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RECEIVED DATE

ABSTRACT. Zr-monosubstituted Lindqvist-type polyoxometalates (Zr-POM),
(BwN),[Ws0;3Zr(H,0)3] (1) and (BusN)e[{Ws50,3Zr(n-OH)},] (2) have been employed as
molecular models to unravel the mechanism of hydrogen peroxide activation over Zr(IV) sites.
Compounds 1 and 2 are hydrolytically stable and catalyze epoxidation of C=C bonds in
unfunctionalized alkenes and a,B-unsaturated ketones, as well as sulfoxidation of thioethers.
Monomer 1 is more active than dimer 2. Acid additives greatly accelerate the oxygenation reactions
and, oppositely, suppress H,O, unproductive decomposition in the presence of 1 and 2, thereby
increasing oxidant utilization efficiency up to >99%. Product distributions are indicative of

heterolytic oxygen transfer mechanism that involves electrophilic oxidizing species formed upon
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interaction of Zr-POM and H,0,. The interaction of 1 and 2 with H,0,, and the resulting peroxo
derivatives, have been investigated by UV-vis, FTIR and Raman spectroscopy, HR-ESI-MS, and
combined HPLC-ICP-AES technique. Also the interaction between an ''O-enriched dimer,
(BugN)[ {W50,3Zr(u-OCH3)},] (2"), and H,O, was analyzed by '’O NMR spectroscopy. Combining
these experimental studies with DFT calculations suggested the existence of dimeric peroxo species
[(u-n2:n2—02) {ZrWs015},]%, as well as monomeric Zr-hydroperoxo [W501;;Zr(n2—OOH)]3' and Zr-
peroxo [HWs0,5Zt(n*-0,)]> species. Reactivity studies revealed that the dimeric peroxo is inert
toward alkenes but is able to transfer oxygen atom to thioethers while the monomeric peroxo
intermediate is capable of epoxidizing C=C bonds. DFT characterization of the reaction mechanism
identifies monomeric Zr-hydroperoxo intermediate as the real epoxidizing species, and the
corresponding o-oxygen transfer to the substrate as the rate-determining step. Calculations also
showed that protonation of Zr-POM reduces significantly the free-energy barrier of the key oxygen-
transfer step because of the higher electrophilicity of the catalyst, and that dimeric species hampers
the approach of alkene substrates due to steric repulsions reducing its reactivity. The improved
performance of Zr(IV)-catalyst relatively to Ti(IV) and Nb(V) catalysts is respectively due to a
flexible coordination environment and to a low tendency to form energy deep-well, low-reactive Zr-

peroxo intermediates.
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INTRODUCTION

The selective catalytic oxidation of organic compounds using low cost green oxidants is of both
fundamental and practical interest."* Aqueous hydrogen peroxide is one of the most attractive
oxidants from both ecological and economic aspects.”® A range of microporous and mesoporous

catalysts containing transition metal ions isolated in the framework of inorganic matrices or grafted



onto the surface have been prepared and examined in H,O,-based oxidations.12” So far, titanium->"

17 18- 29

and niobium-containing molecular sieves have been widely recognized as catalysts for

selective oxidations with H,O,. Meanwhile, Zr-containing silicates also demonstrated a pronounced

30- 38

catalytic activity in H>O-based oxidations. Epoxides and diols most often predominated in the

oxidation of alkenes.®'?*3%3¢ However, in some cases, a significant amount of allylic oxidation
products were also detected. >

In recent years, metal—organic frameworks (MOFs) have attracted great interest due to their
potential applications in gas storage and separation, molecular recognition and drug delivery as well
as heterogeneous catalysis.” *® Zr-containing MOFs have been reported as active and recyclable
catalysts for oxidative transformations using H,0, as oxidant.*®” *® Recently, some of us have found
a remarkable effect of acid additives on selectivity of H,O,-based alkene oxidation over Zr-based
metal-organic frameworks.’®>® It was demonstrated that protons facilitate heterolytic activation of
the oxidant and prevent its unproductive degradation on Zr-MOFs, thereby leading to selective
oxygenation of the C=C bond without oxidation of allylic C-H bonds via a homolytic mechanism.
However, the structure of the active peroxo zirconium species operating with Zr-MOFs remained
unclear.

Despite the remarkable progress in surface science, investigation of mechanistic issues
remains complicated in heterogeneous catalysis due to difficulties of the registration and
identification of active catalytic species. Owing to their evident structural analogy with metal oxide
surfaces and possibility of investigation at the atomic (molecular) level, polyoxometalates (POMs)

have found applications as tractable molecular models for heterogeneous metal-oxide catalysts,”*

61- 67

including single-site ones. Moreover, a unique combination of properties, such as

thermodynamic stability to oxidation and resistance to hydrolysis over a wide range of pH, tunable
68— 81

solubility, acidity and redox activity, made POMs the focus of a wide range of research areas.

Proust and co-workers suggested using Zr-containing Lindqvist-type polyoxotungstates as soluble



analogues of heterogeneous zirconia-supported tungsten catalysts.**® Some of us have found
similarities in the catalytic performance of Zr-monosubstituted Keggin-type POMs and mesoporous
zirconium  silicates.*** These model studies based on the Keggin Zr-POMs revealed that the
presence of acid protons is vital for their activity. While (BuyN)o[ {PW;039Zr},(u-OH)(u-O)]
containing no acid protons reacted with neither H,O nor H,O, and showed minor catalytic activity in
oxidations  with  H,0,, its protonated forms, (BusN)s[{PW;1030Zr(u-OH)},] and
(BugN)7H[ {PW,030Zr(u-OH)}], revealed significant activity.** However, in contrast to Keggin Ti-
POMs, % homolytic oxidation mechanism seemed to prevail with Keggin Zr-POMs, even after
increasing the amount of protons.**** Nomiya et al. have also tested several Zr/Hf-containing Keggin
and sandwich POMs as catalysts on the epoxidation of cyclooctene with H,O,, but they decomposed
under reaction conditions, or gave moderate/no activity.”'

Recently, we have shown that Ti- and Nb-monosubstituted tungstates of the Lindqvist
structure, (BusN);[(CH;0)TiWsO;5] and (BusN),[(CH30)NbW;015], are more active and selective
than their Keggin type analogues and display catalytic performances similar to those of
heterogeneous Ti- and Nb-containing catalysts in alkene epoxidation with hydrogen peroxide.’**
Using Lindqvist Ti- and Nb-POMs as molecular models, and combining kinetic, spectroscopic, and
computational techniques, we were able to provide insight into the reaction mechanism, to
rationalize the differences in the catalytic performances of Ti and Nb single-site catalysts, and to
elucidate the role of protons in H,O, activation. Here, we turn our attention to the H,O, activation
over Zr(IV), aiming to gain insights into the reaction mechanism and to establish structure—reactivity
relationships. To this end, Zr-monosubstituted tungstates of the Lindqvist structure,
(BusN)2[Ws013Zr(H,0)3] (1) and (BugN)s[ {Ws01sZr(n-OH)} 2] (2), as well as (BusN)g[ {Ws0,5Zr(p-
OCH;)}2] (2") enriched with '"O, were investigated by means of specific product tests, kinetic,

spectroscopic, and computational techniques.



EXPERIMENTAL SECTION

Instrumentation and Methods. The interaction of Zr-POM with H,O, and MPS was studied by in
situ IR spectroscopy using Alpha II spectrometer (Bruker) with Platinum Diamond ATR module in
the range of 400-4000 cm™ with a resolution of 4 cm™ and accumulation of 32 scans. ATR-FTIR
spectra (4000-350 cm™, 40 scans, resolution 4 cm™) were obtained using a Cary 660 FTIR
spectrometer (Agilent Technologies) and a PIKE Technologies GladiATR accessory (diamond
crystal). Raman spectra were measured in the backscattering geometry using a Horiba Jobin Yvon
Lab-Ram HR spect rometer equipped with a N,-cooled CCD - 2048 X512 detector coupled to an
Olympus BX41 microscope. Excitation was supplied by an argon ion laser (A = 488 nm) with 4 cm ™'

spectral resolution. Electronic absorption spectra were run on a Cary—50 spectrophotometer using a

0.2 cm quartz cells.

70 and '"H NMR spectra were recorded on a Bruker Avance 300 spectrometer operating at
300.0 ("H) or 67.8 (‘"0) MHz using 5 mm o.d. glass NMR tubes (0.5 mL solution volume). 'H NMR
spectra were referenced to residual CHD,CN at & 1.97 ppm in CD;CN solvent. 'O NMR spectra
were referenced to external H,O. BW and *'P NMR spectra were recorded on a Bruker Avance 111
500 spectrometer operating at 20.83 MHz (***W) or 202.42 MHz (*'P) using 10 (***W) or 5 (*'P) mm
o0.d. glass NMR tubes and referenced to external K,WO4 and 85% H3PO4 (8 0 ppm), respectively.

GC analyses were performed using a gas chromatograph Tsvet-500 equipped with a flame
ionization detector and a quartz capillary column (30 mx0.25 mm) filled with Agilent DB-5MS or
Chromos GH-1000 gas chromatograph equipped with a flame ionization detector and a quartz
capillary column (30 m x 0.25 mm) filled with BPX5. GC-MS analyses were carried out using an
Agilent 7000B system with a triple—quadrupole mass—selective detector Agilent 7000 and a GC
Agilent 7890B apparatus (quartz capillary column 30 m x 0.25 mm / HP-5MS).

Combined HPLC-ICP-AES studies were performed with HPLC system Milichrom A-02

(EcoNova, Russia) equipped with a two-beam spectrophotometric detector at the wavelength range



of 190—360 nm in ion-pair mode of reversed phase chromatography (ProntoSIL 120-5-C18AQ, 2x75
mm), eluents: A — 0.04% aqueous BusNPFg, B — acetonitrile (flow rate 0.2 mL minfl, detection
wavelength 270 nm). An ICP-AES spectrometer iCap 6500 Duo (Thermo Scientific, USA) with
concentric nebulizer was applied as detector in hyphenated HPLC-ICP-AES mode. For quantitative
estimations, the Zr 339.1 nm, W 239.7 nm spectral lines were selected. All measurements were
performed in three replicates. The data acquisition and processing was carried out with iTEVA
(Thermo Scientific, USA) software. In order to eliminate plasma quenching, the liquid coming out of
the column into the spray chamber was diluted with deionized water. The concentrations of C, H,
and N were determined with a CHNSO analyzer Vario EL Cube (Elementar Analysensysteme
GmbH).

High-resolution electrospray ionization mass spectra (HR-ESI-MS) were obtained using ESI
quadrupole time-of-flight high-resolution mass spectrometer Maxis 4G (Bruker Daltonics, Germany)
with a direct injection of liquid samples. The spectra were recorded in the 3003000 m/z range in
negative mode.

Synthesis and Characterization of POMs. The syntheses of POMs enriched in '"O were
carried out under an atmosphere of dry, oxygen-free nitrogen using Schlenk and dry-box
techniques.”

(BusN),[Ws0,3Zr(H,0)3] (1). The synthesis of a tetrabutylammonium salt of
[Ws0,5Zr(H,0)3]* was adapted from ref.**. A hydrogen sulfate buffer was prepared by the addition
of Hy,SO4 to 1 M NaySO4 solution until pH 2 was reached. ZrOCl,8H,O (0.644 g, 2 mmol) was
dissolved in 250 mL of the hydrogen sulfate buffer. The resulting solution was then diluted to 400
mL with distilled water (solution A). A second solution was prepared by dissolving 10.6 mmol of
Na,WO4-H,0 (3.30 g) in 35 mL of water. This solution was heated to boiling and then 4 mL of 5 M
hydrochloric acid was added dropwise under vigorous stirring. The solution was cooled in an ice

bath (solution B). The cold solution B was added to solution A under stirring and the mixture was



allowed to stand at room temperature for 3 days; 5.88 g of tetrabutylammonium bromide was then
added, resulting in the fast precipitation of (BugN),[Ws0,sZr(H,0)s]. IR (1000-400 cm™'): 962 (s,
W=0), 883 (m), 832 (sh), 813 (s, WOW), 739 (sh), 690 (w), 665 (w), 636 (W), 592 (w), 420 (s).
Raman (cm™): 978 (vs), 958 (sh), 909 (m), 882 (m), 850 (m).

The synthesis of (BusN)e[{W50,3Zr(n-OH)},] (2) was carried out following the literature
protocol.83 Anal. Calcd (%) for CosHa18N6Z1raW1003s: C, 28.20; H, 5.33; N, 2.06; O, 14.88; Zr 4.47,
W, 44.99. Found: C, 27.70; H, 5.57; N, 2.02; Zr, 4.58; W, 43.7. IR (1000 - 400 cm’l): 970 (sh,
W=0), 945 (s, W=0), 881 (m), 812 (br, WOW), 731 (s, ZrOH), 645 (m), 625 (m), 557 (m), 430 (s),
419 (sh). Raman (cm™): 978 (vs), 954 (s), 914 (m), 888 (m), 839 (m). "W NMR (ppm, in CD;CN):
50.8 (4W¢q), 78.2 (1Wyy).

(BugN);[WsO19] (We) enriched in '"O was prepared and characterized as described
elsewhere.”” A solution of (BugN),WOj (0.45g, 0.61 mmol) and WO(OMe), (1.00 g, 3.08 mmol) in
acetonitrile (6 mL) was treated with '"O enriched water (110 pL) with thorough mixing. The
resulting reaction mixture was left under stirring at 70 °C overnight. After cooling to -20 °C, white
solid was isolated and dried in vacuo (0.36 g, 61%). 'O NMR (ppm, in CH;CN): 778.1 (W=0),
416.7 (WOW).

The heterometalate (BuyN)e[ {Ws0;5Zr(u-OCH3)}2] (2') enriched in 70 has been synthesized
by a method similar to that previously described for (BusN)s[(CH;0)TiWs0,5]°® that involved initial
degradation of Wg with (BuyN)OH and subsequent addition of Zr(OPr')4(Pr'OH) in dry acetonitrile

using 40% '"O-enriched water (H,0*) according to the following stoichiometry:

5[WeO19]” + 8 OH + 5 H,0* — 6 “[W50sH;]>” (1)
“[W50,3H3]> ™ + Zr(OPr')4(Pr'OH) — [(Pr'O)ZrWs0,5]> + 4 Pr'OH )
[(Pr'O)ZrWs03]*” + CH;0H — [(CH30)ZrWs0,5]*” + Pr'OH 3)
2[(CH;0)ZrW;s015]* — [{W5015Zr(u-OCHs)},]" “)



(BusN)2[WeO19] (500 mg, 0.26 mmol) was placed into Schlenk flask (solution C) and
dissolved in 5 mL of CH3CN under stirring at room temperature. BuyNOH (0.45 mL as 0.98 M
solution in methanol) was placed into another Schlenk flask (solution D), and the solvent (CH;OH)
was pumped out and replaced to dry CH3CN (this procedure was repeated 3 times). Then, solution D
was transferred via cannula into solution C, and resulting pale blue reaction mixture was stirred
overnight at room temperature. The resulting solution was transferred via cannula into a Schlenk
flask containing Zr(OPr’)4(Pr'OH) (105 mg, 0.32 mmol) and left to stir for 2 h at room temperature.
After that, 5 mL of H,O* was added, and the resulting reaction mixture was left to stir for another 2
h at room temperature. Then, the volatiles were pumped dry and the solid was dissolved in 4 mL of
CH;CN and 0.5 mL of CH30OH. The resulting solution was stirred overnight at room temperature,
and then the volatiles were pumped dry. The resulting white solid was washed with ether, dried at
room temperature, and then recrystallized from CH;CN. Yield: 300 mg, 46%. 'H NMR (ppm, in
CD;CN): 3,79 (s, 6H, OCH3), 3.24 (t, 48H, NCH,), 1.71 (m, 48H, CH,), 1.48 (m, 48H, CH,), 1.01 (t,
72H, CH3). 'O NMR (ppm, in CD;CN): 712 (W=0), 692 (W=0), 486 (ZrOW), 387 (WOW), 378
(WOW), and —57 (ug-O).

Isolation and Characterization of Zr Peroxo Species. A number of zirconium peroxo
species were prepared by the addition of 5, 10, 20, 35 or 50 equivalents of aqueous (30, 50 or 77%)
H,0; to a solution containing 100 mg of 2 in 0.6 mL of CH3CN (see Table 1 for details). The
colorless clear solution was stirred for 20 min at room temperature and diluted with 10 mL of ether.
The resulting white solid was isolated by filtration, washed with ether and acetone and dried under
Ar flow at room temperature. Likewise, two zirconium peroxo species were synthesized following a
similar procedure by the addition of 20 or 40 equivalents of 30% H,0, to a solution containing 100
mg of 1 in 0.6 mL of CH3CN (see Table 1 for details, compounds 8 and 9). The resulting peroxo

species were characterized by ATR-FTIR, Raman, UV-vis, "W NMR, HR-ESI-MS, and HPLC-



ICP-AES technique. The amount of peroxo groups was estimated by titration with PPh; followed by

monitoring with *'P NMR®’ and GC.

Table 1. The Ratio of Reagents Used in the Syntheses Zr-peroxo Species

Peroxo Reagents
species  Zr-POM H,0,,

type mmol % in water ~ mmol (equiv.”)
3 2 0.025 30 0.25 (5)
4 2 0.025 30 0.5 (10)
5 2 0.025 30 1.0 (20)
6 2 0.025 30 1.75 (35)
7 2 0.025 30 2.5 (50)
8 1 0.049 30 1.0 (20)
9 1 0.049 30 2.0 (40)
10 2 0.025 50 1.75 (35)
11 2 0.025 77 1.75 (35)

“Equivalents per moles of Zr in POM molecule. "Anal. Calcd (%) for C96H216N6Zr2W10038: C,
28.20; H, 5.33; N, 2.06; Zr 4.47; W, 45.00. Found: C, 28.27; H, 5.60; N, 2.09; Zr, 4.40; W, 44.50.

Full details on the catalytic and stoichiometric oxidation reactions, interaction of POMs with
H,0 and H,0,, as well as computational methodology are provided in the Supporting Information

(SI).

RESULTS AND DISCUSSION

Catalytic Performance of Zr-POMs in Alkene Oxidation. Catalytic properties of the Lindqvist
type dimers 2 and 2' as well as monomer 1 were first assessed in the oxidation of cyclohexene (CyH)
with hydrogen peroxide using an equimolar amount of the oxidant. CyH possesses highly reactive H
atoms in the allylic position, which can be easily abstracted by radical species. Hence, the formation
of allylic oxidation products, viz. cyclohexenyl hydroperoxide (HP), 2-cyclohexene-1-o0l (enol), and

2-cyclohexene-1-one (enone), is a clear indication of a homolytic oxidation mechanism (Scheme



1).”® Contrarily, the selective formation of epoxide along with the ring opening product trans-
cyclohexane-1,2-diol (diol) and its overoxidation product 2-hydroxycyclohexanone (ketol) points to

a heterolytic oxidation mechanism (Scheme 1).

Heterolytic & {ﬁ
oxidation
oxide diol ©H

OH
dio ketol

= i
[o]
Homolytlc

oxidation enone enol

Scheme 1. Cyclohexene oxidation products formed via heterolytic or homolytic pathways in the

presence of 2.

In the presence of 2, CyH conversion attained 35% after 1.5 h at 50 °C and then stopped.
Total selectivity toward heterolytic oxidation products (epoxide, diol, and ketol) and efficiency of
hydrogen peroxide utilization were 82% and 56%, respectively (Table 2, entry 1). Epoxide prevailed
among the oxidation products. The methoxido form 2' exhibited similar catalytic properties (Table 2,
entry 7). In agreement with the previous results,92 the Zr-free tungstate (BusN),[W4O;9] was almost
inactive in this reaction, indicating that the substitution of W(VI) for Zr(IV) is indispensable for the
observed activity (Table 2, entry 10). The reaction in the presence of 2 was greatly accelerated with
the addition of 1 equiv. of acid (Figure la). Moreover, CyH conversion and H,O, utilization
efficiency increased significantly, reaching the values of 75 and >99%, respectively (Table 2, entry
2). It is noteworthy that a similar trend was observed recently for Nb-containing Lindqvist-type
POM?? and Zr-containing MOFs.***® Also, for Ti-containing POMs the addition of acidic protons
accelerated the reaction and increased the selectivity towards the heterolytic products in alkene
oxidation with H,0,.” Even minor (0.1 equiv. per Zr) additives of acid produced a pronounced
effect on CyH oxidation rate and selectivity in the presence of 2 (Figure 1a, Table S1). If 1 equiv. of
acid was used as the sole catalyst, the selectivity toward heterolytic oxidation products (epoxide and

10



diol) increased relative to the blank experiment (Table 2, compare entries 8 and 9), but the substrate
conversion was insignificant relative to the POM-catalyzed reaction. Interestingly, the addition of 1
equiv of BuyNOH practically deactivated the catalyst 2 (Table 2, entry 3). Surprisingly, the use of 0.1
M H,0; instead of 0.2 M gave a result close to the blank experiment (Table S2) and the addition of
water to the reaction mixture did not change the result markedly (Table S2), indicating that namely

concentration of the oxidant is critical to form the active (hydro)peroxo intermediate.

Table 2. CyH Oxidation with H,O, in the Presence of Zr-POMs.*

Entry Catalyst Time,” CyH TOF,” H,0; Product selectivity,’ %

h conv,% min™! eff,d %  epoxide diol ketol enol enone
1 2 1.5 35 0.3 56 39 29 14 6 9
2 2+H' 0.3 75 2.3 >99 9 57 29 4 0.5
3 2+0OH 1.5 4 nd/  nd 33 15 0 17¢  traces
4 1 0.3 54 1.0 70 17 54 25 2 2
5 1+H" 03 75 2.5 >97 11 55 29 3 1
6 1+OH 15 40 0.7 n.d. 31 34 23 6 5
7 2' 1.5 35 0.3 n.d. 39 29 12 9 10
8 =" 5 5 nd.  nd 21 traces 0 33 11
9 H 5 8 n.d. n.d. 25 44 0 25 traces
10 Ws 5 2 n.d. n.d. traces 0 0 traces traces
11 6 0.3 52 n.d. n.d. 20 54 19 4 3

“Reaction conditions: 0.004 M Zr, 0.2 M CyH, 0.2 M H,0, (taken as 30% solution in water), 0.004 M
HCIO4 or BuyNOH (if any), CH;CN 1 mL, 50 °C. bOptimal reaction time to reach the maximum
selectivity and conversion. “TOF = (moles of substrate consumed)/(moles of Zr x time), determined
by GC from initial rates of substrate consumption. “H,0, utilization efficiency = total yield of
products based on the oxidant consumed. “Based on substrate consumed. "Hereinafter n.d. means not
determined. ¢Cyclohexenyl hydroperoxide (33%) was also formed. "Blank experiment with no

catalyst present.
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Monomer 1 was evidently more active than dimer 2 and enabled higher CyH conversion
(Table 2, compare entries 1 and 4). In contrast to the reaction with 2, diol predominated among the
oxidation products and the yield of its overoxidation product, ketol, also increased. As in the 2-
catalyzed process, the reaction in the presence of 1 was greatly accelerated by the addition of acid
(entry 5 in Table 2; Figure 1b), which also led to an improvement in the H,O, utilization efficiency.
In contrast to the 2-catalyzed reaction, CyH oxidation in the presence of 1 could successfully proceed
with 0.1 M H,O, (Table S2). The use of more concentrated H,O, reactant (50% instead of 30%
aqueous solution) produced only a minor effect on the maximum achievable CyH conversion and
epoxide selectivity (Table S2). An isolated peroxo species, 6, could be also used as the catalyst
(Table 2, entry 11).

(a) (b)

0.20 0.204
0.15 0.154
s =2 E
T T ¥
%0.10— . . (3' 0.10 1
= 2+ 0.1 equiv. H =
A 2+0.5equiv. H .
0.05- 2 + 1 equiv. H' 0.05 1+ 1equiv. H
000 T T T T 000 T T T
0 30 60 90 120 0 30 60 90
Time, min Time, min

Figure 1. Effect of acid on CyH oxidation rate in the presence of (a) 2 and (b) 1 (0.004 M Zr, 0.2 M
CyH, 0.2 M H,0; (30%), 0.0004-0.004 M HCIOy4 (if any), 1 mL CH;CN, 50 °C).

Stability of the Lindqvist Zr-POM under the turnover conditions of the CyH oxidation was
verified using FT-IR spectroscopy. The IR spectrum of the catalyst recovered from the reaction
mixture by precipitation with ether revealed all the main vibrations of the Lindqvist structure (Figure
S4). Disappearance of the characteristic feature at 731 em’ attributed to Zr-O(H)-Zr vibrations

indicated that 2 was converted to a monomeric {ZrWs} species during the catalytic process and the

12



increase in terminal V(W=0) suggests the presence of a more electronegative ligand at Zr, which is
consistent with peroxide.

The catalytic performances of 2 and 1 were then tested in the epoxidation of various alkenes
with aqueous H,O, (Table S3). For cyclooctene (CyOct), selectivity towards the corresponding
epoxide reached 96—100%, the monomer being more active and selective. Styrene produced, along
with epoxides, a significant amount of benzaldehyde, the product of the oxidative C=C bond
cleavage. In the oxidation of methyl oleate and cis-stilbene, predominantly cis-epoxides were
formed, indicating a concerted mechanism of oxygen atom transfer that involves no radical or ionic

intermediate capable of rotation around the C—C bond.

Catalytic Performance of Zr-POMs in Oxidation of a, f-Unsaturated Carbonyl Compounds.
The Lindqvist Zr-POMs revealed pronounced activity for the epoxidation of electron-deficient C=C
bonds in o,B-unsaturated carbonyl compounds (Table 3). The oxidation of carvone resulted in the
predominant formation of 7,8-epoxide rather than 1,2-epoxide (ca. 10:1), i.e. oxidation of the more
nucleophilic C=C bond. Such specific regioselectivity in the carvone epoxidation coupled with the
high heterolytic pathway selectivity found for CyH oxidation (Table 2) indicates the formation of
electrophilic oxidizing species. Importantly, the 2-catalyzed carvone oxidation proceeded easily not
only in acetonitrile solvent, but also in ethyl acetate (Table 3), which implies that the active oxidant
is a zirconium peroxo species rather than peroxyimidic acid that might be formed upon interaction of

CH;CN and H,0, (the so-called Payne oxidation).
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Table 3. Oxidation of a,f-Unsaturated Compounds with H,O, in the Presence of Zr-POMs*

Substrate Catalyst Time,” h Substrate conv., % Epoxide selectivity, %
2 0.3 65 (68)° 517(47)°7
o ° [o] [e]
1 0.3 43 o 54¢
2 0.7 80 o 48°
@% (i\i\
o 2 1 23 o 87

“Reaction conditions: 0.1 M substrate, 0.8 M H,0,, 0.002 M Zr, CH;CN 1 ml, 70°C. bOptimal
reaction time to reach the maximum selectivity and conversion. “Ethyl acetate was used as solvent
instead of CH3CN. “7,8-epoxide to 1,2-epoxide ratio was ca. 10 : 1; other products: hydroxycarvone,
isomers of diepoxycarvone and epoxycarvonediol. “Other products: 4-hydroxy-2-cyclohexen-1-one,

2,3-dihydroxycyclohexanone, 4-acetylbutyric acid.

Catalytic Performance of Zr-POMs in Oxidation of S-Compounds. The oxidation of methyl
phenyl sulfide (MPS) with 1 equiv. of H,O; in the presence of 1 and 2 as catalysts produced the
corresponding sulfoxide as the main product with 89 and 77% selectivity, respectively, at 81-82%
substrate conversion (Table 4). The reaction was completed within 0.5 h at nearly room temperature
and the oxidant utilization efficiency was as high as 91-99%. The excellent selectivity based on the
oxidant implies that unproductive decomposition of H,O, was negligible during the reaction course.
In contrast to the oxidation of CyH, (i) the effect of the BuyNOH additive on the reaction selectivity
was minor and (ii) Zr-free Lindquist tungstate We exhibited some activity in MPS oxidation,
however much lower than that of {ZrWs}-species (Table 4). Predomination of sulfoxide among the

oxidation products indicates the formation of electrophilic oxidizing species upon interaction of Zr-
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POM and H,0,. This contrasts drastically with thioether oxidation over Zr-MOFs, for which sulfone

was the predominated product (99% selectivity at 49% MPS conversion).””®

Table 4. MPS Oxidation with H,O, in the Presence of Zr-POMs*

Catalyst Time, MPS conv., H,0, eff.," Product selectivity,” %

h % % MPSO  MPSO,
- 24 14 17 79 21

2 0.5 82 91 89 11
2+O0H" 15 78 90 85 15

1 0.5 81 99 77 23

W 5 26 28 92 8

“Reaction conditions: 0.1 M MPS, 0.1 M H,0,, 0.002 M Zr, 27 °C, CH3;CN 1 mL. szOz utilization
efficiency = total yield of products based on the oxidant consumed. “Based on substrate consumed.

40.002 M BusNOH.

This suggestion was further confirmed by oxidation of the well-known test substrate
thianthrene-5-oxide (SSO), the molecule of which possesses both nucleophilic and electrophilic
sulfur (Scheme S1). The ratio of thianthrene 5,5-dioxide (SSO,) and 5,5,10-trioxide (SOSO,, product
of further oxidation of both oxides) to all products, including, thianthrene 5,10-dioxide (SOSO) gives
the so-called nucleophilic parameter Xy, (Xny = (SSO;z + SOS0,)/(SOSO + SSO; + 2SOS03)). The
value of Xy, < 0.3 specifies electrophilic character of oxidant, while Xy, > 0.7 indicates nucleophilic
oxidation.'® H,0;-based oxidation of SSO in the presence of 2 gave the value of Xy, equal to 0.25.
Note that, in the SSO oxidation over UiO-66, this parameter was found to be 0.92 and supported the
proposed nucleophilic oxidation mechanism in the presence of Zr-MOF.”’

Finally, the competitive oxidation of p-Br-methyl phenyl sulfide and methyl phenyl sulfoxide
with H,O, showed a higher yield of p-Br-methyl phenyl sulfoxide (11%) with respect to methyl

phenyl sulfone (1%), which also points to the electrophilic nature of the oxidant.'®' Again, this
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contrasts drastically with the catalytic performance of UiO-66 for which the ratio of methyl phenyl
sulfone to p-Br-methyl phenyl sulfoxide was recently estimated as 24.”’

Collectively, these results allowed us to conclude that, in contrast to Zr-MOFs which realize
predominantly nucleophilic activation of hydrogen peroxide,”’ electrophilic activation takes place

when the catalyst is the Lindqvist Zr-POM.

Kinetic Studies in the Alkene Oxidation by Zr-POM. To shed more light on the oxidation
mechanism over Lindqvist Zr-POM, the kinetics of CyOct oxidation with H,O; in the presence of 2
were studied. CyOct was chosen as a model substrate due to its lower volatility than CyH, its more
stable epoxide and its superior epoxidation selectivity based on both substrate and oxidant. The
kinetic curves for CyOct decay and epoxide product accumulation showed no induction period,
autocatalysis or inhibition behavior. The absence of the effect of light, molecular oxygen or common
chain radical scavengers, e.g., ionol, on the reaction rate precluded a radical chain oxidation
mechanism, which is consistent with the minor amount of the allylic oxidation products formed in
the oxidation of CyH.

The rate of CyOct oxidation in the presence of 2 exhibited a typical Arrhenius dependence
(Figure 2), which implies that there was no change in the rate-limiting step over the assessed
temperature range. The value of the apparent activation energy (10.3 kcal mol™') turned out to be
lower than those previously found for TiWs- and NbWs-catalyzed CyOct epoxidation (14.3 and 11.7
kcal mol ™, respectively).”®

The reaction orders in the alkene substrate and H,O, were fractional (< 1) and had a tendency
to decrease with increases in their concentration (Figure S5, (a) and (b), respectively), which may
indicate comparable rates for the formation of an active peroxo intermediate and subsequent oxygen
transfer to the substrate.”” The reaction order in 2 was found to be close to 0.5 (Figure S5¢). This can

be rationalized if we suggest that the formation of the active peroxo species involves dissociation of

16



the dimer, which is relatively slow. A similar trend was observed earlier for H,O»-based thioether
oxidation catalyzed by the Ti-monosubstituted p-hydroxo Keggin type dimer
[BusNJ7[(PTiW;;030),0OH]'” and cyclooctene epoxidation with the Nb-monosubstituted p-oxo
Lindqvist dimer (BugN)4[(NbW;05),0].% Finally, the rate of CyOct oxidation revealed almost no

dependence on the concentration of water (Figure S5(d)).
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Figure 2. Dependence of the initial rate (Wy) of 2-catalyzed CyOct epoxidation on the reaction

temperature in Arrhenius coordinates (CyOct 0.1 M, H,O, 0.1 M, 2 0.002 M).

Interaction of Zr-POMs with H,0,: Spectroscopic Characterization of Reaction
Intermediates. To probe the formation of active peroxo zirconium species, the interaction of dimer 2
and monomer 1 with hydrogen peroxide was investigated using UV-vis spectroscopy. The UV-vis
spectra of initial 1 and 2 are given in Figure S3. A gradual addition of H,O, to 2 caused a
hypsochromic shift of the UV absorption band along with an increase in the intensity (Figure 3).
Kortz and co-workers observed absorption in the same UV region for Zr'" peroxide [Zry(0,)x(a-
SiW1,039)2]'"*.'” They also reported a decrease in its intensity and a slight bathochromic shift upon
interaction with methionine.

The reaction between H,O, and 2 was very fast, the spectral changes occurred immediately

after the H,O, addition and no subsequent change was observed. Importantly, it was not possible to
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attain equilibrium because the optical density continued steadily to increase with the addition of a
new portion of 30% H,O, (Figure 3). This might suggest co-existence of two or more processes in
the presence of a large excess of aqueous H,O,. With 77% H,O,, the system was closer to
equilibrium (Figure S6), indicating that the presence of water is crucial for these processes. On the
other hand, the addition of water (up to 5 vol.%) to a solution of 2 produced negligible changes in the
UV-vis spectrum (Figure S7), which implies that hydrolysis of the Lindqvist Zr-POM dimer is a
rather slow process, at least, at room temperature (or thermodynamically unfavorable). Indeed,
Errington et al. reported earlier that only the hydroxy derivative 2 and no monomer 1 were detected
after interaction of the methoxy dimer 2’ with 200 equiv. (8 vol%) of H,O for 30 min at 60 °C (or
alternatively, 38 equiv. (1 vol%) for 67 h at 70-80 °C).'*. The changes in the UV spectra of 1 after
the addition of H,O, revealed a trend similar to that acquired for 2 and involved a hypsochromic shift
of the absorption band along with steadily increasing intensity (Figure S8).

1.54

X 2
;S'O +30% H,0,, equiv.:
1.2 v —5
10
—20
0.97 1 ——30
[a ——40
0.6 —50
—70
— 100
0.3 —125
—150
0.0 l

T T T T T
225 250 275 300 325 350 375
Wavelength, nm

Figure 3. UV spectral changes of 2 upon addition of 30% H,0; (5+150 equiv. to Zr). Conditions:
0.25 mM 2, 2.5+75 mM H,0,, dry CH;CN, 20 °C, 1 = 0.2 cm.

The methoxido derivative of 2, dimer 2', enriched with '"O was employed to study the
interaction between Zr-POM and H,0, by means of 'O NMR spectroscopy. The use of 2' was

justified by the fact that the catalytic performance of 2' was very similar to that of 2 (see Table 2).
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After the addition of small amounts of anhydrous H;O, (0.5-5 equiv.) to the solution of 2', a
downfield shift could be observed for the signals of W=0 (719 and 700 ppm vs 714 and 694 ppm in
2") and peO (-45 vs -56 ppm) (Figure 4, spectra C and D). The signal attributed to Zr-O-W
underwent a noticeable upfield shift (475 vs 487 ppm in 2'), while the position of the W-O-W signal
(6 388 ppm) remained unchanged (Figure 4, C and D). If a smaller amount of H,O, (0.25 equiv. per
Zr) was added, one could observe two separate 'O NMR signals for both W=0, Zr-O-W and psO
oxygens (Figure 4, spectrum B), indicating the appearance of a new form of the Zr-POM. When 0.5
equiv. of H,O, was added, the signals of 2' disappeared completely, indicating that transformation
between the two forms is complete. It should be noted that no hydrolysis of 2' occurred during the
interaction of 2' with H,O,, as peaks characteristic of 2 (Zr-O-W signal at § 487 ppm) were not
present (see Figure S9), which is reasonable, given that 2 is not very readily hydrolyzed,'** and that
H,0, was used as an anhydrous solution in acetonitrile. The difference between the '’O NMR spectra
of 2 and 2' + H,0; is clearly manifested by the position of the signals of W=0 and psO. Starting
from 5 equiv. of H,O, some broadening of the '’O NMR signals could be observed (Figure 4,
spectrum D). Importantly, the spectrum of the mixture did not change after prolonged storage at

room temperature, which indicates that the mixture is equilibrated.
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Figure 4. 'O NMR spectra of (A) 2', (B)-(D): 2' reacted with 0.25, 0.5, and 5 equiv. (per Zr) of
H,0, (2' 0.03 M, dry CH3CN, 20 °C).
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"W NMR spectroscopy was employed to study interaction of dimer 2 with aqueous H,0,
(Figure 5). After the addition of 0.5 equiv. of H,O,, a couple of two new signals (6 60.1 and 44.7

'8W NMR spectrum in addition to the signals of initial 2 and can be therefore

ppm) appeared in the
attributed to the formation of a peroxo species. The intensity ratio of ca. 1:4 indicates that the peroxo
species also has a structure of the monosubstituted Lindqvist anion. Some upfield shifting of the
signals of initial 2 (74.1 vs 78.2 ppm and 49.3 vs 50.8 ppm) could be due to the presence of water in
the acetonitrile solution (added with H,O,), as was confirmed by an independent experiment with
water additives (see Figure 5, spectrum D). The subsequent addition of 1 equiv. of MPS caused
disappearance of the signals at & 60.1 and 44.7 ppm supporting their attribution to the active peroxo
species (Figure 5, spectrum C). Further addition of H,O, caused an extra signal shifting and
broadening of the signals attributed to the peroxo species (Figure S10). These changes are consistent

with those observed in the '’O NMR spectra (Figure 4) and suggest subsequent transformations of

the peroxo species upon increasing concentration of H,O,.
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Figure 5. W NMR spectra of 2 (0.045 M in CD;CN, 20°C, curve A), 2 after interaction with 0.5
equiv. (per Zr) of H,O; (curve B) followed by the addition of 1 equiv. of MPS (curve C), 2 after

addition of 13 pL of H,O (curve D).
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The interaction between 2 and hydrogen peroxide was also investigated by in situ IR
spectroscopy. The addition of H,0, resulted in the disappearance of the 735 cm™ feature attributed to
Zr-O(H)-Zr and appearance of a new band at 791 cm™ (Figure 6a) that can be assigned to the
wagging of ZrO, moieties, active after symmetry breaking (see discussion of simulated spectra,
below). Importantly, this band disappeared after the addition of methyl phenyl sulfide while the band
at 735 em™' completely restored, indicating return to the initial dimer 2 (Figure 6b). GC analysis of
the reaction mixture showed 96% conversion of MPS along with 86% yield of MPSO and 10% yield

Of MPSOz.
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Figure 6. Changes in the IR spectrum of 2 (0.01 M ) in CH3CN (0.5 mL) at room temperature after
(a) addition of 0.5 - 25 equiv. (per Zr) of H,O, and (b) after addition of 5 equiv. (per Zr, 0.1 M) of
H,0, followed by the addition of methyl phenyl sulfide (0.05 M). The spectrum of CH;CN was

subtracted.

To shed some light onto the structure of the Zr-peroxo species formed by the interaction of 2

with H,0,, we performed DFT calculations;'*>'%

and initially we evaluated the relative stability of
several possible species (Scheme 2). The characterized structures lie in a very narrow range of
energies (Scheme 2), in line with the experimental observations that point towards the formation of a

mixture of peroxo-containing species in equilibrium. The most stable dimeric peroxo complex is [(p-

n>?-0,) {ZrW5015},]> (shown in Figure S11), being only 0.5 kcal mol™” above 2 in terms of free



energy. This species is followed in stability by two monomeric complexes, the Zr-hydroperoxo
[Ws0,5Zr(n>-O0H)]*" and the Zr-peroxo [HW50,3Zr(n>-00)]> protonated at a bridging Zr-O-W site
(Figure S11), which are only 0.8 and 1.0 kcal mol™ less stable than their dimeric partner, indicating
that indeed, the equilibria between these species should be sensitive to the concentration of oxidant.
Dimeric structures in which both bridging ligands contain peroxo or hydroperoxo units were

computed to be less stable, being above in energy than 2 by 6.9 and 9.8 kcal mol™, respectively.

H
g O\ HO: C 8§ H,0, /o\
Gr\“ 3 v :) o \_4\97%
2(0.0) (+4.2) H (+9.8)
/ o
G2 GAD = CGAD
H X907
H

(+0.5) (+2.7)
H20 | H,0, (+6.9)
-0 -0
i Czr\OH - Cz)r\o
(+1.3) ‘H (+1.5)

Scheme 2. DFT study of the possible species formed upon the interaction of 2 with aqueous H,O,

that would correspond to species 3-11. Relative Gibbs free energies in kcal mol™.

Notably, the DFT-simulated IR spectra of the species in Scheme 2, shown in Figure 7, can
nicely reproduce the variations observed experimentally upon treating 2 with H,O, (Figure 6a). First,
the feature at 742 cm™ (experimentally at 735 cm™), associated to the bending of the p-OH protons
(Figure S12) disappears in the peroxo complexes; whereas a new band appears at 772 em’
(experimentally at 791), associated to the wagging of Zr-bound oxo ligands of the ZrO4 moiety, as
shown in Figures S13 and S14. Note that in going from the dihydroxo dimer 2 to the peroxo dimer,
one of the POM subunits flaps out of the {Zr(1>-O,)} plane, resulting in a change of the symmetry

that makes the band associated to the wagging of ZrO, active (see Figure S12 and S13). Also along

the series, simulated spectra show shifts to higher energies of the bands at 967 and 793 cm™, which
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can be also appreciated in Figure 6a. This trend can be ascribed to global charge effects that reduce
the negative charge of the tungstate framework and yield more compact structures with shorter W-O
bond distances. Finally, the new band that appears for the monomeric Zr-(n*-00) at 748 cm™ (Zr-

oxo wagging shifted down by the effect of protonation, Figure S14) could be related to the shoulder

at ca. 760 cm™ observed in the experimental spectra upon increasing the amount of H,O, (Figure 6a)].L/{ Comentario [c1]: Here I eliminated a }

duplicate sentence
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Figure 7. Comparison of the DFT-simulated IR spectra for compound 2 and the most stable Zr-

peroxo species.

The spectroscopic analysis (UV-vis, ’O NMR, IR and Raman) was extended to a series of
solids prepared by the addition of different amounts of H,O, to complexes 2 and 1 (see Table 1 for
details). These results, as well as the use of combined HPLC-ICP-AES technique, collectively
support the formation of dimeric and monomeric peroxo Zr complexes, as described above (see
Figures S16-S23, and corresponding discussion in the Supporting Information). We also employed
the HR-ESI-MS technique to characterize the peroxo species formed upon interaction of dimer 2 and
H,0, (see Figures S24-S28, and corresponding discussion in the Supporting Information). The HR-

ESI-MS spectra showed peaks corresponding to dimeric peroxo anion (BusN)H[{W503Zr},(u-
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-0 (x = 04, y = 0-4) (Figure S24) and, most likely, monomeric zirconium superoxo
species  [{Ws01sZr}(OOH)]* and [BuyN{Ws0sZr}(0,)] which might derive from the
corresponding hydroperoxo [{Ws013Zr}(OOH)]* and peroxo [BusN{Ws0,sZr}(0,)]", respectively,
under the conditions of the HR-ESI-MS measurements (Figure S25). Interestingly, these three anions
are analogous to computed, lowest-energy, peroxo species resulting from the reaction of dimer 2
with H,O, (Scheme 2). So far, attempts to grow X-ray quality crystals of the peroxo Zr species
formed in the excess of HyO, failed, most likely because of the high lability of Zr(IV) terminal
ligands.'” The product from the reaction between 2’ and 1 equiv. of H,O, (per Zr) was apparently
unstable, and crystals obtained by crystallization at -20 °C were shown to be 2 by a single-crystal X-

ray diffraction study.

Reactivity of Zr-peroxo Species. We also investigated the stoichiometric interaction of the
isolated peroxo species 3—11 with CyH and MPS as model substrates of different nucleophilicity.
Scheme 2 provides tentative structures for these peroxo species derived from DFT calculations.
Tables 5, S5, and S6 collect the results for CyH and MPS substrates, respectively. Peroxo species 3
and 4 obtained using 5 and 10 equiv. of H,O, per Zr were completely inactive in CyH oxidation,
while both 1 and 2-derived peroxo species (compounds 8 and 5) obtained using 20 equiv. of H,O,
revealed some activity toward CyH (Table 5). Compounds 6, 7, and 9 prepared with 35-50 equiv. of
H,0, were able to oxidize CyH under stoichiometric conditions, leading to epoxide and diol with a
fairly good carbon and oxygen mass balance under the assumption that one active oxygen is present
in the peroxo species (Table 5). 2-Derived peroxo species 10 and 11 obtained using 35 equiv. of 50
or 77% H,0, revealed CyH oxidation activity similar to that of 6 and 1-derived 9. The addition of
BusNOH in the amount of 1 equiv. to Zr resulted in deactivation of the peroxo species, while 1
equiv. of acid favored further oxidation of CyH and formation of ketol (Table 5). Interestingly, the

addition of one more equivalent of protons did not stimulate further oxidation.
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Table 5. Stoichiometric Oxidation of CyH with Isolated Zr-peroxo Species

Peroxo species CyH conv., % TOF, Product yield, %
min™' Epoxide Diol  Ketol

3 No reaction

3 +1 equiv. H™ No reaction

4 No reaction

4+1 equiv. H™ 11 0.01 3 3 2
5 9 0.02 6 2 -
5+1equiv. H* 25 0.03 6 11 8
6 20.5 0.07 16 4 -
6+ 1equiv. H* 34 n.d. 4.5 20 9
6+2equiv. H” 33 n.d. 6 20 7
6+ 1 equiv. OH* 5 0.005 1 2.5 -
7 20.5 0.07 17.5 2.5 -
8’ 12 0.03 6.5 5 -
9’ 20 0.08 15 5 -
10 20 0.07 17 3 -
11 21 0.07 16 5 -

Reaction conditions: 0.016 M Zr, 0.08 M CyH, CH;CN 1 mL, 26 °C, 1 h.
“0.016 M HC1O4.%0.032 M HCIO4.€0.016 M BuyNOH (enol 1% was also formed). d Prepared from

monomer 1 while other peroxo species derived from dimer 2.

All peroxo derivatives 3-11 revealed activity in the oxidation of the thioether MPS (Table
S5). Moreover, the yields of the oxidized products, sulfoxide and sulfone, increased significantly
with the increasing amount of H,O, used in the synthesis of the peroxo species, indicating a growing
amount of active peroxo groups (Tables S5 and S6). As discussed above, increasing the amount of
H,0, favors the generation of monomeric (hydro)peroxo species, in which the number of active
peroxo moieties per Zr atom is larger than for the low-energy peroxo dimers (see Scheme 2). Yet, we

cannot completely exclude that such compounds possibly comprise peroxo groups coordinated not
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only to Zr(IV) but also to W(VI). If so, these tungsten peroxo species are very weak because no
changes in the 'O NMR spectra could be observed upon addition of H,O, to W.

In the next section, we will also show that computed barriers for oxygen transfer from
monomeric species are lower in energy than from dimeric structures, explaining the trends observed
in the oxidation of CyH substrate: the larger amount of H,O, is used in the synthesis, the larger
proportion of monomeric species are obtained, and the more oxidation activity is observed (Tables 5

and S6).

DFT Characterization of the Reaction Mechanism. Next, we conducted DFT calculations
in order to provide an atomistic description of the reaction mechanism. Figure 8 shows the calculated
Gibbs free energy profile for the epoxidation of CyH catalyzed by the Zr-hydroxido species
[Ws0,5Zr(OH)]*, namely A, which corresponds to the active form of the catalyst that is regenerated
after the oxygen transfer to the substrate from the monomeric hydroperoxo species represented in
Scheme 1. As calculations will show (see discussion below), and in line with the interpretation of
experimental results, the monomeric (hydro)peroxo species are significantly more reactive than the
corresponding dimeric ones. Also, it is worth noting that although the assembly of two monomeric
hydroxido complexes A to form dimer 2 is slightly exergonic (by 2.7 kcal mol™), under catalytic
conditions, the dimerization of A is less likely than the reaction with H,O, and the substrate, which
are at much higher concentrations. Therefore, the dimer 2 should act as a catalyst precursor, and its
formation in significant amounts is unlikely during the turnovers. We also want to point out that in
water solvent, complex A might spontaneously coordinate a water molecule to generate a
[Ws0,5Zr(OH)(OH,)]* species,'” ' although this process was computed to be slightly endergonic
in acetonitrile (AG = +1.7 kcal'mol™). Thus, as illustrated in Figure 8, the catalytic process can
initiate by the coordination of a H;O, molecule to A forming the adduct A-HP (AG = -1.0 kcal mol

", in which one oxygen atom of the oxidant is incorporated to the labile coordination sphere of
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Zr(IV). Then, the heterolytic activation of H,O, proceeds through a rapid proton transfer from the
oxidant to the hydroxido ligand involving TS-1 (AGi = 6.9 kcal mol™), which can be accelerated by
the assistance of a water molecule acting as a proton shuttle. This latter pathway proceeds through
transition state TS-1,, and has a very low free-energy barrier of 3.7 kcal mol”'. The computed
geometries for TS-1 and TS-1y are represented in Figure S29. The overall formation of Zr-
hydroperoxo complex B from A is exergonic by 1.4 kcal mol”. Complex B can coexist in
equilibrium with the Zr-peroxo complex C protonated at a Zr-O-W bridging site of the POM because
the computed energy difference is only 0.2 kcal mol™ (see Figure 8) and there is a smooth free-
energy barrier connecting B and C, 13.5 and 5.7 kcal mol™ for non- and water-assisted mechanisms,
respectively (see Figure S30 for the corresponding transition state structures).
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Figure 8. Gibbs free-energy profile (kcal mol™) for the epoxidation of CyH with H,0, catalyzed by
A. Black solid lines correspond to the minimum-energy reaction pathway, whereas dashed lines are

associated to more energetic mechanisms.
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As shown in Figure 8, the oxygen transfer to the double bond of the alkene can be attained
more easily from the Zr-hydroperoxo B through transition state TS-2B (Figure 9a) with a moderate
free-energy barrier (20.7 kcal mol), whereas a prohibitively high barrier of 34.9 kcal mol™ is
computed for the transfer from Zr-peroxo species C through transition state TS-2C (Figure 9b). This
process readily yields the epoxide product irreversibly and regenerates the active form of the catalyst
(A). Thus, the monomeric Zr-hydroperoxo B was identified as the active epoxidizing species and the
hydroperoxo a-oxygen transfer as the rate-determining step. In line with the interpretation of
experimental results, the computed free-energy barriers for the O-transfer to CyH from dimeric
peroxo  [(L-1°m*0,){ZrWs0i5},]* (D) and hydroperoxo [(n-n*m*-OO0H)(u-OH){ZrWsOs},]"
complexes are significantly higher in energy (29.6 and 28.9 kcal mol ™, respectively; and Figures 9¢
and S31 for transition state structures). Interestingly, in the latter case the B-oxygen transfer from the
Zr bridging hydroperoxo becomes very close in energy to the a-oxygen one (< 1 kcal mol”; see

110

Figure S31), indicating that Zr-hydroperoxo moiety is in a hindered environment.  ~ In fact, we have

shown that the steric repulsion between the alkene substrate and the POM framework can influence

the activity of epoxidation reactions.'"!

Accordantly, the computed barriers for the oxygen transfer to
the more reactive and less sterically demanding MPS substrate''? from monomeric hydroperoxo
complex B and dimeric peroxo complex D (18.5 and 22.3 kcal mol™, respectively) are lower than for
CyH substrate and closer to each other (Figure S33). Moreover, the barrier for the dimeric structure
becomes accessible at the reaction conditions, explaining why experimentally this species does not
react with alkenes but it does with thioethers. Figure 10 shows a summary of the mechanistic
proposal for the different substrates.

To further validate the proposed mechanism, we compared the DFT results with the
experimental Arrhenius activation energy (E,) for the epoxidation of CyOct. In the absence of

thermal and entropic effects, the rate-determining step (B — TS-2B) has a zero-point-corrected

energy barrier of 9.5 kcal mol™ for the epoxidation of CyOct (10.0 kcal mol™ for epoxidation of
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CyH), which is very close to the experimental £, value of 10.3 kcal mol™'. Additional calculations on
the a-oxygen transfer to carvone substrate by Zr-hydroperoxo complex B also support the
electrophilic nature of the proposed epoxidizing species. Thus, the computed free-energy barrier for
the a-oxygen transfer to the more nucleophilic 7,8 double bond (E(mc=c) = -7.05 eV) was 24.2 kcal
mol™, 2.3 kcal mol™ lower than that to the less nucleophilic 1,2 bond (E(mc=c) = -7.23 eV). The
difference between these free-energy barriers is in qualitative, if not quantitative, agreement with the

experimental product distribution (Table 3).

AG*O-transfer =20.7 AG*O—transfer =34.9

(c)

S Zr Zr’ 202 Z,
2A — \O’ N 2 H,0 l.r\O/ N
(0.0) 2(27) D (2.2)

(+27.3)
AG ¢0-transfer =29.5

Figure 9. Optimized geometries of the transition states for the oxygen-transfer to CyH by
monomeric hydroperoxo species, TS-2B (a), monomeric peroxo, TS-2C (b), and dimeric peroxo,
TS-2D (c). Free-energy barriers, and relative free-energies respect to compound A (in parenthesis)

are given in kcal mol™'. Main distances are shown in A.
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Figure 10. Schematic summary of the key mechanistic findings for the oxidation of organic

substrates with H,O, catalyzed by Zr-monosubstituted Lindqvist tungstates.

We next investigated how the presence of acid additives affect the reaction mechanism and
accelerate the reaction kinetics (compare entries 1 and 4 with 2 and 5 in Table 2). Previous studies
with Ti and Nb POMs already showed that the protonation of the catalyst (decreasing its formal
negative charge) results in a higher electrophilic character of the TM-(hydro)peroxo group and

therefore, decreases the energy barrier for the O-transfer step.”>”

For Zr-hydroperoxo species we
find an analogous situation (Figure S34). Upon protonation, we found that the free-energy barrier for
the O-transfer step is reduced from 20.5 to 17.7 kcal mol™. The protonation of dimeric peroxo [(u-
n2n?-0,2){ZrWs015},]% (D) complex also reduces the computed free-energy barriers for the O-
transfer to CyH by 3.7 kcal-mol”. However, the resulting barrier of 25.8 kcal-mol” would still be
higher than that of the monomer (20.5 kcal-mol™). Moreover, under acidic conditions the Zr-
hydroxido complex A could evolve to a Zr-triaqua species [Ws015Zr(OH,)3]%, """ which lies
slightly below in energy than the protonated Zr-hydroperoxo By and may act as the resting state of
the protonated catalyst. Nevertheless, the overall free-energy barrier computed from Zr-triaqua
species (18.6 kcal mol”, see Figure S34) is still lower than that calculated for the non-protonated

catalyst. Moreover, low pH may also help in displacing the dimer-monomer equilibrium towards the

monomer due to the protonation of terminal hydroxido ligands, which are essential for the
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dimerization process.'” As discussed above, the monomeric forms of the catalyst regenerated after
each catalytic cycle are unlikely to dimerize; however, we cannot discard some improvement of the
activity by accelerating the dissociation of dimeric precatalyst via protonation. It is also worth to note
that other authors have shown that the dimer/monomer equilibrium of POMs controls the generation
of active species for other catalytic processes.'"

Finally, we compare the results obtained here for the Lindqvist Zr(IV)-POM
[WsO,5Zr(OH)(OH,)]>” with our previous calculations on analogous Ti(IV)- and Nb(V)-POMs,”>*
in order to understand the effect of metal nature on catalytic activity. Experimentally, the apparent
activation energies follow the order: Zr(IV) < Nb(V) < Ti(IV) (see above); and accordantly, the
computed overall free-energy barriers are: 20.7, 26.3 and 29.8 kcal mol™, respectively. The trend in
going from Nb(V) to Zr(IV) catalyst may seem surprising. Both metal centers have flexible
coordination environment, which are able to accommodate distorted 6-coordinated transition states,
but Nb has a higher oxidation state that enhances the electrophilicity of the metal-hydroperoxo
moiety.” Indeed, if we compare the single step of oxygen transfer from metal-hydroperoxo species,
the computed free-energy barrier for the Lindqvist Nb(V)-POM (17.6 kcal mol™) is lower than for
the corresponding Zr(IV)-POM (20.7 kcal mol™"). However, looking at the complete picture of the
reaction mechanism unveils another complementary factor that enhances the catalytic activity of Zr-
POMs. Unlike Ti(IV)- and Nb(V)-Lindqvist catalysts, which form highly stable HWsTM-(n*-O0)
resting states that have to interconvert into less stable WsTM-(n*-OOH) species to react with alkenes,
Zr(IV) prevents the peroxo species from being significantly more stable than the epoxidizing
hydroperoxo species, resulting in a formal reduction of the overall free-energy barrier and in turn, in

the acceleration of the reaction rate.

CONCLUSIONS
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Zr(IV)-substituted  Lindqvist-type  polyoxotungstates, (BusN),[Ws0,sZr(H,0);] (1) and
(BuwN)g[ {W5013Zr(n-OH)},] (2), were successfully applied as catalysts for the mechanistic
understanding of selective oxidation reactions mediated by H,O; via heterolytic mechanisms. The
scope of the reaction spans from epoxidation of unfunctionalized alkenes and a,B-unsaturated
ketones to the sulfoxidation of thioethers. The presence of catalytic amounts of acid accelerates the
reaction rate and enhances its selectivity, reaching oxidant utilization efficiency up to >99%. A
comprehensive study by means of a wide variety of experimental and computational techniques,
allowed us to identify three main Zr-peroxo species that are formed in equilibrium upon treating 2
with H,0,: a [(u-n”m*-0,) dimeric; and two monomeric complexes bearing terminal peroxo or
hydroperoxo ligands. Kinetic studies indicate that the reaction mechanism involves an oxygen
transfer from a monomeric complex to the substrate and determined an activation energy (10.3 kcal
mol™) for the epoxidation of CyOct that is lower than those reported previously for Nb(V)- and
Ti(IV)-substituted Lindqvist catalysts.

DEFT calculations on the reaction mechanism reproduce experimental trends and identify the
monomeric Zr-hydroperoxo intermediate as the real epoxidizing species. The reaction proceeds
through the heterolytic, a-oxygen transfer of Zr-hydroperoxo moiety to the nucleophilic C=C bond
that was found to be the rate-determining step of the catalytic cycle, accounting for a free-energy
barrier of 20.5 kcal mol™. The protonated form of the catalyst reduces its overall free-energy barrier
by ca. 2 kcal mol™, as a result of the increase of the polyoxometalate electrophilic character, which
explains the experimental trends upon acid addition. The higher reactivity of the monomeric form of
the catalyst compared to the dimer was ascribed to the steric repulsions that hamper the approach of
the alkene substrates to the electrophilic oxygens of the dimer. Also, the higher activity of Zr(IV)-
based catalysts in comparison to Nb(V)- and Ti(IV)-substituted analogues was ascribed to two
complementary factors: i) the high flexibility of the Zr coordination sphere that stabilizes the 7-fold

coordinated transition state structure for the O-transfer step; and ii) the low tendency to form deep-
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well, low-reactivity, Zr-peroxo intermediates due to the similar Bronsted basicity of the Zr-peroxo
group and the Zr-O-W bridging sites. We hope that the understanding of the reaction mechanism and
of the factors affecting the activity will not only serve to generate fundamental knowledge to this

important catalytic process but to provide criteria for the design of novel catalysts.
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