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Zn(ll) Coordination by Open-chain Polyamine Ligands Containing
Dipyridine Units. Highly Active Dinuclear Zn(l11) Complexes in Phosphate

Ester Hydrolysis
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Abstract: The synthesis and characterization of two new open-chain ligands, L1 and L2, containing two 2,2’-dipyridine
units connected respectively by a pentaethylenhexamine and a pentapropylenhexamine chain, is reported. Zn(ll) com-
plexation has been studied by means of potentiometric and UV-vis spectrophotometric measurements in aqueous solution.
Both ligands form stable mono- and dinuclear complexes, the metal ions being coordinated by a single dipyridine unit and
by the adjacent amine groups. The ability of the binuclear Zn(ll) complexes as nucleophilic agents in hydrolytic processes
has been tested by using bis(p-nitrophenyl) phosphate (BNPP) as substrate. Both complexes display high rate enhance-
ments in BNPP cleavage in aqueous solution. The study outlines that different mechanisms are operative in BNPP cleav-

age in the presence of the L1 and L2 complexes.
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INTRODUCTION

Over the years a great deal of interest has been focused
on the role of metal ions in the active centers of hydrolytic
metalloenzymes [1-11]. Many hydrolytic enzymes, including
those which hydrolyze the phosphate ester bond, contain a
couple of Zn(ll) ions in their active site, which act coopera-
tively in the catalytic process. This metal can exchange
ligands very rapidly and can form stable intermediate com-
plexes with the targeted substrates. At the same time, Zn(ll)
is also able to assist in Lewis activation, nucleophile genera-
tion and leaving group stabilization. All these characteristics
make zinc sites ideal for catalysis of hydrolytic reactions.
The catalytic site can be lodged in a hydrophobic pocket,
which may contribute to substrate binding and can also assist
the formation of the nucleophilic Zn(I1)-OH functions.

Polyamine ligands containing six or more nitrogen do-
nors and cavities of appropriate shape and dimension may be
able to hold two metal centers at short distances [12-29]. The
distance between the two metal ions can be varied by an op-
portune synthetic modulation of the structural characteristics
of the ligands. At the same time, the chemical properties of
the metal centers depend on the ligational properties of the
chelating sites. Therefore, an appropriate design of the metal
binding unit may lead to polynuclear metal complexes with
different reactivity and catalytic properties.

For these reasons, several dinuclear metal complexes
with polyamine ligands have been used to mimic the
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multinuclear metal arrays at the active sites of hydrolytic
metallo-enzymes [30-70].

We have recently reported on mono- and dinuclear Zn(11)
complexes with macrocyclic polyamine ligands containing
2,2’-dipyridine, such as 1 and 2 in Scheme 1, able to hydro-
lyze the phosphate ester bond of activated substrates, such as
bis(p-nitrophenyl)phosphate (BNPP) [71]. This study
pointed out that the hydrolytic mechanism occurs through
interaction of the anionic phosphate moiety with the Zn(Il)
centers and simultaneous attack of a nucleophilic Zn-OH
function to phosphorous.

It was also suggested that the heteroaromatic moieties
may reinforce the overall interaction between BNPP and the
metal complex, thanks to =-stacking and/or hydrophobic
interactions with the p-nitrophenylene units of this substrate,
leading to a marked increase of its hydrolysis rate. We have
now synthesized ligands L1 and L2 (Scheme 1), which con-
tain two dipyridine moieties attached, as lateral side arms, to
a hexadentate open-chain polyamine scaffold. These ligands
present a more flexible backbone with respect to macrocyclic
ligands. This, in principle, can influence their binding fea-
tures toward metal cations as well as the hydrolytic proper-
ties toward BNPP. We report here on the coordination prop-
erties of the ligands toward Zn(ll) and on the ability of the
Zn(11) complexes to cleave the phosphate ester bond, by us-
ing bis(p-nitrophenyl) phosphate (BNPP) as substrate.

RESULTS AND DISCUSSION
Zn(l11) Complexation in Aqueous Solution

Protonation and coordination properties of the ligands
toward Zn(11) have been studied in 0.1 M NMe,Cl aqueous
solutions by means of potentiometric and UV-vis measure-
ments. The protonation constants of the ligands are in the
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Scheme 1. Ligand drawings.

range generally observed for polyamine ligands [72,%] Table
1 collects the stability constants of Zn(Il) complexes potenti-
ometrically determined. Both ligands form mono- and binu-
clear Zn(1l) complexes.

Considering the formation constants of the 1:1 complexes
with Zn(l1), the data in Table 1 outline that both ligands give
remarkably stable complexes with this metal. For instance,
the stability of the L1 complex is similar to that found for the
corresponding complex with the linear hexadentate poly-
amine 1,4,7,10,13,16-hexaazahexadecane (L3) (LogK =
17.46 and 16.96 for the formation of the [ZnL1]"" and
[ZnL3]* complexes, respectively), which contains six amine
groups separated by ethylenic chains, for which it was pro-
posed that Zn(ll) could be bound to six amine groups [73].
At the same time, L1 shows a higher binding ability for
Zn(1l) than L2 (LogK =17.46 and 15.13 for the formation of
[ZnL1]* and [ZnL2]**, respectively). The lower stability of
the L2 complexes can be simply attributed to the replace-
ment of the ethylenic chains that link the aliphatic amine
donors by propylenic chains. In fact, the increased N-Zn-N

“Protonation constants of L1: LogK; = 9.73(1), LogK, = 8.64(1), LogKs = 7.89(1),
LogK, = 6.26(1), LogKs = 4.35(1), LogKs = 3.97(1), LogK; = 3.35(1), LogKg = 2.75(1);
Protonation constants of L2: LogK; = 10.27(1), LogK, = 9.80(1), LogK; = 8.62(1),
LogK,=7.72(1), LogKs = 7.10(1), LogKs = 6.58(1), LogK; = 4.30(1), LogKs = 3.66(1).
K, refers to the equilibrium LH,;*V* + H" = LH,* (L = L1 or L2).
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bond angle, as a result of the larger bite of the propylenic
chains, reduces the stability of the complexes [26].

Furthermore, the [ZnL]** complexes (L = L1 or L2) dis-
play a high tendency to bind acidic protons in aqueous solu-
tions affording up to tetra- or pentaprototonated complexes.
As shown in Fig. (1) for Zn(ll) complexation with L2, the
metal is bound at acidic pH values to afford [ZnH,L2]*"2*
species; the [ZnL2]** complex is then formed at alkaline pH
values.

This marked tendency of the [ZnL]** complexes to pro-
tonate can be ascribed to the presence of amine groups not
involved in metal coordination. These donors, therefore, are
available for coordination of a second Zn(ll) ion. Actually,
both L1 and L2 can give stable dinuclear Zn(Il) complexes,
which are largely prevalent in aqueous solutions containing
the metal and L1 or L2 in 2:1 molar ratio from slightly
acidic to alkaline pH values (see Fig. 2 for Zn(ll) complexa-
tion with L2).

In particular, the formation of binuclear protonated com-
plexes [Zn,H,L]®** (x =1 or 2, L = L1 or L2) as well as of
the [Zn,L]*" species occurs at acidic pH values and is fol-
lowed by the formation of a monohydroxo species
[Zn,L(OH)]** at neutral or slightly alkaline pH values. Fi-
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nally, the formation of a dihydroxo complex, [Zn,L(OH),]*
takes place in the alkaline pH region.

Table 1. Stability Constants of the Zn(11) Complexes with L1
and L2 (NMe,C1 0.1 M, 308 K)

Reaction Log K
L1+ Zn* = [ZnL1]* 17.46(2)
[ZnL1]* + H* = [ZnHL1]™ 8.75(1)
[ZnHL1]* + H* = [ZnHL1]* 6.06(1)
[ZnH,L1]1* + H* = [ZnH,L1]* 3.51(3)
[ZnHaL11* + H* = [ZnH,L1]% 3.32(3)
[ZnH,L11% + H* = [ZnHsL1]™ 2.94(3)
[ZnL1]* + OH = [ZnL1(OH)]* 2.20(3)
L1+ 2Zn* = [Zn,L1]* 29.87(4)
[Zn,L1]*™ + H* = [Zn,HL1]* 4.83(2)
[ZnHLAT* + H* = [ZnH,L1]* 2.94(2)
[Zn,L1]* + OH" = [Zn,L1(OH)]** 4.43(2)
[Zn,L1(OH)]** + OH" = [Zn,L1(OH),]* 3.18(4)
[Zn,L1]* + H,0 = [Zn,L1(OH)]*" + H' -8.97(2)
[Zn,L1(OH)]** + H,0 = [Zn,L1(OH),]** + H* -10.22(4)
L2 + Zn?* = [ZnL2]* 15.13(1)
[ZnL2]* + H* = [ZnHL2]* 9.35(1)
[ZnHL2]* + H* = [ZnH,L2]* 8.15(2)
[ZnH,L2]* + H* = [ZnH,L2]* 7.67(2)
[ZnHaL2]* + H* = [ZnH,L2]% 5.66(3)
[ZnH 2% + H* = [ZnHsL2]™ 4.16(4)
[ZnL2]? + OH = [ZnL2(OH)]* 3.71(2)
L2 +2Zn* = [Zn,L2]* 24.02(3)
[Zn,L2]* + H* = [ZnHL2]* 5.90(3)
[ZnHL2]%* + H* = [Zn,H,L2]** 5.04(4)
[Zn,L2]* + OH" = [Zn,L2(OH)]** 6.09(3)
[Zn,L2(OH)J** + OH" = [Zn,L2(0OH),]* 3.56(3)
[Zn,L2]*" + H,0 = [Zn,L2(OH)]** + H' -7.31(3)
[Zn,L2(OH)]** + H,0 = [Zn,L2(0OH),]** + H* -9.84(3)

The process of metal complexation was also investigated
by means of UV spectrophotometric measurements. 2,2'-
Dipyridine, in fact, is characterized by an absorption band at
288 nm. Zn(I1) binding by dipyridine leads to the disappear-
ance of the UV band at 288 nm and to the formation of a
new red-shifted absorption band at ca. 310 nm. The appear-
ance of this band can be used as diagnostic tool to detect
metal binding to the dipyridine unit in solution. As shown in
Fig. (3) for the system Zn(ll)/L2, addition of increasing
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Fig. (1). Species distribution diagrams for the system Zn(l1)/L2 in
1:1 molar ratio ([L2] =1 x 10° M, 1= 0.1 M, 308 K).
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Fig. (2). Species distribution diagrams for the system Zn(l1)/L2 in
2:1 molar ratio ([L2] =1 x 10° M, 1= 0.1 M, 308 K).

amounts of Zn(l1) to an aqueous solution of the ligand buff-
ered at pH 9 leads to the appearance of a new structured
band at ca 310 nm and to the disappearance of the band at
288 nm. Almost equal spectral changes were also observed
upon addition of Zn(ll) to solutions of L1. The absorbance
measured at 313 nm increases linearly up to 1.75:1 Zn(ll) to
L2 molar ratio, to achieve a constant value for molar ratios
greater than 2.25 (Fig. 3b), indicating the formation of stable
1:2 complexes (see below). The observed linear increase of
the absorbance at 313 nm up to the addition of 1.75 eq of the
metal strongly suggests that the process of metal binding
takes place through coordination of a first metal ion by a
single dipyridine unit with M:L molar ratio lower than 1,
followed by binding of the second metal to the remaining
dipyridine moiety with M:L molar ratio greater than 1.

Of note, L1 gives rise to the formation of more stable
dinuclear complexes than L2 (IogK = 29.87 and 24.02 for
the equmbrlum L + 2Zn* = [Zn,L]* with L = L1 and L2,
respectively), in keeping with the higher binding ability to-
ward Zn(Il) generally observed with polydentate ligands
containing ethylene spacers between amine donors. Most
likely, in the L1 complex the metals achieve a coordination
sphere more saturated by the ligand donors than in the L2
one. However, in both the dinuclear complexes with L1 and
L2 deprotonation of Zn(ll)-coordinated water molecules
gives mono- and dihydroxo-species. At the same time, the
dinuclear complex with L2 displays a higher tendency to
give hydroxo-species than the corresponding L1 one, in
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Fig. (3). (@) UV spectra of L2 in the presence of increasing
amounts of Zn(II) ([Zn(II)]/L2 molar ratio: 0 (a); 0.25, (b); 0.5 (c);
0.75 (d); 1 (e); 1.25 (f); 1.5 (g); 1.75 (h), 2 (1), 2.25 (j), [L2] =5 x
10° M, I =0.1 M). (b) Absorbance at 313 nm of L2 in the presence
of increasing amounts of Zn(1II).

keeping with the proposed lower number of ligand donors
involved in metal coordination in the L2 complex. For in-
stance, the pK, value for deprotonation of the first water
molecule in [Zn,L.2]*" to give [Zn,L2(OH)]*" is rather low
when compared to the corresponding L1 complex (pK, =
731 and 8.97 for [Zn,L2]*" and [Zn,L1]*", respectively).
Similar low values are generally attributed, in dinuclear
Zn(I1) complexes, to a bridging coordination of the hydrox-
ide anion between two metal centres [46-49]. Most likely, in
[Zn,L.2]*" the two metals may achieve a short intermetallic
distance, thanks to the higher overall flexibility conferred to
the ligand by the presence of propylenic chains, more flexi-
ble than the ethylenic ones of L1. This could favor the as-
sembly of a Zn,(u-OH) unit enveloped within the ligand
backbone. The pK, value (9.84 log units) for the formation of
the dihydroxo-complex [Zn,L.2(OH),]*" is too high to be
ascribed to a bridging hydroxide anion. Indeed, the bridging
hydroxide anion in the monohydroxo-complex
[Zn2L2(OH)]3+ reduces the positive charge on the metals.
This could determine the higher pK, value found for depro-
tonation of a Zn(II)-bound water molecule to give the
[Zn,L.2(OH),]*" complex.

Similarly, the pK, values for successive deprotonation of
two Zn(II)-bound water molecules in the [Zn,L1]* complex
to give [Zn,L1(OH)]*" (pK, = 8.97) and [Zn,L1(OH),]*" (pK,
= 10.22), can be related to the formation of single-metal
bound hydroxide functions. It is reasonable that the higher
rigidity of the L1 ligand does not allow the two metals to
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achieve an intermetallic distance short enough to simultane-
ously bind to a single hydroxide anion.

The dinuclear Zn(Il) complexes with L1 and L2 meet the
necessary requisites to be used as functional model systems
for hydrolytic enzymes. In fact, facile deprotonation of
metal-bound water molecules occurs at neutral or slightly
alkaline pH values to give Zn(II)-OH groups, potential nu-
cleophilic agents in hydrolytic processes. At the same time,
L1 and L2 are capable of holding two metal centers in prox-
imity one to another. From this point of view, the dinuclear
complex with L2 seems to be the most promising hydrolytic
system; in this complex, in fact, the ligand flexibility may
allow the two metals to achieve the optimal distance to si-
multaneously interact with substrate molecule or anions.
With this in mind, we decided to investigate the binding
properties and the hydrolytic ability of our dizinc complexes
toward the phosphate ester bond, using bis(p-nitrophenyl)
phosphate (BNPP) as substrate.

Binding of BNPP by the Dinuclear Zn(11) Complexes

Dinuclear zinc complexes with L1 and L2,
[Zn,L.1](C104)42H,0 (6) and [Zn,L.2](ClO4)42H,0 (7) can
be isolated as solid compounds from methanol solutions con-
taining the ligands and Zn(ClO,); in 1:2 molar ratio. In both
cases, attempts to obtain crystals suitable for X-ray analysis
failed.

Binding of BNPP to the Zn(Il) complexes 6 and 7 was
followed by means of *'P NMR szpectra recorded on MeOD
solutions containing BNPP (1'10” M) and the complexes in
different molar ratio. Solutions containing BNPP and in-
creasing amounts of the dinuclear complexes display a pro-
gressive upfield shift of the BNPP signals (Fig. 4).

In the case of the dizinc complex with L2, 7 (Fig. 4b),
the plot of the Ad (where Ad is the difference between the
chemical shift of BNPP in the presence and in absence of the
complex) as a function of the [7]/[BNPP] molar ratio (R)
gives a straight line for low R values (R < 0.8). Then the
slope change almost suddenly to give a straight line parallel
to the x axis for R > 1.2 (at this point Ad = 4.2). This behav-
ior indicates the formation of a stable 1:1 complex between
the dizinc complex and BNPP. Conversely, addition of in-
creasing amounts of complex 6 to a methanol solution of
BNPP shows an almost linear increase of Ad up to an R
value of 1.8 (R = [6]/[BNPP] molar ratio) (Fig. 4a). No fur-
ther upfield shift is observed with R > 2.4, when Ao reaches
a constant value of 2.0 ppm. This result suggests that the L1
complex 6 is able to bind two BNPP anions. At the same
time, the observed linear increase of Ad up to R = 1.8
strongly suggests that 6 contains two well-separated binding
sites for BNPP anions, i. e., the two metals act as independ-
ent anchoring points for BNPP. Actually, similar binding
properties were observed for the dizinc complex with ligand
2 (Scheme 1), which contains two dipyridine units separated
by two diethylentriamine chains.

Of note, the upfield shift observed for the formation of
the 1:1 BNPP adduct with the L2 complex is by far higher
than the shift observed for the formation of the 1:2 BNPP
adduct with the L1 complex. This observation suggests that
BNPP is more strongly bound to the dinuclear L2 complex
than to the L1 one and leads us to speculate that in the ad-
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duct with the L2 complex BNPP interacts simultaneously
with both metals, through a bridging coordination mode of
the phosphate group.

e
7 = s HH

l_

Fig. (4). Plot of the 'P NMR chemical shifts of BNPP (A5 = Sgnpp
— dogs, Where Sgnpp = chemical shift of the unbound BNPP ester
and dogs = observed chemical shift in the presence of the 6 and 7
dinuclear complexes) as a function of the [6]/[BNPP] (a) and of the
[7]/[ENPP] (b) molar ratios (MeOH solution, [dizinc complex] = 1
<10 M).

The different binding properties of the L1 and L2 com-
plexes can be attributed, once again, to the different flexibil-
ity of the two ligands in their dinuclear complexes. While in
the case of the more flexible complex with L2 the two met-
als can achieve an optimal distance to act cooperatively in
substrate binding, in the case of the complex with L1 the
rigidity of the ligand makes the two metals unable to attain a
short intermetallic distance and therefore they act as inde-
pendent binding site for BNPP. At the same time, in the L2
complex the metals are less coordinatively saturated by the
ligand donors. This can also contribute to the observed
higher binding ability for the anionic BNPP substrate.

The 3P NMR spectra recorded in D,O solution display
minor shifts of the BNPP signal, even in the presence of
large excess of the dinuclear complexes (0.4 ppm and 0.3
ppm in the case of L2 and L1, respectively) probably due to
a much lower percentage of coordinated BNPP in this more
solvating medium.
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To get further information on the interaction mode of the
BNPP anion with our dizinc complexes, we also recorded *H
NMR spectra on MeOD solutions containing BNPP and in-
creasing amounts of the dinuclear Zn(l1) complexes 6 and 7.
Although the 'H NMR spectra of the Zn(Il) complexes are
rather fluxional and do not allow one a correct determination
of the 'H chemical shifts, the resonances of the aromatic
protons of BNPP (two doublets at 8.01 and 7.21 ppm (H1
and H2, see Fig. (5) for atom labeling)) are generally easily
recognizable.
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Fig. (5). Plot of the *H NMR chemical shifts of BNPP (A8 = 8gnpp—
Sogs, Where dgnpp = chemical shift of the unbound BNPP and dogs =
observed chemical shift in the presence of the 6 and 7 dinuclear
complexes) as a function of the [6]/[BNPP] (a) and
[7V/[BNPP]molar ratios (MeOD solution, [dizinc complex] = 1 -10
M).

Addition of the L1 complex 6 to a BNPP solution gives
rise to an upfield shift of both the BNPP signals (Fig. 5a). As
in the case of the *'P spectra, the plot of the AS values as a
function of the [6]/[BNPP] molar ratio (R) gives a straight
line for R < 1.75 and subsequently the slope changes to give
a straight line parallel to the x axis for R > 2.25 (at this point
Ad = 0.22 and 0.18 ppm for the H1 and H2 protons, respec-
tively).
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In the case of the L2 complex 7, a linear increase of A3 is
instead observed up to R = 0.75 (Fig. 5b) and no further shift
of the signals is observed for R > 1.25 (in this condition As =
0.28 and 0.22 ppm for the H1 and H2 protons, respectively).
These results are in agreement with the formation of 2:1 and
1:1 adducts between BNPP and the complexes with L1 and
L2, respectively. Furthermore, the upfield shifts observed for
the BNPP signals suggest the presence of z-stacking interac-
tions between the aromatic rings of the ester and the dipyri-
dine units. As already proposed on the basis of the *'P NMR
study, the larger upfield shifts observed in the *"H NMR spec-
tra of BNPP in the presence of complex 7 account for a
stronger interaction between the phosphate ester and the L2
complex with respect to the L1 one.

Bis(p-nitrophenyl)phosphate Hydrolysis

The dinuclear Zn(1l) complexes with L1 and L2 induce
BNPP cleavage to give p-nitrophenate (NP) and mono(p-
nitrophenyl)phosphate (MNPP) (the hydrolysis products
were identified by **P NMR spectroscopy). The formation of
inorganic phosphate was not observed in the *'P NMR spec-
tra, even for prolonged reaction times, indicating the MNPP
is not further hydrolyzed by the Zn(ll) complexes. Finally,
no hydrolytic effect was observed for solutions containing
Zn(1l) and L1 or L2 in 1:1 molar ratio (in this condition only
mononuclear complexes are formed in solution).

The rate constants for BNPP hydrolysis to give MNPP
and NP in the presence of the mono- and/or dinuclear com-
plexes with L1 and L2 were spectrophotometrically deter-
mined at different pH values by an initial slope method,
monitoring the time evolution of the NP band at 403 nm
which allows one to determine rate constant values (Kgnpp)
for BNPP cleavage promoted by the dizinc complexes with
L1 and L2. Fig. (6) reports the plots of the rate constant val-
ues (kgnpp) for the dinuclear Zn(Il) complexes with L1 and
L2 as a function of pH, superimposed to the corresponding
distribution diagrams calculated on the basis of the potenti-
ometric data. For both systems, only hydroxo-complexes
promote BNPP cleavage following second order kinetics,
while the [Zn,L]*" species are not active, in agreement with
the involvement of a Zn-OH function in the cleavage
mechanism. Plots of the kgnep Values as a function of the
concentration of the hydroxo-complexes allow one to deter-
mine k’gnpp Values for 100% formation of the active species
(see experimental section). The active complexes and the
corresponding second order rate constants, k’gnpp, are re-
ported in Table 2. The k’gnpp Values for the dinuclear Zn(1l)
complexes with macrocycles 1-5 (Scheme 1), are also re-
ported for comparison.

BNPP hydrolysis promoted by mono- and dinuclear
Zn(11) complexes is generally explained in terms of an “as-
sociative” mechanism [33-50,71], in which the substrate
approaches the Zn(ll) complex and the oxygens of BNPP
start associating with the electrophilic Zn(ll) ion. A zinc-
bound hydroxide operates a simultaneous nucleophilic attack
to the phosphorus atom. Therefore, the hydrolytic activity of
a complex is enhanced by a strong interaction of the BNPP
ester with the electrophilic metal centers and by a high nu-
cleophilic character of the Zn-OH functions, i. e., by high
pK, values for the formation of the Zn-bound hydroxide.
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Considering the dinuclear Zn(11) complexes with L2, the
plot of the second order rate constants, kgnpp, as a function of
pH points out that only the dihydroxo complex
[Zn,L2(OH),]** promotes BNPP hydrolysis in aqueous solu-
tion, i. e, [Zn,L2(OH),]*" is the kinetically active species
(Fig. 6b).

Fig. (6). Plots of the distribution curves of the Zn(ll) complexes
with L1 (a) and L2 (b) (solid line, left Y axes) and kgnpp Values (®,
right Y axes) as a function of pH.

Conversely, the monohydroxo complex [Zn,L2(OH)]** is
totally inactive. As already found with other binucleating
ligands, such as 3-5 in Scheme 1 [46,48], the lack of hydro-
Iytic ability of the [Zn,L2(OH)]** species can be attributed to
a reduced nucleophilicity of the hydroxide function, due to
its bridging coordination to two electrophilic metal centers.

Of note, the dinuclear L2 complex [Zn,L2(0OH),]** ex-
hibits a remarkably higher hydrolytic ability than the mono-
nuclear complex [Zn(1)(OH)]" (Table 2) [71]. This behavior
cannot be explained in terms of nucleophilic ability of the
Zn-OH functions, since the pK, value for the formation of
the mononuclear complexes [Zn(1)(OH)]" is by far higher
than the pK, value for the dinuclear [Zn,L2(OH),]** com-
plex, i. e., the Zn-OH function is more nucleophile in
[Zn(1)(OH)]" than in [Zn,L2(OH),]**. The high activity of
the [Zn,L2(OH),]** could be explained, instead, by a coop-
erative role of the two metals in the hydrolytic process,
which takes place via a bridging interaction of BNPP, as
actually suggested by the 3P NMR measurements. In fact,
interaction of the substrate with two electrophilic metal cen-
ters favors the nucleophilic attack of a Zn-OH function and
thus enhances the rate of the hydrolytic process, as already
found in several dinuclear synthetic Zn(ll) complexes [33-
50]. As discussed above, in the dinuclear L2 complexes the
two metals can attain a short intermetallic distance, favoring
a bridging interaction mode of the phosphate ester. A sketch
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of the proposed hydrolytic mechanism is shown in Scheme 2

(a).

Table 2. Second-Order Rate Constants k’gyep (M s7) for
Hydrolysis of bis(p-nitrophenyl) Phosphate and pK,
Values for the Corresponding Hydroxo-Complexes
at 308.1 K

Nucleophile K’gnep X 10° (M s pKa
[Zn,L1(OH)* 85+0.8 8.97
[Zn,L1(0OH),]* 54+05 10.22
[Zn,L2(OH)* Not active 731
[Zn,L2(OH),]* 15+15 9.84
[Zn(1)(OH)]™ 1.1 10.73
[Zn(2)(OH)** 19.3 8.88
[Zn2(3)(OH),]*** 1.15 9.2
[Zn2(4)(OH),]** 0.91 9.38
[Zn2(5)(OH),]** 0.54 9.88

*From reference [71]. “from reference [46]. “from reference [48].

Of note, the hydrolytic activity of the [Zn,L2(OH),]*" is
only slightly lower than that reported for the dizinc complex
with ligand 2 and among the highest observed with binuclear
Zn(1l) complexes [71]. For instance, the dizinc complexes
with ligands not containing aromatic subunits, such as 3-5 in
Scheme 1 [46-48], display a far lower ability in BNPP hy-
drolysis. These results suggest that the insertion of dipyri-
dine units within the ligands structure enhances the cleavage
activity of the complexes, probably due to n-stacking and/or
hydrophobic interactions between BNPP and the zinc com-
plexes, which can strengthen the association between the
dipyridine-containing ligands and the substrate in the tran-
sient state of the hydrolytic mechanism.

The dinuclear Zn(11) complex with L1 displays a differ-
ent behavior in BNPP cleavage with respect to the L2 one.
According to Fig. (6a) and Table 2, in fact, the most active
species in BNPP cleavage is the monohydroxo complex
[Zn,L1(OH)]**, while the dihydroxo complex shows a re-
duced ability in BNPP hydrolysis. This behavior can be re-
lated to the fact that the two metals may act as separated
binding sites for anionic substrates, such as hydroxide and
BNPP. As discussed above, in the monohydroxo complex
the hydroxide anion is bound to a single Zn(Il) ion, which, in
consequence, has a low tendency to interact with the anionic
BNPP substrate. The second metal, not bound to hydroxide,
is probably the preferred binding site for BNPP. The simul-
taneous presence within the same complex of both a binding
site for BNPP and an adjacent Zn-OH function could ac-
count for the hydrolytic ability of [Zn,L1(OH)]**; the Zn-OH
group can operate as simple nucleophile (b in Scheme 2) or
act as a general base catalyst (c un Scheme 2) [43].

This hypothesis is corroborated by the observation that
binding of the second hydroxide anion to give the
[Zn,L1(OH),]** complex leads to a reduced activity in BNPP
hydrolysis. Most likely, binding of the second hydroxide
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takes place on the Zn(ll) ion interacting with BNPP, leading
to a reduced interaction of the phosphate ester with the metal
and to a consequent lower activation of BNPP to the cleav-
age process.

RO\PA&\\\OR
HO(; b2
'n/ \‘n
a
/1
fr 4
O~
o”"P'”'”OR H\O\/“R""HOR
e Ay
Zn 7 Zn 7n
b C

Scheme 2. Proposed mechanism for BNPP hydrolysis promoted by
the dizinc complexes with L2 (a) and L1 (b and c).

Of note, the hydrolytic ability of the [Zn,L1(OH)]** and
[Zn,L1(OH),]** complexes is lower than that found for the
L2 complex [Zn,L2(OH),]**. The higher activity of the latter
complex may be related to the stronger interaction of BNPP
with the dizinc core of the L2 complex, as actually suggested
by the 3P and *H NMR measurements.

CONCLUSION

Ligands L1 and L2 afford stable dinuclear Zn(ll) com-
plexes in aqueous solutions. These complexes promote
BNPP cleavage with high rate constants. Their hydrolytic
ability is somewhat lower, however, than that found for the
dizinc complex with macrocycle 2, which contains two
dipyridine units. Different hydrolytic mechanisms are at
work in the presence of the complexes with L1 and L2, due
to the different interaction mode of BNPP with the metals. In
the binuclear L1 complex, the coordination sphere of the
metals is more saturated by the ligand donors than in the L2
one and BNPP can interact only with a single metal, thus
resulting less activated to the hydrolytic process. In conse-
quence, the L1 complex displays a lower hydrolytic activity
than the L2 one. Furthermore, the most hydrolytically active
species is [Zn,L1(OH)]**, while the dihydroxo complex
[Zn,L1(OH),]** displays reduced performance. In the L2
complex the two metals are less coordinatively saturated by
the ligand donors and, thanks to the higher flexibility of the
ligand, can achieve an optimal distance to simultaneously
interact with substrates, such as the simple hydroxide anion
or BNPP. The bridging interaction mode of BNPP leads to a
higher activation of the substrate and to an enhanced hydro-
lytic ability.

EXPERIMENTAL SECTION
General Procedures

UV-vis spectra were recorded at 298 K on a Shimadzu
UV-2101PC spectrophotometer. The *H, *C and *P NMR
spectra were recorded at 298 K on Varian UNITY 300 spec-
trometer. In the *'P and 'H NMR titrations, increasing
amounts of 1- 10 M solutions of the complexes in MeOD or
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in D,O at pD 7 were added to a 510 M solution of BNPP.
TMS or DSS were used as internal standard.

Synthesis of the Ligands

The synthetic procedure used for the synthesis of the
ligands is depicted in Scheme 3. Tosylated hexamines a and
b [74] and 6-(bromomethyl)-2,2’-bipyridine were synthe-
sized as previously reported [75].

Ts Br
H n n|H / \
\ )\
c

n=1, a
n=2,b
K2C03, MeCN 0
reflux, 5h 40%
Ts
N
N N N =
I | n n I |
— N Ts Ts N N
4
) 7
n=1,d
% n=2, e AN

HBr/AcOH, PhOH
reflux, overnight

H
N

A

N Na

4
B "
n=1, L1
% n=2, L2

55%

A

Scheme 3. Synthetic procedure for synthesis of L1 and L2.

1,18-bis-[6-(2,2’-bipyridyl)-methyl]-2,5,8,11,14,17-
hexatosyl-2,5,8,11,14,17-hexaaza-octadecane (d)

A solution of 6-(bromomethyl)-2,2’-bipyridine (1.29 g,
5.2 mmol) in dry acetonitrile (100 ml) was added, under a
nitrogen atmosphere, to a refluxing and stirred suspension of
the tosylated polyamine a (2.90 g, 2.5 mmol) and K,COj;
(3.45 g, 25 mmol) in dry acetonitrile (100 ml) over a period
of 40 min. At the end of the addition, the mixture was kept
stirring and refluxing for additional 5 hours. The suspension
was filtered on Celite, washed with acetonitrile, and then the
resulting solution was evaporated to dryness. The brown oil
residue was purified via column chromatography on neutral
alumina using a 2:1 petroleum ether/AcOEt mixture
(vol:vol) as eluent. The fractions containing d were evapo-
rated to dryness, affording the pure product as a yellow solid
(933 mg, 25%).
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'H-NMR (CDCl;, 300 MHz) & (ppm) 8.65 (d, J=3.9 Hz,
2H, bpy), 8.30 (d, J=7.5 Hz, 2H, bpy), 8.13 (dd, J=7.8, 4.2
Hz, 2H, bpy), 7.76 (t, J=7.8 Hz, 2H), 7.68 (dd, J=7.8, 2.7 Hz,
2H, bpy), 7.56-7.52 (m, 12H, Ts), 7.36-7.20 (m, 14H,
bpy+Ts), 7.13 (t, J=6.6 Hz, 2H, bpy), 4.61 (s, 4H), 3.62 (m,
4H), 3.31-3.21 (m, 20H), 2.40, 2.36, 2.32 (s, 18H, Ts).

BC-NMR (CDCl;, 75.4 MHz) & (ppm) 155.5, 148.8,
143.4,137.5, 136.8, 136.1, 134.7, 129.7, 127.4, 123.6, 122.7,
121.2,119.6,54.3, 49.3, 48.6, 21.5.

Anal Calcd. for C;4HgoN1¢Ss012: C: 59.5%, H: 5.4%, N:
9.38%. Found: C: 58.9%, H: 5.1%, N: 8.8%

1,23-bis-[6-(2,2’-bipyridyl)-methyl]-2,6,10,14,18,22-
hexatosyl-2,6,10,14,18,22-hexaaza-tricosane (e)

This product was prepared and purified by using the
same procedure used for the synthesis of d. 3.24 g of b were
reacted with 1.29 g of 6-(bromomethyl)-2,2’-bipyridine, af-
fording product e (3.19 g, 81%).

'H-NMR (CDCl;, 300 MHz) & (ppm) 8.61 (d, J=6.0 Hz,
2H, bpy), 8.24 (d, J=8.0 Hz, 2H, bpy), 8.14 (d, J=8.2 Hz, 2H,
bpy), 7.74-7.53 (m, 14H, bpy+Ts), 7.37 (d, J=7.8 Hz, 2H,
bpy), 7.29-7.13 (m, 16H, bpy+Ts), 4.52 (s, 4H), 3.35 (t,
J=6.6 Hz, 4H), 3.01 (br, 16H), 3.38, 3.29 (s, 18H), 1.77 (br,
10H)

BC-NMR (CDCl;, 75.4 MHz) & (ppm) 155.5, 148.8,
143.5-143.2, 137.5, 136.8, 134.5, 129.7, 127.4, 123.6, 122.5,
121.1,119.5,52.7, 48.4, 47.5, 46.7, 45.2, 28.7, 28.0, 21.3.

Anal Calcd. for C79HgoN10S6012: C: 60.67%, H: 5.80%,
N: 8.96%. Found: C: 61.3%, H: 6.0%, N: 9.1%

1,18-bis-[6-(2,2’-bipyridyl)-methyl]-2,5,8,11,14,17-hexaaza-
octadecane octabromohydrate (L1)

d (1.49 g, 1 mmol) and phenol (16.9 g, 180 mmol) were
dissolved in HBr/AcOH 33% (100 ml). The reaction mixture
was kept at 90 °C under stirring for 20 h. until a white solid
formed. 100 ml of dichloromethane were then added to com-
plete the precipitation and the mixture was stirred for addi-
tional 1 hour. The solid was filtered and washed with di-
chlorometane. The resulting product was then recrystallized
by using a 3:1 (v/v) EtOH:water mixture, affording L1-8HBr
(438 mg, 36%).

'H-NMR (D,0, pH<1, 300 MHz) & (ppm) 8.93 (d, J=5.8
Hz, 2H, bpy), 8.74 (d, J=3.9Hz, 4H, bpy), 8.38 (d, J=7.7Hz,
2H, bpy), 8.17 (t, J=8.0 Hz, 2H, bpy), 8.13 (dd, J=9.4,4.7 Hz,
2H, bpy), 7.74 (d, J=7,7, 2H, bpy), 4.73 (s, 4H), 3.75-3.59
(m, 20H).

BC-NMR (D0, pH<1, 75.4 MHz) & (ppm) 152.1, 147.9,
1465, 142.1, 140.5, 127.6, 126.3, 124.7, 122.9, 51.1, 45.2-
44.6.

MS (ESI) (m/z) 569.8 (100) (M+H)*, 285.5 (36)
(M+2H)*

Anal Calcd. for C3,HasN19-8HBr: C: 31.61%, H: 4.31%,
N: 11.52%. Found: C: 31.9%, H: 4.4%, N: 11.2%
1,23-bis-[6-(2,2’-bipyridyl)-methyl]-2,6,10,14,18,22-
hexaaza-tricosane octabromohydrate (L2)

This product was prepared following the same procedure
used for the synthesis of L1. e (1.56 g, 1. mmol) and phenol
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(16.9 g, 180 mmol) were dissolved in HBr/AcOH 33% (100
ml) to afford L2'8HBr (683 mg, 53%).

'H-NMR (D,0, pH<1, 300 MHz) & (ppm) 8.90 (d, J=4.8
Hz, 2H, bpy), 8.72 (d, J=3.6 Hz, 4H, bpy), 8.36 (d, J=8.1 Hz,
2H, bpy), 8.19 (td, J=8.1, 1.2 Hz, 2H, bpy), 8.16-8.11 (m,
2H, bpy), 7.72 (d, J=7.8 Hz, 2H, bpy), 4.65 (s, 4H), 3.40 (t,
J=8.1 Hz, 4H), 3.28-3.22 (m, 16H), 2.35-2.27 (m, 4H), 2.18-
2.13 (m, 6H).

BC-NMR (D0, pH<1, 75.4 MHz) & (ppm) 151.8, 147.7,
146.2, 142.0, 140.4, 127.4, 126.1, 124.6, 122.7, 50.8, 45.0-
44.7,23.0.

Anal. Calcd. for Cs;Hs4N1o-8HBr: C: 31.88%, H: 4.29%,
N: 10.22%. Found: C: 33.3%, H: 4.8%, N: 10.2%

MS (ESI) (m/z) 639.53 (M+H)" (79), 320.49 (M+2H)2*
(100).

A solution of Zn(ClO,),*6 H,O (37.2 mg, 0.1 mmol) in
methanol (10 ml) was slowly added to a solution of L1-8
HBr (61mg, 0.05 mmol) in methanol (10 ml) under stirring.
Butanol (10 ml) was then added. The complex was obtained
as a white solid by slow evaporation of the resulting solution
(54 mg; 95.3%). Anal. Calcd. for CsyHygN1oCl4O18Zn0;: C,
33.91; H, 4.27; N, 12.36. Found: C, 34.1; H, 4.4; N, 12.2%.

This complex was obtained in 80% yield by reaction of
Zn(Cl0Oy)2*6 H,O with L2 in 2:1 molar ratio by using the
procedure reported for [Zn,L1](ClO4)4¢2H,0. Anal Calcd.
for C37H58N10CI4Ongn2: C, 36.93; H, 4.86; N, 11.64. Found:
C, 36.8; H,5.0; N, 11.4%.

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™
NMe,Cl at 308.1 + 0.1 K, in the pH range 2.5-11, by using
the equipment that has been already described [76]. The ref-
erence electrode was an Ag/AgCl electrode in saturated KCI
solution. The glass electrode was calibrated as a hydrogen
concentration probe by titrating known amounts of HCI with
CO,-free NaOH solutions and determining the equivalent
point by the Gran's method ([77]. This allows one to deter-
mine the standard potential E°, and the ionic product of water
(pK,, = 13.40 + 0.01). Ligand concentration was about 1x10
M, while metal concentration was in the range 2x10°3-5x10*
M. At least three measurements (about 100 experimental
points each one) were performed for each system. The com-
puter program HYPERQUAD [78] was used to calculate the
protonation constants and the stability constants of Zn(ll)
complexes from e.m.f. data. The titration curves for each
system were treated either as a single set or as separated enti-
ties without significant variations in the values of the proto-
nation or metal complexation constants.

Kinetics of bis(p-nitrophenyl)phosphate (BNPP) Hy-
drolysis
The hydrolysis rate of BNPP to give mono(p-

nitrophenyl) phosphate (MNPP) and p-nitrophenate (the h%/-
drolysis products were identified by means of ‘H and *P
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NMR spectra) in the presence of the zinc complexes with L1
and L2 was measured by an initial slope method monitoring
the increase in 403 nm absorption of the p-nitrophenate at
308.1 + 0.1 K using the procedure reported in reference 71.
The ionic strength was adjusted to 0.1 with NMe4NO;3. The
reaction solution was maintained at 308.1 + 0.1 K. MOPS
(pH 6.5-8.5), TAPS (pH 7.8-9.1), CHES (pH 8.6-10.1) and
CAPS (pH 9.7-11.1) buffers were used (50 mM). Freshly
prepared stock solutions of the complexes (1-10 mM) and of
BNPP (1-10 mM) where used in the measurements. In a
typical experiment, immediately after BNPP and the dizinc
complexes with L1 or L2 were mixed in aqueous solutions at
the appropriate pH (the reference experiment does not con-
tain the Zn(Il) complex), the UV absorption spectrum was
recorded and followed generally until 5-10% decay of
BNPP. A plot of the hydrolysis rate vs BNPP concentration
(1-10 mM) at a given pH gave a straight line, and then we
determine the slope/[zinc complex] as the second order rate
constants kenep (M s™). In the case of L2, plots of the Kgnep
values as a function of the molar concentrations of the active
species ([Zn,L2(OH),]*") gave a straight line and allow to
determine the Kk’gnpp Vvalues for 100% formation of
[Zn2L2(OH)le+. In the case of L1, two species,
[Zn,L1(OH)]** and [Zn,L1(OH),]** give significant en-
hancement of the hydrolysis rate. Therefore, at each pH
value, the measured second order rate constants kgnep are
given by:

kenpp[total dinuclear Zn(I1) complex][BNPP] = kygnpp[ZNn,L1
(OH)]**[BNPP] + kagnpp[Zn,L1(OH),]** [BNPP]

The kignep and kognep Values were calculated by least
squares fitting of the kgnpp Values collected at different pHs.
Plots of the kignep and Kognep Values vs [anLl(OH)]3+ and
[Zn,L1(OH),]** percentages, respectively, gave straight lines
and allows one to determine the rate constants k’gnpp at
100% formation of [Zn,L1(OH)]*" and [Zn,L1(OH),]*,
given in Table 2. Errors in k’gnpp Values were about 10%.
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