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ABSTRACT: A series of tetra-n-butylammonium (TBA) salts of Zr-monosubstituted phosphotungstates of the Wells-Dawson
structure (Zr-D) were prepared by varying pH in the range of 1.5-4.5 during the synthesis. The compounds were characterized
by elemental analysis, TGA, potentiometric titration, FT-IR spectroscopy, 3'P NMR, and high-resolution ESI-MS. A combination
of CHN analysis, thermogravimetry, and potentiometric titration with TBAOH point to different composition of the cationic
sphere of Zr-D, namely the ratio of H*/K*, which increased with decreasing pH of the TBA salt precipitation. Spectroscopic
studies (FT-IR, 3'P NMR, and ESI-MS) implicated that the polyanion state in the Zr-D samples depends on the acidity. While
Zr-D obtained at pH 1.5-2.0 is a monomer, TBAs.5Ko.5[a2-P2W17061Zr(H20)3], the samples prepared at pH 3.5-4.5 have a
dimeric structure, TBA11K3[{P2W17061Zr(u-OH)}2]-xH20 (x = 7-8), in the solid state, with a tendency to monomerization in dilute
acetonitrile solutions producing [P2W170s1Zr(u-OH)]”-. DFT simulations of the IR and NMR spectra show that the spectral
changes originate from variations in the protonation state, hydration degree, and monomer—dimer speciation of the Zr-
substituted Wells—Dawson polyanions. Catalytic properties of Zr-D were assessed in the oxidation of thioethers using H202 as
oxidant. Zr-D prepared at pH 1.5-2.0 and containing terminal Zr(H20) showed higher activity and sulfoxide yields than Zr-D
with terminal Zr-OH prepared at higher pH values. A comparison of Zr-substituted polyoxotungstates of the Wells-Dawson,
Keggin and Lindqvist structures revealed a correlation between catalytic activity and the polyanion charge density, which in
turns modulates the local electronic environment of the Zr center.
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1 Introduction Over the years, POMs, which are anionic clusters composed

) ) ) of early transition metals and oxygen [.21,22], have captivated
Over many years, zirconium-based compounds and materials

were largely overlooked as viable catalysts for liquid-phase
selective oxidations with HO,, primarily because of their high
propensity to undergo hydrolysis and polymerization, resulting
in low Lewis acidity [[1,2]. Zr-silicates synthesized using
different approaches showed notable activity in homolytic
H:O»-based oxidations, while their applicability to heterolytic

researchers across multiple disciplines, including materials
science [23-...29], medicine [.30-..33],and catalysis [24,29,.34-

44] due to their unique and tunable composition, structures
and reactivity. One of the compelling aspects of POMs is their
structural similarity to metal oxide surfaces [.45-.48]. This
allows polyoxometalates to be considered as valuable molecular

activation of H,O, remained questionable [3-.5]. Meanwhile,
Zr-based metal-organic frameworks (Zr-MOFs), in particular
those of the UiO family [ 6], have emerged as promising
candidates for stable and recyclable oxidation catalysts [.7-

14]. This has led to a surge of scientific interest in the use of
zirconium to activate H.O: and, in particular, to intensified
investigations on zirconium-substituted polyoxometalates (Zr-
POMs) [15-...20].

models that can be investigated at the atomic level using both
experimental and computational techniques to elucidate the
mechanisms of selective oxidation catalysis [49-...54].
Although numerous Zr-POMs have been reported in the
literature [.55,56], only a select few have been investigated for
their potential in catalyzing oxidation reactions using H,O». In
2006, Kholdeeva et al. synthesized tetra-n-butyl ammonium
(TBA) salts of a Zr-monosubstituted Keggin-type dimer, [{a-
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PWiOsZr(u-OH)}]*, with different protonation state and
demonstrated that the protonated form TBA/H[{a-
PW1:03Zr(u-OH)}.] is highly active in homolytic oxidations
with H,O, [.57]. Kortz and co-workers have reported the first
example of a Zr-POM,
[TBA;H4[ZrsO4(OH)4(H20)2(CH;COO)s(AsWsO33)2], capable
of heterolytic activation of H.O. and epoxidation of alkenes
featuring highly reactive allylic hydrogen atoms [.58]. Nomiya’s
group synthesized several Zr-POMs with distinct structural
characteristics and evaluated their catalytic performance for the
epoxidation of alkenes with H.O. [.59]. Among them, only
TBA/H[{a-PW1,03Zr(p-OH)(H.0)}.]-3H.0
noticeable catalytic activity in the epoxidation of cis-

combined

cyclooctene with structural stability under catalyst turnover
conditions [59]. The authors suggested binding of both C=C
bond and hydroperoxo moiety to Zr site. An isolated bridged
di-peroxo complex, (Et:NH.)io[{Zr(p-n*-O2)}:(a-PW1i03)2],
was almost inert.

Further contributions to the investigation of POM-embedded
Zr peroxides were made by Kortz and co-workers, who reported
synthesis, characterization and reactivity of Keggin POM-based
peroxo complexes, [Zrs(O2)s(OH)s(y-SiW10036)3]"™* [60,.61] and
[Zr2(02)2(XW11036)2]"* (X = Si or Ge) [61, 62 ]. These
compounds exhibited activity in both stoichiometric [61,62]
and catalytic [61] oxidation of L-methionine in aqueous media
and also demonstrated their potential as catalysts in oxidizing
alcohols with H,O: in biphasic systems [61].

Recently, Walls et al. have synthesized a Zr(IV)-substituted
polyoxovanadate, ~TBA[ZrVs;Os(OCHs)13]  (ZrVs), and
demonstrated its high selectivity toward the formation of
sulfoxides in catalytic oxidations with H.O,-urea [63]. A ZrV;s-
derived terminal peroxide was inactive toward thioethers under
stoichiometric conditions. A range of Zr-containing POMs
have been prepared and tested for the oxidation of thioethers
with excess of HO;, producing sulfones [.64-__.71].

The exploration of Zr-POMs in oxidation catalysis continues
to be a promising area of research, with ongoing studies aimed
at understanding the mechanisms of their catalytic action,
optimizing their composition and structures for enhancing
activity and selectivity, and expanding their applications in
organic synthesis and environmental chemistry.

Our research interest in Zr-POMs was heightened by the
recent discovery that Zr-monosubstituted Lindqvist-type dimer
TBAs[{Ws01Zr(u-OH)}.] (Zr-L) is able to heterolytically
activate H,O, and accomplish a range of selective oxidations,
including thioether sulfoxidation and epoxidation of alkenes
and o,p-unsaturated ketones [15]. Experimental studies and
DFT calculations on the interaction of Zr-L with HO; revealed
the formation of both dimeric and monomeric Zr peroxo
species capable of electrophilic oxygen atom transfer to
thioethers  ([(u-n*N*-0){ZrWsOus}.]> and [WsOwsZr(n*
OOH)J*) and C=C bonds ([W50:sZr(n>-OOH)]* only) [15].
We also found that Zr-L generates singlet oxygen during
decomposition of H,O», resulting in an ene-type reactivity [16].
Computational studies inferred the formation of a Zr-

trioxidane {Zr-n*>>OO(OH)} key intermediate upon interaction
of the Zr peroxo species with a second H,O, molecule [16].

In 2023, we revisited our early results on H,O:-based
oxidations in the presence of Zr-POM:s of the Keggin structure
and found that dimer TBAs[{PW10sZr(u—OH)(H.0)}.] (Zr-
K) can serve as efficient catalyst for epoxidation of various kinds
of alkenes, including terminal ones [17]. Surprisingly, additives
of acid and base produced opposite effects on the catalytic
performance of Zr-L [15] and Zr-K [17]. In addition, Zr-K
revealed unprecedentedly high activity in the oxidation of
organic sulfides (the reaction was completed within seconds at
room temperature) [18] but, in contrast to Zr-L, it did not show
ene-type reactivity [16].

Such a significant and, at first glance, poorly understood
difference in the catalytic performances of Zr-L and Zr-K
prompted us to turn our attention to a Zr-monosubstituted
phosphotungstate  of  the  Wells-Dawson  structure
[{P:W 17061 Zr(u-OH)}2]'* (Zr-D), which was first prepared and
structurally characterized by Nomiya and co-workers [72]. So
far, Zr-D and related compounds were extensively studied in
acid—base catalysis [.73-...79], but their potential for oxidation
catalysis remained underexplored. Kortz and co-workers have
reported the synthesis and characterization of a di-peroxo
dimer, TBA1H:K[Zr2(02)2(P2W17061)2] (shortly, Zr(0O)-D),
and its Hf analogue, which showed no activity towards organic
substrates under stoichiometric conditions but could act as
catalyst for H,O, activation and oxidation of some specific
organic substrates via a homolytic mechanism [19]. However,
catalytic performance of peroxo-free Zr-D was not investigated.

In the present work, we fill this gap with the aim to establish
synthesis—composition—structure—activity relationships for Zr-
D and to deepen our understanding of the factors governing Zr-
POM reactivity in selective oxidations. To this end, a series of
TBA-salts of Zr-D were synthesized, varying pH in the range of
1.5-4.5. The elaborated Zr-D samples were thoroughly
characterized by experimental and computational methods and
their catalytic performance was assessed in the oxidation of
thioethers with H.O. and compared with the catalytic
performance of Zr-K and Zr-L. This study unveiled the effect of
acidity during the synthesis on the composition, structure and
catalytic properties of Zr-D and also helped us to rationalize the
structural effect in the oxidation catalysis with Zr-POMs, where
the crucial role of polyanion charge density was implicated.

2 Experimental

2.1. Synthesis and characterization of Zr-D

A series of TBA salts of Zr-monosubstituted Wells-Dawson
POM:s were prepared following a procedure described by Saku
et al. with some modifications. Precipitation of the TBA salts
was carried out at different pH values in the range of 1.5-4.5
(see Supporting Information (SI) for details), and the
corresponding POM samples were designated as Zr-D-X,
where X is the pH value. Samples of Zr-D were characterized by
elemental analysis, thermogravimetry (TGA), potentiometric
titration, FT-IR, P NMR, and high-resolution electrospray
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ionization mass  spectrometry  (HR-ESI-MS). TGA
measurements (Figure S1) performed in a He atmosphere
showed a weight loss of 0.5-1.3% below 200 °C, consistent with
the presence of 3-4 water molecules per Zr (most likely, solvated
and/or adsorbed water from the atmosphere). Potentiometric
titration data indicated a gradual decrease in the number of
acidic protons in Zr-D samples upon increasing pH of their
precipitation (Figure S2).

Zr-D-1.5 (precipitation at pH 1.5). Anal. Calc. for
TBAs5Kos[a2-P2W17061Zr(H20)3] (%): C, 18.67; H, 3.59; N, 1.36.
Found: C, 18.00; H, 3.50; N, 1.30. *'P NMR (ppm, 0.01 M in
CH:CN + 5 vol% H.0, 25 °C): § -10.29 (s, 1 P, PWsZr), -12.68
(s, 1 P, PWo). IR (cm™, KBr): 1150 w, 1091 s, 1020 w, 960 s, 909
s, 787 s, 742 sh, 598 w, 526 m.

Zr-D-2.0 (precipitation at pH 2.0). Anal. Calc. for
TBA55Kos[a2-P2W17061Zr(H20)s] (%): C, 18.67; H, 3.59; N, 1.36;
Zr 1.61; W, 55.20; K, 0.35. Found: C, 18.40; H, 3.80; N, 1.10; Zr,
1.45; W, 55.80; K 0.20. *'P NMR (ppm, 0.01 M in CHsCN + 5
vol% H,0, 25 °C): § -10.35, -12.77. IR (cm!, KBr): 1150 w, 1091
s, 1017 w, 960 s, 909 s, 787 s, 742 sh, 598 w, 526 m.

Zr-D-2.5 (precipitation at pH 2.5). Anal. Calc. for
TBAs5Kos[a2-P2W1706Zr(H20)3] (%): C, 18.67; H, 3.59; N, 1.36.
Found: C, 18.63; H, 3.65; N, 1.15. *'P NMR (ppm, 0.01 M in
CH3CN + 5 vol% H,O, 25 °C): § -10.28, -13.11. IR (cm™, KBr):
1151w, 1089s, 1014 w, 952 5,909 s, 819 sh, 786 s, 755 sh, 656 w,
598 w, 525 m.

Zr-D-3.0 (precipitation at pH 3.0). Anal. Calc. for
TBA1K:5Hos[{P2W 1706 Zr(u-OH)},]-8H.O (%): C, 18.46; H,
3.65; N. 1.34; Zr 1.59; W, 54.58; K, 0.85. Found: C, 18.80; H, 3.62;
N, 1.20; Zr, 1.50; W, 54.2; K, 0.55. *'P NMR (ppm, 0.01 M in
CH3CN + 5 vol% H,O, 25 °C): § -10.29, -13.30. IR (cm™, KBr):
1153w, 10895, 1014 w, 951 5,910 s, 820 sh, 786 s, 753 sh, 660 w,
598 w, 525 m.

Zr-D-3.5 (precipitation at pH 3.5). Anal. Calc. for
TBA1K:5Hos[{P2W 1706 Zr(u-OH)},]-8H.O (%): C, 18.46; H,
3.65; N. 1.34. Found: C, 18.40; H, 3.80; N, 1.20. *'P NMR (ppm,
0.01 M in CHsCN + 5 vol% HO, 25 °C): § -10.29, -13.35. IR
(cm™, KBr): 1151 w, 1089 s, 1014 w, 949 s, 910 s, 816 sh, 786 s,
753 sh, 660 w, 598 w, 526 m.

Zr-D-4.0 (precipitation at pH 4.0). Anal. Calc. for
TBAuLK;[{P:W 17,06 Zr(u-OH)}2]-7H.O (%): C, 18.46; H, 3.62; N,
1.35; Zr 1.59; W, 54.57; K, 1.02. Found: C, 18.20; H, 3.70; N, 1.00;
Zr, 1.53; W, 55.3; K, 0.68. *'P NMR (ppm, 0.01 M in CH5CN +
5 vol% H:O, 25 °C): § -10.28, -13.41. IR (cm™, KBr): 1152 w,
1088 s, 1015w, 950 s, 911 s, 821 sh, 788 s, 755 sh, 660 w, 598 w,
5265 m.

Zr-D-4.5 (precipitation at pH 4.5). Anal. Calc. for
TBAuLK;[{P2W 17,06 Zr(u-OH)}2]-8H.O (%): C, 18,43; H, 3,63; N,
1.34. Found: C, 18.60; H, 3.60; N, 1.10. *'P NMR (ppm, 0.01 M
in CH5CN + 5 vol% H»0, 25 °C): § -10.28, -13.41. IR (cm™, KBr
disk): 1153 w, 1089 's, 1013 w, 950 s, 911 s, 821 sh, 786 's, 752 sh,
660 w, 598 w, 524m.

For the sake of comparison TBA salts of Zr-K and Zr-L were
also synthesized following the procedures reported previously
[15,17] (see SI for details).
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2.2. Catalytic reactions and product analyses

Catalytic oxidations were performed under vigorous stirring
(500 rpm) in thermostated glass vessels. Each experiment was
reproduced 2-3 times. Reactions were started by the addition of
H:O: to the reaction mixture containing solvent, substrate, and
Zr-POM. The oxidation products were identified by gas
chromatography—mass spectrometry (GC-MS).

Typical reaction conditions for methyl phenyl sulfide (MPS)
oxidation: MPS 0.1 M, H.0, 0.1 M, Zr 0.002 M, CH;CN 1 mL,
27 °C. The amount of water introduced into the solution did not
exceed 1 % v/v and did not affect the catalyst solubility; the
reaction mixture was visually transparent. The product yields
and MPS conversions were quantified by gas chromatography
(GC) using biphenyl as an internal standard. In kinetic
experiments, aliquots were rapidly withdrawn from the reaction
mixture and treated with a solution of PPh; in order to
decompose unreacted H>O:. Initial rates of MPS consumption
were determined from the reaction profiles by linear
approximation of the first 6-7 points of the kinetic curves at low
conversions (<10%).

Typical reaction conditions for thianthrene-5-oxide (SSO)
oxidation: SSO 0.025 M, H,O; 0.0038 M, Zr 0.0005 M, CH;CN
2 mL, 27 °C. After 10 min, the reaction mixture was evaporated,
the reaction products were dissolved in CHCl: while the
insoluble catalyst was filtered off. CHCl: was replaced by
deuterated CDCl; for 'H NMR analysis of the product
composition. SSO conversion and product yields were
calculated from the 'H NMR spectra by integration of
corresponding signals [.80].

3 Results and discussion

3.1. Synthesis and characterization of Zr-D

According to the literature [55,72,77-79,81-.83], Zr-substituted
Wells-Dawson-type POM:s can exist in several forms: 2:2 dimer
[72], 1:1 monomer [72,74,83], and 1:2 complex [72,81,82]. All
these forms can convert to each other depending on the
temperature, pH, concentration, and the presence of some
substrates [72,78,79]. However, the information about specific
conditions favorable for the formation of 2:2 dimer and 1:1
monomer remained so far contradictory. Nomiya and co-
workers have reported the synthesis (at pH 2.0) and structural
characterization of the 2:22 dimer (Me:NH>)ia[{ce-
P,W 1,06 Zr(u-OH)(H20)}2]- 16H.0 [72]. However, subsequent
*'P NMR studies on aqueous solutions of this Zr-POM revealed
that pH 3.5 is a 'breaking point' in the transformation of the 2:2
dimeric species to the monomeric ones [72]. While the 2:2
complex dominated at pH values > 4.0, the 1:1-type species were
observed at pH 1.50-0.50 [72,79]. Sokolov et al. demonstrated
that the 2:2 complex undergoes cleavage of the hydroxo bridges
with the formation of the 1:1 complex [(H20)sZr(PaW17061)]*
in 1-2 M HCI (pH values close to zero) [83]. To figure out how
the synthesis conditions affect the state of Zr-D and its catalytic
performance, we prepared a series of TBA salts by
systematically varying pH in the range 1.5-4.5 before adding
TBABr.
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Figure 1 IR spectra of Zr-D: (a) in KBr pellets and (b) ATR-IR in dry acetonitrile (0.01 M solutions).
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Figure 2 (a) ATR-FT-IR and (b) *'P NMR spectra of Zr-D (0.01 M) prepared at pH 3.5 and 4.5 collected in dry CHsCN: freshly prepared solutions and kept in air

at room temperature.

FT-IR spectra of solid Zr-D in KBr and ATR-FT-IR spectra
of their 0.01 M solutions in CH3CN (Figure 1) look similar and
are close to the IR spectra reported in the literature for Zr-
substituted Wells-Dawson phosphotungstates [19,83]. The
spectra exhibit the principal bands of the Wells-Dawson
structure corresponding to the vibrations v(P-O) at 1090 cm™
(splitin the ATR-IR spectra of Zr-D-1.5 and Zr-D-2.0), v(W=0)
at 950 (samples precipitated at pH 3.0-4.5) or 960
cm’! (Zr-D-1.5 and Zr-D-2.0), and v(W-O-W) at 908-911 and
798 cm™. In addition, all Zr-D display a shoulder, which is
shifted from 839 cm™ (Zr-D-1.5 and Zr-D-2.0) to 817 cm™
(other samples), most likely, corresponding to v(Zr-O-W), and
a band at 747 cm™ (for Zr-D-1.5 and 2.0) or 764 cm™ (samples
precipitated at pH 3.0-4.5), which was previously assigned to
v(Zr-O(H)-Zr) vibrations [57,84]. To summarize, the spectra
of the Zr-D samples prepared at pH 3.0-4.5 are very close, while
the spectra of Zr-D-1.5 and Zr-D-2.0 reveal some significant
differences: the frequencies of v(W=0) are shifted to higher
energy (960 vs 950 cm™), reflecting a slight increase in terminal
oxygen to Zr m-bonding upon protonation. On the contrary, a
lower-energy shift is observed for v(Zr-O(H)-Zr) on going
from Zr-D-4.5 to Zr-D-1.5, which can also reflect changes in
the protonation state of the polyanion and/or alteration of its
nuclearity.

The crucial role of acidity (polyanion protonation) in these
transformations was confirmed by in situ ATR-FT-IR
experiments respectively (Figure S3). As it was mentioned
above, there is a splitting of the v(P-O) vibration in the solution
spectra of Zr-D-1.5 and Zr-D-2.0 (Figure 1b), which may be
due to loss of symmetry upon monomerization of Zr-D with
the formation of terminal {Zr(OH)n(H2O)m} (n + m = 3). This

splitting disappears upon addition of 1 vol.% of water (Figure
S4b), most likely, owing to acceleration of exchange processes.
A band at 660 cm™, which is present in the IR spectra of Zr-D
samples prepared at pH 2.5 and higher and missing for the
samples Zr-D-1.5 and Zr-D-2.0, disappears upon addition of
acid or water to Zr-D-4.0 (Figures S3a and S4a). However, this
band does not appear upon addition of base to the sample Zr-
D-2.0 (Figure S3b). Moreover, it disappears simply upon
storing of the acetonitrile solution of Zr-D-3.5 at room
temperature (Figure 2a).

Density functional theory (DFT) calculations [.85] were
performed to investigate the possible structures of the Zr-
substituted Wells—Dawson species formed under different
synthesis conditions. Distinct protonation and hydration
patterns were explored for both monomeric and dimeric species,
based on previous studies on Zr-substituted polyoxometalates
[72,74,79,81,.86,.87, .88]. As compiled in Scheme 1, several
dimeric and protonated monomeric species were found to lie
within a narrow Gibbs free-energy range, indicating that
multiple closely related species are likely to coexist in similar
synthetic conditions. In particular, the speciation is expected to
depend on both the presence or absence of coordinated water
molecules at the Zr center and the location of the proton(s)
forming hydroxo or aqua ligands. Note however that the
complexity associated with an accurate estimation of the
entropic contribution to hydration energies makes these values
difficult to evaluate reliably, and they should therefore be
interpreted with caution [86]. For instance, for the dimeric
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synthesized Zr-D under different conditions. All the displayed energies are
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Figure 3 Comparison of the DFT-simulated IR spectra of different Zr-D
dimeric and monomeric species containing aqua ligands. See Figure S5 for
further details about band assignments and comparison with aqua ligand-
free systems.

species, we estimate a Gibbs free-energy cost of +9.1 kcal mol™
for the formation of the “hydrated” species {a-P2W 1,061 Zr(p-
OH)(H:0)}. from to the “anhydrous” one (see Scheme 1), but
the hydration degree would depend on the local availability of
water molecules. For protonated monomeric species, the
hydroxo-aqua and the triaqua complexes are within 1 kcal-mol
1

The optimized structures were subsequently used to simulate
IR spectra in order to identify the structural origin of the
experimental spectral changes observed between samples
synthesized at low and high pH (Figures 3 and S5). Two main
trends emerge from the calculations. First, the computed
spectra explain the approximately 10 cm™ blue shift of the
terminal W=0O stretching band observed experimentally upon
going from samples precipitated at pH 3.0-4.5 to pH 1.5-2.5.
Starting at the dimeric, di-hydroxo bridged, species (v(W=0)
=956 cm™), the shift arises from two contributions at lower pH:
monomerization with a computed band at 960 cm™ for Zr-
hydroxo-aqua species, and protonation that provides an
addition blue shift to 964 cm™ for protonated Zr-hydroxo-aqua
and Zr-triaqua species. Second, the experimental band at 660
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cm’’, present only in the high-pH (dimeric) samples, is assigned
to the out-of-plane bending mode of the bridging Zr(OH).Zr
unit. In the simulated spectra, this vibration appears at 646
m" and coupled with rocking modes of Zr-OH. groups,
explaining the array of features observed in this region. In
contrast, this band is absent in the monomeric species,
consistent with the experimental spectra of samples obtained at
low pH. The calculations, however, do not provide a
straightforward interpretation of the spectral region between
700 and 800 cm™, where many strongly coupled W-O-W and
W-O-Zr vibrations give rise to a complex pattern of
overlapping bands. Overall, the IR simulations further support
that samples prepared at low pH correspond to monomeric
species, while at pH 3.5-4.5 dimeric species are obtained.

Solutions of Zr-D in CH;CN were then investigated by *'
NMR spectroscopy to verify the suggestions made on the basis
of the analysis and DFT simulations of the IR spectra. Note that
comparison of the *P NMR spectra obtained in this work with
those reported in the literature is problematic since, in previous
works, *'P NMR spectra were almost exclusively collected in
H>0/D-0 or DMSO solutions for Me.NH, salts of Zr-D [72,83].
In DO, the spectrum of the 2:2-type complex (Me:NHa)1a[{a-
PyW1;06Zr(u-OH)(H20)}2]- 16H:O revealed two signals at &
-9.72 and -13.74 ppm [72], corresponding to two
nonequivalent P atoms in the Wells-Dawson structure.
Surprisingly, a quite similar *'P NMR spectrum (8 -10.09 and -
13.83 ppm) was reported for the Dawson 1:1 type monomer
(MexNHz)Hu[{a2-(H20):ZrP,W17061}]-8.67H.0 in 2 M HCI
[83]. The 1:2 complex KisH[Zr(a2-P2W17061)2]-25H-0 exhibited
two resonances at 6 -9.20 and -13.81 ppm [81], while for
Kis[Zr(az-P2W17061)2]-44H,0, signals at § -9.4 and -14.1 ppm
were reported [82]. So far, it remained unclear whether the
difference in the *'P NMR spectra is due to the distinct counter
cations and/or solvent or it is related to the difference in the Zr-
D polyanion nuclearity (dimer or monomer).

*'P NMR spectra of TBA-salts of Zr-D collected in dry
acetonitrile (Figure 4a) showed a trend consistent with the
suggestion about transformation of dimer [{az-P2W 1706 Zr(p-
OH)},]"*+(dominated species at pH 3.5-4.5) to monomeric
species [a2-PaW 17061 Zr(OH)a]“™ appearing at lower pH. The
*'P NMR spectrum of Zr-D-2.0 reveal two main signals at §
-11.26 and -11.89 ppm. The spectra of samples prepared at pH
2.5 and 3.0 are most complex and show gradual transformation
from Zr-D-2.0 to Zr-D-3.5. The spectra of Zr-D-3.5-4.5 are
similar and comprise two sets of resonances, which resemble
the spectra of Zr-D and Hf-D in DMSO reported by Parac-Vogt
and co-workers [78]. The splitting of the signals from the two P
atoms in the Dawson structure, was rationalized in terms of
equilibrium between monomeric 1:1 and dimeric 2:2 species
[78]. In principal, it might reflect the presence of two isomeric
complexes. However, a geometrical isomer of [{a.-
P.W1;061Zr(H20)2}2]'*, which consists of two Zr-substituted
Dawson units, [a2-P2W1706Zr(H20)2]%, linked through a Zr-
O-W bond, is known to exist at high acidic conditions (pH < 1)
[55,83] and, therefore, we can hardly expect it at pH > 3.
Moreover,  after  storing  the  solution for a
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Figure 4 *'P NMR spectra of Zr-D (0.01 M solutions, 25 °C): (a) in dry CHsCN and (b) in CH3CN + 5 vol% H.O.

few hours at room temperature, the ratio of the split *'P NMR
signals changed in favor of the 'outer' signals and, after 24 hours,
only two, 'outer' resonances at -10.30 and -13.41 ppm remained
(Figure 2b). It seems that this alteration correlates with the
disappearance of the 660 cm™ band in the IR spectra of aged
solutions of the samples prepared at pH > 3 (Figure 2a). This
might suggest that we deal with a slow process of the 2:2 dimer
monomerization producing [a-P2W170aZr(OH)]”™ or [o2-
P,W ;06 Zr(OH)(H20)]”. The formation of the latter species
may be assisted by adsorption of water from atmosphere upon
storage of the acetonitrile solutions. In fact, DFT calculations
predict that monomerization of the anhydrous dimer is
thermodynamically favorable, with a AG°® of -18.3 kcal
mol™, which may account for the spontaneous monomerization
observed over time. This hypothesis was further supported by
*'P NMR spectra of Zr-D run after addition of 5 vol% of water
to CHsCN (Figure 4b). In these spectra, only two resonances
associated with the Wells-Dawson structure are observed for all
the samples of Zr-D, likely, due to fast exchange on the P NMR
time scale, and the chemical shifts of the *'P NMR signals ofZr-
D-3.5-4.5 in CH3CN + 5 vol% H.O coincide with those of Zr-
D-3.5 and Zr-D-4.5 in the aged CH;CN solutions (compare
spectra in Figures 2b and 4b).

To further investigate these observations, *'P NMR chemical
shifts were calculated for the DFT-optimized structures
discussed above, and the results are summarized in Figure S6.
Among the structures considered, only the aqua-free Zr-
hydroxo monomer bearing a proton at a bridging Zr-O-W site
reproduces the splitting pattern observed experimentally for
freshly prepared Zr-D-2.0 solutions in dry acetonitrile. This
species may arise from partial dehydration of the Zr-triaqua
complex upon dissolution in acetonitrile. In agreement with the
experimental trends, the calculated separation between the two
*'P resonances increases upon hydration to form the Zr-triaqua
species (compare the red spectra in Figures 4a and 4b) and
becomes even larger for the deprotonated Zr(OH)(H-O) species.
The latter, owing to its higher overall negative charge, is
reasonably expected to arise from the synthesis at higher pH,
consistent with the observed evolution of the experimental
spectra.

What is important, the intensity of the *’P NMR signal of the
Zr-free {P;Wis} (expected at ca. -12.5 ppm in CH;CN) was
negligible, indicating no conversion of the 2:2 complex to the
1:2 one [Zr(a:-P;W17061)2]'". Elemental analysis and ESI-MS

data for Zr-D (see below) also allow the formation of the 1:2
complex to be excluded.

HR-ESI-MS technique was employed to characterize the
solution state of Zr-D. HR-ESI-MS spectra of dilute (0.001 M)
CH:CN solutions of Zr-D-2.0 and Zr-D-4.0 were different
despite both represented peaks corresponding to monomeric
species (Figure 5; corresponding isotopic patterns are provided
in Figures S7 and S8). While the ESI-MS spectrum of Zr-D-4.0
revealed TBAKy[P.W1,06Zr(OH)(H20)a] 7" (x = 0-5,y = 0-
2, n = 0-2) monomers, the spectrum of Zr-D-2.0 consisted
mainly of TBAH,K.[PaW 1706 Zr(H20)a] ¢*¥*" species (x = 0-4,
yand z = 0-1, n = 1-2) (alternatively, the formula can be written
as TBAH;uK.[P.W1,0aZr(OH)]7*¥). For both samples,
only traces of dimeric species were found. Under similar
conditions, Zr-L revealed significantly larger fraction of signals
associated with dimeric species containing Zr-O(H)-Zr bridges,
while Zr-K exhibited mainly monomeric species [15,17,.89].
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Figure 5 HR-ESI-MS spectra of Zr-D-2.0 and Zr-D-4.0 samples in CH;CN
(0.001 M). P2Zr = ZrPaW170¢1.
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This is also consistent with the exergonic monomerization
energies calculated by DFT for both Zr-D (AG® = -18.3 kcal
mol™, vide supra) and Zr-K (AG° = -3.8 kcal mol™). This
behavior contrasts sharply with that of Zr-L, for which
monomerization has been calculated to be slightly endergonic
(by 2-4 kcal mol™) [15,16,86], suggesting a much more
pronounced monomer—dimer equilibrium in the latter system,
in line with the experimental observations. However, we should
remember that ESI-MS signal intensities may depend on both
solution speciation and ionization-fragmentation behavior in
the source.

3.2. Catalytic performance of Zr-D in thioether oxidation
with H>O:

The catalytic performance of Zr-D synthesized at various pH
values was first evaluated in the oxidation of MPS using
equimolar amount of aqueous H>O: (Table 1). The efficiency of
H,O: utilization was high (85-87%) and independent on the pH
of the sample synthesis. In the presence of all Zr-D, MPS was
converted to the corresponding sulfoxide and sulfone very
quickly (within 1-2 minutes). The Zr-D samples synthesized at
pH 3.0 and 4.0 showed nearly identical performance in terms of
activity (TOF 43 min™) and selectivity to sulfoxide (72%). The
samples prepared at pH 1.5 and 2.0 revealed both higher activity
(TOF 210-220 min™") and sulfoxidation selectivity (77-82%).
The selectivity of Zr-D-2.0 was close to that reported previously
for the diperoxo complex Zr(O:)-D [19], but the H.O.
utilization efficiency of the latter was inferior (77 vs 85%).

Table 1 MPS oxidation with H,O: in the presence of Zr-D*

q 0. 0
S\ Zr-D/ H,0, @/S\ Zr-D/ Ha0s @/S\
©/ CH4CN, 27 °C CH4CN, 27 °C
MPS MPSO MPSO0,
Time, MPS TF)F,1 Selectivity, % HzO[z
POM min C";“’V" T MPSO MPSO, eﬁ/f;
Zr-D-1.5 1 70 210 77 23 86
Zr-D-2.0 1 72 220 82 18 85
Zr-D-3.0 2 68 43 72 28 87
Zr-D-4.0 2 67 43 72 28 86
Zr(0,)-D? 1 65 - 82 18 77

“Reaction conditions: Zr 0.002 M, MPS 0.1 M, H.0: (30% aq.) 0.1 M,
CH;CN 1 mL, 27 °C. *Turnover frequency (TOF) was determined from
initial rates of MPS consumption. ‘H.O: efficiency was calculated as total
yield of products (MPSO + 2-MPSO,) based on the oxidant consumed. “Data
taken from ref. [19].

The oxidation of thianthrene-5-oxide (SSO), a well-known
mechanistic probe to evaluate electronic properties of the
oxidizing species [.90,91], was also performed. The reaction
conditions were chosen to keep conversion of SSO below 15%
since overoxidation of the primary oxidation products, SOSO
(electrophilic oxidation) and SSO. (nucleophilic oxidation) to
SOSO; can mask the information on the chemoselectivity and
affect the value of the nucleophilic parameter Xnu [91]. The
results acquired for the SSO oxidation (Table 2) indicate a
stronger electrophilic character of the oxidizing species formed
from Zr-D-2.0 (Xxu = 0.12 vs 0.21 for Zr-D-4.0). Under the
same conditions, a similar parameter Xx. was obtained for Zr-
K while Zr-L revealed Xxu of 0.29 (Table 2), indicating a lower

RESEARCH ARTICLE]

electrophilicity. Walls et al. recently reported X, 0.09 for ZrVs
[63].

Table 2 Oxidation of SSO with H,O; in the presence of Zr-D*

[}
O s (O, .

g \/Eﬂ nggOFE\N Og°

O eNe

o_o
sso% ‘\s"‘ ‘y 4 soso,
C:S:C

S0,
SSO Yields, % b

POM v, % SOSO S50, SOsO, |
Zr-D-2.0 15 13 1 1 0.12
7e-D-40 13 10 2 1 0.21
Zr-K 15 13 1 1 0.12
Zr-L 6.5 4.3 1 1.2 0.29

“Reaction conditions: Zr 0.0005 M, SSO 0.025 M, H20: (30% aq.) 0.0038 M,
CH;CN 2 mL, 27 °C, 10 min. *Xnu = (SSO2 + SOS02)/(SOSO + SSO; +
250S0») [91].

Given that both Zr-D-2.0 and Zr-D-4.0 are monomers in
dilute solutions (see above), the difference in activity and
selectivity of Zr-D-2.0 and Zr-D-4.0 can be, in principle,
rationalized if we remember that the former comprises
additional proton, which decreases the polyanion negative
charge and makes the corresponding active species more
electrophilic. Earlier, we demonstrated that protonation of Ti-
POM decreases an oxygen transfer barrier to C=C bonds due to
the global charge effect [.92]. DFT calculations revealed that
location of proton on a Zr-O-W in Zr-D is energetically more
feasible than its location at the terminal Zr-OH; however,
additional hydration reduces free energy of Zr species with
terminal water ligands (Scheme 1). The nature of terminal Zr
ligand (H.O vs OH) may affect the structure of peroxo species
formed upon interaction with H,O.. This matter will be
discussed in our subsequent work.

3.3. Effect of negative charge density on the catalytic
performance of Zr-POMs

If we compare the catalytic performance of Zr-D with those
previously reported for Zr-POMs of the Lindqvist [15] and
Keggin [18] structures, we can see that, in terms of activity in
the MPS oxidation, Zr-D occupies an intermediate position
between Zr-L and Zr-K (Figure 6a). For Zr-K, the MPS
conversion reaches its maximum after 15 sec. while the reaction
with Zr-L requires ca. 30 min. It is noteworthy that the same
trend is observed if H.O, is replaced with tert-butyl
hydroperoxide (TBHP; Figure 6b).

The MPS oxidation activity appears to correlate inversely
with the polyanion charge density (q/M, the overall polyanion
negative charge per number of metal atoms), which decreases
in the order: Zr-L (0.50) > Zr-D-4.0 (0.39) > Zr-K (0.33) (Figure
7). This global feature is also reflected in the local electronic
environment of the catalytic Zr center, with increasing positive
charge on Zr for the different species: Zr-L (+1.83 e) < Zr-D-4.0
(+1.90 e) < Zr-K (+1.94 e), using NPA population analysis. Thus,
Zr-L has the highest polyanion charge density and displays the
least positive Zr
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Figure 7 Structures of Zr-POMs and corresponding polyanion charge density values.

center and the lowest catalytic activity, whereas Zr-K exhibits
the most positive Zr center and the highest activity. Zr-D
structures display intermediate polyanion charge densities and
Zr positive charges, consistent with its intermediate catalytic
performance. Although polyoxometalate charge density is a
primary factor affecting catalytic activity, we cannot discard
other influences such as the specific coordination environment
of Zr along the series.

While thioethers are strong nucleophiles, sulfoxides possess
a biphilic nature and can react with both electrophilic and
nucleophilic oxidants [94]. In the oxidation of corresponding
sulfoxide to sulfone, a similar correlation of Zr-POM activity
with q/M was found (Figure S9), indicating that in both stages
we deal with electrophilic oxygen transfer (the lower negative
charge density, the more favorable interaction with nucleophilic
substrate).

In sulfoxide oxidation, Zr-K and Zr-D-2.0 catalysts, with the
same q/M of 0.33, have similar activity (Figure S9), whereas for
MPS oxidation, Zr-K is somewhat more active than Zr-D-2.0
(Figure 6a). These results suggest that other factors, such as the
specific POM framework, size and shape, local Zr coordination,
hydration state, as well as monomer-dimer equilibrium can also
modulate the catalytic performance, with the overall POM
charge density being a key factor.
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Figure 8 Dependence of MPSO selectivity on substrate conversion in MPS
oxidation with H,O: in the presence of Zr-POMs.

At the initial stages of the reaction, sulfoxidation selectivity
is ca. 100% for all Zr-POMs studied but, if we compare
selectivity trends observed for Zr-D, Zr-K and Zr-L, we can see
that, during the reaction course, sulfoxide selectivity is higher
for Zr-K and lower for Zr-D, while Zr-L occupies an
intermediate position (Figure 8). This is different from what we
observed for the MPS oxidation with TBHP where sulfoxidation
selectivity inversely correlated with the Zr-POM charge density
[93]. The lowest selectivity found for Zr-L was explained by its
higher affinity toward sulfoxide, which favored overoxidation
to sulfone. As to the MPS oxidation with H.O,, we may
tentatively assume that the increased sulfoxide selectivity of Zr-
L can be caused by the side reaction of the oxidant
decomposition. Our previous work revealed that, among the
series of Zr-POMs, Zr- L shows superior activity in H.O;
dismutation and this process proceeds with release of singlet
oxygen [16], which can contribute to the oxidation process [20].

Interestingly, in the oxidation of SSO, which was investigated
at the deficiency of H.O: relative to the substrate to minimize
overoxidation of the primary oxidation products and the
oxidant decomposition, the parameter Xn. that reflects the
oxidation selectivity correlated directly with Zr-POM charge
density (Figure 9).
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Figure 9 Dependence of nucleophilic parameter Xxu for SSO oxidation on
polyanion charge density for Zr-POMs (data for ZrVs taken from ref. [63]).
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Moreover, Xxu reported for ZrVs [63] also fell into this
correlation (Figure 9).

4 Conclusions

The detailed experimental and computational characterization
of the series of Zr-D samples and assessment of their catalytic
performance in selective oxidation of thioethers clearly
demonstrated that acidity of the solution before precipitation of
the TBA salt plays a crucial role for both composition/structure
and catalytic activity/selectivity of Zr-D. Whereas Zr-D
prepared at pH 1.5-2.0 exist preferably in the form of the
monomer [a2-PaW1;06Zr(H.0)5]%, Zr-D obtained at pH 3.5-
4.5 are mostly dimers [{P;W170aZr(u-OH)}]' in the solid
state and monomerize to [a:-PoW1;0aZr(OH)]” in dilute
acetonitrile solutions. Monomer Zr-D-2.0 contains terminal
water and, as a result, has additional proton relative to Zr-D-
4.0, which increases its electrophilicity and ensures higher
activity and sulfoxidation selectivity in the thioether oxidation.

Comparison of the catalytic performance of Zr-POMs with
different structural type (Lindqvist, Keggin and Wells-Dawson)
present in the same protonation state revealed that activity of
Zr-D is intermediate between Zr-K and Zr-L. The observed
structural effect can be rationalized in terms of the polyanion
charge density, which decreases in the order Zr-L > Zr-D > Zr-
K, and are inversely correlated to the catalytic activity with Zr-
K being the most active species, more directly, with the
calculated positive charge at the Zr center, supporting a key role
of Zr electrophilicity in determining catalytic activity.
Nonetheless, other factors related to the specific POM
framework can also influence the activity to a minor extend,
opening new venues for future mechanistic studies.

Electronic Supplementary Material: Supplementary material
(additional experimental details, synthesis procedures, FT-IR,
NMR, and HR-ESI-MS spectra, TGA curves, potentiometric
titration curves, and kinetic curves) is available in the online
version of this article at
https://doi.org/10.26599/POM.2026.9140172.
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{P,W,,} + ZrOCl, .

CH3N, 27 °C, 1-2 min
Selectivity 72-82% o
n
o

Acidity during the synthesis of a Zr-monosubstituted
phosphotungstate of the Wells-Dawson structure strongly affects
its composition/structure and catalytic activity in H20»-based
oxidation of thioethers
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