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Abstract

In the recent few years, polymer based nanomaterials are emerged as promising candidates in new generation catalysis. In
this regard, we report the synthesis of nickel nanoparticles at mild conditions using porous triazine-thiourea-sulfonamide
support (TTSA). The novel heterogeneous polymer support was synthesized by silica template method. The synthetically
modified porous material (TTSA@Ni NPs) was analyzed in details over a number of physicochemical methods like, FT-IR,
FE-SEM, HR-TEM, EDX, XRD, TGA and ICP-OES. In catalytic exploration we aimed the synthesis of alochohols from
the reduction of aldehydes/ketones in water. Furthermore, the prepared green heterogeneous catalyst can be recycled and
recovered six times without significant loss in the catalytic activity

Keywords Triazine-thiourea-sulfonamide (TTSA) - Mesoporous catalyst - Aldehydes - Ketones - Formic acid/triethyl

amine - Ni NPs

1 Introduction

In recent days, the development of environmentally benign
protocols has been explored for the synthesis of bioactive
heterocycles by eliminating the use of hazardous, expensive
solvents and reagents along with multistep reaction course to
avoid the formation of unwanted side products [1]. Among
the important synthetic methods, the selective reduction of
carbonyl compounds has collected remarkable attention [2],
because various valuable chemicals can be synthesized from
alchohol through condensation, etherification, oxidation,
and esterification [3-5]. Due to the remarkable potentially
of alcohol in organic synthesis, design and development of
nanocomposite for the reduction of carbonyl compounds has
been an interesting research among the scientists.

Recent developments in the synthesis of heterogeneous
nano catalyst using heterogeneous support have gained con-
siderable curiosity [6-9]. In this context, the use of porous
polymer is an exponentially growing research area in modern
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synthetic chemistry which offers several advantages such as
high surface area, high stability (chemical and thermal), easy
availability, low cost, high reaction yields with simplified
recovery and reusability [10-12]. Along with porous poly-
mer, the synthesis of nickel nano catalysts, applied as a het-
erogeneous catalyst, has attracted a wide variety of interests
in various organic reactions [13]. However, heterogeneous
nickel catalysts suffer from some drawbacks such as leaching
of metal NPs, which leads to the loss of catalytic activity.
Thus, it is very important to prepare an ideal catalyst sup-
port with a high surface area, which results in minimizing
the mentioned problems.

Sulfonamide scaffolds have attracted the attention of
many researchers due to their potential in catalytic applica-
tions [14]. The results obtained from catalytic application of
sulfonamides indicate that sulphonamides play a vital role in
heterogeneous substrate and catalysts [15-22]. In this con-
nection, the use of cross-linked poly sulfonamides as hetero-
geneous support has been quite familiar derived from their
easy and low-cost synthesis, low toxicity, abundance and
outstanding isolation followed by reusability. The surface
amine and sulfonamide groups additionally help towards the
covalent immobilization of the organo-functions [15-22].
As a consequence, we have been prompted to demonstrate
a novel material by forming a novel porous cross-linked
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triazine-thiourea-sulfonamide (TTSA) through silica tem-
plate method and further decorated with in situ generated
Ni NPs to have the TTSA@Ni nanocomposite (Scheme 1).
Finally, we exploited the novel catalyst in the reduction of
aldehydes and ketones to green synthesis of alcohol in excel-
lent yields (Scheme 2).

2 Experimental

2.1 Synthesis of SiO, NPs

SiO, NPs with an average diameter of about 25 nm were
prepared according to the Stober method [23].

2.2 Synthesis of SiO,@TTSA

A mixture of benzene-1,3-disulfonyl chloride (1 mmol,
0.275 g), 1,3,5-triazine-2,4,6-triamine (0.2 mmol, 0.03 g),
thiourea (0.7 mmol, 0.05 g) and silica nanoparticles (0.05 g)
were taken in 25 mL of dry acetonitrile and refluxed for
12 h. The resulting nanocomposite (SiO, @TTSA) was fil-
tered off. Finally, it was washed thoroughly with acetonitrile
and dried.

2.3 Synthesis of porous TTSA

The mixture of HF solution (10 mL, 10 wt.% in 10 mL
deionized water), and deionized water (10 mL) was added

\ /
NH
A: Polymerization

B: Silica etching
C: Ni NPs

Si0,@TTSA

Porous TTSA@Ni

Scheme 1 The general route for the synthesis of mesoporous TTSA@Ni catalyst

(0]
H ;:.._..: ©)\
R o + HCOOH-NEt;
TTSA@Ni
R
H,0, 80°C, pH=3.2

R'

R: H, p-Me, p-OMe, p-Cl, p-NO,, p-F, p-N(Me),, p-OH, m-OH, m-F, Furan, Thiophene, Indole

R': H, p-Me, p-OMe, p-Cl, p-Br, p-OH, Naphtaline

Scheme 2 Transfer hydrogenation of aldehyde/ketone using mesoporous TTSA @Ni catalyst
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to the SiO,@TTSA nanocomposite (0.5 g), by stirring at
room temperature for 4.5 h. The porous TTSA was then cen-
trifuged, washed with water (50 mL), and dried in air.

2.4 Synthesis of TTSA@Ni NPs

An aqueous solution of NiCl,-6H,0 (2 mL, 1 M) was added
to the preapared support (0.1 g) and refluxed for 3 h. The
Ni?* ions were subsequently reduced over aqueous NaBH,
solution (12 mmol, 10 mL H,O) and stirred for 4 h at room
temperature. Finally, the TTSA@Ni nanocomposite so
formed were isolated by centrifusion, rinsed with DI water:
ethanol and dried under vacuum [24].

2.5 Preparation of benzyl alchohol derivatives
using TTSA@Ni

In order to prepare a solution with pH of 3.2, a mixture of
HCOOH-NE; (1:0.7) was dissolved in water (1 mL). Then,
the carbonyl compounds (1 mmol) and 0.03 g of TTSA@Ni
nanocomposites were added to the above solution and stirred
at 80 °C. After completion of the reaction as indicated by
TLC (n-hexane/ethyl acetate, 10:3), mesoporous TTSA@
Ni were separated via centrifusion. The product was then
extracted out in excess ethyl acetate. The combined organic
layer was rinsed with brine, dried over anhydrous Na,SO,,
concentrated and finally in some cases column purified to
afford the desired pure products.

3 Result and discussion
3.1 Analysis of catalyst characterization data

TTSA @Ni nanocomposite, being prepared following a post-
synthetic modification approach, was analyzed over differ-
ent techniques like FT-IR, FE-SEM, EDX, atomic mapping,
ICP-OES, TEM, and XRD to have a detailed idea of its phys-
ical and chemical features.

In order to validate the stepwise formation of the nano-
composite, a comparison of SiO, @TTSA (A), porous TTSA
(B), TTSA@N:i (C), have been presented in Fig. 1. Figure 1A
displays the characteristic peaks of N-H and NH, bond at
3200-3400 cm™!. Also, some additional peaks are observed
at 1172 and 1412 cm™' corresponding to SO, bands. Moreo-
ver, the vibrations for C=S and C=N were found at 1689
and 1667 cm™! respectively (Fig. 1A). Moreover, the adsorp-
tion of SiO,@TTSA displayed absorption vibrational band
at 1035 cm™!, attributed to the Si—O stretching of silica nan-
oparticles. After silica etching procedure, this peak was not
observed in the FT-IR spectra of the porous TTSA (Fig. 1B).
In the next intermediate, i.e., TTSA@Ni nano composite
(Fig. 1C), after interaction of Ni NPs with prepared support,
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Fig. 1 FT-IR spectrum of SiO,@TTSA NPs (A), Porous TTSA (B),
TTSA@Ni nanocomposite (C)
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Fig.2 XRD pattern of porous TTSA (a), TTSA@Ni (b)

the C =N peaks shifted from 1669 cm™! to 1640 cm™!. The
observed shift peaks displayed the successful interaction of
Ni owing to strong chelation with the polar functions groups.

The XRD pattern of synthesized porous TTSA and
TTSA @Ni nanocomposite are shown in Fig. 2. The diffrac-
tion peaks in a range of 20 angle at about 17.4°, 36.80°,
20° (due to the triazine group), 23.25° and 52° (due to the
thiourea group), 40°and 45° (due to sulfonamide groups)
confirmed the successful formation of crystal structure of
porous TTSA (Fig. 2a).

The XRD pattern of TTSA @Ni nanocomposite is shown
in Fig. 2b. The diffraction peaks in a range of 20 angle 45°,
53¢ and 78° confirms the formation of Ni NPs and indicates
that immobilization of Ni NPs lead to the formation of amor-
phous structure.

The morphology of SiO, nanoparticles was characterized
with FE-SEM analysis (Fig. 3). The FE-SEM of SiO, NPs
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Fig.3 FE-SEM image of SiO,
NPs and the size distributions of
SiO, NPs

sy
SEM MAG: 135 kx WD: 5.72 mm
Det: SE SEMHV:15.0kV | 200 nm
Date(m/dly): 03/02/21 BL: 13.00

showed spherical shaped Si NPs with mean size 10-25 nm.
Moreover, the size distribution histogram of these nanopar-
ticles confirms that their size average diameter is less than
25 nm.

FE-SEM analysis of porous TTSA and TTSA @Ni nano-
composite was performed to determine its surface morphol-
ogy, porosity and particle size (Fig. 4). Mesoporous structure
of TTSA indicated the effect of silica template method as an
important factor on the porosity of the support (Fig. 4A).
The detailed morphology, particle size and shape of TTSA@
Ni showed the distribution of spherical shaped Ni NPs with
mean size 25-35 nm on the surface of porous TTSA sub-
strate (Fig. 4B).

To have a knowledge of the more detailed internal struc-
ture TEM analysis was carried out of the nanostructure. It
clearly exhibits the quasi-spherical particles in nanometer
range. (Fig. 5).

Fig.4 FE-SEM photographs
of porous TTSA (A) TTSA@
Ni (B)

0q
SEM MAG: 25.0 kx

Det: InBeam
WD: 4,98 mm
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To confirm the presence of the elements on the nano-
composite, EDX and elemental mapping analysis was also
performed. Figure 6 showing the EDX pattern, confirms the
presence of Ni, O, S, C and N as the constituting elements.
During elemental mapping, a section of the SEM image was
scanned by X-ray and the outcomes are depicted in Fig. 7.
The uniform dispersion of the composing atoms over the
whole matrix can be clearly observed. The Ni content was
measured by ICP-OES, to be 1.794 mmol g~'.

The Brunauer-Emmett—Teller (BET) surface areas is
determined by N, adsorption—desorption (Fig. 8). It is found
the surface areas for porous TTSA is 31.77 m? g~! and total
pore volume is 0.07 cm? g=! [25].

In order to investigate the amphiphilicity of the pre-
pared catalyst, we used contact angle measurements. In this
sense, Fig. 9 illustrates the contact angles of TTSA@N:i for
both water and oil droplets. The obtained the contact angle

2
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Fig.5 HR-TEM images of
TTSA@Ni with the scale bar

of 50 nm
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Fig.6 EDX spectrum of TTSA@Ni NPs

between TTSA@Ni and water (below 90°) revealed that
hydrophilicity of the prepared catalyst (Fig. 9A). Moreover,
a rapid adsorption of the oil droplet was observed and the
contact angle was about 0° (Fig. 9B).

TGA curve of TTSA@Ni NPs have been presented in
Fig. 10, illustrated a small lose weight at 30—100 °C, which
could be related to the physical absorption of water and
organic solvents. After this, the weight decrease shown in
the range of 230 — 600 °C indicates the degradation of poly-
mer chains (Fig. 10).

3.2 Catalytic studies

We aimed at analyzing the optimization of reaction param-
eters, i.e. temperature, catalyst loading, hydrogen donor
agent and solvent over TTSA @Ni the transfer hydrogenation
of benzaldehyde (Table 1). As Table 1 shows, the reaction
was not successful without the catalyst thus signifying their

importance (entry 1). Initially, the effect of different hydride
donor was investigated in the presence of 0.03 g (5.4 mol%)
TTSA@Ni (entries 2—6). By using hydrogen donors such
as formic acid, ammonium format, no further improvement
in yield was observed (entries 2, 3). Thereafter, we opti-
mized the formic acid/ammonium format in the reaction
in various pH including 2.5, 3, and 3.5 (entries 4-6). It is
worth nothing that pH is an important factor in the reaction
progress and the excellent activity of the TTSA@Ni is viv-
idly observed at a pH =3 using HCOOH-HCOONH, (entry
4). Then, under various pH (entries 7-11), in the presence
of HCOOH-NEt;, the catalytic activity of TTSA@Ni was
investigated. Interestingly, at a pH of 3.2, formic acid/triethyl
amine resulted the best yield the shortest reaction time (entry
10). While studying the effect of temperature, we observed
the reaction was sluggish at room temperature (entry 13).
Again, at higher temperature there was no improvement in
the reaction yields (entry 12), so the temperature was stabi-
lized at 80 °C. Next, we checked the role of various solvents
(entries 14—17) and solvent-free condition (entry 18). The
best results were obtained using water as a reaction media
(entry 10). Finally, the model reaction was examined in the
presence of 0.05 g (9 mol%) (entry 19) and the optimal cata-
lyst amount was found to be 5.4 mol% to push the reaction
forward. In order to investigate the efficiency of TTSA@Ni,
the model reaction was investigated in the presence of Ni
NPs and we observed the reaction was sluggish (entry 20).
In order to investigate the effect of base, the model reaction
was investigate using HCOOH-NaOH and no reaction was
occurred (entry 21).

On stabilizing the reaction conditions as discussed in
Table 1, the next endeavor was to establish their scope and
generality over a broad range of substrates, by reacting dif-
ferent aryl aldehydes and ketones over our developed cata-
lyst (Table 2). Aromatic aldehydes having either electron-
withdrawing groups (Cl, NO,) (2b—c), electron-donating
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Fig. 7 Elemental mapping of TTSA@Ni shows the presence of C, N, O, S, and Ni atoms in the nanocomposite
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Fig.8 BET measurment of TTSA polymer
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groups (Me, OMe, N(Me),, F, OH) (2d—j) are all good sub-
strates. Divers hetero aldehydes successfully reacted in good
yields under set reaction conditions (2 k, 2 1, 2 m). Interst-
ingly, terephthalaldehyde was found a good substrate with a
yield of 89% (2n). Under the optimized reaction conditions,
to further explore the extent and generality of present reac-
tion procedure, a series of substituted acetophenone with
electron-rich groups (Me, OMe, and OH) (2p, 2m and 2n),
acetophenones with electron-deficient groups (CI, Br) (20,
2p) were converted efficiently into corresponding products in
good to excellent yield. Other aryl ketone substrates (2r—2t)
also successfully reacted in good yields under set reaction
conditions.
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Fig.9 Contact angles of
TTSA@Ni, photograph of water
(A) and oil droplet (B)
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Fig. 10 TGA curve of TTSA@Ni nanocomposite

3.3 Proposed mechanism

A proposed mechanism for synthesizing benzyl alco-
hols catalysed by TTSA@Ni is presented in Scheme 3. It
is assumed that during the course of reaction, TTSA@Ni
nanocomposite has an important role in the decomposition
of HCOOH that lead to hydride produce in the presence
of triethyl amine. Finally, the desired benzyl alochohol was
obtained through hydrogenation [2] (Scheme 3).

After the completion of model reaction under best
optimized green reaction conditions, the nanocomposite

TTSA@Ni was recovered easily and reused in subsequent
six runs (Fig. 11). In the regeneration study, after each recy-
cle, TTSA@Ni was separated out from the reaction mix-
ture through centrifusion and washing with water: ethanol
(20 mL). After each recycle, the product yield has been
marginally decreased (98, 96, 94, 93, 88, 84), very little and
insignificant change in the product yield has been noticed.

After 5 times, as FT-IR spectra show, the structure of the
catalyst didn’t significantly change (Fig. 12).

4 Conclusion

The aim of the present research was to examine the effect of
silica NPs on the synthesis of mesoporous polysulfonamide-
based catalyst. Mesoporous structure, amphiphilicity and
numerous polar electron rich functions provide significant
stability to the NPs by homogeneous and wide distribution
over the matrix. TTSA @Ni nanocomposite was exploited in
the synthesis of diverse benzyl alchohol derivatives by the
reduction of aldehydes/ketones. The whole process can be
considered as an ideal tool because synthesis of both nano-
catalyst and desired products were achieved in environmen-
tally friendly conditions and additionally, catalyst could be
easily recovered and reused.
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Table 1 Optimization of the reaction conditions

(0}
TTSA@Ni
H+ HCOOH m——) OH
Solvent, Temp., Time, pH ©/\
Entry Cat. (g) Hydrogen doner Solvent Temperature Time (h) Yield (%)*
O
1 - HCOOH H,0 80 24 N.R.
2 0.03 HCOOH H,0 80 24 Trace
3 0.03 HCOONH, H,0 80 12 50
4 0.03 HCOOH-HCOONH, (pH=3) H,0 80 6 80
5 0.03 HCOOH-HCOONH, (pH=2.5) H,0 80 8 72
6 0.03 HCOOH-HCOONH, (pH=3.5) H,0 80 6 76
7 0.03 HCOOH-NEt; (1:0.2, pH=1.5) H,0 80 6 40
8 0.03 HCOOH-NEt; (1:0.3, pH=2.0) H,0 80 6 60
9 0.03 HCOOH-NEt; (1:0.5, pH=2.5) H,0 80 3 84
10 0.03 HCOOH-NEt; (1:0.7, pH=3.2) H,0 80 0.5 98
11 0.03 HCOOH-NE, (1:1, pH=3.7) H,0 80 0.5 94
12 0.03 HCOOH-NEt; (1:0.7, pH=3.2) H,0 60 0.05 88
13 0.03 HCOOH-NE; (1:0.7, pH=3.2) H,0 R.T. 12 45
14 0.03 HCOOH-NE; (1:0.7, pH=3.2) EtOH 80 1 80
15 0.03 HCOOH-NEt; (1:0.7, pH=3.2) H,0:EtOH 80 1 85
16 0.03 HCOOH-NE; (1:0.7, pH=3.2) THF 80 24 Trace
17 0.03 HCOOH-NEt; (1:0.7, pH=3.2) CH,;CN 80 24 50
18 0.03 HCOOH-NE; (1:0.7, pH=3.2) Solvent-free 80 24 60
19° 0.05 HCOOH-NEt; (1:0.7, pH=3.2) H,0 80 0.5 90
20° 0.05 HCOOH-NE; (1:0.7, pH=3.2) H,0 80 5 55
21¢ 0.05 HCOOH-NaOH H,0 80 24 N.R
solated yield

The reaction was examined in the presence of 0.03 g of TTSA@Ni

“The reaction was examined in the presence of 0.03 g of Ni NPs

4The reaction was examined in the presence HCOOH-NaOH

@ Springer



Journal of Porous Materials (2021) 28:1643-1653

1651

Table 2 Reduction of different aldehydes and ketones to alcohols in the presence of TTSA@Ni nanocatalyst using formic acid-triethylamine as

reducing agent®

o
dl{ + HCOOH-NEt;,

1(a-t)
R:CHj, H

TTSA@Ni

H,O, 80 °C, pH=3.2

2(a-t)

R
o

O/CHZOH

2a (00:30 min, 98%")

: _CH,0H
(Me),N

2f (00:20 min, 92%)

Q.

2K (00:45 min, 88%)

o

2p (1:00 min, 92%)

2q (1:00 min, 90%)

Cl
2b (00:15 min, 92%)

: _CH,OH
F

2g (00:25 min, 91%)

Q.

21 (00:45 min, 90%)

CH3
eO

2m (1:00 min, 88%)

OH OH

o

2r (2:00 min, 88%)

CH,0H /@/
/©/ O,N

CH,OH

2¢ (00:15 min, 90%)

CH,0H
HO” :

2h (00:25 min, 92%)

CH,OH

g

2m (00:20 min, 93%)

CH,
fon
HO

2n (1:00 min, 80%)

2s (2:00 min, 92%)

: _CH,OH

2d (00:20 min, 88%)

Ho. : _CH,OH

2i (00:20 min, 90%)

HOH,C” :

2n (00:30 min, 98%)

CH3
o
Br

20 (1:00 min, 86%)

CH,OH

: _CH,OH
MeO’

2e (00:20 min, 86%)

\©/CH20H

2j (00:20 min, 84%)

o

20 (1:00 min, 94%)

CH,
@°“
Cl

2p (1:00 min, 96%)

2t (2:00 min, 94%)

“Reaction condition: benzaldehyde or acetophenone derivatives (1 mmol), formic acid-triethyl amine (1: 0.7 mmol), TTSA@Ni (0.03 g), H,0O

(1 mL), 80 °C
®Isolated yield
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Scheme 3 Proposed reaction
mechanism for the reduction
of carbonyl compounds using

TTSA@Ni catalyst

Yield (%)

1 2 3 4 5 6

Run

Fig. 11 Recycling of the TTSA@Ni for the reduction of benzalde-

hyde
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4500

4000

3500

3000

2500

2000

1500

1000

500

Cm!

Fig. 12 FT-IR spectrum of the TTSA@Ni after the reaction
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