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Abstract

The preparation, spectroscopic and magnetic properties, and
crystal structure of [Cu(Cl)(HL)(H,0)],-6H,O (HL stands
for the monodeprotonated form of 4-methyl-amino-1,3-
dimethyl-5((2’-carboxyphenyl)azo)uracil) are reported. Crys-
tals are monoclinic, of space group P2,/n, with cell constants
a=17.358(1), b=20.542(4) and c=13.130(3) A, B=93.23(3)°
and Z=4. The structure was solved and refined to R=0.059
(R,,=0.047). The structure consists of Cl---H-O hydrogen-
bonded dinuclear units, which are also coupled via hydrogen
bonds to form the tridimensional network. The geometry of
each CuNO;Cl chromophore is almost that corresponding to
an ideal square-pyramid. The magnetic results indicate a
ferromagnetic ground state. The nature of the magnetic
interaction is discussed on the basis of structural data.

Introduction

Many examples of dimer formation through coop-
erative hydrogen bonding have been reported since
Yoneda and Kida [1] first suggested it. Furthermore,
some magneto-structural studies have been performed
on antiferromagnetic spin-coupled copper(Il) complexes
via hydrogen bonding [2-9]. Even though some structural
factors seem to affect the magnitude of the antifer-
romagnetic interaction, no general correlation was
found.

Relevant to the present paper is the hydrogen bridged
trimeric copper(Il) complex [Cu,(RS-a),(RS-ap)e]-
[CF;80;], (where RS-Hpa and RS-Hap represent R,S-
2-aminopropan-1-ol and R,S-1-aminopropan-2-ol, re-
spectively) [8], which, to the best of our knowledge, is
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the only complex described in the literature showing
ferromagnetic behaviour via hydrogen bonding. The
structure of this complex consists of layers of unique
O-H- - -O hydrogen-bonded trinuclear units. The weak
ferromagnetic behaviour of this compound (J=0.06
cm™') has been explained on the basis of the structural
data, which show that the equatorial coordination planes
are almost perpendicular, resulting in an unfavourable
orientation of the magnetic orbitals of the copper ions.

In the present work we report on the structure and
magnetic studies of the hydrogen-bonded dinuclear
copper(il) complex [Cu(Cl)(HL)(H,O)],-6H,O (where
H,L is 4-methylamino-1,3-dimethyl-5((2'-carboxy-
phenyl)azo)uracil) exhibiting a weak, but definite, over-
all ferromagnetic behaviour.

Experimental

Preparation of the ligand

H,L was synthesized in two steps. 6-Methylamino-
1,3-dimethyluracil was prepared by adding 6-chloro-1,3-
dimethyluracil (5 g, 0.03 mol) to a stirred solution of
methylamine in water (40 wt.%, 15 ml). After 15 min,
a white precipitate was collected, washed with cold
water and air-dried (yield 85%). The H,L ligand was
obtained by coupling diazotized anthranilic acid with
6-methylamino-1,3-dimethyluracil, keeping the temper-
ature below 4 °C. The orange-coloured product was
collected and then again reprecipitated from dilute
NaOH by addition of acetic acid to give an analytical
pure sample (yield 45%). Anal. Found: C, 52.7; H, 4.8;
N, 22.1. Calc. for C,;H,sN;O,: C, 53.0; H, 4.7; N, 22.1%.
&; (300 MHz, DMSO-d¢) 3.20 [3H, s, N(4)-CH,], 3.45
[3H, s, N(1)-CH;], 3.48 [3H, s, N(3)-CH;], 7.45 [1H,
m,C(12)H], 7.78 [1H, m, C(10)H], 7.87 [1H, m, C(11)H],
8.09 [1H, d, C(13)H], 15.90 [1H, s, COOH]; &. (300
MHz, DMSO-d,) 27.86 C(3), 31.71 C(1), 36.35 C(41),
116.31 C(5), 116.61 C(10), 118.21 C(14), 126.23 C(13),
131.56 C(12), 134.76 C(11), 141.92 C(9), 148.11 C(4),
154.16 C(2), 157.68 C(4), 167.43 C(15). IR (KBr, cm ™ '):
3600-3200 br, »O-H)+»(N-H); 1720, »(C(2)=0);
1653, (C(6)=0); 1467, »(N=N); 1351, »(C-O)+
8(OH).

Preparation of [Cu(Cl)(HL)(H,0)],-6H,0

Copper chloride dihydrate (0.17 g, 1 mmol) was
added to a stirred suspension of freshly prepared H,L
(0.32 g, 1 mmol) in 50 ml of a methanol-water mixture
(4:1) at ambient temperature. Slow evaporation of the
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resulting deep green solution at 4 °C yielded well
developed green crystals suitable for X-ray diffraction
study. Anal. Found: C, 34.5; H, 4.4; N, 14.4; Cu, 13.2.
Calc. for C,,OxN;CIH,,Cu: C, 34.6; H, 4.3; N, 14.4;
Cu, 13.1%. IR (KBr, cm™'): 3378, »(N(4)-H); 1717,
r(C(2)=0); 1608, »(C(6)=0); 1378, »(N=N); 1588,
v,,(COO0); 1357, »,(COO).

Physical measurements

Microanalyses of C, H and N, IR and EPR spectra
and magnetic measurements were performed as already
described [10]. Copper was determined thermogravi-
metrically as CuO, using a Mettler TG-50 thermobal-
ance.

Crystal data

C,.H,;N;O4CICu, monoclinic, a=17358(1),
b=20.542(4), ¢=13.130(3) A, B=93.23(3),
U=1981.5(7) A%, space group P2,/n, Z=4, D,=1.634
g cm >, F(000)= 1028, n(Mo Ka)=1.29 mm ™, crystal
dimensions: 0.19x0.22<0.15 mm.

X-ray data collection and structure determination

Single-crystal data collection was performed at am-
bient temperature with a Siemens R3m/V diffractometer
using graphite monochromatized Mo Ka (A=0.71069
A) radiation. The unit cell parameters were calculated
by least-squares refinement of 25 well-centred reflections
in the range 15<26<45. The data were collected by
/26 scan mode (3 <26<60). Intensities of four check
reflections measured after 60 min showed only statistical
variation. A total of 4177 reflections was considered
as observed with F>4o(F,). The data were corrected
for Lorentz and polarization effects.

The structure was solved by direct methods and
subsequent Fourier syntheses of the SHELXTL-PLUS
program [11]. In the final refinements, all non-hydrogen
atoms were refined anisotropically. All the hydrogen
atoms of the water molecules were located in difference-
Fourier maps and were refined isotropically. The po-
sitions of the remaining hydrogen atoms were calculated
with isotropic temperature factors (U=0.05), U=0.08
for the nine methyl protons, and were not refined.
Ncutral atomic scattering and dispersion factors were
those included in the program package.

The function minimized was 2w(AF)*(1/w=d*(F,)),
resulting in a final R=3|F,—F_|/Z|F,| value of 0.059
and R,=[Cw|F,—F|PZwF,)"* value of 0.047.
Atomic coordinates are given in Table 1.

Results and discussion

Description of the structure
The structure consists of Cl- - - H-O hydrogen-bonded
dinuclear units, which are also coupled via hydrogen

TABLE 1. Atomic coordinates (X 10*) and equivalent isotropic
displacement coefficients (A2x 10%)

Atom X y z Ug

Cu 1506(1) 1144(1) 466(1) 358(2)
c@) 44(6) 3942)  —2771(2) 457(18)
cl(1) —1910(2) 964(1) 830(1) 521(5)
N(1) 570(4) 1082(2)  —2648(2) 307(12)
c(2) 477(6) 1461(2)  —3516(3) 330(18)
0(2) —80(4) 1245(1)  —4331(2) 488(12)
Cc@3) 1103(6) 2481(2)  —4374(2) 438(18)
N@3) 1067(4) 2104(2)  —3419(2) 306(14)
N(4) 2242(5) 2978(2)  —2526(2) 313(15)
C(4) 1621(6) 2384(2)  —2498(3) 251(17)
C(5) 1428(5) 2004(2)  —1594(3) 233(16)
C(6) 1021(6) 13332)  —1692(3) 295(17)
0(6) 922(4) 945(1) -960(2) 388(11)
N(7) 1486(4) 2343(2) —716(2) 275(13)
N(8) 1368(4) 2076(2) 162(2) 266(13)
c(9) 1198(5) 2548(2) 958(3) 249(16)
C(10) 409(6) 3154(2) 700(3) 330(17)
c(11) 229(6) 3629(2) 1436(3) 439(19)
c12) 794(6) 3502(3) 2448(3) 422(19)
C(13) 1543(6) 2910(2) 2699(3) 340(18)
C(14) 1742(6) 2411(2) 1984(3) 272(16)
C(15) 2539(6) 1786(2) 2368(3) 310(18)
0(16) 2608(4) 1296(2) 1788(2) 525(13)
0(17) 3106(4) 1758(1) 3279(2) 479(12)
c(41) 3088(6) 3375(2)  —1699(3) 450(19)
o(1W) 2240(5) 232(2) 664(2) 531(15)
o2w) 5237(5) 8(2) 1899(3) 570(15)
o3wW) 4329(5) 520(2) 3788(2) 576(15)
O(4W) 7577(5) 198(2) 4828(2) 568(15)
H(IWA)  2214(68) —129(16) 165(27)  1051(202)
H(1WB) 3378(32) 112(21) 1054(27)  659(167)
HQWA)  4766(72) 155(27) 2559(22)  1291(247)
H(2WB) 6214(52) 317(20) 1739(37)  1181(240)
H(3WA)  3822(54) 944(11) 3561(29)  611(155)
H(3WB) 3492(46) 267(18) 4198(26)  738(174)
H(4WA) 8442(47) 560(15) 4997(31)  670(167)
H(4WB) 6424(42) 372(26) 4492(37)  1247(251)

*Equivalent isotropic U defined as one third of the trace of the
orthogonalized Uj; tensor.

bonds to form the tridimensional network. A perspective
view of the dinuclear unit is shown in Fig. 1, together
with the atomic labelling. Selected bond lengths and
bond angles are listed in Table 2.

The environment of each copper ion is (4 +1). Four
short bonds of ¢. 2.0 A are formed with the O(6), N(8)
and O(16) atoms from the monodeprotonated ligand
and the O(1w) atom from the coordinated water mol-
ecule. The axial position is occupied by the chlorine
atom at a longer distance, 2.612(2) g The (4+1)
coordination mode is compatible with two idealized
geometries: square-pyramidal and trigonal bipyramidal.
The procedure proposed by Muetterties and Guggen-
berg [12] locates the coordination polyhedron at c. 3%
of the C,, < D,, deformation pathway, the geometry
being almost square-pyramidal. In a square-pyramidal
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Fig. 1. (a) A perspective view of the dinuclear complex together
with the labelling scheme. (b) A simplified view of the CuCINO,
chromophore and hydrogen network along the O(6)-Cu—-O(16)
angle.

description, the equatorial atoms are not coplanar but
pair-wise distorted, so that O(6) and O(16) are lifted
0.017(7) and 0.018(2) A, respectively, above the mean
basal plane while N(8) and O(1w) are located 0.017(7)
and 0.018(5) A, respectively, below the plane. As usual,
the copper(Il) ion is lifted by 0.215(9) A from the
mean plane towards the apical ClI(1) atom [13].

It must be pointed out that, unlike the closely related
ligand H,L' (H,L' stands for 6-amino-1,3-dimethyl-5(2'-
carboxyphenyl)azourazil), which usually coordinates
through the nitrogen atoms of the azo and the de-
protonated amino group and one of the oxygen atoms
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TABLE 2. Selected intramolecular bond lengths (A) and bond
angles (°)

Cu—-0(6) 1.941(2)  C(5)-N(7) 1.346(5)
Cu-O(1w) 1.961(3)  N(7)-N(8) 1.284(4)
Cu-0(16) 1.900(3)  N(8)-C(9) 1.435(5)
Cu-N(8) 1.958(3)  C(9)-C(14) 1.411(5)
Cu-Cl(1) 2.611(2)  C(14)-C(15) 1.490(6)
C(6)-0(6) 1.254(5)  C(15)-O(16) 1.264(5)
C(5)-C(6) 1.416(6)  C(15)-O(17) 1.245(4)
0(6)-Cu-O(16)  167.4(1)  N(8)-Cu—CI(1) 97.8(1)
0(6)-Cu-N(8) 90.2(1)  O(16)-Cu-O(1w) 86.4(1)
0(6)-Cu—-O(1w) 88.4(1)  O(16)-Cu—Cl(1) 102.8(1)
0(6)-Cu—Cl(1) 89.1(1)  O(lw)-Cu-Cl(1) 95.8(1)
N(8)-Cu-O(16) 923(1)  O(16)-C(15)-O(17)  121.4(4)
N(@8)-Cu-O(1w)  166.2(1)

of the carboxylate group in a tridentate doubledepro-
tonated fashion [9, 14], H,L ligand acts in a mono-
deprotonated form through the O(6), N(8) and O(16)
atoms. A comparison of both coordination modes reveals
that, in the [Cu(Cl)(HL)(H,O)],-6H,O complex, the
pyrimidine ring of the ligand is twisted by c. 180° around
the C(5)-N(7) bond to avoid the steric interaction
between methyl groups on N(3) and N(4) that would
be present if the ligand coordinated through the de-
protonated amino group. Thus, the ligand adopts a
tridentate coordination mode similar to that showed
by the related H,L? ligand (H,L? stands for 1,3-dimethyl-
5(2'-carboxyphenyl)azobarbituric acid) [11, 15].

As usual, the tridentate behaviour of the ligand results
in the formation of two six-membered rings having in
common the Cu-N(8) bond. Bond lengths and angles
in the ligand do not significantly differ from those found
in the copper(Il) complexes obtained by us with the
ligands H,L' and H,L? [9, 10, 14, 15]. The pyrimidine
and phenyl rings are almost planar with deviations from
the least-square plane less than 0.07 A. The pyrimidine
and phenyl rings are not coplanar but twisted by an
angle of 36° to each other.

The mononuclear entities are held together, mainly,
by Cl- - -H-O(1w)' hydrogen bonds (I= —x, —y, —2z)
of 3.145(3) A. Besides the fairly strong Cl- - - H-O(1w)"
hydrogen bonding, other Cl---H-N, Cl---H-O and
O- - -H-O hydrogen bonds are present in the structure.
Relevant intra- and inter-molecular hydrogen bond
distances and angles are listed in Table 3.

Spectroscopic and magnetic properties

The polycrystalline X-band EPR spectrum of the
complex at 90 K appears axial (g, =2.25 and g, =2.08),
as expected for a copper(Il) ion with either d,.,. or
d,, ground state. The signals are devoid of any hyperfine
structure and no half-field signal transition is observed.

The EPR spectrum of the complex, in DMSO solution
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TABLE 3. Intra- and inter-molecular hydrogen-bond lengths (A)
and angles (°)

Distance CI(0)- - -H-O(N)
Cl- - -O(1w)! 3.145(3) 174(3)

Cl-- -N@)" 3.150(4) s

Cl- - -O(2w)™ 3.249(4) 161(4)

O(1w)- - -O(2w) 2.702(5) 169(4)

0@2w)- - -O(3w) 2.810(5) 168(5)

O@3w)- - -O(4w) 2.765(5) 168(5)

O@Bw)- - -O(17) 2.767(5) 172(4)

O(B3w)- - -O(4w)Y 2.780(5) 166(3)

O(4w)- - -O(2)¥ 2.934(5) 166(4)

I=—x, -y, —z; I=~14x, 1—y, —z; lll=1—x, y, z; IV=x,
1+y,z; V=—x, 1-y, —z.

*The hydrogen atom was not found in the difference Fourier
map.
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Fig. 2. Plot of the T product vs. temperature. The solid line
was generated from the best-fit magnetic parameters.

at 90 K, exhibits an intense and quasi isotropic resonance
at g=2.06 and a half-field signal at 4.02 indicating the
existence of a populated triplet. Moreover, in the region
2700-3000 G, four poorly resolved copper hyperfine
lines can be observed with an average spacing of
91x10~* ecm™!, which would correspond to the hy-
perfine components of a pair of AM=1 zero-field
splitting transition. The other three lines of this seven-
line pattern are obscured by the intense quasi isotropic
signal. There should be another seven-line pattern
resulting from the zero-field splitting at a much higher
field position. However, none of its components were
located in the spectrum.

The magnetic susceptibility of a powdered sample
of the complex was investigated in the temperature
range 250-2 K. The thermal variation of the product
xmT is represented in Fig. 2 from 48 to 2 K. From
250 to c. 40 K, yxm7 remains practically constant and
equal to 0.903 cm® mol ! K, which is the value expected
for an isolated copper(Il) ion with a g value of 2.18.
On further lowering the temperature, x.7 increases,

yielding a value of c. 0.93 cm® mol™' K at 2 K, which
is indicative of the weak, but definite, ferromagnetic
behaviour.

The best fit of the experimental data to the Ble-
aney—-Bowers equation [16] was found with 2//k=0.13
K and g=2.19 with R=6x%10""°. The presence of a
weak ferromagnetic coupling can be explained on the
basis of the structure of the complex. In an almost
idealized square-pyramidal geometry (see above), the
magnetic orbital, occupied by the unpaired electron of
the Cu(Il), is of the d,, type. I'rom the structural data,
a pathway for the observed spin coupling could be
CuCl(1)- - -HO(1w)'Cu' (I=—x, —y, —z), which in-
volves an axial position where the spin density is very
weak. As consequence, a very poor overlap of the
magnetic orbitals centred on the Cu(II) ions is expected
[17]. This fact would cause a reduction of the anti-
ferromagnetic contribution (J.g) so that the ferro-
magnetic contribution (J¢) becomes predominant. The
existence of additional hydrogen bonds, which involve
more extended pathways, would contribute to a much
less extent to the interaction.
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