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p-1,3- (trans) and p-1,2- (cis) Bonding in Squarato-Bridged Dinuclear
Copper(IT) and Nickel(IT) Complexes Derived from Polypyridyl Amines!*!
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A novel series of dinuclear squarato-bridged copper(Il) and
nickel(Il) complexes [Cuy(TPA),(1t1,3-C404)](ClO,),-4H,0 (1),
[Cuy(MeDPA )5 (111,5-C404)(H;0)4](C1O4); (2) and [Niy(TPA),-
(11,2-C404)(H20),](ClOy), (3) [C404% = dianion of 3,4-dihy-
droxycyclobut-3-en-1,2-dione (squaric acid), MeDPA = N-
methylbis(2-pyridylmethyl)amine, TPA = tris(2-pyridylmeth-
yl)amine| were synthesized and structurally characterized by
X-ray crystallography. The spectral and structural characteri-
zations as well as their magnetic properties are reported. In
this series, the structures consist of the C1O,~ groups as coun-
terions and the C,O42  anions bridging the two M" centers in
a p-1,3- (1 and 2) or in a p-1,2-bis(monodentate) (3) bonding
fashion. The coordination geometry around the five-coordi-
nate Cu'' centers in 1 is a distorted trigonal bipyramid, where
the coordination environment is achieved by the four N-do-
nor atoms of the TPA ligand and one oxygen atom of the
bridging squarato ligand. The complexes 2 and 3 adopt a
distorted octahedral geometry. The six-coordinate 4+2 envi-

ronment in 2 is achieved by the three N-atoms of the MeDPA
ligand, by an oxygen atom of a bridging squarato ligand and,
at longest distances, by two oxygen atoms from coordinated
water molecules. In the nickel complex 3, the geometry is
attained by the four N-atoms of TPA and by two oxygen
atoms supplied by a coordinated water molecule and by a
bridging squarato ligand. The results manifested the effects
of the blocking amine variations on the structure and on the
bonding mode of the bridging squarato ligand. The com-
plexes show antiferromagnetic coupling with IJI = 9.1 and
1.2 cm™! in the p-1,3-bridged squarato compounds 1 and 2,
and with J = -1.4 cm™ in the corresponding p-1,2-bridged
squarato complex 3. The magnetic properties are discussed
in relation to other related compounds and the structural
data.

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

Introduction

The highly symmetrical nature and the extensive m-elec-
tron delocalization of the cyclic squarate dianion, C404>
(3.,4-dihydroxycyclobut-3-ene-1,2-dionate), where its four
C-0O bonds have partial double-bond character, made its
interaction with metal ions to be an interesting attractive
topic for a number of studies in the last two decades.!!2!
The presence of four donor oxygen atoms and the richness
of the electron density on the squarate dianion enhance its
capability to simultaneously bind more than one metal ion,
hence acting as a bridging ligand." >*! The bridging squar-
ato ligand affords three types of coordination modes known
as p-1,3- (trans),2 61622 |11 2 (¢is), 2589131416181 gnd |-
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1,2,3,4-.17-191 Polymeric structures via p-1,2- and p-1,3-coor-
dination have also been reported.[!!-1222:23] More recently,
the trinuclear complex, [Cus(pmap);(it;23-C4O4)](ClOy)y
2H,O {pmap = bis[2-(2-pyridyl)ethyl][(2-pyridyl)methyl]-
amine} with the p-1,2,3-coordination mode has been struc-
turally and magnetically characterized.['! The different
bonding modes in squarato-bridged metal(II) complexes
are depicted in Scheme 1. The bonding modes in these com-
plexes are most likely determined by the geometrical and
the structural nature of the blocking ligands coordinated to
the central metal ion. In the squarato-bridged M com-
plexes, the intradimer separation distances between the
metal centers vary from ca. 5 A in the cis- (p-1,2) bonding
to 8 A in the trans- (p-1,3) bonding.!! 23!

The magnetic measurements on structurally charac-
terized squarato-bridged dinuclear nickel(II) and copper(II)
complexes reveal weak antiferromagnetic interactions be-
tween the paramagnetic centers!>*'® (|J] = 0.4-1.7 cm™! in
Ni'l and |J] = 0-26 cm™!for Cu'" complexes, J is the singlet—
triplet exchange constant). In general, the dinuclear cop-
per(Il) complexes with the p-1,3-squarato bonding are usu-
ally antiferrromagnetically coupled with |J] values in the
range of 0-8.6 cm™1.[>>10-14.18] The 1-1,2-squarato-bridged
compounds show higher |J] values!>!6-10:1418] in the range
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Scheme 1.

of 10.3-26.4 cm™!. This was attributed to the large delocal-
ization in the SOMOs of p-1,2-squarato compounds com-
pared to those of p-1,3-squarato compounds.'® Aside
from this trend, very weak ferromagnetic interaction has
been reported in [Cuy(bpcam)y(py 3-C4O04)(H,0),]-10H,O
[bpcam = bis(2-pyrimidyl)amidate].[*! In this compound, a J
value of 1.3 cm™! was interpreted on the basis of accidental
orthogonality of magnetic orbitals.[*]

In a continuous effort to understand the factors that
might affect the coordination mode of bonding in the squa-
rato-bridged metal(Il) complexes and how this is related to
the magnetic exchange pathways in theses complexes, the
present study was undertaken to explore the structural and
magnetic properties of a novel series of dinuclear squarato-
bridged Cu" and Ni'" compounds based on polypyridylam-
ine ligands. The structures of these ligands and their ab-
breviations are illustrated in Scheme 2.

/N 7N N
=N —N =N N
HiC— \/;j N \|
e

MeDPA

Scheme 2.

Results and Discussion

Synthesis of the Complexes

The dinuclear squarato-bridged complexes [Cu,(TPA),-
(11.3-C404)](Cl04)24H,0 (1), [Cuy(MeDPA), (1 3-C404)-
(Hy0)4J(ClOy4)>  (2) and  [Niy(TPA)y (11 2-C404)(H0),]-
(ClOy4), (3) were synthesized in reasonably good yield (50—
80%) by the direct reaction of an aqueous or a methanolic
solution of the preformed 1:1 complex M(ClOy)./polypyrid-
ylamine (M = Cu" or Ni''; polypyridylamine = TPA,
MeDPA) and 1 equiv. of disodium squarate. Crystals suit-
able for X-ray analysis were obtained by slow evaporation
of the solvent from dilute aqueous solutions at room tem-
perature. The synthesized complexes were characterized by
elemental analyses, and IR and UV/Vis spectroscopy as well
as X-ray structure determination.
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Infrared Spectroscopy

The infrared spectra of the squarato complexes under in-
vestigation display some common features characteristic to
the coordinated and uncoordinated water molecules over
the range 3420-3450 cm ™! and to the presence of hydrogen
bonding (3600-3350 cm™'). The perchlorate ions display
strong bands over the range 10861121 cm™!. The broaden-
ing or the split of the perchlorate band in these complexes
most probably results from the reduction of the symmetry
of the ClO, ion to Cs, or to Cs,. It may also be attributed
to the interaction of the ClO4 ions with the lattice water in
1 or with aqua water molecules in 2 and 3 (see Crystal
Structure section). The IR spectra of the complexes also
display strong to medium intensity bands in the 1550-
1440 cm™! region. The strong band observed around
1500 cm™" is similar to that found in the spectrum of
K,C404 which has been tentatively assigned to a mixture
of C-O and C—C stretching vibration modes.”>%?7] In the
squarato-bridged metal complexes, it has been shown that
the position of the 1500 cm™! band cannot be used as a
diagnostic tool to distinguish between the coordination
modes of p,- and p, 3-bis(monodentate ligand).*!®! This
was attributed to the strong influence of the blocking ligand
and to the structural environment around the bridging
squarato moiety.!>!®]

Electronic Spectra

The visible spectra of the dinuclear squarato-bridged
Cu'' complexes 1 and 2 were recorded in MeOH and in
other solvents (Table 1). The complexes reveal strong ab-
sorption maxima in the 410-500 nm region which can most
probably be attributed to a CT (L — M) transition. In
MeOH and/or H,0, complex 1 displays absorption maxima
at 860 and a high-energy shoulder at 655 nm. The spectral
features of 1 are consistent with the five-coordinate geome-
try around the Cu'' centers which are characterized by a
rather broad d-d absorption band in their solution elec-
tronic spectra. Cu'' complexes with trigonal-bipyramidal
(TBP) geometries, generally exhibit a maximum at . >
800 nm (d,,, d,> ,» — d.») with a higher energy shoulder
(spin-forbidden, d,., d,. — d.»).?* 3% In contrast, square-
pyramidal or distorted square-pyramidal (SP) Cu'' com-
plexes usually show a band in the 550-660 nm range (d,.,
d,. — d, 2).%331 Inspection of the electronic spectro-
SCOplC data shown in Table 1 and on the basis of the above
criterion, in solution complex 1 adapts a TBP stereochemis-
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Table 1. Visible spectroscopic data [Amax/Mm (€ma/M ' cm )] for the (bridging squarato)Cu!' complex ions in different solvents.

Solvent [Cux(TPA)s(py 3-C404)* [Cux(MeDPA ), (11 3-C404)(H,0)4]**
H,O 439 (364), ca. 655 (163), 860 (448) 409 (400), 648 (247)

MeOH 461 (1030), 656 (211), 860 (220) 431 (1440), 600 (454)

CH;CN 497 (2930), ca. 661 (596), 870 (488)

CH3;NO, 492 (2490), ca. 664 (508), 870 (479)

try. On the other hand, the very broad single absorption
band observed in the solution spectrum of 2 is most likely
consistent with an octahedral geometry around the central
Cu?* ion.

The wvisible spectrum of the aqueous solution of
[Nix(TPA)> (11 -C404)(H0),](ClO4),  (3) displays  three
bands at 577, 776 and 860 nm. These features are consistent
with a six-coordinate octahedral geometry.[>333% Thus, the
solution spectrum of the complex ion is adequately ex-
plained by d-d transitions in the distorted octahedral envi-
ronment of the Ni'! ion, where the absorption maxima re-
sult from 3A,, — Tio(P), Ay, — T (F) and *A,, —
3T(F) transitions.

The trigonal-bipyramidal environment around the cen-
tral Cu®* jon in [Cuy(TPA)y(1t; 3-C404)](ClO4),4H,0 (1)
was observed in many of the Cu'! and Co!' complexes de-
rived from aliphatic tripod tetraamines or from
TPA [28:29-3137) Increasing of the length of the pyridyl arms
in TPA to pmap as in [Cuz(pmap)s(pi23-C404)](ClOy)s:
2H,0 (see Scheme 2) was associated with a stereochemical
change of the central Cu'l ion to a distorted square-pyrami-
dal configuration.!l Similar results were reported on going
from [Cu(TPA)X]ClIO, (X = CI', N3, NO, and NCS") to
[Cu(pmea)CI]CIO, {pmea = [2-(2-pyridyl)ethyl]bis(2-pyr-
idylmethyl)amine} and [Cu(pmap)CI]ClO,.?8-3238] The vis-
ible spectra of the green complex 1 in CH;CN or in
CH;NO, were slightly shifted to longer wavelengths
(Table 1), and the dissolution was accompanied by a color
change to purple/wine red, which most likely can be attrib-
uted to the displacement of one of the Cu-O(squarate)
bonds by a solvent molecule in order to relieve the steric
hindrance around the coordinated squarato ligand.[!]

Crystal Structures

[Cux(TPA)(11,3-C404)I(Cl04)2:4H,0 (1)

The ORTEP drawing for 1 and atom labeling scheme are
illustrated in Figure la, and selected bond parameters are
given in Table 2. The structure of the compound consists of
centrosymmetric dinuclear units in which the copper atoms
are linked by the squarate dianion in a p; 3-C4O, bonding
fashion, perchlorate counterions and lattice water mole-
cules. The copper atom is pentacoordinate in a distorted
coordination polyhedron close to a trigonal bipyramid (¢t =
0.89).1% Three pyridyl nitrogen atoms of the TPA ligand
determine the equatorial plane of Cu(l) polyhedra with
Cu-N,,, bond lengths in the 2.062(4)-2.075(4) A range. The
axial coordination sites are occupied by an oxygen atom
O(1) of the bridging squarato ligand and N(1) of the TPA
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ligand. The Cu(1)-O(1) and Cu(1)-N(1) axial distances are
1.944(3) and 2.005(4) A, respectively. The copper(II) center
deviates by 0.215 A from its CuNj; equatorial plane which
forms a dihedral angle of 86.3° with the plane of the bridg-
ing squarato ligand. The Cu(1)-O(1)-C(19) bond angle is
125.7(3)°.  The Cu--Cu intradinuclear distance is
7.5807(18) A, whereas the shortest Cu++Cu interdimer dis-
tances are 7.577(18) and 9.234(2) A. Three hydrogen bonds
of the type O-H---O are observed: a non-coordinated oxy-
gen atom O(2) acts as an acceptor for two hydrogen bonds
from lattice water molecules O(7) and O(8), and the remain-
ing hydrogen bond is formed between the two lattice water
molecules (Figure 1b, Table 5). The pyridine rings of the
TPA molecules have ring-ring separations of their centers
of gravities (Cg) of more than 4.40 A.

a)

& C(20A)
\)

02A)

>, O
cie)  cuz 03)
o) =TI

0(5)

0(6)

b)

Figure 1. (a) Molecular geometry and atom labeling scheme of 1.
(b) Packing view of 1.
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Table 2. Selected bond lengths [A] and angles [°] for 1.1

Cu(1)~Cu(1A) 7.5807(19) Cu(1)-O(1) 1.944(3)
Cu(1)-N(1) 20054) Cu(1)-NQ) 2.062(4)
Cu(1)-N@3) 20644)  Cu(1)-N@) 2.075(4)
O(1)-C(19) 1.269(6)  O(2)-C(20) 1.247(6)
C(19)-C(20A) L464(7)  C(19)-C(20) 1472(7)
O(1)-Cu(1)-N(1) 17482) O(1)»-Cu(1)’NQ2)  98.2(2)
N(1)-Cu(1)-N(Q) 823(2) O()-Cu(1»N@3)  101.7Q2)
N(1)-Cu(1)-N@3) 822(2) NQ)-Cu()>N@)  121.502)
O(1)-Cu(1)-N(@) 93.72) N(1)-Cu(1)’N@)  81.5Q2)
N@)-Cu(1)-N(4) 116.72) N@-Cu(1)»N@)  116.12)
O(1)-C(19)-C(20A) 1325(5)  O(1)-C(19-C0)  136.5(5)
C(20A)-C(19)-C(20) 91.04)  O(2)-C(20)-C(19A) 135.1(5)
0(2)-C(20)-C(19) 135.8(5)  C(19A)-C(20)- 89.0(4)
C(19)

[a] Symmetry code: (A): —x, —y + 1, —z.

[Cllz(MeDPA)z(H1,3'C404)(H20)4](C104)2 2)

A labeled ORTEP drawing of compound 2 is shown in
Figure 2a, and selected bond parameters are given in
Table 3. The structure of the compound consists of centro-
symmetric dinuclear units in which the copper atoms are

Figure 2. (a) Molecular geometry and atom labeling scheme of the
dinuclear cation of 2. (b) Packing view of 2.
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bridged by a p; 3-C404 ligand, and perchlorate counterions.
Each copper atom has an elongated octahedral coordina-
tion geometry. The CulN;O; chromophore is achieved by
the three N atoms of the tridentate MeDPA blocking li-
gand, and by three oxygen atoms, namely O(1) of a p, ;-
C,40,4 ligand, and O(3) and O(4) of two aqua ligands. The
equatorial plane is formed by O(1), N(1), N(2), N(3) and
Cu(l) atoms, whereas the axial sites are occupied by O(3)
and O(4). The equatorial Cu(1)-O(1) bond length is
1.960(3) A, and the Cu(1)-N bonds are in the range from
1.987(4) to 2.039(4) A. The bond angles in the equatorial
plane are in the 82.28(14)-99.88(14)° range. The axial
Cu(1)-O@3) and Cu(l1)-O(4) bonds are 2.381(3) and
2.434(4) A, respectively, and the O(3)-Cu(1)-O(4) bond an-
gle is 170.01(12)°. The Cu(l) center deviates by 0.206 A,
whereas C(2) deviates by 0.006 A from the mean plane of
the bridging squarato ligand which forms an interplanar
angle with the plane of the equatorial CuN;O plane of
71.6°. The Cu(1)-O(1)-C(1) bond angle is 140.1(3)°. Bond
parameters of the squarato dianion are comparable with
the corresponding values reported in complex 3 (see next).
The Cu-+Cu intradinuclear distance is 7.997(2) A, and the
shortest Cu-+Cu interdimer distances are 6.2718(17) and
8.232(2) A. Hydrogen bonds of the type O—H++O (Table 5,
Figure 2b) connect the dinuclear units and the ClO,  coun-
terions to form a supramolecular 2D network extended
along the a- and b-axis of the unit cell. The pyridine rings
of adjacent MeDPA molecules have the following ring-ring
separations of their centers of gravities (Cg): Cg(N2)--
Cg(N2)#B = 3.875(4) A [#B: 2 — x, 1 — y, 1 — z]; Cg(N3)-+
Cg(N3)#HC = 3.752(4) A [#C: 2 — x, 1 — y, —z]; (N2): ring
N(2),C(11)-C(15); N(3): ring N(3),C(3)-C(7).

Table 3. Selected bond lengths [A] and angles [°] for 2.1

Cu(1)~Cu(1A) 7.997(2)  Cu(1)-O(1) 1.960(3)
Cu(1)-NQ3) 1.987(4)  Cu(1)-N(2) 1.987(4)
Cu(1)-N(1) 2.039(4)  Cu(1)-0(3) 2.381(3)
Cu(1)-0O(4) 2.434(4)  O(1)-C(1) 1.243(5)
0(2)-C(2) 1.223(5)  C(1)-C(2) 1.464(6)
C(1)-C(2A) 1.483(6)

O(1)-Cu(1)"N(3)  94.57(14) O(1)-Cu(1)-N(2)  99.88(14)
N@3)-Cu(1) N@2)  165.02) O(l)-Cu(l)-N(1)  167.60(12)
NG)Cu(l) N(1)  82.8(2) N(@2)-Cu(l)N(I)  82.28(14)
O(1)-Cu(1)-0(3)  92.50(11) N(3)-Cu(1)-O(3)  97.00(12)
NQ2)-Cu(1)0(3)  86.22(12) N(1)-Cu(1)-0(3)  99.83(12)
O(1)-Cu(1)-O(4)  80.32(14) N(3)-Cu(1)-O(4)  90.55(14)
NQ2)-Cu(1)-O4)  88.16(14) N(1)-Cu(1)-O(4)  87.57(14)
0(3)-Cu(1)-0(4)  170.01(12) C(1)-O(1)-Cu(l)  140.1(3)
O(1)-C(1)-C(2) 137.4(4)  O(1)-C(1)-CA)  131.54)
C2)-C(1)-C2A)  91.23) 0O(2)-C(2)-C(1) 136.1(4)
0(2)-C(2)-C(1A)  135.04) C(1)-C2)-C(1A)  88.8(3)

[a] Symmetry code: (A): —x + 2, -y + 1, —z.

INiy(TPA),(p1 2-C404)(H,0),](C104), (3)

A labeled ORTEP plot for compound 3 is shown in Fig-
ure 3a, and selected bond parameters are given in Table 4.
The structure of the compound consists of
[C4oH4NgNi,Og]** dinuclear units in which the nickel

Eur. J. Inorg. Chem. 2008, 3709-3717
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atoms are bridged by the p, ,-C40, ligand, and perchlorate
counterions. Each nickel atom has a slightly distorted octa-
hedral coordination geometry. The octahedron around the
Ni%* centers is achieved by the four N-atoms of the tetra-
dentate amine, TPA, with Ni-N bond lengths in the
2.074(3)-2.102(3) A range. The remaining sites of the Ni%*
polyhedra are occupied by two cis-coordinated oxygen
atoms, O(1) of the squarate ligand, and O(3) of an aqua
ligand. The Ni-O(1) bond is shorter [2.052(2) A] than the
Ni-O(3) bond [2.058(2) A]. The Ni-+Ni intradinuclear dis-
tance is 7.2812(17) A, and the shortest Ni-Ni interdimer
distances are 8.0150(18) and 8.3009(18) A. The central
squarato anion is located on a twofold rotation axis and
acts as pj,-bridging ligand within the dinuclear unit. The
Ni(1) center deviates by 0.1330 A, whereas O(2) deviates by
0.062 A from the mean plane of the squarato ligand. The
bridging squarato ligand forms an interplanar angle of
21.9° with the NiN,O, [i.e.: Ni(1), O(1), O(3), N(1), N(4)]
plane. The Ni(1)-O(1)-C(19) bond angle is 132.2(2)°. Hy-
drogen bonds of the type O-H---O are formed from aqua
ligand O(3) to the non-coordinated oxygen atom of the
squarate anion O(2) and perchlorate oxygen atom O(4)
(Table 5, Figure 3b).

a)

Cli1A)_GP C10A)
(&

Figure 3. (a) ORTEP view and atom labeling scheme of 3. (b) Pack-
ing view of 3.
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Table 4. Selected bond lengths [A] and angles [°] for 3.1

Ni(1)--Ni(1A) 7.2812(17) Ni(1)-0(3) 2.052(2)
Ni(1)-O(1) 2.058(2) Ni(1)-N(4) 2.074(3)
Ni(1)-N(3) 2.077(3)  Ni(1)-N(1) 2.083(3)
Ni(1)-N(2) 2.102(3)  O(1)-C(19) 1.256(4)
0O(2)-C(20) 1.247(4)  C(19)-C(19A) 1.461(6)
C(19)-C(20) 1.476(4)  C(20)-C(20A) 1.474(6)
O(3)-Ni(1)-0(1) 94.82(9)  O(3)-Ni(1)-N(4) 92.02(10)
O(1)-Ni(1)-N(4) 172.15(10)  O(3)-Ni(1)-N(3) 102.50(10)
O(1)-Ni(1)-N(3) 86.15(10) N(4)-Ni(1)-N(3) 96.13(10)
O(3)-Ni(1)-N(1) 174.85(10)  O(1)-Ni(1)-N(1) 89.57(9)
N(4)-Ni(1)-N(1) 83.43(10) N(3)-Ni(1)-N(1) 80.45(10)
O(3)-Ni(1)-N(2) 95.87(10)  O(1)-Ni(1)-N(2) 90.47(10)
N@)-Ni(1)-N(2) 85.00(10) N(3)-Ni(1)-N(2) 161.53(10)
N(1)-Ni(1)-N(2) 81.37(10)  C(19)-O(1)-Ni(1) 132.2(2)
O(1)-C(19)-C(19A) 132.7(2)  O(1)-C(19)-C(20) 137.1(3)
C(19A)-C(19)-C(20) 90.2(2)  O(2)-C(20)-C(20A) 135.6(2)
0O(2)-C(20)-C(19) 134.6(3) C(20A)-C(20)-C(19)  89.7(2)
[a] Symmetry code: (A): —x + 1, y, —z + 3/2.

Table 5. Selected hydrogen bonds in complexes 1-3.

D-H-AR D-A[A] D-H-A[?] Symmetry code of A
Complex 1

O(7)-H(71)~-O(8) 2.961(7) 172.2

O(7)-H(72)~-0(2) 2.871(5) 177.1 -x, 1 -y, —=z
O(8)-H(82)0(2) 2.854(6) 159.2 X, 12—y 12+z
Complex 2

O(3)-H(31)~0(2) 2.730(4) 167.2

O(3)-H(32)--0(5) 2.993(7) 150.8 l+x,1+yz
O(4)-H(41)--0(1) 3.005(5) 137.6 l-x,1-y =
O(4)-H(41)--0(4) 2.965(7) 134.9 l-x,1-y-—z
O(4)-H(42)--0(6) 2.932(7) 169.4

Complex 3

O(3)-H(31)-0O(2) 2.609(4) 175.6

O(3)-H(32)-+0O(4) 2.831(4) 169.3

[a] D = Donor, A = acceptor.

Although in complexes 1-3 only two of the four oxygen
atoms in each of the bridging squarato dianions are coordi-
nated to metal ions, the symmetry of the geometrical ar-
rangement of the squarato ligands, remains unchanged. In
these complexes, the bond lengths of the squarato ligands
are: C-O 1.223(5)-1.269(6) A, C-C 1.461(6)-1.483(6) A;
the C—C—-C bond angles [88.8(3)-91.2(3)°] are close to 90°,
and the O-C-C bond angles of non-coordinated oxygen
atoms are close to 135° [134.6(3)-136.1(4)°], whereas the
corresponding O-C-C bond angles of the coordinated oxy-
gen atoms reveal more asymmetric behavior: 132.5(5) and
136.5(5)° for 1, 131.5(4) and 137.4(4)° for 2, and 132.7(2)
and 137.1(3)° for 3.

Hydrogen bonds are also observed in the title complexes
(Table 5): In 1, the uncoordinated oxygen atom O(2) acts as
an acceptor for two hydrogen bonds of the type O-H--O
with lattice water molecules O(7) and O(8) [O(7)-H(72):*
0Q) (—x, 1 —y, —2): O(7)~+0(2) = 2.877(5) A, O(7)-H(72)-
0(2) = 177.1° O(8)-H(82)-:O(2) (x, 1/2 — y, 1/2 — z): O(8)-*
0(2) = 2.854(6) A, O(8)-H(82)-+0(2) = 159.2°]. In 2 and 3,
the uncoordinated oxygen atoms O(2) act as acceptors for
a strong hydrogen bond of the type O-H--O with lattice
3713
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water molecules O(3) [2: O(3)-H(31)-:O(2): O(3)-0(2) =
2.730(4) A, O(3)-H(31)--0(2) = 167.2°; 3: O(3)-H(31)-
0(2): 0(3)-0(2) = 2.609(4) A, O(3)-H(31)-+0(2) = 175.6].
The data presented above concerning the bridging squarato
centers agree well with those reported by Robl et al. based
on X-ray and neutron diffraction measurements performed
on a series of (squarato)metal hydrates.[*!] These studies re-
vealed that the non-coordinated oxygen atoms of the squar-
ato ligands are involved in strong hydrogen bonds, thus
compensating the electronic effects of the metal coordina-
tion to the remaining oxygen atoms of the central squarato
ligands.

Magnetic Properties

Variable-temperature (2-300 K) magnetic susceptibility
data were collected on polycrystalline samples for 1-3. The
magnetic behavior of the copper(Il) compounds 1 and 2 is
represented in Figure 4 in the forms of yy vs. T plots. At
300 K, the yy; value for compound 1 is 3 X 1073 cm*mol".
Upon cooling, yy; increases gradually to arrive at a maxi-
mum of 0.051 cm®*mol ! at 3 K, and then it decreases to a
value of 0.014 cm*mol~" at 2 K. Such a behavior reveals an
intramolecular antiferromagnetic interaction. On the basis
of this situation, the experimental magnetic data have been
fitted by using the expression derived through the Hamilto-
nian A = —JS,-Sp with S, = Sg = 1/2 [Equation (1)].

am = @Ngup?lk D) {[exp(JIkTV1 + 3exp(JIkD)]} M

Xy /cm*mol !
‘ =
®

o
N
1

0.1+

TIK

00 ' T T T T T T T T T 1
100 150 200 250 300

Figure 4. Temperature dependence of yy; of solid samples of com-
plexes 1 (open circles) and 2 (open squares). The solid lines repre-
sent the best fit (see text).

The parameters N, pp and k in Equation (1) have their
usual meanings. Least-squares fitting of all experimental
data leads to the parameters J = -8.2 cm ™! and g = 2.02. In
case of compound 2, the yy value at 300K is
3% 103 cm*mol '. Upon cooling, it increases continuously
to arrive at a value of 0.321 cm®*mol ! at 2 K (Figure 4).
The absence of a maximum before 2 K in the yy vs. 7 plot
for 2 indicates a small or non-existing J coupling. Based on
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this situation, the experimental magnetic data have been fit-
ted by using Equation (1). Least-squares fitting of all exper-
imental data leads to J = -1.2cm ™! and g = 2.16.

From the structural point of view, two factors may be
considered to account for the different antiferromagnetic
coupling between 1 and 2. These include the magnetic or-
bitals and Cu—O—C bond angles. In 1, the Cu'" centers show
a trigonal-bipyramidal geometry and consequently, a d_- or-
bital is the “magnetic orbital”. In 2, the Cu'! cations adopt
a 4+2 octahedral coordination (the water molecules have
long Cu--O distances of 2.381(3) and 2.434(4) A] where the
“magnetic orbital” d,» ,» is perpendicular to the squarato
plane with one of its lobes oriented towards an oxygen
atom of the squarato ligand. Therefore, it should be ex-
pected that the interaction in complex 1 occurs through the
d.. orbital which should lead to more antiferromagnetic
coupling than that observed in 2 due to a larger overlap
between magnetic orbitals.l''°l Complexes 1 and 2 show the
same syn conformationl!! with respect to the squarato
bridging ligand. For this conformation, increasing of the
Cu-O-C angle values, diminishes the antiferromagnetic
coupling.l'! The Cu—O-C angles for 1 and 2 are 125.6 and
140.12°, respectively.

The magnetic behavior of the nickel(II) compound 3 is
represented in Figure 5 in the form of a yT vs. T plot.
At 300 K, the ¥y T product is 2.43 cm® Kmol . This value,
as usual for Ni'l ions (g > 0), is larger than those expected
for two uncoupled S = 1 spins (1.98 cm*Kmol™!, g = 2.0).
Upon cooling, y\7 remains nearly constant, and it de-
creases clearly from approximately 77 < 25K indicating
antiferromagnetic coupling. At 2K, the ;7 value is
0.94 cm*K mol™!. The corresponding yy vs. T plot for 3
increases on cooling and exhibits no maximum over the
temperature range studied. The experimental magnetic
data have been fitted by using the expression derived
through the Hamiltonian H = —JS,-Sp with S, = S = 1
[Equation (2)].

v = CNg2uplk D) {[exp(JIkT) + 5 exp(3JILT))/[1 +
3exp(JIkT) + 5 exp(3JIkT)]} 2)

N
wn

0000000000

)CMT/cm';-K-molg1

T/IK

0 ) 100 150 200 250 300

Figure 5. Temperature dependence of yy7 of a solid sample of
complex 3. The solid line represents the best fit (see text).
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Least-squares fitting of all experimental data leads to the
parameters J = —1.43 cm™! and g = 2.20. Only one p-1,2-
squarato dinuclear Ni'' compound with a J value of
—0.4 cm™! had been reported.[!?]

Conclusions

From the synthetic point of view it can be pointed out
that a small alteration in the ligand skeleton such as methyl-
ation of the secondary amine nitrogen atom of DPA in the
complex [Cuz(DPA)z(Hl,2'C4O4)(Hzo)z](C104)2[2] to pro-
duce MeDPA  {[Cux(MeDPA ), (1 3-C404)(H>0)4](ClO4)>
(2)} resulted in a change of the bonding mode of the bridg-
ing squarato ligand from p-1,2 to p-1,3 coordination. More-
over, when methylene groups were inserted into the pyridyl
arms of the TPA ligand to generate the pmap ligand
(Scheme 2), a drastic change was observed, and the tric-
opper complex [Cuz(pmap)s(p1,2,3-C404)(C104)42H,0 was
obtained with a p-1,2,3-squarato coordination model!l in-
stead of the pu-1,3 bonding in 1. This skeletal alteration was
accompanied by a stereochemical change around the cen-
tral Cu?* ion from distorted TBP to distorted SP geome-
try.! Change of the bonding coordination mode of the
bridging squarato ligand was also observed when the Cu®*
ion in 1 was replaced by Ni** {[Niy(TPA)y(1t; »-C404)-
(H20):](ClO4)> (3)}-

In general, the present study demonstrates that when
squarate is acting as a bridging ligand, increasing of the
steric hindrance in the blocking amine ligand and/or in-
creasing of the flexibility of its arms tends to stabilize the
u-1,3 bonding. Also, the dinuclear (pu-1,3- or p-1,2-bridging
squarato)metal(IT) complexes usually exhibit weak antifer-
romagnetic interaction. The coupling through the squarato
bridging ligand in polynuclear copper(I) complexes has
been recently studied.['! The number of squarato-bridged
nickel(IT) complexes is still small, and no theoretical studies
have been made yet on such systems.

Experimental Section

Materials: The compounds 2-(2-aminoethyl)pyridine, 2-picolyl
chloride hydrochloride, methylamine (40% by weight in water) and
3,4-dihydroxy-3-cyclobutene-1,2-dione (squaric acid, H,C,0,4) were
purchased from Aldrich Chem. Co., USA. Bis(2-pyridylmethyl)-
amine (DPA) was obtained from TCI-America. All other materials
were of reagent-grade quality.

Physical Methods: IR spectra were recorded with a JASCO FT/
IR-480 plus spectrometer as KBr pellets. Electronic spectra were
recorded with an Agilent 8453 HP diode UV/Vis spectrophotome-
ter. Elemental analyses were performed at the Atlantic Microlabo-
ratory, Norcross, Georgia, USA. Magnetic susceptibility measure-
ments for the complexes under a magnetic field of 1 Tesla in the
range 2-300 K and magnetization measurements in the field range
0-5T at 2 K were performed with a Quantum Design MPMS-XL
SQUID magnetometer at the Magnetochemistry Service of the
University of Barcelona. All measurements were performed on
polycrystalline samples. Pascal’s constants were used to estimate
the diamagnetic corrections which were subtracted from the experi-
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mental susceptibilities to give the corrected molar magnetic suscep-
tibilities.
Synthesis of the Ligands and Complexes

Caution! Salts of perchlorate and their metal complexes are poten-
tially explosive and should be handled with great care and in small
quantities.

Tris(2-pyridylmethyl)amine (TPA): The ligand was synthesized ac-
cording to the procedures described by Anderegg*?! and modified
by Karlin’s group,'*3! and was characterized as reported.[*®]

Methylbis(2-pyridylmethyl)amine (MeDPA): MeDPA was synthe-
sized and characterized by using the published procedures,*3! ex-
cept that tetrahydrofuran was used as a solvent instead of acetoni-
trile. The ligand was purified by column chromatography by using
alumina and eluted with MeOH/ethyl acetate (2:98, v/v) and recrys-
tallized from diethyl ether by using charcoal.

[Cux(TPA)(11y 3-C404)1(ClO4),'4H,0 (1): A methanolic solution of
TPA (0.145 g, 0.5 mmol dissolved in S mL of MeOH) was added
to an aqueous solution of copper(Il) perchlorate hexahydrate
(0.190 g, 0.5 mmol in 40 mL of H,0). The resulting blue solution
was gently heated in a steam bath for 5 min, followed by the ad-
dition of an equimolar amount of disodium squarate (0.082,
0.5 mmol). The mixture was heated in a steam bath for 15 min
during which the color turned green. The mixture was filtered
through Celite and allowed to crystallize at room temperature. Af-
ter 5 d, the shiny green crystalline compound which separated was
collected by filtration, washed with 2-propanol, then diethyl ether,
and air-dried (overall yield: 193 mg, 73%). Crystals of X-ray qual-
ity were obtained from dilute solutions. Characterization:
CyoH44CL,CuyNgOy6 (1090.83): caled. C 44.04, H 4.07, N 10.27,
found C 44.44, H 3.96, N 10.68. Selected IR bands: V = 3447 (m)
[v(O-H) stretching], 1552 (vs), 1480 (s), 1438 (m) [v(CO)], 1086 (vs)
[V(CI-0) (ClO4)] em ™.

[Cuy(MeDPA), (i 3-C404)(H,0)4](Cl0y), (2): Disodium squarate
was added (0.81 g, 0.50 mmol) to a hot mixture of copper(Il) per-
chlorate hexahydrate (0.378 g, 1 mmol) and methylbis(2-pyr-
idylmethyl)amine (0.186 g, 1 mmol) dissolved in 20 mL of H,O.
The resulting solution was heated for 15 min, filtered through Ce-
lite and allowed to crystallize at room temperature.
C30H;35CLCuyNgO 46 (936.7): caled. C 38.58, H 4.09, N 8.97; found
C 38.40, H 4.13, N 8.83. Selected IR bands: ¥ = 3448 (m, br.) [v(O—
H) stretching], 1524 (vs), 1481 (m), 1446 (m) [v(CO)], 1111 (s), 1090
(s) [v(C1-0) (ClOy,") (split)] cm™ .

[Ni(TPA), (i1 2-C404)(H,0),](ClOy); (3): The complex was synthe-
sized essentially as described above for its analogous Cu'! complex
1 (yield: 77%). Violet crystals suitable for X-ray were obtained
from dilute aqueous solution. CyoH4oCl,NgNi,O 4 (1045.14): calcd.
C45.97, H 3.86, N 10.72; found C 45.79, H 3.94, N 10.80. Selected
IR bands: ¥ = 3423 (m) [v(O-H) stretching], 1500 (vs), 1440 (m)
[V(CO)], 1121 (m) [v(CI-O) (ClO4)] em™t. UV/Vis (H50): Jmax
(Emax) = 377 (267), 577 (76), 776 (71), 860 nm (96 M 'cm™).

Crystal Data Collection and Refinement: The X-ray single-crystal
data of compounds 1-3 were collected with a Bruker-AXS SMART
APEX CCD diffractometer. The crystallographic data, conditions
retained for the intensity data collection and some features of the
structure refinements are listed in Table 6. Intensities data were col-
lected with graphite-monochromated Mo-K, radiation (1 =
0.71073 A). Lorentz-polarization and absorption corrections were
made by using the SADABS computer program.[*4l The structures
were solved by direct methods with the SHELXS-8614%1 computer
program, and refined by full-matrix least-squares methods on |F]?
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Table 6. Crystal data and structure refinement for complexes 1-3.

Compound 1 2 3

Empirical formula C40H44C12CU2N8016 C15H19C1CHN308 C20H20C1N4Ni07
Formula mass 1090.83 468.33 522.54

Crystal system monoclinic triclinic monoclinic
Space group P2,/c P1 C2/c

a[A] 16.667(3) 8.625(2) 18.886(4)

b [A] 9.234(2) 8.915(2) 15.434(3)

c[A] 14.565(3) 12.522(3) 16.256(3)

a[°] 90 91.07(3) 90

A1 97.84(3) 104.19(3) 90

y[° 90 103.76(3) 90

V [A3] 2220.7(7) 903.6(3) 4209.9(15)

VA 2 2 8

T [K] 100(2) 100(2) 100(2)

Crystal size [mm] 0.30x0.22x0.14 0.32x0.22%x0.15 0.32x0.22x0.10
4 [mm!] 1.160 1.408 1.101

Deaicd. [Mg/m?3] 1.631 1.721 1.649

Collected data 16067 6449 15914

I>20(1) 3330 2646 3730

Parameters 319 260 304

R [I>20(1)] 0.0716 0.0857 0.0502

wR2 (all data) ) 0.1560 0.2473 0.1081

Residual max/min electron density [e A~] 0.625/-0.741 1.174/-1.013 0.759/-0.509

with the SHELXL-93#¢l program incorporated in the SHELXTL/
PC V 5.03%7 program package. All non-hydrogen atoms were re-
fined anisotropically. The hydrogen atoms were assigned isotropic
displacement factors and included in the final refinement cycles by
use of geometrical restraints (Co—H = 0.93 A; Cye—H = 0.96 A
O-H = 0.82 A). Progams used for molecular plots: XP®#” and
MERCURY."8 CCDC-677255 (1), -677256 (2), -677257 (3) contain
the supplementary crystallographic data for this paper. These data
can be obtained free of charge from The Cambridge Crystallo-
graphic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.
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