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Abstract Two new artificial peptides with histidine side

chains, namely N-methyl N,N0-bis(Im-bzl-L-histidylmethy-

lestermethyl)amine L1 and N,N0,N00,N¢¢¢-tetrakis(Im-bzl-L-

histidylmethyl-estermethyl)ethylene diamine L2 have been

synthesized and were shown to form stable zinc complexes

[L1Zn(H2O)2](ClO4)2 1 and [L2Zn2(H2O)3](ClO4)4 2,

respectively. Solution studies (pH–1NMR titrations) of the

ligand L2 in the presence of zinc ions were also reported.

The catalytic activity of zinc complex species 1 and 2 as

structural phosphotriestrase models were tested on the

hydrolysis/detoxification of p-nitrohenl diphenylphosphate

(p-NPDPP). From the correlation between the pH-rate

profiles and the species distribution curves, the catalyt-

ically active species could be identified. On the basis of

R-dependence as well as the rate acceleration of each

complex, the possibility of cooperative action of zincs in

dinuclear zinc complex is debated.
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Introduction

Phosphate esters and related phosphorus(V) materials have

been employed for chemical warfare, pest control, and

numerous industrial tasks. And most of the phosphates have

strong toxicity for human body and animals. So the fast

decomposition of toxic P(V) compounds to nontoxic mate-

rials is useful from the view point of environmental pro-

tection. Many metalloenzymes and proteins contain

histidine imidazole, and the imidazole group of histidine

plays an important role in stabilizing the active sites of many

metalloproteins [1]. In particular, alkaline phospatase [2]

and phosphotriesterase [3, 4] are known to contain several

imidazole ligands per metal center. Bimetallic cores exist at

the active sites of many metalloenzymes and play essential

roles in biological systems by the interplay a pair of metal

ions [3, 4]. A typical example is Pseudomonas diminuta

phosphotriesterase that require at least two metal ions in

close proximity to hydrolyse the toxic phosphate triesters.

The binuclear zinc(II) site was confirmed by the 2.1 A res-

olution X-ray crystal structure of the enzyme [5].

One of the challenging problem in studies related to

enzymes and enzyme-models is to elucidate the overall

catalytic mechanism and to identify the role of metal ions.

There are three modes of activation that a metal ion can

provide for accelerating the rate of phosphate ester

hydrolysis [6]: Lewis-acid activation (coordination of

phosphoryl oxygen to the metal), nucleophile activation

(coordination of nucleophile such as hydroxide to the

metal), and leaving group activation (coordination of the

leaving group oxygen to the metal). Additionally, metal

coordinated hydroxides could act as an intramolecular

general base catalyst and metal coordinated water mole-

cules as an intramolecular general acid catalyst. Dinuclear

metal complexes are able to provide double Lewis acid

activation for hydrolyzing phosphate esters by initially

bridging the two metal centers with the two phosphoryl

oxygens. For model studies it became clear that there is

considerable cooperativity between the two metal centers
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in double Lewis acid activation for phosphodiester

hydrolysis.

Recently many studies were conducted related to mono-

and polynuclear zinc model complexes [7–13], but criti-

cally judging, most of these complexes are not structural

models for the native system, do not reflect the structure of

the active sites. However, in natural enzymes, proteins

exist as being folded, and the amino acid side chains, which

provide ligation sites can bind metal ions, and the structure

at the active site of these enzymes gives effective catalytic

activity. In order to design enzyme model complexes, it is

important to reproduce/mimic the structure of the active

site of enzymes.

As part of our studies in biomimetic hydrolytic zinc

enzymes [14–20] and with the aim to mimic the key fea-

tures of these metalloenzymes, we designed and synthe-

sized two new ligands-containing di- and tetrahistidines,

namely N,N0-bis(Im-bzl-L-histidine(His)-methylestermeth-

yl)amine L1 and N,N0,N00,N¢¢¢-tetrakis(Im-bzl-L-histidine-

(His)methyl-ester-methyletheylene diamine L2 (Scheme 1)

and of their mono- and dinuclear zinc complexes. The pka

values of the ligand L2 as well as the stability constants and

deprotonation equilibria of their zinc complexes are

reported. Further information about zinc complexes of the

ligands is obtained from R-dependent 1H NMR titrations.

Finally, the activities of both mon- and dinuclear zinc

complex species toward the hydrolysis of p-nitrophenyl

diphenylphospate (p-NPDPP) as a function of R is also

reported. The phosphate ester was selected as the principal

substrate for this study because: (a) It is an easily handled

stimulant of the very dangerous phosphorus(V) compounds

such as Soman (Scheme 2), (b) The hydrolysis reaction can

be easily monitored spectrophotometrically.

Experimental section

CAUTION: Perchlorate salts of amine ligands and their

metal complexes are potentially explosive and should be

handled in small quantities.

Scheme 1 The synthesis of the

artificial peptides L1 and L2

Scheme 2 The hydrolysis

of p-NDPP by using zinc(II)

complex 2
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Materials

All reagents and solvents used were of analytical grade.

N(a-t-Butoxycarbonyl-N-(p)-benzyl-L-histidine was pur-

chased from Sigma. P-Nitrophenyl diphenylphosphate

(P-NPDPP) was prepared as previously described [21]. The

buffer: 2-[4-(2-hydroxyethyl)-1-piperazinyl]ethanesulfonic

acid (HEPES), was purchased from Sigma.

Syntheses

Synthesis of Im-bzl-L-histidylmethylester I

Dry MeOH (83 mL, 2.61 mmol) was added to an ice-

cold solution of dicyclohexylcarbodiimide (DCC, 0.59 g,

2.82 mmol), 1-hydroxybenzotriazole (HOBt, 0.4 g, 2.60

mmol) and N(a)-t-butoxycarbonyl-N(p)-benzyl-L-histidine

(0.89 g, 2.63 mmol) in dimethylformide (DMF, 5 mL). pH

was adjusted to 7.0 by N-methylmorpholine (NMM). The

reaction mixture was stirred at 0 �C for 2 h and at room

temperature for 12 h, filtered, and evaporated to give a

solid which was suspended in dichloromethane (30 mL),

extracted with 10% sodium carbonate(10 mL), dried which

was dissolved in ethylacetate (EtOAc, 5 mL) and aside at

4 �C overnight. Further dicyclohexylurea (DCU) was then

filtered off and solvent was evaporated to give an hygro-

scopic powder, yield 0.90 g, 96%, FAB-MS, M? 359. 1H

NMR (CDCl3): 7.36 (s, 1H; im 20), 7.30–7.22 (m, 3H;

H-b,c), 7.05–7.03 (d, J = 9.0 Hz, 2H; H-a), 6.58 (s, 1H;

im 50), 5.83 (br, s, 1H, amide-NH), 4.93 (s, 2H,

–CaH2), 4.49–4.44 (m, 1H, His-CbH) 3.57 (s, 3H, OCH3),

3.02–2.93 (m, 2H, His-CdH2), 1.34 (s, 9H, BOC).

To 0.90 g (2.51 mmol) of I, 5 mL of 98% formic acid

was added; the removal of BOC group was monitored by

TLC. After 15 h the formic acid was removed in vacuo.

The residue was taken in water (10 mL) and washed with

EtOAc (4 9 15 mL). The pH was then adjusted to 8 with

solid sodium bicarbonate and extracted with EtOAc

(3 9 20 mL). The extracts were pooled, washed with sat-

urated brine, dried over sodium sulfate, and concentrated to

dryness. 1H NMR (CDCl3): 7.48 (s, 1H; im 20), 7.39–7.27

(m, 3H; H-b,c), 7.11–7.09 (d, J = 8.4 Hz, 2H; H-a), 6.66

(s, 1H; im 50), 5.04 (s, 2H, –CaH2), 4.90–4.86 (m, 1H, His-

CbH), 3.64 (s, 3H, OCH3), 3.13–3.10 (m, 2H, His-CdH2).

Synthesis of N,N0-bis(Im-bzl-

L-histidylmethylestermethyl)amine L1

N-Methyliminodiacetic acid, MIDA (0.188 g, 0.3 mmol)

was added to an ice cold solution of dicyclohexyl

carbodiimide (DCC) (0.078 g, 0.38 mmol), hydroxyl-ben-

zotriazole (HOBt) (0.53 g, 0.34 mmol), and histidine(His)

methylester I (0.155 g, 0.6 mmol) in dimethylformamide

(DMF) (8 mL) and the pH was adjusted to 7.0 using

N-methyl morpholine (NMM). The reaction mixture was

stirred at 0 �C for 2 h and at room temperature for 12 h,

filtered and evaporated to produce a solid which was sus-

pended in CH2Cl2 (30 mL), extracted with 10% aqueous

sodium carbonate (10 mL) and dried. The remaining solid

was dissolved in EtOAc (5 mL) and kept at 4 �C overnight.

Dicyclohexylurea (DCU) was then filtered off and the

solvent was evaporated to give a white powder. Found: C

58.89, H 6.44, N 14.57. Anal. calcd for C33H39N7O6�2H2O:

C 59.59, H 6.52, N 14.75. 1H NMR (CD3OD:D2O, 3:1):

7.74 (s, 2H; im 20), 7.40–7.331 (m, 6H; H-b,c), 7.27–7.22

(d, J = 8.0 Hz, 4H; H-a), 6.97 (s, 4H; im 50), 5.17 (s, 4H;

–CaH2), 4.83–4.80 (m, 2H; His-CbH), 3.58 (s, 6H; OCH3),

3.47 (s, 4H; N-CH2), 3.13–3.07 (m, 4H; His-CdH2), and

2.44 pm (s, 3H; N-CH3). FAB?-MS: m/z: 629 [M?H]?.

Synthesis of N,N0,N00,N¢¢¢-tetrix(Im-bzl-L-histidine-

(His)methylestermethyl)-ethylene diamine L2

Ethylenediamine tetraacetic acid, EDTA (0.117 g, 0.4 mmol)

was added to an ice cold solution of dicyclohexylcarbodiimide

(DCC) (0.103 g, 0.5 mmol), hydroxyl-benzotriazole (HOBt)

(0.07 g, 0.45 mmol), and histidine(His) methylester I

(0.413 g, 1.6 mmol) in dimethylformamide (DMF) (8 mL)

and the pH was adjusted to 7 using N-methyl morpholine

(NMM). The reaction mixture was stirred at 0 �C for 2 h and

at room temperature for 12 h, filtered and evaporated to pro-

duce a solid which was suspended in CH2Cl2 (30 mL),

extracted with 10% aqueous sodium carbonate (10 mL) and

dried. The remaining solid was dissolved in EtOAc (5 mL)

and kept at 4 �C overnight. Dicyclohexylurea (DCU) was then

filtered off and the solvent was evaporated to give a white

powder. Found: C 63.67, H 6.34, N 15.59. Anal. calcd for

C66H76N14O12: C 62.68, H 6.07, N 15.55. 1H NMR

(CD3OD:D2O, 3:1): 7.71 (s, 4H; im 20), 7.42–7.31 (m, 12H;

H-b,c), 7.27–7.25 (d, J = 8.0 Hz, 8H; H-a), 6.96 (s, 4H; im

50), 5.15 (s, 8H; –CaH2), 4.85–4.81 (m, 4H; His-CbH), 3.58

(s, 12H; OCH3), 3.48 (s, 8H; N-CcH2), 3.14–3.09 (m, 8H;

His-CdH2), and 2.51 (m, 4H; N-C H2-CH2-N-). FAB?-MS:

m/z: 1257 [M?H]?.

Synthesis of the mononuclear zinc(II) complex 1

L1 (50 mg, 0.04 mmol) was dissolved in 3 mL aqueous

metanol (75%, v/v) and the pH was adjusted to 7.0 using 1 M

HNO3. Aqueous methanolic solution of Zn(ClO4)2�6H2O

(30 mg, 0.08 mmol) was then added. A white precipitate

was produced, filtered off by membrane filter, washed out by

ether, and dried up in vacuo. Found: C, 42.34; H, 4.68; N,

10.54; Cl, 7.32%. Anal. Calcd. For C33H45Cl2N7O17Zn

([LZn(OH2)2](ClO4)2�H2O: C, 41.81; H, 4.78; N, 10.34; Cl,
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7.47%. 1H NMR (CD3OD:D2O, 3:1): 7.81 (s, 2H; im 20),
7.45–7.37 (m, 6H; H-b,c), 7.33–7.25 (d, J = 8.2 Hz, 4H;

H-a), 7.07 (s, 4H; im 50), 5.24 (s, 4H; –CaH2), 4.95–4.86

(m, 2H; His-CbH), 3.66 (s, 6H; OCH3), 3.56 (s, 4H; N-CH2),

3.18–3.10 ppm (m, 4H; His-CdH2) and 2.52 pm (s, 3H;

N-CH3).

Synthesis of the dinuclear zinc(II) complex 2

L2 (50 mg, 0.04 mmol) was dissolved in 3 mL aqueous

metanol (75%, v/v) and the pH was adjusted to 7.0 using

1 M HNO3. Aqueous methanolic solution of Zn(ClO4)2�
6H2O (30 mg, 0.08 mmol) was then added. A white pre-

cipitate was produced, filtered off by membrane filter,

washed out by ether, and dried up in vacuo. Found:

C, 42.22; H, 4.77; N, 10.45; Cl, 7.51%. Anal. Calcd.

For C66H76N14O12 C66H88Cl4N14O34Zn2 ([LZn2(OH2)3]

(ClO4)4�3H2O): C, 41.85; H, 4.68; N, 10.36; Cl, 7.49%. 1H

NMR (CD3OD:D2O, 3:1): 7.77 (s, 4H; im 20), 7.46–7.35

(m, 12H; H-b,c), 7.29–7.27 (d, J = 8.4 Hz, 8H; H-a), 6.98

(s, 4H; im 50), 5.16 (s, 8H; –CaH2), 4.86–4.81 (m, 4H; His-

CbH), 3.58 (s, 12H; OCH3), 3.52 (s, 8H; N-CcH2), 3.15–

3.11(m, 8H; His-CdH2), and 2.57 (m, 4H; N-C H2-CH2-N-).

Potentiometric titration measurements

The potentiometric titrations were carried out with a TOA

AUT-501 automatic titrator connected to a TOA ABT-511

automatic burette with a combined glass electrode. The

temperature was kept constant at 25 �C. The combined

glass electrode was calibrated using standard aqueous

buffers (acetate buffer: pH 4.01; phosphate buffer: pH 6.86;

borate buffer: pH 9.18). Solutions were made up with

MeOH:H2O (75%, v/v). The ionic strength was adjusted to

0.1 M by addition of appropriate amounts of analytical

grade NaNO3. The ligand concentration was 0.5 mM and it

was acidified by 0.1 M HNO3. The initial volume of

solutions at the beginning of titrations were set to 50 mL.

Dropwise addition of NaOH solution was regulated auto-

matically depending on the pH-change after each addition.

From these titrations, ligand deprotonation constants have

been determined. To get information about the stability

constants of the zinc complexes of each ligand and about

the deprotonation constants of Zn2?-bound water molecule,

titrations in the presence of zinc ions were also carried out.

In each case, appropriate amounts of Zn(ClO4)2�6H2O were

added to the solutions, and were acidified and titrated the

same way as it was mentioned above. Equilibrium con-

stants have been calculated using the program BEST and

species distributions were derived using the program SPE

[22].

1H NMR titration measurements

To get deeper insight into complex formation behavior of

the ligand, an additional technique, 1H NMR titration

experiments have been performed. There are several

advantages of 1H NMR compared to pH-potentiometric

titration, since this method can reveal the kinetic behavior

of complexation, and can confirm the stoichiometry of

complexes determined before by pH-titration. 1H NMR has

the advantage that kinetic exchange processes can be fol-

lowed, the kinetic stability/lability of the complex can be

decided from these kinds of studies. From the R-depen-

dence of chemical shifts we can get more insight about that

which protons are effected (thus shifted) most, i.e. gives

evidence about the location of protonation/complexation

sites [23–27]. To confirm stoichiometry of zinc complexes

of the ligand, 1H NMR analyses were undertaken in order

to investigate the effect of the added zinc on the shape and

the chemical shift of ligand peaks. The concentration used

were analogous to that was used in pH-titration; ionic

strength was kept constant at 0.1 M by using NaNO3. 75%

v/v MeOH-d4/D2O was used as solvent for the titration. R

(= [Zn2?]/[L]) was increased by addition of concentrated

D2O solution of Zn(ClO4) 2 while pD was kept constant

(was adjusted to 7.0 or to 7.5). Samples were measured at

30 �C. Chemical shifts are reported relative to the reso-

nance of the resonance signal of sodium 2,2-dimethyl-2-

silapentane (DSS).

Experimental for kinetic measurements

The histidine units attached to EDTA through peptide bond

model the histidine side chains of the active site of phos-

phohydrolase enzymes. The purpose of using zinc as a

complexing ion was to keep the structural similarity

between the native system and our model compounds. In

order to show that these zinc complexes do not only serve

as structural mimics, kinetic studies have been carried out

to investigate the effect of the presence of histidine-

containing peptide–zinc complexes on the hydrolysis rate

of a phosphotriester substrate, p-nitrophenyl diphenyl-

phosphate, p-NPDPP. In this part we report the results of a

series of experiments carried out at different pH and zinc-

to-ligand ratio. From these profiles we make suggestion

about the active species, and from the comparison of

activities of different complexes we attempt to propose

reaction mechanism and some comments on the structure

of zinc complexes are also made.

The rate of the hydrolysis of p-NPDPP catalyzed by zinc

complex 2 was measured in aqueous MeOH (MeOH:H2O,

v/v). The hydrolysis rates were measured by following

the increase of absorption at 402 nm of the released
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p-nitrophenolate as a reaction product. The pH of solution

was adjusted by using HEPES buffer (20 mM) (20 mM,

pH = 7.5). Zinc complex 2 (0.5 mM) was incubated at

50 �C, while the applied p-NPDPP concentration was

20 mM. All reactions showed first-order characteristics.

Reactions rates are corrected by blank experiments which

are made up similarly but without the addition of zinc

complex 2. The first-order decrease of substrate concen-

tration can be expressed by the differential equation:

d[p-NPDPP]/dt = -kobsd � [p-NPDPP] and ln([p-NPDPP]t/

[p-NPDPP]o) = -kobsd � t.

Results and discussion

As it was emphasized in the object of this work, the aim is

to mimic the structure of the phosphohydrolase active site

by not only utilizing zinc as natural ion in the artificial

model complexes, but also to incorporate peptides as the

building blocks of large proteins. On the other hand, these

peptides serve as donor sites by mostly histidine imida-

zoles, so our target is to synthesize artificial histidine-

containing peptides. Most of the model studies do not deal

with peptides or peptide-like compounds, so the synthesis

is rather connected to the well-established solution phase

methods of peptide synthesis [28]. An approach to the

formation of the peptide bond is the use of coupling

reagents which compounds can be added in stoichiometric

amount to the mixture of C-protected amino acid/peptide.

The benzyl groups attached to the pyrrolic nitrogens of

histidine imidazoles will represent a bulky substituent thus

will prevent octahedral complex formation, and at the same

time will serve as hydrophobic hindering, modelling the

hydrophobic environment around the active site of the

hydrolytic enzymes. The purity of all isolated compounds

were checked by TLC, then characterized by elemental

analysis and both 1H NMR and FAB-mass spectroscopies.

Protonation constants (pKa) of the artificial tetrapeptide

ligand, stability constants (logK) of zinc(II) complexes

and deprotonation constants (pKa(H2O)) of zinc-bound

water molecules

The newly obtained ligands provided an opportunity to

examine the effect of changing the number of histidine side

chains on the ligand deprotonation and complexation

constants, and nevertheless on the pKa of the coordinated

water molecule. Typical set of pH titration and species

distribution curves for the ligand in the absence and in the

presence of stoichiometric amounts of Zn2? are shown in

Fig. 1. The obtained protonation constants (pKa) are sum-

marized in Table 1.

In L2, four deprotonation steps were found, these four

acidic deprotonation constants are assigned to imidazole

nitrogens (5.82, 5.06, 4.92, and 4.17). On the course of

titration of the ligand, four equivalents of base were con-

sumed. These four acidic pKa’s were assigned to the his-

tidine imidazole nitrogens, while the two tertiary nitrogens

are too basic to be determined. One interesting pattern

related to the imidazole pKa’s is that their deprotonation

takes place in almost equal steps which is indication about

the relative symmetry of the ligand. The effect of the

presence of these basic tertiary amines gives rise in the

acidity of imidazole nitrogens (Figs. 2, 3, 4).

It is interesting to compare our pKa values to other

related histidine-containing peptides. In dipeptides, where

the amino group of histidine is unprotected, the pKa of the

imidazole nitrogens is lower than in histidine itself: e.g.

5.39 in His–Gly, 5.65 in His–Leu while this value is 5.87 in

histidine [29, 30]. In structurally similar peptides, N,N0

di-L-histidylethane-1,2-diamine (dhen), pKa values of 4.62

and 5.32 were reported for the imidazole nitrogens [31],

while these values in another compound im-bzl N,N00

dihistidyldiethylenetriamine are 4.3 and 4.9, respectively

[32].

The potentiometric pH titration curve for ligand in the

presence of equimolar Zn2? revealed complex formations

until [OH]/[L2] = 4. But Zn(II) complexes reacted with

more OH- than what was needed to fully deprotonate the

ligand. This means each complex contains one extra

deprotonable group which is not present in the ligands

themselves, providing evidence for the deprotonation of an

excessive group which was not reacting when titration of

ligand itself was carried out.

The extra deprotonation can be assigned to two different

processes: (i) deprotonation of the coordinated water

molecule; or (ii) metal-promoted deprotonation of the

amides or the basic tertiary amino nitrogens. Rabenstein

et al. [23] showed that zinc(II)-promoted deprotonation of

amide nitrogens in imidazole-containing peptides generally

results in kinetically stable complexes. For thae case of L2,

the 1H NMR spectra showed that, the chemical shifts of the

methylene protons (CcH2 and N-C H2-CH2-N-) near to the

amide nitrogen and tertiary nitrogens are considerably

altered. In order to clarify whether the amide nitrogens and

the tertiary nitrogens are coordinated to zinc or not, we

have conducted 1H NMR titration measurements for sim-

ilar artificial imidazole-containing peptides namely,

N,N0,N00-tris(N-benzyl-L-histidinyl)tri(2-aminoethyl)amine

and N,N0,N00-tris[(1S)-2-methoxy-2-oxy-1-(1-benzylimida-

zol-4-ylmethyl)]nitrilotriacetamide in the presence of

equimolar amount of Zn2? ion in the same solvent system

[14, 33]. Through this, we found out that the methylene

protons of the tri(2-aminoethyl)amine part, directly linked

to both amide nitrogens and tertiary nitrogens were weakly
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influenced (0.03 ppm). The above result strongly indicates

that the extra deprotonation is only related to the formation

of zinc-bound hydroxo species.

The ligand showed a markedly different pH-titration

curve when 2:1 zinc-to-ligand ratio was utilized. This is a

clear indication about formation of different complexes

between the ligand and zinc ion. In the presence of two

equivalents of zinc, excess consumption of hydroxide was

observed: two more base was reacted than that was found

in the absence of zinc ion. This indicates that two extra

deprotonable groups are present in L–Zn complexes

formed in 2:1 zinc-to-ligand ratio.

The obtained stability constants logK and deprotonation

constants pKa(H2O) of zinc complexes are listed in

Table 1. The potentiometric data indicated that titrimetri-

cally detected complexes with different protonation states

can exist as a function of pH. The low logkst for [L2Zn]2?

is consistent with a related complex bearing only imidazole

donor functions [34]. N-Alkylation of the pyrrolic nitrogen

in imidazole units reduces the metal binding ability of the

ligand. For example in the case of tripodal N-methyl

imidazole derivatives, logK decreases about 3–4 units, with

a logK value of around 4, which is consistent with the

analogous value of [HL2Zn]3? species.

Fig. 1 FAB-mass spectra of the ligand L1 (a) and ligand L2 (b)

Table 1 Acidity constants (pka) of the ligand L2, stability constants

(logkst), and deprotonation constants (pka) of the indicated species

Species/reactions pka logkst pka (H2O)

H4L24? = H3L23? ? H? 5.83

H3L23? = H2L22? ? H? 5.08

H2L22? = HL2? ? H? 4.93

HL? = L2 ? H? 4.17

Zn2? ? L2 = ZnL2? 3.62

ZnL22? ? H? = ZnL2H3? 5.25

ZnL2H3? ? H? = ZnL2H2
4? 5.04

ZnL22? - H? = ZnL2(OH)? 7.15

ZnL22? ? Zn2? = Zn2L24? 6.49

Zn2L24? - H? = Zn2L2(OH)3? 6.74

Zn2L2(OH)3? - H? = Zn2L2(OH)2
3? 13.72
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As evidenced from the pH-titration curves, and from

their fitting, the ligand can form dinuclear zinc complexes

as well. Formation of dinuclear species is not that much

stabilizing force (i.e. the formation constants for the reac-

tion to produce dinuclear zinc complexes from the mono-

nuclear ones, are not too high). In spite of this, dinuclear

species are stable enough to be major ones in 1:2 solution.

Interestingly, the logK value for LZn2
4? is almost exactly

the double than that of the mononuclear complex (logK

3.62), which can be related to the structural similarity of

the two species: formally L2Zn2
4? can be considered as a

‘‘dimer’’ of the mononuclear ones. From this, it seems to be

evident that the dihistidyl units in L2 operate individually

during complexation with zinc (in the dinuclear case).

Similarly, what was found in the mononuclear complexes,

dinuclear ones can also be protonated to form species of

lower stability. This fact, again explains the importance of

all possible donor sites in the coordination with zinc ions.

As it was mentioned above, during the titration of

ligands in the presence of zinc, more OH- was consumed

than was necessary for the ligands themselves. This

showed the evidence for the presence of coordinated water

molecule(s) being bound to the central zinc ion(s). The pKa

value of this water is quite high in the aquated zinc ion

[Zn(H2O)6]2? with pKa of 9.0 [35]. Both mono- and

dinuclear zinc complexes showed extra deprotonation, in

other words, presence of coordinated water molecule(s)

in these complexes was evidenced. The proton loss in

[L2Zn(H2O)]2? is characterized with a pKa of 7.15. It is

well known that there is a direct correlation between the

coordination number of the central zinc ion and the acidity/

nucleophilicity of the zinc-bound water molecule. The

Fig. 2 pH titration curves (filled circle observed, filled square
calculated) of 0.5 9 10-3 M L2 (i) in the absence of Zn2? ion, (ii)

in the presence of equivalent amount of Zn2? ions, and (iii) in the

presence of twice equivalent amount of Zn2? ions in aqueous

methanol (75%, v/v) at I = 0.1 M NaNO3 and 25 �C

Fig. 3 Distribution curve of zinc-containing species of 0.5 9 10-3

M of L2 in the presence of equivalent amount of Zn2? ions in aqueous

methanol (75%, v/v) at I = 0.1 M NaNO3 and 25 �C

Fig. 4 Distribution curve of zinc-containing species of 0.5 9

10-3 M of L2 in the presence of twice equivalent amount of Zn2?

ions in aqueous methanol (75%, v/v) at I = 0.1 M NaNO3 and 25 �C
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lower coordination number enhances deprotonation, thus

reduces the pKa of the bound water. The dinuclear zinc

complexes shows presence of two water molecules bound

to each zinc centers, respectively. The proton loss of these

waters takes place in two steps and show relatively low pKa

values (6.74 and 13.72, respectively). This large difference

in the pKa’s is related to the nature of binding these water

molecules and it was in consistence with Bazzicalupi et al.

[36], who this large pKa-variation by the different binding

mode of waters: one of them is monocoordinated to one

zinc, while the other is bridged between the two metals.

Since in our case, the difference is much higher, so

bridging between the zinc centers is favored in the dinu-

clear complexes of the ligand.

R-dependent 1H NMR titration

The R-dependence for the ligand are presented in Fig. 5.

Effect of addition of zinc(II) for the peak positions and

peak shapes clearly gave indication about the chemical

exchange processes. As shown in Fig. 5, in case of free

ligand (without addition of zinc), all peaks are well

resolved. When increasing R from 0 to 1.0, almost all

peaks show broadening with the exception of the peaks

related to the benzyl group (the aromatic and the benzyl

methylene peaks). At R = 1.0, both imidazolyl protons

show extreme broadening, which is evidence for a fast

chemical exchange process between different species, most

probably between the structural isomers of mononuclear

zinc complexes of the ligand. From the analysis of pH-

metric titration, formation of mononuclear complexes was

strongly indicated. The broadening of the imidazole

protons suggest that the donor sites which take part in zinc

ligation are the imidazole nitrogens which are close to the

broadened peaks. These structures (mono- and dinuclear

species) coexisting in solution are in rapid chemical equi-

librium, thus the protons close to the donor sites (imidazole

protons) show significant broadening. This indicates the

formation of dinuclear complexes, in analogy with the

results of pH-titration. Kinetic liability of binding zinc

through imidazole nitrogens was evidenced for all ligands

since no separate set of peaks representing the free and

bound form was observed, instead, an averaged peak of the

complexed and uncomplexed species was found.

R-dependent kinetic studies on the hydrolysis

of p-NPDPP

R-dependence study was carried out to demonstrate the

effect of the degree of complexation on the catalytic

activity on the hydrolysis reaction. The applied range of R

for the ligand was decided on the basis of the R-dependent
1H NMR titration results. The plot of the rate constants as a

function of zinc-to-ligand ratio (R) is shown in Fig. 6. The

values are tabulated in Table 2. It can be generally con-

cluded that increase in the degree of complexation has

resulted in gradual acceleration in the hydrolysis process.

The dinuclear zinc complex which is the possible maxi-

mum stoichiometry as it was demonstrated from pH- and

NMR titrations. As shown in Fig. 7, the R-dependence of

rate constants showed extremely low activity below R = 1.

This can be explained by the higher coordination number

of zinc, more precisely the larger variety of donor groups in

the ligand. The highly coordinated central zinc in the

mononuclear complex might reduce the nucleophilicity of

the bound-water molecule, and at the same time, may leave

Fig. 5 1H NMR titration of L2 as a function of R = [Zn2?]o/[L2]o in

CD3OD:D2O (3:1) at 2.0 9 10-3 M of L2 at I = 0.1 M NaNO3,

pH = 7.5, and 25 �C

Fig. 6 Semilogarythmic plot for the cleavage of p-NPDPP

(8.0 9 10-5 M) at different Zn2?/L2 ratios in aqueous methanol

(75%, v/v) at pH 7.5, in 0.05 M HEPES at 25 �C
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no sufficient free space around the coordinated water to

interact with the phosphotriester substrate. The rate con-

stants increase sharply between 1/1 and 2/1 metal-to-ligand

ratio which indicates the high catalytic activity of the

formed dinuclear complex. Since the rate acceleration is

eightfold and 31-fold when considering the rate constants

of R = 2 in comparison with R = 1, cooperation between

the catalytic zinc centers is indicated. If the two zincs in the

complex acted individually in the hydrolysis reaction, only

a twofold statistical enhancement would be seen, since the

concentration of the complexed catalytic zinc centers

becomes double in 2/1 metal-to-ligand ratio in comparison

with the equimolar case. The rate constants level off above

R = 2, which is in consistence with the NMR-titration

results that showed 2/1 as maximum complex stoichiom-

etry. A number of related dinuclear metal complexes have

been studied by Trogler and us [18–20, 27]. They observed

that the dinuclear complexes have a higher affinity to DNA

and RNA binding than the corresponding mononuclear

complexes. However, no notable rate enhancements were

observed for the dinuclear compounds in the catalytic

cleavage of activated phosphate esters.

Conclusions

The present study was aimed at the design and synthesis of

histidine-containing artificial tetrapeptide as ligand and of

its zinc complex as structural and functional models for the

active site of phosphotriestrase enzyme. The molecular

architecture as well as the positioning of binding sites can

make it possible to incorporate zinc with an open ligation

site which site could be occupied by a water molecule or

hydroxide ion. Maximum complex stoichiometries and the

pH dependent formation of different complex species were

investigated by pH-metric-1H NMR titrations and com-

ments about exchange processes (e.g. between free and

complexed species; between different complex entities) are

made on the basis of the degree of peak shape distortion.

The activity of the mono- and dinuclear zinc complex

species were tested on the hydrolysis/detoxification of

p-NPDPP. From the correlation between the pH-rate pro-

files and the species distribution curves, the catalytically

active species could be identified. On the basis of the trend

of R-dependence as well as the rate acceleration of each

complex, possibility of cooperative action of zincs in

dinuclear zinc complex is debated.
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