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Abstract
In this work, a novel nanorod-structured organic–inorganic hybrid material namely 
nanorod-[SiO2-Pr-Im-SO3H][TFA] (N-[SPIS][TFA]) has been synthesized, and 
characterized by FT-IR, energy-dispersive X-ray spectroscopy, field emission scan-
ning electron microscopy, thermal gravimetric analysis and X-ray diffraction analy-
ses. Thereafter, it has been applied as an efficient, recyclable and dual-functional 
catalyst to promote the following organic transformations: (1) the preparation of 
(6-amino-1,3-dimethyluracil-5-yl)-(2-hydroxy-1,4-naphthoquinone-3-yl)methanes 
by the one-pot multi-component reaction of 6-amino-1,3-dimethyluracil, 2-hydroxy-
1,4-naphthoquinone and arylaldehydes; and (2) the production of bis(6-amino-
1,3-dimethyluracil-5-yl)methanes via the pseudo-three-component reaction of 
6-amino-1,3-dimethyluracil (2 eq.) and arylaldehydes (1 eq.).
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Introduction

Hybrid materials consist of two or more different components in which inorganic 
and organic components are brought together by specific interactions, and this sub-
ject causes the synergistic enhancement of their functional properties [1]. The inor-
ganic part can be oxides, metal clusters or particles, salts, metal ions and nonmetal-
lic elements, and the organic moiety can be various organic groups or molecules 
[1]. These materials have extensive applications in different scientific, pharmaceu-
tical and industrial fields [1–23]; some their uses include: (1) utilization as antitu-
mor drug [2], (2) application for in  vivo dual-modal imaging-guided synergistic 
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photothermal/radiation therapy [3], (3) application as potential carrier for combined 
delivery of drugs [4], (4) cryogenic application [5], (5) usage as sensor and electrode 
[6–9], (6) possessing resistive switching behavior for resistive random access mem-
ory devices [10] and (7) utilization for absorbance of heavy metals [11].

Recently, much attention has been attracted on the utilization of organic–inor-
ganic hybrid materials as catalysts in organic synthesis, because they have several 
advantages, including easy separation from reaction mixture, having large sur-
face-to-volume ratio (nanomaterials), high activity, efficiency, ability to design for 
various catalytic uses by functionalization, recoverability and eco-friendly nature 
[24–36].

Among the different inorganic compounds [24–27, 37–45], silica is usually pref-
erable to apply as inorganic moiety for synthesis of hybrid materials, because it has 
some unique properties, consisting of low cost, proper thermal and chemical stabil-
ity, safety, green nature, non‐corrosiveness, simple functionalization and easy sepa-
ration from reaction medium [28–36].

A significant, simple, useful and practical way for synthesis of complex mole-
cules is one-pot multi-component reaction (MCR); the benefits of MCRs have been 
well-mentioned in the literature [46–49].

Uracil derivatives are essential moieties of nucleic acids in living cells [50], and 
play significant roles in our life cycle [51]. They also show various medicinal and 
biological activities; e.g., antifungal [52], adenosine receptor antagonist [52], anti-
cancer [53], antiviral [54], bactericidal [55], thymidylate synthase inhibitor [56] and 
acaricidal [57] properties. Among the uracil derivatives, 6-aminouracil is a common 
building block of several bioactive natural products, and is a main scaffold of vari-
ous biologically active heterocycles [58]. This moiety has been also utilized as a key 
precursor for the preparation of diverse pharmaceutical and bioactive compounds 
[59]. Moreover, the compounds bearing aminouracil and hydroxynaphthoquinone 
have been used as proliferative [60], angiogenetic [60], anticoagulant [61] and anti-
biofilm [62] agents.

Two important classes of uracil derivatives are (6-amino-1,3-dimethyluracil-
5-yl)-(2-hydroxy-1,4-naphthoquinone-3-yl)methanes and bis(6-amino-1,3-dimethy-
luracil-5-yl)methanes. The first kind has been prepared via the one-pot multi-com-
ponent reaction of 6-amino-1,3-dimethyluracil, 2-hydroxy-1,4-naphthoquinone and 
arylaldehydes using a catalyst [63, 64], and the second type has been synthesized 
by the pseudo-three-component reaction of 6-amino-1,3-dimethyluracil (2 eq.) and 
arylaldehydes (1 eq.) in the presence of a catalyst [65–72].

In spite of high importance of (6-amino-1,3-dimethyluracil-5-yl)-(2-hydroxy-
1,4-naphthoquinone-3-yl)methanes and bis(6-amino-1,3-dimethyluracil-5-yl)
methanes, a few catalysts have been reported for their synthesis by the mentioned 
methods, especially for (6-amino-1,3-dimethyluracil-5-yl)-(2-hydroxy-1,4-naphtho-
quinone-3-yl)methanes. Thus, introducing new catalysts for the production of the 
aminouracil derivatives is highly desirable.

Considering the above issues, we have synthesized a novel nanorod-structured 
organic–inorganic hybrid material namely nanorod-[SiO2-Pr-Im-SO3H][TFA] 
(N-[SPIS][TFA]), and characterized it by FT-IR, energy-dispersive X-ray spec-
troscopy (EDS), field emission scanning electron microscopy (FE-SEM), thermal 
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gravimetric analysis (TGA) and X-ray diffraction (XRD) analyses. Thereafter, we 
have applied N-[SPIS][TFA] as a highly efficient, recyclable and dual-functional 
catalyst to prepare two important classes of aminouracil derivatives, i.e., (6-amino-
1,3-dimethyluracil-5-yl)-(2-hydroxy-1,4-naphthoquinone-3-yl)methanes and bis(6-
amino-1,3-dimethyluracil-5-yl)methanes

Experimental

Materials and instruments

The used reactants and solvents were purchased from Merck or Fluka Chemical 
Companies. The nanorod-silica for the production of N-[SPIS][TFA] was prepared 
according to the reported method [73, 74]. Progress of the reactions was monitored 
by thin-layer chromatography (TLC) using silica gel SIL G/UV 254 plates. Melting 
points were measured using a Buchi B-545 apparatus in open capillary tubes. FT-IR 
spectra were recorded by Shimadzu IR-60 instrument. 1H and 13C NMR spectra were 
run on a Bruker Avance DPX FT-NMR spectrometer. Energy-dispersive X-ray spec-
troscopy (EDS) was carried out by SAMx-EDS (France system). The morphologies 
and particles sizes of N-[SPIS][TFA] were characterized by field emission scanning 
electron microscopy, model MIRA3TESCAN-XMU. Thermal gravimetric analysis 
(TGA) was performed by Bahr STA 504 instrument (Germany), at 25–600 °C, with 
temperature increase rate of 10 °C min−1 in argon atmosphere. The X-ray diffraction 
(XRD) analysis was performed using an apparatus model X’Pert PRO MPD, PANa-
lytical, the Netherlands (Cu Kα radiation, λ = 1.5408).

Production of N‑[SPIS][TFA] (Scheme 1)

A mixture of imidazole (0.34 g, 5 mmol), (3-chloropropyl)trimethoxysilane (0.99 g, 
5 mmol) and toluene (15 mL) was stirred under reflux conditions for 12 h; after-
ward, the solvent was evaporated under vacuum at 100 °C to give I. Intermediate 
I and nanorod-silica (0.30 g, 5 mmol) were added to EtOAc (15 mL), and stirred 

r.t.  60 °C
Si

O
O
O

Cl Si(OEt)3
NHN Toluene

HCl
EtOAc,Reflux,18 h

Silica (nanorod)
Reflux,12 h

CH2Cl2,0 °C,3 h
ClSO3H

(III)

+ N N Si(OEt3)

(I)

NN

S
ilic

a

Si
O

O
O

NN

Si
lic

a SO3H
Cl

_ EtOH_

CF3COO

CF3COOH

(N-[SPIS][TFA])

Si
O

O
O

NN

Si
lic

a SO3H

HCl_(II) 12 h

Scheme 1  Production of N-[SPIS][TFA]



1 3

Synthesis, characterization and application of a novel…

under reflux conditions for 18 h; the resulting mixture was centrifuged, decanted, 
washed by EtOAc (2 × 5 mL), and dried under vacuum at 80 °C to give intermedi-
ate II. Then, II was added gradually to a stirring solution of chlorosulfonic acid 
(0.58 g, 5 mmol) in dry  CH2Cl2 (10 mL) at 10 °C, and stirred for 3 h at room tem-
perature. The obtained mixture was centrifuged, decanted, triturated by dry  CH2Cl2 
(2 × 10 mL), and dried to afford intermediate III. Subsequently, trifluoroacetic acid 
(5 mmol) was added to a stirring solution of III in dry  CH2Cl2 (10 mL) at room tem-
perature, and stirred for 10 h at the same temperature, and 2 h at 60 °C; the solvent 
was evaporated to give N-[SPIS][TFA].

General procedure for the synthesis of (6‑amino‑1,3‑dimethyluracil‑5‑yl)‑ 
(2‑hydroxy‑1,4‑naphthoquinone‑3‑yl)methanes 1a–d

6-Amino-1,3-dimethyluracil (0.155  g, 1  mmol), aldehyde (1  mmol), 2-hydroxy-
1,4-naphthoquinone (0.174 g, 1 mmol) and N-[SPIS][TFA] (0.040 g) were added to 
absolute EtOH (8 mL), and the resulting mixture was stirred and refluxed. The reac-
tion progress was monitored by TLC (EtOAc/n-hexane: 1/1); after consuming the 
reactants, the solvent was evaporated, EtOAc (20 mL) was added, stirred for 2 min 
under reflux conditions, followed by centrifugation and decanting to separate the 
insoluble nanocatalyst. The EtOAc resulted from the decanting was evaporated, and 
the solid residue was recrystallized from EtOH/H2O (4/1) to afford the pure product.

General procedure for the preparation of bis(6‑amino‑1,3‑dimethyluracil‑5‑yl)
methanes 2a–f

A mixture of 6-amino-1,3-dimethyluracil (0310 g, 2 mmol), aldehyde (1 mmol) and 
N-[SPIS][TFA] (0.020  g) in absolute EtOH (8  mL) was stirred under reflux con-
ditions. After consuming the starting materials (as observed by TLC eluted with 
EtOAc/n-hexane: 1/1), the solvent was evaporated, EtOAc (20  mL) was added, 
and stirred for 2 min under reflux conditions; the obtained mixture was centrifuged 
and decanted to separate the insoluble N-[SPIS][TFA] {the catalyst was washed 
by EtOAc (2 × 3 mL), dried and used for next run}. The resulted EtOAc from the 
decanting was evaporated, and the solid residue was purified by recrystallization 
from EtOH/H2O (4/1) to give the product.

Note: Selected spectral data and original spectrums of the synthesized aminoura-
cil derivatives have been given in supplementary material.

Results and discussion

Characterization of the nanocatalyst

Our novel nanorod-structured organic–inorganic hybrid material {nanorod-[SiO2-
Pr-Im-SO3H][TFA] (N-[SPIS][TFA])} was characterized by FT-IR, EDS, FE-SEM, 
TGA and XRD analyses.
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The FT-IR spectrum (supplementary material, Fig. S1) confirmed the presence 
of the expected bonds and functional groups in the structure of N-[SPIS][TFA]. 
The peaks related to the bonds and functional groups of the catalyst are shown in 
Table 1; the results are in accordance with the literature [31, 34].

In the structure of N-[SPIS][TFA], there are silicon, oxygen, carbon, nitrogen, 
sulfur, chlorine and fluorine elements; the EDS spectrum confirmed this topic 
(Fig. 1).

The FE-SEM micrographs of the nanorod silica and N-[SPIS][TFA] are shown in 
Figs. 2 and 3. In both materials, the particles were observed as nanorod with differ-
ent sizes; however, the nanorods lengths have shortened in N-[SPIS][TFA].

The TG (thermal gravimetric) and DTG (differential thermal gravimet-
ric) analyses of the organic–inorganic hybrid nanomaterial were also studied 
(Fig. 4). Weight losses of N-[SPIS][TFA] were occurred during three steps: (1) 

Table 1  FT-IR data of N-[SPIS]
[TFA]

Peak  (cm−1) Bond or functional group

466 Rocking of Si–O
802 Bending of OH (silanol)
902 Stretching of N–S
1120 Symmetric stretching of –SO2–
1201 Asymmetric stretching of –SO2–
1455 Bending of aliphatic C–H
1682 Stretching of C=N
3149 Stretching of aromatic C–H
2956 Symmetric stretching of aliphatic C–H
2400–3700 Stretching of OH group of the  SO3H 

and OH groups on silica surface

Fig. 1  EDX spectrum of N-[SPIS][TFA]



1 3

Synthesis, characterization and application of a novel…

low weight loss up to 150 °C can be related to evaporation of the adsorbed sol-
vents (or water) on the silica surface, (2) weight loss at about 150–425 °C can 
be due to decomposition of the organic moieties anchored to the silica surface 
and (3) weight loss at about 425–600 °C can be attributed to condensation of the 
silanol groups. The literature data confirmed the above interpretations [34, 75, 
76].

XRD analysis of N-[SPIS][TFA] was accomplished in a domain of 2θ ≈ 7–80 
degrees (Fig.  5). In the XRD spectrum, two broad peaks were observed at 
2θ ≈ 9.6–13.0° and 2θ ≈ 15.0–30.0º. Furthermore, some diffraction lines were 
seen at 2θ ≈ 8.9°, 11.2°, 12.4°, 13.7°, 20.1°, 21.2°, 22.2°, 22.5°, 24.0°, 26.0°, 
28.2°, 41.8°, 45.4°, 50.5°, 53.6°, 54.3°, 58.1°, 67.2°, 69.0°, 71.6°, 73.7° and 
77.1°. The results showed that N-[SPIS][TFA] is in amorphous and also crystal-
line forms; the literature data confirmed the explanations [34, 77].

Fig. 2  FE-SEM micrographs of the nanorod-silica
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The synthesis of aminouracil derivatives using N‑[SPIS][TFA]

To investigate catalytic activity of N-[SPIS][TFA] for the synthesis of the aminou-
racil derivatives, at first, the following model reactions were chosen: (1) the one-
pot multi-component reaction of 6-amino-1,3-dimethyluracil (1 mmol), 2-hydroxy-
1,4-naphthoquinone (1  mmol) and 4-chlorobenzaldehyde (1  mmol) for the 
preparation of (6-amino-1,3-dimethyluracil-5-yl)-(2-hydroxy-1,4-naphthoquinone-
3-yl)methanes (Scheme 2), and (2) the one-pot pseudo-three-component reaction of 
6-amino-1,3-dimethyluracil (2  mmol) and 4-chlorobenzaldehyde (1  mmol) for the 
production of bis(6-amino-1,3-dimethyluracil-5-yl)methanes (Scheme 2). Influence 
of the catalyst amount and solvent on the model reactions were studied (8 mL of 
the solvents were used); the obtained results are briefed in Table 2. As the data in 

Fig. 3  FE-SEM micrographs of N-[SPIS][TFA]
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Table 2 indicate, for the synthesis of (6-amino-1,3-dimethyluracil-5-yl)-(2-hydroxy-
1,4-naphthoquinone-3-yl)methanes, utilization of 0.040  g of N-[SPIS][TFA] in 
refluxed EtOH afforded higher yield and shorter reaction time (Table 2, entry 2), and 
for the preparation of bis(6-amino-1,3-dimethyluracil-5-yl)methanes, application of 

Fig. 4  TG and DTG diagrams of N-[SPIS][TFA]

Fig. 5  XRD pattern of N-[SPIS][TFA]
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0.020 g of the hybrid nanomaterial in refluxed EtOH gave the better results (Table 2, 
entry 9).

After finding the best reactions conditions, different aminouracil derivatives 
were prepared by varying arylaldehydes in the reactions; the products structures, 
melting points, the reaction times and yields are illustrated in Table 3. As it can 
be seen in the table, arylaldehydes bearing halogen, electron-withdrawing and 
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Table 2  Effect of the catalyst amount and solvent on the model reactions

Entry Product The catalyst 
amount (g)

Solvent Temp. (°C) Time (h) Yield (%)

1 1a 0.032 EtOH Reflux 4 69
2 1a 0.040 EtOH Reflux 4 86
3 1a 0.048 EtOH Reflux 4 81
4 1a 0.040 THF Reflux 7 57
5 1a 0.040 MeCN Reflux 7 51
6 1a 0.040 EtOAc Reflux 7 79
7 1a 0.040 H2O 80 7 43
8 2b 0.012 EtOH Reflux 2 84
9 2b 0.020 EtOH Reflux 1 95
10 2b 0.032 EtOH Reflux 1 95
11 2b 0.020 THF Reflux 3 37
12 2b 0.020 MeCN Reflux 3 72
13 2b 0.020 EtOAc Reflux 3 61
14 2b 0.020 H2O 80 3 76
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Table 3  Synthesis of (6-amino-1,3-dimethyluracil-5-yl)-(2-hydroxy-1,4-naphthoquinone-3-yl)methanes 
(1a–d) and bis(6-amino-1,3-dimethyluracil-5-yl)methanes (2a–f) using N-[SPIS][TFA]

Product No. Product Time (h) Yielda (%) M.p. (°C) [Ref.]

1a

N

N
O

HONH2

H3C

O

H3C

O O

Cl 4 86 249–251
(254–255) [63]

1b

N
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O O

CH3 3 83 220–222
(218–220) [64]
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O O
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(245–247) [64]
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N
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O
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O
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1 96 297–299
(294–296) [67]
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a Isolated yield

Table 3  (continued)

Product No. Product Time (h) Yielda (%) M.p. (°C) [Ref.]
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2d

N

NN

N

H3C

O

H3C
NH2 H2N

CH3

O

CH3

OO

CH3 1 96 276–278
(274–276) [65]
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electron-releasing substituents afforded the corresponding products in high yields 
and relatively short reaction times. According to the results, we could claim that 
N-[SPIS][TFA] was a highly efficient catalyst to promote the synthesis of the 
aminouracil derivatives.

Recyclability of N-[SPIS][TFA] was tested for the synthesis of bis(6-amino-
1,3-dimethyluracil-5-yl)methane 2b. Some reactions were performed for the 
preparation of this compound, the reactions mixtures were combined, and the 
catalyst was recycled according to the procedure mentioned in the experimental 
section; the results are given in Table 4. The catalyst was reusable for two times 
without significant decrement in the yields; nevertheless, the reaction times were 
enhanced during reusing.

Table 4  Results on reusability 
of N-[SPIS][TFA] for the 
production of compound 2b

Recycle Time (min) Yield (%)

Fresh catalyst 1 95
1 1.5 90
2 2 87
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Based on dual-functionality of the catalyst {possessing acidic  (SO3H) and 
weak basic (trifluoroacetate) sites} and the literature [63, 65, 67], logical mecha-
nisms were proposed for the synthesis of the aminouracil derivatives (Schemes 3 
and 4). The catalyst tasks are obviously shown in the mechanisms, the tasks 
include: (1) activating the electrophiles by the acidic moiety  (SO3H) to accept 
nucleophilic attacks (Scheme  3: steps 1 and 3; Scheme  4: steps 1ʹ and 3ʹ), (2) 
assistance to remove  H2O molecule (Scheme  3: step 2; Scheme  4: step 2ʹ), (3) 
activation of nucleophiles by the basic moiety (trifluoroacetate) (Scheme 3: steps 
1 and 3; Scheme 4: steps 1ʹ and 3ʹ), and (4) accelerating the tautomerization steps. 
Dual-functionality of catalysts bearing  SO3H as acidic moiety and anions like tri-
fluoroacetate, mesylate and hydrogen sulfate as weak basic moiety has been dis-
cussed in the literature [78, 79].

Scheme 4  Proposed mechanism for the production of bis(6-amino-1,3-dimethyluracil-5-yl)methanes
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Conclusions

Briefly, we have prepared and characterized a novel nanorod-structured 
organic–inorganic hybrid material; it can use as catalyst to promote organic trans-
formations which need acidic catalyst. Herein, we have successfully applied the 
nanorod material as catalyst for the synthesis of aminouracil derivatives; the 
advantages of the presented catalytic processes consist of high performance, rela-
tively short reactions times, high yields, no need to column chromatography for 
purification of the products, relatively mild conditions, utilization of few amounts 
of the catalyst and reusability of the catalyst.
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