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Effective degradation of non-natural phosphate triesters (PTs) widely used in pesticides and warfare agents
is of paramount relevance for human and environmental safety, particularly under acidic conditions where
they are highly stable. Here, we present a detailed reactivity and mechanistic study pioneering discrete
{ZrgOg} clusters, which are commonly employed as building blocks for Zr-MOFs and as non-classical
soluble coordination compounds for the degradation of PTs using the pesticide ethyl paraoxon as
a model. Combined computational studies, mechanistic experiments, and EXAFS analysis show that the
reactivity of these clusters arises from their Zr'V-Zr"V bimetallic sites, which hydrolyze ethyl paraoxon
under acidic conditions through an intramolecular pathway. Remarkably, the energetics of the reaction is
dependent on the protonation state of the active sites, and a weakly acidic medium favors the reaction.
Moreover, catalyst stability allowed for its recovery and reuse. Such a mechanism is in close analogy to
enzymatic reactions and different from that previously reported for Zr-MOFs. These findings outline the
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1. Introduction

Metallohydrolases are an essential component of nature's
machinery to manipulate highly stable chemical bonds such as
peptide and phosphate linkages that are ubiquitous in proteins
and nucleic acids. However, they are inadequate to deal with
unnatural man-made compounds such as the useful but
hazardous phosphate triesters (PTs) widely present in pesticides
and warfare agents.' The high toxicity and wide use of PTs pose
potential environmental and biological hazards, as the high
chemical stability of P-O bonds renders them greatly persistent,
particularly under neutral and acidic conditions.> Thus, many
synthetic analogs of active sites of metalloenzymes have been
developed to degrade PT compounds in a safe and
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environmentally benign manner.*>* These compounds have long
relied on coordination complexes featuring a bimetallic active
site similar to those found in naturally occurring phospho-
triesterases (PTEs),"* one of the few enzymes capable of
hydrolyzing PT compounds and purple acid phosphatases
(PAPs).*® In general, these compounds perform better at pH > 5
and have greatly contributed to understanding enzymes'
hydrolytic mechanisms>®** but still exhibit poor reactivity
towards phosphate triesters such as the broadly used pesticide
ethyl paraoxon (diethyl-4-nitrophenylphosphate, 1).

In this context, we envisioned that the stronger Lewis acid
character of M"™-M" active sites could offer distinctive reac-
tivity for the degradation of phosphate triesters under mildly
acidic conditions more relevant for environmental remediation
and for potential applications in biotechnology and
medicine.”**” While many (nano)materials have been recently
developed for the hydrolysis of phosphate esters,>'®* the
hydrolysis of PTs in solutions at neutral pH or lower has been
typically addressed using coordination compounds containing
metal pair combinations such as M"™-M", M"-M"", or M™-M"™
(M" = Zn, Mn, Co, Cu; M™ = Fe, Mn, Ga).>'***?> However,
compounds containing M"V-M" active sites have rarely been
explored.’® Critically, M™-M" active sites are present in Zr-
based metal-organic frameworks (Zr-MOFs)*® like NU-1000 and
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UiO-66, and their ability to hydrolyze phosphate triesters has
been broadly developed. Nevertheless, they have been always
explored as PTE mimics,””*® showing great efficiency in hydro-
lyzing the phosphate ester bond>*” under strongly alkaline
conditions (generally at pH ~9).***** Meanwhile, the potential of
these M™V-M" active sites to mimic the reactivity of PAPs and
hydrolyze PT compounds under non-alkaline conditions has
been largely overlooked, leaving a critical knowledge gap for the
development of technologies dependent on mildly acidic
conditions, such as in environmental science and medicine."*"”
Thus, considering our interest in developing and under-
standing the molecular reactivity of metal oxo cluster based
nanozymes towards biomolecules,"**** we seized the oppor-
tunity to investigate the reactivity of discrete hexanuclear
zirconium oxo clusters*® towards PTs as these rather underex-
plored species afford straightforward air and moisture stable
M"™-M" active sites and would allow us to study them under
acidic conditions as potential acid phosphatase mimetic cata-
lyStS (Fig‘ 1)'6,9,10,13,20,23,50752
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In this work, we report a pioneering account of the catalytic
activity of discrete Zr oxo clusters towards phosphate esters
combining detailed kinetics and mechanistic experiments with
density functional theory calculations (DFT). The substrate
ethyl paraoxon (diethyl-4-nitrophenylphosphate, 1) was used as
the model substrate, given its broad use as a pesticide.
Remarkably, discrete {ZrsOg} clusters bear striking functional
and mechanistic similarities to PAPs, which are effective cata-
lysts even under rarely used acidic conditions. Under these
conditions, they also surpassed the performance of zirconium
salts and related Zr-MOFs without requiring additional co-
catalysts or bases to control the acidity or boost the reactivity.
Due to their soluble and discrete nature, such clusters also
allowed for mechanistic insights which are difficult-to-obtain in
heterogeneous reactions involving MOFs.**"** Therefore, they
provide key experimental and computational evidence com-
plementing mechanisms previously addressed mostly with
theoretical calculations®***® and, in perspective, provide fertile
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(a) Metalloenzymes involved in P—O hydrolysis and their active sites; (b) examples of PAP and PTE biomimetic coordination compounds;

(c) Zr-MOFs reported as catalysts for P-O bond hydrolysis (primarily under basic conditions); and (d) the unique design of discrete {ZrgOg} cluster

catalysts studied in this work.
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ground for the molecular design of new types of bioinspired
catalysts using cluster compounds.

2. Experimental section

More information about instrumentation, cluster characteriza-
tion, EXAFS, DFT calculation and isotopic effects is provided in
the ESL}

2.1 Synthesis of [Zrs04(OH),(C,H30,)s(H,0)(OH)Cl;] (Zre)

The [Zrs04(OH),(C,H;30,)s(H,0)(OH)Cl;] (Zrg) cluster was
synthesized according to Dai et al. (2021).*” ZrCl, (10 g) was
added into a mixture of CH;COOH (15 mL) and isopropanol (25
mL); after homogenization, the reaction was stirred at 500 rpm
under reflux in an oil bath at 120 °C for 60 min. After being
cooled to room temperature, the cluster was collected through
centrifugation at 5000 rpm for 30 min. The collected white solid
was subsequently washed twice with acetone (15 mL for 2 hours
each time) and allowed to air dry for 3 days before character-
ization. The product was characterized by PXRD, FTIR and 'H
NMR of a 1 mol per L NaOD digested sample. The analysis
results agreed with previously published characterization
data.>>>”

2.2 Hydrolysis reaction of paraoxon (diethyl-4-
nitrophenylphosphate, 1) using clusters

In a 1.5 mL centrifuge tube, the Zre cluster (2.0 mg; 1.5 pmol)
was dissolved in 1 mL of solvent (HEPES 0.1 mol L' pH = 7.0,
or distilled water). The solution's pH was measured, and 6 puL of
1 (25 pmol) was added. The reaction was carried out in
a thermos shaker at 60 °C. Samples (10 puL) were collected at
specific time points after quickly centrifuging the reaction
mixture (3 min, 15000 rpm), and immediately diluted with
water (1 mL) and analyzed using a UV/vis spectrophotometer.
The reaction was allowed to continue for 31 h, and the pH was
measured again at this time point. The same procedure was
followed for experiments carried out at 37 °C.

Experiments involving other Zrs and Zr;, clusters and MOFs
NU-1000 and UiO-66 were performed as described for Zrg using
6 mol% catalyst in the solid state. Likewise, investigation of
isotopic effects on the hydrolysis rate promoted by Zrg was done
under the same conditions described above but using deuter-
ated water/buffer (HEPES 0.1 mol L' - pH 6.0) as the reaction
solvent.

2.3 Hydrolysis reaction of 1 in the absence of clusters

Spontaneous hydrolysis was examined by carrying out reactions
at 60 °C under identical conditions as described above for Zrg
but without the addition of any catalyst. 1 (6 uL, 25 umol) was
added into water (pH 3.0 corrected with HCl, 37%) or buffer
(HEPES 0.1 mol L™ pH = 7.0). As for Zrs, samples (10 uL) were
collected at specific time points, diluted in water, and analyzed
using a UV/vis spectrophotometer.

18010 | Chem. Sci, 2024, 15, 18008-18021
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3. Results and discussion
3.1 Paraoxon hydrolysis

To explore the reactivity of zirconium oxo clusters towards
phosphate triester degradation, the [ZrgO4(OH),(C,H30,)s(-
H,0)(OH)Cl;] (Zrg) cluster (Fig. 1d) was selected as a model
catalyst as it can be readily prepared from inexpensive ZrCl, and
acetic acid.”” This cluster has a {ZrsO4(OH),} inorganic core
equivalent to the nodes present in several Zr-MOFs previously
shown to hydrolyze P-O bonds.*® It features an octahedral
arrangement of six Zr centers bound to each other by p;-O(H)
groups situated in the faces of the octahedron and capped
mostly by carboxylate ligands. The selected Zre cluster was
synthesized as previously reported®” and characterized by
infrared (IR) spectroscopy and powder X-ray diffraction (PXRD),
and after basic digestion by "H nuclear magnetic resonance ("H
NMR) spectroscopy (see the ESI for details - Fig. S1-S37). As
a model reaction for this study, the hydrolysis of paraoxon (1),
a phosphate triester largely used as a pesticide, was used, and
the reaction progress was followed by UV/vis spectroscopy
(Scheme 1a). To ensure the reliability of UV/vis measurements,
we also confirmed by "H and *'P NMR that hydrolysis of 1 using
Zrs only afforded products 2 and 3, and no side-products were
detected (Fig. S6-S87).

Considering that the hydrolytic activity of discrete zirconium
oxo clusters (ZrOC) towards phosphoesters has not been
studied previously, an initial screening of conditions using
different temperatures (25, 37 or 60 °C) and pH (3.0, 6.4 or 9.0)
was performed using a 6 mol% catalyst (see the ESIT for details).
The reaction under acidic conditions was performed by simply
adding the catalyst to water, as the deprotonation of water
molecules coordinated to Zr'V centers promptly acidifies the
solution to pH 3.0.°° For reactions at neutral and higher pH
values, buffer solutions (HEPES 0.1 mol L™, pH 7.0 and Tris 0.1
mol L™, pH 9.8) were used. The presence of buffer was suffi-
cient to minimize the influence of Zrg induced acidification,
resulting in pH 6.4 for the solution in HEPES buffer and pH 9.0
for Tris buffer.

Both temperature and acidity influence the reactivity of Zrs
towards 1, and in general, increasing both the temperature and
pH afforded more product (Scheme 1b). Interestingly, hydro-
lysis was observed even under acidic conditions, which has
rarely been reported for Zr-MOFs.>* More specifically, results
have shown no hydrolytic activity at 25 °C and 37 °C at pH 3.0.
However, the activity of the catalysts increased when the pH was
increased to 6.4 or under basic conditions. The same trend was
observed at 60 °C, but unlike for low temperatures, Zrs showed
hydrolytic activity even at pH 3.0. Control experiments in the
absence of catalyst (Scheme 1c) under similar pH and temper-
ature conditions revealed that uncatalyzed spontaneous
hydrolysis of 1 is facile at high pH and temperature and does
not need a catalyst to occur. Therefore, substantial influence of
Zrs on the hydrolysis of 1 is observed only in solutions incu-
bated at 37 °C and pH 6.40, or at 60 °C and pH 3.0-6.4 (Scheme
1b).

© 2024 The Author(s). Published by the Royal Society of Chemistry
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(a) Reaction conditions studied for the hydrolysis of paraoxon (1) with the Zrg cluster. (b) Results of initial screening using Zrg as the

catalyst. (c) Results of spontaneous hydrolysis of (1) under the same screening conditions. Results are presented as the percentage ratio of
product/reactant by integration of peaks in *H NMR data. Green color represents lower yields, while red color represents higher yields.

Compared to alkaline conditions, acidic conditions have
been rarely explored with Zr-MOFs, which is rather unusual,
given that the spontaneous hydrolysis of 1 is significantly
enhanced at high pH values.?®***¢* Moreover, reactions under
alkaline conditions usually require basic buffers (typically
~0.45 mol L' N-ethylmorpholine) which also assist in the
hydrolysis. Thus, such unique activity of Zrs complements the
reactivity developed with Zr-MOFs by providing the means to
hydrolyze P-O bonds in a wide range of pH. Moreover, in Zrg,
P—O bonds do not require any additional basic additives or
buffers (at pH 3.0) to enable or boost reactivity, significantly
simplifying previously reported conditions. Therefore, based on
these initial results, further reactions were carried out at pH 3.0
and 6.4 at 37-60 °C temperature (Scheme 1) to develop and
understand the hydrolysis of phosphate triesters under non-
alkaline conditions.

The temperature effect is more significant for reactions
conducted at pH 3.0 than for those performed at pH 6.4, even
though both reactions are enhanced at higher temperatures. To
further investigate the influence of temperature on the hydro-
lysis of 1 by Zrs, the yields after 5 and 24 h of reaction were
compared for reactions performed at 37 °C and 60 °C (Fig. 2). As
expected, the reactions at 37 °C were less efficient than those at
60 °C under both pH conditions, and reactions at pH 6.4 were
faster compared to those at pH 3.0, as evidenced by the yields
observed after 5 hours. Nevertheless, at 60 °C, the reaction
conducted at pH 3.0 significantly improved, and after 24 h it

© 2024 The Author(s). Published by the Royal Society of Chemistry

afforded a similar yield to the one carried out at pH 6.4. For the
reaction at pH 3.0, the yield after 24 h is 12 times higher at 60 °C
than at 37 °C. On the other hand, at pH 6.4, the yield of
hydrolysis only increases by 3-fold upon changing the reaction
temperature from 37 °C to 60 °C. Such a distinct influence of

N w » [4;]
1 L I 1

[4-NP] ( x 10°mol L™

0 e \
37°C 60 °C
oH 6.4

60 °C
pH 3.0

37°C

Fig. 2 Increasing the temperature enhances Zrg-catalyzed hydrolysis
of 1 more significantly at 60 °C than at 37 °C. Yield of 1 hydrolysis after
5 (light colors) and 24 h (dark colors). Conditions: [Zrg] = 1.5 mmol L™%;
[1] = 25 mmol L™%; solvent (1 mL — water (pH 3.0)) or HEPES 0.1 mol L™t
(pH 6.4). White columns correspond to the reaction performed
without Zrg (spontaneous hydrolysis). In the absence of catalysts,
negligible amounts of product 3 were observed at 37 °C.
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temperature on the reaction yield suggests that reactions per-
formed at pH 3.0 and pH 6.4 follow slightly distinct reaction
pathways. Interestingly, these temperature-induced enhance-
ments were not observed in the absence of catalyst (white
columns in Fig. 2), confirming that increasing temperature
accelerates the catalytic reaction. These results ultimately
suggest a transition state (TS) higher in energy at pH 3.0 than at
pH 6.4. Although more experimental data are required to clarify
this point, this observation aligns with both prior studies on
phosphatase reaction mechanisms and with our computational
analysis (vide infra).?**

Given the Zrg-induced acidification of aqueous solutions and
the pH dependence of temperature effect, the pH of the reaction
solution was re-measured after the reactions reached satura-
tion. Unsurprisingly, a decrease in the pH of the solution was
observed for all reactions, and in general, higher reaction
temperatures caused bigger pH changes. For example, at 60 °C,
the initial pH 3.0 for reactions carried out in water dropped to
2.0 after 31 h, while the pH for the hydrolysis conducted in
HEPES buffer dropped from pH 6.4 at the beginning of the
reaction to pH 4.2 at the end. However, at 37 °C, the changes
were not as significant when buffer was used, with pH changing
from 6.4 to 5.3. Under acidic conditions, the pH variation was
even smaller, dropping from 3.0 to 2.7. These variations corre-
late well with the amount of product formed, which has a pK, of
1.42,* and hint that the pH changes during reaction are related
to the formation of diethyl phosphoric acid (2) (Scheme 1).

Interestingly, the influence of product formation on the pH
reaction seems to affect the rate of product formation as well
(Fig. 3a). At 60 °C, reactions performed at both pH 3.0 and pH
6.4 reached saturation at a similar concentration of the product
(ca. 19% yield; 5.39 x 10 mol L™'; TON = 3.6). However, the
initial rate of reaction at pH 6.4 was approximately 8 times
higher, which reached saturation after only 6 h (TOF = 7.5 X
10> min "), while the reaction at pH 3.0 needed 24 h to afford
the same amount of product (TOF = 1.93 x 10~ % min ™). These
results might be linked to the acidification of solution by
product 2, as its deprotonation would afford a phosphate ligand
which has greater affinity for Zr'v centers compared to the
original carboxylate capping ligands present in Zre.**** Notably,
such limited reaction is not unusual in phosphotriester
hydrolysis and has also been observed for Zr-MOFs (see
discussion below).

Analysis results of clusters recovered after the reaction are
consistent with the affinity of product 2 for the catalyst, as
strong P-O bands (1034 cm™') were visible in the infrared
spectrum (Fig. S121), and a triplet at 1.28 ppm and an apparent
quintet at 3.93 ppm corresponding to 2 were seen in the 'H
NMR spectrum after basic digestion of the recovered solid
(Fig. S137). A change in buffer solution could be an option to
overcome this catalyst inhibition, as suggested by the higher
yield (56% after 24 h) we observed in bis-Tris pH 7.0, 0.1 mol L ™"
solution when probing the effect of different buffer solutions on
the reactivity (Fig. S91). Even though this result strongly
suggests that the low yield observed in our study is most likely
a matter of reaction optimization to enhance catalyst turnover,

18012 | Chem. Sci., 2024, 15, 18008-18021
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Fig. 3 (a) Zre catalyzed hydrolysis of 1 at 60 °C and pH 3.0 (blue A)
and 6.4 (M black). Conditions: [Zrg] = 1.5 mmol L™%; [1] = 25 mmol L7 (;
solvent (1 mL — water (pH 2.7-3.0) or HEPES 0.1 mol L™ (pH 6.4-6.7));
60 °C. (b) Control experiments featuring hydrolysis of 1 at 60 °C
catalyzed by Zr salts (ZrO, and ZrCly) at pH 3.0 (ZrO, — red circles ®;
ZrCly - pink triangles V) and pH 6.4 (ZrO, — black squares B; ZrCl, —
blue triangles A ). Spontaneous hydrolysis at both pH 7.0 (HEPES 0.1
mol L) and pH 3.0 is presented by green squares (4). Conditions:
[ZrCly] = [ZrO] = 1.5 mmol L™ [1] = 25 mmol L' |; solvent (1 mL -
water (pH 2.7-3.0) or HEPES 0.1 mol L™ (pH 6.4-6.7)); 60 °C.

for the sake of experimental consistency, we continued our
study using a HEPES buffer solution for reactions at pH 6.4.
3.1.1 Control experiments. To probe whether Zrs offered
any advantages over simple spontaneous hydrolysis, or
commercially available zirconium salts, we carried out control
experiments in the absence of catalyst or by using equivalent
amounts of ZrCl, (pH 6.7 and pH 2.7) and ZrO, (pH 7.0 and pH
6.0) in place of Zre (Fig. 3b). These experiments showed that
despite reaching saturation at a relatively low yield, the well-
defined molecular structure of Zre is clearly advantageous for
the hydrolysis of phosphotriester 1 (Table S1t). A comparison of
rate constants obtained assuming initial pseudo-first order rate
kinetics (see the ESIT for more information) indicates that at pH
6.4 Zrg (kobs = 2.8 x 107> min~ ') increases the rate of hydrolysis
by 7-fold compared to ZrCl, salt (kops = 3.9 x 107> min~") and
by 20 times compared to the uncatalyzed reaction under

© 2024 The Author(s). Published by the Royal Society of Chemistry
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identical conditions (kops = 2.7 x 10~° min~ ") (Fig. S117). The
same trend was observed at pH 3.0 (Zrg kops = 4.8 x 107°
min~"), although with a smaller rate enhancement of - ca. 1.5-
fold compared to both ZrCl, (kops = 3.2 x 107° min™') and the
uncatalyzed reaction (kgps = 2.7 X 10~ ° min ™). The similarities
of these rate constants also suggest that ZrCl, did not have any
effect on the reaction at pH 3.0, which clearly evidences that Zrg
is a superior catalyst compared to simple Zr'" salts. Further-
more, ZrCl, does not accelerate the hydrolytic reaction under
neutral or basic conditions as efficiently as the Zrg cluster,
suggesting that the defined structural arrangement of Zr"
centers in the cluster, which mimics the one observed in PAPs,
boosts the reactivity (see the ESIT for a full discussion). Finally,
Zre was also more efficient than the insoluble salt of ZrO,, which
features an arrangement of Zr(wv) centers similar to Zre, but it
did not present significant hydrolytic activity (Fig. 3b).

3.1.2 Catalyst stability under reaction conditions. Consid-
ering the relevance of the well-defined molecular structure of
the Zrg cluster for its reactivity, we analyzed the structure of the
catalyst after the reaction to verify its stability under given
conditions. Intriguingly, all reactions were homogeneous at the
beginning but formed a precipitate during the reaction. Char-
acterization of this solid by extended X-ray absorption fine
structure (EXAFS) clearly evidenced that the cluster core was
still intact after reactions at both pH 3.0 and 6.4, as shown by
the presence of Zr-Zr scattering contributions of adjacent and
opposite Zr atoms, similar interatomic distances, and second-
shell (Zr-Zr) degeneracy of solids recovered under both condi-
tions (Fig. 4 and Table S21). These results also indicate that the
structure of the clusters does not significantly differ under
either pH conditions. Therefore, the {ZrsOg} units of Zre are

- QJHS pH 6.4
(a) E;' 3 (b) =
& = X

<

R/A

R/A

—Fit ——Experimental ——— Residual

Fig. 4 Fourier transforms from the EXAFS extracted signals for
recovered clusters after reaction at (a) pH 3.0 and (b) pH 6.4. The
experimental signals are compared to the calculated ones, highlighting
the good match between the experimental structure and adopted
model.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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stable throughout the reaction, supporting the beneficial role of
its well-defined structure in the observed reactivity. In line with
EXAFS, the recovered cluster maintained a similar catalytic
activity when reused in a new reaction, supporting their bene-
ficial role in the reactivity (Fig. S157).

3.2 Catalyst structure vs. activity

Once the main aspects of Zre reactivity towards 1 were eluci-
dated, a detailed investigation to probe the structure-activity
relationship of Zr oxo clusters for the hydrolysis of phosphate
triesters was carried out. To accomplish that, several other Zr
oxo clusters featuring different nuclearities and carboxylate
capping ligands were used to hydrolyze 1 at pH 3.0 and 60 °C,
and the yields were measured after 5 and 24 h, as done previ-
ously (Fig. 5). Considering the unexpected saturation of reaction
at mere 19% yield, we have also included Zr-based MOFs NU-
1000 and UiO-66 in this stage of the study to probe the effect of
the extended MOF network on the reactivity of Zr oxo clusters.

To investigate whether the cluster structure influences the
reactivity, we focused on eight structurally related clusters (four
Zre and four Zry, clusters) to verify the effect of different
nuclearities and capping ligands on the hydrolysis of 1 (Fig. 5b).
Although several Zr oxo clusters featuring various carboxylate
ligands have been reported, an exact comparison between
hexanuclear clusters {ZrsO,(OH),} and their dimeric derivatives
{Zrs0,4(OH),}, is difficult as the substitution pattern of capping
ligands dictates their unique structural chemistry.® In general,
the hydrolysis of 1 is not influenced by cluster nuclearity. As for
Zre, a similar pH decrease was observed for all reactions, rein-
forcing the finding that this change arises from product 2
formation (Table S3t). More importantly, similar to Zrs, all
clusters provided product 3 in the same 20% yield range after 24
h. Moreover, for clusters with similar capping ligands such as
the Zrg/Zr15(0Ac),, and Zrg(OMc),,/Zr,,(OAcr),, pairs, a similar
yield was observed. As all catalysts were used at the same
concentration, meaning that the Zr;, cluster could afford twice
as many Zre once present in the solution, similar yields suggest
that Zrs and Zr;, are not interconverting under the conditions
used, which clearly indicates that the nuclearity has little effect
on the catalytic activity. This is an interesting contrast to
previous reports in organic medium where both Zre—Zr;,
undergo interconversion,® and a slightly better performance of
Zr;, has been reported.* The similar behavior of Zrg and Zr;,
clusters is easily explained by evaluating their structure. Zr;,
clusters are formed by dimerization of two Zrg units connected
by inter-cluster carboxylates,® making the six zirconium atoms
in the center unavailable to perform the hydrolytic reaction.
This also suggests a similar general mechanism for all clusters,
regardless of their organic ligand.

In contrast to the cluster nuclearity, the nature of capping
ligands clearly affects the reactivity, and the difference in
hydrolysis yields after 5 h suggests a capping ligand effect on
reaction rates. For example, the acetate ligand affords the lowest
5 h yield among the series, regardless of the cluster nuclearity.
On the other hand, aliphatic and acrylic acids afforded yields
that were much closer to the 19% mark, though with small
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Fig. 5 Hydrolysis of 1 using different Zr oxo clusters. (a) Representative structure of Zrg and Zry, clusters tested (blue polyhedra - ZrgOg gray
circles - carbons); (b) capping ligands of Zrg and Zr, clusters tested; (c) yield (%) of 2 after 5 h (blue) and 24 h (black) for each cluster/MOF
catalyst. Conditions: [cluster] = 1.5 mmol L% [MOF] = 1.5 mmol L™; [1] = 25 mmol L™% 60 °C; in water (1 mL, pH = 3.5-4.1). 19% conversion

corresponds to 5.39 x 103 mol L™* 3.

differences between a-substituted ligands (2-MeBuCOO vs. But;
OMc vs. OAcr). This indicates that these reactions are faster
compared to clusters with acetate ligands, which could arise
from an easier ligand exchange during the reaction. Previously,
enhanced ligand lability was attributed to acidification of the
reaction medium.** However, all reactions showed a similar
pattern of pH variation (Table S37), and the potential differ-
ences in ligand lability are more likely caused by the steric
hindrance, as it is well established for ordinary coordination
compounds.®® Curiously, Zrs(BzO),, performed better than Zrs
(Zrs(OAc)g) after 5 h (Fig. 5c), in line with other clusters, but
provided a lower yield after 24 h. This indicates that increasing
the steric hindrance of capping ligands to speed up ligand
exchange is beneficial only up to a certain size, after which it
probably starts hampering access of the substrate to the cluster
inorganic core.

More importantly, Zr-MOFs which feature Zrs clusters as
active sites also showed a similar behavior (Fig. 5¢). Specifically,
reactions under the same conditions performed with {ZrOg}-
based NU-1000 and UiO-66 catalysts, also showed saturation at
ca. 20% yield, even at pH 6.40 (Fig. S16%). Although results
showed that the nature of the MOF may affect the reaction, the
similar yield limitation observed showcases how the intrinsic
reactivity of Zr-MOFs and Zr oxo clusters follows related trends.
Remarkably, even under alkaline conditions, the cluster and
UiO-66 MOF showed similar tendency, that is, the reactions
reached saturation after four hours, though yields increased to
29% and 43%, respectively (Fig. S17t). This hints that the

18014 | Chem. Sci., 2024, 15, 18008-18021

outstanding reactivity of the MOF towards organophosphates
reported elsewhere might be more related to the pH of the
reaction medium or the presence of an additional base rather
than to an intrinsic superior reactivity of the porous extended
structure of MOFs.*>%” Notably, similar conversion limitation
has also been observed for other types of well-established MOF
catalysts featuring different nuclearities and substrates, despite
their promising catalytic rates under similar pH conditions.®®

3.3 Mechanistic considerations

Considering the reactivity observed under acidic conditions
discussed above, we envision that the mechanism of hydrolysis
of 1 by Zr could be similar to the one generally accepted for PAP
enzymes (Fig. 1). In these enzymes, a phosphoester substrate
coordinates to the M" center displacing a water ligand and
positioning the substrate for an intramolecular attack. Even
though there is some debate about the reaction nucleo-
phile,**** a well-accepted mechanism relies on the established
addition-elimination mechanism typical of phosphatases and
suggests an intramolecular attack by the neighboring M™-OH
moiety.”® Likewise, 1 could coordinate to the Zre cluster dis-
placing a water molecule in one Zr"V center and being attacked
by a Zr"™V-OH moiety next to it. Notably, this mechanism is
conceptually distinct from the ones previously reported for MOF
catalysts,>”** where the substrate is also activated by coordina-
tion to a Zr'" center, but a general base mechanism operates due
to the alkaline conditions used.** However, since negligible
amounts of hydroxide are present in the acidic conditions used

© 2024 The Author(s). Published by the Royal Society of Chemistry
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in this work, we initially assumed that Zrg probably follows an
intramolecular path similar to PAP enzymes (Scheme 2).
Different pieces of evidence comprising reactivity trends,
structural features, titration experiments, and calculations
presented below were consistent with this hypothesis.

Key structural similarities between Zrs and the bimetallic
cofactors of PAPs support the proposed mechanistic similarity.
Specifically, both the cluster and PAPs exhibit comparable
interatomic distance between the metallic centers.”'****"7 In
the enzyme, the Fe-M" distance spans 3.1-3.5 A,* while for the
cluster a Zr-Zr distance of 3.6 A was measured using EXAFS. The
same arrangement is also common in various biomimetic
catalysts previously reported.' Furthermore, the activity of PAPs
peaks in mildly acidic solution (pH 5-7) due to the formation of
active species essential to the mechanism, where the reaction
nucleophile (Fe™-OH) is generated via a facile deprotonation of
a water ligand coordinated to Fe™™, next to a neighboring metal
center also bound to water (Scheme 2a). Remarkably, a similar
active site structure [(OH)Zr-u(O(H))-Zr(OH,)] could be formed
on the surface of Zrs at both pH 3.0 and 6.4 (as detailed in
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similarities between Zrs and PAPs could, in principle, also
explain the faster hydrolysis at pH 6.4 as more Zr''-OH nucle-
ophilic moieties would be available at this pH in comparison to
the reaction at pH 3.0. This scenario was supported by
a potentiometric titration of Zrs aqueous solution (Fig. 6a),
which has shown that the Zre cluster has three distinct pK,
values at pK,; = 3.4, pK,, = 4.8 and pK,; = 7.4. However,
a thorough computational study at the density functional theory
(DFT) level suggests that other factors also play a role in this
case (vide infra).

3.3.1 Computational speciation analysis of Zrs. Using the
potentiometric titration as a signature of the most abundant
species in solution upon dissolution of Zrs in water, we carried
out detailed speciation analysis to identify potential active
species under both pH conditions (see Section 3.5 of the ESIt
for details). Our results pointed to the chloride-free neutral Zrg-
(OH), species (Fig. 6b) as the prevalent active species at pH 3.0.
This is consistent with the decrease in pH observed when Zrg
was dissolved in water, as water molecules bound to the cluster
could be easily deprotonated, acidifying the solution. Predicted

Fig. 6), thus enabling the reaction to proceed through pK, values for the deprotonation of Zrs-(OH), (3.80, 4.76 and
a mimicking mechanism. Additionally, the structural 6.43) are in very good agreement with the experimental values
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(@) Intramolecular hydrolysis mechanism of PAPs.** (b) Proposed mechanism of hydrolysis of 1 catalyzed by the Zrg cluster, for
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Fig. 6 (a) Zrg cluster titration curve (red circles) and its first derivative (blue triangles). Conditions: [Zrg] =1 x 10~° mol L%, [KCl] = 0.02 mol L%,
water (40 mL) pH; = 3.0, pH; = 11.5, titrant KOH — 0.1 mol L™%; (b) proposed acid—base equilibria for Zrg-(OH), species. DFT-derived assignment
of the experimental pKj, values are given in parentheses. Bridging acetate ligands are omitted for clarity. The stability of each species with regard
to its structural isomers, which differ in the relative positions of protons, is evaluated in Scheme S3.}

(Fig. 6 and Table S41), and the distribution of protons in Zre-
(OH), is consistent with the most stable configuration of 8-fold
coordinated Zrg nodes in Zr-based MOFs (Zr-MOFs).”* However,
unlike previous studies on Zr-MOFs,”> which postulated that the
three deprotonations correspond to the ;-OH bridge (pK,;) and
the water ligand coordinated to the Zr" (pK,, - 4.8 and pK,; -
7.4), respectively, our results indicate that protons from
terminal aqua ligands of Zre are in all cases more acidic than p;-
OH protons by ca. 7-11 keal mol™" (Scheme $31), in line with
recent computational studies on the UiO-66 MOF.”? This
strongly suggests that the neutral Zrs-(OH), cluster could be the
active species of the catalyst at pH 3.0, while anionic species
generated upon deprotonation of terminal aqua ligands (Zre-
(OH)s, Zre-(OH)e and Zrg-(OH), (Fig. 6b)), could be responsible
for the catalysis when the solution pH is adjusted to higher
values.

18016 | Chem. Sci, 2024, 15, 18008-18021

3.3.2 DFT study of the reaction mechanism under acidic
conditions. Following the speciation analysis, DFT calculations
were then carried out to further investigate the reaction mech-
anism and to provide molecular insights into the dependence of
the catalytic performance on the pH. Initially, we focused on the
reaction at pH 3.0, selecting Zrs-(OH), species as the most likely
active species. Then, mechanistic and energetic features of the
latter were compared to those of Zre-(OH),, the prevailing
species at pH 9.0, to rationalize the differences between the two
extreme pH situations that were analyzed experimentally.

As shown in the free-energy profile of Fig. 7, the reaction at
pH 3.0 starts with the replacement of an aqua ligand of Zre-
(OH), by substrate 1 forming species S. This ligand exchange is
exergonic by 5.5 kcal mol " and activates the phosphorus atom
of the substrate towards a nucleophilic attack. This is a conse-
quence of Zr" Lewis acidity,***%%%7* similarly to other transi-
tion metal-catalyzed hydrolysis reactions.”®° However, the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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energy.

ensuing nucleophilic attack may take place through several
mechanisms (depicted in different colors in Fig. 7), given the
molecular complexity of the system. These mechanisms include
two intramolecular mechanisms, whereby the attack is per-
formed by a hydroxo ligand bound either on a neighboring
(intra path, black lines) or the same Zr center (intra’ path, red
lines) as the substrate. Alternatively, two intermolecular mech-
anisms are also possible, in which the nucleophilic attack is
carried out by a solvent water molecule, assisted by distinct
Bronsted basic Zr-OH moieties situated in a neighboring (inter
path, blue lines) or the same position (inter’ path, green lines)
where 1 binds.

Analysis of all possibilities for the nucleophilic attack
revealed the intra path through TS1-intra (see Fig. 8a for
a molecular representation) to be the most favorable, over-
coming a free-energy barrier of 10.6 kcal mol " from S (vs. 11.3,
13.5 and 20.3 kcal mol™" for inter, inter, and intra paths,
respectively). These differences can be rationalized as follows.
On the one hand, TS-intra’ involves a highly strained 4-
membered cycle, making it the least stable one.***! On the other
hand, the slightly more stable nature of TS-intra compared to
the TSs of intermolecular paths can be ascribed to: (i) a smaller
entropic penalty due to its non-associative nature; (ii) the
participation of Zr-OH as a nucleophile, which is stronger than
the external water molecules participating in intermolecular

© 2024 The Author(s). Published by the Royal Society of Chemistry

@) 7 1.690

1.668

Fig. 8 Ball-and-stick representation of the optimized geometries for
TSl-intra (a) and TS2 (b). Red dashed lines represent bonds being
formed or cleaved and gray dotted lines denote hydrogen bonds.
Selected distances are given in A. C-bound H atoms are omitted for
clarity. Color code: Zr (light blue), C (gray), H (white) O (red), P (orange),
and N (dark blue).
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paths, while releasing the strain existing in TS-intra’, thanks to
the cooperation of two neighboring Zr centers.

Although the intra path was predicted to be slightly favored
over the others, a contribution of an alternative mechanism
involving TS1-inter’ (Fig. S191) could not be discarded due to
the small free-energy differences between both pathways. To
distinguish between these two possibilities, reactions were
conducted in deuterated solvents (see the ESIT for more details).
The intermolecular general base mechanism, whereby a free
hydroxyl performs an outer-sphere attack on the substrate, is
generally slowed down under deuterated conditions as D,O is
less labile than H,0.%> However, no significant difference was
observed between the reactions conducted in deuterated or
regular solvents. These findings are analogous to those reported
for PAP enzymes, dismissing a general base mechanism,* and
indicate that the Zre catalyzed hydrolysis proceeds through an
intramolecular Zr'Y-OH addition.

The nucleophilic attack of a Zr-OH group at the phosphorus
center of substrate 1 through TS1-intra leads to the cleavage of
the P-O bond and subsequent formation of the products 2 and
3, with 2 still complexed to Zr, (species [P], Fig. 7). At first, the
intramolecular attack of a Zr-OH group on substrate 1 gener-
ates a trigonal bipyramidal pentavalent phosphorane interme-
diate I-intra, which lies 2.7 kcal mol " above the reactants (Zrg-
(OH), + 1). Addition of water quickly converts I-intra into I-
intra,, (AG = +0.3 kcal mol ") by dissociation of the PO(H)-Zr
bond and triggers a facile P-OCcH,NO, bond cleavage through
TS2 (shown in Fig. 8b). This P-O bond cleavage requires over-
coming a very low free-energy barrier of 2.3 kcal mol™" from I-
intra,, and leads to the formation of [P]" (AG = —5.8 kcal mol ")
upon dissociation of [3]”. The free-energy cost to reach TS2
from the most stable intermediate S in the energy profile is 10.8
kcal mol ™, which is very similar to the S — TS1-intra (10.6 kcal
mol ") conversion and shows that both P-O bond formation
and cleavage steps require similar energy inputs to occur. It is
worth noting that all our attempts to characterize transition
states for a concerted process were unsuccessful. Furthermore,
changes in the coordination of acetate ligands to the cluster
during the reaction are thermodynamically accessible; however,
these do not have a significant impact on the reaction mecha-
nism (see the ESIt for details). An alternative pathway wherein
-0 assists the product formation acting as a Brgnsted base
was found to be significantly higher in energy (Fig. S207).

Species [P]" spontaneously deprotonates (estimated pK, =
—5.59) to afford highly stable neutral species P (Fig. 9a), from
which the release of product [2]” requires a rather high free-
energy cost of 24.7 kcal mol™" (Fig. 9b, red dashed lines).
However, the energy required to release phosphate product 2
from the catalysts largely decreases upon deprotonation of P.
This species exists in equilibrium with its deprotonated anionic
form [P]” (estimated pK, = 3.15, Fig. 9b), from which dissoci-
ation of [2]” and regeneration of initial species Zrg-(OH), are
less energy demanding, requiring only 17.7 kecal mol "
Importantly, an alternative bidentate coordination of species P
to the cluster was also probed. However, it was found to be 1.9
kcal mol ™" less stable than the monodentate configuration
shown in Fig. 9a. Hence, both configurations might exist in

18018 | Chem. Sci,, 2024, 15, 18008-18021
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Fig. 9 (a) Schematic representation of the spontaneous deprotona-
tion of a Zr-coordinated 2 product molecule (species [P]*). (b) Gibbs
free-energy profile (kcal mol™), where a red arrow highlights the
overall hydrolysis free-energy barrier from the resting state (P) to the
highest transition state (TS2) as a function of the solution pH. Black
values represent free energies at the initial pH of 3, whereas values in
blue were estimated for a pH of 2, which is the experimental pH at the
end of the reaction at 60 °C. Only the relative energies of key species
are shown; the rest are given in Fig. 7. Red dashed lines represent an
alternative, more energy-demanding process to regenerate the
catalyst.

equilibrium, yet without affecting the kinetic picture inferred
from Fig. 9b.

Notably, the predicted stability of P and its energetically
accessible deprotonated form ([P] ") agrees with the high affinity
of the phosphate product to the Zr' sites of the catalyst inferred
from spectroscopic analyses (vide supra) and the general acidi-
fication observed after reaction (Table S31). Moreover, it helps
to understand the slow catalyst regeneration and the low reac-
tion yield under the investigated conditions. Considering the
catalyst regeneration to Zrg-(OH),, our calculations indicate an
overall energy barrier between 23.2 and 24.8 kcal mol " for the
hydrolysis reaction depending on the solution acidity (Fig. 9).
This is in line with the contrasting product yields observed at
different temperatures under acidic conditions (Fig. 2), as the
calculated barriers are more difficult to overcome at 37 °C than
at 60 °C. Remarkably, the 12-fold higher yield observed experi-
mentally (Fig. 2) is in good agreement with an estimated 13-fold
increase in the reaction rate at 60 °C compared to 37 °C, if one

© 2024 The Author(s). Published by the Royal Society of Chemistry
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assumes a pseudo-first order kinetics and downplay variations
in the free-energy barrier due to temperature.

3.3.3 Effect of acidity on reaction energetics. With the
knowledge gained about the reaction mechanism, we turned to
better understand the origin of the faster hydrolysis at higher
pH values by taking the extreme case of Zre-(OH);, the most
abundant species at pH 9.0. In agreement with the experimental
indication of a lower energy transition state, the calculated
overall free-energy barrier for the hydrolysis of 1 by Zre-(OH),
was found to be 10.2 kcal mol ™, that is, ca. 13 keal mol™* lower
than that required at pH 3.0 (Fig. S217). This is a consequence of
two main factors, the first one being a less energy-demanding
barrier of 6.2 kcal mol " for the intramolecular Zr-OH nucleo-
philic attack on substrate 1 from the species analogous to S
(Fig. S2071). At pH 3.0, this step requires 10.6 and 10.8 kcal mol *
to overcome TS1-intra and TS2, respectively (Fig. 7). This can be
ascribed to the stronger nucleophilic character of Zr-OH groups
in Zre-(OH);, which is able to compensate the decrease of Lewis
acidity of Zr" sites in moving from a neutral cluster to a nega-
tively charged one. The second factor refers to the much less
energy demanding release of the product under alkaline
conditions (AG = +7.5 kcal mol " at pH 9 vs. +17.9 kcal mol " at
pH 3). We attributed this much lower barrier to the greater
overall negative charge of the Zres cluster, which would also
induce strong coulombic repulsions with the anionic product,
favoring its dissociation. Overall, these two factors can explain
both the faster reactivity and the lower impact of increasing the
temperature on the reaction rate observed at higher pH values.
Furthermore, it also shows that the defining effect of tempera-
ture and solution acidity observed during the reactivity is
directly linked to the nature of the active species and how fast it
reacts under given conditions. This reinforces the proposed
analogy between PAP enzymes and Zrs mechanisms, as the
reaction rate of PAP is also known to correlate with the acidity of
the reaction medium.">"

Finally, our mechanistic investigation also points out direc-
tions for further development of Zr oxo clusters as PAP
analogues since DFT calculations also provided key insights
that could overcome the limited yields observed and improve
the turnover under acidic conditions. Critically, the acidity
increase due to phosphate product 2 formation likely decreases
the availability of active species (Zrs-(OH), or Zrs-(OH)s) in the
reaction mixture (Fig. 6b) and favors less reactive protonated
forms. Thus, the strong affinity of the phosphate product for
Zrs, which was detected when characterizing the catalyst after
reaction, may not be the only reason behind the low turnover
observed. Overall, these results not only support the mecha-
nistic analogy between PAP enzymes and zirconium oxo clusters
proposed in this work but also suggests that identifying new
ways to tune the proton topology of these clusters could also
enhance their hydrolytic performance.

4. Conclusion

In summary, this work introduced discrete zirconium oxo
clusters (ZrOC) as a new class of catalysts for the degradation of
phosphate triesters under acidic conditions by demonstrating

© 2024 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Chemical Science

that ZrOC like the [Zrs04(OH),(CH;CO,)s(H,0),Cl3] (Zr6) cluster
are effective catalysts for the hydrolysis of the hazardous
phosphate triester ethyl paraoxon. A combination of detailed
DFT calculations with experimental approaches that combined
kinetic measurements, structural characterization, and key
mechanistic investigations revealed that the mechanism is
different from the one generally accepted for Zr-MOFs. Specif-
ically, zirconium oxo clusters hydrolyze phosphate triesters by
an ‘intramolecular mechanism’ analogous to the one proposed
for purple acid phosphatase (PAP) enzymes and can be seen as
anew class of functional biomimetic catalysts for these enzymes
featuring an unprecedented binuclear Zr'V-zr" active site,
which provides a synergic Lewis acid center/nucleophilic Zr-OH
paired moiety for the activation of phosphoester bonds. Addi-
tionally, these results showcase that a series of discrete homo-
geneous cluster catalysts are able to cleave toxic
organophosphates under close to neutral and acidic conditions,
which complement the well-established reactivity of Zr-MOFs in
alkaline medium. Furthermore, by combining cluster specia-
tion studies with theoretical calculations, we consolidate
a unique option to gain further fundamental molecular insights
into the hydrolytic reactivity of Zr-MOFs. Finally, this work
presents an exciting opportunity to expand the research on
bioinspired catalysts beyond classical coordination compounds
towards discrete atomically precise inorganic clusters.
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