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Heterodinuclear Zinc(II)—Iron(III) Complexes and Dinuclear Zinc Complexes
as Models for Zinc-Containing Phosphatases
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Five new dinuclear model complexes for zinc-containing
phosphatases with dinucleating ligands have been prepared
and characterized by single-crystal X-ray crystallography.
The heterodinuclear, p-alkoxo-bridged zinc(II)-iron(IIl) com-
plexes 1-3 contain the symmetric ligands N,N,N',N'-tetra-
kis[2-(5,6-dimethyl)benzimidazolylmethyl]-1,3-diamino-2-
propanol (Htdmbpo) and N,N,N’,N'-tetrakis{2-[N''-(2-
hydroxyethyl)]benzimidazolylmethyl}-1,3-diamino-2-prop-
anol (Hthebpo), and the asymmetric ligand N,N-bis[2-(4,5-
dimethyl)benzimidazolylmethyl]-N',N'-bis(2-pyridylmethyl)-
1,3-diamino-2-propanol (Hbdmbbppo), respectively. X-ray
crystallography revealed that the zinc center exhibits a tri-
gonal-bipyramidal coordination, while the octahedral coor-
dination sphere of the iron center is completed by a solvent
molecule. In contrast, the zinc complexes 4 and 5, which also

have (alkoxo)(cacodylato)dimetal cores with the dinucleating
ligands used in 1 and 3, exhibit both metal centers in a tri-
gonal-bipyramidal environment. Additionally, the solution
speciation of the zinc(Il) complexes formed with Htdmbpo
and Hbdmbbppo were determined and the activity of the in
situ prepared zinc complexes towards the transesterification
of the RNA model substrate 2-(hydroxypropyl)-4-nitrophenyl
phosphate (hpnp) was investigated. The dinuclear
[Zn,LH_;(OH)]** complex of both ligands efficiently pro-
motes the transesterification. The kinetic data indicated a
higher activity for the complex of the asymmetric ligand
Hbdmbbppo, as a result of its stronger substrate binding
ability.

(© Wiley-VCH Verlag GmbH, 69451 Weinheim, Germany,
2002)

Introduction

Model compounds simulate the characteristic properties
of the active sites in enzymes. The synthesis and character-
ization of structural and functional model complexes con-
tribute to the structure clarification and the comprehension
of the catalytic mechanism of metalloenzymes. Investigation
of inhibitor complexes and product complexes gives insight
into the coordination mode of the substrate.

In this work we focused on the preparation of dinuclear
model complexes for zinc-containing phosphatases. The
purple acid phosphatase isolated from plants, and the ser-
ine/threonine protein phosphatase 1 and 2B (calcineurine)
contain a zinc(II)—iron(III) center in their active sites.[!
Purple acid phosphatases hydrolyze activated phosphate
monoesters within a pH range of 4—7. The octahedrally
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coordinated metal centers are 3.26 A apart, and a terminal
hydroxide ion at the iron center, a water molecule at the
zinc center and a bridging hydroxide ion, in addition to the
bridging carboxylate group of aspartate were included into
the X-ray structure analysis from spectroscopic data.l'! The
coordination sphere of the metal ions, which are separated
by 3.3 A and 3.0 A, in the serine/threonine protein phos-
phatases 1 and 2B, respectively, is square-pyramidal at the
iron atom and trigonal-bipyramidal at the zinc atom.[?! A
water molecule is coordinated to the iron center, while an-
other water molecule bridges the two metal ions. The coor-
dination number is increased to six due to the bidentate
binding of the phosphate group to the metal centers.!
Alkaline phosphatase, phospholipase C, nuclease P1 and
phosphotriesterase contain at least two zinc centers.[*~71 Al-
kaline phosphatase is a widely distributed nonspecific phos-
phomonoesterase, which catalyzes through a covalent phos-
phoseryl intermediate.l®) The active site contains two zinc
ions at a distance of 4.0 A, and one magnesium ion. Ac-
cording to recent publications, all three metal centers con-
tribute to the mechanism.*! The zinc centers with a N,O;
donor set in the dinuclear unit of phospholipase C and
nuclease P1 are bridged by a hydroxide ion or a water mole-
cule and the carboxylate group of aspartate, and exhibit a
trigonal pyramidal coordination.>® Their distance apart
was shown to be 3.3 A and 3.2 A, respectively. The bridging
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hydroxide ion is proposed to be the attacking nucleophile
in the serine/threonine protein phosphatases 1 and 2B,
nuclease P1 and phosphotriesterase.

In these enzymes the first coordination sphere of the
metal centers is comprised of nitrogen and oxygen donor
atoms that are in common with the ligands in our systems.
Furthermore, the metal—metal distances in both the en-
zymes and the prepared complexes are in the range of 3.0 to
4.0 A, which is important for the co-operative interaction.

There are some examples of crystallized model com-
pounds with interesting features reported in the literature.
The model complex [Zn,(bbap)(Bz)(H,O)](ClO4),*4MeOH
{Hbbap = 2,6-bis[bis(2-benzimidazolylmethyl)aminome-
thyl]-4-methylphenol} for phospholipase C contains two
zinc ions with different coordination spheres.”) A new
structural and perhaps functional feature in the chemistry
of oligozinc enzymes was detected in the X-ray structure of
[Zn,L(H,O)(OH)](BPhy),:2.5C;HsO {HL = 2,5-bis[N,N-
(diethylaminoethyl)aminomethyl]pyrazol}, which includes
an intramolecular H;0,~ bridge.[' The hydrolytic activity
of the complex [Zn,(bpan)(u-OH)(pn-O,PPh,](ClOy),
{bpan = 2,7-bis[2-(2-pyridylethyl)Jaminomethyl]-1,8-
naphthyridin}, in which the naphthyridin simulates the syn,-
syn coordination of a bridging carboxylate group, was in-
vestigated using different model substrates.!'!-1%]

Currently, there is interest in the development of new li-
gands, especially asymmetric ligands and their metal com-
plexes, which may be used as enzymatic models.'3~2% In
addition to complexes with dissimilar metal centers due to
asymmetric coordination as found in enzymes, heterodinu-
clear complexes are important with respect to enzymes con-
taining two different metal ions.”!1 So far, only a few hetero-
dinuclear zinc(IT)—iron(IIl) complexes with symmetric di-
nucleating ligands are known. They include four pyridine
groups and contain a p-phenoxo bridge and two further
bridging ligands like acetate, diphenyl phosphate or
molybdate.?>~2°1 Suzuki and co-workers characterized
mixed-valent (p-alkoxo)diiron(II,III) complexes with the li-
gand  N,N,N’,N’-tetrakis(2-pyridylmethyl)-1,4-diamino-2-
butanol by X-ray crystallography.?”! The asymmetric
bridging unit leads to five- and six-membered chelate rings.

Here, we report on the synthesis and characterization of
three heterodinuclear zinc(Il)—iron(III) complexes with dis-
tinct coordination spheres, p-alkoxo-bridging symmetric
and asymmetric dinucleating ligands, as well as two corres-
ponding zinc complexes. Their structures were determined
by X-ray crystallography and characterized by additional
spectroscopic measurements.

In the complexes [Zn"Fe(tdmbpo)(O,AsMe,)-
(HOMe)|(ClO4)3:4MeOH-2H,O (1), [Zn"Fe(thebpo)-
(0,AsMe,)(H,0)](C104)(NO;3),3H,O (2) and [Zn'Fe!l-
(bdmbbppo)(0,AsMe,)(HOMe)](ClOy4);5:1.5MeOH (3) the
zinc ion exhibits a trigonal-bipyramidal environment, and
the octahedrally ligated iron center has a coordination site
occupied by a solvent molecule. This terminal solvent mole-
cule at the iron center may act as the attacking nucleophile.
In contrast to the p-phenoxo-bridged complexes,?2~2°!
which are doubly bridged by two further ligands, the com-
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plexes described here contain only one further p-cacodylato
bridge. These complexes are model compounds for the kid-
ney bean purple acid phosphatase product complex with
inorganic phosphate, and for the inhibitor complex with
tungstate.[!]

The zinc ions in the complexes 4 and 5 formulated as
[Zn"(tdmbpo)(0,AsMe,)]|(Cl0,),:5MeOH  and  [Zn',-
(bdmbbppo)(0,AsMe,)](Cl0,4),-H,0, respectively, have an
N30, donor set. Both zinc centers in 4 and one zinc center
in 5 is symmetrically coordinated by two 4,5-dimethylbenz-
imidazole groups, while the second zinc center in 5 is coord-
inated by two pyridine groups, resulting in an asymmetric
complex.

The activity of the in situ prepared complexes of these
ligands and zinc perchlorate was studied with respect to the
transesterification of hpnp, in order to determine the influ-
ence of the different coordinating groups. Similar systems
were used by Komiyama and co-workers who investigated
the cleavage of ribonucleotide dimers and compared the ac-
tivity between mono-, di- and trinuclear complexes. The lat-
ter is a model for trinuclear zinc-containing phosphodies-
terases like phospholipase C and nuclease P1.1?%?1 Very ef-
ficient di- and trinuclear zinc catalysts, which were also pre-
pared in situ, were described by Engbersen, Reinhoudt and
co-workers and are based on calix[4]arene.[3°733] Recently,
zinc-containing complexes with dinucleating imidazole li-
gands have been studied.?+33 As various types of mechan-
isms are discussed, particularly with regards to the reacting
nucleophile and the coordination mode of the substrate,
further information will be drawn from the study of model
complexes. Important aspects are the determination of the
crystal structure, the identification of the active species in
solution and the mechanism of the reaction of model com-
pounds with substrates.

Results and Discussion

X-ray Crystal Structures of 1, 2 and 3

In order to mimic the active site of kidney bean purple
acid phosphatase we used the symmetric and asymmetric
dinucleating ligands Htdmbpo, Hthebpo and Hbdmbbppo
to form heterodinuclear p-alkoxo-bridged zinc(II)—iron(11I)
complexes with two differently coordinated metal centers.
The zinc ion has a trigonal-bipyramidal geometry with an
N0, donor set, whereas the iron center resides in an octa-
hedral environment that is completed by a solvent ligand.
Structures of the cations in 1, 2 and 3 are depicted in Fig-
ures 1, 2 and 3.

The zinc ions are facially coordinated by two benzimida-
zole nitrogen atoms (N3 and N5) and one tertiary aliphatic
nitrogen atom (N1) of the ligand. The iron centers in 1 and
2 are also coordinated by two benzimidazole nitrogen atoms
(N7 and N9) and one tertiary aliphatic nitrogen atom (N2)
of the ligand. The iron center in 3 is facially ligated by two
pyridine nitrogen atoms (N7 and N8) and one tertiary ali-
phatic nitrogen atom (N2) of the ligand bdmbbppo. The
metal centers are connected by the deprotonated p-alkoxo
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Figure 1. Structure of the cation in 1 showing 50% probability dis-
placement ellipsoids; hydrogen atoms have been omitted for clarity

Figure 2. Structure of the cation in 2 showing 50% probability
displacement ellipsoids; one hydroxyethyl group was refined iso-
tropically; hydrogen atoms have been omitted for clarity

oxygen atom Ol of the ligand and the cacodylate bridge.
An N;0O;5 donor set of the iron(III) center is formed by the
additional coordination of a methanol molecule (O4—C46
and O4—C38) in 1 and 3, respectively, and by a water mole-
cule (0O8) in 2. The coordination polyhedra share one edge
(O1). The cacodylate bridge in the inhibitor complexes
shows the same bridging mode as in the enzyme. The inter-
metal distances in 1, 2 and 3 are 3.5635(12), 3.6053(13) and
3.5354(12) A, respectively, and are slightly larger than in
the enzyme. The Zn1—0O1—Fel angles are 125.9(2)° in 1,
127.7(2)° in 2 and 125.3(3)° in 3 and follow the same trend
observed for the inter-metal distances (Table 1).

1402

Figure 3. Structure of the cation in 3 showing 50% probability
displacement ellipsoids

The axial positions of the trigonal-bipyramidal coordina-
tion polyhedra of the zinc ions are occupied by the tertiary
nitrogen atom N1 and the oxygen atom of the cacodylate
group, O2 in 1 and 3 and O6 in 2. The distortion of the
ideal coordination polyhedra towards the tertiary nitrogen
atom results in angles smaller than 90° between N1 and the
equatorially bound donor atoms. The geometrical distor-
tion around the iron centers is demonstrated by the devi-
ation of the three angles of the axial donor atoms by about
16° from the ideal 180° angle. The coordination polyhedra
of the iron centers are distorted towards the tertiary nitro-
gen atom N2 in a similar manner as in the zinc centers. The
angles between N2 and the atoms in cis position Ol, N7
and N9 (N8 in 3) are smaller than 90°, while the angles
between N2 and the oxygen atoms O4 of the bound meth-
anol molecules and the oxygen atom OS of the water molec-
ule are close to 90°.

The bond lengths between the tertiary nitrogen atoms
(N1, N2) and the metal ions are much larger than the bond
lengths between the aromatic nitrogen atoms of the ligands
and the metal ions (Table 2). The bonds between Fel and
the oxygen atoms O4 of the coordinating methanol molec-
ules in 1 and 3 have lengths of 2.172(4) and 2.054(4) A,
respectively, as a result of the different properties of the
benzimidazole and pyridine groups coordinated to the iron
centers. The bond lengths between the oxygen atom O8 of
the coordinating water molecule and Fel in 2 is 2.068(4) A.
The hydroxide ion coordinated to the iron(III) center has a
much smaller distance of about 1.90 A.[3¢!

To date, only the p-cacodylato-bridged dinuclear com-
plexes [Fe",(tbpo)(O,AsMe,)(OMe)(HOMe)](ClO,)5
5MeOH-2H,0P7l [Htbpo = N,N,N',N’-tetrakis(2-benz-
imidazolylmethyl)-1,3-diamino-2-propanol], [Fe™,(tbpo)-
(0,AsMe,)(C)(H,0)](Cl04)3-5MeOH-H,0B8 and [Fe''l,-
(mtbpo)(0,AsMe,)(Cl),(HOMe)](ClO4),:4MeOHI[3%!
[Hmtbpo = N,N,N’-tris(2-benzimidazolylmethyl)-N’-
methyl-1,3-diamino-2-propanol] are known in which both
iron centers have an octahedral coordination sphere. The
distance between the oxygen atom of the water molecule
and the iron(III) center in the second complex is 2.088(6)
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Table 1. Selected angles [°] in 1, 2 and 3

1 2 3
Zn(1)—0O(1)—Fe(1) 125.9(2) Zn(1)—0O(1)—Fe(1) 127.7(2) Zn(1)—0(1)—Fe(1) 125.3(3)
O(1)=Zn(1)—0(2) 104.02) O(1)=Zn(1)—0(6) 101.9(2) O(1)-Zn(1)-0(2) 102.6(2)
O(1)—Zn(1)—N(1) 78.4(2) O(1)—Zn(1)—N(1) 79.6(2) O(1)=Zn(1)—N(1) 78.3(1)
O(1)—Zn(1)—N(3) 116.0(2) O(1)—Zn(1)—N(3) 117.4(2) O(1)~Zn(1)—N(3) 118.0(2)
O(1)—Zn(1)—N(5) 112.6(2) O(1)—Zn(1)—N(5) 106.9(2) O(1)=Zn(1)=N(5) 109.8(2)
0O(2)—Zn(1)—N(1) 177.0(2) 0O(6)—Zn(1)—N(1) 176.4(2) O(2)—Zn(1)—N(1) 178.9(2)
O(2)—Zn(1)—N(3) 99.6(2) O(6)—Zn(1)—N(3) 99.8(2) 0O(2)—Zn(1)—N(3) 102.1(2)
0(2)—Zn(1)—N(5) 104.9(2) 0O(6)—Zn(1)—N(5) 105.8(2) 0O(2)—Zn(1)—N(5) 105.2(2)
N(1)—Zn(1)—N(3) 77.7(2) N(1)—Zn(1)—N(3) 76.7(2) N(1)—Zn(1)—N(3) 76.9(2)
N(1)—Zn(1)—N(5) 75.5(2) N(1)—Zn(1)—N(5) 76.7(2) N(1)—Zn(1)—N(5) 75.1(2)
N@B3)—Zn(1)—N(5) 117.1(2) N@3)—Zn(1)—N(5) 122.1(2) N@B3)—Zn(1)—N(5) 116.9(2)
O(1)—Fe(1)-0(3) 104.5(2) O(1)—Fe(1)—0O(7) 104.2(2) O(1)—Fe(1)-0(3) 107.6(2)
O(1)—Fe(1)—0(4) 80.8(2) O(1)—Fe(1)—0O(8) 88.0(2) O(1)—Fe(1)-0(4) 86.5(2)
O(1)—Fe(1)—N(2) 81.2(2) O(1)—Fe(1)—N(2) 80.2(2) O(1)—Fe(1)—N(2) 81.7(2)
O(1)—Fe(1)—N(7) 152.7(2) O(1)—Fe(1)—N(7) 154.1(2) O(1)—Fe(1)—N(7) 155.8(2)
O(1)—Fe(1)—N(9) 92.1(2) O(1)—Fe(1)—N(9) 93.1(2) O(1)—Fe(1)—N(8) 87.8(2)
0O(3)—Fe(1)—0(4) 96.2(2) O(7)—Fe(1)—0O(8) 96.8(2) 0O(3)—Fe(1)-0(4) 97.9(2)
O(3)—Fe(1)—N(2) 173.4(2) O(7)—Fe(1)—N(2) 173.5(2) O(3)—Fe(1)—N(2) 167.1(2)
O(3)—Fe(1)—N(7) 100.3(2) O(7)—Fe(1)—N(7) 101.3(2) O(3)—Fe(1)—N(7) 96.1(2)
0O(3)—Fe(1)—N(9) 97.4(2) O(7)—Fe(1)—N(9) 96.3(2) O(3)—Fe(1)—N(8) 93.2(2)
O(4)—Fe(1)—N(2) 87.8(2) O(8)—Fe(1)—N(2) 88.1(2) 0O(4)—Fe(1)—N(2) 91.5(2)
O(4)—Fe(1)—N(7) 85.5(2) O(8)—Fe(1)—N(7) 84.2(2) O(4)—Fe(1)—N(7) 85.5(2)
O(4)—Fe(1)—N(9) 165.9(2) O(8)—Fe(1)—N(9) 166.2(2) O(4)—Fe(1)—N(8) 168.6(3)
N(2)—Fe(1)—N(7) 74.8(2) N(2)—Fe(1)—N(7) 74.9(2) N(2)—Fe(1)—N(7) 75.8(2)
N(2)—Fe(1)-N(9) 79.0(2) N(2)—Fe(1)—N(9) 78.6(2) N(2)—Fe(1)—N(8) 77.9(2)
N(7)—Fe(1)-N(9) 95.8(2) N(7)—Fe(1)—N(9) 89.0(2) N(7)—Fe(1)—N(8) 95.7(2)
Table 2. Selected bond lengths [A] inl,2and 3
1 2 3

Zn(1)--Fe(l) 3.5635(12) Zn(1)-Fe(l) 3.6053(13) Zn(1)-Fe(1) 3.5354(12)
Zn(1)—0O(1) 2.035(4) Zn(1)—0O(1) 2.049(4) Zn(1)—0(1) 2.024(3)
Zn(1)—0(2) 1.978(4) Zn(1)—0(6) 1.955(4) Zn(1)—0(2) 1.964(4)
Zn(1)—N(1) 2.406(4) Zn(1)—N(1) 2.385(5) Zn(1)—N(1) 2.448(4)
Zn(1)—N(3) 2.012(5) Zn(1)—N(3) 2.034(5) Zn(1)—N(@3) 2.009(4)
Zn(1)—N(5) 2.017(4) Zn(1)—N(5) 2.011(5) Zn(1)—N(5) 2.002(4)
Fe(1)—0O(1) 1.967(4) Fe(1)—0(1) 1.967(4) Fe(1)—0O(1) 1.956(4)
Fe(1)-0(3) 1.880(4) Fe(1)—0O(7) 1.874(4) Fe(1)—0(3) 1.871(4)
Fe(1)—0(4) 2.172(4) Fe(1)—0O(8) 2.068(4) Fe(1)—0(4) 2.054(4)
Fe(1)—N(2) 2.283(4) Fe(1)—N(2) 2.283(5) Fe(1)—N(2) 2.203(5)
Fe(1)—N(7) 2.073(4) Fe(1)—N(7) 2.103(5) Fe(1)—N(7) 2.137(4)
Fe(1)—N(9) 2.075(4) Fe(1)—N(9) 2.074(5) Fe(1)—N(8) 2.147(4)

A, and therefore is similar to the corresponding distance in
2. The presence of only one iron(IIT) center in both com-
plexes was confirmed by magnetic measurements, where a
linear increase of 1/ with temperature and no coupling ef-
fects were observed. The experimental pg values are in ac-
cordance with the theoretical value of 5.92 pg for a high-
spin iron(I1I) ion.

X-ray Crystal Structures of 4 and 5

The structures of the cations in 4 and 5 are provided in
the Supporting Information (Figures S1 and S2).

The metal centers in complexes 4 and 5 have a trigonal-
bipyramidal coordination sphere, with an N3O, donor set.
Their inter-metal distances are 3.562(2) A and 3.5147(16)
A, respectively. Each zinc ion is facially coordinated by two

Eur. J. Inorg. Chem. 2002, 1400—1409

benzimidazole nitrogen atoms (N3, N5 and N7, N9) or two
pyridine nitrogen atoms (N7 and N8) and one tertiary ali-
phatic nitrogen atom (N1 or N2) of the ligand. They are
connected by the deprotonated p-alkoxo oxygen atom Ol
of the ligand and one cacodylate bridge. The coordination
polyhedra share one edge (O1). The Zn1—0O1—Zn2 angles
are 128.0(4)° and 125.9(3)°, respectively (Table 3). The axial
positions of the trigonal-bipyramidal coordination poly-
hedra of the zinc ions are occupied by the tertiary nitrogen
atoms N1 or N2, and one oxygen atom O2 or O3 of the
cacodylate bridge. The average deviation from 180° is 2.3°
at one metal center and 8.7° at the other metal center. The
coordination polyhedra are distorted towards the tertiary
nitrogen atoms as observed at the zinc centers in the com-
plexes 1, 2 and 3. The differences in the average values for
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Table 3. Selected angles [°] in 4 and 5

4 5

Zn(1)-0(1)-Zn(2)  128.04) Zn(1)-O(1)-Zn(2)  125.9(3)
o()-Zn(1)-0(2)  101.53) O(1)-Zn(1)-0Q2)  103.6(3)
O(1)—Zn(1)~N(1) 78.6(3)  O(1)—Zn(1)~N(1) 78.8(3)
O(1)-Zn(1)-N@3)  117.84) O(1)-Zn(1)-N@3)  114.9(3)
O(1)-Zn(1)-N(5)  118.4(4) O(1)-Zn(1)-N(5)  121.6(3)
0(2)-Zn(1)-N(1)  178.04) O(2)—Zn(1)-N(1)  177.5(3)
0(2)-Zn(1)-N@3)  105.8(4) O(2)—Zn(1)-N@3)  103.2(3)
0(2)-Zn(1)-N(5)  102.2(4)  O(2)—Zn(1)-N(5)  102.9(3)
N()-Zn(1)-N@3)  7594) N()—Zn()-N@3)  75.53)
N()-Zn(1)-N(5)  76.04) N()—Zn(1)-N(5)  75.6(3)
N3)-Zn(1)-N(5)  108.7(4) N(3)—Zn(1)-N(5)  108.1(3)
O()-Zn(2)-0(3)  1062(3) O(1)-Zn(2)-0B3)  107.2(3)
0O(1)-Zn(2)—N(2) 81.7(3)  O(1)-Zn(2)-N(2) 82.2(3)
0(1)-Zn(2)-N(7)  111.24) O(1)-Zn(2)-N(7)  115.7(3)
O(1)-Zn(2)-N(9)  109.7(4) O(1)-Zn(2)-N(8)  113.8(3)
0(3)-Zn(2)-N(2)  172.13) 0(3)-Zn(2)-N(2)  170.5(3)
0(3)-Zn(2)-N(7)  103.3(4) O(3)—Zn(2)~N(7) 99.5(4)
0(3)-Zn(2)-N(9)  100.33) O(3)—Zn(2)~N(8) 96.6(3)
NQ2)—-Zn(2)-N(7)  73.6(4) NQ2)—Zn(2)-N(7)  77.2(4)
N(2)-Zn(2)-N©)  762(3) N(2)—Zn(2)-N@®)  77.73)
N(7)-Zn(2)-N(9)  124.04) N(7)-Zn(2)-N(8)  119.8(3)
0(2)-As()-0(3)  112.84) O@2)-As()-0@3)  114.03)

the angles between the tertiary nitrogen atoms and the
equatorially bound donor atoms of 76.8 and 77.2° in 4 and
76.6 and 79.0° in 5, result from different coordinating
groups at each metal center.

In addition, the bond lengths between the tertiary nitro-
gen atoms and the metal ions are longer than the bond
lengths between the aromatic nitrogen atoms of the ligands
and the metal ions (Table 4). The distances between the ter-
tiary nitrogen atoms and the zinc ions are 2.375(9) A and
2.387 (8) A in 4, and 2.467(7) A and 2.255(@8) A in 5. The
greater difference (0.212 /0\) between the distances observed
in 5 is due to the asymmetry in complex 5.

Table 4. Selected bond lengths [A] in 4 and 5

4 5

Zn(1)~Zn(2) 3.562(2) Zn(1)+Zn(2) 3.5147(16)
Zn(1)-0(1) 1.993(7) Zn(1)-0(1) 1.980(7)
Zn(1)-0(2) 1.950(7) Zn(1)-0(2) 1.953(6)
Zn(1)—N(1) 2.375(9) Zn(1)-N(1) 2.467(7)
Zn(1)-NQ3) 2.051(10) Zn(1)-N(@3) 2.015(8)
Zn(1)-N(5) 1.982(10) Zn(1)-N(5) 2.024(10)
Zn(2)-0(1) 1.970(7) Zn(2)-0(1) 1.966(7)
Zn(2)-0(3) 1.998(7) Zn(2)-0(3) 1.955(6)
Zn(2)-N(2) 2.387(8) Zn(2)-N(2) 2.255(8)
Zn(2)—N(7) 1.997(12) Zn(2)-N(7) 2.094(10)
Zn(2)—N(9) 2.066(9) Zn(2)-N(8) 2.068(8)

Solution Speciation

The solubility of the ligands and complexes in an eth-
anol/water mixed solvent allowed the solution study of the
zinc(IT) complexes of Htdmbpo (in 80 % ethanol/water, w/
w) and Hbdmbbppo (in 35 % ethanol/water, w/w). These
studies involved a series of pH-dependent measurements.
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Table 5. Logarithmic formation constants for the proton and
zinc(Il) complexes of Htdmbpo (in 80 % ethanol/water, w/w, T =
298 K, I = 0.05 M NaNO;) and of Hbdmbbppo (in 35 % ethanol/
water, w/w , T = 298K, I = 0.1 m NaNO3); B, = [M,L,Hg]/

[M]P[L]9[H], with estimated errors in parentheses (last digit)
par Bpar
Htdmbpo Hbdmbbppo
011 5.91(2) 6.01(1)
012 10.54(2) 10.96(1)
013 14.35(2) 14.93(2)
014 16.71(2) 17.93(2)
112 - 16.37(4)
111 12.74(4) 12.47(8)
110 10.65(2) 9.80(3)
21-1 10.87(3) 9.56(4)
21-2 3.80(4) 2.43(5)
21-3 —4.00(5) —6.90(5)
pK3i=h 7.07 7.13
pK31-3% 7.80 9.33
NP (FPPT) 283 (0.012 cm™?) 300 (0.010 cm™3)
[al NP: number of experimental points. ™ FP: fitting parameter.

The determined protonation and complex formation con-
stants are listed in Table 5, together with some derived data
(see pH-metric measurements in the Exp. Sect.). Four
strongly overlapping deprotonation processes were ob-
served at pH > 2 for both ligands. The fifth and sixth pK
values are therefore much lower than 2, presumably due to
the formation of a hydrogen bond between the two substitu-
ents of a given tertiary amino group.

In the presence of zinc(IT) the same species were formed
with both ligands. In an equimolar solution, the complex
[ZnL]?>* is dominant in the neutral pH range. Dinuclear
[Zn,LH_ ]J¢ 9% complexes (x = 1—3) are also formed at
pH > 7. The latter species already becomes dominant at
pH = 4, in the presence of a twofold metal excess (Fig-
ure 4). The deprotonation during the formation of the first
dinuclear complex ([ZnL]** + Zn>* = [Zn,LH_,?" + H™)
takes place at surprisingly low pH (at pH = 4), which sug-
gests a concerted action of the two zinc(IT) ions. The parti-
cipation of the hydroxy group in this process should be par-
ticularly favorable, due to the preorganization of the metal
ions by the ligand. In this way, the complex [Zn,LH_]**
most likely has the same single p-alkoxo-bridged structure
as crystallographically determined for the complexes 4 and
5. The succeeding two deprotonations, leading to the com-
plexes [Zn,LH_,]*" and [Zn,LH_;]", involve the depro-
tonation of coordinated water molecules (the metal-induced
deprotonation of the pyrrolic nitrogen atom of the benzimi-
dazole moieties at pH = 7—8, is very unlikely in the case
of zinc(I)), thus they are better described as
[Zn,LH_;(OH)]*" and [Zn,LH_,(OH),]*. These two suc-
cessive processes are rather well separated for the
Hbdmbbppo complex (pK, — pK, = ApK = 2.2, see
Table 5), which allows the formation of the species M,LH _,
in relatively high concentrations, while ApK is only 0.73 for
the Htdmbpo complex. The solution speciation of these sys-
tems is clearly different from that observed for a N,N'-dis-
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Figure 4. Species distribution curves (solid lines) and the effect of
pH on the transesterification of hpnp (filled square) for the
zin¢(Il)-Htdmbpo (A) and —Hbdmbbppo (B) systems (7 =
298 K, [Htdmbpo] = 0.4 mm, [Hbdmbbppo] = 0.8 mm, [Zn"]/[L] =
2:1, [hpn] = lmm); a: Zn', b: [ZnL)*", c: [anLH P
[Zn,LH_,(OH)P*, e: [ZnLH_,(OH),]*

d:

ubstituted imidazole derivative of 1,3-diamino-2-propanol
(in 65 % ethanol/water, w/w mixture)*#, where the process
[ZnL]*T + Zn?" = [Zn,LH_;(OH)]>" + 2 H* takes place
in a single step. This difference is probably the result of the
higher stabilization of the 3N-coordinated zinc(II) ions in
the present case. This can be demonstrated by the log K
values of the above process, which are —7.06 for Htdmbpo,
—7.37 for Hbdmbbppo and —11.34 for the N,N’-disubsti-
tuted imidazole derivative.*4

Hydrolytic Studies

To screen the hydrolytic activity of the two systems de-
scribed above, their ability to promote the transes-
terification of 2-(hydroxypropyl)-4-nitrophenyl phosphate
(hpnp) was investigated. For these purposes pH-dependent
measurements were carried out (see Exp. Sect.). In both the
zinc(Il)-Htdmbpo and —Hbdmbbppo ([Zn')/[L] = 2:1)
systems, notable transesterification activity was observed at
pH > 6, parallel with the formation of the dinuclear species
Zn,LH_(OH) (Figure 4). Based on the pH/rate constant
profile, the successively formed Zn,LH_;(OH), complex of
Hbdmbbppo is also able to promote the transesterification,
and its activity is almost half of the former Zn,LH_;(OH)
species. Such behavior was not observed with Htdmbpo.
This difference may in part be due to the presence of the
four bulky benzimidazole residues in Htdmbpo, which
lower the binding ability of hpnp to the metal centers.

The rate of the transesterification shows first-order de-
pendence on the concentration of the dinuclear complex
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Figure 5. yz:)endence of ko,s on the concentration of

[Zn,LH_ I(OH)] complex of Htdmbpo (open square, pH = 7.50)
and Hbdmbbppo (filled square, pH = 8.00); 7= 298 K, [Zn"T}/
[L] = 2:1, [hpnp] = 1 mm

[Zn,LH_;(OH)]** (Figure 5). The second-order rate con-
stants determined from these plots are 0.109(3) m~'s™! for
Htdmbpo, and 0.129(4) m~!'s™! for Hbdmbbppo. These
constants are somewhat higher than the second-order rate
constant for the hydroxide ion catalyzed reaction (koy =
0.0745 M~ 1s71).134

The initial rate of transesterification has also been deter-
mined as a function of the substrate concentration. The
data depicted in Figure 6 show substrate saturation above
40—80-fold excess of hpnp. This indicates the validity of the
Michaelis—Menten kinetics in our systems, i.e. the forma-
tion of a ternary [Zn,LH_(OH)(hpnp)]* complex prior to
the intramolecular transformation. The nonlinear least-
squares fit of the data points, solid lines in Figure 6, gave
the Michaelis constants (Ky;) 12.9 mm and 5.2 mm, and
catalytic rate constants (kcy) 1.10X1073 s™ ! and 8.33%x10~4
s~ ! for the [Zn,LH_;(OH)]** complexes of Htdmbpo and
Hbdmbbppo, respectively. These k., values indicate ca.
four orders of magnitude maximal rate acceleration for the
hpnp transesterification by these complexes.’*¥! The dinuc-
lear Htdmbpo zinc(IT) complex possesses a somewhat
higher catalytic rate constant, but its substrate binding
(I/Kyp) is two and a half times less effective than that of
the corresponding Hbdmbbppo complex, which results in a
higher overall activity of the latter complex.

8-
[ ]
n
6..
T
1
£
2
i
.
> 2
n
0 : ; : : .
0.000 0.002 0004 0006 0.008 0.010
[hpnp] (M)

Figure 6. Saturation kinetic experiments for the transesterification
of hpnp by the zinc(Il)-Htdmpbo (open square, pH = 7.50, [L] =
1.6X107* M) and the zinc(II)—Hbdmbbppo (filled square, pH =
7.90, [L] = 1.8X10~* m) systems; 7 = 298 K, [Zn"]/[L] = 2:1
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By analogy with the crystal structure of complexes 4 and
5 (which contain the cacodylate bridging unit analogous to
the phosphate), 1, 5-bridged coordination of the substrate
hpnp can be envisaged for the dinuclear center. This would
create a double Lewis acid activation for the transes-
terification reaction. However, the inactivity of the species
[Zn,LH_,]?* (Figure 4), clearly demonstrates that this ef-
fect alone does not provide sufficient rate acceleration. This
would need the concerted action of the double Lewis acid
activation and the intramolecular general base catalysis by
a metal-bound hydroxide ion, which becomes possible only
in the successively formed [Zn,LH_;(OH)]’* complex
(Scheme 1).

NI Sy
7n
N/Z|n\ O/g/ | ~
N
C oﬂjrlr OH,

HO O

Scheme 1. The proposed mechanism for the transesterification of
hpnp by the dinuclear zinc(II) complexes

Conclusion

With the syntheses of the complexes 1, 2 and 3, the first
characterization of three structurally similar, heterodinu-
clear zinc(IT)—iron(III) complexes with bridging p-alkoxo
units has been accomplished. According to their structural
and spectroscopic properties they are excellent structural
models of the active site of kidney bean purple acid phos-
phatase, serine/threonine protein phosphatase 1 and cal-
cineurin. The use of an asymmetric ligand offers the pos-
sibility to prepare tailor-made heterodinuclear complexes.
The trigonal-bipyramidally coordinated zinc ion and the
octahedrally coordinated iron center are bridged by only
one additional cacodylate ligand. The coordination of a
water or a methanol molecule to the iron(III) center is very
interesting with respect to the discussion of the nucleophilic
species in the catalytic mechanism of kidney bean purple
acid phosphatase.

The dinuclear zinc complexes 4 and 5 serve as models
for alkaline phosphatase, phospholipase C, nuclease P1 and
phosphotriesterase. The in situ prepared dinuclear
[Zn,LH_;(OH)]?"  complexes of Htdmbpo and
Hbdmbbppo possess notable transesterification activity to-
wards the RNA model hpnp, around the neutral pH range.
The dinuclear complex formed with the asymmetric ligand
Hbdmbbppo showed higher activity as compared with that
of the symmetric ligand Htdmbpo, due to its higher sub-
strate binding ability. The results suggest a bifunctional
mechanism in the case of both ligands, i.e. the concerted
action of the double Lewis acid activation provided by the
dimetallic core and the intramolecular general base catalysis
provided by a zinc(I1)-bound hydroxide ion.
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Experimental Section

General Remarks: All chemicals were obtained from commercial
sources and used as received. CAUTION: Although no problems
were encountered, suitable care and precautions should be taken
when handling the perchlorate salts.

Physical Measurements: '"H NMR spectra were recorded with a
Bruker AC 200 instrument. The chemical shifts are reported relat-
ive to an internal standard of tetramethylsilane. Elemental analyses
were performed with an elemental Vario El I1I instrument. IR spec-
tra were recorded with a Bruker IFS 48 FT spectrometer. UV/Vis
spectra were obtained using a UVIKON 933 spectrometer of Kon-
tron Instruments equipped with 1.0-cm matched quartz cells and
operating in the range 190—900 nm. Cyclic voltammetric measure-
ments were carried out using a BAS CV-50 W potentiostat. All
experiments were run at room temperature under argon. A stand-
ard three-electrode cell was used equipped with a platinum elec-
trode, an Ag/AgCl/3 m NaCl reference electrode and a glassy car-
bon electrode. Tetra-n-butylammonium perchlorate (0.1 M) was
used as the supporting electrolyte. Magnetic susceptibility measure-
ments were carried out with a Quantum Design SQUID magneto-
meter at 3 T in a temperature range of 2—300 K. The mass spectra
were recorded with an electrospray mass spectrometer Quattro
LCZ with a nanospray inlet.

Synthesis: The barium salt of 2-(hydroxypropyl)-4-nitrophenyl
phosphate (hpnp) was prepared according to a literature proced-
ure.40

N,N,N',N'-Tetrakis|2-(5,6-dimethyl)benzimidazolylmethyl]-1,3-
diamino-2-propanol (Htdmbpo) and N,N,N’,N’'-Tetrakis|[2-(N'’'-
(2-hydroxyethyl)|benzimidazolylmethyl]-1,3-diamino-2-propanol
(Hthebpo): The symmetric ligands Htdmbpo and Hthebpo were
synthesized as described previously.[*!]

N,N-Bis|2-(4,5-dimethyl)benzimidazolylmethyl]-N',N'-bis(2-
pyridylmethyl)-1,3-diamino-2-propanol (Hbdmbbppo): The asym-
metric ligand Hbdmbbppo was prepared in a multi-step synthesis
using N,N-bis(2-pyridylmethyl)-1,3-diamino-2-propanol. The pre-
paration of the latter was carried out according to the procedure
reported by Suzuki et al. with some modifications.!'3 A mixture of
phthalimidomethyloxirane and bis(2-pyridylmethyl)amine was
heated for 3 d at 100—110 °C. The product was purified by silica
gel column chromatography with a chloroform/methanol ratio of
9:1. The synthetic route of the final steps is depicted in Scheme 2.

Chloroacetic acid (2.58 g, 27 mmol) was dissolved in water (6 mL).
An aqueous solution (8 mL) of sodium hydroxide (1.08 g, 35 mmol)
was added under cooling in an ice bath. N,N-Bis(2-pyridylmethyl)-
1,3-diamino-2-propanol (3.72 g, 14 mmol) was then added, and the
mixture was heated to 65 °C. Once more an aqueous solution
(8 mL) of sodium hydroxide (1.08 g, 35 mmol) was added over 1 h.
After the solution had been stirred at 65 °C for 3 h, 6 M hydro-
chloric acid (13.6 mL, 90.9 mmol) was added. The solvent was re-
moved in a rotary evaporator and the remaining solid was dissolved
in ethanol. The precipitate was filtered off and the solvent was re-
moved in a rotary evaporator to give N,N-bis(carboxyethyl)-N',N'-
bis(2-pyridylmethyl)-1,3-diamino-2-propanol. The product was
used without further purification.

N,N-Bis(carboxyethyl)-N', N'-bis(2-pyridylmethyl)-1,3-diamino-2-
propanol (6.13 g, 16 mmol) and 4,5-dimethyl-1,2-phenylenediam-
ine (4.49 g, 33 mmol) were dissolved in ethanol (5 mL) and thor-
oughly mixed, the solvent was subsequently removed. The mixture
was heated for 3 h at 130 °C until no further water steam de-
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Scheme 2. Final synthetic steps in the preparation of Hbdmbbppo

veloped. The residue was dissolved in a minimum of ethanol in a
sonic bath. This solution was added to a mixture of water (150 mL)
and concentrated ammonia (7 mL). A brown oily product precipit-
ated, which was purified by silica gel column chromatography with
tetrahydrofuran/methanol, 3:1. Yield: 5.09 g (8 mmol, 50%). M.p.
168 °C. 'TH NMR (200 MHz, CDCl3): § = 2.08 (m, 4 H,
CH-CH,—N), 2.35 (s, 12 H, CH3), 3.86 (m, 9 H, CH, N—CH,),
7.26 (m, 10 H, Ar—H), 8.39 (d, 2 H, Ar—H). IR (KBr, 4000—400
cm™1): ¥ [em 1] = 3391 (s), 3054 (w), 2922 (s), 1722 (w), 1634(w),
1593 (s), 1571 (w), 1538 (w), 1447 (s), 1364 (m), 1308 (m), 1262
(w), 1149 (w), 1121 (w), 1096 (w), 1048 (w), 1021 (w), 1001 (w),
980 (w), 858 (m), 799 (w), 764 (s), 666 (w), 630 (w), 461 (w), 436
(w). MS: m/z = 589 [M + H]*.

[Zn"Fe(tdmbpo)(0,AsMe,)(HOMe)](Cl04)5:4MeOH-2H,O (1):
A methanol solution (5 mL) containing Zn(ClO4),6H,O (64 mg,
0.17 mmol) and Fe(ClO4)3*9H,0 (89 mg, 0.17 mmol) was added to
a suspension of Htdmbpo (141 mg, 0.17 mmol) in methanol
(5 mL). The sodium salt of cacodylic acid (37 mg, 0.17 mmol), dis-
solved in methanol (5 mL), was then added to the solution. After
slow evaporation of the solvent, red orange crystals (132 mg,
0.09 mmol, 52%) were obtained after 2 d. UV/Vis (acetonitrile):
Amax = 402nm (¢ = 2458 M~ 'em™'). CsoH;9AsCl3FeN,(0,,Zn
(1474.7): caled. C 40.72, H 5.40, N 9.50; found C 40.07, H 5.24, N
9.78. Cyclic voltammetry (250 mV/s) in acetonitrile (1 mm): E,, =
99 mV (Zn"'—Fe!l/Zn""—Fe!'"). The cathodic peak at —760 mV is
arsenic-centered, poy = 5.92 up.

[Zn"Fe'"(thebpo) (O,AsMe,)(H,0)|(ClO4)(NO3),:3H,0 (2): An
aqueous solution (2.3 mL) of Zn(NOs),"6H,O (45 mg, 0.15 mmol)
was added to a solution of Hthebpo (137 mg, 0.15 mmol) in ace-
tonitrile (7.5mL). After a few minutes, an aqueous solution
(2.5 mL) of Fe(NO3);*9H,0 (61 mg, 0.15 mmol) was added drop-
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wise. A solution of the sodium salt of cacodylic acid, dissolved in
acetonitrile (2.5 mL), was added after a few minutes. The pH of
the solution was determined to be 3. After a few days, orange crys-
tals (45 mg, 0.04 mmol, 23%) suitable for X-ray crystallography
were obtained by diffusion of diethyl ether into the solution. The
perchlorate anion in the complex is taken from the perchlorate ad-
duct of the ligand. C45Hg3ASCIFeN 1,0, sZn (1347.7): caled. C
40.11, H 4.71, N 12.47; found C 40.27, H 4.67, N 12.38. Cyclic
voltammetry (250 mV/s) in DMSO (1 mm): E;, = —74 mV
(Zn""—Fe'/Zn"—Fe'). The cathodic peak at —720 mV is assigned
to arsenic, pe = 6.06 pp.

[Zn""Fe(bdmbbppo)(0,AsMe,)|(C10,),-5SMeOH (3): After the re-
action of Hbdmbbppo (103 mg, 0.17 mmol) in methanol (3 mL)
with a methanol solution (2.5mL) of Zn(ClO,),6H,O (64 mg,
0.17 mmol), a methanol solution (2.5mL) of Fe(ClO4);'H,O
(62 mg, 0.17 mmol) was added dropwise after a few minutes. Fi-
nally, the sodium salt of cacodylic acid (38 mg, 0.18 mmol) in meth-
anol (2 mL) was added. Slow evaporation of the solvent yielded
brown crystals (41 mg, 0.04 mmol, 24%) suitable for X-ray crystal-
lography. UV/Vis (methanol): Ay.x = 335nm (sh) (¢ = 2570
M~ lem ™). Ci sHssAsCl;FeNgO,7 sZn (1224.4): caled. C 38.75, H
4.53, N 9.15; found C 37.60, H 4.67, N 9.12. Cyclic voltammetry
(250 mV/s) in acetonitrile (1 mM): E;» = 157 mV (Zn"—Fe'/
Zn"—Fe). The cathodic peak at —740 mV is arsenic-centered,
Heir = 6.00 pp.

[Zn',(tdmbpo)(O,AsMe,)(HOMe)|(Cl04)5:4MeOH-2H,O (4): A
methanol solution (5 mL) of Zn(ClO4),-6H,0 (128 mg, 0.34 mmol)
was added to a suspension of Htdmbpo (141 mg, 0.17 mmol) in
methanol (10 mL). Then the sodium salt of cacodylic acid (37 mg,
0.17 mmol), dissolved in methanol (5mL), was added to the
solution. Colorless crystals (74 mg, 0.06 mmol, 35%) were ob-
tained after 2 d by slow evaporation of the solvent.
CsoH75AsCIN19046Zn, (1348.8): caled. C 44.52, H 5.61, N 10.39;
found C 43.20, H 5.47, N 10.70.

[Zn',(bdmbbppo)(0,AsMe,)|(Cl04),'H,O (5): An aqueous solu-
tion (3 mL) of Zn(ClOy),*6H,0 (128 mg, 0.34 mmol) and an aque-
ous solution (2 mL) of the sodium salt of cacodylic acid were added
to a solution of Hbdmbbppo (101 mg, 0.17 mmol) in acetonitrile
(5mL). Diffusion of diethyl ether into the solution afforded
colorless crystals (101 mg, 0.09 mmol, 55%) after 4 d.
C37H,47AsCILNgO,Zn, (1072.4): caled. C 41.44, H 4.42, N 10.45;
found C 40.27, H 4.55, N 10.14.

pH-Metric Measurements: The protonation and coordination equi-
libria were investigated by potentiometric titration in an ethanol/
water solvent mixture (35 or 80 % ethanol, w/w) [T = 298 * 0.1 K,
1= 0.1 mand 0.05 M (NaNO3) for 35 and 80 % ethanol/water, w/
w mixture, respectively], using an automatic titration set including
a Dosimat 665 (Metrohm) autoburette, an Orion 710A precision
digital pH-meter and an IBM-compatible PC. 20-mL sample solu-
tions were titrated with 0.1 m NaOH, prepared from solid NaOH
(Fluka) in an ethanol/water mixture. The accurate concentration of
the NaOH solution was determined by KH—phthalate. The sample
solutions were prepared from stock solutions of Zn(ClO,), and the
corresponding ligands. The Orion 8103BN semimicro pH glass
electrode was calibrated using standard aqueous buffer solutions
(pH = 4.0, 7.0 and 10, Sigma) and the actual pH in the mixed
solvent was then determined by subtracting 0.10 or 0.11 units (for
35 and 80% ethanol/water, w/w mixture, respectively) from the pH-
meter reading according to the method of Bates.[*?! The ionization
constants of water determined by us under the conditions used
[pK,, = 14.53(2) and 15.31(2) for 35 and 80 % ethanol/water, w/w
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mixture, respectively] are in good agreement with the literature
data.3] The species formed in the systems were characterized by
the general equilibrium process of Equation (1), where M denotes
the metal ion and L the nonprotonated (neutral) ligand molecule.

PMpLqHr
pM+qL+rH<——+MquHr

o

The corresponding formation constants (Byvprgrr = Bpgr
[M,L,H,J/IM]P[L]9H]") were calculated using the computer pro-
gram PSEQUAD,*4 as concentration constants. The protonation
and complex formation constants were determined from 3 and 6
independent titrations (60—80 data points per titration), respect-
ively. The metal/ligand ratios varied between 1:2 and 3:1, with the
metal ion concentration between 1.0X1073 and 2.5%X1073
mol-dm 3.

Kinetic Measurements: The transesterification of 2-(hydroxypro-
pyl)-4-nitrophenyl phosphatel* (hpnp) was monitored in a buf-
fered ethanol/water mixed solvent [/ = 0.1 or 0.05 M (NaNO3), T =
298 K] by detecting the increase in the absorbance maximum at
400 nm of the 4-nitrophenolate anion (¢ = 18900) (Figure 6). In all
cases 0.04 m buffer (HEPES and CHES) was used. The pK of 4-

Table 6. Crystallographic data for 1 to 5

nitrophenol was determined independently for our conditions
(pK = 7.50 = 0.02 and 8.47 = 0.02 for 35 and 80% ethanol/water
mixture, respectively). The initial concentration of hpnp varied
from 0.4 mMm to 9 mm. The initial slope method (= 4% conversion)
was used to determine the pseudo-first-order rate constants. The
reported data are the average of triplicate measurements with a
reproducibility better than 10%. In a typical experiment, the pH of
the solution containing 0.4—0.8 mM ligand, 0.8—1.6 mMm zinc(II),
buffer and background electrolyte was adjusted to the desired
value. 2 mL of this solution was equilibrated at 298 K in the spec-
trophotometer, 100 pL of 0.02 M hpnp was then injected into the
solution with efficient mixing. The increase in the absorbance at
400 nm was immediately monitored. Second-order rate constants
were obtained from plots of first-order rate constants against the
concentration for the complex Zn,LH_;(OH), calculated from the
formation constants determined by pH-metry.

X-ray Data Collection and Crystal Structure Determinations: The
unit cell parameters and basic information about data collection
and structure refinement are given in Table 6. Structures were
solved by heavy-atom methods (SHELXS-97) and refined by full-
matrix least-squares methods based on F? (SHELXL-97).143 The
location of a half occupied nitrate anion in 2 was not possible due

Empirical ormula

CsoHy9ASCLEeN 005,70 CysHgzASCIFeN 505, sZn Co sHssASCLFeNgO 7 sZn CsoHysASCLN 00 ¢Zn, CyrHayrAsCLNGO »Zn,

Formula mass 1474.72 1347.66

a[A] 35.239(7) 13.520(3)

b [A] 13.113(3) 15.172(3)

¢ [A] 28.375(6) 16.191(3)

AN 90 84.76(3)

B[] 92.85(3) 74.67(3)

v [°] 90 68.61(3)

vV [A3] 13096(5) 2982.3(10)

z 8 2

degica. [glem?] 1.487 1.466

Crystal system monoclinic triclinic

Space group C2/e¢ PI

Diffractometer Smart CCD Smart CCD

Radiation, & [A] Mo-K, = 0.7107

Monochromator graphite plate

Crystal size [mm)] 0.32x0.21x0.17 0.30%x0.20x0.19

T [K] 150(2) 150(2)

Scan type, ® range [°] ®, 3.66—34.06 o, 1.30—28.26

Index ranges —48=h=42 —-17=h=17
—14=k=17 —20=k=20
—37=h=42 —21=h=21

Reflections measured 42187 25157

Number of symmetry- 15973 12082

independent

reflections

p[mm~1] 1.291 1.321

Solution SHELXS-97, patterson method

LS refinements

SHELXL-97, against F*

Refined reflections 15973 12082
Parameters 849 703

GooF on F? 0.990 1.052

Final R/ and Rw2 0.0752/0.1751 0.0821/0.2459
[ > 20(1)]

Final R/ and Rw2 0.1519/ 0.2030 0.0896/0.2546
(all data)

Largest diff. peak 1.583/-0.739 4.338/—0.896

and hole

1224.41 1348.76 1072.39
11.088(2) 12.278(2) 11.148(2)
20.975(4) 14.079(3) 22.546(5)
22.636(5) 19.702(4) 18.854(4)
90 84.72(3) 90
99.84(3) 81.41(3) 101.51(3)
90 65.53(3) 90
5187.0(18) 3063.3(10) 4643.5(17)
4 2 4

1.560 1.458 1.531
monoclinic triclinic monoclinic
P2y/c Pi P2y/n
STOE IPDS Siemens P3 STOE IPDS

1.16X0.16X0.16

0.35X0.28%X0.23

0.40x0.32X0.10

213(2) 153(2) 213(2)

, 4.33-26.01 ®, 2.01-27.00 , 4.28-26.12
—12=h=13 —4=<h=10 —13=<h=13
—25<k=25 —16=<k=17 —27=k=27
—27=<h=26 —24<)=25 —22<h=22
40449 11443 36688

9572 10822 8645

1.605 1.478 1.921

9572 10822 8645

719 761 570

1.051 1.341 1.017
0.0651/0.1615 0.0989/0.2264 0.0977/0.2008
0.0937/0.1797 0.2115/0.2842 0.1699/0.2450
1.232/-0.652 1.649/—3.935 1.260/—0.747
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to high remaining electron densities and severe disorder. The charge
of the iron center was confirmed by magnetic susceptibility meas-
urements. The nitrate anions, water molecules and one hydroxye-
thyl group of the ligand in 2 were refined with isotropic thermal
parameters. All other non-hydrogen atoms were refined aniso-
tropically, with the exception of the two water molecules in 1, the
disordered carbon atom of the methanol molecule that is coordin-
ated to the iron center in 3, one carbon atom of the ligand in 4
and a disordered oxygen atom of a perchlorate anion and a water
molecule in 5. Hydrogen atoms were placed in calculated positions
and refined with a riding model with Uy(CH, CH,, NH) =
1.2:Ueq(C) and Uyx(CHj, OH) = 1.5:U(C) and 1.5-Uy(0), re-
spectively. High R values are caused by bad crystal quality. CCDC-
169381—169385 contain the supplementary crystallographic
data for this paper. These data can be obtained free of
charge at www.ccdc.cam.ac.uk/conts/retrieving.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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