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Single-Atom O-Bridged Urea in a Dinickel(i1) Complex together with Nil!,
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A pentadentate phenol-containing ligand (H3L) with N,O3
donor atoms yields Ni¥ (1), Ni¥ (2), Cu¥ (3) and Cu (4) com-
plexes, which have been structurally characterized by X-ray
diffraction. Complex 1 contains a single-atom O-bridged
urea. The compounds were characterized by IR, UV/Vis,
mass spectrometry, electrochemistry and variable-temper-
ature (2-295 K) magnetic susceptibility measurements. Ana-
lysis of the susceptibility data shows antiferromagnetic inter-
actions between the metal centers indicating a diamagnetic
ground state for complexes 1, 3 and 4, whereas complex 2, a
tetranuclear Ni'! cubane, has a complicated low-lying mag-

netic structure with a non-diamagnetic ground state. A plot
of J vs. Ni-O-Ni angles for all structurally characterized
NiyO4 cubane cores, including 2, irrespective of their sym-
metry exhibits a large variation of J values within a small
range of Ni-O-Ni angles. The electrochemistry of all com-
plexes was investigated in detail and the ligand-centered ox-
idation to a radical-ligand is inferred from the occurrence of
oxidation processes at potentials which are similar.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2003)

Introduction

Polynuclear metal complexes are of current interest to
chemists owing to their relevance to metallobiochemistry,!
materials sciencel? and theoretical chemistry.[?! Particular
interest has been directed towards the exchange phenomena
in di- and polynuclear complexes of nickel(i1) and cop-
per(11), in which studies, particularly of the latter, have led
to essential insights into magnetostructural correlations.

Since the first report by Robson!* in 1970 of a dinuclea-
ting Schiff-base ligand obtained by condensation of 2,6-di-
formyl-4-methylphenol with 2-aminophenol, many ex-
amples of similar compartmental ligands have been re-
ported.’] The dinucleating ability of these ligands stems
from the readiness of the phenol to deprotonate and bridge
two metal ions. Recently, we have reported trinuclear and
tetranuclear complexes with the ligands derived from the
condensation of 2,6-diformyl-4-methylphenol and selected
diamines or hydroxylamines, which yield heteronuclear
complexes of the type MAMgMc [l and MAMgMgM .7

In another field of coordination chemistry, interest in
phenol-containing ligands was sparked and fueled by the
discovery that tyrosyl radicals, derived from oxidation of
the amino acid tyrosine, play an important role in a rapidly
growing number of oxygen-dependent enzymatic radical
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catalysis reactions.®! Since then chemists have attempted to
model tyrosine by phenolate ligands.[-10]

It has already been reported!!?] that fert-butyl substitu-
ents at the ortho and para positions of the phenolates facili-
tate one-electron oxidation to the corresponding phenoxyl
radicals, because these substituents decrease the oxidation
potential of the phenolates and provide enough steric bulk
to suppress bimolecular decay reactions of the generated
phenoxyl radicals. Accordingly, we report here the synthesis
and characterization of dinuclear and tetranuclear com-
plexes of Ni'l and Cu'' ions with the Schiff-base ligand
H;L¢Bu derived from the (1+2) condensation of 2,6-difor-
myl-4-methylphenol and 6-amino-2,4-di-zerz-butylphenol.
A few square-planar dinickel(ir) and dicopper(ir) complexes
have already been described by Robson,™ but no structural
data are available for these complexes, except one with the
composition [LCo"Co™(OH)(CH;CO0)],.l'1

CHg

= H,LBu

OH HO

Scheme 1 shows the complexes of the ligand H;L7Bu pre-
pared, along with their labels. Compounds 5—8 will not be
described in this paper but in a subsequent one, and are
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mentioned here only to exemplify the diversified ligating
properties of H;L¢Bu. For the sake of simplicity the ligand
will be denoted as Hs;L without the suffix tBu. We report
here a dinuclear nickel(r) complex 1 with a bridging urea
through a single-atom O-bridging of the carbonyl oxygen,
as a model for a binding mode of the substrate urea in
the nickel-dependent hydrolase enzyme urease (E.C.
3.5.1.5),[12= 131 which is present in bacteria, fungi and higher
plants, and catalyzes the hydrolysis of urea to ammonia and

carbon dioxide.

HN-C-NH, —222%¢, 5 NH, +CO,
g H.0

2
Several dinuclear nickel(ir) complexes with ureal'*l have
been reported as models for possible binding modes of urea
in urease. But none of the complexes reported so far, except
one,l'3! contain a carbonyl single-atom bridging urea.

Results and Discussion

When nickel acetate and H;L are allowed to react in the
presence of sodium acetate with a slight excess of urea in
methanol, complex 1 is obtained. In the absence of urea,
the tetranuclear complex 2 is obtained. Complex 2 can also
be transformed into 1 by adding urea to the red solution of
2 in methanol (Scheme 1). Formation of 1 from 2 implies
that the driving force for formation of 1 lies in the strong
tendency of urea to bind to the dinickel center embedded
in the dinucleating ligand L3~. The solid-state FTIR spec-
trum of complex 1 exhibits a shift in the carbonyl stretching
frequency of urea from 1690 to 1670 cm ! upon coordina-
tion to the dinickel center. Mass spectrometry in the EI
mode indicates unambiguously the presence of urea and an
acetate ion in 1. In the ESI positive mass spectrum of 1 a
peak with an abundance of 100% is observed centered
around m/z = 743, corresponding to [LNi,(OOCCH;3)]",

864

with the expected isotope pattern. The EI mass spectrum
does not provide much useful information regarding the
tetranuclear nature of 2. It exhibits signals around m/z =
714—720 (100%) with the expected isotope pattern for a
dinickel compound, clearly indicating the presence of
[LNi,(OCHj3)]* in the gas phase.

The electronic spectra of 1 and 2 show intense m-n* trans-
itions below 480 nm, attributable to the ligand, as judged
by their high absorption coefficients and comparison with
the spectrum of the ligand Additionally, there are three
broad, weak transitions in the visible-near IR region at 779,
858 and 1284 nm for 1, indicating that the nickel ions are
in an octahedral environment in solution as well as in the
solid state (X-ray structure). Interestingly only one broad
absorption is observed in the range 800—1300 nm for 2.

The reaction of copper perchlorate and the Schiff-base
ligand afforded either 3 or 4, depending on the solvent sys-
tem, in relatively high yield. In the absence of protic sol-
vents, complex 3, a methoxy-bridged dicopper(1) species, is
transformed easily into 4 — a py-oxo-tetracopper(ir) com-
plex — in the presence of the solvent mixture CH3CN/
CH,Cl, (Scheme 1) indicating the stability of 4. Adventi-
tious water in the solvent serves as a source of the py-oxo
ligand. Selected IR data for complexes 3 and 4 are given in
the Exp. Sect. The sharp peaks in the solid state FTIR spec-
trum due to v(OH) of the ligand LH;3 occur at v = 3523,
3492 and 3348 cm~!. These bands are missing in 3 and 4,
indicating that the phenol character of the ligand has been
lost upon complexation. For 4 a sharp band of medium
intensity at 510 cm ! is associated with the v¢,.o vibration
in the Cu O core. Support for this assignment is obtained
by comparison with the vibrational spectrum of 3, which
exhibits, similar to that for 4, two sharp bands of medium
intensity at 564 and 539 cm ™! attributable to v(Cu—O0) vi-
brations for bonds to the phenolate groups. These three
bands are missing in the spectrum of the free ligand. In the
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EI mass spectrum of 3 a molecular peak at m/z = 724, with
an abundance of 100%, corresponding to the LCu,(OCHs3)
species is observed. Additionally, a clear indication of the
presence of THF in 3 is found at m/z = 72. Mass spectro-
metry in the EI mode has been proved to be very useful for
4, for which the molecular peak at m/z = 1404, with the
expected isotope pattern, confirms the presence of
[L,Cuy(O)]. The electronic spectra of 3 and 4 in CH,Cl,

display four intense bands in the 600—200 nm region attrib-
uted to the Schiff-base ligand.

Single Crystal X-ray Diffraction Studies

Molecular Structure of 1

The structure of 1 (Figure 1, Table 1) shows the forma-
tion of a dinickel(11) complex with a bridging urea through

Figure 1. An ORTEP drawing of the neutral molecule 1, [LNiY(NH,CONH,)(OOCCH;)(CH;OH),]-4.5CH;0H

Table 1. Crystallographic data for [LNi}{(NH,CONH),(O,CMe)(MeOH),]4.5MeOH (1), [(LH),Ni%(OMe),(O>CMe),(MeOH),]-3CH,Cl,

(2) and [L,Cu}l(1,-0)-3.3CH,Cl,-0.7CH;CN (4)

Nill (urea) 1

Nilf 2

Cul(ns-0) 4

Empirical formula C42H()2N4N1208'4.5CH30H C82H116N4Ni4014'3CH2C12
Molecular weight 1012.57 1871.41
Temperature 100(2) K, 100(2) K,
Wavelength (Mo-K,,) 0.71073 A 0.71073 A
Crystal System Triclinic Triclinic
Space group P1 R Pl R
Unit cell dimensions a=12.099(2) A a =19.9102(12) A
b =12.128(2) A b =21.545(2) A
¢ = 18.800(3) A ¢ = 22.076(2) A
a = 95.90(2)° o = 80.45(2)°
B = 104.16(2)° B = 80.88(2)°
i vy = 91.48(2)° vy = 83.43(2)°
Volume (A3); Z 2656.9(8); 2 9182.7(13); 4
Density (calc.) Mg/m? 1.266 1.354
Absorp. coeff. (mm™!) 0.769 1.043
F(000) 1086 3944

Crystal size (mm)

0 range for data collect.
Reflections collected
Independent reflect.
Absorpt. correction

0.20 X 0.19 X 0.10
1.69 to 23.27°

18237

7534 [R(int.) = 0.1014]
Gaussian, face indexed

0.18 X 0.10 X 0.09
3.13 to 22.50°

57320

23751 [R(int.) = 0.0845]
Gaussian, face indexed

Data/restraints/param. 7524/25/672 23751/112/2033

Goodness-of-fit on F? 0.877 1.051

Final R indices [/ > 20(1)] R, = 0.0508 R, = 0.0837
wR, = 0.0971 wR, = 0.1851

R indices (all data) Ry =0.1113 R, = 0.1412
wR, = 0.1134 wR, = 0.2173

C74H94CU4N407'3.3CH2C12'0.7CH3CN
1715.56

100(2) K

0.71073 A
Triclinic

Pl )

a = 16.4678(9) A,
17.2675(12) A
17.3208(12) A
= 106.03(1)°

= 112.14(1)°

v = 102.71(1)°
4083.9(5); 2

1.395

1.298

1785

0.33 X 0.24 X 0.15
2.87 to 30.0°
49175

23491 [R(int.) = 0.0452]
not measured
23356/166/964
1.019

R, = 0.0569

wR, = 0.1434

R; = 0.0803

wR, = 0.1602

™R O S
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the carbonyl oxygen. Ni(l) and Ni(2) are additionally
bridged by a phenolate oxygen [O(10)] and an acetate ion.
Each nickel is in a distorted octahedral NOs environment,
and is equatorially bound to the NO; donor set [Ni—N: av.
1.975 A; Ni—O: av. 2.01 A], with axial interactions to a
carboxylic O-donor of a bridging MeCO,~ group [Ni—O:
av. 2.09 A] and a methanol O-donor [Ni—O: 2.165, 2.159
1&] trans to the MeCO,~ group. The hydrogen atoms of the
hydroxy group in MeOH and the urea molecules were lo-
cated from a difference map and are shown as circles of
arbitrary radii in Figure 1. The hydrogen atoms on the NH,
groups of urea enter into hydrogen bonding with the
phenolate oxygens O(1) and O(17), with O(1)--N(71) and
O(17)+*N(70) distances of 2.784 and 2.813 A, respectively,
thus making urea presumably not susceptible to alcoholysis
(see later). The intramolecular hydrogen bonds between the
methanol molecules cis-ligated to two different nickel(1r)
ions [O(40)-+-O(50) 2.928 A] are shown as dotted lines. The
Ni(1)-*Ni(2) distance of 2.966(1) A in 2 is significantly
shorter than those observed in comparable comp-
lexes.'*~ 131 The bridging Ni—O(urea) distances [2.080(3)
and 2.065(3) A] are significantly shorter than those in the
only other single-atom O-bridged urea compound
[Ni—O(urea): 2.158(3) A].' The Ni—O(urea) bond lengths
for compounds containing non-bridging urea lie within the
range 2.05—2.13 A1 The Ni(1)—O(70)—Ni(2) angle at the
bridging urea is 91.4(1)°, whereas the phenoxide bridging
angle Ni(1)—0O(10)—Ni(2) is significantly greater [97.1(2)°].

»
clo4)

Table 2. Selected bond lengths (A) and angles (deg) for [LNik-
(NH,CONH,)(OOCCH;)(CH;0H),]-4.5CH0H (1)

Ni(1)=0O(1) 1.954(3) O(1)—Ni(1)—N(7) 84.7(2)
Ni(1)=N(7) 1.971(4) O(1)—Ni(1)-0(10) 175.4(2)
Ni(1)—0O(10) 1.971(3) N(7)—Ni(1)=0(10) 93.2(2)
Ni(1)—0(70) 2.080(3) O(1)—Ni(1)—0(70) 97.52(13)
Ni(1)—0(60) 2.089(4) N(7)—Ni(1)=0(70) 176.4(2)
Ni(1)—0(40) 2.165(4) O(10)—Ni(1)—0(70) 84.38(13)
Ni(1)—Ni(2) 2.9656(11) O(1)—Ni(1)—0O(60) 95.39(14)
Ni(2)—0O(17) 1.967(3) N(7)—Ni(1)=0(60) 93.0(2)
Ni(2)—N(16) 1.978(4) O(10)—Ni(1)—0(60) 88.84(14)
Ni(2)—0(10) 1.986(3) O(70)—Ni(1)—0(60) 89.59(14)
Ni(2)—0(70) 2.065(3) O(1)—Ni(1)—0(40) 94.6(2)
Ni(2)—0(61) 2.088(4) N(7)—Ni(1)—0(40) 92.0(2)
Ni(2)—0(50) 2.159(4) O(10)—Ni(1)—0(40) 81.33(14)
O(70)—Ni(1)—0(40) 85.09(14)
0(60)—Ni(1)—0(40) 169.22(13)
O(17)—Ni(2)—N(16) 84.6(2) O(70)—C(70) 1.285(6)
O(17)—Ni(2)—0(10) 174.54(14) N(70)—C(70) 1.323(7)
N(16)—Ni(2)—0(10) 91.6(2) N(71)—C(70) 1.312(6)
O(17)—Ni(2)—0(70) 99.33(13) Ni(1)-Ni(2) 2.966(1)
N(16)—Ni(2)—0(70) 175.7(2)
0O(10)—Ni(2)—0(70) 84.39(13)
O(17)—Ni(2)—0(61) 94.20(14)
N(16)—Ni(2)—0O(61) 94.2(2)
0O(10)—Ni(2)—0(61) 89.96(13)
O(70)—Ni(2)—0(61) 87.25(14)
O(17)—Ni(2)—0(50) 92.8(2)
N(16)—Ni(2)—0O(50) 95.1(2)
O(10)—Ni(2)—0(50) 83.7(2)
0O(70)—Ni(2)—0(50) 83.08(14)
O(61)—Ni(2)—0(50) 168.89(13)
O(93)(Acetate)
0(58)

Ni(4)

» 0(82)(Meéthanol)

Figure 2. (a) Molecular structure of 2, [(LH),Ni}(OCH3),(OOCCH;),(CH;0H),]-3CH,Cl,; (b) a view of 2 highlighting the Ni,O, cubane
core; the pentadentate ligand L is denoted only by the donor atoms joined by the curved lines

866
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Relevant bond lengths and angles are summarized in
Table 2.

Molecular Structure of 2

The crystal structure of 2 is shown in Figure 2, with se-
lected bond lengths and angles provided in Table 3. The
molecule is based on a roughly cubic NiyO,4 19 unit, con-

Table 3. Selected bond lengths (A) and angles (deg) for [(LH),-
Ni{(OCH3;), (OOC-CH3;),(CH3;0H),]-3CH,Cl, (2)

sisting of two interpenetrating tetrahedra, one of four nickel
atoms and one of four ps-oxygen atoms originating from
the cresol phenolate [O(10), O(50)] part of the ancillary li-
gand L and methoxide groups [O(81), O(91)]. Each Ni' is
in a distorted octahedral environment with an NOs donor
set. For Ni(1) and Ni(4) a peripheral ligation is provided by
a monodentate acetate ion, whereas for Ni(2) and Ni(3) a
methanol molecule [O(82) and O(92), respectively] com-
pletes the sixth coordination position. The ancillary Schiff-
base ligands are present in their monoprotonated form HL
and are protonated at O(1) and O(58), forming hydrogen

Ni(1)=N(7) 1.988(7) N(7)—Ni(1)-0(91)  100.1(3) bonds with O(84) and O(94) of the acetate ions, respectively
Ni(1)-0(91) 2.050(6) N(7)—Ni(1)=0(81)  170.6(3) [O(1)O(84): 2.426 A; O(58)~-0(94): 2.449 A]. Although it
Ni(1)-O(81) 2.052(6)  O(O1)—Ni(1)-O(81)  80.92)  was not possible to locate all the hydrogen atoms in the
Eigg:gﬁ?) gggégg; gg;i)_—Nl\lﬁ(ll))_— %((1103) 2228 structure, the intramolecular contacts between the oxygen
Ni(1)—0(83) 2112(6) 0(81)—Ni(1)—0(10) 824(2) atoms of the methanol molecules [0(82) and 0(92)] and
Ni(2)—0(18) 1.970(6) N(7)—Ni(1)—0(1) 80.9(3)  the oxygen atoms of the acetate groups [O(83) and O(93),
Ni(2)—N(16) 1.984(7)  OO)—-Ni(1)~O(1) ~ 93.7(2)  respectively] of 2.657 A and 2.684 A, can be interpreted as
Elggfgg(l)g 58421‘9‘58 8??8*#%*8& igggg; hydrogen bonds. The Ni—O-—Ni angles vary between
i(2)— . —Ni(1)— . o . . .
Ni(2)—0(82) 2123(6) N(T)-Ni(1)-0(83)  90.53) 94.4(2) and 102.2(3)°. The Ni---Ni distances on different cu-
Ni(2)—0(50) 2.229(6) O(91)—Ni(1)-0O(83) 169.3(2)  bic faces are also different, the shortest being Ni(1)-Ni(2)
Ni(3)—0(41) 1.970(6) O(81)—Ni(1)—0O(83)  88.4(2) (3.047 A) and the longest Ni(2)--Ni(3) (3.227 A) Average
Elgg;*g((gz)) ;(9)2‘2‘58 88?);}1\1(11()1)*0(?8(2)3) zggg; Ni—N and Ni—O bond lengths of 1.99 and 2.10 A, respect-
1 - . — N1 —_ . . . P
Ni(3)—0(50) 2054(6) O(18)-Ni(2)-N(16) 83.803) ively, lie w§ll within the range of reported values for t.he
N1(3)*O(92) 2109(6) 0(18)*N1(2)*O(81) 1013(2) Correspondlng bond lengths of the tetranuclear cubane-like
Ni(3)-0(10) 2.219(6) N(16)—-Ni(2)—0(81) 174.33) Ni'.l!®) No substantial differences in bond lengths and
Ni(4)—N(56) 1.979(7) O(18)—Ni(2)—O(10)  174.3(2)  angles are found between the two crystallographically inde-
Ni(4)—0(91) 2042(6)  N(16)-Ni2)~0(10)  90.93)  pendent molecules
Ni(4)—O(81) 2.055(6)  O(81)—Ni(2)—O(10)  83.9(2) '
Ni(4)—0(50) 2.069(6) O(18)—Ni(2)—O(82)  96.4(3)
Ni(4)—0(93) 2.092(7) N(16)—-Ni(2)—0(82) 88.6(3)  Molecular Structure of 3
Ni(4)—O(58) 2.126(6) O(81)—Ni(2)—0(82) 93.2(2) Although the analytical and spectroscopic data show the
OG- NI()NET) $350) 88%‘?8‘8@35 gggg; presence of a dinuclear Cu, core as the smallest unit in 3,
— N1 - . — IN1 - . P ane 1 s < P’
O@1)—Ni(3)—=001) 10372) N(16)-Ni(2)-0(50) 96.9(3) 1 X-r.ay analysis was'updertdken to remove any doubts
N(47)—Nl(3)_0(91) 172.1(3) 0(81)—N1(2)—O(50) 80.2(2) regardlng the COHHCCthIty. Unfortunate]y, Crystals of 3
O(41)—Ni(3)—0(50)  173.72)  O(10)—Ni(2)—0(50)  81.8(2)
N(@47)—-Ni(3)—0(50) 90.6(3)  O(82)—Ni(2)—0(50)  166.1(2) )
0(91)—Ni(3)—0(50)  82.2(2) Table 4. Selected bond lengths (A) and angles (deg) for [LCul'-
0(41)—-Ni(3)—0(92) 94.5(3)  Ni(2)—0(10)-Ni(3) 98.12)  (OCH;)(THF),]-2THF (3)
N(@47)—-Ni(3)-0(92) 89.5(3)  Ni(1)=O(10)—Ni(3)  95.8(2)
O(91)—Ni(3)-0(92) 93.32)  Ni(2)-O@B1—Ni(l) 96.82)  Cu(1)—O(1) 1.899(6) Cu(2)-0(17)  1.880(7)
0(50)—Ni(3)-0(92) 87.52) Ni(2)-OB1)—Ni(4) 101.32) Cu(1)—O(40) 1.911(6) Cu(2)—-0(40)  1.905(6)
O(41)—Ni(3)-0(10)  96.82)  Ni(1)-OB1)—Ni(4) 98.13)  Cu(1)~N(7) 1.915(8) Cu(2)-N(16)  1.931(8)
N@47)-Ni(3)-0(10) 97.03)  Ni(4)—O0©O1)—Ni(l) 98.6(3)  Cu(1)—0(10) 1.948(6) Cu(2)-0(10)  1.952(7)
O(91)—Ni(3)-0(10)  78.92)  Ni(4)—0(O1)—Ni(3) 97.52)  Cu(1)—O(60) Cu(2)—0(50)
0(50)—Ni(3)-0(10)  81.92)  Ni(1)-O0(O1)—Ni(3)  102.2(3)
0(92)—Ni(3)-0(10)  167.62) Ni(3)—0(50)—Ni(4) 96.52)  Cu(1)-O(10)—Cu(2)  99.38(31)
N(56)—Ni(4)—0(©91) 171.3(3) Ni(3)—0(50)—Ni(2) 97.72)  Cu(1)—-0(40)—Cu(2)  102.43(31)
N(56)—Ni(4)—0(81) 99.8(3)  Ni(4)—O(50)—Ni(2)  94.4(2)
O(91)—Ni(4)—0(81) 81.02)  Ni(2)—0(10)—Ni(l)  95.12)  O(1)—Cu(1)—O(10) 173.32(27)
N(56)—Ni(4)—0(50)  89.4(3) 0(40)—Cu(1)—N(7) 170.28(28)
0(91)—Ni(4)—0(50) 82.022)  Ni(1)Ni(2) 3.047 O(1)—Cu(1)—O(40) 100.83(26)
O(81)—Ni(4)—0(50) 83.4(2)  Ni(3)-Ni(4) 3.077 O(1)—Cu(1)=-N(7) 86.78(29)
N(56)—Ni(4)—0(93) 89.8(3)  Ni(1)-+Ni(3) 3.191 0(40)—Cu(1)-0(10)  78.49(27)
Ni(2)-Ni(4) 3.155 0(10)—Cu(1)~-N(7)  93.25(30)
O(91)—Ni(4)—0(93) 89.022)  Ni(1)-+Ni(4) 3.102 0(40)—Cu(2)—0(10)  78.55(27)
O(81)—Ni(4)—0(93) 169.9(2) Ni(2)--Ni(3) 3.227 0(40)—Cu(2)—N(16) 167.77(30)
0(50)—Ni(4)—0(93) 93.7(2) 0(40)—Cu(2)—0(17) 101.62(29)
N(56)—Ni(4)—0(58) 80.2(3) O(10)—Cu(2)—N(16) 92.48(33)
0(91)—Ni(4)—0(58) 108.5(2) 0(10)—Cu(2)—0(17) 172.80(28)
O(81)—Ni(4)—0(58) 94.0(2) N(16)—Cu(2)—0O(17) 86.24(34)
0O(50)—Ni(4)—0(58) 168.7(2)
0(93)—Ni(4)—0(58) 90.7(2) Cu(1)=+Cu(2) 2.974(2)
Eur. J. Inorg. Chem. 2003, 863—875 867
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Figure 3. A perspective view of the neutral complex [LCu,(OCH3)(THF),] 3

[C46HgsN,OsCuy-2THF, monoclinic, space group P2,/n,
a = 11.7459(12), b = 30.236(3), ¢ = 15.640(2) A, B =
110.193)°, V = 5213.2 A3, T = 100(2) K, final R = 0.092
for 5150 independent reflections] diffract X-rays very
weakly. In spite of the high R factor and large standard
deviations, the crystal structure analysis of 3 confirmed its
dinuclear structure. Because of its unacceptable quality, we
are refraining from publishing the crystal data in detail. Se-
lected bond lengths and angles are given in Table 4. The
crystal structure reveals that the copper atoms are doubly
bridged by the phenoxo and by a methoxide group (Fig-
ure 3). The pentacoordination of copper atoms is achieved
by a tetrahydrofuran oxygen with Cu(1)—O(60) and
Cu(2)—0(50) distances of 2.444 A and 2.566 A, respec-

tively, which are oriented trans to each other in the dicopper
complex. The coordination polyhedron for the copper cen-
ters is a distorted square pyramid with O(1)N(7)O(10)O(40)
for Cu(1) and O(10)N(16)O(17)O(40) for Cu(2) forming the
equatorial planes, where Cu(1) and Cu(2) are located 0.102
A and 0.134 A, respectively, out of the equatorial planes.
The ring Cu(1)O(10)Cu(2)O(40) is not planar, the dihedral
angle being 12.7°. The distances Cu—N and Cu—O are in
the ranges reported for comparable complexes.[!”]

Molecular Structure of 4

The molecular structure of 4 is shown in Figure 4. Se-
lected interatomic distances and bond angles are listed in
Table 5. Compound 4 consists of four copper(il) ions

Figure 4. Molecular structure of [L,Cuy(14-O)] 4
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Table 5. Selected interatomic distances (A) and angles (deg) for
[L,Cu'l(p4-0)]-3.3CH,C1,:0.7CH;CN (4)

Cu(1)—0(1) 1.9032) O(1)-Cu(1)~-N(7)  86.44(10)
Cu(1)-N(7) 1.9193)  O(1)-Cu(1)-0(10) 175.87(9)
Cu(1)—0(10 1.925(2)  N(7)—Cu(1)-O(10) 93.86(10)
Cu(1)—0(99) 1.953(2)  O(1)—Cu(1)—0(99) 99.59(9)
Cu(2)-0(22) 1.897(2)  N(7)—Cu(1)-0(99) 173.77(10)

Cu(2)—0(99) 1.915(2)  O(10)—Cu(1)—0(99) 80.02(9)
Cu(2)—N(16) 1.927(3)  O(1)—Cu(1)—Cu(d) 71.26(7)
Cu(2)—0(10) 1.956(2)  N(7)—Cu(1)—Cu(4) 137.58(7)
Cu(3)—0(41) 1.897(2)  O(10)—Cu(1)—Cu(4) 106.01(7)

Cu(3)—0(99) 1.915(2)  0(99)—Cu(1)—Cu(4) 44.71(6)
Cu(3)—N(47) 1.932(2)  O(1)—Cu(1)—Cu(2) 138.52(7)
Cu(3)—0(50) 1.950(2) N(7)—Cu(1)-Cu(2) 134.27(8)
Cu(4)—0(62) 1.891(2)  O(10)—Cu(1)—Cu(2) 40.64(6)

Cu(4)—N(56)
Cu(4)—0(50)
Cu(4)—0(99)

1.916(3)
1.920(2)
1.942(2)

0(99)—Cu(1)—Cu(2) 39.53(6)
Cu(@)—Cu(1)-Cu(2) 71.43(2)
0(22)—Cu(2)—0(99) 102.40(9)
0(22)—Cu(2)—N(16) 86.48(11)
Cu(2)—0(99)—Cu(3) 122.37(11) O(99)—Cu(2)—N(16) 170.27(10)
Cu(2)—0(99)—Cu(4) 120.30(11) O(22)—Cu(2)—0(10) 174.81(9)
Cu(3)—0(99)—Cu(4) 99.58(9)  O(99)—Cu(2)—0(10) 80.20(9)
Cu(2)—0(99)—Cu(1) 99.98(9) N(16)—Cu(2)—0(10) 91.26(10)
Cu(3)—0(99)—Cu(1) 121.07(11) O(22)—Cu(2)—Cu(l) 142.89(7)
Cu(4)—0(99)—Cu(l) 90.23(8)  O(99)—Cu(2)—Cu(l) 40.49(6)
Cu(4)—0(50)—Cu(3) 99.12(9)  N(16)—Cu(2)—Cu(l) 130.53(8)
Cu(1)—0(10)—Cu(2) 99.499)  O(10)—Cu(2)—Cu(l) 39.86(6)
0(41)—Cu(3)—0(99) 101.94(9)

Cu(1)-Cu(4) 2.760(1)  O(41)—Cu(3)—N(47) 86.63(10)
Cu(1)-Cu(2) 2.963(1)  0(99)—Cu(3)~N(47) 169.95(10)
Cu(3)-Cu(4) 2.945(1)  O(41)—Cu(3)—0(50) 174.51(10)
Cu(1)Cu(3) 3.368(1)  O(99)—Cu(3)—0(50) 80.61(9)

Cu(2)-Cu(4) 3.345(1)  N(47)—Cu(3)—0(50) 91.31(10)
Cu(2)-Cu(3) 3.356(1)  O(41)—Cu(3)—Cu(4) 142.25(6)

0(99)—Cu(3)—Cu(4) 40.54(6)
N(47)—Cu(3)—Cu(4) 131.12(8)
0(50)—Cu(3)—Cu(4) 40.07(6)
0(62)—Cu(4)—N(56) 87.16(10)
0(62)—Cu(4)—N(50) 178.00(9)
N(56)—Cu(4)—0(50) 94.35(10)
0(62)—Cu(4)—0(99) 97.66(9)
N(56)—Cu(4)—0(99) 172.05(10)
0(50)—Cu(4)—0(99) 80.69(9)
0(62)—Cu(4)—Cu(1) 131.72(8)
N(56)—Cu(4)—Cu(l) 104.47(6)
0(50)—Cu(4)—Cu(1) 45.06(6)
0(99)—Cu(4)—Cu(1) 137.53(7)
0(62)—Cu(4)—Cu(3) 134.87(8)
N(56)—Cu(4)—Cu(3) 40.81(6)
0(50)—Cu(4)—Cu(3) 39.88(6)
0(99)—Cu(4)—Cu(3) 72.29(2)

bridged by a central ps-oxygen atom in an approximately
tetrahedral environment. The phenolate oxygen atoms
O(10) and O(50) of the cresol part of the ligand bridge two
copper centers, resulting in very similar Cu(1)—O(10)—
Cu(2) and Cu(3)—0O(50)—Cu(4) angles of 99.49(9)° and
99.12(9)°, respectively. Each copper center is coordinated
by three oxygen atoms and one nitrogen atom, with the
bond lengths ranging from 1.891(2) to 1.953(2) A. There
are considerable deviations of the geometry of the copper
center from the ideal square plane, as indicated by the basal
plane angles (Table 5), although each CuO3N portion is es-
sentially planar. The dihedral angles between the Cu(1)/

Eur. J. Inorg. Chem. 2003, 863—875

Cu(2) planes, and between the Cu(3)/Cu(4) planes are 8.5°
and 3.2°, respectively. The two Cu,O4N, dinuclear units are
nearly perpendicular, as evidenced by the dihedral angle of
75.2° between the Cu(1)O(10)Cu(2)0(99) and Cu(3)O(50)-
Cu(4)0(99) planes.

The copper tetrahedron around the py-oxygen O(99) is
distorted, as the bond angles Cu—0(99)—Cu range from
122.37(1)° for Cu(2)—0(99)—Cu(3) to 90.23(8) for
Cu(4)—0(99)—Cu(l), the smallest among the six angles at
0O(99). Perhaps as a consequence, the Cu(2)-+-Cu(3) distance
of 3.356 A is substantially longer than that of Cu(4)--+Cu(1)
(2.759 A). The remaining Cu--Cu distances are
Cu(l)Cu(2) (2963 A), Cu(l)y-Cu(3) (3368 A),
Cu(2)-+Cu(4) (3.345 A) and Cu(3)-Cu(4) (2.945 A). These
differences can be explained by the steric forces of the che-
lating ligand L3~, which contracts the Cu(1)—0(99)—Cu(4)
angle with a concomitant expansion of the opposite angle
Cu(2)—0(99)—Cu(3). Examples of tetranuclear copper(Ir)
complexes with a pu-O kernel are abundant,['® 2% but all of
them involve bridging ligands like halides or carboxylates
between the edges of the tetrahedron. Compound 4 without
any such bridging ligand is an exception. Figure 5 high-
lights the core structure for greater clarity and to emphasize
the unique structure of the Cuy(j4-O) unit present in 4.

Figure 5. The atom connectivity in the core of complex 4

Magnetic Susceptibility Studies

Magnetic susceptibility data for polycrystalline samples
of complexes 1—4 were collected in the temperature range
2—290 K in an applied magnetic field of 1 T to characterize
the nature and magnitude of the exchange interaction prop-
agated by the bridging ligands. We use the Heisenberg
spin-Hamiltonian in the form H = —2JS,Sp for an iso-
tropic exchange coupling, with Sy; = 1 for 1 and 2 and
Scu = 1/2 for 3 and 4. The experimental magnetic data were
simulated using a least-squares fitting computer program®!]
with a full-matrix diagonalization of exchange coupling,
Zeeman splitting, and axial single-ion zero-field interac-
tions [DS,?), if necessary. The susceptibility data were cor-
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rected for diamagnetism (Pascal corrections), temperature-
independent paramagnetism (TIP) and the presence of
paramagnetic monomer impurities (P) in the following way:
Yeale = (I = P)x + %1p + PYmono The experimental data
are displayed in Figure 6 as the effective magnetic moment
(Hefr) versus temperature (7). The solid lines in the figure
represent the simulations.

7
6 2 = ™ i o = ey s s e e — = B3]
2
5]
o "
o 1
=
&3
& o
iy >
4
24
1+ 3
o T T T T T T T T T
50 100 150 200 250 300

T(K)

Figure 6. Plots of p.y vs. T for solid 1, 2, 3 and 4; the solid lines
represent the best fit of the data to the exchange coupling models

The magnetic moment p.g/molecule for 1 of 4.280 pg
(T = 2.291 cm? K- mol~!) at 290 K decreases monoton-
ically with decreasing temperature until it reaches a value
of 1.474 pg (xmT = 0.2717 cm*K-mol ™ !) at 2 K; this tem-
perature dependence of ¢ is a clear indication of an anti-
ferromagnetic exchange coupling between two paramag-
netic centers Ni'l (Sy; = 1) with a resulting diamagnetic
ground state. Using only D (i.e. J = 0), a fit of poor quality
with unusually large D was obtained and hence discarded.
Attempts to fit the data using both D and J yield physically
meaningless D values. For example, a good fit (not shown)
was obtained with the following parameters: J = —2.6
em™ !, D= +271cm™ !, g =213, P = 0.005. As the zero-
field splitting D is unusually large for a six-coordinate Ni'!
ion, this solution was also discarded. Finally, the solid line
in Figure 6 represents the best fit with the following para-
meters: J = —3.5cm™ !, g, = g, = 2.137, P = 0.005. The
quality of the fit (Figure 6) is insensitive to D varying be-
tween 0 and 5 cm ™!,

For 2, the effective magnetic moment of 6.08 pug (yp'7 =
4.629 cm*-K-mol ') at 290 K increases monotonically with
decreasing temperature reaching a broad maximum at
20—30 K with per = 639 pg (xme7T = 5.1073 cm’
K-mol™!). Below 20 K, g starts to decrease reaching a
value of 3.99 pg (ypmT = 1.992 cm3K-mol 1) at 2 K (Fig-
ure 6); it is clear that the magnetic properties of 2 are dom-
inated by a ferromagnetic exchange interaction between
four 3A, nickel(ir) ions as propagated by bridging phen-

870

oxides and methoxides. The structural parameters of 2
strongly suggest a lower symmetry than 7, (idealized D-,)
for the molecule. The magnetic analyses were carried out
using either a two-J or three-J model based on the diagram
shown in Scheme 2.

Scheme 2

The data were fit initially by using a higher symmetry
mOdCl, ie. le = J34 and J13 = J14 = J24 = J23, which
yielded a good fit (not shown) with Jj, = J3, = +1.5cm ™!,
J13 = J|4 = J24 = J23 = +0.25 Cmil, g = 2133, D =148
cm~ . We discarded this solution as the zero-field splitting
D is unusually large for a six-coordinate *A, Ni'! ion.[??]
We therefore fitted the data with three different exchange
parameters, which also corroborate with three different
types of faces present in the NiyO4 cubane core of 2. The
best fit parameters are: J;, = J3y = +0.47 cm™!, Jj3 =
Joy = +425 ecm™ L Jyy = Jp3 = —145em !, g = 2,122
and D = 0 (fixed). The most important parameter in the
magnetostructural correlation of the NiyO4 cubane cores
has been described in the literature'® to be the averaged
Ni—O-—Ni angle of a cubane face. A ferromagnetic ex-
change interaction is observed when this angle is close to
orthogonality. On the other hand, Ni—O—Ni angles in the
vicinity of, and larger than, 99° lead to an antiferromag-
netic interaction. Thus, the strongest ferromagnetic coup-
ling, J13 = Joy = +4.25 cm™!, should be associated with
the average Ni(1)—O—Ni(3) angle of 99.0°, which is not in
agreement with the magnetostructural correlation reported
in the literature.l'® This suggested that a better fitting
model should be used. We therefore fitted the data by again
using three different exchange parameters, but with the fol-
lowing constraints: Ji,, Ji3 and Ji4 = Joy = Jo3 = Jag, as
three different ranges of average Ni—O—Ni angles of 96°,
97-98° and 99° are present in 2. The best fit obtained with
the parameter set J;, = +8.0 cm™!, Jig = Joy = Jo3 =
Jyu =409 cem ! J;3 = —395cem ! g =2120, D =0
(fixed) is shown as a solid line in Figure 6. The differences
and nature of the signs of the exchange parameters are in
full agreement with the Ni—O—Ni angle correlation and
support the three-J model used, which takes into account
the reduced symmetry of the cubane core observed in the
X-ray structure of 2. Thus, these results for 2 predict a
switch from ferromagnetic to antiferromagnetic coupling
only for Ni—O—Ni angles above 98°.

Recently it has been demonstrated!!®!l that the major con-
tributor to the superexchange constants observed in
[Nig(OR)4** cubanes is the Ni—O—Ni angle. Accordingly,
a linear correlation between J and the Ni—O—Ni angle has
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been reported.l'®-1oml We have also plotted the observed J
values for 2 and other structurally characterized
[Nig(OR)4*" cubanes against average Ni—O—Ni angles
(Figure 7). The solid line drawn as a guide for the eyes
shows a fairly good correlation between J and these angles.
This guide allows us to notice that the antiferromagnetic
interactions (—J) fall fairly well on the correlated line with
respect to Ni—O—Ni angles. In contrast, the positive J
values scatter appreciably. This is not surprising considering
the high tolerance attached in general to the positive J
values (ferromagnetic interactions) evaluated through simu-
lation of the susceptibility data.

20+

+20 -

Figure 7. A plot of average Ni—O—Ni angles vs. the exchange in-
teractions (J); closed circles are literature data and open circles are
from this work; the solid line is drawn only as a guide

The non-zero magnetic moment of 3.99 pp at 2 K and
the broad maximum with py = 6.39 pg at 20—30 K indic-
ate that 2 has a complicated low-lying magnetic structure
with a non-diamagnetic ground state smaller than the spin
state of S, = 4 expected for a ferromagnetically coupled
tetranuclear nickel(i1) moiety (Sn; = 1). The ground state
can be determined by examining the magnetization of the
compound at low temperatures as a function of the applied
magnetic fields. We have performed magnetization measure-
ments at applied magnetic fields of 1, 4 and 7 T. The field-
dependent magnetizations as a function of temperature, and
their simulations, are depicted in Figure 8. It is clear from
Figure 8 that the saturated magnetization value reaches a
value of approximately 3.035 in the temperature range
2.0—2.8 K at the highest field of 7 T. The simulated para-
meters are: J;, = +8.0 cm™!, J;3 = =395 ecm™ !, J, =
J24 = J23 = J34 = +0.60 Cmil, g = 212, |D| =30 Cmil.
These values agree well with those from the susceptibility
measurements. As Ji,, J13 and D are of similar magnitude,
it is not possible to calculate the ground state in the form
of an S, value; S is not a good quantum number to describe
the ground state, but rather Mg.

Variable-temperature magnetic data for 3 exhibit a steady
decrease of ey from 1.634 pg (ym'T = 0.3338
cm®K-mol™!) at 290 K to 0.049 pg (xmT = 0.03 X 1073
cm?*K-mol™!) at 2 K, which is indicative of very strong in-
tramolecular antiferromagnetic coupling. The experimental
data were simulated with the parameter set J = —192.1
cm™!, g = 2.055, TIP = 30 X 107° P = 0 and is shown in
Figure 6. The major factor controlling the exchange inter-
actions in hydroxy-, alkoxy- and phenoxy-bridged cop-
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Figure 8. The field-dependent magnetizations of 2 as a function of
temperature and their simulations; see text for the parameters

per(i) is the Cu—O—Cu bridge angle.?>-?3] The average
Cu—O0O—Cu bridge angle of 100.9° for 3 would result in an
approximate J value of —250 cm™! according to the empir-
ical equation reported in the literature and it deviates appre-
ciably from the experimentally determined value of —192
cm~! for 3. A possible reason for the weak exchange coup-
ling in 3 may be the deviation from co-planarity within the
central CuyO, ring. It seems plausible that the methoxide
ion, with shorter Cu(1)—0(40) (1.911 A) and Cu(2)—0(40)
(1.905 A) distances and a larger Cu(1)—0(40)—Cu(2) angle
(102.43°) than those with the phenoxide ion, provides a
better pathway for antiferromagnetic exchange coupling.!'”]

The effective magnetic moment p./molecule for 4 of
2.768 pg (xmT = 0.9582 cm®K-mol ') at 290 K decreases
monotonically with decreasing temperature until it reaches
a value of 0.133 pg (xmT = 0.0022 cm*K-mol™!) at 2 K,
indicating dominant antiferromagnetic interactions between
four 2B, copper(n) ions; the data clearly show an S, = 0
ground state for 4.

Two different exchange pathways are possible for 4: Cu-
phenoxo-Cu and Cu-py-0x0-Cu. Scheme 3 shows the con-
nection of the copper centers through the phenoxo and the
0XO0 groups.

Cu(4)<...‘41‘.‘....«>Cu(1)

NN
0(99) :

(50)0 Jss

0 J;;--,_q H
Cu(3) <->Cu(2)
J23
Scheme 3

As the Cu(3)/Cu(4) and Cu(2)/Cu(1) pairs are bridged by
both phenoxo and oxo groups and the Cu(4)/Cu(1), Cu(2)/
Cu(3), Cu(2)/Cu(4) and Cu(1)/Cu(3) pairs only through the
oxo group, 0(99), the experimental magnetic data were ana-
lyzed as a first approximation with a three-J model: J,, =
Ja4, J14 = Jo3 and Jo4 = J13. In this model we have neglected
the differences in the Cu—O—Cu angles. A very good fit
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(not shown) was obtained with the following parameters:
Jip = Jyu = =863 cm™ !, Jyu = Jp3 = +40.8 cm ! and
J24 = J13 = —86.1 Cmil, g = 1976, D=0 (fiXed), P =
0.007 and TIP = 240 X 10~° which imply that the spin
exchange is dominated by antiparallel coupling in 4. The
low g value and the positive coupling constants for both Jy4
and J,3, which represent the couplings between the copper
centers with the angles Cu(4)—0(99)—Cu(l) (90.23°) and
Cu(2)—0(99)—Cu(3) (122.37°), however, suggest that a
better fitting model should be used. The data were con-
sequently fitted to a more accurate model, again using a
three-J model but with a different constraint based on the
three ranges of Cu—O—Cu angles, 90.2, 99.12—99.98° and
120.30—122.37°. Thus, the following correlations between
the six coupling constants depicted in Scheme 3 were used
to fit the experimental data: Ji, = Jz4, Jo3 = Jo4 = Ji3 and
Jis. The fit shown in Figure 6 was obtained with J;, =
J34 = —1223 Cmil, J23 = J24 = J13 = —90.0 cm~! and
Jis=0,g=2.088, P=0.003, TIP =240 X 10 %and D =
0 (fixed). The susceptibility data consistent with this data
set were found to be relatively insensitive to Jy4, but very
sensitive to Jj, and J»3; Ji4 values lying in the range —20
to +20 cm ! have no influence on the quality of simulation.

For copper(i1) centers bridged by a ligand oxygen atom
(oxo, hydroxo, alkoxo, phenoxo, etc.), a linear relationship
of exchange coupling J with the average Cu—O—Cu angles
in the Cu,O, ring has been reported.l'’-2%231 We note that
although a J|, value of —122 cm™! assigned to an angle of
99.5° does not deviate significantly from the reported linear
relationship, the J»3 value of —90.0 cm ™! deviates remark-
ably. This is not very surprising as the electronic structures
of the p-OR and pyu-O groups are clearly different. Jy4 is
nondeterminant for 4 within the measured temperature
range 2—290 K.

Electrochemistry

Electrochemical voltammetric measurements (cyclic vol-
tammetry, CV, and square-wave voltammetry, SQW) were
performed with the complexes in CH,Cl, solutions con-
taining 0.1 M TBAPFg. The copper(i1) complexes 3 and 4
show very similar behavior. They exhibit an oxidation wave
at +0.490 and +0.530 V, vs. Fc*/Fc for 3 and 4, respect-
ively. The waves have a reversible appearance, although the
peaks in CV and SQW are broad; the peak separation of
the oxidative and reductive peaks in the CVs is relatively
high (0.110 V even at low scan rates) and in SQW shoulders
on the forward and reverse peaks are discernible. This leads
us to assume that each of the complexes is oxidized at two
different sites with redox potentials that differ somewhat in
less than 0.1 V. Since a copper(11) oxidation is not feasible
at such low potentials, we assign these redox processes to
ligand-centered oxidation yielding two phenoxyl radicals in
each complex.

The nickel(11) complexes 1 and 2 are oxidized in a similar
potential range. There are waves at +0.470 (1) and +0.440
V (2), which are preceded by broad peaks (with shoulders
in the SQW) at +0.270 V for 1 and +0.153 V for 2. Addi-
tionally, with increasing scan rate the oxidation and re-re-
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duction peaks in the CV were found to split into two com-
ponents. We assign this more complex behavior to an in-
volvement of the nickel(11) ion in the redox processes lead-
ing to radical through oxidation. Ligand-centered oxidation
to a radical is inferred from the occurrence of oxidation
processes at potentials that are similar, irrespective of the
nature of the central metal ion. Involvement of central
nickel ions in oxidation processes of radical complexes was
documented earlier in detail,** including digital simula-
tions of complex cyclic voltammograms.

Concluding Remarks

That single-atom O-bridging of urea in a dinuclear
nickel(11) complex can be achieved with suitably designed
ligands has been demonstrated by isolation of 1. Unfortu-
nately, 1 is not able to catalyze the ethanolysis of urea [con-
ditions: 1 mmol of 1 and 50 mmol of urea in ethanol (10
mL) was refluxed at 80 °C for 14 hours, which was then
worked up for the GC analysis] to form ethyl carbamate
presumably because of the hydrogen bonding network in-
volving urea in 1, which is also maintained in solution. Due
to the presence of a stable hydrogen-bonded structure in
solution, there is no possibility of intramolecular OH™ de-
livery to the m*-orbital of urea, as has been proposed for
the mechanism of action of urease.['*!%] It is noteworthy
that the bond lengths within the coordinated urea,['¥]
bridging or nonbridging, are very similar, in contrast to the
compound which exhibits catalytic activity.['4¢l In the latter
compound two different C—N bond lengths — 1.348(4) and
1.303(4) A — are observed within the coordinated urea.

Complex 2 contains the low-symmetry cubane core
[Nis(ns-phenoxide),(ns-methoxide),]**  with  differing
Ni-+Ni distances and Ni—O—Ni angles, resulting in three
types of Ni,O, faces. The observation of three discrete ex-
change parameters for 2 is consistent with the lower sym-
metry of the cubane than that of all others but onel!®™!
reported in the literature.l' Figure 7, a plot of J vs.
Ni—O-—Ni angles for all structurally characterized NiyO4
cubane cores, irrespective of their symmetry, exhibits a large
variation of J values within a small span of Ni—O—Ni
angles (90—103°). This figure also indicates that the sym-
metry of the cubane core has a profound effect on the mag-
netostructural correlation. It is likely that other structural
parameters like Ni---Ni and Ni—O distances take the upper
hand in the magnetostructural correlation for the low-sym-
metry cubane core. Thus, more such distorted cubane-type
Ni'" complexes are needed to resolve this open question.

Complex 3 containing a (pu-methoxo)(p-phenoxo)dicop-
per(1) unit belongs to a ubiquitous class of coordination
complexes of copper(1n). It is pertinent at this point to com-
pare the magnetic properties of 3 with these related dicop-
per(11) complexes. Regardless of the coordination geometry
of the copper centers — square planar, square pyramidal
or trigonal bipyramidal — all complexes with a Cull(u-
OPh)(u-OCH3) core as in 3 are antiferromagnetic and show
relatively moderate to strong spin coupling with values ran-
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ging from —47 to —315 cm™!. These observations extend
over eight compounds,'”l in which it has been demon-
strated that the Cu(d,?)—O—Cu(d,?) pathway would yield
weaker antiferromagnetic coupling than in related
Cu(d,2_,2)—0—Cu(d,2_,2) systems. The —J values for six
of these compounds lie in the range 150—224 ¢cm™!. The
evaluated J value of —192 cm™! for 1 falls at the upper end
of the observed range and is in agreement with the para-
magnetic copper(r) centers with (d,2_,2)' magnetic orbitals.
The sum of the angles around the phenoxo-oxygen, O(10),
is 357.7°, a planar phenoxo group capable of transmitting
spin exchange effectively.

Complex 4, [L,Cuy(py-0)], is the first example of a (y-
oxo)tetranuclear copper(i1) complex without any bridging
ligand between the tetrahedral edges. In accordance with
the three averaged Cu—O-—Cu angles of 90°, 99.5° and
121.3°, a three-J model was used to analyze the magnetic
data. It is interesting to note that an exchange coupling con-
stant J4 corresponding to the Cu—O—Cu angle of 90°
could not be evaluated.

Experimental Section

Materials and Physical Measurements: Reagent or analytical grade
materials were obtained from commercial suppliers and used with-
out further purification, except those for electrochemical measure-
ments. Elemental analyses (C, H N) were performed by the Mic-
roanalytical Laboratory Dornis & Kolbe, Miilheim, Germany.
Fourier transform infrared spectroscopy on KBr pellets was per-
formed on a Perkin—Elmer 2000 FT-IR instrument. Electronic ab-
sorption spectra in solution were measured on a Perkin—Elmer
Lambda 19 spectrophotometer. Magnetic susceptibilities of pow-
dered samples were recorded on a SQUID magnetometer in the
temperature range 2—295 K with an applied field of 1 T. Experi-
mental susceptibility data were corrected for the underlying dia-
magnetism using Pascal’s constants and for the TIP contributions.
Cyclic voltammetric and coulometric measurements were per-
formed on EG&G equipment (potentiostat/galvanostat model
273A). Mass spectra were obtained with either a Finnigan MAT
8200 (electron ionization, EIMS) or a MAT 95 (electrospray ESI-
MS) instrument. A Bruker DRX 400 instrument was used for
NMR spectra. Instrumental conditions for liquid chromatography
are as follows: Shimadzu SPD-10 AV, Nucleodur-5-Cg Sel 220 col-
umn, UV-280 nm, eluent = CH;CN (0.8 mL/min), room temper-
ature, sample size 5 pL, recorder 0.5 cm/min.

H;L7Bu: 6-Amino-2,4-di-tert-butylphenol (4.4 g; 20 mmol) was ad-
ded to a solution of 2,6-diformyl-4-methylphenol (1.6 g, 10 mmol)
in methanol (70 mL), and the resulting solution was refluxed for
1 h, during which the color changed to deep red, and a yellow
microcrystalline solid precipitated out. The solution was cooled,
filtered and the solid was washed with cold methanol, and air-
dried. Yield: 5.1 g (ca. 90%). The purity of the ligand was checked
by liquid chromatography: Retention time of 13.2 min for the elu-
ent CH5CN with a rate of 0.8 mL/min. EI-MS: m/z = 570. 'H
NMR (CDCly): 6 = 8.94, 7.26 (6 H, aromatic), 7.12 (2 H, —CH=
N-), 2.38 (3 H, CH3), 1.43 (18 H, tBu), 1.32 (18 H, tBu) ppm. IR
(KBr disk): v = 3523 cm™!, 3492, 3348w, 2954, 2868s, 1625m,
1580m, 1482s, 1456s, 1361s, 1250s, 987s, 960s, 867m. For the sake
of simplicity the ligand is denoted by H;L without the suffix tBu.
UV/Vis (CH5Cly): Apax (8) = 270 nm (18600 M~ '-cm™1), 306

Eur. J. Inorg. Chem. 2003, 863—875

(17700), 401 (21800). UV/Vis [CH,Cl, in the presence of eight
equivalents of (BuyN)OCH;3]: A0 (€) = 300 nm (sh), 350 (sh), 496
(13900 M~ t-cm™1).

[LNi}(NH,CONH,)(OA¢)(MeOH),|-4.5CH;0H 1):
Ni(CH;C00),4H,O (0.24¢; 1 mmol), CH;COONa (0.16g,
2 mmol) and urea (0.18 g, 3 mmol) were dissolved in methanol, and
a solution of the ligand H;L (0.28 g, 0.5 mmol) in dichloromethane
(30 mL) was added. The resulting solution was refluxed for 15 min
and filtered to remove any solid particles. The solution was allowed
to evaporate slowly at ambient temperature to yield orange-red
crystals. Yield: 0.24 g (60%). Cy6.5HgoN4Ni,O15 5 (1012.54): calcd.
C 55.16, H 7.91, N 5.53, Ni 11.59; found C 55.8, H 7.4, N 6.0, Ni
11.7.  MS-ESI pos. (in CH,Cl,): m/lz = 7435 [M —
(NH,CONH,)(CH;0H),]" (100%). EI-MS indicates the presence
of both acetate and urea. IR (KBr disk): v = 3586w cm™!, 3382m,
3139m, 2950s, 2965m, 1670m, 1654m, 1568s, 1469s, 1444s, 1410s,
1250s, 1159m, 831m. UV/Vis (CH,Cly): Apax (€) = 329 nm (14770
M~ lem™1), 464 (16900), 779 (19), 858 (27), 1284 (ca. 12).
Compound 1 can also be obtained from 2 by addition of urea and
refluxing the resulting solution.

[(LH),Ni}(OMe),(OAc),(MeOH),|]-3CH,Cl, (2): A solution of
methanol (15 mL) containing Ni(CH;COO0),-4H,O (0.24 g,
1 mmol) and CH;COONa (0.24 g, 3 mmol) was added to a solution
of the ligand HsL (0.28 g, 0.5 mmol) in dichloromethane (30 mL).
The resulting solution was refluxed for 15 min, then cooled and
filtered. On reduction of the volume of the filtrate orange-red mic-
rocrystals separated out. X-ray quality crystals were obtained by
recrystallization from a dichloromethane/methanol mixture. Yield:
0.19 g (47%). CgoH16N4NizOy4 (1616.60): caled. C 60.92, H 7.23,
N 3.47, Ni 14.52; found C 58.9, H 7.0, N 3.2, Ni 13.1. EI-MS:
mlz = 714—720 (100) [LNi,(OCH;)*]. IR (KBr disk): v = 3440br
cm™!, 2955s, 1624s, 1552m, 1477s, 1446s, 1410s, 1259s, 1039s,
805m. UV/Vis (CH,Cl,): Amax (€): 331 nm (40300 M -cm™ 1), 405
(32300), 474 (40600), 917 (26).

[LCul(OCH;)(THF),]2THF ~ (3): H;L (0.29g 0.5 mmol),
Cu(ClOy4)>*6H,0 (0.37 g, 1 mmol) and NEt; (0.3 mL) were added
to a methanol/dichloromethane (1:3) solvent mixture, and the res-
ultant solution refluxed for 0.5 h. The deep-red solution yielded an
orange-red microcrystalline solid on slow evaporation of the solv-
ent at ambient temperature. Yield: 0.13 g (70%). C3gHs50Cu,sN>Oy4
(725.92): caled. C 62.87, H 6.94, N 3.86, Cu 17.51; found C 63.1,
H 6.9, N 3.8, Cu 17.4. X-ray quality crystals were obtained by
recrystallization with a THF/CH3;OH solvent mixture. EI-MS:
mlz = 726 (100) [LCu,(OCH3)]; a clear indication of the presence
of THF. IR (KBr disk): ¥ = 2954s cm ™!, 2867m, 2816w, 1597m,
1557m, 1474s, 1445s, 1256s, 1159s, 1077m, 830m. UV/Vis (CH,Cl,):
Amax (€): 486 nm (17100 M~ -cm™1).

[L,Cu}(14-0)]-3.3CH,Cl,-0.7CH;CN (4): A solution of the ligand
H;L (0.29 g; 0.5 mmol) Cu(ClOy4),6H,O (0.37 g; 1 mmol) and
NEt; (0.3 mL) in acetonitrile/dichloromethane (1:3) was refluxed
for 0.5 h and then kept at room temperature to allow the separation
of an orange-red microcrystalline substance, which was recrystal-
lized from a CH3CN/CH,Cl, mixture to yield X-ray quality crys-
tals. Yield: 0.21 g (60%). C;4Ho4CuyN4O5 (1405.76): caled. C 63.23,
H 6.74, N 3.99, Cu 18.08; found C 62.4, H 6.9, N 4.0, Cu 17.8. EI-
MS: m/z = 1402 [M*]. IR (KBr disk): ¥ = 2952s cm™~!, 2904s,
2867m, 1593m, 1557m, 1467s, 1445s, 1409m, 1360m, 1317m, 1254s,
1200m, 1159s, 1077m, 829m, 564m, 539m, 510m. UV/Vis (CH,Cl,):
Amax (€): 484 nm (35700 Mm~'-cm™"), ca. 680sh (ca. 430).

Compound 4 can also be obtained by refluxing 3 in CH;CN/
CH2C12 for 0.5 h.
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X-ray Crystallographic Data Collection and Refinement of the Struc-
tures: A single crystal of 1 (orange-red), 2 (red), 3 (orange-red) or
4 (orange-red) was coated with perfluoropolyether, mounted on a
glass fiber and placed in a Kappa-CCD diffractometer equipped
with a cold nitrogen stream at 100 K. Graphite-monochromated
Mo-K,, radiation (A = 0.71073 A) was used. Crystallographic data
of the compounds 1, 2 and 4 are listed in Table 1. Cell constants
were obtained from a least-squares fit of the diffraction angles of
several thousand strong reflections. Intensity data were corrected
for Lorentz and polarization effects. The data sets of 1 and 2 were
corrected for absorption, whereas the intensities of 4 were left un-
corrected. The Siemens ShelXTL software package (G. M. Sheld-
rick, Universitidt Gottingen) was used for solution, refinement and
artwork of the structures; the neutral atom scattering factors of the
program were used. All structures were solved and refined by direct
methods and difference-Fourier techniques. Non-hydrogen atoms
were refined anisotropically, and hydrogen atoms were placed at
calculated positions and refined as riding atoms with isotropic dis-
placement parameters.

CCDC-191305 (1), -191306 (2), and -191307 (4) contain the supple-
mentary crystallographic data for this paper. These data can be
obtained free of charge at www.ccdc.cam.ac.uk/conts/retriev-
ing.html [or from the Cambridge Crystallographic Data Centre, 12,
Union Road, Cambridge CB2 1EZ, UK; Fax: (internat.) +44-1223/
336-033; E-mail: deposit@ccdc.cam.ac.uk].
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