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b Department of Chemistry, Faculty of Science, Helwan University, Ain Helwan, Cairo 11795, Egypt 
c Department of Chemistry, Mindanao State University-Iligan Institute of Technology, Tibanga, Iligan City 9200, Philippines 
d LAQV-REQUIMTE, Department of Chemistry, Nova School of Science and Technology, Universidade Nova de Lisboa, 2829-516 Caparica, Portugal 
e LSRE-LCM – Laboratory of Separation and Reaction Engineering – Laboratory of Catalysis and Materials, Faculty of Engineering, University of Porto, Rua Dr. Roberto 
Frias, 4200-465 Porto, Portugal 
f BSIRG, IBB - Institute for Bioengineering and Biosciences, Instituto Superior Técnico, Universidade de Lisboa, 1049-001 Lisboa, Portugal 
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A B S T R A C T   

New organotin compounds with general formula [(PTA-CH2-C6H4-p-COO)SnR3]Br (where R is Me for 3 and Ph 
for 4; PTA = 1,3,5-triaza-7-phosphaadamantane), bearing the methylene benzoate PTA derivative, were syn
thesized through a mild two-step process. The compounds were characterized by Fourier transform infrared 
spectroscopy, electrospray ionization mass spectrometry, elemental analysis and nuclear magnetic resonance 
spectroscopy (NMR). They were heterogenized on commercially available activated carbon (AC) and multi- 
walled carbon nanotubes (CNT), as well as on their chemically modified analogues. The obtained materials 
were characterized by scanning electron microscopy, transmission electron microscopy and X-ray photoelectron 
spectroscopy. Complex 3 supported on activated carbon (3-AC) was found to be an active and recyclable catalyst 
for the cyanosilylation of several aromatic and aliphatic aldehydes. Using 3-AC with a low loading of 0.1 mol% 
several substrates were quantitatively converted, within just 5 min at 50 ◦C and under microwave irradiation in 
solvent-free conditions. Multinuclear NMR analysis suggested a mechanism that potentially involves a double 
activation process, where the nucleophilic phosphorus at the PTA derivative acts as a Lewis base and the Sn(IV) 
metal centre as a Lewis acid.   

1. Introduction 

Cyanohydrins are versatile intermediates in synthetic chemistry that 
can be conveniently converted into a wide range of building blocks, such 

as α-hydroxy acids, α-hydroxy ketones, α-amino acids and β-amino al
cohols, for the agricultural and pharmaceutical industries [1–5]. One of 
the most fundamental and efficient methods for obtaining cyanohydrins 
is through the catalytic cyanosilylation of aldehydes using trimethylsilyl 
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cyanide (TMSCN) as the cyanide source (Scheme 1) [4,5]. 
Transition and main-group metal complexes with Lewis acid char

acter have been intensively used as homogenous catalysts for cyanosi
lylation reactions [6–9]. The difficultly of separation and recycling of 
such catalysts remains the main obstacle for their utilization on an in
dustrial large-scale. To overcome this limitation, the use of recyclable 
carbon-anchored metal complexes as heterogeneous catalysts is a more 
practical and economical alternative. However, reported examples of 
this approach are scarce [10,11]. 

The coordination chemistry of organotin compounds has garnered 
much attention due to their industrial applications as heat/light stabi
lizers [12–14] and catalysts [15–19] for various organic trans
formations. Despite the significant advantages in terms of catalyst 
recovery and recycling, there are only a few studies of highly active 
heterogeneous catalysts based on organotin complexes for aldehyde 
cyanosilylation reaction [20,21]. 

The cage-like monophosphine 1,3,5-triaza-7-phosphadamantane 
(PTA) and its derivatives have gained a renewed and growing interest 
in the field of organometallic chemistry for their air-stability and neutral 
donor properties, with a wide range of applications including catalysis, 
medicinal inorganic chemistry and as photoluminescent materials 
[22–26]. However, the soft base nature of the P coordination site limits 
its complexes to soft transition metals, and complexes involving hard 
post-transition metals with PTA moieties are yet to be reported [23,24]. 

Pursuing our interest on studying metal-PTA complexes [27–32] and 
their carbon-supported catalysts for organic transformations [31–33], 
herein, we report, for the first time, the synthesis and characterization of 
two novel Sn(IV) organometallic compounds bearing a N-methyl
enebenzoate PTA derivative, PTA-CH2-C6H4-p-COO− . The compounds 
were heterogenized on activated carbon (AC) and multi-walled carbon 
nanotubes (CNT) to be used as active, rapid and recyclable catalysts for 
microwave assisted cyanosilylation of aldehydes in solvent-free 
conditions. 

2. Results and discussion 

2.1. Synthesis and characterization of the complexes 

The preparation of organotin compounds with the N-functionalized 
PTA ligand involves a two-step process (Scheme 2). The first step was 
carried out by mixing 4-(bromomethyl)benzoic acid and R3SnOH (R =
methyl or phenyl) in toluene under reflux to produce the bromome
thylenebenzoate tin(IV) complexes 1 and 2, respectively. The second 
step involves reacting an equimolar amount of PTA with 1 or 2 in 
acetone, which results in the formation of the N-alkylated PTA cationic 
complexes with the general formula [(PTA-CH2-C6H4-p-COO)SnR3]Br (R 
= Me for 3 and Ph for 4). The air-stable compounds 3 and 4 are 
hydrosoluble due to their ammonium salt functionality. The proposed 
formulations of the obtained compounds 1-4 were confirmed using 
Fourier-transform infrared spectroscopy (FTIR), elemental analysis, 
nuclear magnetic resonance (NMR) spectroscopy (1H, 13C{1H}, 31P{1H} 
and 119Sn{1H}; Figs. S1-S18) and electrospray ionization mass spec
trometry (ESI-MS). 

The distinctive bands of the asymmetric νasym(OCO) and symmetric 
νsym(OCO) stretching vibrations of the carboxylate group are shown in 
the FTIR spectra of triorganotin(IV) compounds 1 and 2 at 1600–1617 
and 1350–1430 cm− 1, respectively, demonstrating the anisobidentate 
coordination with organotin fragments (Figs. S19 and S20).[34–36]. 

The N-alkylation of PTA results in a complex pattern for the 

methylene protons in the 1H NMR spectra of compounds 3 and 4. 
Additionally, these spectra show the presence of the aromatic moieties 
in the 8.00–7.30 ppm range. The protons of the trimethyl tin group in 3 
are observed at δ 0.5. 

The four signals in the aromatic region of the 13C{1H} NMR spectra 
of compounds 3 and 4 confirm the presence of the methylenebenzoate 
moieties. More aromatic resonances are observed in the spectrum of 
compound 4 due to the presence of the -Sn(Ph)3 phenyl rings. The 
presence of four methylene carbon signals was also detected; those 
corresponding to N-CH2-N and N-CH2-N+ emerge as singlets, while those 
of P-CH2-N and P-CH2-N+ appear as doublets due to first order JP-C 
coupling. 

The 31P{1H} NMR spectra show a sharp singlet at δ − 83.55 for 3 and 
at δ − 83.67 for 4. The 119Sn{1H} NMR spectra confirm the presence of a 
single tin species in 3 and 4, through singlets at δ − 19.65 and δ 
− 326.43, respectively. 

The 119Sn{1H} NMR spectra of compounds 1 and 3 exhibit a singlet 
at − 15.31 and − 19.65 ppm, respectively, suggesting a tetracoordi
nated Sn(IV) environment (Figs. S2 and S7).[37] While compounds 2 
and 4 exhibit a singlet at − 230.52 and − 326.43 ppm, respectively, 
suggesting a pentacoordinated Sn(IV) environment (Figs. S4 and S14). 
[38–40]. 

2.2. Preparation and characterization of the heterogenized catalysts 

Activated carbon (AC, from Sigma–Aldrich Norit RO 0.8) and multi- 
walled carbon nanotubes (CNT, Nanocyl NC3100) were used as solid 
supports, as in a previous work [41]. The oxidized AC-ox and CNT-ox 
materials were obtained from their pristine analogues by reaction with 
nitric acid (5 M) under reflux. These were then treated with sodium 
hydroxide (20 mM) to achieve the AC-ox-Na and CNT-ox-Na carbon 
supports. 

The morphologies of the carbon supports used in this work were 
analysed by scanning electron microscopy (SEM) and transmission 
electron microscopy (TEM). The SEM images of AC-based materials 
show distinct pores, as shown in Fig. 1a-c. The general morphology of 
the AC materials does not differ significantly, but AC-ox-Na (Fig. 1c) 
contains several smaller pores compared to commercial AC and AC-ox 
materials. The morphologies of the modified CNT materials (Fig. 1e-f) 
are not much different from that of pristine CNT (Fig. 1d). The aggre
gated threadlike appearance of CNTs creates pores as a result of the 3D 
stacking of the fibres. The SEM images of 3-AC (Fig. 2) show a thick, 
fragmented plate-like structure covered with small off-white debris. This 
appearance may be due to the complex being immobilized on the sur
faces of the support material. The TEM micrographs of complex 3 on 
carbon materials are shown in Fig. 3a-f. Darkened areas can be seen in 
the supports which could indicate the presence of severe particle ag
gregation in the catalysts. Furthermore, the morphology of AC-based 
catalysts displays stacked disc-shaped crystallites, while CNT-based 
unveils threadlike structures. 

The surface properties of the carbon supports were investigated by 
N2 adsorption measurements at − 196 ◦C, after degassing the samples at 
150 ◦C under dynamic vacuum. The results are presented in Table 1. The 
BET surface areas of the carbon supports were found to be in the range of 
361–866 m2/g, with the AC materials having higher surface areas. 

The mesoporous character of the carbon materials was confirmed 
with the shapes of their nitrogen adsorption-desorption isotherms 
depicted in Figs. S21 and S22. According to the IUPAC classification of 
isotherms, the AC and its chemically modified analogues exhibit type II 
isotherm (Fig. S21), characteristic of monolayer-multilayer adsorption 
on an open and stable powder external surface. Their full adsorption- 
desorption isotherms show type H3 hysteresis, which are obtained 
with aggregates of plate-like particles (as concluded from the SEM im
ages depicted in Figs. 1a-c and 2) that possess non-rigid slit-shaped 
pores. On the other hand, CNTs show type IV isotherms (Fig. S22) 
confined to the adsorption process via multilayer adsorption followed Scheme 1. Cyanosilylation reaction of aldehyde.  
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Scheme 2. Synthesis of complexes 1-4.  

Fig. 1. SEM images of carbon supports: (a) AC, (b) AC-ox, (c) AC-ox-Na, (d) CNT, (e) CNT-ox, and (f) CNT-ox-Na.  

A.G. Mahmoud et al.                                                                                                                                                                                                                           



Catalysis Today 423 (2023) 114270

4

with capillary condensation. The observed hysteresis loop is close to H1 
type, which is associated with the cylindrical pore geometry and high 
degree of pore size uniformity.[42]. 

The amounts of released CO and CO2 gases were determined using 

temperature-programmed desorption (TPD) method and the corre
sponding curves are also shown in Fig. S23. The TPD results showed that 
the pristine carbon supports had low levels of CO and CO2 released, 
indicating a high degree of graphitization and stability of the materials. 
The AC supports were found to be microporous with a rich surface 
chemistry, having more surface groups than CNT. Upon functionaliza
tion, larger amounts of CO and CO2 were released from the AC and CNT 
materials, indicating the decomposition of surface groups formed during 
the activation process, such as carboxylic acids, anhydrides, lactones, 
phenol and carbonyls formed during the activation process.[41,43,44] 
The nitric acid oxidation treatment increased the carboxylic acid groups 
on the -ox materials, which were then transformed into phenolates and 
carboxylates upon NaOH treatment to obtain the -ox-Na materials [41, 
43,44]. Overall, the analysis of the carbon supports confirms their 
appropriateness for the immobilization of the tin complexes. 

The immobilization of complexes 3 and 4 on the carbon supports was 
performed by dissolving the compounds in water, followed by the 
addition of the carbon materials and stirring the mixture for 72 h at 

Fig. 2. SEM micrographs of 3-AC.  

Fig. 3. The TEM morphology of complex 3 immobilized on (a) AC (b) AC-ox (c) AC-ox-Na (d) CNT (e) CNT-ox (f) CNT-ox-Na.  

Table 1 
Characterization of carbon materials by adsorption of N2 at − 196 ◦C: surface 
area (SBET), total pore volume (Vp), micropore volume (Vmic), average pore size 
(d). Amounts of CO and CO2 desorbed (previously determined by temperature 
programmed desorption (TPD) [41]).  

Carbon support SBET 

m2 g− 1 
Vp 

cm3 g− 1 
Vmic 

cm3 g− 1 
d 
nm 

CO 
µmol g− 1 

CO2 

µmol g− 1 

AC  866  0.45  0.22  5.2  643  179 
AC-ox  724  0.31  0.19  4.6  4930  2596 
AC-ox-Na  477  0.18  0.13  4.7  5012  2883 
CNT  302  2.85  0.01  30.3  142  89 
CNT-ox  301  1.62  0.006  19.0  1475  729 
CNT-ox-Na  261  1.21  0.005  16.5  1079  838  
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room temperature. The amounts of the compounds heterogenized on the 
carbon supports were determined by measuring the tin metal loading 
through inductively coupled plasma-atomic emission spectroscopy (ICP- 
AES) analysis (Table 2). The results show that both complexes were 
successfully anchored on the surface of the carbon supports, with com
pound 3 being immobilized more efficiently, which could be attributed 
to the bulkiness of compound 4 bearing three phenyl rings. Among the 
carbon supports, the AC materials have higher loading values compared 
to the CNTs. The surface-modified analogues have better hetero
genization efficiency than the pristine materials, which implies that the 
complexes anchor more effectively on surfaces with an increased num
ber of functional groups brought by surface treatments. 

The carbon materials loaded with Sn complex 3 were also charac
terised by nitrogen adsorption-desorption measurements (Table S1) to 
compare their surface features with those of the initial carbon materials 
(Table 1). In general, the surface parameters of the carbon materials 
loaded with 3, such as BET surface area, pore size and pore volume, 
exhibit much lower values when compared to their free analogues. This 
indicates that the complex is efficiently anchored not only on the outer 
surface of the supports but also inside the pores. 

The immobilization of 3 on AC was studied by XPS. Fig. 4 shows the 
XPS spectra of AC, 3 and 3-AC. The carbon support, AC, and 3 were also 
analysed for comparison purposes. The AC shows the typical spectrum of 
a graphitized carbon with the C 1s region fitted with an intense peak 
centred at 284.7 eV assigned to sp2 carbon atoms and an energy loss 
region, from π-π * electron excitations associated to a delocalized sys
tem, that extends roughly from 288 eV to 293 eV (Fig. 4a). Some oxi
dised carbon functionalities (C-O, C––O or COOH) are overlapping the 
vibronic fine structure, responsible for the asymmetric profile of C 1s 
[45], and the π-π * excitation features. A residual relative amount of 
nitrogen is also detected (Table 3): N 1s was fitted with a single peak 
centred at 401.4 eV attributed to protonated amines (Fig. 4c and 
Table S2). The C 1s region of 3 was fitted with five peaks centred at 
binding energies (BE) compatible with the chemical structure of 3 pre
dicted in Scheme 2. However, an additional peak assigned to carbon 
bonded to oxygen was needed to obtain a reliable fitting. Actually, this 
sample shows an excess of oxygen (cf. O/C in Table 3) compatible with 
the presence of retained acetone. Surprisingly, in 3, P 2p region that 
should include only one doublet assigned to the phosphorus atom, has 
the contribution of two doublets with spin-orbit separations of 0.87 eV 
and P 2p3/2 components centred at 130.8 eV and 132.6 eV (Fig. 4b and 
Table S2). The lower BE is typical of phosphorus in phosphine-like 
compounds [46] and is most probably from free (unreacted) PTA that 
is mixed with 3. The doublet centred at higher BE is attributed to 
phosphorus from the complex, where the charged nitrogen atom, N+, 
seems to have an inducing effect on the phosphorus atom shifting its BE 
to higher values. N 1s regions before (in 3) and after immobilization (in 
3-AC) were fitted with one main peak, centred at 399.8 ± 0.1 eV 
assigned to C-N, and another less intense peak attributed to quaternary 
nitrogen (N+), which is centred at 402.0 eV in the compound 3 and at 
slightly higher BE in 3-AC, 402.8 eV (Fig. 4c and Table S2). When 
analysing the ratio N+/N, being N the non-charged nitrogen atoms, this 
ratio should be 0.5 in the complex, however the experimental ratio is 

much lower (Table S2), which means that indeed some free PTA may be 
mixed with the complex. Interestingly, this unreacted precursor seems to 
be absent in 3-AC, as attested by the well-resolved P 2p doublet, with the 
main component detected at 132.8 eV assigned exclusively to the 
complex (Fig. 4b). The non-detection of the PTA-phosphine doublet 
after immobilization on AC, can be the result of free PTA entering the AC 
microporous structure, which could attenuate the XPS signal coming 
from buried moieties. Or, alternatively, if PTA gains a positive charge 
upon immobilization on AC, then its P 2p region must be coincident to 
the one from the complex. Regarding the tin XPS signal, the most intense 
orbital is the Sn 3d, which is a doublet of spin-orbit separation of 8.5 
± 0.1 eV (Fig. 4d). The photoelectron BE is not distinctive of the Sn 
oxidation state [46], however, in 3 the computed Auger Parameter (AP 
(Sn 3d5/2, Sn N4M45M45)) = 918.2 eV is closer to that of Sn(IV) species 
[47,48]. In 3-AC, the Auger structure Sn MNN, needed to compute the 
AP, is not detected. Such effect can occur when the Auger electrons, 
which have lower kinetic energy than Sn 3d photoelectrons, are atten
uated by an overlayer and cannot escape the surface [49]. This is 
compatible with tin being buried inside the AC porous surface. This 
effect can justify the Sn/P < 1 in 3-AC (Table 3). On the other hand, for 3 
this atomic ratio is larger than the predicted, showing that part of the Sn 
precursor did not react with the 4-(bromomethyl)benzoic acid. The Br 
3d region which is also a doublet with energy separation of 1.1 eV and 
Br 3d5/2 centred at 68.1 eV is assigned to Br– (Fig. 4e). Br– is detected in 
compound 3, with N+/Br– = 1, but not in 3-AC. This assignment ex
cludes the presence of the precursor 4-(bromomethyl)benzoic acid or of 
compound 1, since a bromine covalently bonded to carbon would have a 
Br 3d5/2 peak centred at BE higher than 70.5 eV [50]. 

2.3. Catalytic cyanosilylation of aldehydes 

The catalytic efficiencies of the carbon-supported complexes 3 and 4 
were evaluated in the cyanosilylation of aldehydes. The model experi
ment consisted in the addition reaction of benzaldehyde and TMSCN 
under microwave irradiation for rapid heating and in the absence of any 
solvent, which are favourable conditions for the development of sus
tainable reactions. The results are presented in Table 4. 

The experiments were conducted at 50 ℃, under low microwave 
irradiation (10 W), for 5 min, with 0.1 mol% catalyst loading and in 
solvent-free conditions (Table 4, entries 1–12). All the carbon-supported 
catalysts displayed catalytic activity towards the cyanosilylation of 
benzaldehyde, affording 2-phenyl-2-((trimethylsilyl)oxy)acetonitrile 
with no observed by-products, as confirmed by 1H NMR. Complexes 3 
and 4 on pristine supports, AC and CNT, showed superior catalytic ac
tivity with yields in the 72–94% range (Table 4, entries 1, 4, 7, and 10), 
compared to their chemically treated counterparts (Table 4, entries 2, 3, 
5, 6, 8, 9, 11, 12). This difference in activity is likely due to the hy
drophobic nature of the substrates making them more compatible with 
hydrophobic solid matrices (AC and CNT) as opposed to hydrophilic 
solid supports (the -ox and ox-Na analogues) that are introduced 
through surface modifications [51,52]. 

Catalysts based on AC supports (Table 4, entries 1 and 7) were found 
to be more active than those based on CNT (Table 4, entries 4 and 10). 
This can be attributed to the different characteristics of AC, such as, 
microporosity and rich surface chemistry (as observed in the TPD pro
files, Fig. S23), in comparison to CNT. Among the 12 carbon-supported 
Sn(IV) complexes tested as heterogeneous catalysts for the model reac
tion, 3-AC exhibited the highest yield of the cyanohydrin product (94%, 
as shown in Table 4, entry 1), and the reaction conditions were further 
optimized to improve the yield. 

A series of experiments were conducted to study the effect of tem
perature in the range from 30 to 60 ℃ (Table 4, entries 1 and 13–15). 
The results revealed that increasing the temperature to 50 ℃ improved 
the reaction rate, however, a further increase in temperature to 60 ℃ 
had a negative impact on the yield, likely caused by the partial thermal 
decomposition of the cyanohydrin product or the complex. 

Table 2 
Sn loading (wt%) on the carbon materials.a.  

Carbon material Sn(IV) complex 

3 4 

AC 2.1 1.83 
AC-ox 2.65 2.37 
AC-ox-Na 2.61 2.11 
CNT 1.13 0.93 
CNT-ox 1.48 1.27 
CNT-ox-Na 1.40 1.32  

a Values obtained from ICP analysis. 
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Fig. 4. XPS regions (a) C 1s, (b) P 2p, (c) N 1s, (d) Sn 3d and (e) Br 3d of samples AC (black), 3-AC (orange) and complex 3 (blue).  

A.G. Mahmoud et al.                                                                                                                                                                                                                           



Catalysis Today 423 (2023) 114270

7

An extension of the reaction time to 10 min at 30 or 50 ◦C resulted in 
a considerable drop in the product yield from 86% and 94–76% and 
78%, respectively (Table 4, entries 1 and 15–17). Furthermore, it was 
observed that increasing the catalyst amount from 0.1 to 0.2 mol% 
resulted in a decline of the yield from 94% to 79% (Table 4, entries 1 and 
18). 

To understand the impact of the catalyst components on the reaction 
rate and to explore the possible mechanistic pathway, a series of ex
periments were performed using each component individually. Running 
blank reactions in the absence of the complex 3 and presence of the 
carbon materials afforded the product with yields up to only 18% 
(Table 4, entries 19–21). Using 1 mol% of Sn(IV) complex 1 as catalyst, 
which does not have the P moiety, led to an increase in the product yield 
to 30%, which demonstrates the role of the tin metal centre as a Lewis 
acid in activating the carbonyl group of the aldehyde (Table 4, entry 22). 

[6–9] When 1 mol% of complex 3 was used instead, and which contains 
both the tin metal centre and the PTA moiety, it resulted in a significant 
increase in the product yield to 85%, indicating that the phosphorus 
ligand may be playing a role in the mechanism of this organic trans
formation (Table 4, entry 23). To further support this hypothesis, 
another reaction was performed in the presence of 1 mol% of PTA, 
which yielded the cyanohydrin product with a relatively high yield of 
62% (Table 4, entry 24). When the ammonium salt [PTA-CH2-C6H4-p-
COOH]Br was used, only 48.3% yield was observed (Table 4, entry 25). 

Recently, it was reported that a diacyl derivative of PTA, 3,7-diace
tyl-1,3,7-triaza-5-phosphabicyclo[3.3.1]nonane (DAPTA), interacts 
with TMSCN through the formation of a tetrel σ-hole bond between 
phosphorus and silicon.[53] It can thus be inferred that complex 3 has a 
dual catalytic effect on both reagents by combining a Lewis acid site, the 
tin metal centre that activates the carbonyl group in aldehyde, and a 
Lewis base site, the nucleophilic phosphorus that increases the nucleo
philicity of the CN group by interacting with the Si in TMSCN (see 
below). 

The versatility of our catalytic system was explored for the cyano
silylation of various aromatic and aliphatic aldehydes. As presented in  
Table 5, using catalyst 3-AC at a low loading of 0.1 mol% resulted in 
quantitative conversions of several substrates, after just 5 min at 50 ℃, 
under microwave irradiation and in solvent-free conditions. Increasing 
the bulkiness of the substrate resulted in a decrease in yield due to the 
challenge of accessing the micropores of the catalyst. Catalyst 3-AC was 
significantly more efficient than other heterogeneous metal-based cat
alysts reported so far, in terms of high conversions and low reaction 
times for aldehyde cyanosilylation. A comparison of the results is found 
in Table S3. 

Table 3 
XPS quantification: atomic concentrations (%) and relevant atomic ratios (n.d. – 
not detected).   

AC 3 3-AC Predicted in (3) 

C 89.9  70.4 89.9  68 
O 9.5  13.3 8.7  8 
N 0.5  9.3 0.95  12 
P —  2.4 0.24  4 
Sn —  3.1 0.19  4 
Br —  1.5 n.d.  4 
Atomic ratios       
N/P —  4.0 4.0  3 
Sn/P —  1.3 0.8  1 
O/C 0.11  0.19 0.10  0.12  

Table 4 
Microwave-assisted cyanosilylation of benzaldehyde with TMSCN using carbon-supported tin complexes 3 and 4 as catalysts.a.  

Entry Catalyst Catalyst Loading 
(mol%) 

Time 
(min.) 

Temperature 
(℃) 

Yieldb 

(%) 
TONc 

1 3-AC 0.1  5  50  94.3 943 
2 3-AC-ox 0.1  5  50  12.0 120 
3 3-AC-ox-Na 0.1  5  50  26.6 266 
4 3-CNT 0.1  5  50  72.5 725 
5 3-CNT-ox 0.1  5  50  30.5 305 
6 3-CNT-ox-Na 0.1  5  50  27.8 278 
7 4 -AC 0.1  5  50  85.9 859 
8 4 -AC-ox 0.1  5  50  41.3 413 
9 4 -AC-ox-Na 0.1  5  50  49.6 496 
10 4 -CNT 0.1  5  50  82.7 827 
11 4 -CNT-ox 0.1  5  50  29.7 297 
12 4 -CNT-ox-Na 0.1  5  50  20.8 208 
13 3-AC 0.1  5  60  81.0 810 
14 3-AC 0.1  5  40  88.5 885 
15 3-AC 0.1  5  30  86.0 860 
16 3-AC 0.1  10  50  78.7 787 
17 3-AC 0.1  10  30  76.3 763 
18 3-AC 0.2  5  50  79.4 397 
19 blank -  5  50  10.7 - 
20d AC -  5  50  18.1 - 
21d CNT -  5  50  12.3 - 
22 1 1.0  5  50  29.9 29.9 
23e 3 1.0  5  50  84.7 84.7 
24 PTA 1.0  5  50  62.2 - 
25e [PTA-CH2-C6H4-p-COOH]Br 1.0  5  50  48.3 -  

a Reaction conditions: Benzaldehyde (25 mmol), TMSCN (26 mmol) and catalyst (0.1–1 mol% calculated based on the aldehyde). 
b Determined by 1H NMR analysis. 
c Turnover number (number of moles of the product per mol of the metal catalyst). 
d Reactions performed in the presence of 1 mg of the carbon material, without Sn catalyst. 
e Reaction performed with free (not heterogenized) material, but not in homogeneous conditions, as these complexes are not soluble in the reaction media. 
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Table 5 
Cyanosilylation of various aromatic and aliphatic aldehydes using 3-AC catalyst.a.  

a Reaction conditions: aldehyde (1.0 mmol), TMSCN (1.2 mmol), 3-AC (0.1 mol%), 5 min, 50 ℃, microwave (10 W). 
b Determined via 1H NMR analysis. c Turnover number (moles of product per mole of catalyst). 
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Based on the results described in Table 4 (entries 22–24, and their 
above discussion), the mechanism of the reaction likely involves a 
double activation process through the Lewis acid and Lewis base sites of 
the supported complex 3, specifically the Sn(IV) and the uncoordinated 
phosphorus centres, respectively. The reaction mechanism proceeds in a 
stepwise manner, starting with the interaction of the phosphorus and the 
silicon through the formation of a tetrel σ-hole bond NC− Si⋅⋅⋅P in species 
A (Fig. 5). This enhances the nucleophilicity of the CN group by electron 
donation from Si. The formation of the tetrel σ-hole bond NC− Si⋅⋅⋅P 
involves the interaction of the nucleophilic phosphorus with the positive 
region (σ-hole) at silicon atom on the opposite side of the strong electron 
acceptor cyano group.[54–57] The 29Si NMR spectrum of an equimolar 
mixture of PTA and TMSCN in DMSO-d6 (Fig. S24) showed the reso
nance of TMSCN at − 11.21 ppm, and another peak at 7.34 ppm, which 
corresponds to the newly obtained PTA-TMS compound, thus providing 
evidence for the aforementioned tetrel σ-hole bond. Simultaneously, the 
Lewis acid Sn(IV) centre activates the carbonyl carbon of the aldehyde 
towards nucleophilic attack by the cyanide group, thus promoting cya
nide transfer from silicon to the electrophilic carbonyl carbon and the 
Si⋅⋅⋅O interaction. The reaction possibly proceeds through a σ-bond 
metathesis with the formation of a four-membered transition state 
(species B in Fig. 5), ultimately leading to the cyanosilyl product liber
ation with catalyst regeneration. 

The recyclability of the catalyst 3-AC was assessed by conducting up 
to 4 consecutive cycles, as shown in Fig. 6. Each catalytic cycle was 
initiated by adding new portions of the reactants (benzaldehyde and 
TMSCN) to the used catalyst, without any treatment. The reactions were 
performed using 0.1 mol% of the catalyst at 50 ◦C under microwave 
irradiation for 5 min. Although a decrease in yield was observed per 
cycle, the catalyst still maintained a 72% yield after four consecutive 
runs. To determine whether the morphology of the carbon-supported 
catalyst had changed after recycling, the spent catalyst (after the 
fourth cycle) was examined by SEM. As shown in Fig. S25, the 3-AC 
catalyst retained its structural features. The ICP analysis revealed that 
only a slight decrease in the metal amount (<0.01% Sn) was detected. 
This suggests that the 3-AC catalytic system is a robust heterogeneous 
catalyst that does not allow metal leaching into the products. 

The observed yield decrease after each cycle may be attributed to the 
poisoning of the active sites by trace impurities or adsorption of by- 

products on the catalyst surface, blocking the active sites. Therefore, 
we tried a different approach for recycling, which involves regenerating 
the catalyst after each cycle, aiming at removing of any organic re
actants or impurities that may have accumulated on its surface. With this 
goal, after each cycle the catalyst was dispersed in hot acetone for three 
hours, then dried under vacuum at 50 ◦C overnight (for a minimum of 
12 h). The results showed that the regenerated catalyst maintained 
almost all its initial activity for at least four cycles, with the reaction 
yield remaining above 88% (Fig. 6). 

3. Conclusions 

In summary, this study presents the synthesis and characterization of 
new organotin compounds 3 and 4, which contain the N-functionalized 
PTA ligand. These complexes were heterogenized on several carbon 
supports including commercially available (AC and CNT) and chemi
cally modified (AC-ox, AC-ox-Na, CNT-ox and CNT-ox-Na) materials, 
and were used as catalysts for the cyanosilylation of aldehydes. The 
results showed that 3-AC was the most active catalyst, obtaining cya
nohydrins from several aldehyde substrates in excellent yields, after just 
5 min at 50 ℃, under microwave irradiation and in solvent-free condi
tions, using only 0.1 mol% of the catalyst. The catalyst 3-AC was also 
found to be recyclable, still maintaining a 88% yield of cyanohydrins 

Fig. 5. Proposed mechanism for the cyanosilylation of aldehydes using 3 as a double-activation catalyst.  

Fig. 6. Recycling studies using 3-AC catalyst.  
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after four consecutive reaction cycles. In comparison with other het
erogeneous metal-based catalysts for the cyanosilylation of aldehydes, 
3-AC was significantly more efficient in terms of high conversion, low 
reaction time and recyclability. 

In situ multinuclear NMR investigations provided evidence for 
possible reaction intermediates and mechanistic pathways, suggesting 
that 3-AC acts as a double activation catalyst through the Lewis acid and 
Lewis base sites. This study demonstrates the potential of these recy
clable and efficient catalysts for the rapid cyanosilylation of aldehydes 
under mild and solvent-free conditions, which constitutes a step towards 
more “green” and scalable chemical transformations. The possibility of 
expanding the family of organotin complexes based on PTA derivatives, 
and the preparation of heterometallic compounds where the free P atom 
is coordinated to another soft metal centre, is currently being explored 
by the group. 

4. Experimental 

4.1. Materials and methods 

The chemicals were obtained from commercial sources and were 
used without further purification. [PTA-CH2-C6H4-p-COOH]Br was ob
tained according to the reported procedure [58]. Acetone was dried [59] 
prior to use as a solvent for the synthesis of 3 and 4. IR spectra 
(4000–400 cm− 1) were obtained on a Vertex 70 (Bruker Corporation, 
Ettlingen, Germany) instrument in KBr pellets. Electrospray mass 
spectra were obtained with a Varian 500-MS LC Ion Trap Mass Spec
trometer (Agilent Technologies, Santa Clara, CA, USA) equipped with an 
electrospray ion source. The Inductively Coupled Plasma (ICP) analyses 
were done at the Laboratório de Análises of Instituto Superior T é cnico 
(IST). Carbon supports were degassed (150 ◦C) for 72 h prior to N2 
adsorption measurements at − 196 ºC using Micrometrics ASAP 2060 
gas sorption instrument (Hiden Isochema, Warrington, UK). The surface 
characterization of supports was carried out in a previous work [41] by 
temperature-programmed desorption (TPD) using an Altamira AMI-300 
apparatus with a coupled Ametek Dycor Dymaxion quadrupole mass 
spectrometer. The surface morphology of supports and immobilized 
complex 3 was determined by scanning electron microscopy (SEM) in a 
Hitachi S-2400 (Tokyo, Japan) instrument and transmission electron 
microscopy (TEM) in a Hitachi 8100 (Tokyo, Japan) equipment at IST 
MicroLab. 

Multi-nuclear NMR spectra (1H, 13C, 31P, 119Sn, 29Si) were obtained 
from 300 MHz and 400 MHz spectrometers (Bruker Avance II, Bruker, 
Billerica, MA, USA) at ambient temperature. Chemical shifts δ are 
quoted in ppm, and coupling constants given in Hz. Multiplicities were 
abbreviated as follows: singlet (s), doublet (d) and multiplet (m). 1H and 
13C NMR spectra were internally referenced to residual protio-solvent 
resonance and are reported relative to tetramethylsilane (δ = 0); 31P 
chemical shifts were referenced with external 85% H3PO4; 119Sn 
chemical shifts were referenced with external tetramethyltin. Assign
ments of some 1H and 13C signals rely on g-COSY and g-HSQC 
experiments. 

Syntheses under microwave irradiation were carried out in an Anton 
Paar Monowave 300 apparatus (Anton Paar GmbH, Graz, Austria). The 
reactions were performed in 4 mL cylindrical pyrex tubes, sealed using a 
teflon crimp top. After the reaction, the vail was cooled rapidly to 
ambient temperature by gas jet cooling. 

X-ray Photoelectron Spectroscopy studies were conducted with a 
XSAM 800 dual anode spectrometer from KRATOS (Manchester, UK), 
using Mg Kα X-rays with energy, hν = 1253.6 eV. Operational and 
acquisition conditions, and data treatment details were described else
where [48]. The charge shift was corrected using as reference the 
binding energy (BE) of aromatic carbon atoms, set at 284.7 eV. The 
sensitivity factors of the spectrometer software library (Vision 2 for 
Windows, Version 2.2.9 - KRATOS) were used for quantitative analysis. 

4.2. Synthesis of the compounds 1–4 

4.2.1. [(BrCH2-C6H4-p-COO)SnR3] (R = Me for 1 and Ph for 2) 
In a 250 mL round-bottomed flask equipped with a Dean-Stark 

apparatus and a condenser, a mixture of 4-(bromomethyl)benzoic acid 
(0.93 mmol, 0.2 g), (CH3)3SnOH (0.93 mmol, 0.17 g) for compound 1 or 
Ph3SnOH (0.93 mmol, 0.34 g) for compound 2, and toluene (60 mL) was 
stirred and heated under reflux for 5 h. The resulting clear and colour
less solution was cooled and the solvent was reduced to approximately 
5 mL. The product was obtained after adding petroleum ether 
(30–40 mL) and isolated as a white solid after filtration and drying 
under vacuum. 

Compound 1. . Yield: 80% based on metal salt. Elemental analysis 
calcd (%) for C11H15BrO2Sn: C 34.97, H 4.00; found: C 34.71, H 4.13. 
FTIR (KBr, cm− 1): 2643 (br), 1598 (s), 1559 (s), 1370 (s), 1228 (s), 781 
(s), 552 (s). 1H NMR (δ, 300 MHz; DMSO-d6): 7.84 (d, J = 7.5 Hz, 2 H, 
Ar-H), 7.46 (d, J = 7.8 Hz, 2 H, Ar-H), 4.72 (s, 2 H, CH2), 0.48 (s, 9 H, 
CH3). 119Sn{1H} NMR (δ, 300 MHz; DMSO-d6): − 15.31. The NMR 
spectra can be found in Figs. S1 and S2 and the FTIR spectra in Fig. S19. 

Compound 2. . Yield: 74% based on metal salt. Elemental analysis 
calcd (%) for C26H21BrO2Sn: C 55.36, H 3.75; found: C 55.17, H 3.90. 
FTIR (KBr, cm− 1): 3054 (s), 1627 (s), 1429 (s), 1291 (s), 704 (s), 602 (s). 
1H NMR (δ, 400 MHz; DMSO-d6): 7.97–7.76 (m, 8 H, Ar-H), 7.47–7.40 
(m, 11 H, Ar-H), 4.69 (s, 2 H, CH2). 13C{1H} NMR (δ, 400 MHz; DMSO- 
d6) /DEPT/HSQC: 143.70 (C{O}), 143.11 (Ar-Cquad-CH2), 136.24 (Ar- 
Cquad-Sn), 136.01 (Ar-CHCSn), 132.53 (Ar-CHCHCSn), 129.66 (Ar- 
CHCHCHCSn), 129.14 (Ar-CHCC{O}), 128.51 (Ar-CHCCH2), 128.38 
(Ar-Cquad-C{O}). 119Sn{1H} NMR (δ, 300 MHz; DMSO-d6): − 230.52. 
The NMR spectra can be found in Figs. S3 and S4 and the FTIR spectra in 
Fig. S20. 

4.2.2. [(PTA-CH2-C6H4-p-COO)SnR3]Br (R = Me for 3 and Ph for 4) 
To an acetone solution (20 mL) of compound 1 (0.13 mmol, 49 mg; 

to obtain complex 3) or compound 2 (0.13 mmol, 76 mg; to obtain 
complex 4), a solution of PTA (0.13 mmol, 22 mg) in acetone (10 mL) 
was added dropwise under a nitrogen atmosphere and with vigorous 
stirring at room temperature. The mixture was stirred for 3 h, after 
which the white solid products were isolated by filtration, washed with 
acetone and dried under vacuum. 

Compound 3. Yield: 88% based on PTA. Elemental analysis calcd (%) 
for C17H27BrN3O2PSn: C 38.17, H 5.09, N 7.85; found: C 38.35, H 5.18, 
N 7.90. FTIR (KBr, cm− 1): 3417 (br), 2987 (b), 1657 (s), 1567 (s), 1372 
(s), 1125 (s), 1033 (s), 782 (s), 550 (s). 1H NMR (δ, 400 MHz; DMSO-d6): 
7.95 (d, J= 7.2 Hz, 2 H, Ar-H), 7.52 (d, J= 7.6 Hz, 2 H, Ar-H), 5.08 (d, J 
= 10.8 Hz, 2 H, N+CH2N), 4.86 (d, J = 11.2 Hz, 2 H, N+CH2N), 4.53 (d, 
J = 13.6 Hz, 1 H, NCH2N), 4.36 (d, J = 13.2 Hz, 1 H, NCH2N), 4.24 (d, J 
= 4.8 Hz, 2 H, PCH2N+), 4.17 (s, 2 H, CCH2N+), 3.94–3.75 (m, 4 H, 
PCH2N), 0.49 (s, 9 H, CH3). 31P{1H} NMR (δ, 400 MHz; DMSO-d6): 
− 83.63. 13C{1H} NMR (δ, 300 MHz; DMSO-d6): 168.69 (C{O}), 132.67 
(Ar-CH), 129.65 (Ar-CH), 78.71 (NCH2N+), 69.31 (NCH2N), 64.25 
(CCH2N+), 51.62 (1Jpc = 130.4 Hz, PCH2N+), 45.27 (1Jpc = 81.6 Hz, 
PCH2N), 0.76 (SiCH3). DEPT (δ, 300 MHz; DMSO-d6): 132.42, 129.40, 
78.45, 69.05, 63.99, 51.36, 45.10, 0.51. 119Sn{1H} NMR (δ, 300 MHz; 
DMSO-d6): − 19.65. ESI(+)MS in DMSO (m/z): 455.9 (calcd. 455.1) 
[(PTA-CH2-C6H4-p-COO)SnMe3]+. The NMR spectra can be found in 
Figs. S5 and S11. 

Compound 4. . Yield: 48% based on PTA. Elemental analysis calcd 
(%) for C32H33BrN3O2PSn: C 53.29, H 4.61, N 5.83; found: C 52.95, H 
4.57, N 5.65. FTIR (KBr, cm− 1): 3413 (br), 1625 (s), 1354 (s), 1125 (s), 
1070 (s), 1034 (s), 816 (s), 736 (s), 700 (s), 555 (m). 1H NMR (δ, 
400 MHz; DMSO-d6)/COSY: 7.99 (m, 7 H, Ar-H), 7.95 (d, J = 7.6 Hz, 
2 H, Ar-H), 7.49 (d, J = 7.6 Hz, 2 H, Ar-H), 7.32 (m, 8 H, Ar-H), 5.08 (d, 
J = 10.8 Hz, 2 H, N+CH2N), 4.86 (d, J = 10.8 Hz, 2 H, N+CH2N), 4.53 
(d, J = 13.2 Hz, 1 H, NCH2N), 4.36 (d, J= 13.2 Hz, 1 H, NCH2N), 4.24 
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(d, J= 3.5 Hz, 2 H, PCH2N+), 4.14 (s, 2 H, CCH2N+), 3.90–3.75 (m, 4 H, 
PCH2N). 31P{1H} NMR (δ, 400 MHz; DMSO-d6): − 83.72. 13C{1H} NMR 
(δ, 400 MHz; DMSO-d6)/DEPT/HSQC: 168.04 (C{O}), 146.65 (Ar-Cquad- 
CH2), 138.34 (Ar-Cquad-Sn), 136.41 (Ar-CHCSn), 132.53 (Ar-CHCHCSn), 
129.57 (Ar-CHCHCHCSn), 127.99 (Ar-CHCC{O}), 127.67 (Ar-CHCCH2), 
127.31 (Ar-Cquad-C{O}), 78.70 (NCH2N+), 69.32 (NCH2N), 64.34 
(CCH2N+), 51.61 (1Jpc = 130 Hz, PCH2N+), 45.37 (1Jpc = 84.2 Hz, 
PCH2N). DEPT (δ, 400 MHz; DMSO-d6):136.16, 132.28,129.32, 127.75, 
127.42, 78.44, 69.07, 64.08, 51.35, 45.06. 119Sn{1H} NMR (δ, 300 MHz; 
DMSO-d6): − 326.43. ESI(+)MS (m/z): 642.02 (calcd. 641.32) [(PTA- 
CH2-C6H4-p-COO)SnPh3]+. The NMR spectra can be found in Figs. S12 
and S18. 

4.3. Preparation of the supported catalysts 

4.3.1. Treatment of the carbon materials 
The activated carbon (AC) and multi-walled carbon nanotubes (CNT) 

were used as solid supports. The AC-ox and CNT-ox supports were ob
tained from refluxing 1 g of carbon in 5 M HNO3 (75 mL) solution for 
3 h, followed by filtration and washing with distilled water until neutral 
pH. [44,60] The AC-ox-Na and CNT-ox-Na materials were attained from 
the 1 h reflux of AC-ox and CNT-ox with 20 mM NaOH (75 mL) solution, 
followed by filtration and washing with distilled water until neutral pH, 
respectively. [44,60]. 

4.3.2. Immobilization of the complexes 
The carbon material (150 mg) was added to an aqueous solution of 

the complex (50 mg) dissolved in 50 mL of water. The obtained mixture 
was stirred at room temperature for 72 h. The carbon-supported mate
rials were separated by filtration, washed with water and dried under 
vacuum, at 120 ◦C for 24 h. The metal (Sn) loading was determined by 
ICP. 

4.4. General procedure for cyanosilylation of aldehydes 

In a typical experiment, a 4 mL microwave tube was used, which was 
equipped with a magnetic stirring bar. The tube contained a 25 mmol of 
aldehyde, 26 mmol of trimethylsilyl cyanide (TMSCN), and a carbon- 
supported catalyst. The mixture was placed in a microwave reactor 
and stirred at 600 RPM while being heated at 10 W for 5 min at 50 ◦C. 
After the reaction, the mixture was centrifuged to separate the hetero
genized catalyst. The desired product was then quantified by diluting 
the mixture with CDCl3 and analysing it using 1H NMR. 

For the regeneration process, the catalyst was dispersed in acetone at 
50 ◦C for 3 h. After filtering off, the catalyst was dried under vacuum at 
50 ◦C overnight (for at least 12 h) before being used for the next cata
lytic cycle. 
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[29] A.G. Mahmoud, P. Smolénski, M.F.C. Guedes Da Silva, A.J.L. Pombeiro, Molecules 
Water-Soluble O-, S-and Se-Functionalized Cyclic Acetyl-triaza-phosphines. 
Synthesis, characterization and application in catalytic azide-alkyne cycloaddition, 
Molecules 25 (2020) 5479, https://doi.org/10.3390/molecules25225479. 

[30] A.G. Mahmoud, M.F.C. Guedes da Silva, A.J.L. Pombeiro, A new amido-phosphane 
as ligand for copper and silver complexes.Synthesis, characterization and catalytic 
application for azide–alkyne cycloaddition in glycerol, Dalton Trans. 50 (2021) 
6109–6125, https://doi.org/10.1039/d1dt00992c. 

[31] I.L. Librando, A.G. Mahmoud, S.A.C. Carabineiro, M.F.C. Guedes da Silva, C.F.G. 
C. Geraldes, A.J.L. Pombeiro, The catalytic activity of carbon-supported Cu(I)- 
phosphine complexes for the microwave-assisted synthesis of 1,2,3-triazoles, 
Catalysts 11 (2021) 185, https://doi.org/10.3390/catal11020185. 

[32] I.L. Librando, A.G. Mahmoud, S.A.C. Carabineiro, M.F.C. Guedes da Silva, C.F.G. 
C. Geraldes, A.J.L. Pombeiro, Synthesis of a novel series of Cu(I) complexes bearing 
alkylated 1,3,5-triaza-7-phosphaadamantane as homogeneous and carbon- 
supported catalysts for the synthesis of 1- and 2-substituted-1,2,3-triazoles, 
Nanomaterials 11 (2021) 2702, https://doi.org/10.3390/NANO11102702. 

[33] I.L. Librando, A. Paul, A.G. Mahmoud, A.V. Gurbanov, S.A.C. Carabineiro, F. 
C. Guedes da Silva, C.F.G.C. Geraldes, A.J.L. Pombeiro, 
Triazaphosphaadamantane-functionalized terpyridine metal complexes: 
cyclohexane oxidation in homogeneous and carbon-supported catalysis, RSC 
Sustain. 1 (2023) 147–158, https://doi.org/10.1039/D2SU00017B. 

[34] T.S. Basu Baul, A. Paul, L. Pellerito, M. Scopelliti, P. Singh, P. Verma, D. De Vos, 
Triphenyltin(IV) 2-[(E)-2-(aryl)-1-diazenyl]benzoates as anticancer drugs: 
synthesis, structural characterization, in vitro cytotoxicity and study of its 
influence towards the mechanistic role of some key enzymes Invest. N. Drugs 28 
2010 587 599 doi: 10.1007/S10637-009-9293-X/FIGURES/9. 

[35] T.S. Basu Baul, A. Paul, L. Pellerito, M. Scopelliti, A. Duthie, D. De Vos, R.P. Verma, 
U. Englert An in vitro comparative assessment with a series of new triphenyltin(IV) 
2-/4-[(E)-2-(aryl)-1-diazenyl]benzoates endowed with anticancer activities: 
Structural modifications, analysis of efficacy and cytotoxicity involving human 
tumor cell lines J. Inorg. Biochem. 107 2012 119 128 doi: 10.1016/J. 
JINORGBIO.2011.10.008. 

[36] T.S. Basu Baul, A. Chaurasiya, A. Duthie, P. Montes-Tolentino, H. Höpfl, 
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