N1  96.6(3)
N2-Cul-O1  168.6(3) 03-Cul-O12 941(3) NI2-Cul-O12 94.8(3)
N2-Cul-O12  97.9(3) O1-Cul-O12 934(2) 06-Cu2-N3  169.3(3)
06-Cu2-07  841(2) N3-Cu2-07 963(3) O06-Cu2-N4  963(3)
N3-Cu2-N4  81.0(3) O7-Cu2-N4 167.5(3) 06-Cu2-O4  952(3)
04-Cu2-N3  952(3) O7-Cu2-O4 99.5(2) O4-Cu2-N4  92.9(3)
O11-Cu3-09  854(2) O11-Cu3-N5 172.0(3) 09-Cu3-N5  942(3)
O11-Cu3-N6  96.8(3) 09-Cu3-N6  160.0(3) N5-Cu3-N6  80.9(3)
011-Cu3-05  955(3) 09-Cu3-05 100.9(2) N5-Cu3-05  92.5(3)
N6-Cu3-O5  987(3) 08-Cud-02 939(3) 08-Cud-010 93.1(3)
02-Cud-010  1662(3) 08-Cud-O13 1784(3) 02-Cud-O13  87.6(3)
013-Cud-010 853(3) 08-Cud-Cll  90.6(2) 02-Cud-Cll  101.6(2)
010-Cud-Cll  902(2) O13-Cud-Cll 89.7(2)

B
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the same ligand occupying the basal positions, and an
oxygen atom from another adjacent ligand as the apical site.
The carboxylic groups and the three Cu" centers form a 12-
membered ring (-Cu-O-C-O-); consisting of the basal plane

0

COOH
N
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of each tetrahedron (Cu---Cu distances within this plane are
5.037,5.173, and 4.941 A, respectively). Cu4 is located at the
vertex of each tetrahedron, and has a CuO,Cl geometry
(r = 0.203) with three oxygen donors from different ligands
and one aqua ligand in the equatorial sites and one p;-Cl as
the axis. This atom is separated from other three Cu" cen-
ters by 4.976, 4.999, and 4.663 A, respectively. Cu4 together
with any other two Cu" centers also forms a 12-membered
ring (-Cu-O-C-O-); and represents the side face of each tet-
rahedron.

It is interesting that in each Cu, entity there is an encap-
sulated Li* ion as the template. It forms electrovalent
bonds (bond lengths range from 2.045(15)-2.229(14) A with
average value of 2.127 A, bond angles in 165.6(8)-169.4(8)°
and 75.2(5)-107.6(6)° ranges) with the surrounding six
oxygen atoms of the carboxylic pendants. Thus, considering
the coordination to both Cu" and Li™, the bridging mode of
each carboxylic group is unique P-Ocyganiy O cugsyny~H-O cuganiy»
OLigyny (Scheme 2b). The four Cu--Li separations are
3.000(13), 2.950(14), 3.021(14), and 3.260(14) A, respective-
ly, and the six Cu-O-Li bridging angles are in the range
90.8(4)-97.8(4)°. The central p;-Cl bridges three Cu, cages
with a Cu-Cl-Cu angle of 116.52(5)° to form the overall do-
decanuclear architecture (Figure 2) with high symmetry. To
our knowledge, this is a new structural type for polynuclear
Cu" complexes. The shortest Cu--Cu distance between the
Cu,, entities is 7.790 A. Each ligand serves as the chelated
agent for one Cu" ion, with the DACH ring adopting the
normal boat configuration, and bridges the other two Cu"
ions through two pendant arms. In addition, the axial Cu—Cl
bond length is rather long (2.644(1) A), indicating weaker
coordination and may be replaced by other stronger field
bridging anions, such as N3~ or SCN™, to form other coordi-
nation architectures.

The crystal structure of complex 2 consists of Cu, entities
linked together by asymmetric Cu(p-O),Cu bridges to give
an infinite one-dimensional (1 D) supramolecular system. In
this coordination chain there are two crystallographically
nonequivalent Cu, entities with only small structural differ-
ences (Figure 3). Selected bond lengths and angles for struc-
ture 2 are listed in Table 2. The
metal framework in each hex-
americ unit may be described
as a cage with pseudocubic O,
symmetry. In each cage, two
chelated Cu" atoms (Cul and
CulA for the right cage, Cub6
and Cu6B for the left cage in
Figure 3) and two bridging Cu"
atoms (Cu3 and Cu3A for the
right cage, and Cu4 and Cu4B
for the left cage) are located at
the equatorial vertices of a reg-
ular nonbonding octahedron.
The other two chelated Cu"
centers (Cu2 and Cu2A for the
right cage, and Cu5 and Cu5B
for the left cage) are situated at
the axial vertices. In each coor-
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Figure 2. View of the {(u;-Cl)[LiCCuy(p-L3)]5}** ion in 1 (Cu: yellow; Cl:
green; O: red; C: gray; Li' template: purple).

dination octahedron, six Cu" centers are bridged by eight
carboxylic groups in a p-O,,,0’,,; mode (Scheme 2a). Cul,
Cu2, Cu5, and Cub6 have a similar, almost ideal, square-pyra-
midal (CuN,O,Cl) coordination sphere (structural parame-
ter T = 0.005, 0.0, 0.075, and 0.012, respectively'), with the
two nitrogen atoms and two oxygen donors of the same
ligand occupying the basal positions, and a chloride anion at
the apical position. The Cu" ions deviate from the mean
equatorial plane of the square pyramid toward the axial
chloride atom by 0.39, 0.37, 0.37, and 0.39 A, respectively. It
is interesting that two independent chelated Cu" centers
within one cage are linked by a single chloro bridge that oc-
cupies the apical position, with an average Cu—Cl bond
length of 2.483 A, and a Cu-CI-Cu angle of 109.66(7) and
108.95(7)°. For the Cu3 and Cu4 centers, five atoms from
different carboxylic groups comprise their square-pyramidal
coordination with 7 values of 0.015 and 0.017. The Cu" ions

Figure 3. View of the two nonequivalent Cug cage units in 2. The propyl groups on the backbone of DACO
and hydrogen atoms were omitted for clarity.
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Table 2. Selected bond lengths [A] and angles [°] for complex 2.

Cul-01 1.956(4) Cul-02 1.973(4) Cul-N1 1.977(5)
Cul-N2 1.994(6) Cul—CI2 2.489(2) Cu2—04 1.952(4)
Cu2-05 1.977(4) Cu2-N3 1.983(5) Cu2-N4 1.987(6)
Ccu2—CI2 2.491(2) Cu3-016 1.921(5) Cu3-03 1.937(5)
Cu3-06 1.964(5) Cu3-015 1.969(5) Cu3-07 2.305(4)
Cud—06 2343(4) Cud—07 1.978(5) Cud—08 1.953(5)
Cud—09 1.934(5) Cud-O14 1.923(5) Cu5-N5 1.982(5)
Cu5-N6 1.992(6) Cu5-010 1.963(4) Cu5-O11 1.946(4)
Cu5—Cll 2.490(2) Cu6-N7 1.980(6) Cu6-N8 1.980(6)
Cu6-012 1.983(5) Cu6-013 1.949(5)  Cu6-Cll 2.463(2)
0O1-Cul-02 91.7(2) O1-Cul-N1 157.4(2) 02-Cul-N1 84.0(2)
O1-Cul-N2  848(2) O02-Cul-N2  157.1(2) NI-Cul-N2  90.6(2)
O1-Cul-Cl2  993(2) O02-Cul-Cl2  953(2) NI-Cul-Cl2  1032(2)
N1-Cul-CI2  107.6(2) O4-Cu2-05  91.8(2) O4-Cu2-N3  85.0(2)
05-Cu2N3  1583(2) O4-Cu2N4  1583(2) O5-Cu2-N4  84.4(2)
N4-Cu2-N3  90.7(2) O4-Cu2-CI2  96.7(2) O5-Cu2-Cl2  97.7(1)
N3-Cu2-C2  104.02) N4-Cu2-CI2  1050(22) O16-Cu3-03  922(2)
016-Cu3-06 177.6(2) 06-Cu3-03  89.4(2) 016-Cu3-0O15 88.0(2)
015-Cu3-03 1785(2) O15-Cu3-06  903(2) O16-Cu3-07  100.0(2)
03-Cu3-07  84.6(2) 06-Cu3-O7 784(2)  0O15-Cu3-O7  93.9(2)
014-Cud-09  87.02) O14-Cud-08  1768(2) O8-Cud-09  942(2)
014-Cud-07 91.82) O7-Cud-09  1778(2) O8-Cud-O7  869(2)
06-Cu4-0O14  87.8(2)  06-Cud-O9 100.9(2) 08-Cu4-O6 89.1(2)
O7-Cu4-06 77.3(2) O11-Cu5-010  92.4(2) 0O11-Cu5-N5 160.8(2)
010-Cu5-N5 84.3(2) O11-Cu5-N6  84.8(2) O10-Cu5-N5  156.3(2)
N5-Cu5-N6  90.7(2)  O11-Cu5-Cll  97.8(2) 0O10-Cu5-Cll  96.4(2)
N5-Cus-CIl  101.3(2) N6-CuS-CIl  1073(2) OI3-Cu6-N7  84.5(2)
O13-Cu6-N8  157.6(2) N7-Cu6-N§  90.53) OI13-Cu6-012 923(2)
N7-Cu6-0O12  156.9(2) O12-Cu6-N8  83.8(2)  O13-Cu6-Cll  98.0(2)
N7-Cu6-Cll  106.6(2) ClI-Cu6-N$  1044(2) OI2-Cu6-Cll  96.4(2)

deviate from the equatorial coordination plane by only 0.03
and 0.04 A owing to the lack of the chelate effect of the
ligand. In addition, Cu3 and Cu4, which are located at the
corner of two different coordination cages, are linked
through a pair of carboxylic groups with a Cu--Cu separa-
tion of 3.348 A and Cu-O-Cu bridging angles of 102.6(2)
and 101.7(2)°. Thus, two bridging modes of the carboxylic
groups coordinated to Cu centers exist: p-0,0',,-u-Oy,
O, (Scheme 2¢, O7-C4-O11B and O6-C20-0O5) and p-Oy,
O’ (Scheme 2a, other carboxylic groups). The former car-
boxylic groups extend the coordination octahedrons into the
infinite 1D supramolecular structure along the crystallo-
graphic [001] direction (Figure 4).

In analogy to the structure of 1, a striking feature of 2 is
that there is only one encapsulated Na™ ion in the center of
each cation cage; however it forms electrovalent bonds with
the surrounding eight oxygen atoms of the carboxylic pen-

Figure 4. View of the 1D supramolecular chain of 2. The dot in the center of each coordination cage repre-

sents the Na' ion.
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dants (Figure 5). These bond lengths range from 2.388(4) to
2.672(4) A with an average value of 2.538 A for Nal (range
from 2.468(5) to 2.635(4) A with average value of 2.544 A

Figure 5. View of octahedral coordination cage in 2 (Cu: yellow; CI:
green; O: red; C: gray; N: blue; Na' template: purple).

for Na2), the bond angles lie between 67.1(2) and 106.9(1)°
for Nal and between 66.4(1) and 106.2(1) for Na2. The co-
ordination spheres of both Na* ions could be best described
as distorted square prisms. Thus, considering the coordina-
tion to both Cu" and Na™, the bridging modes of the car-
boxylic groups in 2 are pu-Ocy, O'Nagsyn), cuganiy™™ O cu(syny Ocu(ani
1-O' cyianrip O'Nasyny (Scheme 2d, for O7-C40-O11B and O6-
C20-05) or p-Ocy(antiys O’ cugsyny O cu(ani, Oagsyny (Scheme 2b,
other carboxylic groups). The former bridging mode is
quite rare and is the first case for the linkage of two
kinds of metal ions.'” The six crystallographically in-
dependent Cu--Na distances are almost equivalent
(3.397(1)-3.582(1) A) with a mean value of 3.480 A, and the
eight Cu-O-Na bridging angles are in the 94.3(2)-103.2(2)°
range, with an average value of 98.5°. All the DACO rings
in the ligands adopt the normal boat—chair configuration,®
and are bent so that the central C—H methylene group of
the boat form of the metalladiazacyclohexane ring shields
the Cu" center chelated to it with H--Cu distances of 2.456,
2.417, 2.459, and 2.447 A, and H-Cu-Cl angles of 176.7,
179.3, 175.7, and 178.6°, respectively. Thus, as interpreted in
several of our previous publications,’® the methylene hydro-
gen atom effectively blocks the sixth coordination position
of Cu", giving rise to the ob-
served pentacoordinate geome-
try.

Roles of alkali-metal templates
and ligand functionality in self-
assemblies of compounds 1 and
2: From the above descriptions,
the appropriate choice of
alkali-metal template ion (Li*
or Nat), together with a subtle
change of the organic ligands,
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are clearly critical in determining the supramolecular archi-
tectures of the resultant high-nuclear products. Recently, we
demonstrated an interesting proton-controlled reversible in-
terconversion between an achiral Cu" molecular square
(pH~2), and a 1D, spontaneously resolved, interpenetrated
chiral double-chain with Cu, cavities (pH~6), for a similar
ligand H,L (see Scheme 1).”” However, for both ligands
(H,L! and H,L?) used in this study, only the simplex product
1 or 2 could be isolated at pH 4-5 following reaction with
Cu". Although the three ligands have very similar frame-
works, it is noteworthy that they form quite different resul-
tant complexes upon metal complexation (with
[Cu(ClO,),]), which suggests that subtle variations of the
backbone of the diazamesocyclic ligands or the pendant
arms may result in quite different metal/organic coordina-
tion architectures. This further confirms that the diazameso-
cycles and their functionalized derivatives could be suitable
for constructing metal/organic supramolecular entities with
unusual structures and interesting properties. With regard to
the self-assembly processes and the final structures of com-
plexes 1 and 2: first, the octahedral coordination cage ob-
served in 2 exhibits a larger cavity than that of the coordi-
nated tetrahedron in 1; the Na* ion located in 2 was stabi-
lized by electrovalent Na—O bonds (mean value: 2.541 A)
with a mean Na---Cu separation of 3.480 A, and the Li* ion
located in 1 has the average values for the Li—O and Li--Cu
distances of 2.127 and 3.058 A, respectively. A Cambridge
Structural Database (CSD) search was performed for the re-
lated bond data: the average Na—O and Li—O bond lengths
are 2.5 and 2.1 A, respectively, and this is obviously consis-
tent with the bond geometries found for the alkali-metal
ions in different coordination polyhedra of compounds 1
and 2. Second, although we tried several times using other
alkali-metal ions as the template (Na* or K* ion for 1, and
Li* or K* ion for 2), we found that solid products cannot
be successfully separated from the final solution, although it
is apparent that the complexation reaction occurred be-
tween the Cu” ion and the ligand in all these cases. This
may be caused by the different ionic radii of these alkali-
metal ions not matching the cavity of the tetrahedral or oc-
tahedral cage. It may also confirm that the template effect
of the special alkali-metal ion plays a critical role in the for-
mation of such supramolecular architectures. It should also
be noted that, until now, most coordination polyhedra were
constructed from Pd", Pt", or Fe'™, and that polynuclear ar-
chitectures from Cu! are still quite rare.%

Electronic and ESR spectra: The UV/Vis spectra for com-
plexes 1 and 2 in aqueous solution show a broad absorption
maximum band centered at 619 and 646 nm, respectively.
This spectral feature is typical of pentacoordinate Cu" com-
plexes with (distorted) square-pyramidal geometry, which
generally exhibit a band in the 550-660 nm range (d,., d,,—
d. ). In addition, the electronic spectra of both com-
plexes display characteristic absorptions at 190-290 nm
which are assigned to ligand transitions.

The X-band ESR spectra of both complexes were record-
ed in the polycrystalline powder state at different tempera-
tures (room temperature, 77 K, and 4 K). For 1, regardless

Chem. Eur. J. 2004, 10, 1345-1354 www.chemeurj.org

of the temperature, the spectra do not show anisotropic fea-
tures but only a sharp isotropic band centered at g,, = 2.12
(between 3000 and 3500 G, see Figure S1 in the Supporting
Information), probably caused by exchange narrowing.!!
For 2, at all temperatures, there is a typical pattern (see Fig-
ure S2 in the Supporting Information) of axial distortion for
Cu" centers with gy = 222, g, = 2.06 and g,, = 2.11, and
there is no variation with the temperature. This pattern is
typical for Cu" complexes with square-pyramidal geometry,
with the unpaired electron mainly located in the d,._,. orbi-
tal, which is consistent with the result of the crystal struc-
ture.

Magnetic properties: The magnetic behavior of 1 was meas-
ured on a SQUID susceptometer in the magnetic field range
of 0.1 T from RT to 8 K and with 500 Gauss at 82K to
avoid any saturation phenomena at low temperature. The
ymT value (magnetic susceptibility per 12 Cu" ions) is
4.81 cm’mol 'K~ at 300 K, corresponding to twelve spin
doublets. Then it increases inversely with the temperature
(6.11 cm®*mol 'K at 5 K), and finally decreases down to a
minimum value of 5.37 cm*mol 'K™' at 2 K. This curve
(Figure 6) suggests a ferromagnetic coupling with antiferro-
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Figure 6. Plot of yy7 and yy (inset) versus T for twelve Cu" ions in 1.
The solid line represents the best fit for the yy7 data obtained by the
first method indicated in the text (with J;, J,, and J; considering the
whole dodecanuclear entity). The fit has been made taking into account
all the experimental points.

magnetic intramolecular/intermolecular interactions that are
active at low temperature. The effect of the “molecular” D
parameter derived from the low-lying states of the Cu,
entity could also explain this behavior (see below). The
curve of yy is less significant: the value of y,, at room tem-
perature is 0.016 cm®*mol~!. The y,, values are almost con-
stant to ~50 K and then increase rapidly until 2 K, attaining
a value of 2.70 cm*mol ™.

To interpret the magnetic behavior of 1, it is convenient
to schematize this dodecanuclear entity to clearly determine
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which are the exchange pathways and the possible Hamilto-
nian. From the magnetic point of view, the Cu" ions are
linked in a tetrahedral form with the corresponding J pa-
rameters (Scheme 3). J; corresponds to the coupling be-

— Jq
_____ Jy

— Js

Cul1B)

/

Scheme 3. Spin topology of 1.

tween three syn—anti carboxylato bridges presenting basal-
basal coordination (considering the square-pyramidal geom-
etry of each Cu") between Cu4—Cul, Cu4—Cu2, and Cu4d-
Cu3, respectively. J, corresponds to the coupling in three
syn—anti carboxylato bridges between Cul-Cu2, Cu2-Cu3,
and Cu3-Cul in apical-basal coordination. Finally, J; corre-
sponds to the coupling between three Cu, entities through
the Cl central bridge in an apical-apical coordination. Thus,
it corresponds to Cu4-Cu4A, Cud-Cu4B, and Cu4A-Cu4B,
respectively. Consequently, we have to interpret the magnet-
ic behavior with a complicated dodecanuclear model that
has three J parameters with the following spin Hamiltonian

[Eq. (D].

H = =1, S8~1Y SiS-J5 Y S,S, (1)

The complete form is given in Equation (2).

H = —Ji[(84814848,48483)+(SanS1a+814824+844534)
+(S45S15+S4S25+845538)| = [ (815, +5,85+S5551)
H(S14824+824834+834814) (8188255258535 +S35515)]
—J3(S4S4a+Ss4S45+S45S4)

(2)

A Hamiltonian with these three repeated J parameters
(along with the identical g value) can not be solved by
Kambe’s method.'! Thus, the fit was made by a full-diago-
nalization matrix method with the irreducible tensor opera-
tor formalism (ITO) calculated with the Clumag program,!!”
leading to J, = 6.4cm ', J, = 0.87cm™!, J; = —35cm™}, g
= 2.10, and R = 5.5x107%. This could be a possible correla-
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tion between the J values, being consistent with the struc-
ture: J, corresponds to syn—anti coordination in the out-of-
plane conformation. This geometry always gives a small fer-
romagnetic coupling, as has been experimentally proved in
many cases' and studied from a theoretical point of
view.'”l' Apparently, J, is the same case, but the smaller J
value is in accordance with the apical-basal coordination,
which, logically, always gives smaller values than a basal-
basal conformation. Finally, the apical-apical coupling
through the CI™ ion (/5) has to be small and antiferromag-
netic. In this attempt, any possible interaction between the
Cu,, entities or the possible molecular D parameter arising
from the final ground state (S = 6) are impossible to con-
sider.

The corresponding energy-level diagram has been derived
from the Clumag fit (Figure 7A). As can be clearly seen
from this diagram, the “absolute” ground state would be S
= 0 (E = —18.1¢eV), which is practically degenerate with
the states S = 1 (E = —18.0eV), S = 2 (E = —17.7¢eV),
or S = 3 (E = —17.4eV). Therefore, there is a mixture in
the observed ground state in the magnetization curve meas-
ured at 2 K. This order of the states is mainly ascribed to

A)
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20{ & & 3 :
A
ol § § B,
> A %éA
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104 . e
A & & 8 N
0] & & & &7 ’
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Figure 7. A) Plot of the energy of the spin states, calculated with the
Clumag program (see text). Many of the energies are degenerate. B) Plot
of the reduced magnetization curve at 2 K (o), compared with hypotheti-
cal Brillouin laws for § = 5, 4, 3, to show that the experimental magneti-
zation does not follow the Brillouin equation.
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the J; value, which is antiferromagnetic and almost of the
same order of magnitude as the predominant J; ferromag-
netic coupling. If J; was very slightly ferromagnetic, the
ground state would be § = 6, as calculated with the same
values of J; and J,. For this reason, the reduced molar mag-
netization (M/Nf) at 2 K does not follow the Brillouin for-
mula for S = 5, 4, or 3 ground states (Figure 7B) at all. This
important deviation from the Brillouin law can be caused
either by antiferromagnetic coupling (J5) or by the presence
of some small “molecular” D parameter for the S#0 low-
lying states. These states derive from Cu" ions, which do not
have single-ion zero-field splitting. Gatteschi et al. have
studied the ESR of several Cu, complexes by adding to the
Zeeman term, the B,(O,’+50,%) fourth-order cubic fine-
structure operators (B, = 0.0044 cm™").”” This gives very
small |D| parameters, such as 0.04-0.09 cm'. Even with
these small |D| values, the ESR spectra shown by Gatteschi
and co-workers are rather complicated and do not corre-
spond in any way to the simple spectrum obtained for com-
plex 1. This feature seems to indicate that the |D| parame-
ter in complex 1 must be close to 0.

A simulation was carried out with the general procedure
developed by Clemente et al. (MAGPACK program)®! as-
suming an isotropic exchange for D¢y (S = 2). Good math-
ematical results were obtained with the following parame-
ters: J; = 6.5+402cm™;J, = 014+0.02cm™}; Dy = 45+
02cm™, g = 2.10. These values were used to simulate the
magnetization curve to compare them with the experimental
values (now for four Cu ions). The best simulation is ob-
tained with a low D value, ~1.7 cm™' (see Figure S3 in the
Supporting Information). Both calculated D values (from
susceptibility and magnetization measurements) are too
great for a polynuclear complex of Cu". Therefore, we can
deduce that these D values are probably theoretical ones,
without chemical sense. The susceptibility and magnetiza-
tion data must be interpreted by the presence of the antifer-
romagnetic J; parameter. The ESR spectra seem to indicate
that D¢, is zero or very close to zero.

Finally, as a complement of the first approach, we consid-
ered each Cu, entity, by changing the J; parameter (first ap-
proach) by J' (molecular-field approximation) according to
the theory of intermolecular interactions stated by Kahn.*
With this hypothesis, the magnetic susceptibility can be
fitted to the equation given for four S = !/, spins in a G,
geometry (only J; and J, parameters)® and introducing a
new J' intertetramer parameter into the equation. A reason-
ably good fit can be obtained with the following parameters:
Jy=72cm™, ,x0em™, J; (J) = —0.16cm™!, g = 2.10
and R = 1.0x107%. In all cases, we considered the typical
TIP value: 60x 10~° cm®*mol~! for each isolated Cu" ion.*

As a final conclusion for complex 1, the susceptibility and
magnetization curves can be explained by the presence of
the two phenomena: J; or J' due to Cu-Cl-Cu bridges rather
than a possible very small D¢, (zero-field splitting of the
S+#0 low-lying states). The values obtained considering the
Cu,, entity (the most realistic from the structural point of
view) agree with the feature indicating the J; value is always
the greatest (6-7 cm™"), but J, is greater under the Cuy, con-
sideration (close to 1 cm™) than under the other two consid-
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erations (close to 0 cm ™). In any case, we can conclude that
J, is dominant and ferromagnetic, J, is small and ferromag-
netic, and J; = J' is small and antiferromagnetic.

Figure 8 shows the magnetic properties of 2 in the form of
amT versus T plots (yy = the molar magnetic susceptibility
for twelve Cu" ions, as indicated below for the model of fit).

2T/ em®mol” K

2.04 0 2 4 6 8 10 12 14

0 50 100 150 200 250 300
TIK

Figure 8. Temperature dependence of yy7 (insert: low temperature
region) for 2. Experimental points A and the solid line that is obtained
by the fit indicated in the text.

The value of yy7T at 300 K is 4.97 cm*mol ' K~! which is as
expected for twelve magnetically quasi-isolated spin dou-
blets. The y\T values smoothly decrease from room temper-
ature to 50K and then quickly decrease to
2.11 cm®mol 'K at 2 K. At very low temperatures, this de-
creasing tendency is stopped (Figure 8, insert). The global
feature is characteristic of weak antiferromagnetic intramo-
lecular interactions.

As shown in the crystallographic section, complex 2 con-
sists of Cu, entities linked together by an asymmetric Cu(p-
0),Cu bridge to give a 1D system, in which two nonequiva-
lent Cu, units exist. From the magnetic point of view, the
structural differences are so small that we can consider to
be negligible. Thus, two kinds of magnetic interactions must
be considered to interpret the magnetic properties of 2: in-
tramolecular interactions (inside each Cuy unit) and inter-
molecular interactions (between adjacent Cug units).

Intramolecular interactions: a) syn—anti carboxylato interac-
tions: This pathway exists between Cu3-Cul-Cu3-Cul and
between Cu3-Cu2-Cu3-Cu2, which both share the Cu3 ions
(between Cu4-Cu6-Cu4-Cu6 and between Cu4-CuS5-Cud-
Cu5 in another Cu6 unit, Scheme 4). Weak antiferromagnet-
ic or ferromagnetic interactions were observed in the Cu"
complexes bridged by carboxylato ligands in the syn-anti
mode.®%2¥ The small overlap between the magnetic orbi-
tals of the Cu" atoms through the syn-anti carboxylato
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Scheme 4. Spin topology for 2 assuming three different J values.

bridge, for a Cu-O-C-O-Cu skeleton that is planar, accounts
for the weak antiferromagnetic coupling observed. For ex-
ample, in [(dien)Cu(u-tp)Cu(dien)](ClO,) (tp = terephtha-
late, dien = diethylenetriamine) J = —3.66 cm ;% and in
[Cu(NH;),(CH;COO)Br] J = —3.0 cm™ 1" This overlap is
significantly reduced for the cases in which the Cu-O-C-O-
Cu skeleton deviates from planarity (out-of-phase exchange
pathway, such as the J; interaction in 1), thus reducing the
antiferromagnetic contribution, and the ferromagnetic term
becomes dominant."® In the case discussed here, the relative
orientation of the metal-centered magnetic orbitals within
the cluster is the planar conformation as shown in Scheme 5.

{

(

.
| P d
.—-C\\_‘a /_.—-"C"‘-
/
Q)
. e ~ 1
0 Ry |C" ‘xT

Scheme 5.

The magnetic orbitals at each copper atom are defined by
the short equatorial bonds, and are of the d. . type with
some possible mixture of the d.. character in the axial posi-
tion. Thus it can be seen that the out-of-plane exchange
pathway is minimum, and consequently, antiferromagnetic
couplings would be predicted. Let us assume that according
to the experimental magnetic values and this hypothesis, the
coupling is antiferromagnetic. b) Cul-CI2-Cu2 (and Cu5-
ClI-Cu6): The Cul and Cu2 (or Cu5 and Cu6) ions are
linked by a chloro bridge, but with long apical Cu—Cl bond
lengths (~2.5 A). This feature creates a net J' magnetic
pathway. The unpaired electrons in these Cu" ions are
mainly in the magnetic orbital d,. ., thus the participation
in the d,. will be minimal. The pathway Cul-Cl-Cu2 would
be effective only if the d is operative. Taking into account
the structure and the geometry around the Cu atoms (to-
gether with the ESR spectra), this J' value must be very
small (antiferromagnetic or ferromagnetic). Scheme 4 shows
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the resulting electron distribution and the Sy value. Accord-
ing to this distribution (this is a new molecular ferrimagnetic
situation), the final S; is not zero but one (two unpaired
electrons). This feature explains why in the very low temper-
ature region the yy7T values tend to 1 cm®*mol 'K~ (corre-
sponding to two correlated electrons) for a Cug unit
(Figure 8).

Intermolecular interactions: Finally, the intermolecular con-
nection, Ji, (Cu3-O7-06-Cu4), must be considered. The
Cu3 and Cu4 ions participate in the linkage of the Cuy enti-
ties to produce the 1D structure. The main bond lengths in
the bridge are: Cu4—O6 = 2.353, O6—Cu3 = 1.997,
Cu3—07 = 2327, and O7—Cu4 = 1.989 A. There are, thus,
two long and two short bond lengths. The unpaired electrons
are mainly in the d. ,. orbitals, directed through the
Cu3—06 and Cu4—O7 bonds. This apical-equatorial bond
gives orthogonality (overlap zero) of the magnetic orbitals,
hence the coupling must be zero or small ferromagnetic.

With these considerations, an attempt was made to fit the
xmI data, assuming two ideal Cug octahedra with parame-
ters J, J', and J,,,, local S = '/, and g = 2.11 (according to
the ESR measurements), and using the Clumag program!"”!
with the Hamiltonian H = —J;XS;S;. The best-fit parameters
are J = —313ecm™, J = —0.019cm™, J,., = 0.010cm™,
and R = 1.3x107° (R is the agreement factor defined as
Si[ (T obs— Otm D cated] /i[O T)ons]’s TIP was assumed to be
60x107° cm*mol ™' per Cu atom). These values indicate that
the coupling between the Cu centers is slightly antiferro-
magnetic and of the same order as that found for similar
planar syn—anti carboxylato-bridged metal complexes. The J'
and J;,., values are mathematically correlated and almost
zero. The R value does not significantly change, assuming J’
or Jiye = 0. For example, making a fit with only a Cu,
entity (Jiper = 0), the best-fit parameters are J =
—3.13cm ™! and J' = —0.018 cm™. The reduced molar mag-
netization (M/Nf) per Cu ion tends to 0.4 electrons instead
to 1 electron at 2 K when the field tends to 5 T. This feature
agrees with the antiferromagnetic coupling within the six
Cu" ions (see Figure S4 in the Supporting Information).

Conclusion

In conclusion, the present work demonstrates successful ex-
amples of the self-assembly of two unique supramolecular
aggregates with tetrahedral or octahedral coordination poly-
hedra that uses an alkali-metal ion (Lit* or Na*) as a tem-
plate and well-designed carboxylic-functionalized diazame-
socyclic ligands. This also provides additional proof of the
extraordinary versatility and innumerable bridging possibili-
ties of carboxylic ligands and diazamesocycles and, conse-
quently, opens further perspectives for the experimentalists.
Finally, the procedures described here could be generally
applicable for analogous organic ligands and different metal
ions (or mixed-metal system such as Cu-Ln) in constructing
other magnetic clusters with unprecedented spin topologies
and desirable properties. This is currently being investigated
in our laboratory.
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Experimental Section

Materials and general methods: With the exception of 1,5-diazacyclooc-
tane (DACO), which was synthesized according to a literature proce-
dure,® all of the starting materials and solvents were purchased and
used as received. FT-IR spectra (KBr pellets) were recorded on a FT-IR
170SX (Nicolet) spectrometer and electronic absorption spectra on a Hi-
tachi UV-3010 spectrometer. Carbon, hydrogen, and nitrogen analyses
were performed on a Perkin-Elmer240C analyzer. '"H NMR spectra were
recorded on a Bruker AC-P400 spectrometer (400 MHz) at 25°C with
tetramethylsilane as the internal reference. ESR spectra were recorded
on powder samples at the X-band frequency with a Bruker300E auto-
matic spectrometer at temperatures between 4 and 300 K.

Magnetic studies: The variable-temperature (2-300 K) magnetic suscepti-
bilities were measured in “Servei de Magnetoquimica (Universitat de
Barcelona)” on polycrystalline samples (~30mg) with a Quantum
Design MPMS SQUID susceptometer operating with a magnetic field of
0.1 T. The diamagnetic corrections were evaluated from Pascal’s con-
stants for all the constituent atoms. Magnetization measurements were
carried out at low temperature (2 K) in the 0-5 T range.

Synthesis of the ligands N,NV'-Bis(3-propionyloxy)-1,4-diazacycloheptane
hydrochloride hydrate (H,L'-HCI-H,0): 3-Bromopropionic acid (7.45 g,
48.7 mmol) was added with vigorous stirring under reflux to a solution of
DACH (2.14 g, 21.4 mmol) in C;H;OH (150 mL). Suitable portions of
solid LiOH were added to keep the pH value of the mixture at ~9
during this procedure. After stirring for 24 h, the mixture was filtered.
H,L"HCI'-H,0 was obtained as a white crystalline solid upon acidifica-
tion (adjusted with 6M HCI solution) and was recrystallized from H,O/
CH,O0H in 80% yield (5.1 g, based on DACH). 'HNMR (400 MHz,
D,0): 6 = 2.17-2.19 (m, 2H), 2.62-2.67 (t, J = 8.8 Hz, 4H), 3.34-3.39 (t,
J = 8.8Hz, 4H), 3.43-3.46 (t, J = 7.2 Hz, 4H), 3.676 ppm (s, 4H); FT-
IR (KBr pellet): 7 = 3430b, 2963 m, 2619 m, 1968 w, 1720 vs, 1586s,
1400 vs, 1334 m, 1231's, 1107 m, 1038 w, 996 m, 938 w, 848 w, 810 w, 781 w,
732mcem™'; elemental analysis caled (%) for H,LHCI-H,O
(CjH,;CIN,O5): C 44.22, H 7.76, N 9.38; found: C 44.20, H 7.98, N 9.28.

1,5-Diazacyclooctane-N,N'-diacetate acid dihydrochloride (H,L?2HCI):
A solution of DACO-2HBr (2.31g, 837 mmol) and LiOH (1.96¢,
44.4 mmol) in C;H;OH (30 mL) was stirred for 4 h at room temperature.
A solution of 2-chloroacetic acid (1.72 g, 18.3 mmol) in C,H;OH (30 mL)
was added dropwise over 3 h to the stirred solution. The mixture was
heated at reflux for 20 h at pH~9. The ligand H,L?>2HCI was obtained
as a white solid after acidification (pH~2, adjusted with 6 M HCI solu-
tion) and recrystallization from H,O/CH;0H in 80 % yield (2.1 g, based
on DACO-2HBr). '"HNMR (400 MHz, D,0): 2.34-2.42 (m, 4H), 3.53 (t,
J = 6.0Hz, 8H), 4.01 ppm (s, 4H); FT-IR (KBr pellet): # = 3416 b,
2966 m, 2931 w, 1747 vs, 1478 m, 1461 m, 1427 s, 1378 s, 1354 m, 1223 vs,
1200's, 1107 s, 1091 m, 1049 m, 851 m, 833 m, 794 w cm™!; elemental anal-
ysis caled (%) for H,L*2HCI (C,,H,,CL,N,0,): C 39.62, H 6.65, N 9.24;
found: C 39.47, H 6.98, N 9.03.

Preparation of the Cu" complexes {(u;-Cl)[LiCCu,(n-L');]15}(ClO,);-
(H,0),5 (1): [Cu(ClO,),]-6 H,O (167 mg, 0.45 mmol) and H,L"HCI-H,0
(99 mg, 0.33 mmol) were allowed to react in MeOH/H,O (20 mL:5 mL)
at room temperature. The pH value of this solution was adjusted to ~4
with dilute aqueous LiOH solution. The reaction mixture was filtered
and left in a vacuum. Dark blue crystals were obtained after two weeks
by slow evaporation of the solvent in ~50% yield (72 mg). IR (KBr
pellet): # = 3431b, 2957w, 2872w, 1608 vs, 1577 vs, 1485 m, 14565,
1432's, 1406 vs, 1336 m, 1299 w, 1259 w, 1217 w, 1096 vs, 1021 vs, 936 w,
883 m, 853 w, 750 m, 712 w, 624 s cm™'; elemental analysis caled (%) for 1
(CgoH,7,ClyCu,N5Li;0555): C 30.26, H 4.54, N 4.99; found: C 30.19, H
4.89, N 4.67.

{[Na,CCuy,(n-L?)(n-C1),1(C10,)5(H,0),y(H;0 7).} (2): [Cu(ClO,),]-6-
H,O (113 mg, 0.3 mmol) and H,L*2HCI (60 mg, 0.2 mmol) were allowed
to react in MeOH/H,0 (15mL: SmL) at room temperature. The pH
value of this solution was adjusted to ~4-5 with dilute aqueous NaOH
solution. The reaction mixture was filtered and left in a vacuum. Dark
blue crystals were obtained after one month by slow evaporation of the
solvent in ~55% yield (52 mg). IR (KBr pellet): # = 3450 b, 2940 w,
1647 vs, 1612 vs, 1448 m, 1418 s, 1381 m, 1332 m, 1254 m, 1227 w, 1142 vs,
1114 vs, 1089 vs, 1046 m, 1000 m, 974 m, 956 w, 940 w, 844 w, 823 w, 782 w,
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724m, 636s, 627scm”'; elemental analysis caled (%) for 2
(CgoH;54C11,Cu N (Na,O): C 25.35, H 4.10, N 5.91; found: C 25.69, H
422,N 5.77.

CAUTION! Perchlorate complexes of metal ions in the presence of or-
ganic ligands are potentially explosive. Only a small amount of material
should be handled with care.

X-ray data collection and structure determinations: X-ray single-crystal
diffraction data for complexes 1 and 2 were collected on a Bruker
Smart1000 CCD area-detector diffractometer at 293(2) K with Mo, ra-
diation (A = 0.71073 A) in the » scan mode. The program SAINT?” was
used to integrate the diffraction profiles. All the structures were solved
by direct methods with the SHELXS program of the SHELXTL package
and refined by full-matrix least-squares methods with SHELXL (semiem-
pirical absorption corrections were applied with the SADABS pro-
gram).” Cu" atoms in each complex were located from the E maps and
the other non-hydrogen atoms were located in successive difference-
Fourier syntheses and refined with anisotropic thermal parameters on F~.
The hydrogen atoms of the ligands were generated theoretically onto the
specific atoms and refined isotropically with fixed thermal factors. Fur-
ther details for structural analysis are summarized in Table 3.

CCDC-204894 and CCDC-213111 contain the supplementary crystallo-
graphic data for this paper. These data can be obtained free of charge via

Table 3. Crystal data and structure refinement parameters for complexes
1and 2.

1 2
chemical formula CyoH,7,ClyCu )N 3Li;0555 CgoH;54Cl,Cuy,N (Na, Oz
M, 3929.94 3790.05
crystal system trigonal triclinic
space group R3c Pl
a[A] 20.866(3) 13.632(4)
b[A] 20.866(3) 14.754(4)
c[A] 126.26(4) 19.517(6)
al?] 90 99.836(6)
BI°] 90 95.793(5)
v[°] 120 116.124(5)
V[A?Y 47607(18) 3403(2)
VA 12 1
Peatca[gem ] 1.645 1.849
F(000) 24132 1928
plem™] 18.23 21.84
measured reflec- 62616 17692
tions
independent reflec- 9255 13155
tions
Ry 0.1491 0.0429
S 0.998 0.999
RI 0.0767 0.0620
R,MI 0.1880 0.1142

[a] R = Z||F| = |F||/£|F|. [b] R, = [E[Ww(F~F) Jow(F)] .

www.ccde.cam.ac.uk/conts/retrieving.html (or from the Cambridge Crys-
tallographic Data Centre, 12 Union Road, Cambridge CB21EZ, UK;
fax: (+44)1223-336033; or deposit@ccdc.cam.uk).
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