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Zn() binding by two tren-based tris-macrocycles has been analysed by means of potentiometric measurements in
aqueous solutions. Both ligands form stable trinuclear Zn() complexes. Deprotonation of Zn()-coordinated water
molecules gives mono-, di- and tri-hydroxo complexes. The ability of these trinuclear complexes as hydrolytic agents
has been tested by using p-nitrophenyl acetate and bis(p-nitrophenyl) phosphate (BNPP) as substrates. BNPP
cleavage takes place through a bridging interaction of the substrate with at least two metals and simultaneous
nucleophilic attack of a Zn–OH function at phosphorus. A significant increase of the hydrolysis rate with respect to
the mononuclear Zn() complex with [12]aneN4 is observed.

In recent years, a variety of polyamine ligands able to bind two
or more metal ions in close proximity have appeared in the
literature. Special attention has been devoted to macrocyclic
ligands, because of their ability to impose a high degree of
reorganisation on metal coordination.1–15 In particular, poly-
amine macrocycles with a large number of donors and cavities
of appropriate shape and dimension may be able to hold two or
more metal centers at short distances, mimicking the multi-
nuclear metal arrays at the active sites of several metallo-
enzymes. Examples include P1 nuclease which uses three metal
ions to catalyse the cleavage of phosphate ester bonds in nucleo-
tides, such as RNA and DNA.16 Among hydrolytic enzymes,
the metal ions are often Zn(). To this purpose, several di-
nuclear Zn() complexes with macrocyclic ligands have been
used as simple structural or functional models for hydrolytic
metallo-enzymes.17–36 Trinuclear synthetic Zn() complexes
used in biomimetic studies are more rare.37–40 In one of the
approaches, multiple macrocyclic rings, separated by a rigid
benzene spacer, have been used to hold, at short distance, up to
three metal centers.38,41

We have recently described the synthesis of a new series of
tren-based tris-macrocycles (tren = tris(2-aminoethyl)amine).42

Two of the simplest contain respectively three 1,4,7,10-tetraza-
cyclododecane ([12]aneN4) and three 1,5,9,12-tetraazacyclo-
tetradecane (herein indicated as [14]aneN4) macrocyclic
moieties appended to a “tren” unit (L1 and L2 in Scheme 1).

The simple Zn() complex with the macrocyclic ligand
[12]aneN4 has been largely investigated as a potential model for

Scheme 1

† Electronic supplementary information (ESI) available: ligand proton-
ation constants determined in 0.1 mol dm�3 NMe4NO3 solutions at
298.1 K and 308.1 K. See http://www.rsc.org/suppdata/dt/b3/b306577d/

hydrolytic enzymes.20,43,44 In this complex, in fact, the metal dis-
plays a coordination environment not saturated by the ligand
donors. At the same time, facile deprotonation of a Zn()-
bound water molecule gives a monohydroxo [Zn[12]aneN4-
(OH)]� species, able to promote the hydrolysis of several
substrates, such as acetate and phosphate esters.20,43 With the
purpose of developing new and more efficient models for poly-
nuclear Zn() hydrolytic enzymes, we decided to investigate
Zn() coordination by ligands L1 and L2. We hoped, in fact,
that these ligands could form stable trinuclear Zn() complexes
in aqueous solution. At the same time, in the L1 and L2 com-
plexes the metals should display a coordination sphere not
fulfilled by the ligand donors, offering free binding sites for
substrate coordination and activation. To test the effective
hydrolytic properties of the L1 and L2 complexes, we have
analysed their reactivity toward an acetate ester, p-nitrophenyl
acetate, and a phosphate one, bis(p-nitrophenyl) phosphate.

Results and discussion

Crystal structure of [Zn3L1Cl3](ClO4)3�H2O

The molecular structure consists of [Zn3L1Cl3]
3� trinuclear

complex cations, perchlorate anions and water molecules. An
ORTEP drawing of the [Zn3L1Cl3]

3� cation is shown in Fig. 1,
and Table 1 reports selected distances and angles for the metal
coordination environments. The coordination sphere is almost
equal for the three Zn() ions. Each metal ion, in fact, is five-
coordinated by the four nitrogens of a cyclic [12]aneN4 moiety

Fig. 1 ORTEP 52 drawing of the [Zn3LCl3]
3� cation.
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and a chloride anion. The coordination geometry of the three
Zn() cations can be described as distorted square pyramidal;
the basal planes are defined by the four amine groups of the
[12]aneN4 units, the maximum deviations from the mean planes
being 0.02 (1) Å for N(4) (Zn(1)), 0.18(2) Å for N(8) (Zn(2)) and
0.02(1) Å for N(13) (Zn(3)). The axial positions are occupied by
a chloride anion, with angles of 4.0(2)�, 4.5 (2)� and 4.41(2)�
between the Zn(1)–Cl(1), Zn(2)–Cl(2) and Zn(3)–Cl(3) bonds
and the normal to the corresponding basal planes. Finally, the
three metal cations Zn(1), Zn(2) and Zn(3) lie respectively
0.828(1), 0.852(2) and 0.83(2) above the basal plane, shifted
towards the apical position. Similar coordination geometries
have been already observed in several Zn() complexes with
[12]aneN4 or [12]aneN4-derivatives, the apical position being
occupied by a nitrogen- or oxygen-donor of a substrate mole-
cule or anion.38,44,45

Considering the overall conformation of the complex, the
“tren” nitrogens N(1) N(2), N(6) and N(10) lie on the same
plane (maximum deviation 0.02 Å for N(1)), giving rise to a
rather open conformation of the ligand. Two of the macrocyclic
units (N(6)–N(9) and N(10)–N(13)) are located above this
plane. In consequence Zn(2) and Zn(3) lie 1.38(2) and 1.94(2) Å
above the plane defined by the “tren” nitrogens. The third
macrocyclic unit (N(2)–N(5)), instead, is bisected by the plane
defined by the “tren” nitrogens and the Zn(1) ion lies 0.985(1) Å
below this plane. Interestingly, the planes defined by the N(2)–
N(5) and N(6)–N(9) macrocycles are almost parallel (dihedral
angle of 5.76�). The two corresponding Zn(1)–Cl(1) and Zn(2)–
Cl(2) units display a face to face disposition, with the two Zn()
ions located 5.835(2) Å apart from one another. Longer
distances separate the Zn(1) � � � Zn(3) (10.303(2) Å) and
Zn(2) � � � Zn(3) (7.722(2) Å) couples.

Zn(II) coordination in aqueous solution

Table 2 collects the stability constants for the complexes of L1
and L2 with Zn(), potentiometrically determined in 0.1 mol
dm�3 NMe4NO3 aqueous solution at 298.1 and 308.1 K, while
Fig. 2 displays the distribution diagrams for the L1 and L2
complexes with a metal to ligand 3 : 1 molar ratio at 298.1 K.
Both ligands can form stable mono-, di- and tri-nuclear com-
plexes in aqueous solutions. The most relevant difference
between the Zn()L systems (L = L1 and L2) at 298.1 K and at
308.1 K is the lower stability of the [ZnL]2� and [Zn2L]4� com-
plexes at the highest temperature, due to the exothermic process
of metal coordination. In the case of the L2, the trinuclear

Table 1 Bond lengths [Å] and angles [�] for the metal coordination
environments in the [Zn3L1Cl3]

3� cation

Zn(1)–Cl(1) 2.220(3) Zn(1)–N(2) 2.26(1)
Zn(1)–N(3) 2.11(1) Zn(1)–N(4) 2.14(1)
Zn(1)–N(5) 2.11(1) Zn(2)–Cl(2) 2.230(3)
Zn(2)–N(6) 2.24(1) Zn(2)–N(7) 2.06(1)
Zn(2)–N(8) 2.23(2) Zn(2)–N(9) 2.11(1)
Zn(3)–Cl(3) 2.211(5) Zn(3)–N(10) 2.22(1)
Zn(3)–N(11) 2.08(1) Zn(3)–N(12) 2.17(1)
Zn(3)–N(13) 2.11(1)   

Cl(1)–Zn(1)–N(2) 107.4(2) Cl(1)–Zn(1)–N(3) 111.8(3)
Cl(1)–Zn(1)–N(4) 115.8(3) Cl(1)–Zn(1)–N(5) 115.1(3)
N(2)–Zn(1)–N(3) 81.2(4) N(2)–Zn(1)–N(4) 136.7(4)
N(2)–Zn(1)–N(5) 80.7(4) N(3)–Zn(1)–N(4) 82.0(4)
N(3)–Zn(1)–N(5) 132.8(4) N(4)–Zn(1)–N(5) 82.2(4)
Cl(2)–Zn(2)–N(6) 115.8(3) Cl(2)–Zn(2)–N(7) 116.2(3)
Cl(2)–Zn(2)–N(8) 103.4(5) Cl(2)–Zn(2)–N(9) 116.4(3)
N(6)–Zn(2)–N(7) 83.4(4) N(6)–Zn(2)–N(8) 140.8(6)
N(6)–Zn(2)–N(9) 80.9(5) N(7)–Zn(2)–N(8) 81.8(6)
N(7)–Zn(2)–N(9) 126.9(5) N(9)–Zn(2)–N(8) 79.6(6)
Cl(3)–Zn(3)–N(10) 114.0(3) Cl(3)–Zn(3)–N(11) 110.2(3)
Cl(3)–Zn(3)–N(12) 109.3(4) Cl(3)–Zn(3)–N(13) 117.4(4)
N(10)–Zn(3)–N(11) 81.6(4) N(10)–Zn(3)–N(12) 136.6(5)
N(10)–Zn(3)–N(13) 80.8(4) N(11)–Zn(3)–N(12) 81.4(5)
N(11)–Zn(3)–N(13) 132.3(5) N(12)–Zn(3)–N(13) 81.8(5)

[Zn3L2]6� species was not detected by potentiometry. The
trinuclear [Zn3L1]6� complex, however, still displays a lower
stability at 308.1 K. On the contrary, the pKa values of the
coordinated water generally decrease at the highest temperature
(for example, considering the formation of the [Zn3L1(OH)2]

4�

species, pKa values of 8.21 at 308.1 K and 8.57 at 298.1 K can be
calculated from the formation constants in Table 2). This is
likely due to the endothermic process of acidic dissociation of
coordinated water molecules. These two effects reduce the per-
centages of the [ZnL]2�, [Zn2L]4� and [Zn3L]6� complexes
formed at 308.1 K.

Considering the mononuclear complexes, the stability of the
[ZnL1]2� and [ZnL2]2� complexes are somewhat lower than
those of the corresponding complex with [12]aneN4 and
[14]aneN4, respectively (log K = 19.91 and 23.5 for the equi-
librium Zn2� � L = ZnL2� at 298.1 K, for L = L1 and
[12]aneN4,

46 respectively, and log K = 13.95 and 15.44 at 298 K
for L = L2 and [14]aneN4

47 respectively). Most likely, in both
the [ZnL]2� complexes the metal is coordinated by an N4 donor
set belonging to a single macrocyclic unit. The presence of a
tertiary nitrogen, a weaker σ-donor than a secondary one, in
the metal coordination sphere in the mononuclear complexes
with L1 and L2 would account for the lower stability of
[ZnL1]2� and [ZnL2]2� with respect to the corresponding com-
plexes with [12]aneN4 and [14]aneN4. The other two cyclic units
are probably not involved in metal coordination and facile pro-
tonation occurs on their nitrogen atoms. Actually, both the
[ZnL]2� complexes present a high tendency to bear protonation
and several protonated [ZnLHn]

(n � 2) species are formed in
aqueous solution (Table 2). At the same time, the first five pro-
tonation constants are only 0.5–2 logarithmic units lower than
the corresponding basicity constants of the corresponding free
amines, indicating that protonation occurs on nitrogen atoms
not bound to the metal.

Most likely, addition of the second and the third metal ion to
the [ZnL]2� complexes to give the dinuclear and trinuclear
Zn() species takes place on separated [12]aneN4 or [14]aneN4

units, to give dinuclear and trinuclear complexes where each
metal is hosted, almost independently, in a single macrocyclic
N4 moiety, as actually shown by the crystal structure of the
[Zn3Cl3L1]3� trinuclear complex. The equilibrium constants for
the addition of a second Zn() ion to the [ZnL]2� complexes

Fig. 2 Distribution diagrams for the systems L1/Zn2� (a) and L2/Zn2�

(b) with a ligand to metal 1 : 3 molar ratio ([Zn2�] = 3 × 10�3 M; [L1] =
[L2] = 1 × 10�3 M).
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Table 2 Stability constants (log K) of the Zn() complexes with L1 and L2 (0.1 M NMe4NO3 aqueous solution) at 298.1 and 308.1 K

Reaction L1 L2 L1 L2

 298.1 K 308.1 K
Zn2� � L = ZnL2� 19.91(5) 13.95(7) 18.40(5) 13.00(7)
ZnL2� � H� = ZnLH3� 9.77(5) 10.43(5) 9.62(5) 10.65(5)
ZnLH3� � H� = ZnLH2

4� 9.43(5) 9.55(6) 9.34(5) 9.62(6)
ZnLH2

4� � H� = ZnLH3
5� 8.38(5) 8.57(7) 8.32(6) 8.76(7)

ZnLH3
5� � H� = ZnLH4

6� 8.27(5) 7.55(7) 8.20(6) 7.76(7)
ZnLH4

6� � H� = ZnLH5
7� 4.33(5) 6.87(5) 5.11(6) 7.07(5)

ZnLH5
7� � H� = ZnLH6

8� 3.65(7) – 4.06(7) –
ZnL2� � Zn2� = Zn2L

4� 15.52 (6) 10.69(9) 12.92 (6) 9.81(9)
Zn2L

4� � H� = Zn2LH5� 8.52 8.78(6) – 9.02(6)
Zn2LH5� � H� = Zn2LH2

6� – 7.59(5) – 7.75(5)
Zn2L

4� � Zn2� = Zn3L
6� 10.18(7) – 9.23(7) –

Zn3L
6� � H� = Zn3LH7� 6.89(9) – 5.55(9) –

3Zn2� � L � OH� = Zn3L(OH)5� 52.51(7) 38.57(5) – 37.05(5)
Zn3L

6� � OH� = Zn3L(OH)5� 6.41(5) – 6.00(5) –
Zn3L (OH)5� � OH� = Zn3L(OH)2

4� 5.26(5) 5.78(7) 5.19(5) 5.50(7)
Zn3L(OH)2

4� � OH� = Zn3L(OH)3
3� 4.13(6) 4.93(4) 3.80(6) 4.57(4)

 pKa (298.1 K) pKa (308.1 K)
Zn3L

6� � H2O = Zn3L(OH)5� � H� 7.42 – 7.4 –
Zn3L(OH)5� � H2O = Zn3L(OH)2

4� � H� 8.57 8.05 8.21 7.90
Zn3L(OH)2

4� � H2O = Zn3L(OH)3
3� � H� 9.70 8.90 9.6 8.83

(L = L1 and L2) is obviously lower than the formation constant
of [ZnL]2� (Table 2), due to the electrostatic repulsions between
the metal ions, and, to a lesser extent, to statistical effects. A
further decrease is observed for the addition of the third metal
ion to the [Zn2L1]4� complex, while in the case of L2, the
[Zn3L2]6� complex is not detected by potentiometry. As shown
in Fig. 2, trinuclear metal complexes, however, are largely pre-
valent in aqueous solution with a metal to ligand 3 : 1 molar
ratio.

Interestingly, ligand L1 gives rise also to the formation of a
stable protonated trinuclear complex, [Zn3LH]7�. As shown in
Fig. 2a, the [Zn3L1H]7� complex is prevalent over a wide pH
range and deprotonation to give [Zn3L1]6� occurs only at neu-
tral pH values. The observed high value of the constant for
proton addition to the [Zn3L1]6� complex may be ascribed to
protonation of a nitrogen not bound to the metal, most likely
the bridgehead nitrogen of the “tren” unit.

Comparing the binding ability of L1 and L2 toward Zn(),
the data in Table 2 point out that the formation constants of
complexes with L1 are generally higher than the corresponding
complexes with L2 (compare, for instance, the constants for the
equilibria Zn2� � L = ZnL2� and ZnL2� � Zn2� = Zn2L

4� with
L = L1 and L2), due to replacement of two ethylenic chains in
L1 with propylenic ones in L2. The larger bite of the propylenic
chains, in fact, generally increases the N–Zn–N bond angle and
reduces the interaction between the metal and the nitrogen
donors. Actually, a similar decrease in stability is also observed
passing from the [Zn[12]aneN4]

2� complex (log K = 23.5) 46 to
the [Zn[14]aneN4]

2� one (log K = 15.44).47

The most interesting finding, however, is the formation of
stable mono-, di- and tri-hydroxo trinuclear complexes, which
are present in solution from slightly acidic to alkaline pH values
(Fig. 2). High tendencies to form hydroxo complexes are gener-
ally related to a metal coordination sphere not saturated by the
ligand donors, which leads to facile deprotonation of the co-
ordinated water molecules. Actually, the crystal structure of
the trinuclear Zn() complex with L1 shows each metal co-
ordinated by a [12]aneN4 unit and a chloride anion. Most likely,
the chloride anions are replaced by water molecules in aqueous
solution. The mono-, di- and tri-hydroxo complexes would be
therefore generated by successive deprotonation of the co-
ordinated water molecules. The pKa value for deprotonation of
the first water molecule in the [Zn3L1]6� trinuclear complex,
however, is lower than that found for the mononuclear
[Zn[12]aneN4]

2� one (pKa = 7.42 and 8.02 43 at 298.1 K for the
equilibria [Zn3L1]6� � H2O = [Zn3L1(OH)]5� � H� and
[Zn[12]aneN4]

2� � H2O = [Zn[12]aneN4](OH)]� � H�, respect-

ively). This behaviour indicates a strong binding of the hydrox-
ide ion in [Zn3L1(OH)]5� and is generally ascribed to a bridging
coordination mode of OH� between two metal centers.27 In
consequence of this low pKa value, the [Zn3L1(OH)]5� species is
already present in aqueous solution at neutral pH. The form-
ation of both a dihydroxo [Zn3L1(OH)2]

4� and a trihydroxo
[Zn3L1(OH)3]

3� complex is observed at alkaline pH with pKa

values respectively of 8.57 and 9.7 at 298 K. These pKa values
are higher than those usually found for bridging hydroxide
groups and are generally related to the formation of hydroxide
functions bound to a single metal ion.20,27 In the case of L2, the
[Zn3L2]6� species is not formed under our experimental condi-
tions and the pKa value for the formation of [Zn3L2(OH)]5�

cannot be calculated. Fig. 2b, however, clearly shows that this
species is largely prevalent in aqueous solution at neutral pH,
still suggesting strong hydroxide binding in the [Zn3L2(OH)]5�

complex, probably due, once again, to a bridging coordination
of this anion. It is also to be noted that the pKa values for the
formation of the [Zn3L2(OH)2]

4� and [Zn3L2(OH)3]
3� com-

plexes are somewhat lower than those found for the corre-
sponding L1 species (Table 2). The enhanced acidity of the
coordinated water molecules in the trinuclear L2 complex can
be related to the weaker interaction between each metal ion and
a single N4 donor set in the [Zn3L2]6� complex, which increases
the positive charge on the metal and favours the dissociation of
the metal-bound water molecules.

These features make the trinuclear Zn() complexes with L1
and L2 promising hydrolytic agents. They contain three metal
centers as potential binding sites for substrate molecules or
anions. In these complexes, in fact, the metal coordination
spheres are not fulfilled by the ligand donors and the Zn() ions
may be used for substrate binding and activation. At the same
time, facile deprotonation of metal-bound water molecules
occurs from neutral to alkaline pH, giving Zn–OH functions as
potential nucleophiles in hydrolytic reactions. Therefore, we
decided to test the potential hydrolytic activity of these
complexes by using as substrates an activated acetate ester,
p-nitrophenyl acetate (NA), and an activated phosphate ester,
bis(p-nitrophenyl) phosphate (BNPP).

Kinetics of p-nitrophenyl acetate (NA) hydrolysis

NA hydrolysis promoted by the trinuclear Zn() complexes
with L1 and L2 at different pH was followed by the appearance
of the p-nitrophenate anion at 403 nm (298.1 K, I = 0.1 mol
dm�3 NMe4NO3). For both ligands significant enhancement of
the hydrolysis rate is observed only above pH 7 and second
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Table 3 Second order rate constants k�NA (M�1 s�1) for the hydrolysis of p-nitrophenyl acetate and pKa values for the corresponding hydroxo
complexes at 298.1 K

Nucleophile k�NA/M�1 s�1 pKa Nucleophile k�NA/M�1 s�1 pKa

[Zn3L1(OH)]5� < 0.03 7.42 [Zn3L2(OH)]5� < 0.03 –
[Zn3L1(OH)2]

4�  0.56 ± 0.06 8.57 [Zn3L2(OH)2]
4�  0.34 ± 0.04 8.05

[Zn3L1(OH)3]
3�  4.2 ± 0.4 9.7 [Zn3L2(OH)3]

3�  3.7 ± 0.4 8.9
[Zn[12]aneN4(OH)]�a  0.11 a 8.02    

a From reference 43a, I = 0.15 M NaClO4. 

order kinetics is followed. Fig. 3 reports the measured kobs values
at different pH for the L1 trinuclear complexes, together with
their distribution curves. From these data the single contri-
butions to the kobs values of each trinuclear species can be
calculated (see Experimental section). The trinuclear [Zn3L1]6�

complex does not show any hydrolytic activity, while the mono-
hydroxo complex [Zn3L1(OH)]5� displays a very low enhance-
ment of the hydrolysis rate (kNA < 0.03). An equal behaviour is
found for the trinuclear complexes with L2. The low activity of
the [Zn3L(OH)]5� species (L = L1 or L2) is in accord with the
generally observed low hydrolytic ability of Zn2(µ-OH) func-
tions;27 simultaneous binding to two electrophilic metal centers,
in fact, reduces the nucleophilicity of the hydroxide anion. The
[Zn3L(OH)2]

4� and [Zn3L(OH)3]
3� (L = L1 or L2) complexes,

instead, give a significant promotion of the NA hydrolysis rate.
These complexes, however, are formed in at most 80–90% in the
pH ranges used in the kinetic measurements. Therefore, in order
to quantify the different activity in NA hydrolysis of the present
complexes, we determined the second order rate constants k�NA

at 100% formation of the [Zn3L(OH)2]
4� and [Zn3L(OH)3]

3�

species (see Experimental section). The calculated k�NA values
for the present complexes are listed in Table 3, together with the
corresponding pKa values. The data in Table 3 clearly show that
the rate constants for the [Zn3L(OH)3]

3� complexes (L = L1 or
L2) are much higher than those found for the corresponding
[Zn3L(OH)2]

4� species. At the same time, the di-hydroxo and tri-
hydroxo L1 complexes are more active in NA cleavage than the
corresponding L2 ones. In other words, among the different

Fig. 3 (a) Plot of the distribution curves of the L1 trinuclear hydroxo
complexes (solid line, left y axis) and kobs values for NA hydrolysis (�,
right y axis) as a function of pH (0.1 mol dm�3 NMe4NO3, 298.1 K). (b)
Expansion of the 6.6–9 pH region, evidencing the hydrolytic effect of
the [Zn3L1(OH)2]

4� complex.

complexes, the rate constants increase with the pKa values, i.e.,
with the nucleophilicity of the Zn–OH functions. This result is
in accord with a mechanism for NA hydrolysis involving a
merely nucleophilic attack of the metal-bound hydroxide at the
carbonyl group of the ester and release of p-nitrophenate.20,27

The three Zn() ions do not play any cooperative role in sub-
strate activation and a simple bimolecular mechanism is
predominant.

Kinetics of bis(p-nitrophenyl) phosphate (BNPP) hydrolysis

Fig. 4 shows the pH dependence of the measured second order
rate constants, kobs, for BNPP hydrolysis in the presence of the
L1 and L2 trinuclear complexes, together with the distribution
curves of L1 and L2 trinuclear complexes. Only the di- and
tri-hydroxo complexes promote BNPP hydrolysis in aqueous
solution (L = L1 and L2), while the monohydroxo species
[Zn2L(OH)]3� do not promote this process, in accord with the
very low activity in NA hydrolysis found for this complex. The
[Zn3L(OH)2]

4� and [Zn3L(OH)3]
3� complexes are the kinetically

active species.

As in the case of NA hydrolysis, the rate constants k�BNPP

at 100% formation of the [Zn3L(OH)2]
4� and [Zn3L(OH)3]

3�

species can be calculated from the experimental kobs values, and
their values are reported in Table 4, in comparison with the
corresponding pKa values. The k�BNPP values reported for

Fig. 4 (a) Plot of the distribution curves of the L1 trinuclear hydroxo
complexes (solid line, left y axis) and kobs values for BNPP hydrolysis
(�, right y axis) as a function of pH (0.1 mol dm�3 NMe4NO3, 308.1
K). (b) Plot of the distribution curves of the L2 trinuclear hydroxo
complexes (solid line, left y axis) and kobs values for BNPP hydrolysis
(�, right y axis) as a function of pH (0.1 mol dm�3 NMe4NO3,
308.1 K).
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Table 4 Second order rate constants k�BNPP (M�1 s�1) for the hydrolysis of bis( p-nitrophenyl) phosphate and pKa values for the corresponding
hydroxo complexes at 308.1 K

Nucleophile k�BNPP × 104/M�1 s�1 pKa Nucleophile k�BNPP × 104/M�1 s�1 pKa

[Zn3L1(OH)]5� – 7.40 [Zn3L2(OH)]5� – –
[Zn3L1(OH)2]

4� 1.2 ± 0.06 8.21 [Zn3L2(OH)2]
4� 2.9 ± 0.15 7.90

[Zn3L1(OH)3]
3� 1.1 ± 0.05 9.6 [Zn3L2(OH)3]

3� 3.1 ± 0.2 8.83
[Zn[12]aneN4(OH)]� a 0.21 7.9    

a From reference 43a, I = 0.15 M NaClO4. 

the mononuclear complex with [12]aneN4 are also reported for
comparison.

The data in Table 4 outline that the trinuclear L1 and L2
complexes are remarkably more active in BNPP hydrolysis than
the mononuclear Zn() complex with [12]aneN4.

43a In com-
parison with [Zn[12]aneN4(OH)]�, a ca. five-fold and fourteen-
fold increase in the hydrolysis rate is observed in the presence of
the trinuclear complexes [Zn3L1(OH)2]

4� and [Zn3L2(OH)2]
4�,

respectively. These complexes are also more active than the
binuclear Zn() complex with the ligand 1,4,7,10,19,22,25,28-
octaza-13,16,31,34-tetraoxacyclohexatriacontane (L3), which
contains two Zn() coordinated, almost independently, by two
separated tetraaza moieties (k�BNPP = 5.4 × 10�5 M�1 s�1 for
[Zn2L3(OH)2]

2�).27c These results suggest that the metal centers
in the present complexes play a cooperative role in BNPP cleav-
age. For BNPP hydrolysis promoted by mononuclear Zn()
complexes, such as [Zn[12]aneN4(OH)]�, an “associative”
mechanism has been proposed where BNPP starts by inter-
acting with Zn(), an electrophilic binding site for P–O, and at
the same time the Zn()–OH function acts as a nucleophile.20,43

The higher activity in BNPP hydrolysis observed for our tri-
nuclear complexes may be explained by considering that the
phosphate ester would interact with at least two Zn() centers,
and simultaneously a Zn()-bound hydroxide operates a nucleo-
philic attack at phosphorus to give mono(p-nitrophenyl)
phosphate and p-nitrophenate (Fig. 5). In other words, the
observed rate increase would be generated by a bridging inter-
action of BNPP with at least two electrophilic metal centers,
i e., by a higher substrate activation.

Comparing the hydrolytic properties of the [Zn3L1(OH)2]
4�

and [Zn3L1(OH)3]
3� complexes with those of the corresponding

L2 ones, the activity of the complexes in BNPP hydrolysis
decreases from L2 to L1 (k�BNPP = 2.9 × 10�4 and 1.2 × 10�4 for
[Zn3L2(OH)2]

4� and [Zn3L1(OH)2]
4�, respectively; k�BNPP = 3.1

× 10�4 and 1.1 × 10�4 for [Zn3L2(OH)3]
3� and [Zn3L1(OH)3]

3�,
respectively), i.e., the hydrolytic ability decreases as the pKa of
the complexes increases, which is opposite to the behaviour
found in NA cleavage. Thus, in BNPP cleavage the hydrolytic
properties of the complexes are not only determined by the
nucleophilicity of the Zn–OH functions. This behaviour can be

Fig. 5 Proposed mechanism for BNPP cleavage promoted by
complexes [Zn3L(OH)2]

4� (a) and [Zn3L(OH)3]
3� (b) (L = L1 or L2).

explained, once again, in terms of an associative cleavage
mechanism.20,27,43 Lower pKa values, in fact, generally imply a
more electrophilic Zn() center and, therefore, a better ability in
substrate binding. The L2 complexes, which contain the less
nucleophilic Zn()–OH functions, would give a stronger inter-
action with BNPP during the hydrolytic process, leading to an
enhanced substrate activation and to higher rate accelerations.

Differently from NA hydrolysis, the trihydroxo complexes
[Zn3L(OH)3]

3� (L = L1 or L2) displays a hydrolytic ability
equal, within experimental error, to that of the corresponding
dihydroxo species [Zn3L(OH)2]

4�. This result is rather surpris-
ing, since the [Zn3L(OH)3]

3� complexes display a markedly
higher nucleophilic character than the [Zn3L(OH)2]

4� ones,
which would lead, in principle, to higher rate constants for
BNPP cleavage in the presence of the [Zn3L(OH)3]

3� species. A
tentative explanation of this behaviour could reside in a lower
BNPP activation by the [Zn3L(OH)3]

3� species, i.e., in a reduced
interaction of the phosphate ester with the metal centers in
these trihydroxo complexes. The dihydroxo complexes, in fact,
contain two Zn–OH functions and a Zn–OH2 group, which is
replaced by a further Zn–OH unit in the trihydroxo species.
Since hydroxide is strongly bound to Zn() with respect to a
water molecule, the phosphate ester would give a stronger inter-
action with a Zn–OH2 group than with a Zn–OH function, as
sketched in Fig. 5. The consequent overall lower interaction of
the substrate with the [Zn3L(OH)3]

3� complexes would com-
pensate for their higher nucleophilicity, leading to the observed
almost equal activity in BNPP hydrolysis of the di- and tri-
hydroxo complexes.

Experimental

General procedures

Ligands L1 and L2 were obtained as previously reported.42

UV-vis spectra were recorded on a Shimadzu UV-2101PC
spectrophotometer.

Synthesis of the complexes

[Zn3L1Cl3](ClO4)3�H2O. A sample of Zn(ClO4)2�6H2O
(84 mg, 0.22 mmol) was added to a methanol solution (20 cm3)
of L1 (46 mg, 0.075 mmol). NaCl (10 mg) was added. The
resulting solution was stirred for 1 h at room temperature and
butanol (20 cm3) was then added. Colourless crystals of the title
compound were obtained by slow evaporation of this solution.
Yield: 73 mg (80%) Anal. Calcd. for C30H71N13Cl6O13Zn3: C,
29.28; H, 5.81; N, 14.79. Found: C, 29.4; H, 5.63; N, 14.9%.

[Zn3L2](ClO4)6�3H2O. This compound was obtained as a
colourless powder from Zn(ClO4)2�6H2O (94 mg, 0.25 mmol)
and L2 (58 mg, 0.08 mmol) by using the same procedure
reported for the L1 complex. Yield: 97 mg (75%). Anal. Calcd.
for: C36H87N13Cl6O27Zn3: C, 28.02; H, 5.68; N, 11.80. Found: C,
28.1; H,5.5; N, 12.0%.

Single crystal X-ray diffraction analysis

Formula: C30H71Cl6Zn3N13O13, M = 1230.81; a = 7.9390(10),
b = 29.5390(10), c = 22.459(4) Å; β = 99.000(5)�; Z = 4, mono-
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clinic, space group P21/n, V = 5202.0(11) Å3, T = 298 K,
F(000) = 2552. Data collection: P4 SIEMENS X-ray diffract-
ometer, λ = 1.54178 Å (Cu-Kα), graphite monochromated,
0.25 × 0.2 × 0.1 mm. Data collection to 2θmax of 100.12� gave
7063 reflections collected. The structure was solved by direct
methods using the Sir-97 program.48 Refinement was performed
by means of the full-matrix least squares method of the
SHELX-97 49 program. Refinement included 561 parameters on
5256 unique reflections for which I>2.00σ(I ), to give R =
0.0909, Rw = 0.2763, and GOF = 1.089.

A double position was found for the C(17) carbon atom
(population parameter ratio: 0.3/0.7). As is often found
in perchlorate, the Cl(6) perchlorate anion exhibits disorder
with high thermal displacements. All the non-hydrogen atoms
were anisotropically refined, except C(17A), C(17B), C(18),
O(61), O(62), O(63) and O(64). The hydrogen atoms were
introduced in calculated positions and their coordinates and
thermal factors refined in agreement with those of the linked
atoms.

CCDC reference number 212434.
See http://www.rsc.org/suppdata/dt/b3/b306577d/ for crystal-

lographic data in CIF or other electronic format.

Potentiometric measurements

Equilibrium constants for complexation reactions with L1 and
L2 were determined by means of potentiometric measurements
(pH = �log [H�]), carried out in 0.1 mol dm�3 NMe4NO3 at
298.1 ± 0.1 K and 308.1 ± 0.1 K, in the pH range 2.5–11, using
equipment that has been already described.27a The reference
electrode was an Ag/AgCl electrode in saturated KCl solution.
The glass electrode was calibrated as a hydrogen concentration
probe by titrating known amounts of HCl with CO2-free
NaOH solutions and determining the equivalence point by
Gran’s method.50 This allows one to determine the standard
potential E o, and the ionic product of water (pKw = 13.83 ±
0.01 and 13.40 ± 0.01 at 298.1 K and 308.1 K, respectively).
Ligand concentration was about 1 × 10�3 M, while metal con-
centration was in the range 3 × 10�3 to 5 × 10�4 M. At least
three measurements (about 100 experimental points each one)
were performed for each system. The computer program
HYPERQUAD 51 was used to calculate the protonation con-
stants and the stability constants of Zn() complexes from emf
data. Ligands protonation constants at 298.1 and 308.1 K are
supplied within the ESI. † The titration curves for each system
were treated either as a single set or as separate entities without
significant variations in the values of the protonation or metal
complexation constants.

Kinetics of p-nitrophenyl acetate (NA) hydrolysis

The hydrolysis rate of p-nitrophenyl acetate in the presence of
the trizinc complexes with L1 and L2 was measured by an ini-
tial slope method following the increase in the 403 nm absorp-
tion of the released p-nitrophenolate at 298.1 ± 0.1 K by using
the procedure reported in reference 27. The ionic strength was
adjusted to 0.1 M with NMe4NO3. The reaction solution was
maintained at 298.1 ± 0.1 K. MES (pH 5.5–6.7), MOPS (pH 6–
7.8), TAPS (pH 7.8–8.9) and CAPSO (pH 8.9–10) buffers were
used (50 mM). In a typical experiment, after p-nitrophenyl
acetate and the trizinc complexes with L1 or L2 (0.1–1 mM) in
10% CH3CN solutions at appropriate pH (the reference
experiment does not contain the Zn() complex) were mixed,
the UV absorption decay was recorded immediately and was
followed generally until 2% decay of p-nitrophenyl acetate. For
both ligands the rate increase due to the [Zn3L(OH)]5� complex
is negligible. Two species, [Zn3L(OH)2]

4� and [Zn3L(OH)3]
3�

give significant enhancement of the hydrolysis rate. Therefore,
at each pH value, the measured second order rate constants kobs

are given by: 

kobs[total trinuclear Zn() complex][NA] =
k1NA[Zn3L(OH)2

4�][NA] � k2NA[Zn3L(OH)3
3�][NA]

The k1NA and k2NA values were calculated by least squares fitting
of the kobs values collected at different pH. Plots of the k1NA and
k2NA values vs. [Zn3L(OH)2]

4� and [Zn3L(OH)3]
3� percentages,

respectively, gave straight lines and allow one to determine the
rate constants k�NA at 100% formation of [Zn3L(OH)2]

4� and
[Zn3L(OH)3]

3�, given in Table 3.

Kinetics of bis(p-nitrophenyl) phosphate (BNPP) hydrolysis

The hydrolysis rate of BNPP to give mono(p-nitrophenyl)
phosphate and p-nitrophenate was measured in aqueous solu-
tion at 308 ± 0.1 K by using a similar method and procedure to
those reported for NA hydrolysis. The visible absorption
increase at 403 nm was recorded immediately after mixing
BNPP (1–10 mM) and the trizinc complexes (1–10 mM) aque-
ous solutions and was followed generally until 0.2% formation
of p-nitrophenate (for each second order rate constant
determination at least five experiments were followed until
5–10%). A plot of the hydrolysis rate vs. BNPP concentration
(1–10 mM) at a given pH gave a straight line, and then we
determined the slope/[zinc complex] as the second order rate
constants kobs (M

�1 s�1). Errors on kobs values were about 5%.
Similar to the case of NA hydrolysis, [Zn3L(OH)]5� does not
promote BNPP cleavage and, therefore: 

kobs[total trinuclear Zn() complex][BNPP] =
k1BNPP[Zn3L(OH)2

4�][BNPP] � k2BNPP[Zn3L(OH)3
3�][BNPP]

The k1BNPP, k2BNPP and k�BNPP values (k�BNPP = rate constants
at 100% formation of the [Zn3L(OH)2]

4� and [Zn3L(OH)3]
3�

complexes) were calculated by using the method reported
for the corresponding NA rate constants.
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