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A series of dizinc(ll) complexes based on the pyrazolate ligands 3-[(1E)-N-hydroxyethanimidoyl]-4-methyl-1-

H-pyrazole-5-carboxylic acid (HsL'), (1E,1'E)-1,1’-(4-methyl- 1H-pyrazo|e -3, 5 dlyl)d|ethanone dihydrazone (HL2),
(E,E)-(4-methyl-1H-pyrazole-3,5- d|yI)b|s(methy|methanone) dioxime (HsL®), (E,E)-(4-phenyl-1H-pyrazole-3,5-diyl)-

bis(phenylmethanone) dioxime (HsL*), and 1H-pyrazole-3,5-dicarboxylic a0|d H3L ) have been synthesized and
investigated as functional models of phosphoesterases, focusing on correlations between the hydrolytic activity and
molecular parameters of the bimetallic core. Speciation of the various dizinc complexes in solution has been
determined potentiometrically, and the structures in the solid state have been established by X-ray crystallography.
The hydrolysis of two phosphoesters, an RNA model 2-hydroxypropyl-p-nitrophenyl phosphate (HPNP) and the
pesticide paraoxon-ethyl (POE), promoted by the dinuclear phosphoesterase model complexes has been investigated
in DMSO/buffered water (1:1) at 50 °C as a function of complex concentration, substrate concentration, and pH.
Drastic differences in the hydrolytic activities of [Zna(HL"),]°, [Zn,(L?),*, [Zn2(H2L3)2]2+ and [an(HL5)2]2’ are
observed and can be attributed to molecular peculiarities. Pyrazolate-bridged dinuclear zinc(ll) complexes seem to
provide a sufficient number of coordination sites for both activating the substrate and generating the nucleophile, where
the phosphate esters are preferentially bound in a bidentate bridging fashion (in the case of HPNP) and in a

monodentate fashion (in the case of POE).

Introduction

Novel catalysts that are capable of hydrolyzing phosphoe-
sters and carboxylic acid esters under mild conditions have
found broad applications across many fields, such as organic
synthesis, industrial processes, environmental treatment, and
national defense.' In particular, agents that promote hydro-
lysis of phosphoesters could be utilized for decontamination
of env1ronmental organophosphate pollutants such as para-
oxon.” Paraoxon (POE) is a biocide that has been widely used
for crop protection. The number of worldwide human
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intoxications with organophosphate pesticides and insecti-
cides is estimated at 3000000/year.” Paraoxon is also an
analogue of chemical warfare agents such as sarin, soman,
and VX.? and novel catalysts hydrolyzing organophosphate
compounds can be potentially employed for neutralizing
such military nerve agents.

Numerous strategies have been examined for cleaving
phosphoester and carboxylic ester bonds, and strong acids/
bases or metal ion catalysts are usually the reagents of choice
for hydrolysis reactions. If applied in organic synthesis,
however, extreme pH could be problematic to sensitive
functional groups, and some metal complexes may have
the drawback of potential toxicity. An alternative strategy
is to use hydrolytic enzymes for cleaving ester, amide, and
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phosphoester bonds. Enzymatic hydrolysis reactions can be
carried out at 37 °C in neutral aqueous medium. However,
low enzyme stability and high selectivity for native substrates
have limited the potential of using hydrolases for practical
applications. As a consequence, novel catalysts that can
cleave phosphoester and carboxylic ester bonds under mild
conditions are still urgently needed.*

Currently there is great interest in the design and develop-
ment of small or medium-sized organic or organometallic
compounds as potential therapeutic agents. Those designed
to target nucleic acids site-specifically or to mimic the func-
tion of enzymes that participate in nucleic acid strand
cleavage are of particular interest, because they can lead to
safer and more rational approaches to novel therapeutic
agents for cancer, viral diseases, and tools for molecular
biology.>®

Nature has developed both ribozymes and ribonucleases to
achieve rapid, site-specific, and catalytic cleavage of RNA
under physiological conditions. Investigations have shown
that the 2'-hydroxy function on the RNA ribose makes
hydrolysis or transesterfication much faster than that found
for DNA, which lacks this important functionality.7 DNases,
RNases, phosphatases, and ribozymes all hydrolyze phos-
phodiester bonds with the direct participation of one or more
metal ion centers, such as Mg(II), Zn(II), and Co(II).”#
Various phosphoesterases are known to contain two or even
three cooperating zinc ions within their active site.””"'* In
many of these, one or more water molecules are directly
bound to the metal ion.* Synthetic hydrolase models have
been very useful in providing information on basic functional
principles and mechanistic aspects of enzyme action.!' In
addition, there is hope that artificial nucleases for biomimetic
hydrolysis of DNA or RNA will eventually lead to beneficial
applications in biotechnology and medicine.'> Despite the
numerous studies, however, there still is only limited knowl-
edge of the factors that govern hydrolytic activity of dizinc(I1)
arrays and a paucity of general structure—reactivity correla-
tions."?

In this paper, we describe the results obtained in the study
of zinc(I) complexes of the pyrazolate-based dinucleating
ligands 3-[(1 E)-N-hydroxyethanimidoyl]-4-methyl-1 H-pyra-
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zole-5-carboxylic acid (HsL'), (1E,1'E)-1,1'-(4-methyl-1H-
pyrazole-3,5-diyl)diethanone dihydrazone (HL?), (E,E)-(4-
methyl-1H-pyrazole-3,5-diyl)bis(methylmethanone) dioxime
(H5L?), (E,E)-(4-phenyl-1H-pyrazole-3,5-diyl)bis(phenyl-
methanone) dioxime (H;L*), and 1H-pyrazole-3,5-dicar-
boxylic acid (H5L%) (Scheme 1) as catalysts of the
hydrolysis of two phosphoesters: 2-hydroxypropyl-p-
nitrophenyl phosphate (HPNP) as an RNA model
(Scheme 2) and the pesticide paraoxon-ethyl (POE). Unlike
previously reported pyrazolate-based ligands with two che-
lating arms appended at the 3- and 5-positions,'* the present
ligands bear in these positions arms that contain potentially
anionic electron-donor groups having N- and O-donor
functions (carboxylic, oxime, and hydrazone). These groups
are also able to form hydrogen bonds which can support
metal ion coordination and may participate in the generation
of an intramolecular hydroxide nucleophile that can be
involved in catalytic action. Via such second-sphere interac-
tions the ligands used here may thus improve the efficacy of
their complexes as functional enzyme models. In our study,
particular attention is devoted to the metal-catalyzed intra-
molecular transesterification of HPNP, extensively employed
as an RNA model substrate, whose mechanism, rather
surprisingly, has never been investigated in detail. The
reactivity data obtained for the different complexes have
been related to the thermodynamic stability and acidity of
coordinated water as an essential means to evaluate the
factors which control the Zn(II)-catalyzed phosphodi- and
phosphotriester hydrolysis.

Experimental Section

Materials and Measurements. Melting points/decomposition
temperatures were determined with an OptiMelt system (Stan-
ford Research Systems, Inc.) using open capillaries; the values
are uncorrected. "H and '*C NMR spectra were recorded on a
Bruker Avance 500, a Bruker Avance 400, or a Bruker 300
spectrometer. '*C resonances were obtained with broadband
proton decoupling; spectra were recorded at 298 K. "H NMR
and >C NMR chemical shifts were referenced internally to
solvent signals. The solvent signal was used as the chemical shift
reference (DMSO-ds; Oy 2.49, d¢ 39.7). *'P spectra were ex-
ternally referenced to 85% phosphorous acid. Mass spectra
were recorded with a Finnigan MAT 95 (EI), Bruker APEX
IV (HRMS, ESI), or AutoFlex Bruker Daltonics instrument
(GALDI). IR spectra from KBr pellets were recorded on a
Digilab Excalibur Series FTS 3000 spectrometer. Elemental
analyses were performed by the analytical laboratory of the
Institut fiir Anorganische Chemie der Universitdt Go6ttingen
using a Heraecus CHN-O-RAPID instrument or an Elementar
vario EL III instrument. UV —vis spectra were recorded with an
Analytik Jena Specord 100 spectrometer.

Synthesis. All chemicals were purchased from commercial
sources and used as received. Ligands H5L','> H3L5'® and
complex 5'7 were synthesized according to the reported methods.

Caution! Although no problems were encountered in this work,
transition metal perchlorate complexes are potentially explosive
and should be handled with proper precautions.
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Scheme 1. Ligands and Complexes Used in the Present Work
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Scheme 2. (a) Hydrolytic Decomposition of Paraoxon-ethyl (POE)
and (b) Intramolecular Hydrolytic Degradation of 2-(Hydroxypropyl)-
p-nitrophenyl Phosphate (HPNP), Resulting in Formation of a
Cyclic Phosphate (3-Methyl-2,5-dioxaphospholan-2-ol 2-Oxide) and
the p-Nitrophenolate Ion
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Synthesis of 3-[(1E)-N-Hydroxyethanimidoyl]-4-methyl-1H-
pyrazole-5-carboxylic Acid (HsL"). 5-Acetyl-4-methyl-1H-pyra-
zole-3-carboxylic acid'® (3 g, 0.018 mol), NH,OH-HCI (1.86 g,
0.027 mol), and CH3;COONa (2.80 g, 0.027 mol) were dissolved

(18) Sachse, A.; Penkova, L.; Noel, G.; Dechert, S.; Varzatskii, O. A.;
Fritsky, I. O.; Meyer, F. Synthesis 2008, 5, 800-806.

in water (50 mL). The mixture was stirred for 2 h, and the pH
was adjusted to 4 by slow addition of aqueous HCI (1:1). A white
precipitate formed. The mixture was left to stand for 10—12 h,
and the solid material was separated by filtration and dried
under vacuum. Yield: 2.2 g (67%); white solid, mp 220 °C. IR
(KBr, cm™1): 1690 (veen) (5), 1640 (m), 1590 (s), 1400 (m), 1370
(m), 1300 (m), 1260 (m), 1240 (s), 1200 (m), 1130 (w), 1070 (w),
1005 (vn—o) (m), 960 (w), 925 (w), 790 (m), 725 (W), 650 (w). 'H
NMR (500 MHz, DMSO-dg): 6 2.13 (s, 3H, CH3), 2.34 (s, 3H,
CHj;(Pz)), 11.08 (br, 1H, NOH). '*C NMR (500 MHz, DMSO-
ds): 6 29.9 (CH;(P2)); 30.6 (CHs(ket)); 121.1, 125.6, 129.2 (3C-
(Pz)). MS (EI, 70 eV): m/z (%) 182 (75) [M — H]*. Anal. Calcd
for C;H9N3O3: C, 45.90; H, 4.95; N, 22.94. Found: C, 45.23; H,
5.36; N, 22.44.

Synthesis of (1E,1'E)-1,1'-(4-Methyl-1H-pyrazole-3,5-diyl)
diethanone Dihydrazone (HL?). 3,5-Diacetyl-4-methyl-1H-pyra-
zole'® (1 g, 0.006 mol) and NoHy4-H>O (1.2 g, 0.024 mol) were
dissolved in methanol (20 mL). One to two drops of acetic acid
were added to the solution. The mixture was stirred for 2 h,
whereupon a white precipitate formed. This was separated by
filtration and dried under vacuum. Yield: 0.95 g (81.7%); white
solid, mp 275 °C. IR (KBr, 01n71): 3370 (br, s), 3285 (br, s), 2985
(br,w), 1670 (w), 1605 (m), 1455 (w), 1375 (m), 1320 (br, w), 1295
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(br, w), 1250 (m), 1200 (m), 1135 (sh), 1100 (m), 1055 (m), 980
(W), 940 (w), 850 (s), 750 (s), 660 (W), 585 (W), 550 (w), 490 (m).
"H NMR (500 MHz, DMSO-d): 6 2.00 (s, 6H, CH3), 2.23 (s,
3H, CH4(Pz2)), 6.18 (s, 4H, NH,), 12.35 (s, 1H, N(Pz)—H). 1*C
NMR (500 MHz, DMSO-dg): 6 11.025 (CHs(pz)*), 12.335
(CH3), 109.393 (C(pz)*), 155.92 (C(pz)*”), 195.18 (O=CCH3).
MS (EIL, 70 eV): m/z (%) 194.0 (100) [M]. Anal. Calcd for
CgH4Ng: C, 49.47; H, 7.26; N, 43.27. Found: C, 47.57; H,
7.47; N, 43.62.

Synthesis of (E,E)-(4-Phenyl-1H-pyrazole-3,5-diyl)bis(phe-
nylmethanone) Dioxime (H3;L"). 3,5-Dibenzoyl-4-phenyl-1H-
pyrazole'® (7.05 g, 0.02 mol), NH,OH-HCI (2.78 g, 0.04 mol),
and CH3;COONa (8.32 g, 0.08 mol) were dissolved in a water/
methanol (1:1) mixture (100 mL) and stirred for 1 h. NiCl,-6
H,0 (4.76 T, 0.02 mol) was added to the solution, which led to
the formation of a yellow precipitate of a putative nickel
complex. This was separated by filtration and added to a
solution of KCN (8 g) in water/methanol (1:1, 50 mL), and
the mixture was boiled for 1 h. The resulting yellow solid of the
ligand was separated by filtration and recrystallized from ben-
zene/heptane. Yield: 5.48 g(71.7%); yellow solid, mp 123 °C. IR
(KBr, cm™"): 3221 (br, s), 3059 (s), 2855 (m), 1655 (ve—n) (M),
1600 (w), 1495 (m), 1448 (m), 1290 (m), 1243 (w), 1176 (w), 1080
(W), 1061 (w), 980 (vn—0) (5), 938 (VNn—0) (8), 768 (s), 695 (vs), 529
(w). "H NMR (300 MHz, CDCl5): 6 8.22—8.92 (m, 15 H, CH
(Ar)), 12.76 (br, 1 H, NH), 13.30 (br, 1 H, OH). 14.71 (br, 1 H,
OH). 3C NMR (300 MHz, CDCls): 8 99.54 (C(pz)*), 119.80 (C
(pz)*”), 126.21 (CH(Ar)), 126.79 (CH(Ar)), 127.23 (CH(Ar)),
127.75 (CH(Ar)), 128.46 (CH(Ar)), 129.31 (CH(Ar)), 131.33 (C
(Ar)), 132.67 (C(Ar)), 147.11 (C=NOH). ESI-MS: m/z (%)
383.1 (100) [M + H] . Anal. Calcd for Cp3H sN4O,: C, 72.24;
H, 4.74; N, 14.65. Found: C, 72.03; H, 5.96; N, 14.44.

[Zny(HL")»(Py)4] - 2H,O (1). To a solution of H3L' (0.0458 g,
0.25 mmol) in DMF (2.5 mL) was added a solution of Zn-
(NO3),-6H,0 (0.0474 g, 0.25 mmol) in water (2.5 mL), and the
mixture was stirred at room temperature for 2 h. The resulting
pale yellow solution was filtered and salted out with pyridine to
gradually yield pale yellow crystals (99 mg, 94%) of 1. IR (KBr,
em™ 1) 3460 (br, s), 1650 (veen) (s), 1640 (sh, s), 1600 (vs), 1480
(w), 1440 (m), 1350 (w), 1310 (m), 1240 (w), 1145 (w), 1070 (w),
1040 (vn—-0) (m), 1010 (W), 950 (W), 835 (w), 820 (w), 790 (w), 760
(m), 705 (m). '"H NMR (400 MHz, DMSO-dg): 6 2.77 (s, 6H,
CHs(pz)), 2.93 (s, 6H, CH3), 7.33 (8H, Py), 7.73 (4H, Py), 8.52
(8H, Py). GALDI-MS: m/z 681 [Zny(HL"),(Py)(DMF)
(H20)2]+. Anal. Calcd for C34H38N|0082n2: C, 4830, H, 453,
N, 16.57. Found: C, 43.71; H, 3.99; N, 17.02.

[Zny(L?),(CH3CO0),]- DMF-2H,0 (2). To a solution of
HL?(0.014 g, 0.25 mmol) in DMF (2.5 mL) was added a solution
of KOH (0.0140 g, 0.25 mmol) in water (2.5 mL), and the mixture
was stirred at room temperature for 5 min. Then a solution of Zn
(CH;3CO0),-2H,0 (0.0459 g, 0.25 mmol) in water (2.5 mL) was
added, and stirring was continued at room temperature for 2 h.
The resulting pale yellow solution was filtered and slowly allowed
to evaporate to gradually yield pale yellow crystals (82 mg, 88%)
of the product 2. IR (KBr, cm™'): 3460 (br, s), 3275 (br, s),
2980 (w), 1640 (w), 1600 (m), 1450 (w), 1380 (m), 1310 (br, w),
1260 (m), 1200 (m), 1130 (sh), 1090 (m), 1050 (m), 970 (w), 755
(vs), 665 (w), 580 (w). '"H NMR (400 MHz, DMSO-d;): 6 1.98
(s, 6H, CH3),2.20 (s, 3H, CH5"), 6.70 (s, 4H, NH,). GALDI-MS:
m/z 680 [Zny(L?),(CH;COO0),] + K. Anal. Caled for Ca3Hys-
N130,Zn,: C, 37.11; H, 5.82; N, 24.46. Found: C, 36.88; H, 5.02;
N, 24.46.

[Zny(H,L*)>(NO3),] (3). To a solution of H3L3 (0.098 g,
0.5 mmol) in methanol (15 mL) was added a solution of Zn
(NO3),-6H,0 (0.1862 g, 0.5 mmol) in water (2.5 mL), and the
mixture was stirred at room temperature for 2 h. The resulting
colorless solution was filtered and slowly allowed to evaporate
to gradually yield the product 3 as a pale yellow solid (161 mg,
74%). IR (KBr, cm™"): 3432 (br, s), 1630 (vc=n) (s), 1573 (5),
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1384 (vs), 1318 (s), 1229 (m), 1122 gw), 1037 (vn-0) (m), 960 (m),
820 (w), 773 (w), 697 (w), 623 (w). 'H NMR (400 MHz, DMSO-
dg): 0 1.85 (s, 3H, CHj(pz)*), 2.14 (s, 6H, CH;), 11.26 (br,
NOH). GALDI-MS: m/z 644 [Zn,(H,L?),(NO;), — H]". Anal.
Calcd for C;¢H»oN19O0Zn5: C,24.98; H, 2.88; N, 21.85. Found:
C, 25.20; H, 2.62; N, 22.07.

[Zn,(HL?),] (4). To a solution of H3L*(0.0765 g, 0.2 mmol) in
methanol (5 mL) was added Zn(ClOy),-6H,O (0.0745 g,
0.2 mmol), and the mixture was stirred at room temperature
for 30 min. The resulting yellow solution was filtered and set
aside for slow evaporation at room temperature to yield dark
yellow crystals (42 mg, 47%) of the product 2. IR (KBr, cm™'):
2940 (m), 2870 (m), 1735 (m), 1640 (w), 1605 (vc=n) (W),
1465 (w), 1390 (m), 1290 (m), 1150 (s), 1120 (vn—0) (8), 1095
("n_o) (3), 920 (w), 750 (w), 700 (m), 665 (m). 'H NMR
(400 MHz, DMSO-dq): 6 6.98—8.14 (m, 15 H, CH(Ar)), 11.24
(br, 1 H, OH). 12.07 (br, 1 H, OH). GALDI-MS: m/z 905.6
[Zno(HL*), + H]*. Anal. Caled for C46H3,NgO4Zny: C, 61.97;
H, 3.62; N, 12.57. Found: C, 61.61; H, 3.93; N, 12.33.

Kinetic Measurements. The kinetic measurements were per-
formed at 50 °C using buffered solutions in DMSO/water (1:1).
MES (2-(N-morpholino)ethanesulfonic acid), BES (N,N-bis-
(2-hydroxyethyl)-2-aminoethanesulfonic acid), TAPS ([(2-hydro-
xy-1,1-bis(hydroxymethyl)ethyl)amino]-1-propanesulfonic acid),
CHES (2-(N-cyclohexylamino)ethanesulfonic acid), and CAPS
(3-(cyclohexylamino)-1-propanesulfonic acid) were used as buf-
fers. The ionic strength was fixed at 0.1 M with sodium perchlo-
rate. In a typical experiment, 1.5 mL of aqueous buffer solution
was mixed with 0.5 mL of complex stock solution (in DMSO) and
0.5 mL of DMSO in a temperature-controlled spectrophoto-
metric cell. After equilibration for 5 min, 0.5 mL of POE or
HPNP stock solution (in DMSO) was added and data collection
was started immediately. The cleavage of substrate was mon-
itored by following the increase of the 4-nitrophenolate absorp-
tion at 414 nm. The activities of the complexes were determined
by the method of initial rates. At least two independent measure-
ments were made. Conversion from absorbance to concentration
was performed by using the Lambert—Beer law, A=¢.c. The pH
dependence of e, was determined with 4-nitrophenol in the
above solvent mixtures.

pH-Metric Titrations. Due to the low solubility of the studied
ligands in pure water, all measurements were conducted in a
MeOH/H,O (80:20 w/w) mixture. Ligands and their complexes
were also partly soluble in DMSO/H,0O (50:50 w/w), but po-
tentiometric measurements were not possible in that solvent
mixture. Potentiometric titrations were performed on a MOL-
SPIN pH-meter system at a constant temperature of 25 °C under
an argon flow using NaOH as titrant and a RUSSEL CMAW
711 standard microcombined glass electrode with its KCl aqu-
eous reference solution replaced with 0.1 M NaCl dissolved in
MeOH/H,O (80:20 w/w). The constant ionic strength was
adjusted to 0.1 M by use of sodium perchlorate. The pH meter
was calibrated daily in terms of hydrogen ion concentration
using HCIO,, and a pK,, of 14.42 was established. In the case of
ligands HL2, H;L3, and H5L* complexation equilibria could not
be studied, due to the very high or very low protonation
constants, beyond the accessible pH range.

Titrations of 2 mL solutions of free ligands and their zinc
complexes were performed between pH 2 and 10 at different
molar ratios. H3L> was titrated within the pH range 2.5—8.0 due
to precipitation. Also a 1:1 metal to ligand molar ratio could not
be examined potentiometrically due to precipitation. The pH-
metric results were used to establish the stoichiometry of formed
species, and their stability constants were computed with the
help of the SUPERQUAD program.

Crystal Structure Determination. Details of the data
collection and processing, structure analysis, and refine-
ment are summarized in Table 1. Diffraction data were
collected on a Xcalibur-3 (w and ¢ scans) equipped with
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Table 1. Crystal Data and Structure Refinement Details for 1, 2, and 4

Penkova et al.

1 2 4
empirical formula C34H38N10032n2 C23H43N13O7Zl’12 C46H32N804Zn2
formula wt 845.48 744.44 891.54
cryst syst monoclinic triclinic monoclinic
space group C2c P1 P2/n
a(A) 13.434(3) 10.5620(3) 13.8426(9)

b (A) 12.594(3) 11.8290(5) 28.9003(16)
c(A) 21.626(4) 13.2190(5) 14.5237(9)

o (deg) 90 81.200(2) 90

B (deg) 99.95(3) 87.030(2) 100.956(4)

y (deg) 90 75.373(2) 90

V(A% 3604.0(12) 1579.07(10) 5704.,4(6)

Z 4 2 6

caled density (g/cm?) 1.558 1.566 1,557
u(mm™") 1.397 1.582 1,321

F(000) 1744 776 2736

T (K) 120(2) 110(2) 120(2)

6 range (deg) 2.23—-25.99 3.12—-27.55 2.01—-25.06
no. of rflns collected 18867 28433 59059

no. of unique rflns 3541 7188 10034

Rine 0.0443 0.0468 0.2414
R1/wR2* (I >20(I)) 0.0300/0.0604 0.0376/0.0773 0.0771/0.1720
R1/wR2* (all data) 0.0496/0.0656 0.0608/0.0852 0.1820/0.2204
GOF 1.045 1.026 1.020

graphite-monochromated Mo Ka radiation (A = 0.71073 A).
The data were corrected for Lorentz—polarization effects and
for the effects of absorption (analytical method using a multi-
faceted crystal model). The structures were solved by direct
methods and refined by full-matrix least-sqluares methods on F*
using the SHELX-97 set of programs.'® CCDC reference
numbers: 676177—676179.

Results and Discussion

A set of five pyrazolate-based dinucleating ligands,
H;L'—H;L%, was used in the present study (Scheme 1). The
ligands differ in the chelating side arms at the 3- and 5-
positions of the heterocycle. H3L! is asymmetric, with two
different side arms, while HL*~H;L3 each provide two
identical compartments.

Reactions of the ligands with 1 equiv of zinc salts in
methanol or DMF were accompanied by deprotonation of
the N—H pyrazole moieties (and also by deprotonation of the
carboxylic and oxime groups in the corresponding ligands)
and resulted in formation of 2:2 species, which was confirmed
by ESI-MS monitoring of the reaction mixtures. The corre-
sponding binuclear neutral and cationic zinc(Il) complexes
were isolated by slow evaporation of the reaction solutions at
room temperature in the air or under an atmosphere of
pyridine vapor (in the case of 1), which acts as a base and a
coligand. The complexes have been isolated and fully
characterized, including single-crystal X-ray crystallo-
graphy (with the exception of 3). In all cases, two zinc ions
are hosted within the adjacent compartments of two oppos-
ing ligand strands and are doubly bridged by the two
pyrazolates.

For complexes 1, 3, and 4 with the oxime-containing
ligands, infrared absorption peaks assigned to the ¥(N—O)
stretching mode of the oxime groups were found to be
noticeably shifted to higher frequencies as compared to the
spectra of the corresponding free ligands (Av= 35 (1), 27 (3),
157 and 140 cm ™' (4)). This clearly suggests coordination of

(19) Sheldrick, G. M. SHELXY97, Programs for Crystal Structure Analysis
(Release 97-2); Universitit Gottingen, Gottingen, Germany, 1998.

Figure 1. View of the molecular structure of 1. In the interest of clarity,
all protons except those of the H,O bridge have been omitted.

the oxime group via the nitrogen atom, as observed in the
solid-state structures of 1 and 4 (see below).%*!

Structural Characterization of Complexes. According
to X-ray crystallography, crystals of 1 consist of the
dinuclear neutral complex molecules [Zn,(HL"),Py,]
and water solvate molecules (Figure 1; selected intera-
tomic distances and angles are given in Table 2). The
complex species is a centrosymmetric dimer; the inversion
center is located at the midpoint of a segment which
connects two zinc atoms. The distance Zn(1)---Zn(1’)
(the prime indicates the symmetry transformation
1.5—x,0.5—y, 1—2)is 4.1145(9) A. The complex com-
prises two zinc(Il) ions and two trans-disposed doubly

(20) Onindo, Ch. O.; Sliva, T. Yu.; Kowalk-Jankowska, T.; Fritsky, I. O.;
Buglyo, P.; Petti, L. D.; Koztowski, H.; Kiss, T. J. Chem. Soc., Dalton Trans.
1995, 3911-3915.

(21) Barjesteh, H.; Chakrabarti, J.; Charalambous, J.; Carugo, O.;
Castellani, C. B. Polyhedron 1996, 15(8), 1323-1330.
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Table 2. Sclected Interatomic Distances (A) and Angles (deg) for 1¢

Zn(1)—0(1) 2.1602(16) Zn(1)=N(5) 2.335(2)
Zn(1)—N(1) 2.208(2) Zn(1)- - -Zn*(1) 4.114
Zn(1)-N(Q2) 2.1744(19) 0(3)~N(5) 1.395(2)
Zn(1)~N(3) 2.0686(18) N(3)-N(@4) 1.335(2)
Zn(1)~N(4) 2.0473(18)

O()—Zn(1)=N(1)  86.82(7) N(3)—Zn(1)=-N(2) 94.68(7)
O()—Zn(1)-N2)  85.42(7) N(3)—Zn(1)=N(5) 167.01(7)
O()—Zn(1)~N(5) 116.21(6) N(4)—Zn(1)—0(1) 171.57(6)
N()=Zn(1)=N(5)  84.00(7) N(@)—Zn(1)—N(1) 95.67(7)
N(@2)~Zn(1)=N(1) 161.83(7) N#)—Zn(1)-N(2) 94.37(7)
N(Q2)—Zn(1)=-N(5)  84.73(7) N(4)—Zn(1)-N(3) 95.02(7)
NG)-Zn()—0O(1)  76.61(6) N(@)—Zn(1)—N(5) 72.12(7)

N(3)=Zn(1)-N(1)  99.47(7)

“Symmetry transformations used to generate equivalent atoms:
() =x 4 o =y + oz + 1.

deprotonated pyrazolate ligands occupying the equator-
ial positions of the coordination sphere of the metal ions,
and this central core is roughly planar (with maximum
deviations for non-hydrogen atoms, excluding C-4 meth-
yl carbons, reaching 0.078(2) A). The pyrazole ring and
the carboxylic group of H3L! are ionized, while the oxime
group remains protonated. Overall the zinc(IT) atom is
situated in a distorted-octahedral environment: the equa-
torial plane is formed by two pyrazolate N atoms from the
two different ligand strands (d(Zn—N)=2.0473(18)—
2.0686(18) A) the oxime N atom of one ligand (d(Zn—
N)=2.335(3) A) and the carboxylic O atom of the other
ligand (d(Zn—0)=2.160(1) A). The equatorial plane is
only very slightly distorted, with the maximum deviation
of the donor atoms from the mean plane not exceeding
0.03(1) A (for N(3)), while the Zn atom deviates from this
plane by 0.136(7) A. The axial positions at zinc are
occupied by the pyridine ligands (d(Zn—N)=2.175(2)—
2.208(2) A).

Each zinc atom in 1 forms two five-membered
chelate rings with the two trans-located ligands:
with participation of the carboxylic oxygen of one ligand
(Zn(1)—O(1)—C(17)—C(16')—N(3")) exhibiting an en-
velope conformation, and with participation of the
oxime nitrogen from the other ligand (Zn(1)—N(5)—C-
(14)—C(11)—N(4)) possessing a planar conformation.
A central six-membered bimetallic cycle is formed
by two zinc(I) atoms and the two N,N'-pyrazolate
bridges. The virtually planar structure is additionally
stabilized by formation of two hydrogen bonds between
the water molecule and the carboxylic O atom of the first
ligand (O(3)—H(30) = 0.84 A, H(30)---0O(4) = 1.82 A,
O(3)—H(30)---0O(4)=2.644(2) A, 167.2°) and the oxime
OH function of the second ligand (O(4)—H(4A) = 0.92 A,
H(4A)---O(1') = 1.91 A, O(4)—H(4A)- - -O(1") = 2.750-
2) A, 150. 7°). The resultmg seven-membered rings (Zn-
(H— O(l’) H@4A)—0(4)—H(B0)—0(3)—N(5)) thus con-
nect the equatorial coordination sphere into a closed

pseudomacrocychc structure.
The crystal “structure of 2 consists of the binuclear

neutral complex molecules [Zn,(L*),(CH;COO),] and
some molecules of DMF and water of solvation (Figure 2;
selected interatomic distances and angles are given in
Table 3). Although [L?*]” is a symmetric pyrazolate
ligand, the complex 2 (unlike 1) is not centrosymmetric
and does not possesses any intrinsic crystallographic
symmetry; it only approaches approximate C,, molecular
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Figure 2. View of the molecular structure of 2. In the interest of clarity,
all protons, except those of the H,O bridge, have been omitted.

Table 3. Selected Interatomic Distances (A) and Angles (deg) for 2

Zn(1)—O(1) 1.9656(17) Zn(2)—N(9) 2.065(2)
Zn(1)-N(2) 2.210(2) Zn(1)- - -Zn(2) 4.094
Zn(1)=N(3) 2.064(2) N(D)—N(Q2) 1.395(3)
Zn(1)—N(10) 2.072(2) N(3)—N(4) 1.343(3)
Zn(1)—-N(11) 2.164(2) N(5)—N(6) 1.395(3)
Zn(2)—0(3) 1.9613(17) N(7)-N(8) 1.409(3)
Zn(2)-N(4) 2.052(2) N(9)—N(10) 1.340(3)
Zn(2)~N(5) 2.195(2) N(11)=N(12) 1.391(3)
Zn(2)—N(8) 2.152(2)

O(1)—Zn(1)~N(2) 105.14(7)  O(3)-Zn(2)-N@)  111.76(8)
O(1)—Zn(1)-N(3) 112.328)  O(3)-Zn(2)—N(5)  103.84(7)
O()—=Zn(1)-N(10)  103.70(8)  OB3)—Zn(2)-N(8)  114.70(8)
O()—Zn()-N(11)  110.07(8)  OB3)—Zn(2)-N(©)  104.47(8)
N(3)—Zn(1)-N(2) 73.88(8) N@)—Zn(2)-N(5)  74.36(8)
N(3)—Zn(1)—N(10) 90.46(8) N@#)—Zn(2)-N(@8)  133.51(8)
NG)-Zn(D)-N(I11)  137.479) N@)—Zn(2)-N(©)  90.64(8)
N(10)-Zn(D)-N(Q2)  150.69(8) N(8)—Zn(2)—N(5)  95.78(8)
N(10)=Zn()=N(11)  76.398)  N(9)—Zn(2)—N(5)  151.28(8)
N(11)=Zn(1)-N(2) 98.33(8)  N(9)—Zn(2)-N@®)  76.71(8)

symmetry. In contrast to the case for 1, the zinc(II)
atoms are situated in a distorted-tetragonal-pyramidal
coordination environment of four N atoms (two belong-
ing to the pyrazolate rings and two from the hydrazone
N atoms of two different ligands (d(Zn—N)=2.052(2)—
2.210(2) A)) forming the equatorial plane and the O
atom of the monodentately coordinated acetate group
(d(Zn—0) = 1.9613(17) and 1.9656(17) A) occupying
the apical position. The Zn---Zn separation (4.094(7)
A) is very close to that observed in 1, while the conforma-
tion of the complex noticeably differs from that in 1:
both pyrazolate ligands are significantly tilted from a
coplanar disposition with a dihedral angle of 122.4°
between their mean planes defined by the non-hydrogen
atoms. Thus, the conformation of the binuclear complex
may be described as a “rooflike” structure, crowned by
two “antennas” of the acetate anions. The zinc atoms are
significantly displaced from the mean plane defined by
the four equatorial donor atoms in the direction of the
acetate ions (by 0.649 and 0.676 A for Zn(1) and Zn(2),
respectively). The six-membered bimetallic cycle exhibits
a boat conformation (Zn(1) and Zn(2) atoms displaced
from the N(3)N(4)N(9)N(10) mean plane by 0.455 and
0.471 A, respectively).
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Figure 3. View of the molecular structure of 4. In the interest of clarity,
all protons except H(20) and H(40) have been omitted.

The most interesting feature of this structure is the
additional support of apical monodentate acetate coor-
dination by intramolecular hydrogen bonds that form
between the uncoordinated acetate O atoms and the
amine N atom of the hydrazone groups as well as between
the coordinated acetate O atom and a single water
molecule located above the central six-membered bime-
tallic cycle (Figure 2). Thus, the water molecule bridges
two acetate anions by acting as a 2-fold hydrogen bond
donor. These hydrogen bonds supporting the acetate
coordination and the bridging function of the central
water molecule may be very important features with
respect to substrate interaction with the bimetallic active
site of zinc hydrolytic enzymes. It demonstrates the
possibility of efficient substrate binding by the synergetic
effects of both metal—ligand bonds and hydrogen bonds,
which is reminiscent of the more complex enzyme—
substrate interactions in natural systems. Moreover, the
bridging role of the water molecule may facilitate simul-
taneous binding of two substrate molecules to the active
site, which should be taken into account when employing
substrates that have relatively small interdonor dis-
tances, not suitable to provide a good fit for bridging
coordination of one substrate molecule at a binuclear
site. Indeed, the O- - - O separation in acetate (2.226 A) is
too short for unstrained bridging coordination in 2, while
in phosphate and phosphoesters this separation is much
longer, which is a prerequisite for bridging coordination
to bimetallic sites with metal—metal separations of
around 4 A.

The molecular structure of 4 is presented in Figure 3;
selected interatomic distances and angles are given in
Table 4. The structure consists of the neutral binuclear
complex molecules [Zn,(HL*),] containing two doubly
deprotonated ligands coordinated to two zinc(II) ions.
The unit cell contains two crystallographically indepen-
dent molecules that insignificantly differ in their geome-
trical and conformational parameters: (1) molecules
containing two crystallographically independent zinc
atoms (d(Zn(1)- - -Zn(2))=3.761 A) (2) centrosymmetric

Penkova et al.

Table 4. Sclected Interatomic Distances (A) and Angles (deg) for 4

Zn(1)-N(2) 1.837(7) Zn(3)-N(11) 1.894(8)
Zn(1)=N(7) 1.855(7) Zn(3)- - -Zn(3') 3.750
Zn(1)—-N(8) 1.863(7) O(1)—N(1) 1.33009)
Zn(1)—N(1) 1.889(8) 0(2)—-N(4) 1.338(9)
Zn(2)-N@3) 1.834(7) O(4)—N(8) 1.335(9)
Zn(2)—N(6) 1.854(7) 0(5)-N(9) 1.342(9)
Zn(2)—N(5) 1.869(8) O(6)-N(11) 1.297(9)
Zn(2)-N(4) 1.902(8) N(2)—N(@3) 1.3209)
Zn(1)- - -Zn(2) 3.761 N(6)—N(7) 1.322(10)
Zn(3)-N(12) 1.815(7) N(10)—N(12) 1.318(10)
Zn(3)—N(10) 1.841(7) N(12)-N(10') 1.318(10)
Zn(3)~N(9) 1.886(7)

N@)—Zn(1)~N(1) 82.03)  N(3)~Zn(2)—N(4) 81.6(3)
N(2)—Zn(1)=N(7) 96.7(3)  N(6)—Zn(2)—N(4) 175.8(3)
NQ)—-Zn()-N@®)  174.5(3)  N(5)—Zn(2)—N() 99.1(3)
N(7)—=Zn()-N(1)  1748(3)  N(9)—Zn(3)-N(11) 100.6(3)
N(7)=Zn(1)—=N(8) 81.83)  N(10)—Zn(3)—N(9) 81.1(3)
N(8)—Zn(1)~N(1) 99.03)  N(10)-Zn(3)-N(I11)  178.3(3)
N(3)—Zn(2)—N(6) 96.3(3)  N(12)-Zn(3)~N(9) 177.4(3)

N(3)—Zn(2)=N(5)  175.5(3)
N(6)—Zn(2)—N(5) 82.7(3)

N(12)—Zn(3)—N(10) 96.6(3)
N(12)-Zn(3)-N(11) 81.7(3)

dimers (the Zn(3)- - - Zn(3') distance (the prime indicates
the symmetry transformation —x, —y, —z) is 3.750 A).
Note that these separations are much shorter than
those observed in 1 and 2. Interestingly, in both types of
molecules the metal atoms exhibit a lower coordination
number than in 1 and 2 and are found in a distorted-
square-planar coordination environment provided by
the two pyrazolate nitrogen atoms and two oxygen
atoms belonging to the deprotonated oxime group of
one of the ligands (d(Zn—N) = 1.863(7)—1.886(7) A)
and the protonated oxime group of the second ligand
(d(Zn—N) = 1.889(8)—1.894(8) A). A likely reason for
the lower coordination number in 4 is the presence of
six bulky phenyl rings that provide a hydrophobic peri-
phery of the complex, thus disfavoring occupation of
apical positions by monodentate ligands. The pyrazolate
ligand strands in 4 appear to be closed into a pseudoma-
crocyclic framework via intramolecular hydrogen
bonds between the oxime oxygen atoms of the protonated
and ionized oxime groups from two opposite ligand
arms, which is typical for bis(oximato) complexes:
0O(4)—H(40)=0.85 A, H(40)---O(1)=1.71 A, 0(4)— H-
(40)---0O(1)=2.461(8) A, 146.4°; O(2)—H(20) = 0. 85A,
H(20)---0(3) = 1.71 A, OQ2)— H(ZO) -O(3) = 2.51009)
A, 155.3°,0(5)—H(50)=0.85 A, H(50)---0(6)=1. 67A,
0(5) H(SO) 0(6) 2.511(9) A, 168.2°).

Each metal atom in 4 forms two five-membered, almost
planar chelate rings with the ligands (Zn—N—C—C—N).
In the case of type 1 molecules, the central six-membered
bimetallic cycle adopts a boat conformation (similar to
the case for compound 2). This is due to the fact that
the ligands are not located in the same plane (the dihedral
angle between the pyrazole ring planes is 149°, and the
zinc atoms are displaced from the N(2)—N(3)— N(6) N-
(7) mean plane by 0.136 and 0.147 A for Zn(1) and Zn(2)
respectively). In the case of type 2 molecules, the six-
membered bimetallic cycle adopts a planar conformation
(similar to compound 1). This suggests that the bimetallic
array exhibits some flexibility and interconversion be-
tween the planar and boat conformations is obviously
facile.

5 was previously reported the Zn- - -Zn separation
in 5 is close to that in 1 and 2 (4.015 A) Thus, the
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Table 5. Protonation Constants of the Ligands H;LS and H3L! and Complex
Stability Constants with Zinc at 25 °C and 0.1 M (NaClOy)

H;L! HsL®
species log B pK. species log 8 pK.
[H4L]™ 7.62(2) 1.94  [HgL]" 11.85(5) 1.64

[H3L] 5.672(9) 5.67 HsL 10.21(1)  4.38
[ZnH,L]* 4.16(2) H,L]™ 5.83(1) 5.83
[Zn>H,L,]° —1.85(6) 6.83  [ZnH,L]" 9.76(2)
[Zn,HL,] —8.68(6) 832  [ZmH,L.°  15.14(3)
[Zn,La)* —17.00(9) [Zn,Lo*~ 6.13(5)

intermetallic distances in the present series of binuclear
complexes fall well within the range typically encountered
in dinuclear zinc sites of natural hydrolases (e.g., alka-
line phosphatase, d(Zn- - - Zn)=4.0 A),** and cooperative
effects in hydrolytic substrate transformations can thus
be expected. Interestingly, coordination numbers of the
zinc ions in these complexes vary from 4 to 6 and seem to
be quite sensitive to the structural features of the coordi-
nated pyrazolate ligands and the nature of the peripheral
groups, which is a prerequisite for easy changes of
coordination numbers in the course of catalytic cycles.

Species in Solution. While the X-ray crystallographic
results provide structural insights for the various com-
plexes in the solid state, the species distribution in solu-
tion is crucial for understanding any hydrolytic reactivity.
Potentiometric titrations were performed to determine
the pK, values of the ligands, as well as the stability
constants of their zinc complexes (Table 5).

Ligand Protonation Constants. In the case of H;L three
protonation constants were obtained; two ionizable
protons belong to the carboxylate groups (pK,; =5.83,
pK.>=4.38). Furthermore, the pyrazole moiety may be-
come protonated to give [HyL®]" (pK,; = 1.64). [H4L']"
behaves as a dibasic acid with protonation constants
corresponding to the pyrazole (pK,;=1.94) and car-
boxylate functions (pK,, = 5.67). Note that in both li-
gands the pK, values of the carboxylic groups are
much higher than the values observed in the related

pyridine carboxylic acids ge .g., for 2,6-dipicolinic acid
pKa1 =2.09, pK,, = 4. 53) which reflects the s-donor
nature of the pyrazole ring. Also, the observation of only
two deprotonation steps for [H4L] with a standard
potentiometric protocol implies that the third and fourth
protonation constants that could be attributed to the
oxime and the pyrazole groups must be higher than 12.
For comparison, pK,, of the oxime group in 2-hydro-
xyiminopropanoic acid is 11.608(7).%°

The ligands HL?, H3L3, and H;L* and their zinc
complexes could not be investigated potentiometrically
due to the lack of proton dissociations within the pH
range studied.

Species Distribution of Zinc Complexes. The calcula-
tions based on the potentiometric data have shown that
H;L? forms [ZnH,L%]", [Zn,HL?,], and [Zn,L>,]* spe-
cies, while for H3L' four species are formed: [ZnHlel+
and dimeric [anHlez], [anHle]f, and [anle] "
Above EH 7 only dimeric complexes are present,
[Zn,L3,]* for L% and [Zn,HL';]™ and [Zn,L';}* for L',

(22) Stec, B.; Holtz, K. M.; Kantrowitz, E. R. J. Mol. Biol. 2000, 299(5),
1303-1311.
(23) Napoli, A. Talanta 1968, 15(2), 189-198.
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some of which may be involved in the hydrolysis pro-
cesses discussed below.

The cationic species [ZnH,L>]" involves in coordina-
tion the carboxylate O atom of one of the deprotonated
carboxylic groups and the N-donor of the neutral pyra-
zole ring. This species exists only in acidic solution, with
maximum abundance (nearly 60%) at pH 3.5. Above pH
3.5 the binuclear neutral species [Zn,HLS,] appears,
reaching its maximum abundance of more than 60% at
pH 4.3. At even higher pH cooperative deprotonation of
the carboxylic groups facilitates the formation of the
binuclear anionic species [anLsz]zf, which is dominant
above pH 4.5 and the only complex species in the pH
range used for all hydrolysis experiments. It reaches
100% abundance at pH ~6, and no additional deproto-
nation occurs with further increase of pH.

[ZnH,L']" with the carboxylate deprotonated is pre-
dominating up to a pH of around 6, while binuclear
complexes dominate above pH 6.5. Dimer formation
involves deprotonation and binding of both pyrazole N
as well as coordination of the oxime N. According to the
complex speciations (Figure 4) above pH 7 only binuclear
complexes are present, suggesting that binuclear struc-
tures are responsible for the catalytic activity. The first-
formed binuclear species, [anHlez], is neutral, and its
maximum abundance is less than 40% at pH 6.75, as the
anionic species [Zn,HL',] ™ starts to form with a delay of
only ca. 0.5 pH units. The two sequential deprotonation
steps with pK values of 6.83 and 8.32 can be assigned to
proton release from axially coordinated water mole-
cules, resulting in the formation of hydroxo species,
and hence [Zn,HL';]~ should be better described as
[Zn,HL';,(OH)]". We also considered the possibility of
deprotonation of the oxime group in these species but
rejected it as unlikely. Indeed, deprotonation of the
axially coordinated water molecule in zinc(IT) complexes
can occur at pH 7—8. For example, ionization of the
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Figure 4. Species distribution diagrams for the Zn/HsL!' (top) and
Zn/H;L? (bottom) systems (¢ =2 x 107> M and ¢z,=1 x 10> M, where
¢ = total ligand concentration and ¢z, = total concentration of zinc).
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axially coordinated water molecule was observed in five-
coordinated and tetrahedral zinc complexes with the
macrocyclic ligands 1,4,7,10-tetraazacyclododecane and
1,5,9-triazacyclododecane, where it occurs with pK, =7.9
and 7.3, respectively.>* A slightly decreased value of the
first pK (6.83) can be explained by the stabilizing effect of
an intramolecular H-bond pattern formed by the hydro-
xyl with the axial water molecule of the second zinc ion,
possibly via a bridging water molecule, similar to the
situation observed in the structure of 2. This H-bond can
also facilitate the deprotonation of the second axial water
molecule with a pK value only 1.5 orders of magnitude
higher than the first one.

As we mentioned above, we discounted the possiblitity
of ionization of the oxime group upon formation of the
anionic species to give [Zn,HL';]™ as very unlikely:
dissociation of the proton in [Zn,HL';] occurs with a
pK, value of less than 7: i.e., more than 5 orders of
magnitude lower than in the free ligand. As a rule, if the
oxime group is not involved in the formation of any N—O
bridges, pK, values of the N-coordinated oxime groups
do not change significantly in the metal complexes as
compared to the free ligands. For example, deprotona-
tion of the oxime group in cationic 1:2 zinc complexes
with 2-aminoacetamidoxime and 2-(methylamino)aceta-
midoxime proceeds with pK, values of 8.71 and 8.54,
respectively.?® These values are even higher than the pK,
values of the oxime groups in the free ligands (7.94 and
8.26, respectively). In HsL' the pK, value of the oxime
group must be higher than 12 (see above). In the case of
[Zn,HL';] the involvement of the oxime proton in the
formation of a hydrogen bond with a bridging water
molecule and the deprotonated carboxylic group, as
observed in 1, will be also a factor significantly impeding
oxime ionization, thus contributing to a relatively high
pK., (Scheme 3). We have also shown in a series of papers
dealing with complex formation of oxime ligands that
oxime protons are not ionized if they are involved in
intramolecular hydrogen bonds that result in the forma-
tion of pseudomacrocyclic closed structures, and the
corresponding pK, values are much higher than 7. In
contrast, deprotonation of axially coordinated water
from the neutral species with a pK, value of around 7
appears reasonable and is in agreement with literature
data. The second deprotonation with pK, 8.32 may be
attributed either to the deprotonation of the second axial
water or to the deprotonation of the oxime group. We
think that the former is much more likely, as both
coordinated hydroxyls on the adjacent zinc atoms can
be linked via the bridging water molecule to form hydro-
gen bonds (as observed in the structure of 2). Note that,
unlike the L'-containing bimetallic species, the
[Zn,L>,]*~ complex discussed above does not undergo
ionization of axial water over the measured pH range.

(24) Koike, T.; Takamura, M.; Kimura, E. J. Am. Chem. Soc. 1994, 116,
8443-8449.

(25) Orama, M.; Saarinen, H.; Raikas, T.; Korvenranta, J. Finn. Chem.
Lett. 1986, 13(3), 59-63.

(26) (a) Duda, A. M.; Karaczyn, A.; Koztowski, H.; Fritsky, I. O,;
Gtowiak, T.; Prisyazhnaya, E. V.; Sliva, T. Yu.; Swiatek-Koztowska, J. J.
Chem. Soc., Dalton Trans. 1997, 20, 3853-3859. (b) Dobosz, A.; Dudarenko, N.
M.; Fritsky, I. O.; Glowiak, T.; Karaczyn, A.; Koztowski, H.; Sliva, T. Yu.;
Swiatek-Kozlowska, J. J. Chem. Soc., Dalton Trans. 1999, 5, 743-749.

Penkova et al.

Scheme 3. Possible Structure of the Anionic Species [Zn,L']>~

This important difference is understandable in terms of
the anionic nature of the species [Zn,L3,)*", bearing a
double negative charge, whereas [Zn,H,L.",] is a neutral
species.

Complex formation in solution has also been studied
by '"H NMR. Disappearance of the signal for the pyra-
zole NH proton is in accordance with potentiometric
results.

Phosphate Ester Hydrolysis. Paraoxon-ethyl (POE) and
2-(hydroxypropyl)-p-nitrophenyl phosphate (HPNP) were
used as substrates in this study. Cleavage of these phos-
phate ester bonds and liberation of 4-nitrophenolate can be
easily monitored by the strong absorption of the latter at
414 nm. Zn-mediated hydrolytic reactions, including phos-
phatase-like activity, are best studied in buffered aqueous
solution (or in media with high water content) in order to
most closely mimic biological conditions. In order to
exclude any effects from different (and potentially coordi-
nating) counteranions in the comparative reactivity stu-
dies, the perchlorate salts were used for all complexes. An
initial screening of the hydrolytic activities of the various
complexes was carried out at pH 8.50 for POE and pH 8.00
for HPNP in DMSO/buffered water (1:1) at 50 °C. These
conditions roughly correspond to the maximum hydrolysis
rates of the substrates, as follows from the bell-shaped pH
profiles (Figure 5 and 6).

The kinetic data for all complexes show that the rate of
hydrolysis of POE and HPNP is linearly dependent on the
complex concentration. Pseudo-first-order rate constants
kobs (defined by vo=kps[complex]y) are shown in Charts 1
and 2 and follow the order 3 > 1> 5 & 2 for paraoxon-
ethyl and 2 > 3 > 5 =~ 1 for 2-(hydroxypropyl)-p-nitro-
phenyl phosphate. Complex 4 has not been tested,
because it is not soluble in the mixture DMSO/buffered
water (1:1). The hydrolysis of both substrates was also
tested in the presence of free zinc(II) ions only under the
conditions corresponding to those applied in all experi-
ments. The control experiment gave ks values much
lower than those for complex-promoted hydrolysis
(Table 6).

The dependence of the initial rate of hydrolysis on
substrate concentration (Figures 7 and 8) shows that
the reaction is first order in POE and HPNP at low
concentrations. For many catalyst/substrate pairs, the
concentration dependence remains linear at higher
substrate concentrations as well, indicating an overall
second-order rate law:

V = ky[complex][S]

and V) = ks [complex],[So]where S denotes the substrate
(POE or HPNP).
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Figure 5. Effect of pH on POE hydrolysis rate mediated by 1. Condi-
tions: [1]o = 0.8 mM, [POE], = 1.6 mM, at 50 °C, in DMSO/buffered
H,O (1:1).
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Figure 6. Effect of pH on HPNP hydrolysis rate mediated by 1. Con-
ditions: [1]o=0.8 mM, [HPNP],= 1.6 mM, at 50 °C, in DMSO/buffered
H,0 (1:1).

Chart 1. ks for POE Hydrolysis Promoted by 1, 2, 3, and 5 and Self-
Cleavage”
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“Conditions: [POE], =2 mM, at 50 °C, pH 8.50, in DMSO/TAPS
buffer (1:1).

Chart 2. ks for HPNP Hydrolysis Promoted by 1, 2, 3, and 5 and Self-
Cleavage”
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“Conditions: [HPNP], =2 mM, at 50 °C, pH 8.00, in DMSO/TAPS
buffer (1:1).

However, for some complexes (compound 1 for POE
and 5 for HPNP), a decrease in the reaction rate at higher
substrate concentration was observed (Figure 7), indicat-
ing saturation behavior. This can be explained in terms of
a substrate-binding pre-equilibrium which is reminiscent
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Table 6. Kinetic Data ko, (s™') for POE and HPNP Hydrolysis Promoted by
free Zinc(IT) at 50 °C and at pH 8.50 and 8.00, Respectively, in DMSO/Buffered
Water (1:1)

POE HPNP
Zn** 2.97x1077 9.21x1077
6_
5_
T 41
i
0.2 2]
> 1_

0 . : : :
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Figure 7. Dependence of the initial rate of POE hydrolysis mediated by
1 onsubstrate concentration. Conditions: [1]y=0.4 mM, at 50 °C, pH 8.50,
in DMSO/TAPS buffer (1:1).
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Figure 8. Dependence of the initial rate of POE hydrolysis mediated by
2 on substrate concentration. Conditions: [2],=0.4 mM, at 50 °C, pH 8.50,
in DMSO/TAPS buffer (1:1).

of the Michaelis—Menten behavior typical of native
metalloenzymes:

k keat
complex + S f*{complex —S} = products
-1

Kinetic data that showed the saturation dependence of
substrate concentration has been modeled according to
the rate law given in eq 1 to yield values for Ky and k¢a¢
(Table 7).

kcat[complex],[S],
Kn+(S]y

Vo = (1)

with
k -1 +kcat
ky

The value of k¢,/ Ky is commonly used as a measure of
the efficiency of reagents and catalysts which display
saturation kinetics; this value can be directly compared
to the rate constants, k,, measured for simple second-
order processes (Table 7).

Kinetic results for phosphate ester hydrolysis, viewed
together with the speciation of zinc complexes determined
by potentiometric titrations, allow us to propose a classi-
cal double Lewis acid activation mechanism. The rates of
POE or HPNP hydrolysis increase with an increase of pH

Ky =
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Table 7. Kinetic Data k, (in M™"'s™; keo/Ky) for POE and HPNP Hydrolysis
Promoted by Zinc(II) Complexes at 50 °C and pH 8.50 and 8.00, Respectively, in
DMSO/Buffered Water (1:1)

complex POE HPNP
1 1.14 x 1073 1.65 x 1072
2 1.47 x 1073 232 x 1072
3 1.98 x 1073 1.43 x 1072
5 1.65 x 1073 1.35x 1072

from 4 to 8 (Figures 5 and 6). The following drop in
hydrolysis rates above pH 8—8.5 accounts for the bell-
shape dependence. Potentiometric titrations demon-
strated the preferential existence of dinuclear zinc com-
plexes with ligands H3L' and H3L’ under these
conditions; it is reasonable to assume that the remaining
zinc complexes also adopt dimeric structures in basic
media. This assumption is supported by similar structures
of zinc complexes with H;L'—H;L? in the solid state, by
the rather similar catalytic activities of all complexes
(Table 7), and by the identical first-order rate law in zinc
complexes determined for all hydrolytic reactions in our
study. In addition to stabilizing the dinuclear zinc species,
a pH increase also causes an increase in the concentration
of the nucleophile (free or coordinated hydroxide ions).
Deprotonation of coordinated water was clearly detected
above pH 7.5 for the system containing zinc(IT) and H3L",
from both potentiometric (Figure 4A) and kinetic curves
(Figures 5and 6). The bell-shaped plots of ks vs pH yield
pK, values for 1 equal to 7.2 and 9.2 for POE hydrolysis
and 7.3 and 8.5 for HPNP hydrolysis. Those values
correspond well to pK, values for terminally zinc bound
hydroxide (Table 5), which therefore can act as a nucleo-
phile in substrate hydrolysis with complex 1.>” A high
equilibrium concentration of zinc hydroxo species, how-
ever, is not a prerequisite for catalytic activity of our
pyrazolate complexes. Indeed, complex 5, which carries a
negative charge in alkaline media (due to the trianionic
nature of the ligand H5L?), does not promote deprotona-
tion of coordinated water (Figure 4B) but still facilitates
phosphate ester hydrolysis. Direct comparison of sub-
strate hydrolysis rates promoted by 1 or 5 show slightly
(ca. 2-fold) higher activity of 1 (Table 7). It can be
concluded that the presence of zinc-bound hydroxide
slightly increases the catalytic activity of dizinc complexes
supported by pyrazolates, but substrate activation due to
its coordination to zinc appears to be the major factor
governing the hydrolytic activity of 1—5. It should also be
noted that the substrate upon coordination to the dizinc
scaffold may replace one or both of the axially bound
water/hydroxyl ligands. The shapes of concentration
dependence of hydrolysis rates also support this conclu-
sion: full saturation was never achieved for our reactions,
and observed reaction rates reflect exclusively (for linear
kops Vs [substrate] plots) or predominantly (for curved
kobs VS [substrate] plots) the pre-equilibrium step of
substrate coordination to the respective dizinc complex. It
is not surprising that the series of complexes 1—5 displays
fairly similar reactivities in hydrolysis of a given substrate,
because the structures (geometric and electronic) and

(27) Neves, A.; Lanznaster, M.; Bortoluzzi, A. J.; Peralta, R. A.; Case-
llato, A.; Castellano, E. E.; Herrald, P.; Riley, M. J.; Schenk, G. J. Am.
Chem. Soc. 2007, 129, 7486-7487.
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Figure 9. Proposed mechanism of POE hydrolytic cleavage mediated
by 2.

Figure 10. Proposed mechanism of HPNP cyclization mediated by 2.
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Figure 11. Time course of hydrolytic conversion of POE and HPNP by
1 as monitored by UV—vis spectroscopy. Conditions: pH 8.50 and 8.00, at
50 °C, in DMSO/buffered H,O (1:1).

accessibility of zinc toward coordination of the incoming
phosphoester would be similar throughout this series.

When the catalytic effects of the Zn(II) complexes in
reactions with different substrates are compared, it can be
seen that k, for HPNP hydrolysis is about 1 order of
magnitude larger than for POE hydrolysis. Meanwhile,
rates of the self-cleavage for POE and HPNP are similar.
This can be explained in terms of the different natures of
substrate activation: HPNP can be coordinated by two
zinc ions, but POE likely coordinates to only one zinc ion
(Figures 9 and 10). In the case of HPNP the rate of
hydrolysis is additionally increased because nucleophilic
substitution at the phosphorus atom proceeds in an
intramolecular fashion with participation of the hydro-
xide group of the substrate, resulting in intramolecular
cyclization of the phosphodiester. Pseudo-first-order rate
constants kg, for the complexes 1—3 and 5 show different
trends for POE and for HPNP, which can again be
attributed to differences in the hydrolytic reaction me-
chanisms for the substrate cleavage.
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In order to determine whether the complexes act as
catalysts for the cleavage of POE and HPNP, reactions in
the presence of 20 equiv of the substrates were followed by
UV —vis spectroscopy. Turnover was clearly observed:
each 1 mol of zinc complex promoted hydrolysis of up to 5
mol of POE and 8 mol of HPNP (Figure 11). A gradual
decrease in reaction rate at higher turnover numbers may
indicate product inhibition.

Conclusions

Inspired by the dinuclear Zn sites in enzymatic systems, new
dinuclear zinc(I) complexes were synthesized and fully char-
acterized using NMR spectroscopy, potentiometry, and X-ray
crystallography. These complexes promote significant rate
enhancement in the catalytic cyclization of a RNA model
substrate, 2-hydroxypropyl-p-nitrophenyl phosphate (HPNP),
and in the hydrolytic degradation of the pesticide paraoxon-
ethyl (POE), over the uncatalyzed reaction with multiple
catalyst turnovers.

The mechanism for the hydrolysis of both substrates
appears to be classical, involving either a double Lewis acid
activation of the bridging phosphoester by two metal ions or
the activation of both the substrate and the nucleophile at the
two proximate metal ions.

The structural results, together with the kinetic data,
suggest that the substrate approaches the complexes and O
atoms of POE or HPNP start associating with the two zinc
(IT) ions of the complex. Simultaneously an OH™ function of
the H>O bridge performs a nucleophilic attack on the
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phosphorus, followed by the cleavage of the phosphate
ester bond. The Zn---Zn separation in all complexes
(3.75—4.14 A) is in a suitable range to allow for bridging
substrate coordination in the case of HPNP (compare the
metal- - -metal separation of ~3.9 A in alkaline phospha-
tase). Interestingly, the presence of the oxime groups (or
other H-bonding functional groups) in the ligand arms
clearly facilitates substrate hydrolysis, which supports the
idea that proper H-bonding interactions contribute to the
formation of the hydroxide nucleophile. The present
binuclear complexes can provide useful model systems
for hydrolytic dizinc enzymes, where a bridging coordina-
tion of phosphate units has been suggested to play a
fundamental role in phosphate ester activation and
hydrolysis.
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