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Abstract: The cyanosilylation of carbonyl compounds is a fundamental reaction in organic synthesis,
to give cyanohydrins. Ketones are particularly reluctant to cyanosilane addition and require the action
of a catalyst, and despite many soluble Brénsted and Lewis acids have been employed for this task, it
is difficult to find in the open literature catalytic solids able to carry out the reaction. Here, we show
that commercially available nanoceria catalyzes the cyanosilylation of different ketones (21 examples)
at temperatures between 0-50 °C, in high yields, under solventless conditions if required. The
nanoceria network atoms act in a cooperative way to provide a bifunctional acid—base solid catalyst
for the cyanosilylation reaction. The amorphization of nanoceria during reaction, due to acid release,
does not hamper the catalytic activity and, indeed, different types of nanoceria, even with supported
metal nanoparticles on surface, are active for the reaction, enabling extensive reuses after air
calcination and the use of the catalytic material for the aerobic oxidation of alcohols / cyanosilylation

reaction.
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1 Introduction

The cyanosilylation of carbonyl compounds is the method of choice to synthesize cyanohydrins,[1]
versatile synthetic intermediates in organic synthesis with further reactivity through three adjacent
functional groups: the cyano, silyl and carbonyl groups.[2] For instance, the cyanosilylation reaction
is used in the pharmaceutical and agricultural industry to synthesize the pesticide Fenvalerate A and
some non-steroid anti—inflammatory drugs, among others.[3] While aldehydes react with
trimethylsilyl cyanide (TMSCN) without the need of a catalyst under certain conditions,[4] ketones
are more difficult to activate and always require the presence of a catalyst. For that reason, a wide
variety of soluble Lewis acids have been employed to catalyze the cyanosilylation of ketones,[1]
habitually under heating conditions, and despite the plethora of catalytic systems reported for this
reaction so far, it is difficult to find a solid catalyst able to efficiently perform the cyanosilylation of

ketones at 25 °C or below.[5]

The mechanism of the catalytic cyanosilylation reaction is widely described as an acid—base
manifold, where the carbonyl and the cyanosilane compound are activated by the acid and its
conjugated base, respectively.[6] This mechanism may, in principle, also occur on the surface of a
bifunctional solid, such as a simple metal oxide,[6b,c] provided that the latter shows the strong acidity
required to activate the carbonyl group towards the cyanosilane.[7] Such an acid strength is not easy
to achieve in a simple metal oxide, particularly for ketones, and besides, the stepwise cyanosilylation
reaction releases corrosive HCN along the reaction, which may modify the structure of the metal
oxide.[8] These drawbacks explain why only a reduced number of simple metal oxides catalyze the

cyanosilylation reaction.[9]

The advent of nanomaterials has brought new catalytic properties into old macroscopic
solids.[10,11] Regarding metal oxides, when the size is reduced to the nanoscale, the metal site can be

more accessible to external reagents by combining a higher solid surface area and a lower coordination



number around the metal site, often accompanied by the generation of oxygen vacancies in the solid
network.[11a] These new features in nanometal oxides invited us to explore their use as catalysts for

the cyanosilylation reaction.

Here we show that a facile, high—yielding, room temperature cyanosilylation of ketones occurs
with different types of crystalline nanosized cerium oxide as catalysts.[12] The nanoceria shows a high
catalytic activity after calcination, to remove water and carbonates strongly adsorbed to the Ce** Lewis
sites, with concomitant amorphization during use, which nevertheless does not hamper the catalytic
activity and tolerates extensive reuses. With this result in hand, the aerobic oxidation of alcohols /

cyanosilylation reaction was performed with Au nanoparticles (NPs) supported on nanoceria.
2 Materials and Methods.

General. Reagents were obtained from commercial sources (Merck-Aldrich) and used without further
purification otherwise indicated. Nanosized cerium oxide was purchased from Rhodia Co. The other
nanoceria materials were prepared acording to previously published methods.[13a] The metal content
of the solids was determined by inductively coupled plasma—atomic emission spectroscopy (ICP-AES)
after disaggregation of the solid in aqua regia and later dilution, except for nanoceria where H,O> (30
vol%) was used instead of the acid mixture. Dried and deaerated solvents were obtained after treatment
with purification resins, having less than 50 ppm of water. All the products obtained were characterized
by GC-MS, and *H—, *C-NMR, and DEPT were used in some cases to further confirm the product
structure. When available, the characterization given in the literature was used for comparison. Gas
chromatographic analyses were performed in an instrument equipped with a 25 m capillary column of
1% phenylmethylsilicone. GC-MS analyses were performed on a spectrometer equipped with the same
column as the GC and operated under the same conditions. NMR were recorded in a 300 MHz
instrument using the appropriate solvent containing TMS as an internal standard. Absorption spectra

in solution were recorded on open cells in an UV/Vis spectrophotometer. Solid IR spectra were



recorded on a spectrophotometer by previous mixture of the solid with dried KBr. Thermogravimetric
analyses were performed on 0.5-0.8 mm pelletized samples under a dry N2 atmosphere with a
thermobalance operating at a heating rate of 10 °C-min. N, adsorption—desorption isotherms were
performed at 77 K on sieved materials after outgassing for 16 h under vacuum. Electron microscopy
studies were performed on a microscope operated at 100-200KV after impregnating a dispersion of the

solid sample on a Cu grid and leaving to evaporate for, at least, 4 h.

Typical reaction procedure for cyanosilylation reactions with nanoceria. In a typical cyanosilylation
reaction, 10 to 20 wt% of nanoceria catalyst was weighed under nitrogen in a 2 ml glass vial equipped
with a magnetic stirrer. Then, 0.3 ml of n—-hexanes, 0.25 mmol of carbonyl compound and 0.3 mmol
of TMSCN were added, the vial was capped, and the mixture magnetically stirred at 25 °C for the
indicated time. The final composition of the mixture was analyzed by GC-MS, and the conversion and

selectivity were determined by GC using n—nonane or n—dodecane as an external standard.

Typical reaction procedure for the aerobic oxidation of alcohols / cyanosilylation reaction catalyzed
by Au—nCeO.. The corresponding alcohol (4.85 mmol) was added over Au-nCeQ; catalyst (200 mg,
1 Au mol%, 30 wt% nCeOg; in cases where the alcohol is solid, 6 ml of hexane were also added, 0.8
M) in a glass reactor equipped with a stirring bar at 5 bar of Oz, and the resulting mixture was then
heated at 80 °C for 5 h. After the reaction, acetone was added and the catalyst was separated by
centrifugation. The mixture was analyzed by GC-MS, and the conversion and selectivity were
determined by GC using n—nonane or n—-dodecane as an external standard. The used catalyst was
calcinated at 400 °C for 4 h, and introduced in a flask (20 mg, 2.4 Au%) with the synthesized ketone
(0.42 mmol) and TMSCN (0.5 mmol), and the mixture was stirred at 25 °C for 8 h. The products in
solution were analyzed by GC-MS, and conversion and selectivity were determined by GC using n—

nonane or n—dodecane as an external standard.



3 Results and Discussion.
3.1  Cyanosilylation catalyzed by nanoceria.

Table 1 shows the results for the cyanosilylation of acetophenone 1 with TMSCN 2 after 1 h reaction
time, with different catalytic nanomaterials and solvents. It can be seen there that the reaction does not
proceed without a catalyst nor in the presence of some representative nanoparticulated metal oxides,
such as silicoalumina, titania nor zirconia (entries 1-4), but the reaction proceeds well with

commercially available nanoceria catalyst (entry 5), at 25 °C and with n—hexanes as a solvent.

O Solid catalyst OSiMe;
: — CN
+
Me MesSICN  sowvent (0.8 M), Me
1 2, 1.2eq. 25°C, 1 h, N, 3

Table 1 Results for the cyanosilylation reaction of acetophenone 1 with TMSCN 2 catalyzed by
nanoparticulated solid acids, calcined at 400 °C, after 1 h at 25 °C under inert atmosphere.

Entry Solid catalyst (wt%) Solvent 3 (yield, %)
1 None n—Hexanes 0
2[a nanoSiO2-Al203 (20 wt%) n—-Hexanes 5
3] nanoTiOz (20 wt%) n—Hexanes 18 (9)
4[b] nanoZrO: (20 wt%) n—Hexanes 1(1)
5lcl nanoCeO:2 (50 wt%) n—Hexanes 58
6 Toluene 39
71 DCM 27
8 Diethyl ether 42
gld] DMF 18
10( THF 7
11 nanoCeO:2 (30 wt%) n—Hexanes 56
12 nanoCeO; (20 wt%) n-Hexanes 55
13 nanoCeO:2 (10 wt%) n—Hexanes 26
14[b-€l nanoCeO; (20 wt%) n-Hexanes (67)
15001 nanoCeO; (20 wt%) - (72)

2] 13 wt% alumina. ! Between parentheses, result for the solid catalyst calcined at 600 °C. [l <5% of 3 with non—calcined
solid. [ DCM stands for dichloromethane, DMF for N,N—dimethylformamide and THF for tetrahydrofurane. (¥ 61% and
58% of 3 at 0 °C and 50 °C reaction temperature, respectively.



The solid acids were calcined at 400 °C prior to reaction, since otherwise no catalysis occurs, and
Figure 1A shows a high resolution—transmission electron microimage (HR-TEM) of the catalytic
nanoceria after this treatment (higher resolution micro—images of this commercially available material
can be found elsewhere).[12d] The material consists in crystalline NPs of ~7 nm particle size, without
any water adsorbed on surface. Different organic solvents can be used (entries 5-10), although with
less efficiency than n—hexanes, and the same yield of 3 is obtained when decreasing the amount of
nanoceria from 50 to 20 wt% (entries 11-13). A tentative explanation on the solvent effect might be
that the relative concentration of starting materials increases in the proximity of the catalyst surface
when the most apolar solvent of all the solvents tested, i.e. n-hexanes, is used, which makes the reaction
go faster. This explanation is supported by the fact that the reaction works faster under neat conditions
(see ahead). Kinetic studies (Figure S1) show that the yield of 3 nearly achieves a plateau after 20 min
reaction time regardless the amount of solid catalyst employed (20 and 50 wt%), and filtration at 20%
conversion stops the reaction completely, which strongly supports that the cyanosilylation of 1 is

heterogeneously catalyzed by nanoceria (Figure S2).



Figure 1 High resolution-transmission electron microimages (HR-TEM) of commercially available
nanoceria (A) and in—house synthesized ceria nanorods (B), nanooctahedra (C) and nanocubes (D),

after calcination at 400 °C under air.

The yield of 3 is further increased by calcination of nanoceria at >400 °C (entry 14), regardless if the
calcination atmosphere is air, vacuum or N2, and yields only decrease at calcination temperatures >600
°C (Figure S3). In contrast, calcination at 600 °C did not increase the yield of 3 for nanotitania and
nanozirconia (entries 3—4 in Table 1). Thermogravimetric analyses show that the weight loss in
nanoceria does not only correspond to the typical adsorbed water but also to strongly adsorbed species
at 500 °C (Figure S4), and Fourier-transformed infrared spectroscopy (FT-IR, Figure S5) shows the
progressive disappearance with the calcination temperature of the band corresponding to adsorbed
carbonates (1384 cm™) and a shift of the band corresponding to atmospheric CO, (1690 cm™).[14] The
combined kinetic and IR results suggest that the removal of adsorbed carbonates is essential for
nanoceria to act as a catalyst in the cyanosilylation of acetophenone 1. Indeed, an induction time for

the reaction was observed when lower calcination temperatures were employed, which may correspond
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to the time required for the desorption of carbonates. Together, these results strongly support that the
Lewis acidity required for the cyanosilylation reaction is only achieved on the nanoceria surface after
removal of the strongly adsorbed water and carbonate molecules, which may constitute a simple

strategy to use nanoceria as a strong acid catalyst in organic synthesis.

Figure 2A shows that the nanoceria catalyst is still very active for the cyanosilylation of 1 at 0
°C (see also Table 1, entry 14), and Figure 2B shows that the reaction can also be run without any
solvent, which is a clear advantage from an industrial point of view, to achieve a 72% yield after 1 h
(see also Table 1, entry 15). Figure 2C shows that the used solid catalyst is not active after simple
washings with n—-hexanes, and the corresponding FT—-IR spectrum (Figure S5) shows the appearance
of new bands between 1100-1450 cm™, assignable to remaining organic impurities, which may block
the active sites and produce the rapid deactivation of the catalyst at ~60% conversion. Since a simple
calcination should remove these organic impurities, the used nanoceria catalyst was calcined at 400 °C
to recover full activity for, at least, 10 uses, as shown in Figure 2D, without any significant depletion
of the intrinsic catalytic activity, as indicated by the similar initial rates. Notice that a higher calcination
temperature is not required to recycle the solid since carbonates are not present any more in the used

catalyst according to the FT—IR spectrum, and only organic impurities must be removed.
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Figure 2 A) Kinetics for the cyanosilylation reaction of acetophenone 1 with TMSCN 2 at different
reaction temperatures, under inert atmosphere and catalyzed by nanoceria (20 wt%) calcined at 600
°C. B) with and without solvent. C) Reuse of nanoceria after washing or calcination. D) Yield-time

plot for 10 uses of the nanoceria catalyst, after calcination.

The catalytic activity of a nanocrystalline solid often depends on the crystallographic face exposed to
reactants.[13a] To check if that is the case here, ceria nanorods, nanooctahedra and nanocubes, which
expose on surface the 111, 110, and 100 crystallographic planes, respectively, were prepared, and
representative microimages are shown in Figures 1B-D (see Figure S6 for further images and Table
S1 for calcination procedures and corresponding BET surface areas).[13,15] The catalytic results for
these materials, shown in Figure 3, indicate that the catalytic activity linearly correlates with the total

surface area of nanoceria and does not have any apparent relationship with the exposed face.
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Figure 3 Initial turnover frequency (TOFo) vs. the Brunauer, Emmett and Teller (BET) surface of the
different nanoceria catalysts for the cyanosilylation reaction of acetophenone 1 with TMSCN 2 at 25
°C and under inert atmosphere. Yields refer to 1 h reaction time.

Nanoceria is well-known to possess a high number of oxygen vacancies.[16] However, the fact that
the crystalline phase is irrelevant for the catalysis here, suggests that oxygen vacancies will most
probably not play any role during the catalytic cyanosilylation, since a change in the crystalline phase
of nanoceria implies a significant change in the oxygen vacant number (Table S2).[16a] To further
check this, the number of oxygen vacancies in nanoceria was increased by doping with different atoms,
including metals (Ga, Sm, Al and Fe)[17] and by treatment with HCI.[18] These materials were used
as catalysts under typical reaction conditions and the results show a decrease of the catalytic activity
for all the doped nanoceria materials tested, thus strongly suggesting the lack of any catalytic role for
oxygen vacancies (Figure S7). To further confirm this point, 3,3",5,5 -tetramethylbenzidine (TMB)
was used as an active radical oxygen species (ROS) indicator for the nanoceria catalyst before and
after the cyanosilylation reaction of acetophenone 1 with TMSCN 2.[16e] Absorption UV-visible
spectroscopic measurements of the solutions (Figure S8) show the expected band for protonated TMB
at ~450 nm (a yellow colour solution is also visible by the naked eye) and the absence of any band
indicative of TMB oxidation with ROS, at 650 nm (blue colour by the naked eye). This simple test

confirms the lack of ROS in nanoceria during the catalyzed reaction.
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Once determined that the catalytic activity of nanoceria does not come from particular
crystalline faces nor oxygen vacancies, the role of Lewis and Bronsted acid sites in nanoceria during
the cyanosilylation reaction was studied. Figure 4 shows the catalytic results with nanoceria after
addition of 10 mol% of either pyridine or di—tert-butylpyridine. While the former quenches the Lewis
and Bronsted sites, the latter only quenches the Bronsted sites, and the results show that both amine

bases decrease significantly the catalytic activity of nanoceria, particularly pyridine.
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Figure 4 A) Kinetics for the cyanosilylation reaction of acetophenone 1 with TMSCN 2 after adding
different pyridine quenchers (10 mol%), and B) nanoceria exchanged with Na* and exchanged back
with H*,

Figure 4 also shows that if the H™ in nanoceria is exchanged by Na*,[19] the catalytic activity decreases
considerably, and this catalytic activity is partially recovered after exchanging back the H* cations.
Calcination of nanoceria under a H> atmosphere prior to reaction (Figure S3, right) dramatically
decreases the catalytic activity, which also supports the presence of catalytically active and reducible
Lewis metal sites in nanoceria. These results, together, strongly suggest that the catalytic activity of

nanoceria for the cyanosilylation reaction comes from both Lewis and Bronsted acid sites.[20]

The sharp stopping of the catalytic activity of nanoceria during the cyanosilylation reaction, at
~60% conversion, could in part be explained by the deposition of silicon and aminated organic

molecules on the acid sites, thus blocking further catalytic cycles.[20c] However, a somewhat

11



unexpected morphological issue was found during the examination of nanoceria after reaction. Figure
5 shows a HR-TEM image with the corresponding energy—dispersive X—ray spectroscopy (EDS)
mapping of a catalytic nanoceria rod after reaction, where an external layer containing a cerium/oxygen
ratio slightly higher than in the bulk can be clearly seen, indicative of the presence of oxygen vacancies
on surface. These catalytically inactive nanoceria phase, plenty of oxygen vacancies, can be generated
by the release of HCN during reaction, just as HCI does, and explains the rapid deactivation of the
nanoceria catalyst.[13a,21] Indeed, the recovery of the catalytic activity after calcination under air at
400 °C (see above) supports this explanation, since this air calcination regenerates the oxygen sites and

restore the original catalytic material.[22]

Figure 5 HR-TEM with energy dispersive X-ray spectroscopy (EDS) of a representative ceria
nanorod after reaction. The formation of an amorphous layer around the nanorod, just where the
catalytic events have occurred, is clearly observed. EDS analysis shows a slight increase in the Ce/O
ratio of the amorphous area, notice the lower green-to-red intensity ratio in the amorphous shell, so the

generation of catalytically inactive oxygen vacancies can be inferred.

12



Figure 6 shows the scope of the cyanosilylation reaction with TMSCN 2 for different ketones 4-16,

using commercially available nanoceria as a catalyst. The results show that TMS—protected

cyanohydrins with aryl (products 17-18), alkyl (products 22-27) and alkenyl (products 28-29)

substituents can be formed in good to excellent yields. However, electron—donor substituents (products

19-21) tend to hamper the reaction. Indeed, when an equimolecular amount of anisole is added to the

highly reactive ketone adamantone 14, the formation of the corresponding product 27 is nearly stopped

(Figure S9). A Hammett plot with different substituents in the para—position of acetophenone 1 shows

a p>0, which corresponds to a nucleophilic reaction, and a clear correlation with the ¢" parameters

indicates building of positive charge in the transition state, most probably the activation of the carbonyl

group of the ketone (Figure S10). The approximation of p=0 for halide substituents is indicative that

the activation of TMSCN 2 takes control at some point on the cyanosilylation rate, in accordance with

the expected acid/base mechanism of the reaction.

0 ) OSiMej
. Nanoceria (10 wt%) CN
R1JJ\R2 +  Me;SiCN — R R?
2,1.2eq. n-Hexanes (0.8 M), 25 °C, N,
4-16 17-29
OSlMe3 OSIMe3 OS|M93 OS|Me3
CN CN CN CN
Me Me Me Me
Cl Br Me MeO

17, 78% (93%) 18, 71% (89%)

OSiMe;
CN OSiMej;

JD =

0, 0,
21 4% (31%) 22, 46% (78%)

OSiMe3
OSiMe; CN
CN
0,
26, 96% 27, 95%

19, 21% (39%) 20, 6% (14%)

OSiMe,

OSiMe; OSiMe3 CN

CN )tCN
Me nPent”™ “Me

23, 99% 24, 92% 25, 87%

OSiMe;

N OSiMe;

N CN
Me

28, 48% (75%) 29,76%
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Figure 6 Scope of the cyanosilylation reaction of ketones 4-16 with TMSCN 2 catalyzed by nanoceria

at 25 °C for 1 h under inert atmosphere (yields after 24 h reaction time in parentheses).

3.2 Aerobic oxidation of alcohols / cyanosilylation reaction catalyzed by Au-nCeO:..

A sustainable organic synthesis demands the optimization of chemical steps during reaction, if possible
by grouping several steps in one—pot and, ideally, over a recoverable solid catalyst.[23] In view that
the cyanosilylation reaction proceeds in both catalytic amorphous and crystalline nanoceria, even
under air, it was envisioned here the use of metal-supported nanoceria catalysts as bifunctional
catalysts for the aerobic oxidation / cyanosilylation reactions.[24] In this way, nanoceria will act as
both catalyst and support, enabling the cyanosilylation reaction after the metal—catalyzed oxidation
reaction. This approach does not only engage two very different catalytic reactions, i.e. a
dehydrogenation reaction mediated by ROS and a typical Lewis acid—catalyzed reaction,[25] but also
the activation of the bifunctional solid, since one single calcination of the solid will concomitantly fix
the metal phase on the nanoceria surface, after impregnation with the metal precursor, and also activate

the nanoceria framework for the cyanosilylation reaction, thus saving catalyst preparation steps.

Gold NPs on nanoceria (Au/nCeO2, 5 Au wt%), prepared by a reported procedure with the
commercial nanoceria catalyst active for the cyanosilylation reaction as a support,[24a] was chosen as
a model catalyst for the one—pot reaction. First, Au/nCeO was tested in the aerobic oxidation of
different alcohols, and the results show that the corresponding aldehydes and ketones are obtained in
excellent yields with 1 Au mol% (Figure S11). Then, Au/nCeO, was tested as a catalyst for the
cyanosilylation reaction of acetophenone 1, with the amount of catalyst required for complete alcohol
oxidation (1 Au mol%, 30 nCeO, wt%) and under optimized conditions (see above), to give 81% yield
of cyanohydrin 3, a better yield than the corresponding bare nanoceria catalyst under the same reaction
conditions (56%). With this encouraging result in hand, the Au/nCeO catalyst was employed for both

aerobic oxidation / cyanosilylation reactions. The results for different alcohols are shown in Figure 7.
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Good to excellent yields were obtained in most cases, which demonstrates that two mechanistically
different metal NP— and nanoceria—catalyzed reactions are compatible over a same metal-supported

nanoceria catalyst.

OSiM
OH Au/nCeO, (30 wt%, 1 Au mol%) i3
J\ 1J§’CN
R" "R? R" “R2
1) Neat, 80 °C, 5 h
1-51 2) n-Hexanes (0.8 M), 25 °C, N, 3,19-58
Me3SiCN, 1.2 eq.
OSiMe3 OSiMe3 OSiMe3 OSiMe3 OSiMe3
CN CN CN Et)TCN CN
Me Me O Me
Me
3,81% 19, 81% 21,14% 23,95% 26, 76%
OSiMe; _
CN OS|M63 OSIMe3 OSIMe3 |\I<|/Iee3SIO CN Vo
CN CN
vm(;N nPent)Et
27 65% 28, 59% 29, 60% 52, 79% 53, 42%
OSiMe; OSiMes osiM
CN CN CN 3
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OMe OMe
9 57,779 58, 68%
54, 70% 55, 47% 56, 77% % °

Figure 7 Scope for the aerobic oxidation of alcohols / cyanosilylation reaction catalyzed by Au/nCeO:

at 25 °C for 5 h under inert atmosphere. Two-step combined GC yields.

4 Conclusions.

Nanoceria catalyzes the cyanosilylation of different ketones at temperatures between 0-50 °C and in
high yields, even under solventless conditions. After simple calcination, the solid catalyst can be reused
ten times without depletion of the catalytic activity. Other inorganic nano—oxides tested did not show

this catalytic behavior. Different types of crystalline nanoceria, including amorphous nanoceria, are
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catalytically active, and these results enable the use of Au—supported nanoceria as a catalyst for aerobic
oxidation of alcohols / cyanosilylation reactions. These results open the gate for the concomitant use
of nanoceria—based materials as oxidation and Lewis catalysts, to design cascade reactions of utility in

sustainable organic synthesis.
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