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Abstract. The dinuclear complex [Zn,(papy),]-2CH;0H [H,papy = N-
(2-hydroxybenzyl)-N-(2-picolyl)glycine] was synthesized and charac-
terized. The crystal structure of the complex reveals that both Zn' ions
are pentacoordinate with distorted pentagonal bipyramidal coordina-
tion arrangements. The phenoxyl groups of each ligand bridge the two
metal atoms, whereas each carboxylate of the ligand is terminally
bound to one Zn" ion. Potentiometric studies of the Zn':H,papy sys-
tem in a methanol/water mixture show the existence of a mononuclear

species at lower pH; but at a pH above 5, a dimeric species starts to
dominate and transforms further into a bis(p-phenoxo) bridged dizinc
complex by deprotonation of phenolic hydrogen. A kinetic study of
the hydrolysis of bis(2,4-dinitrophenyl)phosphate at different pH, cata-
lyzed by complex 1, indicates a maximum rate at pH 9, where the
bis(p-phenoxo)-bridged dizinc species corresponding to 1 dominates
in solution.

Introduction

Zinc belongs to the class of essential trace elements; the
element is involved in the growth, development, and differenti-
ation of living systems, including microorganisms, plants, and
animals.l'! Amongst the transition metals that play key roles
in biological processes, it is the second most abundant after
iron.?! Because of its strong Lewis acidity, the flexibility of
its coordination sphere, rapid ligand exchange, redox innocent
nature and intermediate polarizability, zinc is often found as a
catalytic metal in hydrolytic enzymes.>>! The active sites of
such zinc hydrolases contain mono-, di-, or multinuclear Zn'
entities. They catalyze the hydrolytic cleavage of strong phos-
phoester bonds present in many different substrates.!! Exam-
ples of such enzymes include carboxypeptidase A, p-ami-
noacylase,!'! phosphotriesterase (PTE),[!?! alkaline phospha-
tase,['3! nuclease P1!!% and phospholipase CH! (Figure 1).
The active site of zinc phosphotriesterase consists of two Zn'!
ions that are bridged by a carbamylated lysine and a water or
hydroxyl moiety, and the Zn-Zn distances range from 3.0 A
to 3.5 A.I"2! In phospholipase C, the Zn--+Zn distance between
the dizinc(Il) atoms is 3.3 A; whereas the third Zn" ion is 4.7
and 6.0 A away from other two Zn" ions.['®! Likewise, in nu-
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clease P1, the corresponding separations are 3.2, 4.7 and
5.8 A.[1416] Although the mechanisms, by which they operate
in living systems are not fully elucidated, it has been con-
firmed that the specific coordination environments of the Zn'!
sites, e.g. the distance between two central zinc atoms, are
important for the enzyme function.['”! Therefore, the design
and synthesis of di- and multinuclear zinc complexes that may
aid in the elucidation of the intrinsic reactivity of zinc sites
towards phosphoester bonds has gained considerable atten-
tion,H18:191

Lys
Y Asp
P
0 o) ) Asp\ /O \ /Hls
Hisi,._/ \wHis His—2Zn=------= Zn—o0
'Zn Zn TN
HIS’/ \ / \‘on His ‘\‘ H ',: N
o) ) His v Bl
| | 0, /7 OH, Trp
H Zn
)\ s SN
Asp (0) His His X

Figure 1. Schematic drawings of the active sites of some polynuclear
zinc hydrolases — zinc phosphotriesterase (left) and phospholipase C/
nuclease P1 (right); phospholipase C, X = glu; nuclease P1, X = asp.

We have previously reported dinuclear Zn'" complexes of
symmetric and asymmetric dinucleating ligands based on cen-
tral phenolate moieties that are both structural and functional
models for phosphohydrolases.[*! Herein, we report the syn-
thesis and characterization of a new bis(p-phenoxo)bridged di-
nuclear zinc(I) complex of the tripodal ligand N-(2-hy-
droxybenzyl)-N-(2-picolyl) glycine (H,papy or H,L, Figure 2),
and its reactivity towards the hydrolysis of bis(2,4-dini-
trophenyl)phosphate (BDNPP) (Scheme 1).12!!
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Figure 2. The structure of N-(2-hydroxybenzyl)-N-(2-picolyl) glycine,
H,papy (left) and its zwitterionic form present in aqueous solution
(right, see text and Figure 5).

NOp . NO, NO, NO,
/Ejon'ro\@\ /©/o\'5,ou HO\©\
1l + HZO — 1" +
O,N N NO, O,N Q NO,

Scheme 1. Hydrolytic cleavage of bis(2,4-dinitrophenyl) phosphate,
BDNPP.

Results and Discussion

Synthesis and Characterization of [Zn,(papy),] (1)

The tripodal ligand H,papy (H,L, Figure 2) was synthesized
using a literature procedure.??! The ligand is potentially tetra-
dentate; in addition, the phenoxyl and carboxylate moieties of
the ligand may function as bridges between two (or more) cen-
tral metal atoms. Reaction of the ligand with Zn(OAc),2H,O
in methanol in the presence of NaOH (cf. Experimental
Section) resulted in the formation of a white powder (yield
77 %) that was characterized as a dinuclear zinc complex,
[Zny(papy),] (1), by ESI-MS, elemental analysis, IR spec-
troscopy, and X-ray crystallography.

Mass Spectrometry and UV/Vis Spectroscopy

The ESI mass spectrum of 1 in methanol solution shows
two major peak envelopes at m/z values 692.96 and 356.97
with characteristic isotopic distribution patterns of zinc (cf.
Supporting Information, Figure S1). These values can be as-
signed to [Zn,(papy),+Na]™ and [Zn(papy)+Na]™*, respectively,
and thus indicate the presence of both mono- and dinuclear
species (in solution). An almost identical mass spectrum was
obtained from a 1:1 CH3CN/H,O mixture containing complex
1 (Figure S2, Supporting Information). The UV/Vis spectra of
complex 1 in methanol and in a 1:1 mixture of CH;CN/H,O
both show absorbance maxima at 294, 271, and 241 nm (Fig-
ure S3, Supporting Information), all of which may be assigned
to intra-ligand m to ©* and n to w* transitions.

Table 1. Relevant carboxylate stretching frequencies.
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The presence of carboxylate functions in the ligand makes
infrared spectroscopy a useful method to investigate the coor-
dination of the ligand and the structure of the complex. The
FT-IR spectrum of complex 1 (cf. Figure S4 in Supporting
Information) contains a broad band around 3435 cm™! that can
be assigned to v(O-H) stretches (from residual water or the
methanol solvate). A couple of prominent bands in the range
1651-1240 cm™ may be assigned to C=0, C=N, C=C, and
C-O/phenolate stretching modes. The interesting feature is the
shift of stretching modes of carboxylate group from free ligand
to the metal complex. For the free ligand, H,L, the antisym-
metric stretching frequency appears at 1634 cm™' and the sym-
metric one at 1386 cm™!. In the diZn complex 1, the antisym-
metric stretching frequency is shifted to 1651 cm™ and the
symmetric stretching frequency shifted to 1354 cm™. The sep-
aration between these two stretches (Av) is 297 cm™'. This sep-
aration (Av) is often employed to infer the type of carboxylate
coordination with the metal.[>3! A value of Av > 200 is consid-
ered to be an indication of monodentate coordination to a
metal, while Av < 200 indicates bridging or chelating coordi-
nation modes. The Av value of 297 in 1 is in agreement with
monodentate coordination of the ligand carboxylate moiety to
a zinc ion. Grigorev®! has examined the effect on the
C-O stretching frequency upon changing the O-C-O angle of
the carboxylate without changing the force constant, and found
that increasing this angle should decrease the symmetric COO~
stretching frequency and increase the corresponding antisym-
metric COO™ stretching frequency, thus increasing Av. This
behavior is consistent with the observed frequencies for
complex 1, the ligand H,L and the starting reagent
Zn(OAc),-2H,0, which are listed in Table 1.

Infrared Spectroscopy

Crystal and Molecular Structure of [Zn,(papy),] (1)

Colorless crystals were grown by slow evaporation of a
methanol solution of the complex at room temperature. In or-
der to confirm the structure, the crystal structure of 1:2CH;OH
was determined by X-ray crystallography. The molecular struc-
ture of 1 is shown in Figure 3 and the crystallographic data are
listed in Table 2; relevant bond lengths and bond angles are
collated in Table 3.

The crystal structure reveals that the molecule has an inver-
sion center with two carboxylate groups (or, two pyridyl
groups) facing opposite to each other. The two zinc ions are
pentacoordinate and bridged by two phenoxyl oxygen atoms.
The Addison distortion index,!?! 1, for each zinc ion is 0.794
(t = 0 for a perfect square pyramidal arrangement and

Compound (type of metal coordination)

C-O antisymmetric str. freq. /cm™

1 1 1

C-O symmetric str. freq. /cm™ Separation Av /cm~

Zn(OAc),2H,0 1550
(chelating)

H,papy 1634
1 (monodentate) 1651

1456 94
1386 248
1354 297
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Figure 3. An ORTEP representation of the molecular structure of 1
showing the atom numbering scheme. Thermal ellipsoids are drawn at
the 30 % probability level. Hydrogen atoms and solvent molecules are

omitted for clarity.

Table 2. Crystal data and structure refinement for [Zn,(papy).]:

2MeOH (1).

Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to 6 = 33.73°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F?

Final R indices [I > 2c(])]
R indices (all data)

Largest diff. peak and hole

C3,H36N408Zn;

735.39

100(2) K

0.71073 A

monoclinic

P21/n

a=11.1389(12) A

b = 8.4554(10) A
c=172732) A

a =90°

p =97.033(4)°

y =90°

1614.6(3) A3

2

1.513°Mg'm™

1.542 mm™!

760

0.29 X 0.28 X 0.18 mm?
2.07 to 33.73°
-17=h=14
-13=k=10
26=1[1=22

22596

6432 [R(int) = 0.0183]
99.9 %

Semi-empirical from equivalents
0.7698 and 0.6625
Full-matrix least-squares on F?
6432 /0 /209

1.045

R, = 0.0295, wR, = 0.0810
R, = 0.0382, wR, = 0.0852
1.290 and —0.511e:A-3

1 = 1 for a perfect trigonal bipyramidal arrangement!>>!), which
suggests that the coordination arrangement around each central
zinc atom is a distorted trigonal bipyramid. The axial positions
are occupied by N(2) of the amine and O(1) of the bridging
phenolate. The nearly coplanar plane is formed by N(1), O(2),
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Table 3. Selected bond legths /A and bond angles /° for [Zn,(papy),]*
2MeOH (1).

Zn(1)-0(2) 1.9891(10)
Zn(1H)-O(1)#1 2.0090(9)
Zn(1)-0(1) 2.0542(9)
Zn(1)-N(1) 2.0664(12)
Zn(1)-N(2) 2.1823(11)
Zn(1)—Zn(1)#1 3.0605(4)
0(2)-Zn(1)-0O(1#1 114.80(4)
0(2)-Zn(1)-0(1) 104.53(4)
O(1)#1-Zn(1)-0O(1) 82.27(4)
0(2)-Zn(1)-N(1) 116.91(4)
O(1)#1-Zn(1)-N(1) 125.98(4)
O(1)-Zn(1)-N(1) 98.91(4)
0(2)-Zn(1)-N(2) 81.68(4)
O(1)#1-Zn(1)-N(2) 94.00(4)
O(1)-Zn(1)-N(2) 173.65(4)
N(1)-Zn(1)-N(2) 79.09(4)
O(1)-Zn(1)-Zn(1)#1 40.58(2)
N(1)-Zn(1)-Zn(1)#1 119.31(3)
N(@)-Zn(1)-Zn(1)#1 135.47(3)
C(15)-0(1)~Zn(1)#1 123.29(8)
C(15)-0(1)~Zn(1) 129.75(8)
Zn(1)#1-0(1)~Zn(1) 97.73(4)
C(8)-0(2)-Zn(1) 117.05(9)
C(1)-N(1)-Zn(1) 123.41(9)
C(5)-N(1)-Zn(1) 116.17(8)
C(6)-N(2)-Zn(1) 108.46(8)
C(7)-N(2)-Zn(1) 103.85(7)
C(9)-N(2)-Zn(1) 108.57(8)

O(D)#, and Zn(1) atoms, which can supported by the sum of
the three neighboring angles (357.7°): N(1)-Zn(1)-O(2),
N(1)-Zn(1)-O(1)#, and O(2)-Zn(1)-O(1)#.

The carboxylate group functions as a terminal monodentate
donor, whereas the phenolate group functions as a bridging
one. The phenolate group is unsymmetrically bridged between
two zinc ions. The shorter bond length between the zinc ion
and the phenolate oxygen atom (2.0090(9) ;A) corresponds to
the phenolate group that is part of the tripodal ligand bound
to that particular zinc ion, while the longer bond length of
2.0542(9) A corresponds to the coordination of phenolate oxy-
gen with the second zinc ion. Interestingly, the Zn(1)-Zn(1)#
separation is relatively short, 3.06 A, compared to that found
in zinc phosphotriesterase (3.50 A) and some other related di-
phenoxo-bridged Zn complexes reported,!82:186:19d.261 by g
similar to the corresponding value (ca. 3.05 A) of reported di-
phenoxo-bridged dizinc complexes, [ZnL?]-ZnCl,, where L2
stands for N,N’-bis(2-hydroxybenzyl)-N,N’-bis(2-methylpyr-
idyl)-1,3-propanediamine. '8¢

The crystal packing of complex 1 (Figure 4) shows the exis-
tence of mem stacking interactions between two parallel pyr-
idine rings of two distinct molecular fragments. The distance
of such non-covalent interaction is 3.71 A.[27!

Speciation Study

In order to enable full solubility of the ligand and its zinc
complexes, the Zn"/H,papy complexation experiments were
performed in a CH;OH/H,0 mixture (80/20 w/w). To evaluate
the coordination properties of the studied H,papy ligand

Z. Anorg. Allg. Chem. 2013, 1534-1542
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Figure 4. A Mercury plot showing the m-m stacking interaction be-
tween two pyridine rings of two distinct molecular fragments; the dis-
tance between such interactions is 3.71 A, the nitrogen atoms of the
pyridine rings are marked as N1 for clarity.

towards zinc ions, its acid-base properties were determined
first. The fully protonated form of the ligand, H4(papy)>*, has
four dissociable protons, i.e. at the carboxylic acid group, the
pyridine moiety, the amino nitrogen, and the phenol group. In
order to determine the four constants, the proton-dissociation
processes were followed by pH potentiometry and UV/Vis
spectrophotometry and the dissociation constants obtained are
in reasonably good agreement (Table 4). The obtained pK,; and
pK, values may be attributed to the deprotonation of the car-
boxylic acid and pyridine groups, but these overlapping pro-
cesses cannot be unambiguously identified or distinguished
without detailed NMR titrations.

Table 4. Proton-dissociation constants (pK,) of H,papy ligand deter-
mined by potentiometry and UV/Vis, and spectroscopic characteristics
[/max and molar absorptivity (M~'«cm™1)] for ligand species.?

Species Potentiometry UV/Vis
pK. pK, Jmax /mm (¢ M~ eem™!)
[Hypapy]** 2.83(5) 2.3(2) 262 (5360)
[Hspapyl* 4.04(4) 4.34(7) 261(5010)
[Hopapy]l  6.48(2) 6.71(6) 260(3550)
280(1310)
[Hpapy]~ - 12.22(2) 260(4050)
[papy]*> 280(1240)
240(5700)
300(2320)

a) Solvent CH3;0H/H,O 80:20 by weight, I = 0.1 M NaClO,, T =
25.0(2) °C. The reported errors on pK, are given as lc.

The above dissociation processes of Hypapy are reflected by
the UV/Vis absorption band with a maximum at about 260 nm,
corresponding to the pyridine n—7* transitions (Figure 5). The
pKs value most probably corresponds to the tertiary amino
group and may also be detected by UV/Vis changes at a shoul-
der with 1., = 285 nm (Figure 5), probably derived from the
phenol ring. The increase of the pH above 10 leads to the
appearance of new bands with maximum intensity at 240 and
295 nm. These bands arise from the phenolate ion®®! and
correspond to a completely deprotonated form of the ligand
(pK4 = 12.2). The last dissociation constant was too high to be
determined by pH-metric titration.

Z. Anorg. Allg. Chem. 2013, 1534-1542
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Figure 5. (a) Absorption spectrophotometric titration vs. pH of the
H,papy ligand and (b) electronic spectra of the protonated species.
Solvent: CH;0H/H,0 80/20 w/w, I = 0.1 M NaClO,, T = 25.0(2) °C,
[Hopapy] = 8.11 X 1073 M; (1) pH = 1.15; (2) pH = 6.11; pH (3) =
13.16.

Analogous UV/Vis spectral variations and dissociation con-
stants were determined in water solution (cf. Table S1 and Fig-
ure S5 in Supporting Information), confirming the solvent ef-
fect on protonation constants, i.e. an increase of the pK, values
in methanol-water solvent for the phenol and carboxylate moi-
eties and a decrease for the pyridine and amine.[>*-3%! The spe-
cies distribution diagram of the protonated species of the li-
gand is presented in Figure 6a.

The complex formation between the H,papy ligand and Zn
was studied primarily by pH potentiometry and only in
CH;OH/water mixture. Calculations based on the potentio-
metric titrations, performed for a metal-to-ligand molar ratio
of 1:1.1, suggest the formation of variously protonated mono-
meric and dimeric complexes. The respective stability con-
stants (logf)) are reported in Table 5 together with the constants
corresponding to the successive deprotonation of the com-
plexes (pK).

The first species formed in solution is the doubly protonated
[ZnH,(papy)]** complex. Following the increase of pH, the

I
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Figure 6. Species distribution diagram for (a) ligand and (b) Zn"' com-
plexes for Zn":H,papy = 1:1. [Hopapy] = 1.60 X 103 M.

Table 5. Stability constants (logf) of zinc(Il) complexes with

H,papy.*®

Species logfs pK.
[ZnH,(papy)]** 23.39(1)

[ZnH(papy)]* 18.37(3) 5.02
[Zn,H(papy),]™ 32.52(7)

[Zn,(papy)s] 24.67(6) 7.85

a) Solvent CH;OH/H,O 80:20 by weight, I = 0.1 M NaClO,, T =
25.0(2) °C. Metal-to-ligand molar ratio 1:1, [Hypapy] = 1.60 X 107> M.
The reported errors on logf are given as 1c. b) Stability constants
(logf) of Zn" hydroxo species used in the calculations: Zn(OH)* =
-9.14, Zn(OH), = -17.1, Zn(OH);~ = -28.4, Zn(OH),*>~ = -40.6.31

formation of a monoprotonated [ZnH(papy)]* species is ob-
served. This deprotonation step, with a pK value of 5.02, can
be assigned to a proton relase from the tertiary amino nitrogen.
Above pH 5, a dimeric [Zn,H(papy),]* complex starts to be
formed. The zinc ions are presumably bridged by one phenol-
ate moiety. Further deprotonation leads to the [Zn,(papy).]
complex, which is predominant above pH 8 (Figure 6b). The
deprotonation constant corresponding to this process, pK =
7.85, presumably reflects the involvement of the phenolate

1538  www.zaac.wiley-vch.de
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oxygen of the second ligand in bridging the zinc ions. The
latter two processes are also demonstrated in the UV/Vis spec-
tra of the Zn-H,papy system, in the form of two bands: at 230
and 285 nm (cf. Figure S6, Supporting Information).

To confirm the speciation studies, mass spectrometry was
used as a complementary technique.?'! Although ESI-MS is
not able to distinguish the ionizable protons in the species, this
method can be successfully applied to determine the metal-to-
ligand stoichiometry directly from the m/z values and has been
employed by us for this purpose on previous occasions.!*?! The
ESI-MS spectra of the reaction mixture of ZnCl,/H,papy with
a 1:1 ratio of methanol/water solution (pH = 3 and pH = 9, cf.
Figure S7, Supporting Information) are characterized by the
presence of a few major peaks, successfully attributed to
the mononuclear [ZnH(papy)]® (m/z = 335.04) and
{[ZnH,(papy)**+CI~}* (m/z = 371.02) species, and dimeric
[Zn,H(papy),]* (m/z = 671.07) and {[Zn,(papy),]+Na*}* (m/z
= 693.05) complexes. All peak assignments were based on the
comparison between the calculated and experimental isotope
patterns (cf. Figure S8 in Supporting Information) and corre-
late very well, both with the species identified by the potentio-
metric experiments and obtained in crystal form.

Reactivity Study

The ability of complex 1 to accelerate the hydrolytic cleav-
age of phosphoester bonds was investigated using bis(2,4-
dinitrophenyl) phosphate (BDNPP) as a substrate (Scheme 1).
The initial rates were measured by monitoring the
absorbance at 400 nm of 2.4-dinitrophenolate (pK, = 4.07,
&= 12100 m~'~cm™), which is formed as one of the hydrolytic
products (cf. Scheme 1). The reactions were performed in a
buffered methanol/water 4:1 (v/v) solution mixture with 0.1 M
NaClO, concentration in order to maintain the ionic strength.
The pH range used was 5.5-11 and the kinetics measurements
were done at 25 °C. The pH dependence of the initial rate (V)
is displayed in Figure 7.

k=]
1

Initial Rate (V) x 10° [Ms]

1
=)

Figure 7. A plot of initial rate (V,) vs. pH for the hydrolysis of
BDNPP at room temperature. ---H--- Zn,(papy), + BDNPP; ---A--- 2
Zn(OAc), + BDNPP, and ---@--- BDNPP alone (non-catalyzed).

Z. Anorg. Allg. Chem. 2013, 1534-1542



A Bis(u-phenoxo)-Bridged Dizinc Complex

In order to compare the initial rates with the non-catalyzed
reaction, similar experiments were performed using BDNPP
alone and BDNPP with the same concentration of
Zn(OAc),2H,0 salt as that of metal complex 1 under identical
conditions. The initial rate of BDNPP hydrolysis catalyzed by
1 increases with the increase of pH and reaches maximum at
a pH value around 9. At this pH, the initial rate is 40 times
faster than that of the non-catalyzed reaction. However, as has
been observed for similar complexes,!?!33! the initial rate starts
to decrease once the pH becomes more than 9. In the present
case, our speciation studies indicate that 1 is stable (and pre-
dominant) until pH ca. 11.5, and the reason for the gradual
decrease in the hydrolytic activity in the pH range 9-10.5 is
not clear. At pH > 11.5, the direct hydrolysis of BDNPP by
the hydroxide ion becomes increasingly important. The hydrol-
ysis of BDNPP in the presence of Zn(OAc), gave a maximum
rate increase at pH 8.5. Above this pH value, Zn(OH), precipi-
tated from the Zn(OAc), solution, leading to a decrease of the
initial rate of hydrolysis. The pseudo-first order rates for
BDNPP hydrolysis by 1 and a number of published dinuclear
zinc complexes are listed in Table 6. It may be seen that the
relative catalytic activity of 1 is comparable to dizinc com-
plexes of dinucleating ligands with central bridging pyrazolate
units, and bridging hydroxido or hydroxido-methanol moieties
(pentadentate zinc coordination);3*! however, the relative hy-
drolytic activities of a number of other relevant dizinc com-
plexes!33-3¢! are two to three orders of magnitude higher than
that of complex 1.

Table 6. Comparison of pseudo-first-order rate constants (k) of
hydrolysis of BDNPP catalyzed by 1 and some published dizinc com-
plexes.®

Catalyst References k /M 1es™!

1 8.75% 1077
[Zny(L'H_)(OH)J** [34] 2.6X107
[Zny(L2H_, )(OH/OMe)(C10,)]™*  [34] 8.5% 1077
[Zny(L*)(OH),]* [35] 4.9x107
[Zny(LH(OH)T* [36a] 7.5% 107
[Zny(LH(OH),] [36a] 6.9X 107
[Zny(L*)(OH);]* [36a] 420 107
[Zn,(LO)(OH),]* [360] 9.6 X107

a) L' = bis-3,5-[bis-N,N-(2-pyidylethyl)aminomethy|pyrazole;

L? = bis-3,5-[bis-N,N-(2-pyidylmethyl)aminomethy]pyrazole; L3 =
2,6-bis{[6-mono(2-pyridylmethylamino)-b-cyclodextrin]-methyl }-4-
methylphenol; L* = bis-2,9-(1,4,7-triazacyclonon-1-yl)methyl-1,10-
phenanthroline; L3 = bis-2,3-(1,4,7-triazacyclonon-1-yl)methylquinox-
aline; L° = 2,5,8,11,14-Pentaaza[15]-[15](2,2°)[1,15]-bipyridylophane.

Considering the demonstrated hydrolytic activity of 1, and
the dinuclear nature of the complex, the ability of 1 to act as
a metallo B-lactamase mimic was probed by testing its ability
to hydrolyze oxacillin, i.e. effect the hydrolytic ring opening
of the B-lactam ring.!*”-38] However, no B-lactamase activity
could be detected.

Conclusions

The complex [Zn,(papy),] (1) was synthesized and thor-
oughly characterized by spectroscopic methods and X-ray
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crystallography. UV/Vis spectroscopy and mass spectrometry
indicate that the complex is intact in (non-protic) solution. Spe-
ciation studies in MeOH/H,0 or (buffered) aqueous solution
show that the dinuclear complex or its corresponding monop-
rotonated form predominate from pH ca 7.5 upwards, with
[Zn,(papy),] being the dominant species in the pH interval 8—
11. An investigation of the ability of complex 1 to catalyze the
hydrolysis of the DNA mimic bis(2,4-dinitrophenyl) phosphate
(BDNPP) revealed that the pH-dependent increase in rate en-
hancement of the hydrolysis reaction coincides very well with
the increasing concentration of complex 1, indicating that this
dinuclear complex is indeed the (best) catalytic species.

Evidence for the molecular mechanism by which 1 hydro-
lyzes the substrate BDNPP, and presumably similar organo-
phosphorus esters, can only be determined by a detailed kinetic
study that may be complemented by computational modeling.
Considering the evidence for 1 remaining intact in solution
during the conditions for phosphoester hydrolysis, and that
each zinc ion is pentacoordinate (or hexacoordinate with the
sixth coordination site being filled by a coordinated solvent
molecule) we propose that the hydrolytic reaction proceeds via
a mechanism that has been commonly proposed for dinuclear
complexes,[>3*#11 viz. coordination of the substrate to one
zinc ion, and coordination of water/hydroxide to the other zinc
ion (although this will admittedly lead to a build-up of negative
charge on the complex). The Lewis acidity of the Zn" ion will
lead to a lowering of the pK, of a coordinated water molecule,
and thus deprotonation to form a coordinated hydroxide ion
that is the active nucleophile that attacks the phosphorus atom
of the coordinated substrate.[404!1

Experimental Section

Materials: All solvents were of at least 99.5% purity and used as
received or dried either by distillation from CaH, (methanol) or by
keeping over molecular sieves in a sealed bottle overnight (acetone:
3 A mol. sieves, dichloromethane: 4 A mol. sieves). Reagents were of
at least 99 % purity and used without any further purification. The
reagents and solvents were purchased from Sigma-Aldrich and Fisher
chemicals.

Physical Measurements: UV/Vis spectroscopy and kinetic measure-
ments were performed with a Varian 300 Bio UV/Vis spectrophotome-
ter equipped with a 12-position thermostatted cell changer. Infrared
spectra were collected with a Nicolet Avatar 360 FTIR spectrometer
for solid KBr discs and a Digilab Excalibur FTIR spectrometer
equipped with an Axiom Analytical DPR-210 dipper system and a
MCT detector for liquid samples. ESI mass spectra were measured
with an Orbitrap Velos Pro MS. NMR spectroscopy was performed
with a Varian Inova 500 MHz spectrophotometer in CDCl; or CD;0D
solutions, and referenced to the residual signal of the solvent.

X-ray Structure Determination: The crystal of 1 was immersed in
cryo-oil, mounted in a Nylon loop, and measured at a temperature of
100 K. The X-ray diffraction data were collected on a Nonius
KappaCCD diffractometer using Mo-K, radiation (1 = 0.71073 A).
The Denzo Scalepack or EvalCCD program packages were used for
cell refinements and data reductions. The structure was solved by di-
rect methods, using SHELX-9742! programs with the WinGX*3!
graphical user interface. A semi-empirical absorption correction
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(SADABS™ or SHELXTLI*!) was applied to all data. Structural re-
finements were carried out using SHELX-97.

Crystallographic data (excluding structure factors) for the structure in
this paper have been deposited with the Cambridge Crystallographic
Data Centre, CCDC, 12 Union Road, Cambridge CB21EZ, UK.
Copies of the data can be obtained free of charge on quoting the
depository number CCDC-927054 (Fax: +44-1223-336-033; E-Mail:
deposit@ccdc.cam.ac.uk, http://www.ccdc.cam.ac.uk)

Synthesis: The ligand H,papy??! and bis(2,4-dinitrophenyl)phos-
phate!?3! were synthesized according to literature procedures.

Synthesis of [Zn,(papy).] (1): H,L (0.068 g, 0.25 mmol) was dis-
solved in a minimum amount of methanol (5 mL), to which
Zn(acetate),2H,O (0.055 g, 0.25 mmol) was added. The resulting
solution was clear and stirred for 5 min at room temperature in air.
Afterwards NaOH (0.02 g, 0.5 mmol) was added and the resultant
solution was stirred for approximately 2 h, during which a white pre-
cipitate appeared. The precipitate was collected by filtration and
washed with a small amount of cold methanol and dried in a vacuum.
Yield: 0.071 gm (77 %). Elemental analysis for Zn,(papy),2CH;0H,
(C3,H36N4OgZn,, Mw. 735.39): caled. C 52.26; H 4.93; N 7.62 %;
found C 52.24; H 4.96; N 7.37%. IR (neat, KBr): ¥ = 3435, 3062,
2912, 2857, 1651, 1610, 1595, 1570, 1484, 1450, 1354, 1318, 1300,
1273, 1240, 1156, 1126, 1098, 1050, 1025, 1005, 976, 895, 880, 773,
762, 739, 650, 583, 567, 518 cm™!. UV/Vis: (methanol, nm) 294, 271,
241; (MeCN/H,O 1:1, nm) 294, 271, 241. ESI-MS: (m/z) 692.96
[Zn,(papy),+Na]* cale. 693.082; 356.97 [Zn(papy)+Na]* calc. 357.02.

Speciation Studies: The solution studies were carried out in
MeOH\H,O (80:20 w/w) mixture, using doubly distilled water.
Zinc(II) solutions were prepared from Zn(ClO,4),°6H,0O and anhydrous
ZnCl,.

The potentiometric titrations were performed with an automatic titrator
system Titrando 809 (Metrohm) with a combined glass electrode
(Mettler Toledo InLab Semi-Micro) filled with 0.1 M NaCl (Mettler
Toledo) in MeOH\H,O (80:20 w/w) mixture. The electrode was cal-
ibrated daily in hydrogen ion concentration using HCIO,
(Applichem).!*¢! A carbonate-free NaOH solution (0.1 M Aldrich) was
standardized by titration with potassium hydrogen phthalate (Fluka,
puriss. p.a.). The ionic strength was fixed at / = 0.1 M with NaClOy4
(Fluka, puriss. p.a.). The experiments were carried out at a constant
temperature of 25+0.2 °C. A stream of argon, pre-saturated with water
vapor, was passed over the surface of the solution. The ionic product
of water for these conditions was 107442 mol?dm™. All the titrations
were carried out on 3 mL samples. Metal-ligand system titrations were
performed on solutions of H,papy concentrations of 2 X 103 M and
zinc(II)/H,papy molar ratios of 1:1.1.

The potentiometric data (about 130 points collected over the pH range
2.2-11.6) were refined with the Hyperquad2000'4743! program, which
uses non-linear least-squares methods.*”! Potentiometric data points
were weighted by a formula allowing greater pH errors in the region
of an end-point than elsewhere. The weighting factor W, is defined as
the reciprocal of the estimated variance of measurements: W; = 1/
= 1/[og® + (8E/8V)?cy?] where o> and o2 are the estimated vari-
ances of the potential and volume readings, respectively. The constants
were refined by minimising the error-square sum, U, of the potentials.
The quality of fit was judged by the values of the sample standard
deviation, S, and the goodness of fit, 3> (Pearson’s test). At op =
0.1 mV (0.0023 6,4) and 6y = 0.003 mL, the values of S was 0.34,
and 2 was below 12.6. The scatter of residuals vs. pH was reasonably
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random, without any significant systematic trends, thus indicating a
good fit of the experimental data. The successive protonation constants
were calculated from the cumulative constants determined with the
program. The uncertainties in the log K values correspond to the added
standard deviations in the cumulative constants. The distribution
curves of the protonated species of Hppapy and its zinc(Il) complexes
as a function of pH were calculated using the Hyss2006 program./>°!

Additionally, combined potentiometric and UV/Vis titrations were car-
ried out. Absorption spectra (200 nm — 500 nm) were recorded with a
Varian CARY 50 (Varian) probe UV/Vis spectrophotometer fitted with
Varian optical fibers (Technologies, Inc. 908.707.1009, Stainless Steel)
and immersion probe made of quartz suprazil (Varian, Technologies
Inc.973.984.9092, 5 mm path Replaceable S. Steel Tip). The initial pH
of 15 mL ligand samples was adjusted to be acidic, and the titration
of the solution was then carried out by addition of known volumes of
NaOH, respectively, dosed by the Titrando 809 titrator. The spectro-
photometric data were analysed with the Specfit’®!! program which
adjusts the absorptivities and the stability constants of the species
formed at equilibrium. Specfit uses factor analysis to reduce the ab-
sorbance matrix and to extract the eigenvalues prior to the multiwave-
length fit of the reduced data set according to the Marquardt algo-
rithm. 52531

High-resolution mass spectra were obtained with a Bruker Q-FTMS
spectrometer (Bruker Daltonik, Bremen, Germany), equipped with an
Apollo II electrospray ionization source with an ion funnel. The mass
spectrometer was operated in the positive ion mode. The instrumental
parameters were as follows: scan range m/z 200-1000, dry gas-nitro-
gen, temperature 170 °C, ion energy 5 eV. Capillary voltage was opti-
mized to the highest S/N ratio, which was 4500 V. The small changes
of voltage (= 500 V) did not significantly affect the optimized spectra.
The sample (Zn":H,papy in a 1:1 stoichiometry, [Hopapy] = 10~* M)
was prepared in 80:20 MeOH/H,0O mixture. The sample was infused
at a flow rate of 3 mL-min~'. The instrument was calibrated externally
with the TunemixTM mixture (Bruker Daltonik, Germany) in quadratic
regression mode. Data were processed by using the Bruker Compass
Data Analysis 4.0 program. The mass accuracy for the calibration was
better than 5 ppm enabling, together with the true isotopic pattern
(using Sigma Fit), an unambiguous confirmation of the elemental com-
position of the obtained complex.

Kinetics Measurements: The increase in the concentration of 2,4-
dinitrophenol was monitored at 25 °C by UV/Vis spectroscopy at
400 nm in quartz suprasil cuvettes using a Cary 300 Bio spectrometer
equipped with a 12 position thermostatted cell exchanger. Substrate
and catalyst concentrations were 0.8 mM and 0.25 mM, respectively.
The ionic strength and pH were kept constant by using total concentra-
tions of 0.1 M NaClO,4 and 0.1 M buffer (MES pH 5.5-6.5, MOPS
7.0-7.5, EPPS 8.0-8.5, CHES 9.0-9.5, CAPS 10.0-11.0). The pH of
the buffer was adjusted in standard solutions using a calibrated pH
meter before addition to the cuvette. Each cuvette was prepared by
consecutive addition of 980 pL. methanol, 30 pL of a 0.01875 M stan-
dard solution of the complex in methanol/water (4:1 v/v) and 970 pL
of a 0.0207 M buffer solution containing 0.0207 M NaClO,. After
mixing zero absorption was measured. Then 20 pL of a 0.08 M stan-
dard solution of substrate in water was added and after quick mixing
the increase in absorption over time was measured at 400 nm, first
every minute but after 4 h every 5 min, and after 8§ h only every
15 min. The initial rates were calculated by fitting a straight line to
the curve corresponding to the absorbance < 5% of the maximum
absorption at full conversion. The dissociation constant of
2.4-dinitrophenol (pK, = 4.07) was taken into consideration when
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calculating the total concentration of phenol from the absorption of
phenolate at 400 nm (¢ = 12100 Mm~'«cm™).

Supporting Information (see footnote on the first page of this article):
The ESI-MS, UV/Vis spectra in methanol and a (1:1) mixture of aceto-
nitrile:H,O, IR spectra of complex 1, absorption spectrophotometric
titration curves for the Hopapy and Zn'YH,papy systems, ESI-MS of
Zn"/H,papy (1:1) in methanol/water and a simulation of mass spectra
are given in the Supporting Information (Figures S1-S8). A Table
containing comparative protonation constants has also been included
in Table S1 in the Supporting Information.
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