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Novel p;-Coordination of Urea at a Nickel(Il) Site: Structure, Reactivity and
Ferromagnetic Superexchange
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A tetranuclear mixed-spin nickel(Il) complex featuring two
urea molecules in an unprecedented pz-kN:xkN':kO
coordination mode has been structurally characterized. The
two central high-spin nickel(Il) ions exhibit ferromagnetic
coupling (J = +3.4 cm™) mediated by the NH,-C-O linkages
of the bridging urea. In solution the temperature dependence

of the UV/Vis optical absorption and of the magnetic moment
indicate that, upon cooling, additional solvent molecules
bind to the terminal low-spin metal ions and a concomitant
spin change occurs. In the solid state the coordinated urea
ligands can be thermally degraded to cyanate within the grip
of the multimetallic nickel(Il) site.

The coordination and conversion of urea at transition
metal complexes,!! in particular at dinuclear nickel(II) sys-
tems,>~31 has received considerable attention in recent ye-
ars. The main incentive for this arises from the endeavor to
understand and mimic the unique properties of the natural
metalloenzyme urease, which contains two cooperating
nickel(IT) ions within its active site, and which achieves at
least a 10'“-fold rate enhancement for the biological hy-
drolysis of urea.l®l1 According to the initially proposed
mechanism!®! of urease activity, the urea substrate is acti-
vated by O-coordination to one nickel(II) ion in conjunc-
tion with extensive hydrogen bonding within the active site
pocket, and is attacked by a nucleophilic hydroxide bound
to the adjacent second metal ion. Subsequent structural fin-
dings for both native and inhibited urease, however, to-
gether with structure-based molecular modeling of the cata-
Iytic mechanism, led to the alternative suggestion of a
bridging coordination mode of both urea and hydroxide at
the bimetallic core.l’) The most recent reactivity studies of
urea derivatives coordinated to mononuclear metal centers
have indicated that a cyanate NCO intermediate might be
involved in the urease mechanism.!'%! Evidently, the precise
details of urea binding within the enzyme active site, as well
as the key steps of its catalytic conversion, are still far from
being fully understood.

This situation, therefore, stimulates the synthesis and
investigation of small nickel(II) coordination compounds in
order to elucidate possible coordination modes of urea —
also in a more general sense — and to probe their relevance
to the metal-assisted hydrolytic degradation of this funda-
mental and ubiquitous substrate at multimetallic sites.
Whereas several dinickel(II) complexes with n!(O)-coordi-
nated urea have hitherto been prepared and studied, ™
only recently have we reported the pyrazolate-based com-
plex 1 which represents the first structurally characterized
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example of a p,-kN:xO bridging coordination mode of (de-
protonated urea at a dinickel(II) site (Scheme 1).[!
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Scheme 1. Urea-bridged dinickel(Il) complex 11!

This system enabled a thermal decomposition of the sub-
strate within the tight grip of the bimetallic pincer to yield a
N,O-bridging cyanate, but no substantial activation towards
hydrolytic degradation (tested by attempting ethanolytic
cleavage to yield ethyl carbamate) could be observed. We
considered the absence of any additional docking site for
the alcohol nucleophile as one likely reason for the lack of
hydrolytic reactivity of 1, in accordance with the idea of
a requisite activation of both the urea substrate and the
nucleophile at the bimetallic core. To avoid this drawback,
we have now employed a different dinucleating ligand ma-
trix L (Scheme 2),['!1 which bears fewer N-donors within
the chelating side arms attached to the heterocycle, and
which was thus expected to provide accessible coordination
sites at both metal centers.

MeoN

Scheme 2. Ligand HL employed in this work[!]

Treatment of HL with two equivalents of base and [Ni-
(H,0)4](ClOy), in the presence of an excess of urea affords
the red compound 2, which is moderately soluble in polar
solvents such as a mixture of methanol/acetone (1:1).
Its mass spectrum shows signals corresponding to
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[LNi»,(OCN,H3)]" and [LNiy(OCN,H;)(CIO,)]*, con-
firming the formation of a dinickel(I) complex containing
deprotonated urea. The presence of the latter is further cor-
roborated by strong IR absorptions at 1636 cm ™! [(/(C=0)]
as well as in the range 3100—3460 cm ™! [W(N—H)]. Small
crystals of 2 could be obtained by layering a solution in
methanol/acetone (1:1) with Et,O, and an X-ray crystallo-
graphic analysis was performed (Figure 1).[12!

Figure 1. Molecular Structure of the cation of 2; for clarity most
of the hydrogen atoms have been omitted; selected atom distances
(A) and angles (°): Nil—=N1 1.886(3), Nil—N3 1.897(4), Nil—N4
1.975(3), N1l —N7 1.897(4), Ni2—O1A 2.070(3), Ni2—02 2.151(3),
Ni2—N2 2.014(4), Ni2—NS5 2.143(4), Ni2—N6 2.176(4), Ni2—N8
2.108(4), N1—N2 1.372(5), O1—-C16 1.254(5), N7—C16 1.311(6),
N8—C16 1.427(5), 02—C17 1.249(5), N9—C17 1.339(6), N10—C17
1.357(6), Nil-+Ni2 4.232, Ni2--Ni2A 4.349; OI1-Cl16—N7
125.7(4), O1-C16—N8 117.8(4), N7-Cl16—N8 116.5(4),
02—C17-N9 123.6(5), 02—C17-N10 120.5(4), N9—C17—-NI10
115.9(4)

The solid-state structure of 2 reveals that pyrazolate-
based bimetallic moieties containing urea as secondary
bridging units have indeed been formed. Unexpectedly
however, two of these moiceties are found to be linked by
an unprecedented p;3-kN:xN'":xO coordination of the urea
substrate. The central feature of the tetranuclear framework
is an eight-membered ring system which is composed of two
nickel atoms spanned by two N,O-bound urea molecules
(Scheme 3), and which is situated on a crystallographic
center of symmetry. The remaining deprotonated urea NH-
groups are coordinated to the additional outer nickel cen-
ters.

An unambiguous distinction between the O, NH, and
NH, donors of the ps-bridging, planar urea ligand (sum of
angles around C16: 360.0°) is primarily based on the
characteristic order of bond lengths d(C16—01) = 1.254(4)
A, d[C16—N7(NH)] = 1.311(6) A and d[C16—N8(NH,)] =
1.427(5) A, where the two C—N bonds are significantly
shortened or lengthened, respectively, in comparison to the
C—N bonds of purely n'(0)-bound urea [1.339(6)/1.357(6)
A, see below]. Further corroboration stems from the assign-
ment of the N-bound H atoms which were located in the
difference fourier map and refined. Thus the sum of bond
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Scheme 3. Schematic structure of the cation of 2; the central core
featuring the ps-bridging urea is set off in bold

angles around the trigonal-planar amide—N7 amounts to
359.4°, while the angles around the tetrahedral amine center
N8 are found in the expected range of 105—114°.

A further urea molecule is 1'(O)-bound to the central
Ni2 and Ni2A ions, thereby completing their distorted octa-
hedral (OC-6) coordination spheres. In contrast, the outer
Nil and NilA atoms are nested in square-planar (SP-4) en-
vironments, which can be attributed to the stronger c-do-
nor capacity of the anionic NH(amide) donor compared to
the neutral NH,(amine) and O donor sites of the ps-bridg-
ing urea ligand. The predicted low-spin d3-configuration for
such SP-4 nickel(II) ions is confirmed by magnetic measure-
ments performed on powdered samples of solid 2, which
are in accordance with the presence of a mixed-spin com-
plex having only two paramagnetic high-spin d® centers per
tetranuclear complex (per = 3.21 pp at 288 K per paramag-
netic Ni'l).

Upon cooling a solution of 2 in methanol/acetone (1:1)
a color change from red to greenish-blue is observed. Fol-
lowing this process by UV/Vis spectroscopy (Figure 2) con-
firms the gradual disappearance of the major optical ab-
sorption of 2 at A, = 480 nm and a slight shift and rise
of the low intensity absorption bands at around 380 and
625 nm.

These changes suggest an increase in coordination num-
ber of the SP-4 nickel ions and the formation of five- or
even six-coordinate metal centers caused by the additional
binding of extra solvent molecules at lower temperatures.
However, the absence of any isosbestic points is indicative
of a more complex process which is possibly due to a
sequential coordination of the solvent ligands to the two
terminal metal ions in 2, or to a concurrent break-up of
the tetranuclear system into bimetallic entities. The solution
magnetic moment (determined by the Evans method)'3]
rises from 3.5(£0.1) pp at 303 K to 4.1(£0.1) pg at 223 K
per pyrazolate-based bimetallic unit (Figure 3), where the
maximum value is close to the spin-only value expected for
two high-spin nickel(II) ions (the slight decrease of p.g at
even lower temperatures might be due to antiferromagnetic
coupling within the pyrazolate-based bimetallic units). This
corroborates the assumed transformation of the low-spin
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Figure 2. Temperature dependence of the UV/Vis spectrum of 2;
spectra at 225 K and in the range 245—305 K (steps of 10 K) are
shown

SP-4 nickel(I) ions to five- or six-coordinate high-spin
nickel(IT) centers upon cooling.

The temperature dependence of both the UV/Vis data as
well as of the solution magnetic moment (Figure 3) reveals
that conversion of the greenish-blue species to the red com-
plex 2 is still incomplete at temperatures up to 305 K. It is
pivotal in the present context, that activation of a potential
nucleophile by coordination to the terminal nickel(II) ions
is apparently feasible in 2; this is assumed to be required
for a subsequent nucleophilic attack on either the bridging
urea or on the n'(O)-bound urea substrate at the proximate
central site. Still, the activity of 2 for the ethanolysis of urea
(determined by a method described previouslyd) is low,
amounting to a conversion of only 1.2 equivalents of the
substrate after five days refluxing in ethanol. It appears
reasonable to ascribe this to the anionic character of the
deprotonated ps-urea ligand, which obviously prevents it
from being susceptible to nucleophilic attack. On the other
hand, heating of solid 2 to elevated temperatures (140°C)
causes conversion of coordinated urea to cyanate, as evi-
denced by the gradual appearance of the characteristic IR
absorption for the V,m(NCO) stretch®™ at 2193 cm ™! and
a dominant mass spectrometric signal at m/z = 552 corre-
sponding to [LNi,(NCO)(ClO,)]*. This finding again
shows that urea can be thermally degraded to cyanate
within the clamp of an appropriate arrangement of nicke-
1(I1) ions.B3e

The magnetic properties of powdered samples of solid 2
have been studied over the temperature range 4.8—288 K,
as major structural changes of the tetranuclear framework
(as observed in solution) are not expected to occur in the
solid state. Data for the magnetic susceptibility and g are
depicted in Figure 4. The rise of p.gr with decreasing tem-
perature — reaching a maximum of 3.69 pg per pyrazolate-
based dinickel(IT) entity at 7.0 K — is indicative of ferro-
magnetic coupling between the two central OC-6 metal cen-
ters.

At even lower temperatures the magnetic moment tends
to drop, which is probably due to zero-field splitting effects
or additional intermolecular antiferromagnetic interactions.
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Figure 3. Temperature dependence of the molar optical absorption

at 480 nm for 2 (solid circles) and of the solution magnetic moment
per pyrazolate-based bimetallic fragment of 2 (open circles)
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Figure 4. Temperature dependence of the molar magnetic suscepti-
bility (open circles) and magnetic moment (solid circles) per pyra-
zolate-based bimetallic fragment of 2. The solid lines represent the
calculated fit (see text)

The experimental data were simulated by a modified ex-
pression based on the isotropic Heisenberg model (H =
—=2J X §; X 8§, with S; = S, = 1) {Equation (1)} where p
is the molar fraction of paramagnetic impurities and 0 is a
Weiss constant that was included to describe phenomeno-
logically the decrease of p(7) at low temperatures.['9 The
best fit parameters obtained are g = 2.25,J = +3.4cm™!,
p <001 and 6 = —0.62 [R = Z(ylc — yob9)/x(y°b%)? =
6.0 X 1077].

Considering the large separation of the two high-spin
nickel(IT) ions in 2 (4.349 A), the surprising ferromagnetic
exchange interaction is expected to be ligand-mediated and
is evidently transmitted by a o-bond pathway. These com-
bined abilities of deprotonated urea to (i) mediate ferromag-
netic superexchange and (ii) to bind three metal ions in a
bridging fashion, make this component a promising candi-
date for the design of higher-dimensional coordination net-
works with interesting magnetic properties. Insight into the
geometric requirements and the underlying mechanisms of
the exchange coupling will be the subject of future studies.

In conclusion, we have shown that urea can simul-
taneously bind to three different metal ions, and that it can
be thermally degraded to cyanate within such grip of a mul-
timetallic nickel(II) site. Furthermore, urea is able to bring
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%m = (1-p) {[Ng* " /k( T — 0)][2exp(2J/kT) + 10exp(6//KT))/[1 + 3exp(2J/kT) + Sexp(6J/kT)]}

+2p(2Ng*up’/3KT) + 2N,

about ferromagnetic exchange coupling in the novel ps-
kN:kN":kO-coordination mode. These findings should offer
new perspectives with respect to the use of the simple urea
molecule as a building block for extended coordination net-
works, as well as with respect to the metal-mediated acti-
vation and transformation of this ubiquitous substrate.

Experimental Section

Caution! Although no problems were encountered in this work,
transition metal perchlorate complexes are potentially explosive
and should be handled with proper precautions.

Complex 2: A solution of the ligand HLI'! (0.25 g, 0.84 mmol) in
thf (20 mL) and MeOH (1 mL) was treated with two equivalents of
nBuLi (2.5 M in hexane) at 0°C and stirred for 5 min. [Ni(H,O)g]-
(ClOy), (0.62 g, 1.69 mmol) and additional MeOH (20 mL) were
then added and the red solution stirred at room temperature for
1 h. After the addition of urea (0.15 g, 2.50 mmol) stirring was con-
tinued for a further 2 h. All volatile material was then removed
under reduced pressure and the residue taken up in MeOH/acetone
(1:1, 60 mL) and layered with Et,O. Red crystalline material of the
product 2-2(acetone) gradually formed (0.51 g, 0.32 mmol, 77%).
— IR (KBr): v = 3456 (s), 3346 (s), 3115 (m), 2915 (w), 1689 (m,
C=0,cctone)s 1636 (vs), 1571(m), 1463 (s), 1096 (vs) cm ! —
C34H76C14N»oNiyO,p-2(acetone) (1577.84): caled C 30.45, H 5.62,
N 17.75; found C 30.08, H 5.63, N 17.37.
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