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Kinetic studies of phosphoester hydrolysis
promoted by a dimeric tetrazirconium(IV)
Wells–Dawson polyoxometalate†

Thi Kim Nga Luong,a Pavletta Shestakovab and Tatjana N. Parac-Vogt*a

The catalytic hydrolysis of a phosphoester bond in the DNA-model substrate 4-nitrophenyl phosphate

(NPP) promoted by Zr(IV)-substituted Wells–Dawson Na14[Zr4(P2W16O59)2(µ3-O)2(OH)2(H2O)4]·57H2O

polyoxometalate (ZrWD 4 : 2) was followed by means of 1H and 31P NMR spectroscopy. The hydrolytic

reaction proceeded with a rate constant of 8.44 (±0.36) × 10−5 s−1 at pD 6.4 and 50 °C, representing a

300-fold rate enhancement in comparison with the spontaneous hydrolysis of NPP (kobs = 2.81 (±0.25) ×

10−7 s−1) under the same reaction conditions. The ZrWD 4 : 2 was also active towards hydrolysis of bis(4-

nitrophenyl) phosphate (BNPP) and the RNA model substrate 2-hydroxypropyl-4-nitrophenyl phosphate

(HPNP). The pD dependence of kobs shows that the rate constants for NPP hydrolysis decrease signifi-

cantly when the pD values of the reaction mixtures increase. The formation constant (Kf = 190 M−1) and

catalytic rate constant (kc = 6.40 × 10−4 s−1) for the NPP-ZrWD 4 : 2 complex, activation energy (Ea) of

110.15 ± 7.06 kJ mol−1, enthalpy of activation (ΔH‡) of 109.03 ± 6.86 kJ mol−1, entropy of activation (ΔS‡)
of 15.20 ± 2.49 J mol−1 K−1, and Gibbs activation energy (ΔG‡) of 104.32 ± 6.09 kJ mol−1 at 37 °C were

calculated from kinetic studies. The recyclability of ZrWD 4 : 2 was examined by adding an extra amount

(5.0 mM) of NPP twice to a fully hydrolyzed mixture of 5.0 mM NPP and 1.0 mM ZrWD 4 : 2. The inter-

action between ZrWD 4 : 2 and the P–O bond of NPP was evidenced by a change in the 31P chemical

shift of the 31P atom in NPP upon addition of ZrWD 4 : 2. Based on 31P NMR experiments and the kinetic

studies, a mechanism for NPP hydrolysis promoted by ZrWD 4 : 2 has been proposed.

Introduction

Phosphate esters play a number of important functions in bio-
logical systems such as information storage (DNA/RNA), cellu-
lar signaling (cAMP) and energy transduction (ATP).1 The
phosphodiester bonds in these molecules are extremely resist-
ant towards hydrolysis because of the repulsion between the
negatively charged backbone and potential nucleophiles.2–5 In
the absence of a catalyst and at room temperature the half-life
for phosphodiester bond hydrolysis has been estimated to be
130 000 years for DNA at neutral pH, and 4 years for RNA at
pH 6.0.6,7 This stability makes these compounds excellent
systems for information storage.8 However, despite the
extreme stability of the phosphodiester bonds, their efficient

cleavage is often a required procedure in biochemistry.
Although natural nuclease enzymes play a critical role in
various biotechnology applications, efficient artificial
nucleases are still necessary for several purposes.2 For
example, an artificial restriction enzyme can be made
sequence specific by encoding sequence specificity into the
cleavage agent or by linking it to an appropriate DNA binding
agent.2 Such enzymes are not only very useful for the mole-
cular biological field such as DNA cutting at a site not recog-
nized by current restriction enzymes, but also for genomic
analysis. Besides, artificial nucleases can be synthesized in
large amounts9 and are often used to elucidate the precise role
of active metal ions2 or to understand the role of the second
coordination sphere in natural nucleases. A large number of
metal complexes that act as artificial nucleases have been syn-
thesized up to now, and they have been summarized in some
of the recent reviews.10,11 It has been postulated that the
metal ions can accelerate the hydrolysis process by different
mechanisms that include activation of the substrate through
binding, delivery of the nucleophile, or by stabilization of the
associative transition state.10–14 In addition, rapid exchange
of the bound water ligand can also facilitate the hydrolysis.
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ln[NPP] as a function of time, the data of the kinetic studies. See DOI:
10.1039/c6dt02211a

aDepartment of Chemistry, KU Leuven, Celestijnenlaan 200F, 3001 Leuven, Belgium.

E-mail: Tatjana.Vogt@chem.kuleuven.be; http://www.chem.kuleuven.be/lbc/
bNMR Laboratory, Institute of Organic Chemistry with Centre of Phytochemistry,

Bulgarian Academy of Sciences, Acad. G. Bontchev Str., Bl.9, 1113 Sofia, Bulgaria

12174 | Dalton Trans., 2016, 45, 12174–12180 This journal is © The Royal Society of Chemistry 2016

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

4 
Ju

ly
 2

01
6.

 D
ow

nl
oa

de
d 

on
 3

/1
4/

20
26

 1
2:

20
:1

6 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue

www.rsc.org/dalton
http://crossmark.crossref.org/dialog/?doi=10.1039/c6dt02211a&domain=pdf&date_stamp=2016-07-19
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c6dt02211a
https://pubs.rsc.org/en/journals/journal/DT
https://pubs.rsc.org/en/journals/journal/DT?issueid=DT045030


The structural fragments of the natural nucleases, e.g. amino
acids that are not directly involved in interaction with the
metal center can also play an important role in the hydrolysis
process via second coordination sphere interactions such as
hydrogen bonding, electrostatic interactions, hydrophobic and
van der Waals interactions. These non-covalent interactions
alter the chemical and physical properties of the active sites,
resulting in the stabilization of the catalytic transition states
and promoting the expulsion of the leaving groups.15–17

Recently, our group discovered that a number of Zr(IV)-sub-
stituted polyoxometalate (POM) complexes could act as artifi-
cial phosphoesterases. POMs are generally described as a large
class of inorganic oxoclusters that contain early transition
metals (V, Nb, Ta, Mo and W) in their highest oxidation state.
POMs can be used in a broad range of research domains
including materials science,18,19 medicine20 and catalysis.21,22

Zr(IV) is the best candidate that acts as an active center in artifi-
cial hydrolytic metalloenzymes due to its high Lewis-acidity
and oxophilic properties, allowing both the coordination and
activation of the substrate and nucleophile. A mononuclear
Zr(IV)-substituted Wells–Dawson type POM K15H[Zr(α2-
P2W17O61)2]·25H2O (ZrWD 1 : 2) was shown to be able to cataly-
tically accelerate the hydrolysis of the DNA model substrate
4-nitrophenyl phosphate (NPP) by nearly two orders of magni-
tude.23 In a previous study we found that the dinuclear Zr(IV)-
substituted Keggin type POM (Et2NH2)8[{α-PW11O39Zr(µ-OH)
(H2O)}2]·7H2O (ZrK 2 : 2) efficiently promoted hydrolysis of the
extremely stable phosphodiester bis(4-nitrophenyl) phosphate
(BNPP), with a 320-fold rate enhancement in comparison with
pure BNPP hydrolysis.24 In addition, it was shown that the
monomeric [α-PW11O39Zr(µ-OH)(H2O)]

4− (ZrK 1 : 1) species is
present in aqueous ZrK 2 : 2 solution at near-neutral pH and
that this species is responsible for the hydrolysis of the phos-
phodiester bond in BNPP.14 ZrK 1 : 1 is considered to be more
catalytically active when compared to ZrK 2 : 2 because its
Zr(IV) ion has more coordinated water molecules that can be
replaced by the substrate or that can act as a nucleophile.
Theoretical calculations have shown that when ZrK 1 : 1 inter-
acts with NPP or BNPP, it prefers to form monodentate com-
plexes which are more stable than the corresponding
bidentate complexes.14 More interestingly, we recently also
found that ZrK 2 : 2 showed a high hydrolytic reactivity towards
the phosphoester bond in the RNA model substrate 2-hydroxy-
propyl-4-nitrophenyl phosphate (HPNP).25 Model DNA com-
pounds such as NPP, BNPP and RNA model substrate HPNP
are often used when testing the reactivity of newly developed
artificial phosphatases and nucleases14,23,24,26–29 because of
the presence of good leaving groups in their structures,
increasing their reactivity in comparison with extremely stable
DNA and RNA biomolecules.

The previous studies with POMs containing one or two
Zr(IV) ions revealed that their reactivity is influenced by the
number of Zr(IV) centers present in the POM structures, as well
as by the number of coordinated water molecules at Zr(IV)
ions. In this study we explore the phosphoesterase activity of
the Zr(IV)-substituted Wells–Dawson that contains four Zr(IV)

centers, Na14[Zr4(P2W16O59)2 (µ3-O)2(OH)2(H2O)4]·57H2O POM
(ZrWD 4 : 2)30 (Fig. 1) towards the DNA model substrate NPP, a
stable phosphoester characterized by a half-life of 135 days at
pH 5.0 and 50 °C.27

The structure of ZrWD 4 : 2 consists of a centrosymmetric
assembly of two [P2W16O59]

12− anions linked by a {Zr4O4}
8+

group. This structure contains two different Zr(IV) environ-
ments and each Zr(IV) can be considered as 7-coordinate. The
two unshared oxygen atoms attached to Zr correspond to water
molecules.30 A previous study found that ZrWD 4 : 2 was still
stable at a wide range of pD values (4.0–10.4) after 15-day incu-
bation at 60 °C.31 In this work the kinetics of NPP hydrolysis
in the presence of ZrWD 4 : 2 were performed under different
conditions including pD, temperature, POM concentration and
ionic strength. A detailed kinetic study combined with multi-
nuclear NMR spectroscopy experiments allowed to propose the
detailed mechanism of NPP hydrolysis catalyzed by this POM
and to obtain further insight into the role of Zr(IV) centers in
the hydrolytic reaction.

Results and discussion
Hydrolysis of NPP in the presence of ZrWD 4 : 2

The hydrolytic reaction of 5.0 mM of NPP in the presence of
1.0 mM of ZrWD 4 : 2 (Scheme 1) was conveniently observed by
means of 1H and 31P NMR spectroscopy. A five-fold excess of
NPP substrate was used, since the reaction with an equimolar
ratio of the substrate and ZrWD 4 : 2 was very fast as compared
to the timescale of the NMR experiment and it was not poss-
ible to observe simultaneously the signals of the reactant and
the product during the course of the reaction. We followed the
hydrolysis of the P–O bond based on the disappearance of the
aromatic resonances of NPP (8.23 ppm and 7.33 ppm) and the
appearance of the aromatic p-nitrophenyl (NP) resonances at
8.17 ppm and 6.78 ppm. An example of the 1H NMR spectra
for NPP hydrolysis in the presence of ZrWD 4 : 2 at pH 6.4 and
at different time intervals is shown in Fig. 2A.

Fig. 1 Structure of ZrWD 4 : 2. The WO6 groups are represented by sky
blue octahedra, while the internal PO4 groups are represented by red
tetrahedra. Zr(IV) is represented by violet while oxygen atoms of H2O
molecules and OH groups are represented by blue balls.

Scheme 1 Hydrolysis of NPP promoted by ZrWD 4 : 2.
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The percentage of NPP at different time increments was
calculated based on the 1H NMR integration values from
Fig. 2A in order to obtain the observed rate constant, and
half-life. The percentage of NPP and NP as a function of reac-
tion time is shown in Fig. 3 and the natural logarithm of the
concentration of NPP as a function of time (Fig. S1†) was
fitted to a first-order linear decay function. At pD 6.4 and
50 °C, an observed rate constant of 8.44 (±0.36) × 10−5 s−1

and half-life of 2.3 h were calculated. The presence of ZrWD
4 : 2 resulted in a 300-fold rate acceleration in comparison
with the hydrolysis of pure NPP (2.81 (±0.25) × 10−7 s−1)
under the same reaction conditions. This rate acceleration,
achieved in a 1 : 5 catalyst/substrate ratio is also significantly
higher than that of NPP hydrolysis by ZrWD 1 : 2 which was
performed in equimolar amounts of catalysts/substrates,
under very similar conditions (kobs = 1.29 × 10−5 s−1, 50 °C,
pD 7.2).23

31P NMR spectra (Fig. 2B) recorded during the course of the
reaction show that phosphate (P) with a 31P resonance at
0.81 ppm is formed. At the end of hydrolysis, no NPP reso-
nances were detected in both 1H and 31P NMR spectra, indicat-
ing full conversion of NPP into phosphate and NP and P.

Aiming to compare the rate constants of the hydrolysis of
different substrates catalyzed by ZrWD 4 : 2 as well as the rate
constants of NPP hydrolysis in the presence of different catalysts,
several control experiments were performed. First of all, the
hydrolysis of the very stable DNA-model substrate BNPP (5.0 mM)
in the presence of 1.0 mM of ZrWD 4 : 2 was also observed at pD
6.4 and 50 °C. The rate constant of 3.49 (±0.22) × 10−7 s−1 was cal-
culated, representing 242-fold decrease in comparison with NPP
hydrolysis in the presence of this POM. Similarly, the hydrolysis
of RNA-model system HPNP (5.0 mM) in the presence of 1.0 mM
ZrWD 4 : 2 was also examined under identical conditions and the
rate constant of 5.06 (±0.18) × 10−6 s−1 was calculated, resulting
in a 17-fold decrease in comparison with NPP hydrolysis in the
presence of ZrWD 4 : 2. The ratio between the rate constants of
each substrate in the presence (kobs) and in the absence (kuncat) of
ZrWD 4 : 2 was also calculated. The kobs/kuncat for BNPP (386) was
nearly 5-fold higher than that for HPNP (83). At pD 6.4 and
50 °C, the reaction between NPP and the monolacunary Wells–
Dawson POM indicates that the monolacunary POM does not
promote NPP hydrolysis and that the embedded ZrIV ions are
responsible for the observed reactivity. Under identical con-
ditions NPP hydrolysis in the presence of ZrCl2O·8H2O was
also determined. However, the formation of insoluble ZrIV

hydroxyl polymeric gels32,33 was observed, resulting in slower
hydrolysis with an observed rate constant of 1.86 (±0.61) × 10−5

s−1. In the current study, the monolacunary Wells–Dawson
POM was used to stabilize Zr(IV) ions since aqueous solution of
Zr(IV) ions is subject to a solubility problem at pH > 5.0, result-
ing in polymeric Zr(IV)-hydroxo precipitates.32

Influence of pD on the NPP hydrolysis

As mentioned above, our previous study showed that ZrWD
4 : 2 is stable in the wide range of pD from 4.0 to 10.4.31

Fig. 2 1H spectra (A) and 31P spectra (B) of the hydrolysis of 5.0 mM of
NPP in the presence of 1.0 mM of ZrWD 4 : 2 at different time intervals
at pD 6.4 and 50 °C.

Fig. 3 Percentage of NPP and NP as a function of reaction time for the
hydrolysis of 5.0 mM of NPP in the presence of 1.0 mM of ZrWD 4 : 2 at
pD 6.4 and 50 °C.
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However, as pD plays an important role in the formation of
different protonation states of NPP, in this study the effect of
pD on the hydrolysis rate of NPP in the absence and presence
of ZrWD 4 : 2 was examined in the pD range from 4.4 to 10.4
and the results are summarized in Table S1.† The pD-rate con-
stant profile for the NPP hydrolysis in the presence of ZrWD
4 : 2 is shown in Fig. 4. As can be seen from the data from
Table S1† and Fig. 4, in the presence of ZrWD 4 : 2, the rate
constants are significantly higher than that in the absence of
ZrWD 4 : 2. In the presence of ZrWD 4 : 2 the increase of pD
values of the reaction mixture leads to the decrease of the
observed rate constant. The highest rate constant of 26.6
(±0.45) × 10−5 s−1 was observed at pD 4.4 and the value of the
rate constant dramatically drops to 2.54 (±0.12) × 10−5 s−1 at
pD 10.4. As ZrWD 4 : 2 preserved its structure in this pH range,
this observation is most likely due to the changes in the proto-
nation state of NPP.34 Having a pKa of 5.2,

35 NPP exists mostly
as a monoanion (C6H5NO6P

−) at pH values below 5.2, whereas
above 5.2 the dianion (C6H4NO6P

2−) species dominates. There-
fore, when the pD values of the reaction solution increase, the
repulsion between the negative charges of NPP and the nega-
tive charges of the POM also increases, resulting in the drop of
the rate constant.

In order to confirm the stability of the POM during the
course of the hydrolysis reaction, which was followed at elev-
ated temperatures, 31P NMR spectra were recorded at different
time intervals at pD 4.4 (Fig. S2†) and at pD 10.4 (Fig. S3†). As
we can see from Fig. S2 and S3† after the reaction was com-
plete (4 hours at pD 4.4, 50 °C and after 96 h at pD 10.4,
50 °C), the signals of two peaks of ZrWD 4 : 2 at −7.17 ppm
and −14.42 ppm were clearly seen with high intensity, indicat-
ing that ZrWD 4 : 2 is indeed stable during the course of the
hydrolytic reaction in this range of pD.

Influence of temperature on NPP hydrolysis

With the aim to calculate the kinetic data for the hydrolysis of
NPP promoted by ZrWD 4 : 2, the effect of temperature on the

rate constant was examined on a solution containing 5.0 mM
of NPP and 1.0 mM ZrWD 4 : 2 at pD 6.4 in the temperature
range from 37 °C to 80 °C and the results are summarized in
Table S2.† From these data the activation energy (110.15 ±
7.06 kJ mol−1) was calculated based on the Arrhenius equation
(Fig. S4A†). This value is significantly lower than that in the
absence of ZrWD 4 : 2 under identical reaction conditions
(147.17 ± 9.86 kJ mol−1). The enthalpy of activation (ΔH‡ =
109.03 ± 6.86 kJ mol−1) and entropy of activation (ΔS‡ = 15.20
± 2.49 J mol−1 K−1) were calculated based on the Eyring
equation (Fig. S4B†). The positive entropy of activation may
result from the weak binding of NPP to the ZrK 4 : 2 POM cata-
lyst. Out of these data, the Gibbs activation energy (ΔG‡) was
calculated to be 104.32 ± 6.09 kJ mol−1 at 37 °C. This ΔG‡

value is similar to that of BNPP hydrolysis (111.12 kJ mol−1

at 37 °C) by a binuclear Zr(IV)-substituted Keggin type POM
(Et2NH2)8[{α-PW11O39Zr(µ-OH)(H2O)}2]·7H2O

24 and of NPP
hydrolysis (96.94 kJ mol−1 at 37 °C) by ZrWD 1 : 2.23

31P NMR spectra in Fig. S5† show that after the reaction at
pD 6.4 and 80 °C was complete, the signals of ZrWD 4 : 2 were
unchanged, indicating that ZrWD 4 : 2 is still stable under
these conditions.

Influence of ZrWD 4 : 2 concentration on NPP hydrolysis

In order to observe the influence of POM concentration on the
rate constants, reaction mixtures containing 5.0 mM NPP and
increasing amounts of ZrWD 4 : 2, ranging from 0.5 mM to
3.0 mM, were studied at pD 6.4 and 50 °C and the results are
shown in Table S3.† The general catalytic scheme for the
hydrolysis of NPP in the presence of ZrWD 4 : 2 is shown in
Scheme 2.

We assume that the formation of the products (kc) is much
slower than reaching the equilibrium between NPP and ZrWD
4 : 2 (e.g. we have k1 + k−1 ≫ kc). Because the formation of
nitrophenol (NP) is a first-order reaction, kobs can be written as
in eqn (1).23,28,29,36 By fitting the data from Table S3† to eqn (1),
the binding constant (Kf = k1/k−1 = 190 M−1) and the catalytic
rate constant (kc = 6.40 × 10−4 s−1) were obtained from Fig. 5.

kobs ¼ kc½ZrWD 4 : 2�0
k�1=k1 þ ½ZrWD 4 : 2�0

ð1Þ

The catalytic activity of ZrWD 4 : 2 is higher than that pre-
viously found for ZrWD 1 : 2 POM (kc = 0.28 × 10−4 s−1).23 This
can be explained by the fact that as ZrWD 4 : 2 POM contains
two Zr(IV) ions, which also have more free coordination sites
than the Zr(IV) ion in ZrWD 1 : 2 POM. More interestingly, the
catalytic activity of ZrWD 4 : 2 towards NPP hydrolysis is
similar to that of binuclear FeIIIZnII complexes that are bio-
mimetic for purple acid phosphatases and which gave kc
values from 4.63 × 10−4 s−1 to 9.20 × 10−4 s−1.37 The catalytic

Fig. 4 pD dependence profile of kobs for the hydrolysis of 5.0 mM of
NPP in the presence (solid line) and in the absence (dashed line) of
1.0 mM of ZrWD 4 : 2 at 50 °C.

Scheme 2 General catalytic scheme for NPP hydrolysis by ZrWD 4 : 2.
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activity of the FeIIIZnII complex was studied towards bis-(2,4-
dinitrophenyl) phosphate, which is a phosphodiester but has a
better leaving group (2,4-dinitrophenyl) compared to NPP. The
detailed studies with the FeIIIZnII complex have revealed that
[(OH)FeIII(µ-OH)ZnII(OH2)] is the catalytically active species
which has a labile site that first facilitates the monodentate
binding of the substrate to the ZnII center, followed by an
intramolecular nucleophilic attack of FeIII-bound hydroxide
leading to the formation of 2,4-dinitrophenolate. Considering
the resemblances in kc of ZrWD 4 : 2 and FeIIIZnII complexes, it
is plausible that they operate by a similar mechanism in pro-
moting the hydrolysis of the phosphoester bond.

As can be seen from Fig. 5 an increase in ZrWD 4 : 2 con-
centration leads to an increase in the reaction rate and ZrWD
4 : 2 can hydrolyse a large excess amount of NPP. Complete
hydrolysis of NPP was still observed when 5.0 mM of NPP and
0.5 mM of ZrWD 4 : 2 were used. This suggests that one equi-
valent of ZrWD 4 : 2 hydrolyses at least 10 equivalents of NPP,
demonstrating its catalytic activity.

31P NMR spectra of the reaction between 5.0 mM NPP and
3.0 mM ZrWD 4 : 2 were recorded during the course of the
reaction and are shown in Fig. S6 in the ESI.† As can be seen
from Fig. S6† after 4 h 45 min when the reaction was complete,
no change in the signals of the POM was observed, demon-
strating that 3.0 mM ZrWD 4 : 2 concentration does not affect
its stability.

The recyclability of ZrWD 4 : 2

To evaluate the recyclability of ZrWD 4 : 2, an extra amount
(5.0 mM) of NPP was added to a fully hydrolyzed mixture of
5.0 mM NPP and 1.0 mM ZrWD 4 : 2 and the pD value of the
new reaction mixture was adjusted to 6.4 and the reaction was
followed at 50 °C. After the third cycle, the observed rate con-
stants of the three reaction cycles increased nearly 3-fold in
comparison with the first reaction (Table S4†). This increase in
the rate constant appears unusual at the first glance, and it
might originate from the increased ionic strength of solution

which is expected after each reaction cycle. Higher ionic
strength is a result of increased Na+ concentration from the
addition of sodium salt of NPP, and the increase of phosphate
ions, one of the products of reaction. In order to explain it we
tested the effect of ionic strength on the reaction rate by
adding 10 mM NaClO4 to the reaction mixture. Indeed an
increase of the reaction rate from 8.44 (±0.36) × 10−5 s−1 to
15.03 (±0.25) × 10−5 s−1 was observed. As both NPP and ZrWD
4 : 2 are negatively charged it is likely that the presence of
additional ions in solution modulates repulsion between these
two anions.

The 31P NMR spectrum (Fig. S7†) was recorded after each
completed reaction. Fig. S7† shows that there were no new
signals as well as no change in the chemical shift of ZrWD
4 : 2, indicating the stability of ZrWD 4 : 2 in solution after the
third cycle while the intensity of the phosphate signal
increased significantly.

The interaction between NPP and ZrWD 4 : 2

The interaction between NPP and ZrWD 4 : 2 was studied by
the means of 31P NMR spectroscopy. Fig. 6 shows that at pD
6.4 free ZrWD 4 : 2 is characterized by two peaks at −7.17 and
−14.42 ppm, while the free NPP signal has a chemical shift at
−1.25 ppm. In the mixture of 5.0 mM NPP and 1.0 mM ZrWD
4 : 2 the peak of NPP is shifted by 0.18 ppm downfield and no
line-broadening was observed while the peaks of ZrWD 4 : 2
are not changed. The change in the chemical shift of NPP indi-
cates that an interaction between NPP and ZrWD 4 : 2 occurs.

Proposed mechanism

From the kinetic studies and 31P NMR measurement, the
mechanism of NPP hydrolysis in the presence of ZrWD 4 : 2 is
proposed in Scheme 3.14,24,25 In a previous study we found
that when NPP interacts with the monomeric ZrIV-substituted
Keggin type POM (ZrK 1 : 1), the coordination of ZrIV of the
POM to the oxygen atom of the phosphate group of NPP
formed the monodentate complex.14,25 This binding results in
a more positive charge on the phosphorus atom of NPP, which
facilitates the nucleophilic attack of the OH group of ZrK 1 : 1
or from a water molecule of the solvent, leading to the cleavage

Fig. 5 Dependence of the observed rate constants on the concen-
tration of ZrWD 4 : 2 (0.5–3.0) mM for the hydrolysis of 5.0 mM of NPP
at pD 6.4 and 50 °C.

Fig. 6 31P NMR spectra of (a) 1.0 mM of ZrWD 4 : 2, (b) 5.0 mM NPP
and (c) the mixture of 5.0 mM of NPP and 1.0 mM of ZrWD 4 : 2 after
adjusting the pD to 6.4 (400 MHz, D2O, 293 K, NS = 256, 25% H3PO4).
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of the P–O bond and the formation of nitrophenol and phos-
phate. In this study we suggest that the binding between ZrWD
4 : 2 and NPP would occur in an identical mode. This binding
was experimentally supported by the observed shift of the NPP
signal in the 31P spectrum (Fig. 6). The ZrIV atom in the POM
is essential for hydrolysis as it was evidenced by the control
experiments. ZrWD 4 : 2 contains two different Zr(IV) environ-
ments: two ZrIV atoms in which each atom carries two bound
water molecules and the other two Zr(IV) ions not having any
bound water molecules.30 The former Zr(IV) ions are expected
to be more catalytically active since their bound water mole-
cules can be replaced by the substrate or can act as a nucleo-
phile. The binding between ZrIV atom(s) and the oxygen atom
of the phosphate group of NPP would result in a more positive
charge on the phosphorus atom of NPP, which facilitates the
nucleophilic attack of the water molecule of ZrWD 4 : 2 or from
the solvent, resulting in the hydrolysis of the P–O bond and
the formation of nitrophenol and phosphate. As there are two
Zr(IV) ions in ZrWD 4 : 2 POM with free coordination sites, it is
in principle likely that two NPP molecules bind to this POM.

The rate acceleration of the NPP hydrolysis promoted by
ZrWD 4 : 2 with a 5 : 1 ratio in this study is significantly higher
than that of NPP hydrolysis promoted by ZrWD 1 : 2 with a 1 : 1
ratio in our previous study,17 supporting the hypothesis that
both Zr(IV) ions having attached bound water molecules took
part in the binding with two NPP molecules.

Conclusions

We report herein the detailed kinetic studies of phosphoester
bond hydrolysis promoted by a Zr(IV)-substituted Wells–
Dawson type POM (ZrWD 4 : 2). The study revealed that the
presence of multiple Zr(IV) centers in the POM structure is very
favorable for the catalytic activity of the POM, most likely due
to the possibility of binding and activating more than one
molecule of the substrate simultaneously.

The two Zr(IV) ions with free coordination sites are located
at the opposite sites of the POM structure, in such a way that
the binding of two substrate molecules is sterically possible.
The present study demonstrates the potential of ZrWD 4 : 2 as
an artificial phosphatase and contributes to the further devel-
opment of POMs as Lewis acid catalysts for the hydrolysis of
biomolecules.38–42 The results from this study encourage us to
further exploit the hydrolytic activity of this POM towards
other biologically relevant targets such as phosphoanhydride
bonds in ATP, the phosphodiester bonds in complex substrates
such as DNA/RNA fragments and the carbon ester bond in
p-nitrophenyl acetate.

Experimental
Materials

The Zr(IV)-substituted Wells–Dawson POM Na14[Zr4(P2W16O59)2-
(µ3-O)2(OH)2(H2O)4]·57H2O

30 (ZrWD 4 : 2), K10[α2-P2W17O61]·
20H2O

43 and 2-hydroxypropyl-4-nitrophenyl phosphate44

(HPNP) were synthesized and characterized according to
the literature. Disodium 4-nitrophenyl phosphate (NPP,
C6H4NO6PNa2·6H2O), sodium bis(4-nitrophenyl) phosphate
(BNPP, C12H8N2NaO8P), DCl, and NaOD were purchased from
Acros and used without any further purification.

Kinetic measurements

Solutions containing 5.0 mM of NPP and 0.5–3.0 mM of ZrWD
4 : 2 were prepared in D2O. The final pD was adjusted to
expected values (4.4–10.4) with minor amounts of 10% DCl
and 15% NaOD solutions in D2O. The pH-meter value was
corrected by using the equation: pD = pH meter reading +
0.41.45 The pD of the samples was measured at the beginning
and at the end of hydrolysis, and the difference was typically
less than 0.5 units. The reaction mixture was kept at constant
temperature (37–80 °C) and 1H NMR spectra were recorded at
certain time intervals during the hydrolytic reaction to calcu-
late the observed rate constant (kobs) by the integral method.

NMR spectroscopy

All of the 1H NMR spectra were recorded on a Bruker Avance
400 and 0.5 mM of 3-(trimethylsilyl)propionic-2,2,3,3-d4 acid
(TMSP) was used as an internal standard. All of the 31P NMR
spectra were also recorded on a Bruker Avance 400 and 25%
phosphoric acid was used as a 31P external reference.
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