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The equilibrium and kinetics of urea binding by model di-
nickel complexes have been studied, which is relevant to the
activity of the urease enzyme. The pyrazolate-based, O2H3-
bridged dinuclear nickel(II) complex [LNi2(OH)(H2O)]2+ (1)
binds urea reversibly in organic solvents with the for-
mation of an N,O-bridged urea anion complex
[LNi2[OC(NH2)NH)]2+ (2) and two water molecules. The
equilibrium constant has been measured as 4.3(4) in acetone,
2.7(5) in acetonitrile, and 3(1) in methanol at 25 °C. Upon
dissolving 1 in anhydrous methanol, the O2H3 bridge is sub-
stituted for an O2Me2H bridge to give [LNi2(OMe)(MeOH)]2+

(4),which has been crystallized as 4·(ClO4)2 and character-
ized by X-ray diffraction. Both NiII ions in 4 are five-coordin-
ate with geometries intermediate between square-pyramidal
and trigonal-bipyramidal. The H atom in the Me2O2H
bridging unit is located in an asymmetric position. The ex-
change of water and methanol ligands in complexes 1 and 4
is very fast in solution at 25 °C (kobsd. � 103 s−1). Binding of
urea by complexes 1 and 4 are slower reactions (kobsd. � 10−1

to 101 s−1 under the concentration conditions used) and can
be monitored by stopped-flow techniques. Detailed kinetic

Introduction

Urease is an exceptional metallohydrolase that is present
in various plants, fungi and bacteria. It contains two proxi-
mate nickel ions within its active site and efficiently cata-
lyzes the hydrolysis of urea to finally give carbon dioxide
and 2 equiv. of ammonia.[1,2] This is a very remarkable reac-
tion because urea has a very high resonance energy and
hence is an extremely stable molecule. In fact, the uncata-
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studies indicate that binding of urea is a multi-step process.
Steady-state intermediates of the tentative formula
[LNi2(OR)(urea)n]2+ (n = 1, 2) are formed in fast preequilib-
rium with the starting complexes 1 (R = H) and 4 (H = Me),
respectively. The bidentate N,O-coordination and depro-
tonation of an O-bound urea ligand constitute the overall
rate-limiting step. The kinetic data suggest that both mono-
and bis(urea) complexes participate in the formation of the
chelate 2, and that the latter are substantially more reactive.
The bis(urea) pathway was unexpected because only one
urea molecule is incorporated into the final product 2. React-
ive intermediates [LNi2(OH)(urea)n]2+ are close analogs of
the reactive intermediate of urease, which also has the hy-
droxide and urea ligands bound at a dinickel core. However,
the reactivities of the intermediates are different. The hy-
droxide ligand in our model complex acts as a base towards
urea, and the urea anion complex 2 is formed. In urease, the
hydroxide ligand attacks urea as a nucleophile leading to the
hydrolysis of urea.
( Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2003)

lyzed hydrolysis of urea has never been observed, while in
aqueous solution urea slowly decomposes by an elimination
pathway to yield ammonium cyanate.[3] Since the first X-
ray crystal structure of microbial urease was published in
1995,[4] accumulating crystallographic evidence has pro-
vided a detailed picture of the enzyme active site and a re-
liable background for understanding its mechanism of
catalysis.[5�7] Based on the crystal structures of urease in-
hibited by either phosphate or diamidophosphate, as well
as on the basis of recent model calculations and the mech-
anistic studies of enzyme inhibition, the process outlined in
Scheme 1 now seems most probable.[7,8] It implies that urea
first coordinates to one nickel ion through its carbonyl oxy-
gen atom, followed by a transition towards a bridging bind-
ing mode and concomitant nucleophilic attack by the bridg-
ing hydroxide ligand. The exact sequence of the latter events
remains unclear, but work on synthetic model compounds
suggests that urea becomes quite acidic (down to pKa �
3 in aqueous solution) and tends to deprotonate upon N-
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coordination.[9] This should be even more pronounced
upon bidentate N,O-binding to two metal ions, thereby ren-
dering the substrate more resistant to hydrolysis under the
optimal pH conditions of urease (pH � 4�8).[10] It thus
seems likely that one of the Ni�OH bonds is weakened
upon initial binding of the substrate, and that formation of
the bridging Ni�Nurea bond and nucleophilic attack occur
simultaneously.[7,8,11]

Scheme 1

Several synthetic dinickel model complexes have been
prepared to mimic structural or functional features of the
urease active site.[11�16] In most model systems where urea
coordination has been structurally verified, the substrate is
bound through its carbonyl O atom, which is the preferred
urea binding mode.[14] In the very few systems showing a
dinickel site with a bidentate N,O-bridging urea,[11,15,16], the
substrate is deprotonated as a ureate anion. Clearly, eluci-
dation of the details of substrate binding is a prerequisite
for a comprehensive understanding of urease activity. Like-
wise, control of urea binding in dinickel model complexes
is crucial for achieving urease-like reactivity.

We have therefore carried out an in-depth analysis of the
equilibrium and kinetics of urea binding by the active di-
nickel compound 1, which was shown to give ureate-
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bridged 2 in an acid/base reaction according to
Scheme 2.[15] The bridging pyrazolate in 1 and 2 was antici-
pated to most closely resemble the bridging carboxylate of
the native enzyme (i.e. a carboxylated lysine residue), since
both bridging units are monoanionic and can support simi-
lar metal�metal distances (from 3.3 to 4.6 Å for pyrazolate-
bridged complexes).[11,12e,13,14d,15,16,17,19,20] Short pendant
arms (such as in complex 1) enforce larger M�M separ-
ations. Complex 1 was chosen to specifically investigate the
reactivity of an Ni-bound hydroxide ligand that can not
bridge the two Ni centers. In urease, both terminal and
bridging hydroxide ligands are present. Complex 1 pos-
sesses an intramolecular O2H3 bridge that can be described
as a hydrated form of an active Ni-bound hydroxide ligand.
This terminal hydroxide ligand is expected to be much more
reactive as a base compared with a bridging hydroxide li-
gand. The latter is prevented in 1 due to the large Ni···Ni
separation (4.5 Å, as compared to 3.5 Å in urease) enforced
by the compartmental pyrazolate ligand scaffold.[13,17] Urea
incorporation by the diiron() complex [Fe2(tpa)2(µ-
O)(O2H3)]3� has recently been shown to proceed by a re-
versible multistep process.[18] To the best of our knowledge,
no quantitative data on the stability of nickel urea com-
plexes or on the kinetics of their formation in solution have
been reported.

Scheme 2

Results and Discussion

Equilibrium Studies

Initially, the behavior of 1 in various solvents and the
equilibrium of urea binding (Scheme 2) were studied by
UV/Vis spectroscopy.

Acetone

Complex 1 ([LNi2(OH)(H2O)]2�) has been shown to re-
act with urea in acetone solution according to Scheme 2,[15]

with an equilibrium constant given by K1 [Equation (1)].

[LNi2(OH)(H2O)]2� � OC(NH2)2
�
� [LNi2{OC(NH2)-

NH}]2� �2 H2O
(1)

K1 � {[LNi2{OC(NH2)NH}][H2O]2}/{[LNi2(OH)(H2O)]-
[OC(NH2)2]}

The UV/Vis spectrum of complex 1 in acetone at 25 °C
is independent of the water content in the range 0.002�0.2
 H2O (Table 1). The species [LNi2(OH)(H2O)]2� (1) ap-
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Table 1. UV/Vis data of the complexes

Species Solvent λmax/nm (ε/�1·cm�1)[a]

[LNi2(OH)(H2O)]2� (1) acetone 405 (290), 653 (65)
1 acetonitrile (0.1  H2O) 405 (285), 653 (60)
1 methanol (2  H2O) 405 (260), 655 (60)
[LNi2{OC(NH2)NH}]2� (2) acetone 408 (280), 649 (65)
2 acetonitrile 408 (280), 650 (65)
2 methanol 409 (255), 652 (60)
[LNi2(OH)(MeCN)]2� acetonitrile 402 (270), 647 (65)
[LNi2(OH)(MeOH)]2� methanol (0.1  H2O) 409 (260), 662 (58)
[LNi2(OMe)(MeOH)]2� (4) methanol 411 (260), 675 (55)

[a] Absorption coefficient per Ni2 unit.

pears to be unchanged upon dissolving in such a weakly
coordinating solvent as acetone, and no hydration or dehy-
dration occurs in the solution.

Addition of urea to the solution of 1 in acetone elicits a
moderate change in the UV/Vis spectrum, with the most
sensitive region being 370�470 nm (Figure 1). The ab-
sorbance maximum in this region shifts from 405 to
409 nm. The change is cleanly reversed by the addition of
water (Figure 2), showing that the reaction between 1 and
urea is reversible. Spectrophotometric titrations performed
at different concentrations of urea and water showed con-
served isosbestic points (at 370 and 410 nm) and conserved
extremum points in differential spectra (at 392 and 430 nm;
Figure 2), suggesting that only two colored species were at
equilibrium. The spectrophotometric titration data ob-
tained in acetone at 25 °C can be fitted satisfactorily by a
simple model based on Equation (1) with K1 � 4.3(4) ,
confirming that urea replaces two water molecules in com-
plex 1.

Acetonitrile

The UV/Vis spectrum of complex 1 in acetonitrile is sus-
ceptible to the content of water. The spectrum of 1 in anhy-
drous acetonitrile (water content � 0.002 ) has an ab-
sorbance maximum at 402 nm and is different from that
in acetone (Table 1). The addition of water systematically
changes the spectrum: the absorbance maximum drifts from

Figure 1. UV/Vis spectra of complexes 1 (solid line) and 2 (dashed
line) in acetone
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Figure 2. Differential UV/Vis spectra: (a) 2.0 m solution of 1 in
anhydrous acetone titrated with urea: 0.5, 1.0, 1.5, 2.0, 2.5, and
3.0 m urea; (b) resulting solution titrated with water: 9, 18, 36,
112, 187, 337 m water, the final line is for the starting complex 1

402 to 405 nm. At [H2O] � 0.1  the spectrum in aceto-
nitrile is almost congruent to that in acetone. Based on the
known reactivity of complex 1 with nitriles,[13] it can be
hypothesized that acetonitrile substitutes a molecule of
water to form the complex [LNi2(OH)(MeCN)]2�. Such
species resemble the crystallographically characterized com-
plex 3.[19]
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The dehydration of complex 1 in acetonitrile solution can
be written as Equation (2). The equilibrium constant is esti-
mated as K2 � 0.05(2) . It should be noted that regular
commercial acetonitrile contains about 0.1  H2O, in which
medium the dehydration of complex 1 is insignificant.

[LNi2(OH)(H2O)]2� � MeCN �
�[LNi2(OH)(MeCN)]2� � H2O

K2 � {[LNi2(OH)(MeCN)][H2O]}/{[LNi2(OH)(H2O)]} (2)
(in MeCN)

Addition of urea to the solution of complex 1 in aceto-
nitrile with controlled water content, [H2O] � 100 m,
causes changes in the UV/Vis spectrum that are very similar
to those observed in acetone solution (Table 1). With excess
urea the spectrum is very similar to that of complex 2 in
acetone. The equilibrium constant of Equation (1) in aceto-
nitrile at 25 °C was determined as K1 � 2.7(5) , close to
that in acetone.

Methanol

The UV/Vis spectrum of complex 1 dissolved in aqueous
methanol (� 2  H2O) is very similar to those in acetone
or aqueous acetonitrile. However, the spectrum is different
in anhydrous methanol (Table 1). Spectrophotometric ti-
tration of the methanol solution of 1 with water showed
two consecutive isosbestic points, suggesting that three
species are at equilibrium with significantly different con-
secutive stability constants. As methanol and water are qu-
ite similar as ligands, it is reasonable to assume that these
species are [LNi2(OH)(H2O)]2� (1), [LNi2(OH)(MeOH)]2�

and [LNi2(OMe)(MeOH)]2� (4).

[LNi2(OH)(H2O)]2��MeOH �
�[LNi2(OH)(MeOH)]2��H2O

K3 � {[LNi2(OH)(MeOH)][H2O]}/{[LNi2(OH)(H2O)]} (3)
(in MeOH)

[LNi2(OH)(MeOH)]2��MeOH�
�[LNi2(OMe)(MeOH)]2��H2O

K4 � {[LNi2(OMe)(MeOH)][H2O]}/{[LNi2(OH)(MeOH)]} (4)
(in MeOH)

Indeed, the experimental data can be well fitted to the
model based on Equations (3) and (4) with the consecutive
equilibrium constants K3 � 0.040(5)  and K4 � 0.6(1) 
at 25 °C (Scheme 3). Previous work showed that the intra-
molecular O2H3 bridging unit in type 1 complexes is rather
labile, allowing for the exchange of water by other ligands,
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e.g. methanol.[13,20] Formation of complex 4 has been con-
firmed by its isolation and structural characterization
(vide infra).

Addition of urea to the solution of complex 1 in anhy-
drous methanol elicits changes in the UV/Vis spectrum. The
spectrum recorded for large excess of urea is very similar to
that of the ureate complex 2 in other solvents (Table 1).
Assuming that 4 is the dominant species in the solution of
complex 1 in anhydrous methanol, the reaction can be writ-
ten as Equation (5).

[LNi2(OMe)(MeOH)]2� � OC(NH2)2
�
�[LNi2{OC(NH2)-

NH}]2� � 2 MeOH
(5)

K5 � [LNi2{OC(NH2)NH}]}/{[LNi2(OMe)(MeOH)][OC-
(NH2)2]}(in MeOH)

Data from spectrophotometric titration fit this assump-
tion well. The equilibrium constant is K5 � 130(10) �1 at
25 °C. A combination of equilibrium constants K3, K4 and
K5 allows us to calculate K1 � K3K4K5 � 3(1)  in meth-
anol at 25 °C (Scheme 3), which compares well with the
values obtained in other solvents (Table 2).

Solid-State Structure of 4

Single crystals of 4·(ClO4)2 were obtained by dissolving
complex 1·(ClO4)2 in anhydrous methanol and subsequent
slow diffusion of diethyl ether into the solution. One such
crystal was analyzed by X-ray crystallography; the molecu-
lar structure of the cation is depicted in Figure 3, together
with selected atom distances and bond angles.

The overall structure of 4 is very similar to that of the
related O2H3-bridged dinickel complex 1·(ClO4)2.[20a] As
anticipated, complete exchange of water by methanol has
occurred, corroborating that the intramolecular O2H3

bridge is labile and that binding of substrate molecules
should proceed by substitution reactions within the dimet-
allic pocket of 1. Both the Ni1···Ni2 and O1···O2 distances
are slightly longer in 4 (4.552/2.426 Å in 4 versus 4.380/
2.410 Å in 1[20a]). The coordination is very similar for both
Ni1 and Ni2 and is intermediate between square-pyramidal
and trigonal-bipyramidal (τ � 0.66 for Ni1 and 0.62 for
Ni2; the respective values for complex 1 are 0.38 and
0.82).[21] The bridging hydrogen atom H1, located in the
crystallographic analysis, was found in an asymmetric posi-
tion between the two O atoms with d(O1�H1) � 0.972 Å
and d(O2�H1) � 1.457 Å, but the two Ni�O bond lengths
are almost identical.

The structure determination of 4 corroborates the con-
clusions drawn from the solution UV/Vis experiments, i.e.
the O2H3-bridged complex 1 is transformed into the
O2Me2H-bridged species 4 in anhydrous methanol.

Kinetic Studies

Initial kinetic experiments were performed on the ex-
change of methanol and water ligands in complexes
[LNi2(OR)(ROH)]2� (R � H, Me) using rapid-scanning
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Scheme 3. Equilibrium processes studied

Table 2. Equilibrium constant of urea binding by complex 1 [Equa-
tion (1)] in different solvents at 25 °C

Solvent K1 []

Acetone 4.3(4)
Acetonitrile 2.7(5)
Methanol 3(1)

Figure 3. Molecular structure of 4; in the interests of clarity all
hydrogen atoms except H1 have been omitted; selected atom dis-
tances [Å] and angles [°]: Ni1�O1 1.987(2), Ni1�N1 2.059(2),
Ni1�N3 2.090(2), Ni1�N4 2.120(2), Ni1�N5 2.214(2), Ni2�O2
1.991(2), Ni2�N2 2.072(2), Ni2�N6 2.105(2), Ni2�N7 2.188(2),
Ni2�N8 2.155(2), N1�N2 1.380(3), Ni1···Ni2 4.552, O1···O2
2.426; O1�Ni1�N1 93.46(8), O1�Ni1�N3 174.47(8),
O1�Ni1�N4 98.22(8), O1�Ni1�N5 100.22(8), N1�Ni1�N3
81.31(8), N1�Ni1�N4 104.21(8), N1�Ni1�N5 134.72(8),
N3�Ni1�N4 84.86(8), N3�Ni1�N5 82.41(8), N4�Ni1�N5
116.02(8), O2�Ni2�N2 92.17(8), O2�Ni2�N6 172.39(8),
O2�Ni2�N7 101.15(8), O2�Ni2�N8 100.46(8), N2�Ni2�N6
80.87(8), N2�Ni2�N7 135.13(8), N2�Ni2�N8 104.69(8),
N6�Ni2�N7 81.92(8), N6�Ni2�N8 84.39(8), N7�Ni2�N8
114.44(8)

stopped-flow spectrophotometry. The solution of complex
4, [LNi2(OMe)(MeOH)]2�, in anhydrous methanol was
mixed with the solutions of water in methanol. Equilibrium
studies (vide supra) showed that complex 4 is converted pre-
dominantly into [LNi2(OH)(MeOH)]2� at [H2O] � 0.1 
and [LNi2(OH)(H2O)]2� at [H2O] � 2 . The first scan,
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taken 10 ms after mixing, already revealed the hydrated
species upon the introduction of the respective amounts of
water (Table 1). In a control experiment, mixing the meth-
anol solution of 4 with the anhydrous solvent did not cause
any spectral changes other than dilution. The reaction was
reversed, by mixing solutions of 1 and methanol in acetone,
and the first spectrum, recorded in 10 ms, was that of
[LNi2(OH)(MeOH)]2� (the formation of 4 in acetone solu-
tion could not be observed because of concentration limi-
tations). Thus, the exchange of water and methanol ligands
in complexes 1 and 4 is very fast. Substitution of neutral
monodentate ligands at high-spin nickel() centers is usu-
ally a rather quick process, with rate constants on the order
of 103 to 104 s�1.[22]

The reaction between complex 1, [LNi2(OH)(H2O)]2�,
and urea to form complex 2, [LNi2{OC(NH2)NH}]2�, pro-
ceeds according to Equation (1) in a broad range of reagent
concentrations in acetone as a solvent. In acetonitrile and
methanol the reaction is complicated by solvation of the
starting complex 1. We performed kinetic studies in both
acetone and methanol using single-wavelength stopped-
flow spectrophotometry.

Acetone

Wavelengths 392 and 430 nm were chosen as the most
susceptible to the transformation of complex 1 into 2 (Fig-
ure 2). Mixing the acetone solutions of 1 and urea under
conditions of excess urea at 25 °C leads to simple first-order
kinetic traces as monitored by spectrophotometry on 3�5
half-lives (Figure 4). Very similar values of the rate constant
were observed on the rise and the fall of optical absorbance,
at 430 and 392 nm, respectively. The initial and final optical
absorbances measured in the kinetic experiments were
identical to those determined by conventional spectropho-
tometry in the equilibrium studies, within the accuracy of
determination.

Pseudo-first order rate constants kobs were experimentally
determined at 23 different concentrations of urea
(0.0080�0.0275 ) and water (0.010�0.100 ). The concen-
trations were chosen to make the formation of complex 2
almost irreversible [yield � 95% according to Equation (1)].
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Figure 4. Representative kinetic traces of the reaction between
complex 1 and urea in acetone, obtained by stopped-flow spectro-
photometry, superimposed with single-exponential fits; conditions:
T � 25 °C, [1]0 � 1.05 m, [urea]0 � 27.5 m, and [H2O]0 � 10 m

The transformation of complex 1 into complex 2 under
these conditions was not a very fast process, with kobs in
the range 0.3�8 s�1. The reaction is accelerated by urea

Figure 5. Pseudo first-order rate constants of the reaction between
complex 1 and urea in acetone versus urea concentration in the
series with constant water concentrations; lines represent the fits
with Equation (6)
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and decelerated by water (Figure 5). From the shapes of the
concentration dependencies, kobs versus [urea] at constant
[H2O], the reaction order in urea is evidently higher than
one. Several kinetic equations were tested to fit the exper-
imental data, and only those with both first- and second-
order terms in [urea] gave satisfactory fits (see Supporting
Information for details; see also the footnote on the first
page of this article). Equation (6) gave the best fit, and also
a plausible mechanistic interpretation (vide infra).

kobs � {k�K�[urea] � k��K�K��[urea]2}/{[H2O] � K�[urea]} (6)

Optimization of Equation (6) by non-linear weighed le-
ast-squares method gave k� � 0.39 s�1, K� � 0.29, and
k"K�� � 650 �1·s�1 with an average relative deviation of
2.7% and a satisfactory coverage of all experimental
points (Figure 5).

Additional experiments were made to check if the reac-
tion between 1 and urea is influenced by an external base.
Addition of 2,6-dimethylpyridine (1�100 equiv.) to the
solution of either complex 1 or 2 in acetone does not
change the UV/Vis spectra. Also, the kinetics are constant
for the reaction between complex 1 and urea in the presence
of up to 10-fold excess of 2,6-dimethylpyridine versus com-
plex 1 in acetone solution.

Methanol

As previously mentioned, complex [LNi2(OH)(H2O)]2�

(1) is converted into [LNi2(OMe)(MeOH)]2� (4) upon dis-
solution in anhydrous methanol. To minimize the inter-
ference from water, solutions of solid 4·(ClO4)2 in anhy-
drous methanol were used. Complex 4 reacts with excess
urea to yield complex 2, as found by the equilibrium studies
(vide supra). The formation of 2 from 4 and urea in anhy-
drous methanol is almost two orders of magnitude slower
than from 1 and urea in anhydrous acetone at the same
urea concentration. Fortunately, the solubility of urea in
methanol is also much higher, allowing a wider range of

Figure 6. Pseudo first-order rate constants of the reaction between
complex 4 and urea in methanol versus urea concentration (T �
25 °C); experimental points superimposed with the fitting line
[Equation (7)]
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available urea concentrations. Kinetic traces of the reaction
between 4 and excess urea fit perfectly with a single-ex-
ponential function in all performed experiments. The reac-
tion accelerates with increasing in urea concentration (Fig-
ure 6). As in the reaction of 1 with urea in acetone, the
kinetic data for the reaction in methanol can be fit satisfac-
torily only by kinetic equations with both first- and second-
order terms in [urea]. Equation (7), which is very similar to
Equation (6), gave the best fit for the dependence of kobs

versus [urea] and allowed for a similar mechanistic in-
terpretation (vide infra).

kobs � {k�K�[urea] � k��K�K��[urea]2}/{1� K�[urea]} (7)

Optimization of Equation (7) gave k� � 1.5 s�1, K� �
2.7 �1, and k"K�� � 16.5 �1·s�1 with an average relative
deviation of 1.1% (Figure 6).

Proposed Mechanism

As mentioned above, the experimental data for the for-
mation of complex 2 in acetone and methanol could be fit
satisfactorily only with kinetic equations having both linear
and quadratic terms in urea concentration. This result
strongly suggests the existence of two reactive pathways, in-
volving one and two urea molecules, respectively. The bis-
(urea) pathway is dominant at all studied urea concen-
trations in acetone, and becomes dominant at higher urea
concentrations (� 0.08 ) in methanol. The bis(urea) path-
way is unexpected, because only one urea molecule is incor-
porated into the product 2. A mechanism shown in
Scheme 4 can account for the experimental observations.

Scheme 4. Kinetic processes studied (formation of 2 was almost
irreversible under the concentration conditions used)

The starting complexes 1 (in acetone) or 4 (in methanol)
contain easily exchangeable solvent molecules at the LNi2
core. Therefore, it is reasonable to assume the formation of
intermediate urea complexes, [LNi2(OR)(urea)]2� [1a (R �
H) or 4a (R � Me)] and [LNi2(OR)(urea)2]2� [1b (R � H)
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or 4b (R � Me)] in a fast preequilibrium with the starting
complex 1 or 4, respectively (Scheme 4). Fast exchange of
monodentate ligands within the LNi2 core has been ob-
served for water and methanol in this work.

Steady-state mono(urea) intermediates 1a and 4a are
formed upon the substitution of a neutral coordinated
water or methanol molecule for a molecule of urea, which
agrees with the kinetic Equations (6) and (7). The NiII ions
in 1a and 4a are probably five-coordinate, as found in most
complexes with the LNi2 core and different additional li-
gands.[13,19] Coordination of the neutral urea ligands in
these putative intermediates is most likely O-monodentate,
as found in most structurally characterized nickel�urea
complexes.[12,14] The equilibrium constants for the forma-
tion of 1a and 4a can be estimated from the kinetic data as
K�1a � 0.30 (in acetone) and K�4a � 2.7 �1 (in methanol).
These values are reasonable, as urea is generally known to
form relatively weak complexes with nickel() and other di-
positive 3d metal cations.[23] The substitution of a solvent
molecule for urea should activate the Ni-bound HO� (or
MeO�, respectively), which in 1 and 4 is present in the stab-
ilized solvated form. The reactivity of the intermediate
[LNi2(OH)(urea)]2� (k�1a � 0.39 s�1) is lower than that of
[LNi2(OMe)(urea)]2� (k�4a � 1.5 s�1), in agreement with
the more basic nature of the methoxide ligand. The calcu-
lated steady-state yields of intermediates 1a and 4a are sig-
nificant (up to 40%) only at the highest used concentrations
of urea, according to the kinetic data (see Supporting Infor-
mation). An attempt to confirm the rapid formation of in-
termediate 1a from 1 in anhydrous acetone at the high urea
concentration by rapid scanning spectrophotometry was in-
conclusive. Upon mixing the acetone solutions of 1 and
urea, the first registered spectrum (10 ms) could not be dis-
tinguished from that of the starting complex 1. The spectral
changes upon ligand substitution at the LNi2 core are usu-
ally small, and rapid scanning gives UV/Vis spectra of rela-
tively poor quality. Therefore, the formation of intermedi-
ates 1a and 4a should be considered as the most probable
hypothesis.

Intermediates 1b and 4b are formed in solution upon
binding of a second urea molecule (Scheme 4). Their yield
is very small and could not be evaluated from the kinetic
data. Because ligand L is quite bulky and usually limits the
coordination number of the nickel() cations in the LNi2
core to five,[13,19] intermediates 1a and 4a may bind a se-
cond urea molecule only weakly (e.g., by sterically unfavor-
able expansion of the coordination number of a NiII cation
to six, or the substitution of a diethylamino arm of ligand
L, or hydrogen bonding). Nevertheless, the bis(urea) path-
way is dominant at all studied urea concentrations in ace-
tone and becomes dominant at [urea] � 0.08  in methanol.
Therefore, bis(urea) complexes 1b and 4b are much more
reactive than their mono(urea) counterparts 1a and 4a.

A possible explanation for the unique reactivity of the
putative bis(urea) intermediates is as follows. If 1b and 4b
are formed upon O-coordination of two urea molecules to
two different NiII centers at the LNi2 core, then the HO�

and OC(NH2)2 ligands bound to the same Ni center may
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form an intramolecular hydrogen bond as a part of six-
membered pseudo-chelate cycle (Scheme 4). Such O···H�N
bonding would make the N atom of urea more nucleophilic
than in free or O-bound OC(NH2)2. As a consequence, an
intramolecular nucleophilic attack of the urea N atom on
the second NiII cation and a proton transfer from the urea
to the HO� ligand may proceed as simultaneous or closely
related events, followed by the loss of water and unproduc-
tively bound urea ligands (Scheme 4). The formation of a
hydrogen bond between hydroxide and urea ligands bound
to different Ni atom in mono(urea) intermediates 1a and 4a
is less probable. In this picture, the first urea molecule is
required to activate the Ni-bound HO� (or MeO�, respec-
tively) which in 1 and 4 is present in a stabilized solvated
form, and the second urea molecule is the actual precursor
of the ureate in 2. The second urea molecule may also cause
uncoordination of a diethylamino arm of the dinucleating
ligand L,[13,19] in which case the strongly basic free amino
arm may play a catalytic role in the intramolecular proton
transfer and the formation of the ureate anion at the LNi2
core. Alternatively, if the second urea molecule is bound to
the [LNi2(OR)(urea)]2� core via hydrogen bonds it may act
as a proton shuttle and facilitate the formation of the final
ureate complex 2 (see Supporting Information for details).

The rate-limiting step in the formation of 2 for both
mono- and bis(urea) pathways involves the bidentate N,O-
coordination and deprotonation of an O-coordinated urea.
The deprotonation of urea is apparently intramolecular,
since Equations (1) and (5) are first-order in the dinickel
complexes 1 and 4, respectively, and the addition of an ex-
ternal base has no influence on the rate of Equation (1). It
is not clear whether deprotonation or N-coordination of
urea occurs first, but these events should be closely related.
The amide N-atoms of neutral urea are very poor donors
because of their involvement in the resonance with the car-
bonyl group. However, the N-atoms become very good do-
nors upon deprotonation and the formation of an amide
anion. Conversely, N-bound urea becomes much more
acidic than O-bound or free urea, and its deprotonation
is facilitated.[9]

In summary, the reactive complexes 1a, 4a, 1b, and 4b
with neutral urea ligands may be formed in solution in a
fast preequilibrium and low yield. Formation of the final
urea anion complex 2 is different. Thermodynamically, the
urea anion H2NC(O)NH� has a much higher affinity to the
dinickel core than neutral urea, water, methanol, or even
hydroxide or methoxide ions, because of the chelate effect
and the presence of a deprotonated amide N-donor atom.
Kinetically, the formation of 2 is relatively slow, because
substitution of several donor atoms at the NiII centers and
a proton transfer are involved. It should be noted that un-
der the concentration conditions used in the kinetic study,
the formation of the ureate complex 2 was irreversible
(Scheme 4). The bridging N,O-coordinated urea anion at a
dimetal core is quite stable and is not activated for hydroly-
sis.[11,13,18] Urease avoids the deprotonation of urea at its
catalytic dinickel site. In the enzyme, urea undergoes a nu-
cleophilic attack from the hydroxide ligand, which eventu-
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ally leads to hydrolysis (Scheme 1). This supports the view
that nucleophilic attack and N-binding of the substrate have
to occur simultaneously in urease. The specific action of the
enzyme is probably caused by the involvement of additional
groups in the stabilization of a tetrahedral intermediate and
subsequent general acid/base catalysis.[2,5] Another differ-
ence between the reactivity of urease and model complex 1
towards urea is the existence of two parallel reactive path-
ways for the model complex. While complexes 1 and 2 are
not functional models for urease, a detailed investigation of
these complexes reveals valuable insight into the binding of
urea at a dinickel core.

Conclusion

The equilibrium and kinetics of urea binding by model
dinickel complexes have been studied for the first time.
Complexes [LNi2(OR)(ROH)]2� (R � H, Me) with a dinu-
cleating pyrazole-based ligand L react reversibly with urea
in solution to form complex [LNi2[OC(NH2)NH)]2� with
an N,O-bridging urea anion. Kinetic studies revealed sev-
eral reaction steps in which, initially, urea substitutes the
solvent molecule in [LNi2(OR)(ROH)]2� to form steady-
state intermediates [LNi2(OR)(urea)n]2� (n � 1, 2) in a fast
pre-equilibrium. The subsequent bidentate N,O-coordi-
nation and deprotonation of an O-bound urea ligand con-
stitute the rate-limiting step. Reactive complexes
[LNi2(OH)(urea)n]2� are close analogs of the reactive inter-
mediate of urease, which also has the HO� and urea ligands
bound at a dinickel core. However, the reactivities of the
intermediates are different. In the urease enzyme, the HO�

ligand attacks urea as a nucleophile, leading to the hydroly-
sis of urea. The HO� ligand in our model complex acts a
base towards urea, and the dinickel complex with urea
anion is formed. The present study helps in understanding
the factors that govern the pathway of the reaction between
the HO� and urea ligands at a dinickel core, which is a
prerequisite for the design of a fully functional synthetic
model of urease.

Experimental Section

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

General: Complex 1·(ClO4)2 was prepared as described pre-
viously.[13] Urea (Acros) was recrystallized three times from hot
water and dried in vacuo over Drierite for 48 h before use. Anhy-
drous acetone (Acros), acetonitrile and methanol (Aldrich) were
used as received. Solutions of the nickel complexes and urea in the
anhydrous solvents were prepared and handled in a dry box. UV/
Vis spectra were taken with a Hitachi U-2000 spectrophotometer
at 25 °C.

Kinetic Studies: Kinetic experiments were carried out by using a
Hi-Tech Scientific (Salisbury, UK) SF-43 stopped-flow apparatus
with stainless steel lines. The concentrations of stock solutions were
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1�4 m 1·(ClO4)2 in acetone, 8�55 m urea in acetone, 1�4 m

4·(ClO4)2 in methanol, and 20�1000 m urea in methanol. The
stock solutions of a nickel complex and urea were mixed in a 1:1
ratio. Urea was always taken in at least eightfold excess to allow
pseudo first-order conditions.

Urea Solubility: The solubility of urea in acetonitrile and acetone
in the range of 0�30 °C was determined by gravimetric measure-
ments. The molar solubility of urea in anhydrous acetonitrile (water
content [H2O] � 0.002 ) is expressed by lnS � 6.2372 � 2615/T;
0.079  at 298 K. The molar solubility of urea in anhydrous ace-
tone (water content [H2O] � 0.002 ) is expressed by lnS � 6.2628
� 2733/T; 0.055  at 298 K. The molar solubility of urea in regular
commercial acetone (water content [H2O] � 0.2 ) can be satisfac-
torily expressed by lnS � 5.6253 � 2465/T; 0.071  at 298 K.

Synthesis of 4·(ClO4)2: A solution of 1·(ClO4)2 (0.25 g, 0.84 mmol)
in anhydrous MeOH (1 mL) was layered with diethyl ether; green
crystals of 4·(ClO4)2 gradually formed. To ensure complete replace-
ment of water by methanol, crystallization should be carried out
in the presence of predried molecular sieves. C31H68Cl2N8Ni2O10

(901.22): calcd. C 41.32, H 7.60, N 12.43; found C 40.40, H 7.45,
N 12.41.

X-ray Crystallographic Study: Data collection for 4·(ClO4)2 was
carried out with a Bruker AXS CCD diffractometer at 173 K by
using graphite-monochromated Mo-Kα radiation (λ � 0.71073 Å).
Structures were solved by direct methods (SHELXS-97) and re-
fined by full-matrix least-squares techniques based on F2

(SHELXL-97).[24] Atomic coordinates and thermal parameters of
the non-hydrogen atoms were refined in fully anisotropic models.
Hydrogen atoms, except those of the disordered ethyl group, were
located in difference Fourier maps and refined isotropically. One of
the ethyl groups is disordered over two positions (3:1).
C31H68Cl2N8Ni2O10, M � 901.2, orthorhombic, space group
Pna21, a � 25.6829(5), b � 13.4179(3), c � 11.9614(2) Å, V �

4122.0(2) Å3, Z � 4, ρcalcd. � 1.452 g cm�3, µ (Mo-Kα) � 1.104
mm�1, 3.2° � 2θ � 56.7°, 40935 measured reflections, 9727 unique
(Rint � 0.047), 8177 observed [I � 2σ(I)], 743 parameters, final
R1[I � 2σ(I)] � 0.032, wR2(all data) � 0.073, goodness of fit on
F2 � 1.049, largest diff. peak �0.48/�0.34 e·Å�3. CCDC-191806
contains the supplementary crystallographic data for this paper.
These data can be obtained free of charge via www.ccdc.cam.ac.uk/
conts/retrieving.html or from CCDC, 12 Union Road, Cambridge
CB2 1EZ, UK [Fax: (internat.) � 44-1223/336-033; E-mail:
deposit@ccdc.cam.ac.uk].
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