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The solution speciation of the Zr'V-substituted Keggin poly-
oxometalate  (Et,NH,)g[{a-PW1,039Zr(n-OH)(H,0)},]-7H,O
(ZrK 2:2) was fully determined under different pD, tempera-
ture, and concentration conditions. Subsequently, phospho-
diester bond hydrolysis of the DNA model substrate bis(4-
nitrophenyl) phosphate (BNPP) promoted by ZrK 2:2 was
studied in detail. In the presence of ZrK 2:2, phosphoester
bond hydrolysis in BNPP proceeded with a rate constant of
Kops = (4.75%20.25) X 10 57! at pD 6.4 and 60 °C, which rep-
resented a 320-fold rate enhancement relative to the sponta-
neous hydrolysis of BNPP. The pD dependence of ks exhib-
its a bell-shaped profile, with the fastest rate observed at pD

6.4. An activation energy (E,) of 60.16 kJmol™!, enthalpy of
activation (AH*) of 57.44 kJmol™!, entropy of activation (AS*)
of -173.16 Jmol'K™!, and Gibbs activation energy (AG*) of
111.12 kJmol! at 37 °C were calculated. The influence of the
concentration of ZrK 2:2 on the reaction rate constant was
studied in the concentration range 0.5 to 6.0 mM. The results
showed that ZrK 2:2 is able to hydrolyze an excess amount
of BNPP, thus demonstrating that ZrK 2:2 acts as a catalyst
for phospho(di)ester bond hydrolysis. In addition, the influ-
ence of ionic strength and the inhibitor diphenyl phosphate
on BNPP hydrolysis were examined.

Introduction

Polyoxometalates (POMs) are a large class of inorganic
oxoclusters that contain early-transition metals (V, Nb, Ta,
Mo, and W) in their highest oxidation state.['l Their chemi-
cally robust nature and highly tunable chemical and physi-
cal properties (including acidity, thermal stability, redox po-
tential, solubility, size, shape, and charge) have resulted in
their broad application in material science,”) magnetism,!
and catalysis. In addition, several classes of POMs have
been reported to have potent antitumor, antiviral and anti-
bacterial properties, thereby resulting in a substantial inter-
est in the potential medical application of POMs.P!

To gain insight into the biological activity of POMs, we
have recently examined the reactivity of several POMs
towards different biologically relevant molecules and their
model systems. For example, it was shown that polyoxovan-
adates and -oxomolybdates are active towards phospho-
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ester,l% carboxyester,l’) and peptide-bond hydrolysis.®!
Interestingly, the incorporation of different transition-metal
ions with high Lewis acidity (Zr'Y and Ce'V) into hetero-
polyoxometalates of the Keggin, Wells—-Dawson, and Lind-
qvist type resulted in catalysts that also displayed hydrolytic
activity towards phosphoester bonds,”! and amide bonds in
peptides and proteins.!'” In addition, Zr™V-substituted
POMs have been shown to be efficient Lewis acid catalysts
in different organic transformations such as Mukaiyama
aldol and Mannich-type reactions, H,O, and sulfide oxi-
dation reactions, and the cyclization of citronellal.l'!]

Phosphate esters play several important roles in bio-
logical systems including information storage (DNA/RNA),
energy transduction (ATP), and cellular signaling
(cAMP).l'?l The phosphodiester bonds in these molecules
are extremely resistant towards hydrolysis primarily because
of the repulsion between the negatively charged backbone
and potential nucleophiles.['’] At room temperature and in
the absence of a catalyst, the half-life for phosphodiester
bond hydrolysis has been estimated to be 130000 years for
DNA at neutral pH, and four years for RNA at pH 6.0.114
This stability makes them excellent systems for information
storage.l'>) However, despite the extreme stability of the
phosphoester bond, its efficient cleavage is often a required
procedure in biochemistry, and for this purpose efficient
cleaving agents are needed.
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In nature, phosphomono-, -di-, and -triester bonds are
often hydrolyzed by the cooperative action of two or more
adjacent metal ions.'® These can be Mg'!, Zn"!, Mn!!, and/
or Fe''!. For example, in alkaline phosphatase, a nonspecific
phosphomonoesterase, the active site contains two Zn'! cen-
ters and one Mg'! ion. Both Zn" ions are involved in (1)
the binding and Lewis acid activation of the substrate, (2)
the activation and delivery of the nucleophile, and (3) stabi-
lization of the pentacoordinate transition state and leaving
group. However, the active site of its low-pH analogue, pur-
ple acid phosphatase, is composed of two iron centers in
the mammalian form, whereas kidney bean purple acid
phosphatase is a Zn"/Fe''! metalloenzyme, as is also the
case for calcineurin, a serine/threonine phosphatase in-
volved in T-cell activation.

Over the years, artificial organic monometallic and bime-
tallic model compounds that mimic bimetallic phosphatases
and nucleases have been synthesized.!'”! They typically con-
sist of Co™, Cu'l, Zn', Ni'l, Fe''l, or Ce'V and are being
studied to unravel the mechanism of enzymatic action on
the one hand, and to develop artificial catalysts for phos-
phoester bond hydrolysis for biochemical and industrial ap-
plications on the other. Recently, our group demonstrated
the first example of phosphoesterase activity of a metal-
substituted polyoxometalate complex.”) The Zr™-substi-
tuted Wells-Dawson POM K sH[Zr(0,-P,W,04:),]-25H,0
has been shown to catalytically hydrolyze phopsphoester
bonds in 4-nitrophenyl phosphate (NPP) and bis(4-
nitrophenyl) phosphate (BNPP), both of which are com-
monly used DNA substrates. Zr'V is ideally suited as an
active center in artificial hydrolytic metalloenzymes because
of its high Lewis acidity that results from its +IV oxidation
state, and its oxophilic properties, which are beneficial for
coordinating and activating both the substrate and the nu-
cleophile. In addition Zr'V can adopt an eight-coordination
state, which allows better interaction with the substrate
than most of the other transition metals, which are typically
six-coordinate.

Model compounds such as NPP, BNPP, and 2-
hydroxypropyl 4-nitrophenyl phosphate (HPNP) are fre-
quently used when assessing the reactivity of newly devel-
oped artificial phosphatases and nucleases. They offer the
advantage of being composed of good leaving groups,
thereby improving the reactivity of the model compound
under study relative to the natural enzyme substrates. De-
spite the presence of these good leaving groups, BNPP is
still extremely resistant to hydrolysis and is characterized by
a half-life of about 75 years at pH 7.0 and 50 °Cl'3] and
2000 years at pH 9.2 and 25 °C.["%]

In this study, the phosphoesterase activity of the di-
nuclear Zr™V-substituted Keggin-type POM (Et,NH,)q[{a-
PW]103921‘(”-0H)(H20)}2]‘7H20 (ZrK 22) has been ex-
amined towards the phosphodiester DNA model com-
pound BNPP. Owing to its bimetallic nature and the
bridged character of both metal centers, which leaves free
coordination sites for the binding and activation of the sub-
strate and nucleophile, this POM represents a better mimic
for the active site in natural phosphatases and nucleases rel-
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ative to the Wells-Dawson-type K,;sH[Zr(a,-PoW7041)-]
25H,0 POM. Moreover, we have previously shown that
ZrK 2:2 effectively catalyzed amide-bond hydrolysis in dif-
ferent peptides and proteins, thus demonstrating its ability
to act as an effective Lewis acid catalyst.['%2%1 As the solu-
tion speciation of this POM is highly dependent on pH,
temperature, and initial POM concentration, a detailed
aqueous solution study has also been performed to opti-
mize the reaction conditions.

Results and Discussion

Solution Speciation of ZrK 2:2

Depending on the synthesis conditions, Zr'Y-substituted
Keggin POMs can be prepared in two forms: as a ZrK 2:2
POM, 10211 which represents a dinuclear Zr™' complex
sandwiched between two monolacunary a-Keggin POMs
(Figure 1, a), and as a ZrK 1:2 POM,?? which consists of
a mononuclear Zr!'V ion sandwiched between two monola-

cunary o-Keggin POMs (Figure 1, b). Since the maximum
coordination number of Zr'V is eight,?!! the free coordina-
tion sites available for substrate complexation to each Zr"™
ion are most likely 1 in the 2:2 structure and 0 in the 1:2

structure. Therefore the ZrK 2:2 POM is expected to have
g [110]

better catalytic activity than the ZrK 1:2 specie

a b

Figure 1. Structures of (a) ZrK 2:2 and (b) ZrK 1:2. The WOq
groups are represented by blue octahedra, whereas the internal PO,
groups are represented by orange tetrahedra. Zr'V and H,O mol-
ecules are represented by violet and red balls, respectively.

The stability of ZrK 2:2 and the equilibria that occur
in aqueous solution between the different Zr™V-substituted
Keggin-type POMs were examined in detail with the aim
of determining the optimal reaction conditions for BNPP
hydrolysis. In all aqueous solution studies presented in this
work, ZrK 2:2, which was synthesized according to a pro-
cedure described in literature,’*!! was used as a starting com-
pound. The 2:2 nature of this POM has been previously
confirmed by X-ray analysis of the solid sample?!l and by
3P NMR spectroscopy of an aqueous solution at pH 4.78,
which showed a single 3'P resonance at 6 = —13.49 ppm.
However, in aqueous solutions Zr'V-substituted POMs are
prone to interconversion, and depending on the pD, tem-
perature, reaction time, starting concentration, and ionic
strength, conversion of ZrK 2:2 into ZrK 1:2221 can occur
to result in various molar ratios of these two compounds.
The stability of ZrK 2:2 in aqueous solution can be conve-
niently monitored by 3'P NMR spectroscopy since both
ZrK 2:2 and ZrK 1:2 are characterized by a specific >'P
NMR spectroscopic resonance (a single resonance at ¢ =
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~13.49 ppm for ZrK 2:22!1 and two resonances at § =
—14.67 and —14.77 ppm for ZrK 1:22223). The two-line
spectrum of ZrK 1:2 was observed owing to the presence
of two units with different bonding modes with different
bond lengths and bond angles, which were determined by
X-ray crystallography.??]

The effect of pD on the solution behavior of 2.0 mm ZrK
2:2 was recently reported.'%! It was concluded that,
whereas ZrK 1:2 was generated by increasing the pD of a
solution that contained ZrK 2:2, ZrK 2:2 was typically
formed by decreasing the pD of a solution that contained
ZrK 1:2.211 A similar trend was also observed for the Zr'V-
substituted Wells—Dawson analogue.['%-24] We performed a
more detailed investigation of the pD influence on specia-
tion, which showed that when ZrK 2:2 was used as a start-
ing compound, only the peak assigned to ZrK 2:2211 was
observed in solution in the pD range 2.0-7.4. However, at
pD 9.0 a small amount of ZrK 1:2 was formed, whereas at
pD 10.4 the complete conversion of ZrK 2:2 into ZrK 1:2
and the lacunary 0:1 [0-PW,,030]" (6 = =10.6 ppm)I>! was
observed.[1%1 As neutral and slightly acidic pD values favor
the presence of ZrK 2:2, which is expected to be more cata-
lytically active, a solution pD of 6.4 was selected for further
studies.

To evaluate the effect of temperature on the speciation
equilibria, a 2.0 mm solution of ZrK 2:2 at pD 6.4 was kept
for 1 h at different temperatures that ranged from 37 to
80 °C before assessing its species distribution by 3'P NMR
spectroscopy. The spectra, shown in Figure S1 of the Sup-
porting Information, demonstrate that temperature has no
significant effect on the solution behavior of ZrK 2:2 after
heating for 1 h. Only minor amounts of ZrK 1:2 were de-
tected at temperatures above 70 °C. To further assess the
influence of incubation time on the species distribution, a
2.0 mM solution (pD 6.4) of ZrK 2:2 was kept at 60 °C for
a prolonged period of time, and 3'P NMR spectra were
measured after 1, 2, and 7 d. Interestingly, as Figure S2 and
Table S1 in the Supporting Information show, prolonged
heating time had a significant effect on the conversion, as
13.77, 22.05, and 42.88 % of ZrK 1:2 were detected in solu-
tion after 1, 2, and 7 d of incubation, respectively. The effect
of time on the species distribution was also determined for
a 2.0 mMm ZrK 2:2 solution at slightly higher pD (pD 7.8).
Comparison of the 3'P NMR spectra of solutions at pD 7.8
(Figure S3) with those for a 2.0 mm ZrK 2:2 solution at pD
6.4 (Figure S2) shows that in both cases only ZrK 2:2 was
present after mixing. However, after 2 d at pD 6.4 approxi-
mately 80% of ZrK 2:2 was still present, whereas at pD
7.8, 75% of ZrK 2:2 was already converted into ZrK 1:2.
Moreover, after 7d at pD 6.4, approximately 40% of the
initial amount of ZrK 2:2 was converted to ZrK 1:2,
whereas at pD 7.8 a complete conversion of ZrK 2:2 into
ZrK 1:2 and the monolacunary 0:1 species was observed.
These experiments confirmed that higher pD values indeed
favor the conversion of ZrK 2:2 into ZrK 1:2 species.

In the next step 3'P NMR spectra of a ZrK 2:2 solution
were measured in the concentration range from 1.0 to
6.0 mm after dissolution and pD adjustment to pD 6.4. Fig-
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ure S4 in the Supporting Information shows that in the con-
centration range from 1.0 to 4.0 mm, only the *'P NMR
spectroscopic signal of ZrK 2:2 at 6 = —13.49 ppm was de-
tected, whereas at concentrations higher than 4.0 mwm,
minor amounts of ZrK 1:2 were observed. This trend, in
which higher concentrations favor the formation of the 1:2
species, was also demonstrated for the aqueous solution be-
havior of Zr™-substituted Wells-Dawson POMs.[1% Im-
portantly, the 3'P spectrum of the least concentrated solu-
tion (1.0 mm) of ZrK 2:2 was also recorded by using a
higher number of scans (1024 instead of 256) and did not
show any evidence of ZrK 1:2 after mixing (Figure S5), thus
indicating that the absence of ZrK 1:2 at concentrations
lower than 4.0 mwm is indeed due to the lack of conversion of
ZrK 2:2 into ZrK 1:2 and not because lower concentrations
prevented the detection of ZrK 1:2 by 3'P NMR spec-
troscopy. Similarly to the 2.0 mm ZrK 2:2 sample, pro-
longed incubation times at 60 °C also resulted in increased
amounts of ZrK 1:2 for 3.0 mm (Figure S6a) and 6.0 mm
(Figure S6b) samples of ZrK 2:2. Figure S6a-b and
Table S1 clearly show that upon heating 3.0 and 6.0 mm
solutions of ZrK 2:2 at pD 6.4 for 2d, 25.97 and 28.16%
of ZrK 1:2 species were detected respectively in solution,
whereas for a 1.0 mm sample, 20.42% of ZrK 1:2 was ob-
served. Interestingly, prolonged heating for 7 d of 3.0 and
6.0 mM solutions of ZrK 2:2 also resulted in the formation
of monolacunary 0:1 species (6.38% for 3.0 mm solution
and 7.55% for 6.0 mm solution). The monolacunary 0:1
species was not observed in the 3'P spectrum of ZrK 1:2
(Figure S7) recorded under the same conditions, thus sug-
gesting that the 0:1 form originates from the decomposition
of ZrK 2:2, which takes place at higher temperatures and
concentrations.

As ionic strength was shown to have an influence on
both the POM speciation and the rates of POM-assisted
hydrolysis rates of different biomolecules,®>7-8! the depen-
dence of the ZrK species distribution on ionic strength was
also examined. 3'P NMR spectra of 2.0 mum solutions (pD
6.4) of ZrK 2:2 in the presence of increasing concentrations
(2.0 to 7.5 M) of NaClO4 were recorded after mixing (Fig-
ure S8 in the Supporting Information). As can be seen from
Figure S8 and Figure 2, higher concentrations of NaClO,4
favored the conversion of ZrK 2:2 into ZrK 1:2. This might
be explained by the binding of Na™ ions to the POM sur-
face and anchoring of POM units close to the Zr'V center,
thereby resulting in optimal binding to form and stabilize
1:2 sandwich structures.*s! This trend was also previously
observed in the case of the formation of the 1:2 lanthanide
Ln/a;-P,W 704, or Ln/a,-P,W,,04; species in the presence
of Na+ [26a.27]

Finally, the influence of the substrate BNPP as well as
the hydrolytically inactive analogue sodium diphenyl phos-
phate (DPP) on the equilibria between the different Zr™-
substituted Keggin-type POMs was analyzed. The concen-
tration of ZrK 2:2 was kept constant (2.0 mm) and the con-
centration of BNPP was increased from 2.0 to 50.0 mm. As
can be seen from Figure S9 in the Supporting Information,
an increase in BNPP concentration promoted the conver-
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Figure 2. The percentage of ZrK 2:2 and ZrK 1:2 of a 2.0 mM solu-
tion of ZrK 2:2 in the presence of different concentrations of
NaClQO, at pD 6.4 after mixing.

sion of ZrK 2:2 into ZrK 1:2. The same trend was seen
when using DPP (Figure S10). However, at identical BNPP
and DPP concentrations (50.0 mm), 95.62 and 63.82% of
ZrK 1:2 were detected for BNPP and DPP, respectively.
Interestingly, the same concentration (50 mm) of NaClOy4
did not induce any conversion of ZrK 2:2 into ZrK 1:2.
These experiments suggest that interaction of ZrK 2:2 with
BNPP and DPP ligands plays an important role in Zr'Y
POM speciation and promotes the conversion of ZrK 2:2
to ZrK 1:2.[11a.11b]

The above results indicate that the solution chemistry of
ZrK 2:2 is rather complex and is influenced by a number
of different factors. Its conversion into ZrK 1:2 is favored
by increasing the initial concentration of ZrK 2:2, pD, tem-
perature, time, ionic strength, and substrate concentration.
Therefore, to ensure the maximum possible amount of ZrK
2:2 in solution, an intermediate pH, lower initial concentra-
tions as well as a low salt concentrations will be used in
reactivity studies with BNPP. Unfortunately, a pure ZrK 2:2
solution will be difficult to achieve, as BNPP hydrolysis is
typically observed only at elevated temperatures, typically
60-80 °C.1°b-%] However, as limited conversion to ZrK 1:2
was observed at 1.0 mm of ZrK 2:2 at pD 6.4 in the absence
of salt, these conditions will be used in the reactivity studies
to maximize the amount of ZrK 2:2 at 60 °C.

The possible interconversion between the dimeric ZrK
2:2 and monomeric ZrK 1:1 species in aqueous solution
should also be taken into account. Although, to the best of
our knowledge, the monomeric ZrK 1:1 has not been iso-
lated and experimentally observed so far, the existence of
dimer-monomer equilibrium has been suggested by Khol-
deeva et al.l?®! for two Zr'V Keggin-type POMs: (nBuyN);-
H[{PW,030Zr-(u-OH)},] and (nBuyN)g[{PW;030Zr(p-
OH)},] in solution in MeCN upon addition of increasing
amounts of water. In all our studies we observed only the
signals assigned according to the literature to ZrK 2:2[2!
and/or ZrK 1:2.22231 However if we assume that there is a
condition-dependent fast exchange (with respect to the 3'P
chemical-shift timescale) between ZrK 2:2 and ZrK 1:1 in
pure aqueous solution, then one averaged signal will be ob-
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served for these two species in the 3'P spectrum, which
means that it is not possible to discriminate between them.
On the basis of these arguments, the signal at 6 =
—13.49 ppm could be also considered as a population-
averaged chemical shift of ZrK 2:2 and ZrK 1:1 that exist
in a fast equilibrium.

Hydrolysis of BNPP by ZrK 2:2

BNPP is typically hydrolyzed in two consecutive steps. In
the first step, p-nitrophenol (NP) and an equimolar amount
of NPP are formed. In the second step, NPP is further hy-
drolyzed to a second NP molecule and free phosphate
(Scheme 1).!

The hydrolytic reaction between BNPP and ZrK 2:2 was
investigated for solutions that contained 1.0 mm of BNPP
and 1.0 mm of ZrK 2:2. During the course of the reaction
(pD 6.4 and 60 °C), the '"H NMR spectra (Figure S11 in
the Supporting Information) showed a gradual intensity de-
crease of the aromatic resonances of BNPP at 6 = 7.33 and
8.24 ppm and the appearance of the aromatic NP reso-
nances at 0 = 8.19 and 6.96 ppm, thus indicating that hy-
drolysis of the P-O bond in BNPP occurred. At the end of
the reaction, no BNPP resonances were detected in the 'H
and 3'P NMR spectra (Figure S12), thus indicating a full
conversion of BNPP into phosphate. Integration of the
BNPP and NP 'H NMR spectroscopic resonances at dif-
ferent time increments (Figure 3) allowed the calculation of
the BNPP hydrolysis rate constant. A linear fitting method
(In[A4] = kopst + In[A]y), in which A4 is the concentration of
the substrate at time ¢, was used (Figure S13) and the hy-
drolysis rate constant for BNPP hydrolysis at pD 6.4 and
60 °C was calculated to be (4.75+0.25)xX10°s ! (¢, =
40.5 h). This value represents a 320-fold rate enhancement
relative to the spontaneous hydrolysis of BNPP [kyns =
(1.5%0.08) X 108 s'] under the same reaction conditions.
A detailed comparison between the reactivity of ZrK 2:2
and that of the Wells—-Dawson-type K;sH[Zr(c,-P,W ;-
041)2]-25H,0 POM (6.85% 1077 s7!) is unfortunately not
possible as its reactivity was evaluated at different reaction
conditions (pD 7.2 and 50 °C);®! however, both POMs
accelerated the rate of BNPP hydrolysis by more than two
orders of magnitude over spontaneous hydrolysis.

To ensure that ZrK 2:2 was indeed required for hydroly-
sis, several control experiments were performed. The reac-
tion between 1.0 mm of the Zr'V salt, ZrCl,0:-8H,0, and
1.0 mm of BNPP was examined at pD 6.4 and 60 °C. Under
these conditions, the formation of insoluble Zr'V hydroxy
polymeric gels was observed,*”! thus making a detailed ki-
netic analysis impossible. Under the same conditions, the
reaction between 1.0 mM of BNPP and 1.0 mm of the mon-
olacunary Keggin POM ([0-PW;,039]7") did not show any
change in rate constant relative to spontaneous BNPP
hydrolysis under the same reaction conditions, thus indicat-
ing that the monolacunary Keggin POM does not promote
BNPP hydrolysis and that the embedded Lewis acid Zr'Y
ions are responsible for the observed reactivity. Lewis acid
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Scheme 1. Hydrolysis of BNPP.
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Figure 3. Percentage of BNPP and NP as a function of reaction
time for the reaction between 1.0 mM of BNPP and 1.0 mm of ZrK
2:2 at pD 6.4 and 60 °C.

BNPP activation typically occurs through mono- or biden-
tate coordination of its phosphate oxygen atoms to Zr'Y. We
suggest that bidentate coordination could be excluded on
account of the almost coordinatively saturated nature of
Zr"™V and the sterically hindered conformation of the biden-
tate POM/BNPP complex. Interestingly, under identical
conditions, BNPP hydrolysis promoted by ZrK 1:2 was
about five times slower [kqps = (1.14=0.01) X 10°° s7'] than
ZrK-2:2-promoted hydrolysis. ZrK 1:2 is stable even at con-
centrations up to 6.0 mm at pD 6.4 and 60 °C (Figure S7)
and does not show any conversion into other POM species.
This fivefold difference in reactivity further supports our
hypothesis that, on account of the more favorable coordina-
tion environment around Zr"V, ZrK 2:2 is indeed more cata-
lytically reactive than ZrK 1:2, in which the coordination
sphere around Zr'V is saturated owing to coordination to
two Keggin POM units.

Influence of Experimental Conditions on the
Reaction Kinetics

Effect of pD on BNPP Hydrolysis

Since pD plays an important role both in the solution
speciation of ZrK 2:2 as well as in phosphodiester bond
hydrolysis, the effect of pD on the hydrolysis rate of BNPP
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NP

in the absence and in the presence of ZrK 2:2 was deter-
mined in the pD range 3.4 to 10.4. In this pD range, no
hydrolysis of BNPP was observed after three months in the
absence of ZrK 2:2. As can be seen in Figure 4, the pD
dependence of ks exhibits a bell-shaped profile, with the
fastest hydrolysis observed at pD 6.4. This trend further
supports a Lewis acid catalyzed hydrolysis mechanism. If
phosphoester bond hydrolysis were Bronsted acid mediated,
an increase in ks at lower pD values would be observed.

5,0x10°

4,0x10°

3,0x10° -

kobs (S-l)

2,0x10° H

1,0x10° o

0,0

pD

Figure 4. Dependence on pD of ks for the hydrolysis of 1.0 mm
of BNPP in the presence of 1.0 mm of ZrK 2:2 at 60 °C.

The data can be fitted to a two-ionization Michaelis
function (1), which describes a bell-shaped dependence of
the rate constant on pD.3%

kobs = k/(l + h/K] + Kz/h) (1)

In Equation (1), kg is the measured kinetic constant
and k is the pD-independent turnover number. The (1 +
hlK; + K,/h) term is known as the Michaelis pD function
in which 2 = 10PP represents the hydrogen-ion activity,
whereas K, and K, are ionization constants associated with
the enzyme, substrate(s), or other species in the reaction
mixture.*"] From the fitting of experimental points shown
in Figure4, the pD-independent turnover number k
(4.5% 10°°s7") can be obtained. The values of pK; and pK,
are 4.27 and 8.7, respectively; however, their assignment is
not a straightforward task as they can originate from a
broad range of intermediate species or represent a compos-
ite value.
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The bell-shaped trend in the pD profile of BNPP hydrol-
ysis by metal complexes has been previously observed(66l
and is commonly rationalized in the following way. BNPP
hydrolysis in the presence of a metal complex requires OH~
as an active nucleophile, and as the deprotonation of water
molecules is hindered at acidic pD, this results in a decrease
in kyps at low pD values. The increase of pD facilitates the
formation of the OH™ nucleophiles to result in a gradual
increase in k.. Upon reaching the maximum value at ap-
proximately neutral pD, a decrease in kyps is usually ob-
served owing to the formation of a hydrolytically inactive
BNPP coordination complex.

However, as the speciation of ZrK 2:2 is also pD-depend-
ent, this also has to be taken into consideration when inter-
preting the kinetic profile shown in Figure 4. 3'P NMR
spectroscopy has shown that during the reaction performed
at pD 3.4 (Figure S14 in the Supporting Information) the
intensity of the ZrK 2:2 resonance remained unchanged (as
determined by integration and comparison with the reso-
nance of the reference), thus suggesting that indeed lower
reaction rates are not due to the conversion of catalytically
more active ZrK 2:2 into ZrK 1:2, but rather due to the
low concentration of OH™ nucleophiles present at low pD,
as discussed above. The increase in pD facilitates deproton-
ation of water nucleophiles, but it also promotes conversion
of ZrK 2:2 into less active ZrK 1:2, and these two opposing
effects become evident at pD values greater than 6.4 when
the rate of BNPP starts to decrease. The conversion of ZrK
2:2 into ZrK 1:2 was indeed evidenced in the reaction mix-
tures performed at pD of 6.4 and 60 °C (Figure S15). As
can be seen from Figure S15, at pD 6.4 conversion of ZrK
2:2 into ZrK 1:2 was observed after 1 d, thereby resulting
in a 3:1 ratio of these two POMs. As a further increase in
pD showed a gradual increase in conversion of ZrK 2:2
into ZrK 1:2,1'%I the slow hydrolysis of BNPP in alkaline
solutions can be also related to the progressive conversion
of ZrK 2:2 to ZrK 1:2. Moreover, in highly alkaline solu-
tions (pD 10.4) further decomposition of ZrK 2:2 into the
hydrolytically inactive monolacunary species, as demon-
strated above, was observed immediately after mixing (Fig-
ure S16), thereby resulting in a complete loss of catalytic
activity.

Effect of Temperature on BNPP Hydrolysis

In general, an increase in temperature results in a BNPP
hydrolysis rate increase.[°®%] However, as the speciation
studies reported above have shown that the temperature
also has significant influence on the ZrK 2:2 solution equi-
libria, the effect of temperature on the hydrolysis reaction
rate was examined in a solution that contained equimolar
amounts of BNPP and ZrK 2:2 (1.0 mm) at pD 6.4 in the
temperature range from 37 to 80 °C. From the data shown
in Figure S17a, the activation energy of the reaction can be
calculated by using the Arrhenius equation (2).

E,

—nd-Ea 1
Inkops = Ind — 5 - @
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In this equation, E, represents the activation energy, R is
the gas constant, and 7 corresponds to the temperature.
Linear fitting of Ink,,s as a function of 1/7 (Figure S17a
in the Supporting Information) results in an experimental
activation energy (E,) of 60.16 kJmol™!, which is signifi-
cantly lower than the one (121.59 kImol ")B? in the ab-
sence of ZrK 2:2 under similar reaction conditions. The
Eyring equation (3) can be further used to obtain infor-
mation on the activation enthalpy (AH*) and entropy (AS*)
of the hydrolysis reaction.

R T ~h R (3)

In this equation, R represents the gas constant, k, = 1.38
X102 JK!' is the Boltzmann constant and /& =
6.626 X 1034 Js7! is the Planck constant. Linear fitting of
In(ko,s/ T) as a function of 1/T (Figure S17b in the Support-
ing Information) allows for the calculation of the enthalpy
of activation, AH# = 57.44 kJmol™' and entropy of acti-
vation, AS# = —173.16 Jmol ' K~'. The negative entropy of
activation is in accordance with the expected loss of entropy
as a result of the coordination of BNPP and/or NPP to the
ZrK 2:2. Out of these data, the Gibbs activation energy
(AG¥) was calculated to be 111.12 kJmol ! at 37 °C. A sim-
ilar value (96.94 kJmol ' at 37 °C) was obtained for NPP
hydrolysis by the Wells-Dawson type K;sH[Zr(a»-
P2W17O61)2]‘25H20 POM[Q]

Interestingly, although speciation studies have shown
that high temperatures favor conversion of ZrK 2:2 into
ZrK 1:2, the rate of BNPP hydrolysis did increase as a re-
sult of an increase in temperature. As the conversion of ZrK
2:2 to ZrK 1:2 is rather slow, ZrK 2:2 is still present during
the course of hydrolysis, which at higher temperatures pro-
ceeds much faster (for example, after 36 h 93.01% of BNPP
is hydrolyzed at 80 °C, whereas at 37 °C only 13.24% con-
version was observed). In addition, one should keep in
mind that although less reactive, ZrK 1:2 also promotes hy-
drolysis of BNPP, and in solutions that contains both ZrK
2:2 and ZrK 1:2 species two parallel hydrolytic reactions
are likely to occur.

Effect of ZrK 2:2 Concentration on BNPP Hydrolysis

In general, catalyst concentration influences the reaction
rate, and to investigate the effect of ZrK 2:2 concentration
on the hydrolytic reaction, rate constants were determined
for a reaction mixture that contained a fixed amount of
BNPP (1.0 mm) and increasing amounts of ZrK 2:2 at pD
6.4 and 60 °C (Figure 5).

The data in Figure 5 show that an increase in ZrK 2:2
concentration results in an increase in the reaction rate. The
speciation solution studies have shown that higher concen-
trations of ZrK 2:2 result in higher amounts of catalytically
less active ZrK 1:2, and this might explain the deviation
from the linear trend observed in Figure 5. For example, for
a 0.5 mL mixture that contained 1.0 mm of BNPP and
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Figure 5. Influence of the concentration of ZrK 2:2 on the observed
rate constant for the hydrolysis of 1.0 mm of BNPP at pD 6.4 and
60 °C.

1.0 mm of ZrK 2:2, 74.37% of ZrK 2:2, which equals to
0.37x10°mol of ZrK 2:2, was present after 1d (Fig-
ure S15 in the Supporting Information). In contrast, a
0.5 mL mixture of 1.0 mM of BNPP and 3.0 mm of ZrK 2:2
contained 72.85% of ZrK 2:2 after one day (Figure S18),
thereby resulting in 1.08 X 10-° mol of ZrK 2:2. Similarly,
when higher concentrations of ZrK 2:2 were used (6.0 mm),
the conversion to ZrK 1:2 was larger (68.39% of ZrK 2:2
was present) after one day (Figure S19); however, this re-
sults in 2.05X 10 mol of ZrK 2:2 present in solution.
These results demonstrate that despite the fact that higher
initial concentrations of ZrK 2:2 lead to more favorable
conversion to ZrK 1:2, the total molar amount of ZrK 2:2
in solution is still much higher, thereby resulting in faster
hydrolysis.

Interestingly, these experiments also revealed that ZrK
2:2 is able to fully hydrolyze an excess amount of BNPP,
thus demonstrating one of the main principles of catalysis.
Complete hydrolysis of BNPP was still observed when
1.0 mm of BNPP and 0.5 mM of ZrK 2:2 were used, which
suggests that one equivalent of ZrK 2:2 is able to hydrolyze
at least two equivalents of BNPP. In contrast, catalytic ac-
tivity was not observed for the isopolyoxomolybdate
[M050,4]%, which was converted to [P,Mo0,0,5]% as a re-
sult of the release of phosphate as one of the reaction prod-
ucts.[o]

Effect of Ionic Strength on BNPP Hydrolysis

The addition of salt to reactions that contain ionic spe-
cies can either significantly influence or have no effect on
the reaction rate. As both ZrK 2:2 and BNPP carry negative
charge at pD 6.4, the influence of ionic strength on the
reaction rate constant for BNPP hydrolysis was examined
by adding stepwise NaClO,4 to a mixture that contained
1.0 mM of BNPP and 1.0 mm of ZrK 2:2. A large decrease
in the rate constant was observed upon adding increasing
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amounts of NaClO, (Figure 6). NaClO, plays a role both
in the binding between BNPP and ZrK 2:2, as well as in
the speciation of this POM. As control experiments with
the lacunary POM showed that Zr'V is essential for the
catalytic activity, it is very likely that binding between ZrK
2:2 and BNPP occurs by means of coordination between
the negatively charged oxygen of BNPP and the positively
charged Zr'V ion. Addition of salt may disrupt this interac-
tion, resulting in lower reaction rates. However, NaClOy,
also promotes conversion of ZrK 2:2 into ZrK 1:2 (Fig-
ures S20-S22 in the Supporting Information). As can be
seen from Figure S20, at pD 6.4, 22.06% of ZrK 1:2 is de-
tected in a reaction mixture that contained 0.05 m NaClOy,
whereas in the presence of 0.5m NaClO, (Figure S21)
73.35% of ZrK 1:2 was observed. Upon increasing the con-
centration of NaClO,4 to 5.0 M (Figure S22), a full conver-
sion of ZrK 2:2 into ZrK 1:2 was observed immediately
after mixing.

3,0

2,5

0,5

T T T T T T T T T T T
0 1 2 3 4 5

NaClO, (M)

Figure 6. Influence of the concentration of NaClO,4 on the hydroly-
sis rate constant for the reaction of 1.0 mm of BNPP and 1.0 mm
of ZrK 2:2 at pD 6.4 and 60 °C.

Inhibition Study

To gain further insight in the interaction between BNPP
and ZrK 2:2, the inhibitory effect of the nonreactive BNPP
analogue, diphenyl phosphate (DPP), which lacks activating
nitro groups, was examined. In the control experiments no
hydrolysis was observed for a 1.0 mm DPP solution both in
the absence and in the presence of 1.0 mm of ZrK 2:2 after
four months. The hydrolysis of 1.0 mM of BNPP was fol-
lowed in the presence of 1.0 mm of ZrK 2:2 and increasing
amounts (1.0 to 100 mm) of DPP (Figure 7). As can be seen
from Figure 7, the rate constant of BNPP hydrolysis signifi-
cantly decreased upon adding increased amounts of DPP.
Again DPP plays a dual role, both affecting the interaction
between BNPP and ZrK 2:2 as well as the solution specia-
tion of ZrK 2:2. In both cases DPP has a negative effect,
as on the one hand it competes with BNPP for the binding
to Zr'"V and on the other hand it largely shifts equilibrium
toward the formation of ZrK 1:2, as discussed above.
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Figure 7. Influence of the concentration of DPP on the observed
rate constants for the hydrolysis of 1.0 mm of BNPP in the presence
of 1.0 mm of ZrK 2:2 at pD 6.4 and 60 °C.

Conclusion

A detailed 3'P NMR spectroscopic aqueous solution
study on the Zr'V-substituted POM (Et,NH,)g[{a-
PW,,059Zr(u-OH)(H,0)},]-7H,0 (ZrK 2:2) that describes
the influence of pD, temperature, reaction time, ionic
strength, and ZrK 2:2 or substrate concentration allowed
for a full characterization of the speciation equilibria that
exist under different experimental conditions. This study is
of importance as during the last decade it was shown that
metal-substituted POMs can be used as promoting agents
or catalysts for a broad range of reactions. As a result, spe-
ciation studies are necessary to identify the most reactive
species in solution as well as to optimize the reaction condi-
tions. The results obtained in this study showed that ZrK
2:2 converts into ZrK 1:2, which is expected to be catalyti-
cally less active, upon increase of pD, ZrK 2:2 concentra-
tion, and ionic strength. The conversion became more pro-
nounced at higher temperatures and after prolonged reac-
tion times. Kinetic experiments indeed demonstrated that
ZrK 2:2 is the more hydrolytically active species for the hy-
drolysis of the phosphoester bonds in the DNA model sub-
strate bis(4-nitrophenyl) phosphate (BNPP). Moreover,
there was a clear link between the observed influence of
pD, ZrK 2:2 concentration, temperature, and ionic strength
on the BNPP hydrolysis rate and the aqueous solution be-
havior of ZrK 2:2, thus demonstrating the usefulness of
such detailed speciation studies. The present study demon-
strates the potential of Zr™V-substituted POMs as artificial
phosphatases and contributes to the further development
of POMs as Lewis acid catalysts for the hydrolysis of bio-
molecules. Future studies will be focused on the hydrolytic
activity of this POM towards adenosine triphosphate
(ATP), the RNA model substrate HPNP, and DNA/RNA
fragments.
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Experimental Section

Materials: The Zr'V-substituted Keggin POM, (Et,NH,),o-
[Zr(PW,039),]-7TH,0?? (ZrK 1:2), and binuclear Zr"V-substituted
Keggin POM, (EtaNHa)g[{0-PW 1, 030Zr(1-OH)(H,0) } o]
TH,O!0211 (ZrK 2:2), were prepared as described in the literature.
Disodium 4-nitrophenyl phosphate (NPP; CcH4NOgPNa,-6H,0),
sodium bis(4-nitrophenyl) phosphate (BNPP; C;,HgN,NaOgP), so-
dium diphenyl phosphate (DPP; C,,H;(NaO,P), DCIl, and NaOD
were purchased from Acros and used without any further purifica-
tion.

Kinetic Measurements: Solutions that contained 1.0 mm of BNPP
and 1.0 mm of ZrK 2:2 were prepared in D,O. The final pD of
solution was adjusted with minor amounts of 10% DCI and 15%
NaOD solutions in D,0. The pH-meter value was corrected by
using the equation: pD = pH meter reading + 0.41.1331 The pD of
the samples was measured in the beginning and at the end of hy-
drolysis, and the difference was typically less than 0.5 to 1 pD units
owing to the release of free phosphate as one of the products of
the reaction. The reaction mixture was kept at constant tempera-
ture, and "H NMR spectra were measured at certain time intervals
during the hydrolytic reaction to calculate the observed rate con-
stant (kops) by the integral method.

NMR Spectroscopy: 'H and 3'P NMR spectra were recorded with
a Bruker Avance 400. 'H spectra were referenced with respect to
0.5mm of 2,2,3,3-[Dy]-3-(trimethylsilyl)propionic acid (TMSP) as
an internal standard, whereas 25% phosphoric acid was used as an
external reference for 3!'P spectra.

Supporting Information (see footnote on the first page of this arti-
cle): NMR spectra and hydrolysis data.
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