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This study explores the catalytic performance of molybdenum (Mo)- and vanadium (V)- containing Keggin
polyoxometalates (POMs) of general formula (PMolg_XVxO‘;o)(B“)’ (x = 0,1,2). The studied molecular complexes
bear protons (HPAs) or organic cations such as butylpyridinium (BuPyr), 1-butyl-3-methylimidazolium (BmIm),
and tetrabutylammonium (TBA). POMs were also ionically immobilized on silica beads functionalized with 1-
methylimidazolium or pyridinium moieties, enabling catalyst recovery and recycling. HPAs, molecular POMs
and immobilized ones were evaluated as catalysts for the oxidation of linalool towards pyranoid (P) and furanoid

(F) using hydrogen peroxide (Hz02) or tert-butyl hydroperoxide (TBHP) as oxidants. With 0.25 % POM/substrate
molar ratio, some heterogeneous systems demonstrated high catalytic efficiency (80 % conversion) and up to 70
% selectivity towards F + P products over four consecutive runs. Different parameters were studied including
organic solvent-free processes, recycling tests and green metrics.

1. Introduction

Oxidation reactions are essential transformations in the vast land-
scape of chemical processes. The applications of resulting products
range from energy production to the synthesis of valuable products in
industries such as pharmaceuticals, agrochemicals, and materials sci-
ence [1]. For example, oxidation of alcohols into aldehydes or ketones is
crucial in both laboratory-scale research and large-scale industrial pro-
duction [2]. Historically, these reactions have been carried out under
harsh conditions, usually requiring stoichiometric amounts of toxic
metal-based oxidants such as chromium [3,4] or permanganate salts [5],
chlorinated solvents [6], and elevated parameters such as temperatures
or pressure [7]. This results in the generation of substantial chemical
waste, including hazardous byproducts which pose serious environ-
mental and health risks [8].

In recent decades, chemistry has shifted towards greener and more
sustainable methods [9,10]. Among them, most of the energy-sober
processes used catalysis. Catalytic oxidation systems, particularly
those using metal-based catalysts, have garnered much attention for
their ability to reduce waste and energy consumption by employing
milder, greener conditions. The transition from traditional non-green

oxidants to greener alternatives such as molecular oxygen O, [11,12]
hydrogen peroxide (H203) [13], and tert-butyl hydroperoxide (TBHP)
[14] has become a central focus in the development of oxidation re-
actions. However, activating these oxidants under mild conditions while
maintaining high efficiency and selectivity remains a significant chal-
lenge [15]. Another major goal in the field of “green chemistry” is to find
an alternative to chemicals based on fossil resources as starting reagents
[16]. One promising approach involves the use of biomass-derived
substrates, such as terpenes, providing renewable, natural alternatives
to fossil-based chemicals. In this context, terpenols are among the tar-
geted substrates that can lead to high value compounds [17]. The pre-
sent work focused on the synthesis of furanoid (F) and pyranoid (P)
scaffolds (Scheme 1). Those two molecules are valuable compounds in
drug synthesis and biological applications [18,19]. In recent years, these
building blocks, have been classically synthesized through 5-hexenol
ring closure or reactions between homoallylic alcohols and aldehydes
for example (Scheme 1, left and right) [20,21]. They can also be syn-
thesized directly from Linalool (L), a biomass based substrate, using
peracetic acid or m-CPBA in toxic solvents such as dichloromethane
(Scheme 1, middle) [22,23]. However, all these methods generated
substantial waste.
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Interestingly, in 2020, Villanculo et al. reported the 1-step synthesis
of compounds F and P from linalool, using hydrogen peroxide as the
oxidant and acetonitrile as the solvent, in the presence of a lacunary
Keggin-type catalyst [24] (Scheme 1, middle). Under these conditions,
combined yields of F and P ranged from 40 % to 80 %, with best results
obtained using a 0.33 mol% catalyst loading. This greener approach,
based on a biomass-derived starting material, was also validated by our
group, employing molybdenum and vanadium Schiff base coordination
complexes as catalysts, achieving higher yields of F and P, ranging from
8 % to 85 % [25].

Our research focuses on the development of recyclable catalytic
systems for biomass-derived substrates. Polyoxometalates (POMs), a
class of metal-oxygen clusters known for structural stability, tunable
redox properties, acidity, and solubility in various media, have attracted
considerable attention due to their ability to activate mild oxidants such
as HoOy and TBHP [26], making them ideal candidates for oxidation
reactions [11,12]. Among the various strategies for POM recovery and
reuse, two approaches emerged: the formulation of POM-based ionic
salts [27-29] and the heterogenization of POMs onto solid supports
[30-32]. The combination of POMs with organic cations offers a syn-
ergistic enhancement of their respective properties, improving perfor-
mance and versatility, particularly in oxidation catalysis. For
heterogeneous systems, amorphous silica is preferred as support due to
its thermal stability, commercial availability and ease of functionaliza-
tion [32,33].

Based on previous works on Merrifield resin as a support for POMs
[34,35], highlighting the superior activity of mixed Mo/V POMs [35],
and the successful ionic grafting of POMs onto modified silica surfaces
[31,32,36], the present study reports the green oxidation of linalool into
F and P using both homogeneous and heterogeneous POM-based cata-
lytic systems. We compare herein the reactivity of three synthesized
POMs (PMolz_xVxO40)(3+X)' (x = 0,1,2) in combination with several
organic cations, tetrabutylammonium (TBA), 1-butyl-pyridinium (BP),
and butylmethylimidazolium (BmIm). For heterogeneous catalysis,
silica-supported POMs were prepared via surface functionalization. Ef-
ficiency, recovery, and reusability of these systems under solvent-free
conditions are evaluated, with particular attention to the selectivity
towards targeted derivatives using aqueous TBHP and Hy0; as oxidants.

2. Experimental
2.1. Materials

All materials were used without further purification. Organic sol-
vents: (Acetonitrile, ethanol, methanol, diethyl ether, toluene, pyri-

dine), Linalool (96 %, TCI), 2-(5-methyl-5- vinyltetrahydro-furan-2-yl
propan-2-ol) (97 %, Aldrich), 2,2,6-Trimethyl-6-vinyltetrahydropyran-
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3-ol (98 %, TCI), Hy04 (35 %, ACROS), TBHP,q (70 % TBHP in water,
ACROS), dodecane (99 %, Aldrich), Molybdatophosphoric acid hydrate
(Merck) denoted as H3PMo01204¢, Sodium-molybdate dihydrate (99 %,
THERMO SCIENTIFIC), Sodium metavanadate (Alfa Aesar), Disodium
phosphate (Acros 99 %), Sulfuric acid (95 %, Sigma Aldrich), 1-butyl
pyridinium bromide (Fluka 99 %), Butyl methyl imidazolium chloride
(synthesized) [37], 1-methyl imidazole (Acros 99 %), Tetrabuty-
lammonium bromide (Acros 99 %), TEOS (tetraethyl orthosilicate)
(Merck), Ammonia solution (Sigma Aldrich 28 %), Chloropropyl trie-
thoxysilane (TCI 97 %) were used as received.

2.2. Methods

Powder X-ray diffraction: The solids were analyzed by X-ray
diffraction (XRD) with a Bruker (Karlsruhe, Germany) D2 X'Pert PRO
diffractometer using Cu Ka radiation (40 kV and 40 mA).

Dynamic Light Scattering (DLS): Particle samples were prepared in
water or methanol. Sonication of particles suspension was made before
DLS analysis during 10 min facilitating the dispersion of silica particles.
Hydrodynamic diameters of the particles in suspension were obtained
with a ZetaSizer Nano-ZS (Malvern Instruments Ltd., Worcestershire,
UK,) at 25 °C. This equipment uses a laser (He—Ne at A = 633 nm, under
voltage of 3 mV) and the detector was located at 173° to analyze the
scattered intensity fluctuations.

Solution NMR: 'H NMR, '3C{'H}-NMR and 3'P{'H}-NMR spectra
were recorded on Bruker (Fallanden, Switzerland) NMR III HD 400 MHz
spectrometers. 400 MHz for 'H NMR, 101 MHz for *C NMR and 162
MHz for 3P NMR. 'H and '°C chemical shifts (5) are reported in ppm vs.
SiMe,4 and were determined using the residual 'H and *>C solvent peaks
as internal standards. The coupling constants are reported in Hertz.

Solid state NMR: Solid state NMR: MAS NMR experiments were
recorded on Bruker Avance (Fallanden, Switzerland) 400 III HD spec-
trometers operating at magnetic fields of 9.4 T. Samples were packed
into 4 mm zirconia rotors. The rotors were spun at 8 kHz at 293 K. 'H
MAS was performed with DEPTH pulse sequence and a relaxation delay
of 3's. For 2°Si MAS single pulse experiments, small flip angle of 30° were
used with a recycle delays of 60 s. >C CP and 2°Si CP MAS spectra were
recorded with a recycle delay of 2 s and contact times of 3 ms and 4 ms,
respectively. Chemical shifts were referenced to TMS. All spectra were
fitted using the DMfit software (version 20,190,125).

EDX-SEM: EDX-SEM experiments were recorded using JSM-7800F
Prime machine performed by service de Microscopie Electronique -
LCC CNRS Toulouse.

Elemental analysis: The elemental analyses were carried out by the
analytical service of the LCC-Toulouse by using a PerkinElmer 2400
CHNS/O Series II System (100 V).

ATR-Infrared (ATR-IR) spectra were recorded using the ATR
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[}
% l
Propargyl Oxirane s

Scheme 1. Synthesis of F from propargyl oxirane (left), Synthesis of P from geranyl acetate (right) and F and P Synthesis from Linalool (middle)
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technique with a Perkin Elmer FTIR/FIR 400 spectrometer.

Quantification of the number of POMs per gram of grafted silica
through 31p{1H} NMR in solution: 5 mg of SiO,@PM was added in 4 mL
of DyO/NaOH solution (pH = 13) in an NMR tube. The mixture was
heated until the powder completely dissolved. The PM amount per gram
of the SiO2@PM sample was calculated from calibration curves @ =
0.999) obtained with different concentrations on phosphates at the same
pH considering the 3'P NMR shift around —4.7 ppm.

Centrifugation: The silica beads were collected by centrifugation on a
Sigma 2-16P with 11,192 rotor (Max. rpm 4500, Sigma, Osterode am
Harz, Germany).

Gas chromatography: The catalytic reactions were followed by gas
chromatography (GC) on an Agilent 7820 A chromatograph equipped
with an FID detector, a DB-WAX capillary column (30 m x 0.32 mm x
0.5 pm) and autosampler. L conversion and F and P formation were
calculated from the calibration curves (r2 = 0.999) and dodecane as
internal standard. All parameters of the reactions were deduced from
those measurements. The exact definitions of TON and TOF are given in
footnotes of each Table.

X-ray structural analyses: Single crystal of (BmIm)sPMo;s was
mounted on a MiTeGen MicroLoop using perfluoropolyether oil. Data
were collected on a Rigaku XtaLAB Synergy Dualflex diffractometer
using a PhotonJet X-ray source (MoKa, A = 0.71073 A). An Oxford
Cryosystems Cryostream cooling device was used to collect data at low
temperature (100(2) K). Omega scans were performed for data collec-
tion. An empirical absorption correction was applied and the structures
were solved by intrinsic phasing method (ShelXT) [38]. All non-hy-
drogen atoms were refined anisotropically by means of least squares
procedures on F? with ShelXL [39]. All the hydrogen atoms were refined
isotropically at calculated positions using a riding model. ORTEP views
of the asymmetric units of the crystal structures with labeling of all non-
H atoms, and tables giving crystal data and structure refinement pa-
rameters are available in the ESI.

Crystallographic data (excluding structure factors) have been
deposited with the Cambridge Crystallographic Data Centre as supple-
mentary publication no. CCDC 2475932. Copies of the data can be ob-
tained free of charge on application to the Director, CCDC, 12 Union
Road, Cambridge CB2 1EZ, UK (fax: (+44) 1223-336-033; e-mail: dep
osit@ccdc.cam.ac.uk).

2.3. Preparation of catalytic components

2.3.1. Synthesis of heteropolyacids (HPAs)

H4PMo1,V1040 and HsPMo,(V2049 were synthesized according to
the published procedure [40]. ATR-IR for the three HPAs. y(cm_l):
1055-1100 (P—O), 1000-900 (M-O), 850-700 (M-O-M). H3PMo01204¢:
31p{lH} NMR (162 MHz, DMSO-dg) 5 (ppm) = —0.5 (minor), —4
(major). H4PMo11V1040: 3'P{'H} NMR (162 MHz, DMSO-de) 5 (ppm) =
—1, —4.11. HsPMo1V2040: >'P{'H} NMR (162 MHz, DMSO-dg) &
(ppm) = —1 (minor), —4.5 (major).

2.3.2. General synthesis of organic salts of POMs

Organic Salts of POMs were synthesized by mixing the corresponding
HPA with x equivalent of tetrabutylammonium bromide, butylmethyli-
midazolium chloride, or 1-butylpyridinium bromide in water. The
precipitated salts were filtered, washed with water then dried. Syntheses
of (BmIm)3PMo;,, (BmIm)4PMo;1V, (BuPyr)sPMo;; and (BuPyr)4P-
Mo;1V have already been reported [35]. Only syntheses of new com-
pounds are reported in this manuscript.

(BmIm)5PM010V2: H5PM010V204().31H20 (1 8, 0.43 mrnol) was
mixed with 1-butyl-3-methyl imidazolium chloride (0.47 g, 2.1 mmol)
in 10 mL water at room temperature for 4 h. The orange salt formed was
filtered and dried under vacuum. Yield: 91 %. Elem. Anal. Calc: C, 19.70;
H, 3.11; N, 5.77. Found: C, 19.78; H, 3.11, N, 5.00. ATR-IR v (ecm™b):
3150-2850 (CH), 1564 (C=C), 1463 (C—N), 1061 (P—O0), 955 (Mo =
0), 740-880 (M-O-M). *H NMR (400 MHz, DMSO-ds) 5 (ppm) = 9.1 (s,
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1H, NCHN), 7.78 (s, 1H, NCH), 7.72 (s, 1H, NCH), 4.21 (t, J = 7.1 Hz,
2H, NCHy), 3.89 (s, 3H, NCH3), 1.81 (m, 2H, CHy), 1.25 (dq, J = 14.7,
7.3 Hz, 2H, CHy), 0.85 (t, J = 7.4 Hz, 3H, but-CHs). 1*C{'H} NMR (101
MHz, DMSO-dg) § (ppm) = 136.93, 124.11, 122.76, 56.48, 36.2, 31.84,
19, 13.74. 3'P{'H} NMR (162 MHz, DMSO-d¢) 6 (ppm) = —1.44
(minor), —4.61 (major).

(BuPyr)sPMo;oVa: HsPMo1gV2040.31H20 (1 g, 0.43 mmol) was
mixed with 1-butylpyridinium bromide (0.47 g, 2.1 mmol) in 10 mL
water at room temperature for 4 h. The light orange salt formed was
filtered and dried under vacuum. Yield: 92 %. Elem. Anal. Calc: C, 22.30;
H, 2.00; N, 2.90. Found: C, 19.60; H, 2.16; N, 2.61. ATR-IR u(cm’l):
3150-2850 (CH), 1629 (C=C), 1484 (C—N), 1052 (P—0), 942 (Mo =
0), 740-880 (Mo-O-Mo). 'H NMR (400 MHz, DMSO-dg) 6 (ppm) = 9.01
(d, J=5.4 Hz, 2H, Py-CHN), 8.53 (t, J = 7.8 Hz, 1H, Py-CH), 8.10 (t, J =
7.1 Hz, 2H, Py-CH), 4.57 (t, J = 7.4 Hz, 2H, NCH>), 1.84 (p, J = 7.7 Hz,
2H, CHy), 1.22 (1.21 (h, J = 7.4 Hz, 2H, CHy), 0.82 (t, J = 7.4 Hz, 3H,
but-CHs). '3C{'H} NMR (101 MHz, DMSO-ds) § (ppm) = 145.73,
144.96, 128.41, 60.96, 32.97, 19.02, 13.59. 31P{lH} NMR (162 MHz,
DMSO-dg) 6 (ppm) = —4.58.

(TBA)3PMo1: H3PMo015040.21H20 (1 g, 0.45 mmol) was mixed with
tetrabutylammonium bromide (0.41 g, 1.3 mmol) in 10 mL water at
room temperature for 4 h. The light-yellow salt formed was filtered and
dried under vacuum. Yield: 90 %. Elem. Anal. Calc: C, 22.60; H, 4.20.; N,
1.60. Found: C, 22.80; H, 4.31; N, 1.80. ATR-IR v(crn*l): 3000-2850
(CH), 1060 (P—0), 950 (Mo = 0), 873 (C—N), 740-880 (Mo-O-Mo). 'H
NMR (400 MHz, DMSO-ds) 6 (ppm) = 3.18 (m, 8H, CH,N), 1.58 (m, 8H,
CHa), 1.34 (m, 8H, CHy), 0.95 (t, J = 7.3 Hz, 12H, CHs). '*c{'H} NMR
(101 MHz, DMSO-dg) § (ppm) = 59.97, 23.53, 19.69, 13.97. 3'P{'H}
NMR (162 MHz, DMSO-dg) 6 (ppm) = —1.1 (minor), —4.12 (major).

(TBA)4PMo11V: H3PMo011V040.28H20 (1 g, 0.43 mmol) was mixed
with tetrabutylammonium bromide (0.54 g, 1.7 mmol) in 10 mL water
at room temperature for 4 h. The orange salt formed was filtered and
dried under vacuum. Yield: 93 %. Elem. Anal. Calc: C, 27.90; H, 5.20.; N,
2.40. Found: C, 27.23; H, 4.88; N, 2.42. ATR-IR v(em™1): 30002850
(CH), 1058 (P—0), 952 (Mo = 0), 872 (C—N), 740-880 (Mo-O-Mo). 'H
NMR (400 MHz, DMSO-dg) § (ppm) = 3.17 (m, 8H, CH3N), 1.57 (m, 8H,
CH3), 1.33 (m, 8H, CHy), 0.94 (t, J = 7.3 Hz, 12H, CHz). *C{'H} NMR
(101 MHz, DMSO-dg) & (ppm) = 56.48, 23.53, 18.94, 13.95. 3'P{'H}
NMR (162 MHz, DMSO-ds) 6 (ppm) = —4.60.

(TBA)SPM010V2Z H5PM010V2040.31H20 (1 85 0.43 IIlHlOD was mixed
with tetrabutylammonium bromide (0.67 g, 2.1 mmol) in 10 mL water
at room temperature for 4 h. The brick orange salt formed was filtered
and dried under vacuum. Yield: 95 %. Elem. Anal. Calc: C, 32.60; H,
6.11.; N, 2.30. Found: C, 30.46; H, 5.95; N, 2.26. ATR-IR v(em™b):
3000-2850 (CH), 1057 (P—O0), 953 (Mo = 0), 871 (C—N), 740-880
(Mo-O-Mo). 'H NMR (400 MHz, DMSO-dg) & (ppm) = 3.09 (m, 8H,
CH3N), 1.5 (m, 8H, CHjy), 1.25 (m, 8H, CH3), 0.85 (t, J = 7.3 Hz, 12H,
CHs). 3c{'H} NMR (101 MHz, DMSO-ds) 6 (ppm) = 57.99, 23.55,
19.67, 13.98. 3'P{'H} NMR (162 MHz, DMSO-ds) 5 (ppm) = —4.38.

2.3.3. Stober silica synthesis: SiO2 [32]

36 mL of HoO (2 mol) and 33 mL of ammonia aqueous solution (28 %
wt) were mixed in 315 mL (7.8 mol) of methanol at room temperature.
Tetraethyl orthosilicate (20 mL, 0.09 mol) is added into the solution and
a white solid suspension appeared. The mixture was stirred at 55 °C for
6 h. The solid was washed with absolute ethanol (5 mL) four times and
collected by centrifugation. SiO, nanoparticles were dried under vac-
uum at 120 °C overnight. A white powder was obtained. Elem. Anal.
Found: C, 1.21 %; H, 0.87 %. ATR-IR y(cmfl): 2930-3707 (OH), 1053
(Si-0-Si), 942 (Si-OH), 795 and 434 (Si-O-Si). 2°Si CP MAS-NMR: 5
(ppm) = —92.1 (Q2), —102.6 (Q3), —112.5 (Q4).

2.3.4. General synthesis of SiO>@CL SiO,@Imd, SiO>@Pyr and
SiO,@POM

Chloropropyl substituted silica (§i02@Cl) was prepared by reaction
of 3-chloropropyltriethoxysilane with SiO [41]. SiOo@Imd and
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SiO.,@Pyr were synthesized by the substitution of the chlorine with
methyl imidazole and pyridine respectively according to reported pro-
cedure [42]. The grafting of the POMs on the functionalized silica
Si0,@Imd and SiO2@Pyr was realized by refluxing the functionalized
silica (1 g) after being sonicated in water, with the corresponding HPAs
(0.3 g) in 5 mL H»0 overnight. The obtained product was washed 3 times
with water after centrifugation. All the products were dried at 100 °C
overnight.

SiO2@c1: ATR-IR v(em™1): 2700-3700 (OH), 1440 (CH,), 1049
(Si—0-Si), 939 (Si-OH), 860 (CH,-Cl) 785 and 429 (Si-O-Si). 29gi cp
MAS-NMR: & (ppm) = —60.28 (T3), —68.17 (T3), —94.21 (Q3), —102.67
(Q3) -111.16 (Q4). 3C CP MAS-NMR & (ppm) = 58.79, 51.12, 45.11,
26.53, 16.85, 9.90.

SiO2@imd: E.A found (%): C = 2.11, H = 0.86, N = 0.49. Imd
loading:175 pmol/g. ATR-IR viem™1): 3000-3600 (OH and N—H), 1660
(C=N), 1049 (Si-0-Si), 962 (Si-OH), 795 and 440 (Si-O-Si). 2°Si CP
MAS-NMR: 8 (ppm) = —59.12 (T5), —68.96 (T3), —93.78 (Q2), —102.58
(Q3), —111.17 (Q4). 3C CP MAS-NMR: & (ppm) = 165.16, 137.27,
123.08, 58.86, 51.63, 35.18, 25.3, 17.21, 9.93.

SiO2@pyr: E.A found (%): C = 1.76, H = 0.46, N = 0.14. Pyr loading
102 pmol/g. ATR-IR v(cm’l): 2800-3600 (OH and N—H), 1620 (C=N),
1056 (Si—0-Si), 948 (Si-OH), 796 and 437 (Si-0-Si)-2Si CP MAS-NMR:
d (ppm) = —61.29 (Ty), —69.35 (T3), —93.78 (Q2), —102.63 (Q3),
—~111.57 (Q4). '3C CP MAS-NMR: & (ppm) = 145.35, 137.15, 135,
128.58, 123.2, 61.11, 58.80, 51.58, 35.9, 24.89, 17.21, 9.77.

Si02@imd@PMoy,, > Si CP MAS-NMR: & (ppm) = —58.9 (Ta), —68.17
(Ts), —93.78 (Q2), —102.65 (Qs3), —111.54 (Q4). '*C CP MAS-NMR &
(ppm) = 136.15, 124.11, 47.53, 36.50, 26.67, 10.6. >'P CP MAS-NMR: &
(ppm) -3.72. IR-ATR, v(em™) for all grafted POMs: 1055-1100 (P—O),
1000-900 (M-0), 850-700 (M-O-M). PMo; 4 loading = 37.0 pmol/g.

Si02@imd@PMo,,y, > Si CP MAS-NMR & (ppm) = —64.64 (T3), —93.82
(Q2), —102.67 (Q3) -111.58 (Q). 13C CP MAS-NMR & (ppm) = 143.29,
128.34, 62.35, 50.48, 24.19, 15.85, 8.3. 3P CP MAS-NMR & (ppm) =
—4.25. PMo1,V loading = 62.6 pmol/g.

Si02@imd@PMoyyyy, 2 Si CP MAS-NMR: & (ppm) = —68.86 (T3),
—94.00 (Qy), —102.48 (Q3), —110.95 (Q4). '3C CP MAS-NMR 5 (ppm) =
135.15, 124.13, 46.43, 36.25, 26.22,10.7. 31p CP MAS-NMR: § (ppm) =
—4.23. PMo1V2 Loading = 51.2 pmol/g.

$i02@pyr@PMoy, > Si CP MAS-NMR: & (ppm) = —57.92 (T2), —69.71
(T3), —94.09 (Qz), —102.62 (Q3), —111.62 (Q4). 13C CP MAS-NMR: &
(ppm) = 143.29, 128.34, 62.35, 50.48, 24.19, 15.85, 8.3. 3'P CP MAS-
NMR: & (ppm) = —3.78. PMo;3 Loading = 30.2 pmol/g.

SiO2@pyr@pMo,,,, 2>Si CP MAS-NMR: & (ppm) = —60.3 (T2), —69.77
(T3), —93.67 (Q2), —102.57 (Q3), —111.37 (Q4). 3C CP MAS-NMR &
(ppm) = 147.55, 127.33, 72.79, 57.81, 25.13, 16.25, 6.42. 3P CP MAS-
NMR: & (ppm) = —4.08. PMo;;V Loading = 33.3 pmol/g.

Si02@Pyr@PMo, . > Si CP MAS-NMR: § (ppm) = —57.47 (T2), —68.96
(T3), —93.61 (Q2), —102.87 (Q3), —111.48 (Q4). 3C CP MAS-NMR &
(ppm) =146.21,125.1,72,57.77,24.12,16.69, 7.13. 31p CP MAS-NMR:
8 (ppm) = —4.08. PMo;¢V3 Loading = 30.3 pmol/g.

2.4. Catalytic oxidation reactions

In a typical experiment, Linalool L (1.54 g, 0.01 mol), dodecane or
acetophenone as internal standard (0.1 mL), and 0.0025 equivalents of
POMs (as HPAs, in organic salt or grafted) were mixed in a round
bottomed flask. According to the nature of oxidant, once the reaction
temperature regulated as defined in experimental conditions, 2 equiv-
alents of oxidant (TBHP in water and H5O- in water (with/without
additional acetonitrile) were added to start the reaction. The reaction
mixture is left under stirring for 5 h in free POMs and organic POMs
cases and 24 h in grafted POMs case. Samples of organic phase of the
reaction mixture were withdrawn periodically and analyzed by GC-FID.
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3. Results and discussion
3.1. Synthesis and characterization of organic salts of POMs

The organic salts of POMs, OrgPOMs, were synthesized and evalu-
ated to assess the impact of deprotonation on catalytic performance.
OrgPOMs were also synthesized to mimic the ionic grafting of POMs
onto silica (see infra). These salts combine both POM core’s and organic
cation’s intrinsic properties [29]. Their syntheses were carried out in
water at room temperature via a simple mixing procedure involving
HPAs (H3PM012040, H4PM011V1040 and H5PM010V2040) and onium
halide OrgX (tetrabutylammonium bromide BusNBr, butylmethylimi-
dazolium chloride BmImCl, or 1-butyl-pyridinium bromide BuPyrBr)
using an optimized OrgX/HPA molar ratio (Scheme 2). This green,
energy-efficient method requires no external thermal energy input. After
stirring, the solid products were filtered, dried, and tested for their
catalytic activity in the oxidation of linalool. Following this strategy,
(Org)sPMos 3, (0Org)4PMo11V and (Org)sPMo;oV2 were obtained and
characterized.

While the structure of (BuPyr)sPMo;s was already reported [29],
slow evaporation of a saturated solution of (BmIm)3PMo;5 in a mixture
of DMSO/CH3CN (50/50) afforded green single crystal, suitable for X-
ray diffraction analysis. The corresponding solid-state molecular struc-
ture is depicted in Fig. 1. As expected, the molecular unit is composed of
the well-known Keggin [PMo12040]>~ anion surrounded by three butyl
methyl imidazolium cations. All the bonding parameters in the trianion
agree with those found in the structure of (BuPyr)sPMoj2.

3.2. Synthesis and characterization of immobilized POMs

The catalytic objects were synthesized in four steps [43] (Scheme 3).
The first one was the synthesis of the non-porous silica beads (SiO2) by
condensation of tetraethyl orthosilicate (TEOS) in MeOH according to
the Stober method [44]. The SiO4 surface was then functionalized using
chloropropyltriethoxysilane in toluene to access to SiO.@Cl [45].
Substitution of the chloride group allowed the introduction of the tar-
geted cationic groups (BmIm™ or BuPyr) on the surface of silica beads,
leading to SiO2@Org materials, respectively SiO,@Imd and SiO2@Pyr,
the organic groups mimicking the organic cations used for OrgPOMs.
The final step was the ionic immobilization of POMs on the surface of
Si0,@Imd and SiO,@Pyr by mixing HPAs and SiO,@Org in water,
leading to SiO2@Org@PM, the final catalytic objects.

Si0,@Org@PMo;, were isolated as pale green powders whereas
Si0,@O0rg@PMo1,V and SiO,@O0rg@PMo, (V2 were isolated as yellow
powders (Org = Imd and Org).

Amorphous nature, as well as sizes and morphologies of isolated
objects S§i05, Si0,@Cl, Si02@0rg and Si0O,@Org@PM were analyzed
before catalytic experiments by PXRD, DLS, EDX, SEM and solid-state
NMR. Quantitative studies were performed through elemental analysis
and 3'P{'H} solution NMR. Selected data essential to the catalytic study
are discussed in the main manuscript. All additional characterization
details are provided in the Supporting Information.

The functionalization of the silica surface with chloropropylsilane
was confirmed by multinuclear CP-MAS NMR spectroscopy, which
revealed three additional peaks compared to naked silica. These peaks
are attributed to the chloropropyl moiety (see Fig. S11 in the Supporting
Information). Analysis of nitrogen content indicated that the amounts of
grafted Pyr and Imd were 0.102 mmol/g and 0.175 mmol/g of SiOs,
respectively (Table 1). The amount of grafted POM was quantified by
liquid-state 3'P{'H} NMR spectroscopy using an external calibration
curve prepared with H3PO4 solutions at pH 13 (Table 1) [46].

Based on elemental analysis and NMR quantification, the POM/
organic ligand molar ratios were calculated for all hybrid materials. For
the reactions involving H3PMo12040, the ratios were 0.296 for SiO@-
Pyr@PMo;, and 0.211 for SiOo@Imd@PMo,5 (Table 1), both lower
than the theoretical value of 0.333 if all cations grafted on the silica were
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water, RT
HxPOM + x(OrgBr) —— (Org)xPOM + xHBr
AN

\—/

Bmim+

BuPyr+

TBA+

X=Br, ClI

Scheme 2. Organic salts synthesis scheme

]

Mo1

Fig. 1. View of the molecular structure of (BmIm)3PMo;,. The hydrogen
atoms were omitted for clarity. Ellipsoids are represented at the 50 % proba-
bility level. Cyan (Molybdenum), Red (oxygen), Orange (Phosphorus), Grey
(Carbon) and purple (Nitrogen). (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this article.)

used to compensate the charge of the POMs (corresponding to a 1:3
POM/ligand ratio). In contrast, with H4PMo1,VO4g, the experimental
ratios were higher: 0.326 for SiO@Pyr@PMo;;V and 0.358 for
Si0,@Imd@PMo,,V, while the expected value would be of 0.25. A
similar trend was observed for HsPMo1gV2049, with values of 0.297
(Si02@Pyr@ PMo;¢V2) and 0.293 (SiO2@Imd@PMo,(V3) versus an
expected ratio of 0.20. These higher-than-expected values suggest that
the POMs are not fully deprotonated. In some cases, grafting efficiencies
exceeding 100 % may result from incomplete coordination of the
organic ligands, the interaction of multiple POM units with a limited
number of ligands, or possible aggregation of POMs on the surface.
Surface coverage was then determined as previously described, yielding
values ranging from 0.4 to 0.9 mmol of POM per nm? [46]. These values
are relatively high for Keggin-type POMs grafted onto Stober silica,
especially when compared to literature data. These obtained POMs
loading onto amine-functionalized silica in this study ranged from
0.0303 to 0.0626 mmol/g of silica, this loading being comparable or
slightly higher than that reported by Tarlani et al., who achieved 0.0033
mmol/g for H3PW;5040 and 0.071 mmol/g for HisPsW3¢011¢ using a
simpler amine-functionalized silica system [31]. It seems that the non-
porous nature of Stober silica allows a more uniform and dense distri-
bution of POMs on the external surface, with strong interactions be-
tween the POMs and the functionalized silica surface [47]. From a
catalytic perspective, this dense and stable immobilization is

particularly promising, potentially enhancing performance in applica-
tions such as acid catalysis and redox reactions [48].

Dynamic Light Scattering (DLS) measurements of the SiO,-based
samples revealed significant changes in particle size distribution
depending on surface modifications. DLS measurements of the SiOo
particles yielded a stable hydrodynamic diameter around 190 nm,
consistent with monodisperse, non-aggregated particles in aqueous
suspension. Upon grafting of the POMs, a significant increase in the
hydrodynamic size was observed, with values ranging between 500 and
750 nm depending on the sample, indicating a change of behavior of the
silica beads after the grafting of polyoxometalates (POMs) onto the
Stober silica surface (Fig. S31 in the Supporting Information). This size
increase can be attributed to several factors: slight aggregation of silica
particles induced by the grafting process, and enhanced interparticle
interactions due to the presence of functional groups as reported by
previous reports, such as the study by Khutoryanskiy et al. where such a
phenomenon was observed with thiolated silica particles [49]. In SEM,
the slight increase observed is in accordance with the small mod-
ifications of the surface of the beads size distributions were also
observed by SEM. (Fig. S40). These findings complement the molar
ratio and surface coverage data, Furthermore, EDX spectra
(Figs. $32-38) confirmed the presence of Cl, N, and POM elements
at the various stages of grafting, reinforcing the conclusions drawn
from the structural and compositional analyses.

3.3. Catalyzed oxidation of linalool

As stated in the introduction, a direct access to furanoid (F) and
pyranoid (P) directly for the primary oxidation of linalool (L) is
particularly interesting for different aspects.

The oxidation of L using different synthetized catalysts (HPAs,
OrgPOMs and SiO,@O0rg@POMs) was realized as followed (Scheme 4).
In all cases, the same quantity of POMs (0.0025 eq) was used. Two ox-
idants were evaluated, TBHP,q at 80 °C and H202,4 at 70 °C. In order to
fix some solubilities issues, the use of acetonitrile (ACN) as co-solvent
had to be studied, only when H202,4 is used as oxidant. Reaction time
was 5 h under homogeneous conditions (with HPAs and OrgPOMs) and
24 h under heterogenous conditions (with SiO,@Org@POMs). Cata-
lytic reactions were followed by GC-FID using dodecane as internal
standard. All reactions were replicated 3 times and consistent results
were observed.

As previously reported, the oxidation of linalool leads to the for-
mation of F and P compounds through an intermolecular cyclization
mechanism, as well as a di-epoxide [25,50]. In the present study, only
the formation of F and P was considered. Although the di-epoxide was
detected by GC-MS, it was not quantified due to its instability and the
fact that it is not commercially available.
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Table 1
Quantitative loading analysis.

Pyr * POM Molar Ratio POM Surface
o x) Coverage (p)
Si0,@Pyr@PMo; 0.0302 0.296 0.473
0.102  Si0O,@Pyr@PMo;;V 0.0333 0.3264 0.522
Si0>@Pyr@PMo;oV2 0.0303 0.297 0.474
Imd*
Si0,@Imd@PMo; 2 0.037 0.2114 0.581
0.175  SiO,@Imd@PMo;,V 0.0626 0.3577 0.981
Si0,@Imd@PMo,oV,  0.0512 0.2925 0.803

" from E.A with Org: Pyr or Imd (mmol/ 1 g of Si02),
“ from *'P{'H} solution NMR (mmol/ 1 g SiOy). x = nPOM/nOrg, and p in
mmol/nm?.

3.3.1. Catalyzed oxidation with HPAs

The catalytic results obtained with HPAs are summarized in Table 2.
All catalysts exhibited high L conversions (> 85 %), with almost
completion when aqueous TBHP was used as oxidant (Entries P1, P4,
and P7). The choice of oxidant had a significant impact on the selectivity
of oxidation products. The highest F + P yields were obtained with
H0:aq as oxidant and acetonitrile as solvent (Entries P3, P6 and P9),
particularly with H4PMo;1V (80 %) (Entry P6) and HsPMo;oV2 (78 %)

[cat]
[O]

Linalool (L) Furanoid (F)

[cat]: POMs, OrgPOMs or SiO,@0rg@POM

(Entry P9). TBHP,, on the other hand, lead to significantly lower F + P
yields (2-8 %), indicating that distinct reaction pathways are favored.
However, when HyO2,q was used without solvent, low F + P yields were
obtained (3-8 %) with all the catalysts (Entries P2, P5 and P8). This
demonstrates how effectively solvent influences both F and P formation
and favors in this case the selective formation of the targeted products. It
is also important to note that the selectivity favors F over P in all cases. F
is the kinetic product, formed more rapidly, while P is likely the ther-
modynamic product, more stable but requiring longer times to be
formed [25]. Same behavior was observed in the case of TBHP,q. Low F
and P yields can be explained by over oxidation and the di-epoxide
formation and same preference of F over P.

3.3.2. Catalyzed oxidation with organic salts of POMs

As stated in the introduction part, the goal was to access to POMs
immobilized on silica surface by interaction between POMs and cationic
functions (pyridinium or imidazolium) present on silica surface. In order
to investigate the effect of the cationic moiety on POMs, notably the
effect of the acidity, the catalytic activities of OrgPOMs, based on the
replacement of protons of HAPs by organic cationic parts, butylpyr-
idinium (BuPyr), tetrabutylammonium (TBA) and butylmethylimida-
zolium (BmIm), have been evaluated under the same conditions as for
HPAs. The results of linalool oxidation with the three salts are collected

OH

(@)

Pyranoid (P) di-epoxide

[O]: HyO, or TBHP

Scheme 4. Linalool Oxidation
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Table 2

Linalool Oxidation results using HPAs.
Entry Catalyst Oxidant L conv /% F yield /% P yield /% TON? TOFmax °

/b

P1 TBHP,q >99 6 2 394 1182
P2 H3PMo;» H2024q 98 8 4 332 996
P3 Hy03 aq + ACN 85 29 13 338 1014
P4 TBHPaq >99 2 2 399 1198
P5 H4PMo,,V H>05aq 97 5 2 388 1165
P6 H2024q + ACN 99 49 31 396 1190
P7 TBHP,q >99 1 1 400 1199
P8 HsPMo,oVs Hy00q 97 1 389 1167
Po H30244 + ACN 95 47 31 384 1153

Catalytic conditions: cat/sub/ox molar ratio: 0.25/100/200, 80 °C with TBHP,q and 70 °C with HyO4,4 for 5h. (a) TON = (mol L converted /mol catalyst) at 5h (b)

TOFpax (at 20 min) = mol L converted/(mol catalyst x 0.33).
in Tables 3, 4 and 5.

3.3.2.1. Results with butyl pyridinium salts of POMs. When aqueous
TBHP was used as oxidant, moderate L conversions and low yields of F
and P were observed (Entries Bul, Bu4, and Bu7). For example, with
(BuPyr)3sPMos 3 (Entry Bul), the conversion reached 53 %, but F and P
yields of remained low (5 % and 2 %, respectively). This limited per-
formance can be attributed to the steric hindrance and bulkiness of the
butylpyridinium, which likely interfere with the coordination and acti-
vation of the peroxide, as well as with electrostatic interactions.

In contrast, use of aqueous H20. in water led to improved L con-
versions and higher F and P yields (Entries Bu2, Bu5, and Bu8). For
instance, with (BuPyr)sPMo;y (Entry Bu2), a conversion of 64 % was
achieved, along with F and P yields of 15 % and 11 %, respectively, and
a moderate turnover frequency (TOF) of 116 h~!. These results confirm
that H202,q is a more effective oxidant under these conditions.

Notably, the addition of acetonitrile as solvent enhanced the reaction
efficiency (Entries Bu3, Bu6, and Bu9). Under these conditions, L con-
versions reached up to 98 %, and product yields were significantly
improved. The performance observed with all (BuPyr),POMs (Entries
Bu3, Bu6 and Bu9), delivered total F + P yields of 80, 82 and 78 %
respectively.

3.3.2.2. Results with tetrabutylammonium salts of POMs. Similar results
were obtained with TBA salts. The lowest L conversions and corre-
spondingly low F and P yields were recorded with TBHP,q as oxidant
(Entries T1, T4, and T7). A clear improvement was observed with
H202,4, which led to increased L conversions and higher F + P yields
(24-51 %) compared to TBHP,q. As observed with butylpyridinium
salts, the best catalytic performances were achieved using aqueous Hz0:
as the oxidant and acetonitrile as co-solvent, with 74-98 % of L con-
version but most importantly 63-76 % of F 4 P yields.

3.3.2.3. Results with butylmethylimidazolium salts of POMs. In the case of
butylmethylimidazolium (BmIm) salts, similar trends were observed in
terms of L conversion and F and P yields. Notably, with (BmIm)3PMo;2

and TBHP,q (Entry Bm1), higher yields of F + P (44 %) were obtained
compared to those achieved with the other organic salts under similar
conditions, for example, a maximum of 27 % with (BuPyr)sPMo;y
(Entry Bu4). The best performance was again observed with H20-aq as
the oxidant and acetonitrile as co-solvent with F + P yields in 65-75 %
range (entries Bm3, Bm6 and Bm9).

3.3.2.4. General comparison. In comparison to HPAs, OrgPOMs gener-
ally showed enhanced efficiency, yielding higher yields of F + P prod-
ucts when using either TBHP or aqueous H2O,. Particularly, the use of
acetonitrile as solvent with HyO5 resulted in the best outcomes in terms
of L conversion and product yields. Even under solvent-free conditions,
organic salts outperformed HPAs in terms of F and P yields. However,
despite these advantages, HPAs consistently exhibited higher turnover
frequencies (TOFs), indicating that POMs are kinetically more active in
their acidic form, but with more tendency towards overoxidation.
Overall, HPAs demonstrated greater catalytic activity and faster reac-
tion rates but lower selectivity towards F and P likely due to their strong
acidity. In contrast, the reactivity of organic salts of POM is highly
dependent on both structure of the POM and characteristics of the
organic cation. Factors such as organic moiety’s ability to stabilize in-
termediates, to facilitate substrate binding, to modify redox behavior,
and to improve solubility might play a role in influencing reaction
pathways and selectivity.

Moreover, addition of ACN as co-solvent significantly enhanced L
conversion and F and P formation in the case of HPAs and organic salts
systems. This improvement observed in all reaction using ACN is likely
due to several reasons, increased solubility, a better homogenization of
the reaction mixture and a better stabilization of several parts in the
process, whether polar transition states, whether reactive intermediates
(LO) so that the P and F products can be formed preferentially and not
diepoxide.

It has to be mentioned that, among all the POMs, all organic salts
with PMojV2 cores are very fast with TOFs around 1080 h~L. This
represents the best performance among all three tested POMs.

Table 3

Linalool Oxidation results using butyl pyridinium salts of POMs.
Entry Catalyst Oxidant L conv /% F yield /% P yield /% TON? TOFYa/h ™!
Bul TBHP,q 53 5 2 213 555
Bu2 (BuPyr)sPMo; > Hy024q 64 21 19 256 116
Bu3 Hy03 aq + ACN 98 50 30 386 793
Bu4 TBHP,q 34 18 9 133 101
Bu5 (BuPyr),PMo;,V; Hy024q 55 15 11 222 188
Bu6 H302,q + ACN 98 52 30 394 766
Bu7 TBHP,q 29 9 3 118 354
Bu8 (BuPyr)sPMo;oV2 H2024q 47 29 16 191 252
Bu9 H3024q + ACN 86 46 32 345 1101

Catalytic conditions: cat/sub/ox molar ratio: 0.25/100/200, 80 °C with TBHP,q and 70 °C with H302,4 for 5h. (a) TON = (mol L converted /mol catalyst) at 5h (b)

TOFpax (at 20 min) = mol L converted/(mol catalyst x 0.33)
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Table 4

Linalool Oxidation results using tetra butyl ammonium salts of POMs.
Entry Catalyst Oxidant L conv /% F yield /% P yield /% TON? TOFSax

/7!

T1 TBHP,q 45 6 3 184 424
T2 (TBA)3PMo; 2 H3024q 70 19 16 283 50
T3 Hy03 aq + ACN 74 40 23 291 790
T4 TBHP,q 22 11 3 93 114
T5 (TBA)4PMo;,V Hy024q 33 14 10 130 317
T6 H3024q + ACN 98 44 28 391 649
T7 TBHP,q 35 10 6 146 53
T8 (TBA)sPMo;0V> Hy020 56 28 23 231 550
T9 H30244 + ACN 87 46 30 352 1061

Catalytic conditions: cat/sub/ox molar ratio: 0.25/100/200, 80 °C with TBHP,q and 70 °C with HyO4,4 for 5h. (a) TON = (mol L converted /mol catalyst) at 5h (b)

TOFpax (at 20 min) = mol L converted/(mol catalyst x 0.33).

Table 5

Linalool Oxidation results using butyl methyl imidazolium salts of POMs.
Entry Catalyst Oxidant L conv /% F yield /% P yield /% TON? TOFS,.y

/b

Bml TBHP,q 48 29 15 193 71
Bm2 (BmIm)3PMo; 5 H302aq 76 32 25 299 94
Bm3 H202 4q + ACN 99 43 32 398 788
Bm4 TBHP,q 80 5 3 322 808
Bm5 (BmIm)4PMo,,V H202aq 86 49 29 347 132
Bm6 H2024q + ACN 98 44 27 395 804
Bm?7 TBHP,q 49 5 3 350 881
Bm8 (BmIm)sPMo, V2 H202aq 67 15 9 266 639
Bm9 H3024q + ACN 87 44 31 347 1077

Catalytic conditions: cat/sub/ox molar ratio: 0.25/100,/200, 80 °C with TBHPaq and 70 °C with H202aq for 5h. (a) TON = (mol L converted /mol catalyst) at S5h (b)

TOFmax (at 20 min) = mol L converted/(mol catalyst x 0.33).

3.3.3. Catalyzed oxidation with POMs grafted on silica support

As shown in the previous section, L conversions up to 98 % and good
F and P yields were obtained in homogeneous conditions, notably with
OrgPOMs. Once supported on silica, SiO2@Org@POMs (Org being
similar environment than molecular objects), have been evaluated
herein for the oxidation of L with the main objectives to work under
solvent-free conditions and to recover and reuse the catalyst. In com-
parison to homogeneous conditions, reaction time was extended to 24 h
to allow completion of the reaction. The catalytic results obtained with
Si0,@O0rg@POMs (Org = Pyr of Imd) are summarized in Table 6.

Both SiO;@Imd@POMs and SiO,@Pyr@POMs have shown prom-
ising results in such heterogeneous solvent-free transformations with
both TBHP,q and H202,q oxidants. It was proven that the presence of the
POMs was necessary for the reaction, since very low L conversions (33

Table 6

Linalool Oxidation results using SiO,@Imd@PM.
Entry  Catalyst Oxidant L conv F yield P yield

/% /% /%
Si01  $i0,@Imd TBHP,, 33 - -
Si02  Si0,@Pyr TBHP,, 28 - -
si1 . TBHP,, 99 30 32
sig  Si0:@md@PMoi . b gg 24 21
si3 ) TBHP,, 99 22 6
Si4 $i0,@Imd@PMo;;V H)05q 96 25 29
sis ) TBHP,, 99 16 43
I PM 4

s~ Si0:@md@PMowVa 1 gg 31 30
si7 ) TBHP,, 90 31 26
sig ~ Si02@Pyr@PMos; HyOpq 99 31 31
Si9 . TBHP,, 99 35 32
siip  SI02@Pyr@MonV o 93 24 19
sitn TBHP,, 99 22 19
sy S02@Pyr@PMowVe ) ' gy 23 17

For grafted POMs: Exact mass of SiO,@Imd@PM was used in which PM/sub/ox
mol ratio: 0.25/100/200, T=80 °C with TBHP,q and T=70 °C with Hy02,4 for
5h/

and 28 %) were obtained with POM-free silica SiO,@Imd and SiO,@-
Pyr respectively with TBHP,q as oxidant without detectable F and P
formation (Entries Si01 and Si02).

In the case of SiO,@Imd@POMs, the catalysts exhibit high con-
version rates, almost full completion with TBHP, (Entries Sil, Si3, Si5).
Among these, SiO2@Imd@PMo; 5 stands out with a balanced produc-
tion, yielding 62 % of F + P, with quite balanced F/P ratio (Entry Sil).
Si0O;@Imd@PMo,V (Entry Si4) and SiO,@Imd@PMo1oV2 (Entry Si6)
produced a F 4 P yield of 28 % and 59 % respectively, both with
favorable selectivity for P, which may warrant further investigation or
optimization. When switching to HyO2,4, very high to full L conversion
was also obtained (Entries Si2, Si4 and Si6), with high yields (54-61 %)
and quite identical F and P quantities, indicating that the choice of
oxidant (and also the functionalization of silica, Imd in this case) seems
to influence the product distribution. Different performance of the same
POM was obtained with different oxidants. However, no general trend
can be determined and results seems to be catalyst dependent.SiO>@-
Pyr@POM systems present similar conversion efficiencies, with cata-
lysts achieving high conversion rates and noteworthy yields. In all cases,
very high L conversion was obtained, with a competitive amount of F
and P. Among the TBHP,q entries, SiO2@Pyr@PMo; 2 achieved a 90 % L
conversion with F + P yield of 57 % (Entry Si7) with balanced F/P ratio
and SiO2@Pyr@PMo11V gave full conversion and 67 % F + P yield
(Entry Si9). This example is one of the most productive systems overall.
This suggested that the incorporation of vanadium into the POM struc-
ture, enhanced the catalyst’s dual selectivity and overall activity.

When comparing the imidazolium-based SiO@Imd@POMs and
pyridinium-based SiO.@Pyr@POMs systems, both exhibited excellent
catalytic performance under solvent-free conditions, achieving near-
complete linalool conversions with either TBHP,q or H202,¢. However,
subtle differences in selectivity and product distribution emerge.
Imidazolium-functionalized catalysts generally presented more variable
selectivity, with some systems favoring F or P more distinctly depending
on the POM composition, whereas pyridinium-based catalysts tended to
provide more balanced F and P yields across different oxidants. This may



A.A.H. Haidar et al.

be attributed to differences in steric bulk, electronic properties, or the
nature of interaction between the organic moiety and the POM, affecting
substrate orientation and intermediate stabilization on the catalyst
surface.

Regarding the oxidants, both TBHP,q and H2O2,4 enable high con-
versions, but they differed in their influence on product selectivity.
TBHP tended to produce sharper selectivity profiles, often favoring
either F or P more prominently depending on the catalyst, while HoO5
typically led to more balanced F and P yields. These trends suggested
that TBHP may drive faster kinetically controlled pathways, while HoO5
allowed more thermodynamic equilibration and broader access to both
product types, and its ability to produce both products makes it a useful
option for certain applications, especially when milder reaction condi-
tions or environmental considerations are prioritized since it forms
water as a byproduct.

Since the performance of the catalysts varied significantly, no fixed
trends could be established. Different behaviors were observed when
altering the catalyst, using the same catalyst with different oxidants, or
employing the same oxidant with various organic linker groups attached
to the silica. However, it has been shown that organic forms exhibited
more efficient and distinct performance across different poly-
oxometalates (POMs). The primary focus of this study was to achieve the
most environmentally sustainable approach possible through catalyst
grafting. This method has yielded promising results in terms of con-
version rates and product yields, which were often superior to those
observed in homogeneous catalysis, even in the presence of solvents.

3.3.4. Catalyst recyclability

Considering the activity and selectivity of these supported POMs
systems, their practical value also hinges on recyclability and stability.
Therefore, the reusability of selected SiO-@Org@POMs catalysts was
evaluated under optimized conditions to assess performance retention
across multiple cycles and determine their suitability for sustainable,
heterogeneous oxidation processes. The results are shown in Figs. 2 and
3.

According to the results, consistent catalytic performance was
observed across four consecutive experimental runs in most cases. After
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each run, the SiO,@Org@POM catalysts were filtered, washed several
times, dried, and reused. The catalysts maintained high conversion rates
and similar selectivity towards the desired products throughout the
tests, with only minimal variations. However, in the case of pyridinium-
based systems, a slight decrease in L conversion was observed after each
cycle. This decline was particularly pronounced with SiO;@Imd@P-
Mo;oV2 when TBHP,q was used as the oxidant (Fig. 2), where significant
degradation of the POM structure was confirmed by 3!P CP MAS NMR
(Fig. 4). This degradation led to low F and P yields.

The degradation of POMs grafted onto silica, particularly after
catalysis, is a plausible explanation for the changes observed in the 3P
MAS NMR spectra (Fig. 4). These changes include a decrease in the in-
tensity of the main peak and the appearance of a secondary peak when
comparing the fresh catalyst with the same material after four consec-
utive catalytic cycles. This degradation refers to the structural break-
down or alteration of the POM framework, which may result from
chemical, thermal, or mechanical stress during catalysis. The presence of
water in the reaction medium appears to play a key role in this process.
This is supported by the fact that more pronounced decomposition was
observed when using HyO-as the oxidant, since it generates water as a
byproduct, compared to TBHP, which does not release water upon
activation.

Strong interactions between H,05 and POMs are known to occur,
especially during redox reactions. POMs can catalyze the synthesis of
peroxo species (M-O-0) on the metal centers (M = Mo or W) that results
in the disproportionation of HpOy into water and oxygen [27,51].
Because of their high reactivity, these peroxo species can occasionally
cause the POM framework to be destroyed and leads to over-oxidation.
With TBHP, the reaction mechanism is different. The tert-butyl group in
TBHP makes it less reactive towards POMs in this way [52]. Such in-
teractions, partial decomposition or fragmentation of the POM
structure might lead to the formation of new phosphorus species, re-
flected in the additional small peak.

Overall, the supported SiO,@Org@POM -catalysts demonstrated
good stability and robustness over four consecutive reaction cycles.
Although a gradual decrease in linalool conversion was observed, the
overall activity remained comparable and competitive. Importantly, the
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Fig. 2. Catalytic Performance of SiO,@org@POMs systems using TBHP as oxidant up to four runs.
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Fig. 4. 31p MAS NMR Spectra of Si0.@Pyr@PMo, 2 before catalysis (left) and
after 4th run (right) with TBHP,,.

catalysts continued to exhibit meaningful selectivity towards the desired
F and P products, maintaining their dual-product capability. This per-
formance under reuse conditions highlights the structural resilience of
the hybrid systems and reinforces their suitability for greener, more
sustainable oxidation processes. Compared to their homogeneous
counterparts, these heterogeneous catalysts offer clear advantages in
terms of recoverability, operational simplicity, and long-term efficiency
without compromising product distribution or reaction effectiveness.

3.4. Green metrics considerations

The examples provided (Fig. 5) illustrate several key aspects related
to both sustainability and catalytic efficiency, which are consistently
reflected across most of the results. All green metrics charts for all the
reactions, as well as the specific considerations (formula and conditions)
for those metrics are listed in SI. [53]

First, the use of OrgPOMs, such as (BmIm)sPMoj;s and
(BuPyr)4PMo11V, has significantly improved the selectivity of oxida-
tion reaction. These salts enable better reactivity towards the aimed
products over the reaction, leading higher yields and enhanced selec-
tivity compared to their parent POMs. This improvement is particularly
notable with HyO,, as the reaction is more efficient and the process
greener due to the benign byproduct (water). Even though it still gave
better results with TBHP which can be seen in (BmIm)3PMo;2 and in
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many other cases as seen above. However, according to the charts,
TBHP-based reactions are less favorable compared to Hy05 due to the
generation of tert-butanol as a waste product, further reducing the green
chemistry metrics like AE.

Second, the comparison between H,Osin water and TBHP in water
versus the use of HyO»in water with acetonitrile (ACN) demonstrates
that both HyOsand TBHP on their own are more environmentally
friendly than the ACN-based system. The addition of ACN not only in-
troduces a solvent, detrimential to the green profile of the process, but
also lowers the overall reaction mass efficiency (RME) and atomic
economy (AE), even if better yields were obtained as shown in the
charts. Both H202 and TBHP in water produce better results because they
avoid the use of additional solvents, with H202 being the superior
oxidant due to its clean byproduct, water, while TBHP generates tert-
butanol, which is less desirable in terms of waste management.

Lastly, grafting POMs onto silica, such as in Si0O;@Imd@PMo;» and
Si0,@Pyr@PMo;1V, has proven to be the most sustainable and effi-
cient approach for this oxidation process. This method not only validates
the solvent-free protocol which eliminates the need for organic solvents
entirely, but also offers the advantage of catalyst recovery, ensuring that
the catalyst is not wasted and can be reused multiple times. The grafted
POM systems using HyO» in water result in the highest AE, RME, and
yield, while producing the least waste, making it the greenest process for
the oxidation of linalool. By combining solvent-free conditions with the
recyclability of the catalyst and the use of H20: as the oxidant, the silica-
grafted POMs present the optimal pathway for maximizing both effi-
ciency and sustainability in this reaction.

4. Conclusion

In this study, the oxidation of linalool, a natural substrate, was suc-
cessfully carried out to produce two important structural scaffolds,
furanoid and pyranoid derivatives. Using heteropoly acids (HPAs) and
organic salts of polyoxometalates (POMs), a homogeneous catalytic
system was developed, demonstrating high efficiency and better activity
for the V-containing POMs or when supported on silica. To further
enhance the sustainability of the process, functionalized silica was
employed for heterogeneous catalysis, enabling the use of a solvent-
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free protocol. With most of the catalytic systems, this approach not only
maintained excellent conversion rates and selectivity but also allowed
for the recovery and reuse of the catalytic system for up to four cycles
without significant loss of activity. These results are significant from a
green chemistry perspective, showcasing an efficient, recyclable, and
environmentally friendly method for synthesizing valuable chemical
scaffolds from renewable resources, opening the field to process inten-
sification through continuous-flow techniques.
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