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Silica Sulfuric Acid (SSA): An Efficient and Heterogeneous Catalyst for Organic

Transformations
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Abstract: Silica sulfuric acid (SSA) has been used as an efficient solid acidic catalyst for many organic reactions. In this review, we wish

to report some applications of this catalyst in organic synthesis.
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1. INTRODUCTION

In recent years, heterogeneous catalysts have gained more im-
portance due to environeconomic factors. They have successfully
been utilized in several organic transformations to minimize unde-
sirable waste causing environmental pollution. The concept of utili-
zation of catalysts and reagents adsorbed on insoluble inorganic
supports is increasingly popular. Reactions with such catalysts and
reagents often have the advantages of ease of setup and work-up,
mild reaction conditions, increased yield and greater selectivity.
Silica supported catalysts and reagents are gaining considerable
attention because of higher activity of the catalyst due to the larger
surface area and better selectivity. In addition, they have high me-
chanical and thermal stability, easiness in handling, low toxicity,
non-corrosive nature, particularly low price, air tolerance, simplic-
ity in separation of the catalyst after completion of the reaction and
reusability of the catalyst, which make it promising for both aca-
demic and industrial applications.

Silica sulfuric acid has received considerable attention as an ef-
ficient, inexpensive, eco-friendly, highly reactive, available,
non-toxic and recyclable catalyst for various organic transforma-
tions, affording the corresponding products in excellent yields with
high selectivity. Some applications of SSA have been reviewed by
Salehi et al. in 2006 [1]. In the following sections, we wish to up-
date some recent advances in applications of SSA in organic syn-
thesis.

1.1. Preparation of Silica Sulfuric Acid

A 500 mL suction flask was equipped with a constant pressure
dropping funnel containing chlorosulfonic acid (23.3 g, 0.2 mol)
and a gas inlet tube for conducting HCI gas over an adsorbing solu-
tion i.e. H,O. Then 60.0 g of silica gel was charged in to the flask.
Chlorosulfonic acid was added drop wise over a period of 30 min at
room temperature. HCI gas evolved from the reaction vessel imme-
diately. After the addition was complete, the mixture was shaken
for 30 min. SSA was obtained (76 g) as a white solid [2].

2. APPLICATIONS OF SSA IN FUNCTIONAL GROUP
TRANSFORMATIONS

2.1. Protection of Functional Groups
2.1.1. Protection of Hydroxyl Groups
2.1.1.1. Formylation of Alcohols

O-Formylation could be the method of choice for protecting an
alcoholic group in a complex synthetic sequence because deformy-
lation can be selectively effected in the presence of acetate or other
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ester protecting groups. Further, if the alcoholic group is planned to
be oxidized later in the synthetic scheme, there is no need to depro-
tect the formylated alcoholic group, and direct oxidation under Op-
penauer conditions can be realized [3]. A mixture of ethyl formate
and a catalytic amount of silica sulfuric acid as suitable formylating
systems can formylate various alcohols to their corresponding for-
mate ester derivatives under mild, nearly neutral and heterogeneous
conditions at room temperature with good to excellent yields
(Scheme 1). Chemoselectivity, the cheapness and availability of the
reagents, nearly neutral and heterogeneous conditions, easy and
clean work-up and high yields are some advantages of this protocol
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Scheme 1.

2.1.1.2. Silylation of Hydroxyl Groups

Protection of the hydroxyl functional group is an important
process in multi-step synthesis. At room temperature, alcohols and
phenols can be efficiently protected with hexamethyldisilazane
(HMDS) in the presence of silica sulfuric acid in good to excellent
yields (Scheme 2). The catalyst can be recycled for subsequent
reactions without any appreciable loss of efficiency. In this method,
SSA was found to be an efficient and simple catalyst for the silyla-
tion of various hydroxyl substrates with HMDS under very mild
conditions in high yields. In addition, SSA is cheap, stable, easy to
handle, nontoxic and separated by filtration [5].

SSA .
ROH + HMDS [ ROSiMe; + NH3
Solvent-free
Scheme 2.

2.1.1.3. Fischer Type Glycosylation

Fischer glycosylation, a widely used technique for the prepara-
tion of simple alkyl or aryl glycosides, has a few drawbacks in-
cluding the use of strong mineral acids, excess alcohols, high
temperature and long reaction times. The following protocol
highlights a modification using sulfuric acid immobilized on silica
as catalyst for the preparation of glycosides from free sugars such
as D-glucose, D-galactose, D-mannose, L-rhamnose, L-fucose,
N-acetyl-D-glucosamine and D-maltose with a diverse range of
alcohols to afford a series of useful sugar derivatives in good to
excellent yields (Scheme 3). This strategy is equally applicable for
large-scale preparations [6].

© 2011 Bentham Science Publishers Ltd.



92 Mini-Reviews in Organic Chemistry, 2011, Vol. 8, No. 1

4 OH
HO
HO—- -0
D-glucose N
HO~— T\ 7
SSA oHo
Scheme 3.

2.1.1.4. Synthesis of O-isopropylidene Sugar Derivatives

Sulfuric acid immobilized on silica proved to be an efficient
catalyst for the synthesis of O-isopropylidene sugar derivatives
from reducing sugars. The method is very simple and economic for
large-scale synthesis in which the catalyst is recovered and reused
several times (Scheme 4). Reactions with D-glucose, D-galactose,
D-mannose, L-rhamnose, L-arabinose, D-xylose and L-sorbose led
to the formation of the corresponding thermodynamically stable
di-O- and/or mono-O-isopropylidene derivatives in good to excel-

lent yields [7].
SSA 0
e
D-glucose %O:Q/’O—(‘)
OR x
Scheme 4.

2.1.1.5. Acetylation of Sugars

Acetylation of sugars catalyzed by silica sulfuric acid has been
reported (Scheme 5). In this reaction, SSA shows a highly catalytic
nature, easy to handle procedure, short reaction time, recycle ex-
ploitation, insensitivity to air and moisture, and excellent isolated
yields. The catalyst could be recycled at least five times [8].

0 SSA —_0
e _— —
(OH \OH Solvent-free  (OACh N

OAc
Scheme 5.

In another work, SSA has been used as an efficient and safe al-
ternative promoter for acetalation and subsequent acetylation of
sugar glycosides using stoichiometric reagents without work-up.
The synthesis of different types of per-O-acetylated acetals/ketals
has been achieved from various types of O- and S-glycosides in
excellent yields (Scheme 6). This strategy is compatible with vari-
ous glycosides, including acid labile p-methoxyphenyl glycosides,
and is equally applicable to large-scale synthesis [9].
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2.1.2. Protection of Amines
2.1.2.1. Synthesis of N-acylsulfonamides

N-Acylsulfonamides have received considerable attention due
to their diverse biological activities as precursors of therapeutic
agents for Alzheimer’s disease [10], antibacterial inhibitors of
tRNA synthetases [11], antagonists for Angiotensin 1l [12], and
Leukotriene D4-receptors [13]. Silica sulfuric acid catalyzes effi-
ciently the reaction of sulfonamides with both carboxylic acid an-
hydrides and chlorides under solvent-free and heterogeneous condi-
tions (Scheme 7). All the reactions have been done at room tem-
perature and the N-acylsulfonamides have been obtained with high
yields and purity via an easy work-up procedure [14].

2.1.2.2. Preparation of Phenylhydrazones and 2,4-dinitro Phen-
ylhydrazones

SSA is an effective catalyst for the conversion of carbonyl
compounds to their corresponding phenylhydrazones and
2,4-dintrophenylhydrazones under solvent-free conditions (Scheme
8). This procedure provides an easy, mild, efficient, versatile, and
general methodology for the protection of different classes of car-
bonyl compounds, and we feel that it may be a suitable addition to
methodologies already present in the literature [15].

o NHNHAr
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Scheme 8.

2.1.2.3. Synthesis of N-sulfonylimines

Recently, the synthesis and application of N-sulfonylimines
from aldehydes and sulfonamides has been found to be very useful
in organic chemistry. N-sulfonylimines are powerful synthetic in-
termediates in organic synthesis [16,17]. N-sulfonylimines have
been successfully synthesized by the reaction of aldehydes with
sulfonamides in the presence of SSA (Scheme 9). In this method,
SSA as a solid acid catalyst can offer definite advantages over tra-
ditional catalysts in terms of operational simplicity, short reaction
time, non-polluting conditions and high yields for the synthesis of
N-sulfonylimines [18].

In another work, SSA has been used for the synthesis of
N-sulfonylimines via the condensation of sulfonamides with isatin
as well as aldehydes under solvent-free conditions (Scheme 10)
[19].
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2.1.2.4. Cbz-protection of Amines

The benzyloxycarbonyl (Cbz) protected the amido are useful
synthetic precursors for various pharmaceuticals and natural prod-
ucts [20,21]. The Cbz group is a very important functionality for the
protection of amines and amine derivatives, since it can be easily
removed by catalytic hydrogenation without any side reactions, and
is stable to basic and most aqueous acidic conditions [22]. A sim-
ple, facile, and chemoselective N-benzyloxycarbonylation of
amines using silica sulfuric acid that proceeds under solvent-free
conditions at room temperature has been achieved (Scheme 11).
These reactions are applicable to a wide variety of primary (ali-
phatic and cyclic), secondary amines, amino alcohols, and hetero-
cyclic amines [23].

2.1.2.5. Reductive Amination of Aldehydes and Ketones

The reductive amination reaction remains one of the most pow-
erful and widely utilized transformations available to practitioners
of chemical synthesis in the modern era [24]. A regioselective and
convenient procedure for preparation of amines by reductive ami-
nation of aldehydes and ketones using sodium borohydride in the
presence of sulfuric acid supported on silica gel as an active, inex-
pensive, and recoverable catalyst under heterogeneous and sol-
vent-free conditions at room temperature has been described
(Scheme 12). The advantages of this system, such as simple workup
procedure, regioselective and rapid reduction, excellent yields, en-

o) SSA NHR,
+ H>NR:
R1)J\R2 28 Solvent-free R R,
NaBH,
Scheme 12.

ergy savings, avoidance of solvent waste dangers and toxicity, neu-
tral reaction conditions, and use of safe and inexpensive reagents
with no special handling techniques (which is important from an
environmental point of view) make this method a good alternative
to the existing methods [25].

2.1.2.6. Diazotization and Diazo Coupling Reactions

Diazonium salts are useful synthetic building blocks in organic
synthesis. A convenient, rapid, one-pot method for the synthesis of
azo dyes has been developed by the sequential diazotization—diazo
coupling of aromatic amines with NaNO,, silica sulfuric acid and
coupling agents under solvent-free conditions at room temperature.
Using this method, several types of aromatic amine, containing
electron-withdrawing groups as well as electron-donating groups,
were rapidly converted to the corresponding azo dyes in good yield
(Scheme 13). This method has some advantages over traditional
methods which include mild reaction conditions at room tempera-
ture, short reaction time and easy experimental work-up procedure
[26].

NaNO,, SSA ArH

ArNH, Ar-N=N-Ar'

grinding, rt grinding, rt

Scheme 13.

2.2. Deprotection Reactions

2.2.1. Hydrolysis of the Terminal O-isopropylidene Group of
Sugar Derivatives

Sulfuric acid immobilized on silica proved to be an efficient
catalyst for selective hydrolysis of the terminal O-isopropylidene
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group of sugar derivatives. Reactions with di-O-isopropylidene
derivatives of D-glucose, D-mannose, D-fructose and L-sorbose led
to the formation of the corresponding mono-O-isopropylidene de-
rivatives in good to excellent yields (Scheme 14). The method is
very simple and economic for large-scale synthesis in which the
catalyst is recovered and reused for several runs [27].

2.2.2. Detritylation of 5'-tritylated Nucleosides

A rapid, mild and highly efficient procedure for the chemose-
lective  deprotection  of  triphenylmethyl  (trityl,  Tr),
p-anisyldiphenylmethyl (monomethoxytrityl, MMT) and
di-(p-anisyl)phenylmethyl (dimethoxytrityl, DMT) groups from
nucleoside tritylethers has been established. The deprotection has
been achieved at room temperature, using a catalytic amount of
silica sulfuric acid in acetonitrile. The trityl nucleosides have been
deprotected in 2-17 min without any depurination (Scheme 15).
This method offers several advantages including: (i) The acid sensi-
tive glycosidic bond in nucleosides is not cleaved by SSA, (ii) Che-
moselective removal of the trityl moiety from nucleoside trityl
ethers in the presence of other acid sensitive hydroxyl protecting
groups was possible using a catalytic amount of SSA, and (iii) SSA
is an inexpensive and non toxic catalyst, which can be easily pre-
pared, recycled and reused [28].

2.3. Esterification Reactions
2.3.1. Methoxymethylation of Alcohols

Methoxymethylation of a variety of alcohols has been per-
formed using formaldehyde dimethoxy acetal in the presence of
SSA at room temperature under solvent-free conditions (Scheme
16). The methoxymethyl ethers (MOM-ethers) have been obtained
in high yields and purity. This procedure has demonstrated that
silica sulfuric acid could be used for the methoxymethylation of
primary, secondary, and tertiary alcohols by formaldehyde di-
methoxy acetal. The notable advantages of this method are mild
reaction conditions, high yields, cheapness, safety, eco-friendliness,
and recyclability of the catalyst [29].

SSA
RR!R2COOH

RRIR2COCH,0CH,
(CH30),CH,, 1t

Scheme 16.

3. OXIDATION REACTION
3.1. Oxidation of Alcohols

Oxidation of alcohols to carbonyl compounds constitutes one of
the fundamental transformations in organic synthesis. A rapid
method for the selective oxidation of primary and secondary alco-

hols to the corresponding carbonyl compounds using CrOs/silica
sulfuric acid has been developed (Scheme 17) [30].
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Scheme 17.

3.2. Aromatization of 1,2-dihydroquinolines

A combination of SSA and NaNO, in the presence of wet-SiO,
has been used as an effective oxidizing agent for the oxidation of
1,2-dihydroquinolines to their corresponding quinoline derivatives
in dichloromethane at room temperature with excellent yields
(Scheme 18). The notable advantages of this method are mild reac-
tion conditions, high yield, cheapness, safety, eco-friendliness, and
recyclability of the silica sulfuric acid [31].
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Scheme 18.

3.3. Oxidation of Aromatic Amines to their Corresponding Ni-
tro Compounds

Electron-donating substituted anilines have been converted to
their corresponding nitro compounds with sodium perborate in the
presence of a catalytic amount of silica sulfuric acid under micellar
media in moderate to good yields (Scheme 19). Some advantages of
the proposed system are oxidation of different anilines to the de-
sired nitro compounds without observing any side products, direct
conversion of the amino group to the related nitro functional group,
so that the nitro group will be created in the exact position and the
problem of regioselectivity will be solved, and application of a
catalytic amount of silica sulfuric acid as a low cost solid acid [32].

NH, NO,
SSA

CTAB, SPB
CH; CHs

Scheme 19.
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4. SYNTHESIS OF AMIDE DERIVATIVES
4.1. Beckmann Rearrangement of Oximes

The conversion of ketoxime into corresponding amide, known
as Beckmann rearrangement, is a common method used in organic
chemistry and is also a topic of current interest. Silica sulfuric acid
has been proved to be a good catalyst for liquid-phase Beckmann
rearrangement of oximes in dried dioxane at room temperature
(Scheme 20). Excellent conversion and selectivity were acquired in
the Beckmann rearrangement of cyclohexanone oxime. The catalyst
system was recycled and reused. This Beckmann rearrangement of
ketoximes can be conducted with silica sulfuric acid as catalyst
under mild condition, excellent conversion and selectivity were
obtained [33].
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Scheme 20.

5. THE USE OF SSA IN CARBON-CARBON COUPLING
REACTIONS

5.1. Synthesis of g-amino Ketones

Mannich reactions are among the most important carbon-carbon
bond forming reactions in organic synthesis [34]. They provide
B-amino carbonyl compounds, which are important synthetic inter-
mediates for various pharmaceuticals and natural products [35]. At
room temperature, the direct Mannich-type reaction of a variety of
in situ generated aldimines using aldehydes and anilines with ke-
tones in a three-component reaction has been efficiently catalyzed
by SSA in EtOH. This rapid reaction afforded the corresponding
B-amino ketones in good yields with excellent stereoselectivities
and catalyst was recyclable (Scheme 21). The significant features of
this procedure include: (i) high yields, (ii) good stereoselectivities,
(iii) facile operations, (iv) recyclable catalysts, and (v) non-toxic
solvents [36].
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5.2. Synthesis of bis(indolyl)alkanes

Bis(indolyl)methanes are known to promote estrogen metabo-
lism in both women and men, and are expected to have an applica-
tion in the prevention of breast cancer [37]. Silica sulfuric acid has
been found to be a mild, efficient and reusable solid acid catalyst in
electrophilic substitution reaction of indoles with carbonyl com-
pounds to afford the corresponding bis(indolyl)alkanes in excellent
yields under solvent-free conditions (Scheme 22) [38].

5.3. Friedel-Crafts Alkylation of Indoles

Indoles and their derivatives occur in nature and have a variety
of biological activities [39]. The 1,4-conjugate addition of indoles
to nitro olefins has been efficiently carried out using an environ-
mentally benign catalyst, silica sulfuric acid, at ambient tempera-
ture (Scheme 23). This reaction has been demonstrated that silica
sulfuric acid is a superior acid catalyst for the alkylation of indoles
with nitro olefins. This procedure has the advantages of mild reac-
tion conditions, high yields of products, short reaction times, and
simple experimental/product-isolation techniques, which make it a
useful and attractive process for the synthesis of alkylated indole
derivatives [40].

6. SSA-CATALYZED HETEROCYCLIC COMPOUNDS
SYNTHESIS

6.1. Synthesis of 3-aminoimidazo[1,2-a]pyridines and Pyrazines

The imidazo[1,2-a]pyridine and imidazo[1,2-a]pyrazine moie-
ties constitute a class of biologically active compounds that are
potentially anti-inflammatory [41], antibacterial agents [42], in-
hibitors of gastric acids secretion [43], calcium channel blockers
[44], and sedative-hypnotic drugs, such as Zolpidem and Alpidem
[45]. The synthesis of 3-aminoimidazo[1,2-a]pyridines and
3-aminoimidazo[1,2-a]pyrazines through a condensation reaction of
2-aminopyridine or 2-aminopyrazine, aldehyde, and alkyl or aryl
isocyanide in high yields at room temperature in the presence of
silica sulfuric acid was accomplished (Scheme 24) [46].

O (@] NHR'
SSA
RCHO + RNH, + R
ETOH
Scheme 21.
R} SSA
AN
@% + R?CHO
Z N Solvet-free
H
Scheme 22.
R,
\ i — |
N ) Ry N
H H
Scheme 23.
= N
+ * .C - Y/
1J\ I + 3-N 2 = N
R ™H sz\aN R MeOH, rt R

Scheme 24.



96 Mini-Reviews in Organic Chemistry, 2011, Vol. 8, No. 1

6.2. Nitration of Aromatic Compounds

Aromatic nitro compounds are important starting materials for
the manufacture of various industrial products such as pharmaceu-
ticals, dyes and plastics. A number of aromatic compounds have
been nitrated to the corresponding nitroaromatic derivatives with
the use of supported bismuth (lIl) nitrate on silica sulfuric acid
under solvent-free conditions (Scheme 25). This procedure for the
nitration of aromatic compounds with supported bismuth (lI1) ni-
trate on SSA under solvent-free conditions is effective for both
activated and deactivated substrates [47].

SSA/ Bi(NO3)3

Scheme 25.

6.3. Synthesis of [1,3,4] thiadiazolo [2,3-c][1,2,4] triazin-4-ones

[1,3,4]Thiadiazolo[2,3-c][1,2,4]triazin-4-ones have been pre-
pared by one pot condensation and cyclization of
4-amino-[1,2,4]triazine-3-thione-5-ones with various aromatic car-
boxylic acids in the presence of silica gel sulfuric acid in sol-
ventless condition (Scheme 26). In comparison with the presently
available  synthetic  method for the  synthesis  of
[1,3,4]thiadiazolo[2,3-c][1,2,4]triazin-4-ones, which uses neat sul-
furic acid [48b] and phosphorus oxychloride [48a,c], and shows
drawback from the standpoint of yield, price, and its hazardous
nature, the efficiency of the present work is apparent from the
availability of inexpensive sulfuric acid and high yields. Also, due
to the lack of solvent, the workup procedure is easy [49].
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6.4. Synthesis of thiazolo[3,2-b]1,2,4-triazoles

3-Mercapto-1,2,4-triazoles have been condensed with allyl
bromide, and regioselectively cyclized to give
2,3-dihydro-3-methylthiazolo[3,2-b]1,2,4-triazoles (Scheme 27).
This protocol has developed a facile and eco-friendly method for
the synthesis of thiazolo[3,2-b]1,2,4-triazoles using SSA as an effi-
cient catalyst [50].

6.5. Synthesis of aryl-14H-dibenzo-[a,j]xanthens

Considerable interest has been focused on the synthesis of xan-
thenes; in particular, benzoxanthenes have attracted much attention
in recent years because of their wide range of biological and phar-
macological applications [51]. The one-pot synthesis of
aryl-14H-dibenzo[a,j]xanthenes has been described from a known
reaction between substituted aldehydes and B-naphthol in the pres-
ence of heterogeneous catalyst, silica sulfuric acid, under conven-
tional heating as well as solvent-free conditions to afford good to
excellent yields (Scheme 28). This methodology addresses the cur-
rent drive toward green chemistry due to the cheapness and easy
availability of the substrate, simple workup, high yield, easy han-
dling, non-toxicity of the catalyst, and reusability of the catalyst
[52].

6.6. Synthesis of Trisubstituted Imidazoles

Multi-substituted imidazoles are an important class of com-
pounds in the field of pharmaceuticals and exhibit a wide spectrum
of biological activities [53]. Trisubstituted imidazoles have been
synthesized in high yields in the presence of silica sulfuric acid as
an inexpensive solid acid catalyst under solvent-free classical heat-
ing conditions as well as using microwave irradiation (Scheme 29).
The silica sulfuric acid can be recovered for the subsequent reac-
tions and reused without any appreciable loss of efficiency. Low
corrosiveness, safety, less waste, ease of separation and recovery
are advantages of this method [54].

6.7. Conjugate Addition of thiols to a,p-unsaturated Ketones

Conjugate addition of thiols to a,B-unsaturated ketones to form
a carbon-sulfur bond constitutes a key reaction in biosynthetic
processes as well as in organic synthesis. Silica sulfuric acid has
been found to be useful and highly efficient catalyst for conjugate
addition of thiols to o,B-unsaturated ketones under solvent-free
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Scheme 30.

conditions at room temperature (Scheme 30). Short reaction time,
high vyields, and avoidance of anhydrous conditions should make
this protocol a useful alternative to existing methods [55].

6.8. Synthesis of Oxazolines and Imidazolines

A practical, efficient and inexpensive method for the synthesis
of 2-oxazolines and 2-imidazoline from the reaction of nitriles with
B-aminoalcohols and ethylenediamine (EDA), respectively, using
silica sulfuric acid as a heterogeneous catalyst under reflux condi-
tions has been reported (Scheme 31). This catalyst has been suc-
cessfully applied for the chemoselective conversion of dicyanoben-
zenes to their corresponding mono and bis-oxazolines. The applica-
tion of ultrasonic irradiation has improved the yields and reduced
the reaction time. The use of silica sulfuric acid is feasible because
of its easy preparation, easy handling, stability, easy recovery, re-
usability, good activity and eco-friendliness. The method offers
several noteworthy advantages including good vyields of products
and easy work-up. On the other hand, ultrasonic irradiation has
increased the catalytic activity and higher product yields have been
obtained [56].

NH,

[ + RCN

XH

SSA

N
o

X
Scheme 31.

6.9. Preparation of 2H-indazol[2,1-b]phthalazine-triones

Phthalazine derivatives have some biological activities such as
anticonvulsant [57], cardiotonic [58], and vasorelaxant [59] proper-
ties. Silica sulfuric acid has been used as an efficient and reusable
heterogeneous catalyst for the preparation of
2H-indazol[2,1-b]phthalazine-1,6,11(13H)-trione derivatives from
the three-component condensation reaction of phthalhydrazide,
dimedone, and aromatic aldehydes under solvent-free conditions in
good to excellent yields and short reaction time (Scheme 32). The
methodology is safer than those using conventional catalysts like

o o
. AICHO + NH
NH
=0
o

Scheme 32.

2
H R

Scheme 33.
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H,SO,4 and H3PO, with respect to the amount, hazard and reaction
conditions. In addition, the catalyst could be successfully recovered
and recycled at least for five runs without significant loss in activity
[60].

6.10. Synthesis of Oxindole Derivatives

Isatins are familiar for their manifold biological activity. Some
derivatives of isatin are key intermediates in the synthesis of natural
products [61]. Silica sulfuric acid has catalyzed efficiently the elec-
trophilic substitution reaction of an indoles with various isatins in
dichloromethane to afford the corresponding oxindoles derivatives
in high yields at room temperature (Scheme 33). The catalyst ex-
hibited remarkable reusable activity. This method offers several
advantages including high yield of products, short reaction time,
recyclability of the catalyst and easy experimental workup proce-
dure [62].

6.11. Synthesis of Pyrazoles, Diazepines, p-enaminones

Pyrazoles and diazepines are valuable bioactive heterocycles,
which are shown to possess important biological and pharmaceuti-
cal activities such as antimicrobial, antiviral, antitumor,
anti-inflammatory, antifungal, antidepressant, and anticonvulsant
activities [63]. Silica-supported sulfuric acid has been utilized as a
heterogeneous recyclable catalyst for highly efficient regio- and
chemoselective condensation of hydrazines, diamines, and primary
amines with various B-dicarbonyl compounds at room temperature
to afford pyrazoles, diazepines, and B-enaminones under sol-
vent-free conditions within 5-15 min (Scheme 34). The solvent-free
conditions, simple experimental procedure, mildness of the conver-
sion, clear reaction profiles, high vyields and chemo- and
regioselectivities, short reaction time, and low cost, stability, and
reusability of the catalyst are the noteworthy advantages of the
protocol [64].

6.12. Chemoselective-nitrosation of g-diketones

A combination of silica sulfuric acid and sodium nitrite in the
presence of wet SiO, has been used as an effective nitrosating agent
for the nitrosation of B-diketones to their corresponding a-nitroso or
a-oximinoketones under mild and heterogeneous conditions in
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moderate to excellent yields (Scheme 35). The low cost and the
availability of the reagents, easy and clean work-up, and high yields
make this an attractive method for organic synthesis [65].

6.13. Synthesis of Polyhydroquinoline Derivatives

In recent years, much attention has been focused on the synthe-
sis of 1,4-dihydropyridyl compounds because of their significant
biological activities [66]. An efficient Hantzsch four-component
condensation reaction for the synthesis of polyhydroquinoline de-
rivatives has been reported under two conditions: solvent-free con-
ventional heating and energy-saving microwave irradiation
(Scheme 36). The process is simple and environmentally benign,
and the use of a heterogeneous and reusable catalyst, high yields,
and short reaction time are the key features of this protocol [67].

6.14. Synthesis of Coumarin-3-carboxylic Acids

Coumarin-3-carboxylic acid (2-oxo-2H-chromene-3-carboxylic
acid) subunit appears in a vast range of natural products and, due to
the high levels of biological activity exhibited by many such com-
pounds [68], has been duplicated in numerous synthetic compounds
exhibiting pharmaceutical activity [69]. Synthesis of substituted
coumarin-3-carboxylic acid via Knoevenagel condensation of mel-

drum’s acid with ortho-hydroxyaryl aldehydes in solventless system
has been described (Scheme 37). This method has the additional
advantages of mild conditions, easiness of set up and of work up,
inexpensive and reusable catalyst [70].

6.15. Synthesis of a-aminonitriles

a-Amino nitriles are versatile precursors for the synthesis of
a-amino acids [71], various nitrogen and sulfur containing hetero-
cycles such as imidazoles, thiadiazoles [72] and pharmaceuticals
[73]. A simple, convenient, and practical method for the synthesis
of a-amino nitriles via one-pot three component condensation of
aldehydes, amines and trimethyl silyl cyanide in the presence of a
catalytic amount of SSA in good yields has been achieved (Scheme
38). The low cost and low toxicity of the catalyst, fast reaction time,
simple experimental procedure, recyclability of the catalyst, selec-
tivity and high yields of the desired nitrile are the advantages of this
method [74].

H
Ar N-—
AICHO + RNH, + TMSCN——>2 s
Scheme 38.



Silica Sulfuric Acid (SSA)

6.16. Sulfonation of Aromatic Rings

The sulfonation of aromatic compounds is very important, and
many aromatic hydrocarbons have been sulfonated [75]. Direct and
chemoselective sulfonation of aromatic compounds with silica sul-
furic acid in 1,2-dichloroethane or under solvent-free conditions has
been developed (Scheme 39). The advantage of this methodology is
the availability of the starting materials, simplicity of sulfonation
procedure under heterogeneous system, clean and straightforward
work-up, short reaction time, high yields without formation of sul-
fones as by-products [76].

SSA

ArH Ar-SOgH

Scheme 39.

6.17. Synthesis of 4-amino-pyrazol[3,4-d]pyrimidine Derivatives

Silica-supported sulfuric acid has been used for the synthesis of
4-amino-pyrazol[3,4-d]pyrimidine derivatives from the reaction of
1-substituted-5-amino-4-cyano-pyrazoles and formamide under
classical heating and microwave irradiation (Scheme 40). The
microwave-solid acid combination, leads to a nice and convenient
catalytic synthesis of 4-amino-pyrazol[3,4-d]pyrimidines with
much reduced reaction time compared to traditional conditions [77].
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6.18. Production of Thionitrites and Disulfides

Thiols have been readily converted to their corresponding
thionitrites with a combination of silica sulfuric acid, wet SiO, and
sodium nitrite in dichloromethane at room temperature (Scheme
41). Silica sulfuric acid is a good proton source in terms of conven-
ience, cheapness, easy production, insolubility to all organic sol-
vents. Practical and efficient nitrosation-oxidation of thiols has been
achieved by the present methodology. The cheapness and availabil-
ity of the reagents, easy procedure and work-up make this method
attractive for the large-scale operations [2].
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6.19. Synthesis of 1,5-benzodiazepines

Benzodiazepines and their derivatives are very important com-
pounds for their pharmacological properties [78]. SSA was found to
be an efficient catalyst for the synthesis of biological significant,
1,5-benzodiazepines in good yields under solvent-free condition
(Scheme 42). The used method had several advantages including
mild conditions, good yields, use of inexpensive, recyclable and
reusable catalyst, mild reaction conditions, simple operation and
work-up [79].

6.20. Synthesis of Quinoxalines

Quinoxalines are important heterocycles in medicinal chemistry
[80]. A variety of quinoxalines were synthesized in good yields in
the presence of SSA as a catalyst at room temperature (Scheme 43).
It is noteworthy to mention that the catalyst was reusable even after
4 runs in this reaction [81].

SSA HaN— —{
. N-R;
=N

6.21. Pechmann Reaction

Coumarins and their derivatives form an elite class of com-
pounds, occupying an important place in the realm of natural prod-
ucts and synthetic organic chemistry [82]. SSA can be used as an
alternative to conventional acid catalysts in the Pechmann conden-
sation of phenols with B-ketoester, leading to the formation of sub-
stituted coumarins (Scheme 44). The method is simple,
cost-effective, solvent-free and gives good yields in a short reaction
time [83].
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CONCLUSION

In this review, some applications of silica sulfuric acid as a re-
usable, green, inexpensive, convenient, easy to handle, non-toxic,
available and efficient catalyst for various organic transformations
have been discussed. We believe that a great number of acid cata-
lyzed organic reactions could be performed using this catalyst, and
its use has been growing rapidly.
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