Chelating dihydroxamic acids: study of metal speciation and
co-ordination compounds with Ni** and Cu**
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Solution (potentiometric, absorption, EPR) as well as solid state studies (X-ray, EPR, magnetic susceptibility)

have shown that the binding ability of oxalodihydroxamic acid (H,oxha) with two hydroxamic groups next to

each other differs distinctly from that observed for aliphatic dihydroxamic acids, HONHOC(CH,),CONHOH

(n = 3-8). Hyoxha was found to be a very powerful ligand for Ni"f and Cu™ due to an N,N’-chelating binding mode.
The availability of the mixed nitrogen—oxygen donor systems results in formation of polymeric complexes with Cu™.
The crystal structure of K,[Ni(oxha),]-2H,0 has shown two very characteristic features of the dihydroxamic ligand:
(i) two short intramolecular hydrogen bonds stabilising very effectively the complex formed and (ii) very specific
binding modes of K* ions, which play a bridging role between [Ni(oxha),]*” ions. The latter finding demonstrates

a capacity of H,oxha-based anionic complex species to form polynuclear complexes with different bridging modes.

Aliphatic dihydroxamic acids HONHOC(CH,),CONHOH
with n = 3-8 were intensively studied in solution with respect to
their complexation properties towards metal ions.! In these
ligands two donor hydroxamic groups are separated by the
polymethylene bridge, which prevents them forming chelate
cycles with participation of both hydroxamic groups. Therefore,
their donor properties in fact do not differ from those charac-
teristic for monohydroxamic acids. In particular, most typical
for this class of ligands is a 0,0’-chelating bonding mode, and
N-bonding with substitution of the NH proton by a metal ion
does not occur in solution or in the crystal state.

In our recent research we paid special attention to the role of
the adjacent donor group in attempts to achieve N-bonding of
the hydroxamic function.>* Three types of such additional
donor groups which facilitate N-bonding of hydroxamate are
known: amino (both aromatic and aliphatic), phenolic and
oxime groups. One can conclude that N-bonding of hydroxam-
ate can occur provided a strong additional donor group is pres-
ent which can form a stable chelate ring with participation of
the hydroxamate nitrogen. A second hydroxamic group situated
close enough to the first one to form a 5- or 6-membered chelate
ring would be suitable to satisfy this requirement. However, the
donor properties of such ligands (dihydroxamic acids with n =0
or 1, ie oxalodihydroxamic acid (H,oxha) and malono-
dihydroxamic acid) have not been studied profoundly. In spite
of extensive solution studies of complex formation with
dihydroxamic acids,' the mentioned ligands remain largely
unexplored. Only a solution study of H,oxha with Fe** ions
was reported.* Hyoxha was used as a coolant ingredient of
propellants, and this led to its extensive study by structural
methods.” However, only one crystal structure of a metal
complex (thallium(1)) with this ligand is reported to date.®

The present paper reports a study of co-ordination ability of
H,oxha with Ni** and Cu** ions both in solution and in the
solid state. It appeared to be a very powerful chelating agent
towards these metal ions and exhibited the N,N’-chelating
bonding mode in a number of species formed in neutral and
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alkaline solution. Moreover, H,oxha belongs to the family of
oxamide-derived ligands, which has extensively been explored
as regards molecular magnetism.” Taking into account that
both hydroxamic and oxamide moieties can play a bridging
function between metal ions, one might expect the formation of
versatile bi- or poly-nuclear complexes and co-ordination
polymers with this ligand.

Experimental
Preparations

All chemicals were commercial products of reagent grade used
without further purification. Elemental analyses (C,H,N) were
conducted by the Microanalytical Service of the University of
Wroctaw. The ligand H,oxha was prepared according to the
reported method ® using diethyl oxalate.

Cu(oxha)-H,0 1. The compound Cu(NO;),-H,0 (0.242 g,
1 mmol) dissolved in water (10 cm®) was added to an aqueous
solution (15 cm®) of Hyoxha (0.240 g, 2 mmol). The dirty dark
green precipitate formed immediately, was filtered off, washed
with water and ethanol and dried in vacuum. Yield 0.17 g
(85%). The complex is virtually insoluble in water and all
common organic solvents. Calc. for C,H,CuN,O,: C, 12.03;
H, 2.02; Cu, 31.84; N, 14.03. Found: C, 11.71; H, 1.76; Cu,
32.04; N, 13.64%. IR (cm™"): 885, 1021 (N-Opyqroxamic); 1587
(C=Nyydroxamic)s 1638 (C=0, Amide I); 3242, 3430br (O-H).

K,[Ni(oxha),]-2H,0 2. The compound Ni(NO;),6H,0
(0.291 g, 1 mmol) dissolved in ethanol (15 cm®) was added to
an aqueous solution (15 ¢cm®) of H,oxha (0.240 g, 2 mmol).
Potassium hydroxide (0.235 g, 4.2 mmol) dissolved in 15 cm® of
ethanol was then added. The resulting solution was left at 0 °C
for 3 h, then the precipitated potassium nitrate was filtered off
and the filtrate allowed to crystallise at room temperature in the
air. Red-orange needle crystals were separated by filtration after
36 h. Yield 0.23 g (56%). Calc. for C,H;K,N,NiO,,: C, 11.75; H,
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1.97; N, 13.70; Ni, 14.35. Found: C, 11.50; H, 2.16; N,
14.03; Ni, 14.09%. IR (cm™!): 880, 1020 (N-Oydroxamic); 1600
(C=Niydroxamic); 1630 (C=0, Amide I); 3260br (O-H).

Potentiometric studies

Stability constants for proton, copper(i1) and nickel(1) com-
plexes were calculated from titration curves carried out at 25 °C
using sample volumes of 1.5 cm®. Alkali was added from a
0.250 cm® micrometer syringe, which was calibrated by both
weight titration and the titration of standard materials. The
metal ion concentration was 1 X 107* mol dm™* and the metal-
to-ligand ratios were 1:2, 1:3, 1:4 and 1:6. The pH-metric
titrations were performed at 25 °C in 0.1 mol dm™* KNO;, on a
MOLSPIN pH-meter system using a Russel CMAW 711 semi-
micro combined electrode calibrated in hydrogen ion concen-
trations using HNO;.° Three titrations were performed for each
molar ratio, and the SUPERQUAD computer program was
used for stability constant calculations.!® Standard deviations
quoted were computed by SUPERQUAD, and refer to random
errors only. They are, however, a good indication of the import-
ance of a particular species in the equilibrium.

Spectroscopic and magnetochemical studies

Diffuse reflectance spectra of solid samples were obtained on a
Beckman UV 5240 spectrometer. Absorption spectra of solu-
tions were recorded on a Beckman DU 650 spectrophotometer.
The metal-ion concentrations were 3 X 107* mol dm™* and
metal-to-pro-ligand ratios of 1:1, 1:2 and 1:5. The EPR
spectra were recorded on a Bruker ESP 300E spectrometer at
X-band (9.3 GHz) at 120 K, in ethane-1,2-diol-water (1:2).
Concentrations used in the spectroscopic measurements
were similar to those given for potentiometric titrations. Infra-
red spectra (KBr pellets) were recorded on a Perkin-Elmer
180 Spectrometer in the range 400-4000 c¢cm™'. Variable-
temperature magnetic susceptibility data (2-300 K) were
acquired on a powdered sample with use of a Quantum Design
MPMS-5 SQUID magnetometer. Corrections for the dia-
magnetism of the ligand were applied using Pascals constants.
The results of potentiometric, UV-VIS and EPR spectroscopy
studies are given in Table 1.

X-Ray crystallography

Details of the crystal data and refinement for compound 2 are
given in Table 2. Data were collected on an KUMA KM-4
diffractometer ™! with graphite-monochromated Mo-Ka radi-
ation (1=0.71073 A) using the w20 technique. Corrections
were made for Lorentz-polarisation and absorption'* effects.
There was no crystal decay as measured by three standard
reflections. The structure was solved by direct methods
(SHELXS 97)," and refined by full-matrix least squares
(SHELXL 97)' anisotropically for all non-hydrogen atoms.
All hydrogen atoms were located from Fourier difference maps
and refined isotropically without any restraints.

CCDC reference number 186/2176.

See http://www.rsc.org/suppdata/dt/b0/b005500j/ for crystal-
lographic files in .cif format.

Results and discussion
Solution studies

Two dissociation constants corresponding to stepwise ionis-
ation of hydroxamic groups (pK,; =6.740(2) and pK,,=
8.684(2)) were found for H,oxha, close to those reported previ-
ously.* The first constant is nearly three orders of magnitude
lower than the typical values for aliphatic monohydroxamic
acids® and about one and a half orders lower then pK,, of
2-(hydroxyimino)propanohydroxamic acid (H,poha) (8.16).%*
This is indicative of the relatively strong electron withdrawing

Cu2¢

Fig. 1 Species distribution diagram for Cu**—H,L (a) and Ni*'~H,L
(b) at 25 °C and 7= 0.1 mol dm* KNO,. Concentration of ligand 0.003
mol dm™* and concentration of metal ions 0.006 mol dm 3. H,oxha,
solid line; H,poha, dotted line.

effect of the second hydroxamic group as compared to the
oximic group. The monoprotonated species can additionally be
stabilised by an intramolecular hydrogen bond O-H - - - O=C;
this effect may also contribute to the lowering of pK,, and
increase of pK,,.

The distribution diagrams of complex species for Cu** and
Ni?* evaluated from the potentiometric calculations are pre-
sented in Fig. la,b. The corresponding stability constants are
given in Table 1. Comparison of the values of the stability con-
stants for the similar species formed by H,oxha and H,poha
reveals that those for the complex species of the former ligand
are 6.5-10.5 (for Ni**) and 2-5.5 (for Cu*") orders of magni-
tude lower than those observed in H,poha systems. Never-
theless, H,oxha appeared to be a stronger chelating agent. In
both Ni** and Cu®* systems the concentration of the free metal
ions begins to drop at a relatively low pH value, in a pattern
very similar to that of with H,poha (Fig. 1).

In the Cu®’*-H,L system EPR spectra are absent in the pH
range 3.5-6.5 which is consistent with formation of the dimeric
species evaluated from potentiometric measurements (Fig. 1a).
Two dimeric species, [Cu,L,] and [Cu,H_,L,]", are formed in
this range of pH. Absorption spectra (Table 1) suggest the
presence of at least two nitrogens in equatorial co-ordination
in both complexes. This means that in [Cu,L,] both nitrogen
atoms of the ligands are deprotonated, and the only way for
co-ordination of the second copper ion is bridging via the
amide oxygen atoms (Scheme 1, a). Deprotonation of [Cu,L,]
(with pK, =3.42) leads to formation of [Cu,H_;L,]". Such a
low value of the dissociation constant clearly indicates chan-
ging of the bridging mode: deprotonation of the OH group
of one of the hydroxamic functions facilitates the (O,0’)
hydroxamic bridge (Scheme 1, b). Note, that no [Cu,HL,]"
species was detected (unlike with H,poha) which is connected
with impossibility for the protonated amide group to be
co-ordinated.
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Table 1 Spectroscopic (UV-Vis and EPR) and potentiometric data for H,L-Ni** and H,L-Cu** systems in metal-to-ligand molar ratio 2:1, at

25°C and I=0.1 mol dm 3 KNO,

log f3 for H,poha Danas! &/dm® mol ™!

Species log B species nm cm™! AJT %104 g
HL 8.684(2) 11.00(6)

H,L 15.424(2) 19.16(7)

NiL 7.07(2) — “ — —
NiL, 12.82(2) 22.16(1) 496 261 — —
NiH L, 4.04(4) 10.56(3) 455 343 — —
CuL, 18.22(6) 22.65(5) 575 117 205.4 2.25
CuH L, 10.22(8) 12.16(5) 521 157 210.4 2.26
CuH ,L, 0.37(12) — 510 227 215.1 2.25

750 27

Cu,L, 26.17(9) 31.84(8) “ — —
CuH L, 22.75(6) 26.66(6) 588 189 — —

“ Precipitation.

Table 2 Crystal data and structure refinement for complex 2

Empirical formula C,H,KN,Ni, ;04
M 204.53
T/IK 299(1)
Crystal system Monoclinic
Space group P2,/n
alA 3.7290(10)
blA 19.753(4)
c/A 8.203(2)
pr 101.91(3)
UIA? 591.2(2)
Z 4
/mm™* 2.410
Measured/independent reflections 1138/1012
[R(int)] [0.0147]
Final R1, wR2 indices [1 > 20(1)] 0.0234, 0.0647
(all data) 0.0299, 0.0738
O O
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HO
HO—N N—OH N o
\Cu/ /
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/ OH
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HO—N N—O
HO—N\ /N—OH
Cu
Cu /N
/\ H,O OH,
H,0  OH,
a b
O O O (0] 0] O
HO—N N—OH HO—N N—0 0—N N—Q
/ AN / * H/ \ / \
L .
HO—N N—OH HO—N N—0 0—N N—0"
0] 0] (o} (6} 0] 0]
[4 d e

Scheme 1 Suggested structures for [Cu,L,] a, [Cu,H_,L,]” b, [ML,]*"
¢, [MH_,L,]* dand [CuH_,L,]* e (M = Cu?' or Ni*").

Above pH 6.0 the monomeric species begin to be formed:
[CuL,]*", [CuH_,L,]*", and [CuH_,L,]*". In the Ni** contain-
ing system only two similar monomeric species are formed:
[NiL,]*~ and [NiH_,L,]*". Absorption spectral data for both
Ni** and Cu** complexes and EPR parameters for Cu** com-
plexes indicate that the monomeric bis complexes are square-
planar MN, species. The stepwise dissociation constants in
both Ni** and Cu?" series of monomeric species (8.0-9.85 log
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units) are close to the deprotonation constant of the hydrox-
amic group and cis-disposed oxime groups in square-planar
Ni** and Cu** complexes.>* Ionisation of OH groups in given
species may be promoted by formation of short intramolecular
hydrogen bonds between cis-disposed oxygen atoms. Stepwise
deprotonation is accompanied by notable shortwave shifts of
the d—d absorption maxima and increase of the corresponding
¢ values in both Ni** and Cu®" systems, although all species
preserve the MN, mode (Table 1). A similar effect of a short
intramolecular hydrogen bond in bis-oximato complexes was
observed before in a Cu?*-2-hydroxyiminopropanamide sys-
tem.'® Thus, the bonding modes presented in Scheme 1, c,d,e
can be ascribed.

The comparison of species’ distributions for Ni** and Cu**
systems with H,oxha and H,poha shows that in the case of the
dihydroxamic acid all the similar species start to be formed and
reach maximum abundance at noticeably lower values of pH.
The distribution curves for Hyoxha are shifted towards lower
pH values as compared to those for H,poha. The reason for this
is that the amide groups in the presence of Ni** and Cu?* ions
are deprotonated at markedly lower pH values than the oxime
groups.'® However, the general metal binding ability of the
ligands is almost identical as shown by the very similar decrease
of free metal ion concentration with pH increase (Fig. 1).

Synthesis and solid state study

Interaction of H,oxha with solutions of copper(m) salts in the
pH region 3-10 (regardless of ligand:metal ratio) results in
formation of a dark green precipitate of composition Cu(oxha)-
H,O 1. The complex is not soluble in water and common
organic solvents and is sure to have a polymeric structure. At
the concentrations applied in potentiometric and UV-VIS
studies (30-100 times lower than those applied in synthesis),
solutions remained clear for several hours, presumably due to
slow formation of polymeric species or oversaturation. In more
concentrated solutions used in synthesis, polymerisation appears
to be more favourable, and an insoluble product is formed
immediately. Only on addition of an excess of alkali (pH > 10)
to a solution with a 1:2 metal-to-ligand ratio is it possible to
obtain a clear reddish brown solution containing square-planar
complex species (Scheme 1, c-e). However, isolation of the solid
complexes seemed not to be successful due to ligand degrad-
ation because of hydrolysis of the hydroxamic function to
carboxylate. Similar behaviour of copper(m) complexes with
H,poha in alkaline solutions was observed.® In contrast,
alkaline solutions containing nickel(1r) salts and H,oxha in
1:2 molar ratio are hydrolytically stable, and we succeeded in
isolating the complex K,[Ni(oxha),]-2H,O 2 in crystalline state.

The diffuse reflectance spectrum of complex 1 contains two
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Fig. 2 Temperature dependence of y,,7 (per Cu atom) for complex 1.

maxima in the visible region (408 and 603 nm). The first is
probably due to charge transfer and cannot be ascribed to a d-d
transition; the latter suggests the presence of copper(ir) ions in a
mixed nitrogen and oxygen environment. The temperature
dependence of yT for 1 is shown in Fig. 2. The observed room
temperature value of T (0.263 emu K mol™) is significantly
lower than expected for non-interacting copper(ir) species. This,
together with a smooth decrease of 7T on cooling (down to
2.07 x 1072 emu K mol ™! at 2.1 K) is indicative of strong anti-
ferromagnetic interactions in the complex. However, attempts
to interpret the observed susceptibility in terms of the Bonner—
Fischer model for linear chains were not successful, and a regu-
lar polymeric chain structure for 1 has been ruled out. The
shape of the curve and the range of the observed y 7 values are
reminiscent of reported trans-oxamidatocopper(l) complexes
consisting of interacting dimeric units having J=300-600
cm 1177 due to a very effective transmission of exchange inter-
action between paramagnetic ions by oxamidato bridges.”"’
Thus, one can suggest that 1 comprises interacting dimeric
units maintained by oxamide or hydroxamic bridges (Scheme 1,
a, b), and the co-ordination spheres of the copper atoms are
complemented by additional bonds with donor oxygen atoms
of adjacent dimers and water molecules. This conclusion is
supported by the similarity of the EPR spectrum of 1 to those
observed for other reported copper(i1) complexes containing
weakly interacting trans-oxamido bridged dimers.”” The EPR
spectrum of a powdered sample of 1 at room temperature
exhibits a slightly asymmetric feature with g=2.08 and no
signal at half-field. On cooling, the signal decreases in intensity
but does not indicate any clear anisotropy. We tried to fit the
observed susceptibility data using a modified Bleaney—Bowers
equation for a two-dimensional network of interacting dimers,
which takes into account the intermolecular exchange,'™*
but convergence was not achieved, indicating the presence of
additional interactions between dimeric units or an oligomeric
structure in 1.

The molecular structure and the numbering scheme for com-
pound 2 is presented in Fig. 3, and selected bond parameters
are given in Table 3. 2 comprises the complex anions
[Ni(oxha),]*", potassium cations and the water molecules of
solvation. The central atom in the complex anion is in a specific
position, so that the anion is centrosymmetric. It is surrounded
in square-planar mode by four nitrogen donor atoms belonging
to the N-deprotonated hydroxamic groups. The co-ordinated
dianions of the dihydroxamic acid still carry O-protonated
hydroxamic functions. The Ni-N bond lengths (1.863(2) and
1.873(2) A) are typical for square-planar nickel(1r) complexes
with deprotonated amide ligands;*'*** the chelate angle N(1)—
Ni-N(2) is 81.13(10)°. In fact, the linear parameters of the
co-ordination sphere are very close to those observed in the
complex [Ni(poha),]>".* In the co-ordinated dihydroxamate

Table 3 Selected bond lengths (A) and angles (°) for complex 2

Ni-N(1) 1.873(2) K-O(1)@ 2.783(2)
Ni-N(2) 1.863(2) K-O(1)®™ 2.813(2)
O(1)-C(1) 1.258(3) K-0(2) 2.758(2)
0(2)-C(2) 1.240(3) K-O(2)® 2.692(2)
0(3)-N(1) 1.416(3) K-0(2)®™ 2.828(2)
0(4)-N(2) 1.421(3) K-0(4) 3.018(2)
N(1)-C(1) 1.301(4) K-0(5) 2.772(2)
NQ2)-C(2) 1.312(4) K---K® 3.7290(10)
C(1)-C(2) 1.524(4)

N(D)-Ni-N(D)®  180.0 O(1)-C(1)-C(2)  120.4(2)
N(1)-Ni-N(2) 81.13(10) N(1)-C(1)-C2)  110.8(2)
N(DO-Ni-N(2)  98.87(10) 0(2)-C(2)-N(2)  128.9(2)
C(D)-N(1)-0(3)  113.8(2) 0(2)-C)-C(1)  121.3(2)
C(2)-N(2)-0(4)  114.6(2) N(Q2)-C(2)-C(1)  109.7(2)
O(-C(1)-N(1)  128.8(2)

Symmetry transormations: (i) —x,—y,—z (i) x — Ly,z; (iii)) x =3,
yopzmy (V) x—Loy—z—p (W ox+Lyz (i) x4
—y oyt i) xt L my -Gz

1
>

@

4 002b)
’

’
’ - 00c)
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Fig.3 Molecular structure and numbering scheme for complex 2.

the C-O, N-O and C-N bond lengths indicate unambiguously
the presence of the functional groups in hydroxamic rather than
oximic form.}

The main principal structural differences between [Ni-
(oxha),]*”, and [Ni(poha),]*” are in the peculiarities of the short
intramolecular hydrogen bonds. In the present complex both
cis-disposed hydroxamic oxygen atoms carry hydrogen atoms,
which differ in their orientations. One of them is cis with respect
to the neighbouring oxygen atom and forms a short hydrogen
bond with it and the second is trans and forms a hydrogen bond
with one of the solvate water molecules. The intermolecular
hydrogen bond is distinctively asymmetric (O(3)-H 0.92(6),
H---O(4a) 1.74(6) A), and the O - - - O separation (2.64(3) A)
is noticeably longer than values typical for cis-oximato com-
plexes (1.43-1.48 A). Note that in [Ni(poha),]*~ containing
a heteroleptic short hydrogen bond formed both by hydrox-
amic and deprotonated oxime groups this separation is only
2.503(3) A.

Planar nickel(mr) complex anions are packed in columns
(Fig. 4) perpendicularly to the x axis with Ni- -+ Ni(l + x, y, z)
separations of 3.729(1) A. The columns are related by trans-
lations along the z direction of the crystal and form walls lying
parallel to the xz plane. Translational columns are linked by
hydrogen bonds formed by water molecule O(5) with amide
and hydroxamic oxygens. Potassium cations are co-ordinated to
the oxygen donor atoms of four complex anions belonging to
two different walls related by translations in the y direction (Fig.
5). Co-ordination occurs in three different modes: O(1)(amide),
O(2)(amide) chelating, O(2)(amide),0(4) (hydroxamic) chelat-
ing, O(1)(amide) and O(2)(amide) monodentate. The fact that
potassium cations were found to play a bridging function
between nickel(ir) complex anions in two different chelate
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Fig. 4 Packing diagram for complex 2 (projection on yz plane).
Potassium co-ordination bonds are depicted with thick dashed lines,
hydrogen bonds with thin dashed lines.
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Fig. 5 Fragment of the crystal structure of complex 2 demonstrating
co-ordination of potassium cations.

OHO o} HO —| “

HO—N N—OH
N/ HO~N N—OH
N v

HO—N N—OH RN
> < HO—N N—C\)
O/ \O /} <\ M
AN o) o~

W

o o ¥
HO—N N

\M/ N

N4
HO—N N

o) o

Scheme 2 Possible bridging co-ordination of metal ions to complex
anions [ML,]*>", [MH_,L,]*” and [MH_,L,]*" (M = Cu?* or Ni*", M’ =
cation of divalent metal).

modes, namely forming oxamide and hydroxamic bridges (Fig.
3), demonstrates a capacity of H,oxha-based anionic com-
plexes to form polynuclear complexes with extended bridges of
high nuclearity. The co-ordination number of the potassium
cation is increased to seven by water molecule O(5); the bond
distances are in the range 2.692(2)-3.018(2) A, which is normal
for potassium cations.”® Thus, potassium cations form frame-
works parallel to the xz plane, which are inserted between
translational anionic walls (Fig. 4). The K---K separations
in the framework are 3.729(1) (in direction x) and 4.190(1) A (in
direction z).

Conclusion

Two adjacent hydroxamic functions form a very effective set of

4068 J. Chem. Soc., Dalton Trans., 2000, 4064-4068

donors, which is able to bind Cu" and Ni" via N,N’ and mixed
nitrogen—oxygen donor sets. Anionic complexes with N,N’
co-ordination to Cu™ and Ni™ exhibit remarkable ability to co-
ordinate additional metal ions in two different bridging modes,
which makes them very promising building blocks for obtaining
magnetically coupled polynuclear assemblies (Scheme 2).
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