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Many hydrolytic enzymes employ two metal ions to facilitate
the concerted binding of substrate and addition or elimination of
water.! The enzyme urease, which catalyzes the hydrolysis of
urea toammonium and carbamate ions, also falls into this category
for it contains a pair of divalent nickel ions in each protein subunit.2
Inthis case, however, X-ray structural information is not available,
and attempts to define the active site geometry, including the
Ni-Ni distance, have not yet afforded a unifying model. From
electronic spectral and EXAFS measurements, an octahedral
geometry was proposed for nickel, with nitrogen and oxygen, but
not sulfur, donor ligands.>* The magnetic behavior of urease
was interpreted as arising either from a pair of weakly antifer-
romagnetically coupled Ni(II) ions, which would require a Ni—
Niseparation <4 A Sortwoisolated Ni(II) ions with no exchange
interaction.® Variable-temperature MCD measurements indi-
cated the presence of a ferromagnetically coupled dinuclear
center.” Studies of the enzyme complexed with 2-mercapto-
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ethanol, a strong competitive inhibitor, suggested the formation
of a thiolate-bridged dinickel species, supporting the idea that
the two nickel ions are in close proximity.457

In order to provide spectroscopic and structural analogues for
the urease active site, we have prepared and characterized two
urea complexes of Ni(II). One is [Ni;(OAc);(urea)(tmen),]-
(OTf) (1),% the first example of a dinuclear nickel complex with
a monodentate carboxylate bridge, a feature that has recently
emerged for transition metal carboxylates. The other is a
mononuclear analogue, [Ni(OAc)(urea),;(tmen)](OTf) (2).
Both contain coordinated urea and, as such, mimic a likely
intermediate in the hydrolysis of the substrate. Complex 1, in
particular, having two Ni(II) ions and a single coordinated urea
molecule, assembles several key components of the substrate-
bound active site of the enzyme and represents a structural
possibility not previously considered.

Compounds 1 and 2 were prepared from [Ni,(OH,)(OAc)4
(tmen),} (3), which contains a (u-aqua)bis(u-carboxylato)-
dinickel(IT) core with terminal monodentate acetate anions
hydrogen-bonded to the bridging water molecule.!9 When 3 was
allowed toreact with 1 equiv of trimethylsilyl triflate in methylene
chloride solution, the green color turned to yellow-green. Sub-
sequent addition of urea to saturation restored the original color.
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zolyl)borate; pz/, 3,5-diisopropylpyrazole; tmen, N,N,N'N’-tetrameth-
ylethylenediamine.
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Vapor diffusion of diethyl ether into the reaction mixture led first
to the deposition of green blocks of 2 followed by blue-green
needles of 1. The nickel monomer was obtained in 15% yield by
collecting the sample prior to the precipitation of 1, whereas the
nickel dimer was recrystallized in 55% yield after extraction into
methylene chloride.!!

X-ray crystal structure analyses of 1 and 2revealed the presence
of pseudo-octahedral nickel ions and coordinated urea.!? The
cationin 1,depicted in Figure 1, consists of two Ni(II) ions bridged
by one monodentate and two bidentate acetate ligands. The
second oxygen atom O(2) of the monodentate bridging carboxylate
ligand is bound to Ni(1). The terminal coordination sites of the
dinickel core are completed by two tmen ligands and a mono-
dentate urea molecule coordinated through its oxygen atom O(3)
to Ni(2). Several other transition metal complexes with urea or
alkyl-substituted urea ligands are known.!* In most of these
structures, urea coordinates through its oxygen atom, whereas
the nitrogen-bonded linkage isomer has been characterized in
only a few select cases.! Two Ni(II) complexes with urea
coordinated through its oxygen atom have been crystallograph-
ically characterized.!> The monodentate carboxylate bridge in
1 distorts the idealized octahedral geometry for Ni(1) because
of the small 61.91(8)° O(1)-Ni(1)-O(2) angle in the chelate
ring. Three weak hydrogen bonds between the amino groups of
the bound urea and the oxygen atoms of triflate counterions are
present in the crystal lattice, with an average N«..O distance of
3.00(2) A. The Ni--Ni distance is 3.4749(6) A.

As shown in Figure 1, the mononuclear nickel complex 2 has
an N;Q, donor set comprised of one chelating acetate, one tmen,
and two urea ligands in a A,cis-configuration.!? The Ni-N,O
distances average 2.10(3) A, values consistent with those found
for 1 and derived from EXAFS studies of urease, where a
composite Ni-N,O distance of 2.06 A was reported.4 For 1and
2, the average Ni—O(urea) distance is 2.07(2) A, and the Ni-
O-C angle, 134(9)°. The bond length is typical of alkyi-
substituted ureas coordinated in this manner, whereas angles
ranging from ~ 120-180° are known.!? A Ni-O distance of
2.10(2) A was reported for a [Ni(urea)s)?* complex.!s As in
complex 1, the chelating acetate in 2 distorts the nickel
coordination geometry and the urea and triflate anions form
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(12), 1080 (8). IR (KBr, cm™!): 3472, 3345, 3277, 3214, 2989, 2909,
2856, 2803, 1669, 1620, 1544, 1470, 1279, 1254, 1165, 1031, 953, 805,
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made by comparison of the Ry values obtained following refinement of
both hands.
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Figure1. ORTEP drawings of the cationsin [Ni;(OAc)j(urea)(tmen);]-
(OTf) (1) (top) and [Ni(OAc)(urea);(tmen)](OTf) (2) (bottom) showing
50% probability thermal ellipsoids and atom labels. Hydrogen atoms are
omitted for clarity. Selected distances (A) and angles (deg) for 1 are as
follows: Ni(1)-Ni(2), 3.4749(6); Ni(1)-0(1), 2.134(2); Ni(1)-0(2),
2.110(2); Ni(1)-0(4), 1.990(2); Ni(1)-0(6), 2.040(2); Ni(1)-N(3),
2.096(3); Ni(1)-N(4), 2.201(3); Ni(2)-0(1), 2.114(2); Ni(2)-0(3),
2.070(2); Ni(2)-0(5), 2.053(2); Ni(2)-0(7), 2.037(2), Ni(2)-N(5),
2.164(3); Ni(2)-N(6), 2.152(3); O(1)-Ni(1)-0(2),61.91(8); O(1)-Ni-
(1)-0(4), 103.42(9); O(1)-Ni(1)-0(6), 96.23(9); O(1)-Ni(1)-N(3),
158.7(1); O(1)-Ni(1)-N(4), 92.4(1); O(2)-Ni(1)-0(4), 165.33(9);
0(2)-Ni(1)-0(6), 91.9(1); O(2)-Ni(1)-N(3), 97.0(1); O(2)-Ni(1)-
N(4), 92.0(1); O(4)-Ni(1)-O(6), 90.0(1); O(4)-Ni(1)-N(3), 97.6(1);
O(4)-Ni(1)-N(4), 88.2(1); O(6)-Ni(1)~-N(3), 87.1(1); O(6)-Ni(1)-
N(4), 171.4(1); N(3)-Ni(1)-N(4), 84.7(1); O(1)-Ni(2)-0O(3), 90.63-
(8); O(1)~Ni(2)-0(5), 90.35(8); O(1)-Ni(2)-0(7), 91.84(9); O(1)-
Ni(2)~N(5), 177.4(1); O(1)-Ni(2)-N(6), 94.0(1); O(3)-Ni(2)-0O(5),
175.60(9); O(3)-Ni(2)~0(7), 90.36(9); O(3)-Ni(2)-N(5), 91.6(1);
0O(3)-Ni(2)-N(6),85.13(9); O(5)-Ni(2)-0(7), 93.90(9); O(5)-Ni(2)-
N(5), 87.3(1); O(5)-Ni(2)-N(6), 90.5(1); O(7)-Ni(2)-N(5), 89.4(1);
O(7)-Ni(2)-N(6), 172.6(1); N(5)-Ni(2)-N(6), 84.9(1). Selected dis-
tances (A) and angles (deg) for 2 are as follows: Ni(1)-0(1), 2.097(3);
Ni(1)-0(2), 2.055(3); Ni(1)-0(3), 2.095(4); Ni(1)-0(4), 2.146(3); Ni-
(1)-N(5), 2.093(4); Ni(1)-N(6), 2.142(4); O(1)-Ni(1)-0(2), 86.5(1);
O(1)-Ni(1)-0(3), 92.5(1); O(1)-Ni(1)-0(4), 92.1(1); O(1)-Ni(1)-
N(5), 90.2(2); O(1)-Ni(1)-N(6), 173.8(2); O(2)~Ni(1)-0(3), 98.4(1);
0(2)-Ni(1)-0(4), 160.6(1); O(2)-Ni(1)-N(5), 97.2(1); O(2)~Ni(1)-
N(6), 90.0(1); O(3)-Ni(1)-0(4), 62.3(1); O(3)-Ni(1)-N(5), 164.2(1);
0(3)-Ni(1)-N(6), 93.1(2); O(4)-Ni(1)-N(5), 102.1(1); O(4)-Ni(1)-
N(6), 92.8(1); N(5)-Ni(1)-N(6), 85.2(2). Numbers in parentheses are
estimated standard deviations in the last digit.

hydrogen bonds in the lattice at an average N«+O separation of
2.96(4) A.

The {M';(O,CR);}* core present in 1, a schematic diagram
of which is depicted in Figure 2, has been observed previously in
manganese, !6 iron,!? and copper chemistry.!® Table I compares

(16) Osawa, M.; Singh, U. P.; Tanaka, M.; Moro-oka, Y.; Kitajima, N. J.
Chem. Soc., Chem. Commun. 1993, 310.
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Figure 2. Structural parameters for monodentate-bridged carboxylate
complexes having the {M";(O,CR)3}* core.

Table I. Structural (A) and Magnetic Exchange Parameters (cm™!)
for Monodentate-Bridged Carboxylate {M!,(0,CR);}* Units®

complex? M-O, M0y M-Op MM [

1 2.114(2) 2.134(2) 2.110(2) 3.4749(6) -0.9
[Mn2(OBz)3(pz’)2:(HBpz'3)14 2.264(8) 2.349(6) 2.235(6) 3.753(2) e

[Fes(O;CH)4(BIPhMe) ) 2.172(2) 2.113(2) 2.787(3) 3.5736(8) ~0
[Cua(OAc)s(bpy)a]* # 2.169(2) 1.977(2) 2.716(2) 3.392(1) 3.6

9 Values in parentheses are estimated standard deviations in the last
digits. ¢ The labels of the different structural parameters are depicted in
Figure 2 and are identical to those employed in ref 9.¢The spin
Hamiltonian had the form —2JS-S;. ¢ Reference 16. Pz’ is the 3,5-
diisopropyl-substituted pyrazole. ¢ A weak antiferromagnetic exchange
interaction was reported. / Reference 17. 8 Reference 18.-

structural parameters of this unit among these various complexes,
from which it is apparent that the three metal-oxygen bond
distances for the monodentate bridging acetate ligand in 1 are
almost the same, in contrast to those found for the iron and copper
cases, where M-Op is significantly longer. A similar monodentate
carboxylate ligand bridges the manganese and calcium sites in
the protein concanavalin A.!° In the dinuclear iron center of the
R2 protein of ribonucleotide reductase, glutamate 238 shifts from
a bridging to a terminal coordination mode upon oxidation of the
diiron center.?? Thesevarious modes of carboxylate coordination
have been analyzed previously for a large set of coordination
complexes,® and the ability of polynuclear carboxylate com-
plexes to adopt a variety of structural isomers has been termed
the “carboxylate shift”.%® Such ashift can be considered formally
to have occurred in the synthesis of 1 from 3.

The optical and IR spectroscopic properties of 1 and 2 are
consistent with pseudo-octahedral coordination at nickel and
oxygen-bonded urea linkage isomers, as revealed by the X-ray
investigations. Absorption bands at 1125 and 1080, 666 and
660, and 392 and 391 nm for 1 and 2, respectively, are assigned
to the three spin-allowed transitions 2Az5(F) — 3T3,(F), 3A2(F)
— 3T 4(F), and 3Az,(F) — 3T z(P) for an octahedral d® ion.2!
From these values and the appropriate Tanabe—Sugano diagram
may be calculated octahedral crystal field splitting parameters
of 8900 and 9300 cm~! and Racah parameters of approximately
810 and 770 cm™! for 1 and 2, respectively. A shoulder located
atapproximately 785 nm in both complexes is tentatively assigned
to the spin-forbidden transition 3A;(F) — !E; (D). The
absorption bands of 1 and 2 may be compared with those of
urease at 1060, 745, and 407 nm.> The IR spectra of the two
molecules contain several features between 1670 and 1540 cm™!
arising from »,,(CO;") of the bridging acetate ligands and the
carbony! stretching frequency of bound urea. When urea

(17) Tolman, W.B.; Liu, S.; Bentsen, J. G.; Lippard, S. J. J. Am. Chem. Soc.
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Chem. 1992, 26, 20682. (c) Aberg, A. Thesis, Stockholm University,
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coordinates through its nitrogen atom, the C=0 stretch shifts
to wavelengths greater than 1700 cm~! whereas, in the O-bonded
linkage isomer, the bond is weakened and vco < 1700 cm~1.13.14

Solid-state variable-temperature magnetic susceptibility studies
of 1 measured at 9 kG revealed weak antiferromagnetic coupling
between the two nickel ions. The x T value decreased from 2.7
cm? mol! K at 300 K to 1.1 cm3 mol-! K at 2.5 K. A least-
squares fit of the data to the standard isotropic exchange expression
for two equivalent S = 1 ions based on the spin Hamiltonian
-2JS,S; gave J = 0.9 cm~! and g = 2.38.22 The analogous
{MI,(O,CR)3}* complexes, M = Fe(II) and Cu(II), are also
only weakly exchange-coupled with J values on the order of a few
wavenumbers (Table I). A ferromagnetic exchange interaction,
however, was reported for [Cuz(OAc);(bpy)z]*."# The magnetic
properties of several other Ni(II) dimers with biomimetic ligands
have been described, including 3,!% a (u-hydroxo)bis(u-carbox-
ylato)dinickel complex [Ni;(OH)(OAc),(Mestacn),]*,2 and two
(u-phenoxo)bis(u-carboxylato)dinickel complexes, [Ni;(OAc),-
(bimp)]* and [Ni,(OAc);(BPMP)]*.24 Thesecomplexesareall
weakly antiferromagnetically exchange-coupled, the largest |J]
being 5 cm-!in [Ni;(OH)(OAc),(Mestacn),]*. Althougha zero-
field splitting term D for the nickel ions could have been included
in the analysis of the data for 1, powder magnetic studies are a
poor means of determining this parameter and, in any case, the
exchange coupling constant J is relatively insensitive to its
magnitude.2225 A gvalue of 2.39 for 1 is reasonable, falling near
the range of 2.1-2.3 reported for octahedral Ni(II).2¢ A very
similar g value of 2.40 was also derived for 2, which exhibited
Curie-like behavior from 5 to 300 K with a Curie constant of 1.44
cm? mol-! K77

In conclusion, the coordination environment and optical
properties of the nickel ions in 1 and 2 are consistent with those
reported for urease. The complexes provide potentially useful
structural, magnetic, and spectroscopic models for a likely
intermediate in the catalytic mechanism.!4528 In particular, they
might be helpful in further attempts to distinguish between
binuclear or mononuclear nickel centers in the enzyme. The
binding of urea to nickel in 1 and 2 should facilitate future
investigations of the chemistry of this substrate, including its
additional activation through coordination to the second nickel
ion as well as reactions with free or bound nucleophiles.
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