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Abstract

Any successful catalyst should have a dedicated synthes.=ig route considering their high yields,
time-efficient, and do not require any highly to<c chemicals. In this regard, two nano-sized
monosubstituted polyoxometalates (POMs) ith the well-known Keggin structure were
synthesized and characterized: (TB- \.[Zr(OH)PW;,039]-22H,0 (TBA-ZrPW;;) and
(TBA)s[Zr(OH)SiW;1030]-17H,0 (TB,-ZrSiWy;) (TBA': tetrabutylammonium). Thus, the
catalytic activities of both catalysts vse ¢ tested in the cyanosilylation reaction without any
solvents of various aldehydes &d wctones with trimethylsilyl cyanide (TMSCN) over two
heterogeneous catalysts. Finclly, the recyclability and heterogeneity of these POM-based
catalysts were also checkeq, <howing that they remain active at least after three recycling

procedures.

Keywords:  Zirconium substituted Keggin, Heterogeneous Catalyst, Solvent-free,
Cyanosilylation, TMSCN.



1. Introduction

The cyanosilylation reaction (CYSR) is a crucial C-C bond-forming process that opened the door
to many molecules, including a variety of biological substances and poly-functionalized building
blocks [1,2]. Numerous -hydroxy compounds can be made from cyanohydrin, a well-known
synthetic intermediate, by utilising trimethylsilyl cyanide (TMSCN) in the presence of
heterogeneous and homogeneous catalysts, such as Lewis acid and ase catalyst [3—8]. The use
of TMSCN as a cyanide (CN) source is more common than otl.>r zpproaches because it avoids
the poisonous and unstable hydrogen cyanide (HCN) used a1 (e yroduction of cyanohydrins. For
this kind, it is crucial that current research focus on cree.n.y a powerful, clean, and safe approach
that can effectively catalyse CYSR [9]. Despite the arge number of articles that have been
published in this area, some of which have drau/racs and limits, cyanohydrin synthesis still
needs to be presented and promoted. As # iosu.t much emphasis is being paid to finding an
efficient heterogeneous catalytic system for .'-e CYSR of carbonyl compound and TMSCN under

solvent-free conditions.

Polyoxometalates (POMSs), as uniyu> 1..ctal-oxide clusters, consist of early transition metals in
their highest oxidation state. T2y Lcnefit from the alterable physicochemical properties, which
can be adjusted in different veac..on conditions or applications [10,11]. Therefore, POMs can be
applied in various fields such as magnetism [12], medicine [13], catalysis [14,15] analytical
chemistry [16,17]. Also, v eir application in catalysis [18] is still the most prominent due to their
existing features, such as tunable redox potential, high thermal stability, oxidation resistance, and
sensitivity to light and electricity. It is important to note that POMSs can be applied as both acid
and base catalysts because of their available protons (Brensted acids) as well as their oxygen-rich
surface (Lewis base (nucleophile)) [19]. POMs are also well known as Lewis acid catalysts due
to the unoccupied metallic orbitals that can accept pair electrons of target organic components. In
this regard, POMs can be substituted by metals with stronger Lewis acidities, including
lanthanoids or transition metals like zirconium. In this form, both acidic protons and Lewis acid

sites of metal ions are categorized as active sites in catalytic reactions.



Early research on POMs was performed to study their properties in homogeneous forms. To
improve their feasibility in real-world applications, heterogenized POMs must be prepared from
the standpoint of sustainable development. While homogeneous POMs as catalysts have higher
activity, their heterogeneous form can separate easily and increase the stability of POMs from
being dissociated under low concentration and higher pH values. Generally, catalyst stability
affects the catalyst’s activity and recyclability, which is one of the biggest concerns. Although
POMs are thermally stable, they begin to disintegrate in solution, so this hugely affects their
applications in solution. Therefore, heterogeneous approaches have been widely employed, such
as immobilizing POMs on solid supports or covering POMs with spc-ific cations.

Keggin, as the well-known form of POMs, has been used in <. *ei & catalytic reactions due to its
excellent structural stability while accepting or donatir e.cctrons. Keggin, which contains
tungsten addenda atoms (rather than molybdenum), <iow> higher Bregnsted acidity. Lacunary
POMs, known as multidentate inorganic ligands with cthe Jeliberately vacant site(s) and higher
negative charge, can efficiently react with hete:ratoms and lead to a wide range of POM
subclasses. Zirconium-containing POMs couns ituwe an essential class of bimetallic compounds
that have attracted much attention due to the (iscovery of their bioactivity. Despite their exciting
chemistry, zirconium-containing POM.> a ~ not well explored compared with other transition

metal counterparts [20,21].

Regarding our efforts to studv the synthesis and application of zirconium substituted POMs
catalysts in organic reactions 27 -25] and our extensive research in heterocyclic-chemistry [26—
30] herein, we preser.: tv.2 rano-sized mono substituted Keggin with heterogeneous zirconium
catalysts (TBA,4[Zr(OH)PW1;030]-22H,0 (TBA-ZrPWy,) and
(TBA)s[Zr(OH)SiW11039]-17H,0 (TBA-ZrSiWi,) for promoting the CYSR of the aldehydes
and ketones without any solvents. It is expected that the above catalysts show better catalytic
activity due to the presence of Zr** Lewis acid as well as several oxygen atoms on the structure

of the mono lacunary Keggin, which can act simultaneously as Lewis acid/base (Figure 1).
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Figure 1. Preparatory route for nano-s zed catalysts.

2. Experimental
2.1. Materials

All the chemicals used in this work were ctained from Sigma-Aldrich (St. Louis, MO, USA;
www.sigmaaldrich.com) and Merck (Da. mstadt, Germany; www.merckmillipore.com) and were
at least of analytical reagent quality. Tney were used without additional purification. TMSCN,
chloroform, methanol, toluene anc tetruhydrofuran (THF) were utilized in the CYSR experiment

along with aromatic aldehydes and ketones.
2.2 Instrumentations

FT-IR spectra were recc ded using Bruker Tensor 27 FT-IR spectrometer (400-4000 cm™
region). Additionally, a Thermo Nicolet/AVATAR 370 Fourier transform spectrophotometer
was chosen to measure the 4000-400 cm™ infrared spectra of catalysts using KBr discs.
Elemental analysis (CHN) data of compounds was collected using a Thermo Finnigan Flash EA
1112 micro analyzer. Inductively coupled plasma was applied to measure the metal content (ICP-
OES spectrometer model 76004555).

2.2. Preparation of catalysts



The K7[PW11039]'XH20 (PWM) and Kg[SiW1103g]'XH20 (SIWll) were synthesized in the
following way [31], and FT-IR and elemental analysis were employed to identify them. Then,
heterogeneous catalysts were synthesized by the above mono-lacunary Kegging.

2.2.1. Synthesis of (TBA)4[ZF(OH)PW11039]'22H20 (TBA-ZI’PWH)

First, an aqueous PW;; solution (0.67 mmol, 8 mL) was produced, and then an aqueous ZrCl,
solution (0.73 mmol, 1 mL) was added dropwise to it while being agitated for 15 minutes. The
aforementioned solution was then added to a TBABTr solution (6 mmol, 7 mL) made in hot water.
After 30 minutes of stirring, the mixture yielded a white precini.*e, which was filtered and
washed twice with H,O.

2.2.2. Synthesis of (TBA)s[Zr(OH)SiW:;0sg]-17H-C (TBA-ZrSiWi,)
TBA-ZrSiW,; was prepared similarly to TBA-ZrPW;, e'«cept that SiWy; (0.67 mmol, 8 mL)
was used instead of PW;;. The obtained withe p, 2cipitation was collected by filtration and
washed twice with H,0.

2.2.3. Synthesis of nano-sized TBA-Z1.,"W3; and TBA-ZrSiWi;

The TBA-ZrPWa; (or TBA-ZrSiWii, 70.23 g) solution in ethanol (10 mL) and water (15 mL)
was sonicated (150 W). The nzho-s.zed catalysts were separated by centrifugation after 10

minutes and rinsed with 3-5 ! f water in a vacuum.
2.3. Typical method fcr th» cyanosilylation of carbonyl compounds

In order to make the mi:ure, ketone or aldehyde (1 mmol), TMSCN (2 mmol, 250 L), and 1.5
mol% of TBA-ZrPW, or TBA-ZrSiW,; were poured in a tube, placed in an oil bath, and heated
at 50 °C under solvent free (S.F.) conditions. Thereafter, filtration was used to isolate the
catalysts, and the residue was evaporated. Pure product was finally obtained after dissolving it in

chloroform.

2.4. Characterization data

Spectroscopic data for catalysts:



TBA-ZrPW1: Yield: 54 %; Anal. Calcd. for CgsH1g9N4Ogs2PW11Zr: C, 18.51; W, 48.71; Zr,
2.20; N, 1.35; P, 0.75; H, 4.59%. Found: C, 18.17; W, 45.21; Zr, 2.35; N, 2.01; P, 0.64; H,
6.11%. FT-IR (KBr pellet, cm™): 3442, 2961, 2933, 2873, 1631, 1483, 1380, 1152, 1107, 1062,
959, 888, 816, 767, 686, 515, 498. 'H NMR (ds-DMSO, 300 MHz) &: 0.93—0.98 (t, TBA-CH3),
1.29-1.41 (h, TBA-CH,), 1.55-1.65 (dgq, TBA-CH>), 3.17-3.23 (m, TBA-CH,). *C NMR (ds-
DMSO, 300 MHz) &: 14.04, 19.70, 23.58, 57.99 (all singlets). *'P NMR (ds-DMSO, 300 MHz)
0:-13.82 (s, P).

TBA-ZrSiWi1: Yield: 60%; Anal. Calcd. for CgoH150NsOs7SiW1Zr: C, 22.52; W, 47.41; Zr,
2.14; N, 1.64; Si, 0.66; H, 4.25%. Found: C, 23.86; W, 44.92; ., 1.95; N, 2.13; Si, 0.52; H,
5.01%. FT-IR (KBr pellet, cm™): 3445, 2961, 2933, 2873, 1643, 1183, 1380, 1151, 1001, 961,
908, 799, 669, 525. *H NMR (ds-DMSO, 300 MHz) &: 0.9_—0.* 8 (t, TBA-CHs), 1.28-1.40 (h,
TBA-CH,), 1.54-1.65 (pd, TBA-CH,), 3.17-3.22 (m. TRB..-CH,). *C NMR (ds-DMSO, 300
MHz) 6: 14.03, 19.70, 23.57, 57.98 (all singlets).

Nano-TBA-ZrPWii: FT-IR (KBr pellet, cm™): 2445, 2961, 2929, 2873, 1633, 1484, 1380,
1151, 1049, 1059, 957, 887, 816, 767, 515

Nano-TBA-ZrSiWi: FT-IR (KBr pellet, ~ah): 3415, 2960, 2937, 2872, 1631, 1484, 1381,
1152, 1001, 959, 908, 799, 526.

3. Results and discussion

3.1. Synthesis and charac*ar,~ation of catalysts

Two heterogeneous naroca‘alysts, TBA-ZrPWi; and TBA-ZrSiWi; of this study, were
obtained by top-down agonroach with the ultrasonic method, and the average particle size of
catalysts is less than 100 nm upon 10 minutes of sonication. Also, the SEM images showed that
the morphologies of nanocatalysts TBA-ZrPW;; and TBA-ZrSiW;; are hexagonal-like and
cubic-like (Figure 2). Furthermore, the presence of O, C, Zr, and W in the nanocatalysts is
confirmed by the EDS spectrum (Figure 2). According to similar works, cationic alkyl chains can
be placed around POMs [32,33]. Here, the presence of TBA" in both catalysts confirm by ‘H
NMR and **C NMR spectra (Figure 3), in which three separated *H NMR peaks are around 1.33,
1.57, and 3.18 ppm assigned to the CH; and a peak at 0.94 ppm assigned to CH3 group. Also, the
¥1p NMR spectrum of TBA-ZrPW;,, dissolved in D,0, was in the normal range of diamagnetic

polyoxotungstates and showed one peak at — 13.82 ppm (Fig. S1).
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Figure 2. SEM image and EDS spec rv. <t (up) TBA-ZrPWy; and (down) TBA-ZrSiWy; nano-
catalysts.
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Figure 3. *H NMR (left) and *C NMR (right) spectra for TBA-ZrPWi; and TBA-ZrSiWa,.



Metal-oxygen stretching vibrations (often recognizable as distinct bands between 400 and 1000
cm™) can be found in the IR spectra of POMs. In Table S1 and Figure 4, we see the distinctive
strong bands for X-O, W-0Ot, W-Ob, and W-Oc stretching vibrations of nanocatalysts, which can
verify the precise structures of the final catalysts. In addition, the C-H stretching vibrations of
TBA were attributed to absorptions in the region of 2873-2961 cm™.

— TBA-ZrPW
Nano-sized TBA-ZrPW;
— TBA-ZrSiW;
* T Nano-sized TBA-ZrSiW

4000 3600 3200 2800 2400 ~.00u 1600 1200 800 400

Wave nun. her (um'l)
Figure 4. FTIR spectre o€ 1 ZA-ZrPWy; and TBA-ZrSiWy; heterogeneous and nano-catalysts.
3.2. Catalytic Activivy

Taking benefit of insolubility in several organic solvents of the TBA-ZrPWi; and TBA-
ZrSiWy,, the activity of them were tested for the CYSR of diverse aldehydes under S.F.
conditions. First, benzaldehyde (BA) and TMSCN were taken as substrates and two POMs,
TBA-ZrPW3; and TBA-ZrSiW,; as catalysts, and various reaction conditions such as catalyst

amount, temperature and solvent were optimized.

For this purpose, a combination of BA (1.0 mmol), TMSCN (2 mmol), and POMs (1.5 mol%)
was placed in a tube and stirred at 50 °C, under S.F. condition, for the appropriate time. After

this time, the desired product was isolated. Then, the CYSR using various solvents including,



CHClI3;, methanol, toluene, THF and without any solvents was carried out. As evident, S.F.
conditions demonstrate higher activity, leading to a product in 97% or 75% yields for TBA-
ZrPW1i; and TBA-ZrSiWs,, respectively (Table S2, entries 3 and 4). Next, using other solvents
was not appropriate as it caused the production of low-yield products in the range of 35-80%
(Table S2, entries 10-13). For optimization of the catalyst loading, the catalyst amount was
changed from 0.5 to 2.5 mol%, and significant enrichment of yield was observed from 45 to 97%
for TBA-ZrPW,; or from 30 to 75% for TBA-ZrSiWi; (Table S2, entries 6-9). However, the
extra increase did not improve the yields (for both catalysts). Therefore, the best catalyst amount
was achieved as 1.5 mol%. Next, the CYSR was carried out .t various temperatures. As
tabulated, only 30% or 25% of the product were achieved at r.t. \Tab.e S2, entries 1 and 2), using
TBA-ZrPW3; or TBA-ZrSiW,; catalyst, respectively, in co.tras., by increasing the temperature
of the reaction from r.t. to 50 °C, the corresponding pror'.~t \ ‘as attained in an excellent yield for
TBA-ZrPW3; but by increasing to 70 °C, the yield of .>= product did not improve (Table S2,
entry 14). Finally, a blank test using BA and TM’5CN without any solvent and catalyst at 50 °C
was performed and resulted 15% of the fir~l Lvoduct yield after three h (Table S2, entry 5).
Accordingly, the most satisfactory cona.:,ns for the CYSR of carbonyl compounds and
TMSCN is applying 1.5 mol% of TBA-ZvPW; as the best catalyst at 50 °C in S.F. condition.

The best catalyst, TBA-ZrPWa;, v.7s ‘bun put to the test by seeing how well it catalyzed the
addition of various substitutes to :-etones and aldehydes. Table 1 shows that the aldehydes
containing electron-withdrawiny qroups, such as -Cl, -Br, and -NO,, have the best activity and
yields, and that the -pare po.ition played a crucial role in accelerating the reaction to the ortho
and meta positions (Tau.~ 1, entries 1-4 and 7-9). In contrast, aldehydes containing electron-
donating groups, such as -Me and -OMe, show lower yields and longer reaction durations (Table
1, entries 5 and 6). Also, the yields for the equivalent cyanohydrins (Table 1, entries 10-13) made
from aromatic ketones with electron-withdrawing groups are higher than those made from
ketones with electron-donor substituents. When compared to ketones, however, aldehydes
clearly shine in terms of their reactivity. These results are consistent with the expected impact of
the substituent on the electrophilic location of the carbonyl groups vulnerable to attack by the -
CN group of TMSCN.



Table 1. CYSR of diverse substituted carbonyl compounds and TMSCN using TBA-ZrPW/; catalyst.?

|

0O /Si‘o X
| N X Reaction conditions _ | N N
R// R/ %
1 2
Entry R X Products Yield ° (%) Time (h:min)
1 H H 2a 97 01:00
2 p-NO, H 2b 97 00:50
3 m-NO, H 2c 90 01:15
4 0-NO, H 2d 92 01:05
5 p-Me H 2e 80 01:35
6 p-OMe H 2f 85 01:25
7 p-OH H 29 Yu 01:05
8 p-Cl H 2h 36 01:25
9 p-Br H 2i 88 01:15
10 H Me 2j 92 01:30
11 p-NO, Me 2k 95 01:15
12 p-Me Me 2 84 02:00
13 p-OMe Me 2m 89 01:50

% Reaction conditions: aldehyde (1 mmol), TMS™N (2 mmol), 1.5 mol% of TBA-ZrPW4; at 50 °C.
> Isolated yields.

The reusability of the TBA-ZrP'v,: «.d TBA-ZrSiW;; was also studied. After the reaction
cycle was complete, both catal 'sts .vere filtered out, washed with ethanol, and dried. Reusing
TBA-ZrPWy; and TBA-ZrSiWs; catalysts for three reaction runs showed no discernible loss in

activity (Figure S2).

Moreover, after 30 minutzs, both the TBA-ZrPWi; and TBA-ZrSiW;; catalysts were isolated
from the reaction, allowing for an examination of the heterogeneity and leaching of these
catalysts. They continued the reaction for another 30 minutes in the identical conditions but
without the catalyst. Since no increase in yield was observed after either TBA-ZrPW,; or TBA-
ZrSiWs; catalyst was removed from the mixture, their heterogeneous character is confirmed.
Moreover, to check the structural integrity of TBA-ZrPW,; and TBA-ZrSiW;, FTIR analyses
of recycled catalysts was performed and compared with those of fresh catalysts. It was found that

no historic changes were detected in their spectra (Figure S3). These results support that the
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structure of the TBA-ZrPW,; catalyst was well preserved and that the TBA-ZrSiW,; catalyst

underwent a series of reactions, as expected from the reaction results.

With the goal of gauging the study's usefulness, we evaluated the catalytic activity of TBA-
ZrPW)1; towards the CYSR of BA with TMSCN to that of previous literature (Table S3). Results
reveal that TBA-ZrPW11 is more effective than TBA-ZrSiW,; and other reported catalysts in a
shorter amount of time under S.F. settings (Yield of 96%, in S.F. at 50 °C after one hour, Table
S3, entry 6).

The CYSR mechanism should be comparable to other metal ..a1mplexes catalyzed systems
proposed, which a possible CYSR mechanism is proposed and (lus.-ated in Figure S4 [3]. First,
the catalytic transformation possibly can be activation of tl e ccrbonyl group in BA (1) by the
metal center in catalyst, towards the nucleophilic attack of CN group (11), also with the migration
of the silyl group to oxygen (111), carbon-carbon bond a1 t'ien cyanohydrin (1V) is formed.

4. Concluding remarks

In summarize, this work investigated the catilytic behavior of two nano-sized heterogeneous
catalysts; TBA-ZrPWi; and TBA-ZvSiWi;. Both catalysts were synthesized by a rapid
ultrasonic method and characterize’s .¢ various spectral techniques. When cationic alkyls
(TBA™) are present on the surfacc: o7 POMs, they create hydrophobic and polar structures that
can trap organic reactants on ti.> cawalysts' surfaces, hence enhancing their catalytic efficiency.
Even though both catalysts "~ver: heterogeneous, TBA-ZrPW;; demonstrated greater catalytic
activity toward the CYSFH unjer S.F. conditions (97%). Since the P center is more Lewis acidic
than the Si center and o cupies a more advantageous position in the POM structure, TBA-
ZrPW;y; is more energetic than TBA-ZrSiWi;. Finally, the as-mentioned catalyst showed

remained activity at least after three recycling procedures.
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Highlight

- Two lacunary Keggin type polyoxometalates (POM) were synthesized and characterized.
- Both POMs were used as catalysts in the solvent-free cyanosilylation reaction.
- Both catalysts were recycled up to 3 runs with slight loss of activities.

- TBA-ZrPW;; is more effective than TBA-ZrSiWs;, due to the presence of P center.
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