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The organic reactions in water, as the most significant green solvent, have attracted much attention due to their
unique properties over conventional organic ones. In the catalytic area, heteropoly acids (HPAs) are also
promising green solid acids to replace environmentally harmful liquid acid catalysts. Herein, we wish to report the
organic reactions catalyzed by HPAs, their salt, and polyoxometalates (POMs) in aqueous systems.
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1. Introduction

One of the most striking concepts in chemistry for
sustainability is Green Chemistry, and it is the
utilization of a set of principles that reduces or
eliminates the use or generation of hazardous sub-
stances in the design, manufacture, and applications
of chemical products (/). It has been specifically
concerned with feedstock, reactions, solvents, and
separations in synthetic processes in general (2—4).

1.1. Water as an alternative solvent

As far as the largest amount of “auxiliary waste” in
most chemical processes is associated with solvent
usage, accordingly, a part of Green Chemistry con-
nects to the elimination of volatile organic solvents or
their replacement by nonvolatile, nonflammable,
nontoxic, and inexpensive green solvents. In this
regard, water can best meet the requirements (3, 5).
The types of organic reactions in water are as diverse
as those in nonaqueous conditions, and many remark-
able reviews have been published so far on specific
topics in this field (Z, 5-9).

In fact, the use of water in organic reactions has
developed not only the issues and aspects of the
reactions from the viewpoint of green and sustainable
properties but also the synthetic competence by
reducing the number of steps, stabilizing the catalyst,
facilitating product isolation, changing the reaction
selectivity, even when the reactants are sparingly
soluble or insoluble in this medium. Although “on-
water” techniques have provided excellent solutions
for some situations, there will be cases, such as using

heteropoly acids (HPAs), where complete solubility in
water is much desired (3, 5, 6, 10).

1.2. HPAs

In a recent decade, using efficient industrial catalysts
which are also ecofriendly, green, and simply recyclable
have been under great considerations and attentions.

HPAs are promising solid acids to supplant
environmentally unsafe and hazardous liquid acid
catalysts (//-13). The catalytic application of HPAs,
polyoxometalates (POMs) (12, 14-17) as efficient
homogeneous or heterogeneous solid acids catalysts
have been recognized and established both by suc-
cessful large-scale applications in industry and prom-
ising laboratory results (12, 18-20).

There are commonly four types of HPAs including
Anderson HyA,[BDO,].zH,0, Keggin H A[BD,,
O40].ZH20, Well-Dawson HXAy[Blegoﬁz].ZHzo, and
Preyssler HyA,[BsD300,0].zH,O. In the mentioned
formula, on the whole, A represents Li, Na, K, Rb,
Cs, Mg, Ca, Al, NHy, an ammonium salt, or a
phosphonium salt. B is a symbol of P, Si, As, or Ge
and D represents at least one element such as Ti, V,
Cr, Mn, Fe, Co, Ni, Cu, Zn, Ga, Zr, Nb, Mo, Tc, Rh,
Cd, In, Sn, Ta, W, Re, and TI (21).

Depending on the reaction conditions, the activity/
mole proton of HPAs may be higher, 3-100 times,
than conventional organic and inorganic acids (22).
For that reason, they are considered as super-
acids (23).

The problem of their acid strength determination
in terms of pKa and the number of acid sites has
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constantly been a challenge to search for trustworthy
experimental methods (24-28).

According to data, generally, HPAs are much
stronger than H;PO, and also than the usual inor-
ganic acids (HCI, H,SO,4, HNO3;, and HBr) and even
such strong acids as HCIO4 and CF3;SO;H. It is
notable that sulfuric acid ranks 2-5 units of pKa
below HPAs (29).

For example, the initial pH values of the Keggin-
type solutions are in the range of 0.35-0.40 (30) or the
acid strengths of Cs, 5_salt and H;PW,049 measured
by Hammett indicators are similar in pKa values
ranging from —5.6 to —14.5 (31).

It is worth mentioning that the catalyst may be
reused without significant loss of activity. At the end
of the reaction, the catalyst can be filtered, separated
by centrifugation, or evaporation, and then washed
with proper solvent, dried, and reused in another
reaction. They are usable even after three to five runs,
depending on the catalyst. The examples are the
recovery of 90-95% for catalyst H;[PMogV4O40]
(32), 78-94% for H14[NaP5W3001]0] (33), 90-95%
for 20% PdAMPA/SIO, (34), 80-87% for HgP,
Wig06,.18H,O (35). The catalytic activity of
Cs, sHg sPW 1,049 can also be retained well in the
second and third runs (36, 37).

1.3. Mechanism

Generally, HPA-catalyzed reactions may be presented
by the conventional mechanism of Brensted acid
catalysis. The mechanism is started with protonation
of the substrates and followed by conversion of the
ionic intermediates to the related products. Misono
and co-workers introduced two types of surface and
bulk mechanism for heterogeneous catalysis (38). In
surface type catalysis, the reactions occurred on the
surface of bulk or supported heteropoly compounds
and the catalytic activity frequently depended on the
surface acidity of HPA. Here, the reaction rate and
yield are parallel to the number and potency of the
accessible surface acid sites. The bulk type mechanism
is chiefly related to reactions of polar substrates on
bulk heteropoly compounds. These substrates are
capable of absorbing into the catalyst bulk, and as a
result, all protons either in the bulk or on the surface
are suggested to be included in a catalytic reaction
(23, 39).

1.4. HP A-water system

HPAs contain as much as 20 to nearly 30 water
molecules per one anion. Anhydrous HPA loses its
water of constitution (dehydroxylation) at 350-500 °
C (20).

HPAs are insoluble in nonpolar solvents but
greatly soluble in polar solvents as well as being fully
dissociated in aqueous solution which gives the strong
acidity (40). The primary structure of HPAs (hetero-
poly anions) is rather stable unlike the rigid network
structure of most solid acids. The secondary structures
of heteropoly anion (heteropoly anion together with
protons) are rather transferable on account of the
interaction with polar molecules. For such systems,
water as a polar organic molecule plays a key role
which is absorbed into the bulk of crystallites of
HPAs and protonated clusters and influences their
acidity and absorption properties (13, 27, 28, 40, 41).

Most solid acids lose their catalytic activities in
aqueous solutions due to rigorous poisoning of the
acid sites. Heteropoly compounds are good water-
tolerant hydrophobic solid acids as well as having
biphasic reaction systems containing an aqueous
phase (7).

HPAs in water have also been used in inorganic
chemistry for the synthesis of hybrid nanocomposite
membranes (42, 43) and many new and diverse
catalysts (44-52). HPAs have been extensively used
in analytical chemistry for determination and removal
of metal ions like phosphates (49, 53-55), arsenates
(55-58), arsenic (57-64), silicates (65-68), and many
other ions (69, 70) from aqueous solutions. They have
also other applications in aqueous systems (77).

Consequently, these advantages and benefits make
this striking strategy the protocol of choice for acid
catalyzed organic reactions especially for the synthesis
of the solid and water insoluble products.

In the following sections, we wish to report the
advances in application of HPAs, their salts, and
POMs in organic synthesis in aqueous systems.

2. Condensation reactions

HPAs are efficient catalysts for the cyclocondensation
reaction. An example is the condensation of anthra-
nilamide with aldehydes in water at ambient temper-
ature and afforded the corresponding 2,3-dihydro-4
(1H)-quinazolinone compounds in good to excellent
yields (79-97%) (Scheme 1). Among four HPAs,
H3;PW,04 was the best catalyst. Hence, in this
reaction, H;PW .04 was much more reactive in
water than in other organic solvents (Table 1).
Furthermore, it was shown that only 0.10 mol% of
the catalyst was sufficient for the completion of the
reaction in high yields at room temperature. A series
of aldehydes with either electron-donating or electron-
withdrawing groups attaching to aromatic ring were
investigated. The substitution groups on the aromatic
ring had no obvious effect on the yield. When
aromatic aldehydes were replaced by aromatic
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Scheme 1. Synthesis of 2,3-dihydro-4(1H)quinazolinone
compounds.

Table 1. Reactivity of HPAs in different solvents for the
synthesis of 2,3-dihydro-4(1H)quinazolinone compounds.

Yield (%) Solvent Catalyst Entry
88 H2O H4SiMO]204O 1
94 H,0 H;PW 5,049 2
92 Hzo H4SiM012040 3
90 H,0 H,PW,040 4
6 H,0 None 5
30 Dlethyl ether H3PW12040 6
47 Toluene H3PW12040 7
78 EtOH H;PW 5,049 8
85 MeOH H3PW12040 9
84 MeOH H4SiM01204o 10
72 CH;CN H;PW 5,049 11

heterocyclic aldehydes, the corresponding products
were obtained with high yields as well (72, 73).

Isatins react capably with 4-hydroxyproline in the
presence of 10 mol% of phosphomolybdic acid supp-
orted on silica gel (PMA/SiO,)in acetonitrile-water
(4:1) under reflux conditions to furnish N-substituted
pyrroles in excellent yields (Scheme 2a). Similarly,
11H-indeno[1,2-b] quinoxalin-11-ones also partici-
pated in this reaction (Scheme 2b). Among diverse
HPAs, PMA was one of low cost and commercially
available catalysts. In the absence of water, the
reaction took a long time, and the products were
obtained in low yields. The presence of electron-
withdrawing groups on isatin derivatives reduced the
yields of products to some extent, whereas electron-
rich isatins gave higher yields (74).

HO
0 g
- C L+ (N
N“So N7 COH

Keggin-type HPA was found to be an efficient and
reusable catalyst for the synthesis of biologically
active quinoxaline derivatives from the condensation
of 1,2-diamine with 1,2-dicarbonyl compounds in
excellent yields in water (Scheme 3). This method
afforded a new and efficient protocol in terms of a
small quantity of catalyst, a wide scope of substrates,
and a simple work-up procedure (75).

12-tungstphosphoric acid was also a good catalyst
for Knoevenagel condensation of malononitrile and
ethylcyanoacetate with various aldehydes for syn-
thesis of derivatives (Scheme 4). The effect of different
solvents on this reaction was studied. The results
established that water was the best solvent for this
reaction (/2).

Palladium exchanged molybdophosphoric acid
supported on silica was reported as a highly effective
catalyst for direct reductive amination of carbonyl
compounds. A diversity of secondary and tertiary
amines synthesized over this catalyst in excellent
yields under mild reaction conditions (Scheme 5).

It is noteworthy to mention that the present
catalyst was active in many solvents including water.
It was found that dimethyl formamide (DMF) was

1 2

R1\©:NH2 OZRZ H4SiW15040 (1 MoI%) R\@:N\IR
+

NH, o ] H.0, r.t. N/ R3

Scheme 3. Synthesis of biologically active quinoxaline
derivatives.

R CN
HaPW;2049
S + RCHO —M8M —» —
X CN H50, reflux H X
85-92%

R = Ph, 4-CHgPh, 4-CIPh, 4-OHPh, 2-NO,Ph, 3-NO,Ph, furyl
X = CN, CO,Et

Scheme 4. Knoevenagel condensation of malononitrile and
ethylcyanoacetate with various aldehydes.

7
N—

PMA/SIO,
CH3CN/H,0, 80°C N0

H

|
0 HO N
N y _N
7
OO0 - Qe ——— CT0
Sy N ~COH SN

Scheme 2. Synthesis of N-substituted pyrroles.
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Scheme 5. Synthesis of secondary and tertiary amines.
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X
2
@ + R\é\ HzPW1204 (10mg) X EWG
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Hzo, r.t.

—_— R2
b: — NH + =\

R'=H,Me,Ph  R?=Ph,H

X =H, Br EWG = COCHjg, COPh, NO,

Scheme 6. Friedel-Crafts alkylation of indole.

best solvent as it gave a high yield compared to other
solvents. Aromatic aldehydes with electron-donating
groups smoothly underwent reductive amination to
give their corresponding N-phenyl amines in a good
yield without affecting the functional groups. Aro-
matic aldehydes and amines with electron-withdraw-
ing group such as NO, gave a low yield. This might
be due to the reduction of NO, group during the
reaction (34).

A novel, highly efficient and entirely green proto-
col for Friedel-Crafts alkylation of indole (Scheme
6a) and pyrrole (Scheme 6b) was established with
several electron-deficient olefins in water at room
temperature with good to excellent yields.

Table 2. Investigation of Friedel-Crafts alkylation in
different solvent and catalysts.

Entry Catalyst (10 mg) Solvent Yield (%)
1 None H,O 0
2 H3PMO]2040 H2O 90
3 H;PW 5,049 H,O 85
4 H3PMO]2040 EtOH 35
5 H;PW,,049 EtOH 27
6 H;PMo0,04 Toluene 20
7 H3PW12040 Toluene 12
8 H3PMO]2040 CH3CN 76
9 H;PW 5,049 CH;CN 52
10 H3PMO]2040 ClCHzCHzCl 80
11 H;PW,,04¢ CICH,CH,(Cl1 58
12 ZrCly H,O 0
13 RuC13 HzO 0
14 H,SO4 H,O 30
15 HCIO4 H,O 70
16 MeSO;H H,O 0
17 p-MeCgH4SOsH H,O 50

N
R!
74-97%

GWEW GWE /N EWG
: N

EWG >

N
R2 H R?

Interestingly, the Michael addition between indole
and methyl vinyl ketone in the presence of catalysts,
such as CeCle; 7H,0, FeCl;-6H,0, ZrCly, WClg, and
H;PO,, proceeded efficiently, furnishing moderate to
excellent yields of the desired products in water.
HPAs such as H3PMo0,,04, and H3;PW[,0,4 were
also effective in this reaction and showed the same
catalytic activity in a short reaction time in water. By
using substituted indoles such as N-methylindole, 2-
methylindole, and 5-bromoindole, good to excellent
yields (74-97%) were obtained. The substituents did
not affect the reactivity of indoles significantly. The
only significant difference in reactivity was observed
for N-methylindole, which gave a higher yield in
comparison with indole.

Considering Michael acceptors, the reactions pro-
ceeded smoothly with electron-deficient olefins such
as methyl vinyl ketone, chalcone, chlorochalcone, and
b-nitrostyrene. In all cases, the reactions proceeded at
room temperature with high selectivity. To extend the
studies, the Friedel-Crafts alkylation was also inves-
tigated in water and other organic solvents, using
different catalysts (Table 2) (76).

3. Carbonylation reactions

Methyl glycolate (MG) was synthesized effectively
from the carbonylation of HCHO, using HPAs as
catalysts, followed by esterification with methanol
(Scheme 7). The yields above 89% could be obtained
when H3;PW;,04, and sulfolane were employed as a
catalyst and a solvent, respectively. Water acted not
only as crystal water of HPAs, but also as a reactant
for development of glycolic acid. The results indicated
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o0 HgPW,,0,0, HoO HO g,
1. CH4OH, 2. H,

Scheme 7. Synthesis of methyl glycolate (MG).

that the excess water would act partly as a solvent,
which was unfavorable for the formation of glycolic
acid (77).

Oxometallic acids, HPAs of Mo, W, and their
sodium salts were investigated as promoters for
homogeneous rhodium catalyzed methanol carbony-
lation. The experiments were carried out under low
water conditions. All the catalysts with the promoters
demonstrated better catalytic activity than the pristine
Monsanto catalyst. The promoting effects of acids
upon reaction rates were generally superior than the
salts. The catalytic rate was efficiently enhanced by
increasing the content of the promoters, especially at
low content level (78).

4. Hydrolysis reactions

Hydrolysis reactions of esters, ethyl acetate, cyclo-
hexyl acetate (79, 80), 2-methylphenyl acetate (81, 82)
(83), and 2-nitrophenyl acetate (81, 82) in the presence
of a large excess of water were examined by using
various solid acids (Scheme 8). Inorganic solid acids
such as an acidic cesium salt of 12-tungstophosphoric
acid CSZ.SHQ.SPW12040, H-ZSM-S, SO42_/ZI'02, and
Nb,0s, and polymer resins, Amberlyst-15, Amberlite-
200C, and Nafion-H catalyzed the reactions, whereas
H-Y, H-mordenite, SiO,—Al,03, and y-Al,O3; were
inactive. Among inorganic solid acids, Cs,sHgs
PW,04 was most active for all reactions in the unit
of the activity per catalyst weight (79).

The hydrolysis of esters in large excess water
catalyzed by a range of solid and liquid acids was
studied. It was found that a solid CS, sHy sPW,04¢
was remarkably active for the hydrolysis of 2-methyl-
phenylacetate in excess water, while other inorganic

Csp.5Ho.sPW; 20
R-OCOCH; + H,0 —2505 T1Z%0 . R OH 4+ CHyCOOH

CHa NO,

o O

Scheme 8. Hydrolysis reactions in water using solid acid.

solid acids, such as H-ZSM-5, Nb,Os, or SO,/ ZrO»,
were almost inactive. Among the acidic salts, CS, s
Hqo.sPW 5,04 displayed the highest activities for vari-
ous reactions due to the high surface acidity. Further-
more, it was noted that heteropoly compounds
supported on SiO,, catalyzed the hydrolysis of ethyl
acetate, and a stoichiometric Cs salt of H3PMo0,,04¢
had hydrophobic nature (84).

Acid-catalyzed esterification, which produced vari-
ous esters, such as n-butyl acetate, is one of the most
important reactions in this category. The reaction is a
reversible process and acids can catalyze both ester-
ification and hydrolysis. The esterification between n-
butanol and acetic acid was catalyzed by SBA-15 with
a HPA fixed in the channels, which was synthesized
with different hydrophilic/hydrophobic property. The
H3;PW;,040-loaded catalyst modified with amino
showed the highest yield (96%) of n-butyl acetate
with 100% selectivity. The counterreaction of hydro-
lysis was then suppressed. The probability that water
and n-butyl acetate encountered at the acid sites were
less than at acetic acid and n-butanol sites, both of
which were hydrophilic, permitted the equilibrium to
shift toward the product side. On the other hand, the
water concentration in the reaction system influences
the composition of the reaction system, so there was
also a retarding effect in the activity due to the
cumulation of the hydrophilic water without rapid
desorption as it was formed (85).

The hydrolysis of bistrimethylol propane mono-
formal in water at 348 K was done using HPAs
[H3PW 1,049 (HPW), H4SiW 1,040 (HSiW), H,GeW 1,
049 (HGeW), H3PMo0,,04 (HPMo)] and their acidic
Cs salts (Scheme 9). Cs, sHg sPW 1,040 (Cs, sPW) was
the most active per proton in the solution or in the bulk
of solid catalyst. The Cs, »Hy sPW 1,040 (Cs> ,PW) was
the most active when supposedly compared with per
surface proton and per weight of catalyst. Dissolved
acids showed the activity order of HPW > HSiW >
HGeW > HPMo >> H,SO,, HCI. Since the protons
on the surface were only a part of the total protons in
the solid bulk, Cs, ,PW and Cs; sPW had much higher
turnover numbers than dissolved acids (86).

Cs, 5 was highly active for organic reactions such
as hydrolysis of esters and oligosugars in water as
shown in Scheme 10. The reaction was used as a test
for the water-tolerant catalysts (82).

CH,OH CH,OH LPA CH,OH

CoHsCCHyOCH,OCH,CCoHs  + HyO ————» 2 CoHsCCH,OH  +  HCHO
CH,OH CH,OH CH,OH
(BTMP) (TMP)

Scheme 9. Hydrolysis of bistrimethylol propane monoformal in water.
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CH,OH CH,OH

CH,0H

(0) O_ OH Co cHr <PWaO O_ OH
S
OH o OH + Hgo 2.5110.5 1240 _ 2 OH
OH OH
OH OH OH

Scheme 10. Hydrolysis of esters and oligosugars in water.

OH OH
HO. OH /% OH
HO o] 0 OH H* O on— =
Hgﬁ/( g IEi)O d-l o T>HI-O|O —_—
OH OH 2 OH
OH OH

Cellulose

(0)
OH
HO OH
S
OH HO
pentane-1,2,3,4,5-pentaol

Scheme 11. Hydrogenolysis reaction of cellulose.

The direct hydrolysis of cellulose to glucose,
hydroxymethylfurfural (HMF), and other soluble
by-products in water at 190 °C, using zeolites (H-
BEA and H-MOR), sulfated zirconia supported over
mesoporous silica (SBA-15), Amberlyst-15, HPAs,
and AICI5;-6H,0 as acid catalysts was studied. HPAs
(H3PW12040 and H4SiW12040) and their salts with
metal cations acted as efficient homogeneous catalysts
in an aqueous phase. The high activity but low
formation of glucose was observed in the case of
AlCl3.6H,0O and phosphotungstic acid (PTA), while
better yields of glucose were observed in the case of
phosphomolybdic acid (PMA) which is a weaker acid
than PTA. This lower acidity restricted the secondary
reactions and resulted in higher formation of gluc-
ose (87).

The hydrogenolysis of cellulose was reported
including hydrolysis to glucose and further hydrogena-
tion, hydrogenolysis, and dehydration reactions to
sorbitol, sorbitan, and isosorbide together with ery-
thritol, xylitol, glycerol, propylene and ethylene glycol,
and methanol (n = 1-3) (Scheme 11). Noted that the
presented yields in the case of recycling experiments
were based on the freshly added substrate to allow
comparability with reference experiments (88).

A series of HPA-ionic liquids [C4HgN,(CH,)s3
SO3H]3,H,PW1,04([MIMPSH],,H3,PW 5040, n = 1,
2 3, abbreviated as [MIMPSH],H;,PW), was also
utilized to catalyze one-pot depolymerization of cel-
lulose into glucose. Their performances were much
better than those of the previously reported HPAs,
such as H3PW 5,04, Cs, sHy sPW[,04. Besides cel-
lulose, the HPA ionic liquids were able to catalyze the

OH

OH

tetrahydro-2-(1,2-dihydroxyethyl)furan-3,4-diol

Gelucose

ale

hexahydrofuro[3,2-b]furan-3,6-diol

conversion of sucrose and starch into glucose. In
addition, one-pot synthesis of levulinic acid (LA)
directly from cellulose was realized by HPA-ionic
liquid catalysts in a water-methyl isobutyl ketone
(MIBK) biphasic system. The separation of the
products and catalysts was simple, and the retrieved
[MIMPSH],H3,PW could be repeatedly used without
noticeable loss of performance (89).

5. Hydration reactions

The acidic Cs salt, Cs2.5, was found to be an efficient
water-tolerant solid acid for hydration of alkene in
excess water (Scheme 12) (82, 83). Among the
heteropoly compounds, an insoluble acidic salt
Cs, sHg sPW 5,049 exhibited very high activities for
various reactions because of its superacidity and high
surface area. The acidic salt, however, formed col-
loidal suspension in water, and recovering of the
catalysts was not easy. To solve this problem,
immobilization of Cs,s on oxide supports was
attempted (83)

The liquid-phase hydration and acetoxylation of
limonene (1), f-pinene (2), and a-pinene (3) catalyzed
by dissolved or silica-supported HPA H;PW;,049
(PW) in acetic acid and acetic acid/water solutions
were studied (Scheme 13). All three substrates gave
a-terpineol (4) as the major product along with

HsC CH
H3C; o iCHS + H,0 Cs25Ho.5PW12049 _ HS 8
HsC  CHg HeC  CHg

Scheme 12. Hydration of alkene using HPA.
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Supog

. B-pinene o-pinene
limonene

HPA-supported| H,O/HOAc

OH
4 5 OAc

o-terpineol a-terpinyl acetate

Scheme 13. Liquid-phase hydration and acetoxylation of
limonene (1), p-pinene (2), and a-pinene (3).

a-terpinyl acetate (5). The reaction rate raised in the
order: limonene < a-pinene < p-pinene. At room
temperature under optimized conditions, 2 and 3
formed a mixture of 4 and 5 with 85% selectivity at
90% substrate conversion. The PW showed a much
higher catalytic activity than conventional acid cata-
lysts such as H,SO4 and Amberlyst-15 (90, 91).
H;PMo01,040-PPO composite catalyst coated on
Al,O3 was also prepared as heterogeneous catalysts for
the liquid-phase fert-butanol (TBA) synthesis from
isobutene and water. It was found that all the
composite film catalysts illustrated higher catalytic
activities than homogeneous H;PMo0;,049. Among the

OH
HPA

\; HPB
k ArOH ol

HoO || Ka i

k ArO™
o

HPB
+
HO +

HPA

Scheme 14. Oxidation of phenol.

composite film catalysts, H;PMo0;,04,—-PPO showed
the best catalytic performance. The H3;PMo;,040—
PPO/A1,O; also showed a higher activity than a
homogeneous solution of H;PMo0;,04q (92).

Catalytic utilities of Cs, sHy sPW,040, an acidic
salt of dodecatungstophosphoric acid, were investi-
gated for two types of reactions in large excess water
containing hydration of olefins, 2,3-dimethyl-2-
butene, and cyclohexene. Hydration of 2,3-dimethyl-
2-butene was efficiently catalyzed by the fine particles
at 343 K (37).

6. Oxidation reactions

Oxidation of phenol is an important reaction in both
industrial and biological processes. This reaction can
proceed through either polar or free radical mechan-
isms. The kinetics of oxidation of phenol and a few
ring-substituted phenols by heteropoly 11-tungstopho-
sphovanadate (V), [PVVW11040]4' (HPA) was studied
spectrophotometrically in aqueous acidic medium
containing perchloric acid and also in acetate buffers
of several pH values at 25 °C (Scheme 14). In the
aqueous medium, in the absence of bases, the proton
is transferred to water and the electron was transferred
to the oxidant from ArOH. The one-electron oxidation
of phenol by [PVvW;;04]*~ (HPA) generated phe-
noxyl radical (ArO-) and one-electron reduced hetero-
poly blue [PVIVW,,04]*". The resultant V(V)-
substituted heteropolyoxometalates could act as one
or two electron or even several electron acceptors. In
the acidic medium, ArOH was the reactive species, and
the ArOH-HPA reaction was carried out through a
separated-concerted proton-electron transfer (CPET)

HPA
p-benzoquinone

coupling

4,4¢-biphenoquinone

H>O . phenol

Polyphenol
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M CgHg + HPA-n + mi, HO—P9 = ) GH,COCH; + HHPA-n

HnHPA-n + m/, Op ———— HPA-n+ m/, H,O

CsHg + 1/ O —— »  CHzCOCH,4
Scheme 15. Oxidation of propene to acetone in water.
OH 0}
R R R R
m/4 + MA4H,0 + HPA-n > m/4 + HmHPA-n
o
DAP DAQ
R = CHj, t-Bu
HnHPA-n  + m/40,——— HPA-n + m/2H0

Scheme 16. Oxidation of 2,6-dimethyl and 2,6-ditertbutylphenols.

mechanism in which water acted as a proton
acceptor (93).

Oxidation of propene to acetone in water solutions
in the presence of homogeneous catalysts (Pd**
+ HPA-n, where HPA-n = H3+nPVnM012_nO40, n=
1-4) was studied (Scheme 15). The kinetics of the
highly selective oxidation of propene to acetone in the
presence of homogeneous catalysts Pd2* + HPA-n
(n=1-4) did not depend on the number x of vana-
dium atoms in the HPA-n molecule. The rate did not
depend on the HPA-n concentration and the acidity
of the catalyst solution (94, 95).

A new method was proposed for obtaining 2,6-
dialkyl-1,4-benzoquinones by oxidation of 2,6-
dimethyl and 2,6-ditertbutylphenols by molecular
oxygen in a two-phase “water—organic” system and
in the presence of P-Mo-V HPAs (Scheme 16).
Unlike one-phase systems, two-phase catalytic sys-
tems, where HPA-n catalyst was in the water phase,
and a substrate and the product were in the organic
phase, and it had the advantages of simple separation

OH
CH3
HPA-n
I + O >
1atm

MN

1/;m MN + 1/;m HyO + HPA-n
H,HPA.n + 1/;m O,

Scheme 17. 2-Methyl-1-naphthol (MN) oxidation.

100°C

of the reaction products and increased catalyst select-
ivity because of lessening instantaneous concentration
of the substrate interacting with HPA-n. For reaction
(2), the highest activity was exhibited by HPA-n
where n = 6. On addition of cations to HPA-n, the
selectivity of DAP oxidation decreased because of the
decreasing oxidative potential of HPA-n (96).
Vitamin K3, 2-methyl-1,4-naphthoquinone (mena-
dione, MD), is the starting reagent in the synthesis of
all vitamins of the K-group. Mo-V-phosphoric HPAs
of the Keggin structure H 5. ,PMo1,.,V,,049 (HPA-n)
and their acidic salts were found to be efficient
catalysts for 2-methyl-1-naphthol (MN) oxidation by
dioxygen to 2-methyl-1,4-naphthoquinone(menadione
or vitamin K3) (Scheme 17). Among all HPA-n,
HPA-2 had the maximum selectivity, whereas the
maximum reaction rate occurs for HPA-4. The most
favorable molar ratio was found to lie within 3 <
[HPA-n]:[MN] < 4. This mechanism assumed that
HPA-n, similar to the VO,-ion, was a single-electron

CHs3
+ H,O

MD

35-50°C

1/;m MD + H,HPA-n

HPA + 1/;m H,O
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oxidant. The complete MN oxidation to MD required
four electron transfers from MN to HPA-n (97).

Molybdo(vanado)phosphoric HPAs of Keggin
structure supported on oxide supports (SiO,, TiO,,
and Al,O3) were used as catalysts for ethane to acetic
acid oxidation in the range of reaction temperature
from 250 to 400 °C. Vanadium atoms introduced into
Keggin structure improved oxidative activity of cata-
lytic system, while vanadyl groups exchanged into
cationic position diminished ethane conversion. The
nature of support (acidic or base centers on the
surface) influenced both ethane conversion and distri-
bution of products. Ethane oxidation over silica- and
titania-supported HPMoV,, was due to the presence of
regular or defected Keggin structure, while low
catalytic performance on alumina-supported samples
was recognized to mix Mo-V-P oxides formed as a
result of HPMoV,, decomposition. Presence of water
vapors in the reaction mixture was indispensable for
both catalysts surface modification and for acetic acid
desorption (98).

Molybdovanadophosphoric acid (Hz.,PMoj,_
2 V,,040; n = 1-2) and its salts were also found to be
effective for the oxidative dehydrogenation of isobu-
tyric acid (IBA) to methacrylic acid (MAA). V,0s-
P,Os binary oxides were established to be effective,
much like vanadium-containing heteropoly com-
pounds. The products were MAA, acetone, propy-
lene, and carbon oxides. The formation of propylene
was much greater than in the case of the HsPMoy,
V,0y4 catalyst. The reaction was carried out in the
presence of 16% water vapor. Oxidation activity
decreased by one-fourth, but the selectivity remained
unchanged (99).

The oxidation reaction was done utilizing 34%
of hydrogen peroxide in water catalyzed by some
W- and Mo-based heteropolyoxometalates. Findings
showed that dodecatungstophosphoric acid (K4SiWo.
Mo,059), H3PW 5,049, was the most efficient catalyst.
This methodology might be an alternative for eco-
friendly green oxidation. Water turned out to be the
best solvent for these oxygenation transformations.

Other organic solvents such as chloroform, ethanol,
and acetone were not suitable for the oxygenation
system. These results showed that phenylenediamine

o)
R'CHO + R2NH, + Ra\)LR4

was the most reactive substrate, whereas electron
deficient 4-NO»-aniline led to only 32% of the nitroso
product (100, 101).

Partially reduced multicomponent heteropoly
compound catalysts with the Keggin structure were
prepared and applied for the selective oxidation of
propane. The influence of the pore diameter of the
support on the reaction was also tested. Results
showed that the partially reduced HPA catalyst
exhibited the highest activity for the selective oxida-
tion of propane under the optimum reaction condi-
tions: 7' = 390 °C, C5Hg:0,:H,O:N, = 1:2:2:5 (mol/
mol) and space velocity = 1500 h™'. The maximum
conversion of propane and the maximum yield of
acrylic acid were 38 and 14.8%, respectively (94).

7. Multicomponent reactions (MCRs)

Among a series of insoluble salts of Keggin hetero-
poly compounds for the Mannich-type reaction of
benzaldehyde, aniline, and cyclohexanone, Cs, sHy s
PW,,0,49 showed excellent catalytic activity (Scheme
18a). It afforded structurally divers B-amino ketones
with major anti-diastereoselectivity. This salt was
prepared by exchanging HPA protons with large
alkali metal cations such as K1, C§l, or [(n-Bu),N]J1
to get insoluble salts (/02).

A series of insoluble salts of Keggin heteropoly
compounds were prepared and used as catalysts for
Mannich-type reaction of benzaldehyde, aniline, and
cyclohexanone in water. Among them, Cs,sHs
PW,049 showed excellent catalytic activity. This
fast procedure afforded structurally divers p-amino
ketones with major anti-diastereoselectivity (/02).

In the presence of cationic surfactants, cetylpyr-
idinium bromide (CPB) and cetyltrimethylammonium
bromide (CTAB), the product yield was declined. It
may be due to the positively charged micellar inter-
face, which afforded an unfavorable electrostatic
interaction with protonated imine present in water
solution. Anionic surfactants gave the desired product
in a modest yield. Additionally, these surfactants
produced colloidal dispersion by emulsion formation
as a result of which, phase separation was diffi-
cult (102).

Cs, sPW (0.4 g)

H,0 (5 ml), r.t. RANH O
R1 R4
Fe;05 @SiOpPW R3
H>0 (5 ml), r.t.

Scheme 18. Mannich-type reaction of benzaldehyde, aniline, and cyclohexanone to afford divers p-amino ketones.
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RICHO + Rsﬂ\/u\Re * HZNJ\NHz

X=0,8

a. Ag3PW1 2040 (@] R1
H,O
2 R NH
b:H,[PMogV404]  R? H’gx

reflux, 6 h, H,O

Scheme 19. Biginelli three-component condensation of aldehyde, p-keto ester, and urea to afford 3,4-dihydropyrimidinones.

X

NH, o oN
v o o7 R - NHz
Hy4[NaPsW.
RCHO + NC”CN + OO 14[NaPsW300110] _ R 0
Ho0, reflux or OO

X,Y = HorOH
R = Ph, 4-MeOPh, 4-CIPh, 3-NO,Ph, 4-NO,Ph

Scheme 20. Synthesis of 2-amino-4H-chromenes in water.

Several electron-rich aromatic aldehydes led to the
desired products in good yield. Though, under the
same reaction conditions aliphatic aldehydes, such as
isobutyaldehyde, gave a mixture due to enamine
formation; the desired product was achieved in low
yield amines with electron-withdrawing groups, such
as 4-chloroaniline and 3,4-dichloroaniline, that gave
the desired product in good yields (18).

Biginelli three-component condensation of an alde-
hyde, B-keto ester, and urea proceeded smoothly on
the surface of the silver salt of HPA, i.e., AgsPW 5,049
in water afforded the corresponding 3,4-dihydropyr-
imidinones in high-to-quantitative yields under mild
conditions (Scheme 19a). The heterogeneous solid acid
provided ease of separation of the catalyst and isola-
tion of the products. Most importantly, aromatic
aldehydes carrying either electron-donating or -with-
drawing substituents reacted well under the reaction
conditions to give the corresponding dihydropyrimidi-
nones in high-to-quantitative yields with high purity.
This method was applicable to a wide range of
substrates, including aromatic, aliphatic, a,p-unsatur-
ated, and heterocyclic aldehydes, and provided a variety
of biologically relevant dihydropyrimidinones in high to
quantitative yields after short reaction times (/03).

The use of HPAs as a catalyst for the synthesis of
various substituted 3,4-dihydropyrimidin-2(1H)-ones
using Biginelli protocol in water was reported. The
best conditions to prepare the dihydropyrimidinones
were achieved when both urea (or thiourea), ethylaceto
acetate, and aldehyde were heated under reflux condi-
tions in the presence of 0.03 mmol of HPA catalyst and
water as green solvent for 6 h. This method was
effective with a variety of substituted aromatic alde-
hydes independent of the nature of the substituents in
the aromatic ring, representing an improvement to the
classical Biginelli’s methodologies. Substituents with
electron-withdrawing groups gave relatively higher

90-93%

yields. The yields of the reaction in the presence of
water were greater, and the reaction times were
generally shorter than the conventional methods. The
HPAs of the series Hs:,PMoi>_,V,04 (n=1-4)
showed good to excellent catalytic behaviors (32).

H4[NaPsW;,0y 0] was used successfully in reac-
tion of aldehydes, malononitrile alfa, and beta naph-
toles for the synthesis of 2-amino-4H-chromenes in
water. The products were obtained in very good yields
(90-93%) (Scheme 20) (104).

A highly efficient one-pot synthesis of 1,8-dioxo-
octahydroxanthenes from dimedone and various aro-
matic aldehydes under reflux conditions in water,
catalyzed by silica-supported preyssler nano particles
(SPNP) was reported. As seen, ethanol and water
were favorable solvents for this synthesis (Scheme 21).
As it was observable, by using this nanocatalyst, the
aromatic aldehydes containing both electron-donating
and electron-withdrawing groups afforded the pro-
ducts of excellent yields. Although, electron-with-
drawing groups were slightly better. The effect of
various solvents on the rate of the reaction was also
studied and shown in Table 3 (/05).

Synthesis of 1,4-dihydropyrano[2,3-c] pyrazole
and pyrano[2,3-d]pyrimidine derivatives was also
reported via three-component, one-pot condensation
of 3-methyl-1-phenyl-1H-pyrazol-5(4H)-one or bar-
bituric acid, aldehydes, and malononitrile in the
presence of a catalytic amount of Preyssler-type
HPA in water or ethanol under refluxing conditions
(Scheme 22). It was found that there was a correlation
between reaction rate and the temperature, and the
best results were obtained in refluxing water and
ethanol (Table 4) (1006).

SPNP was used as a reusable and green solid acid
catalyst for the synthesis of 1,8-dioxodecahydroacri-
dines via three component reaction of aryl aldehydes,
dimedone, and ammonium acetate in water and reflux
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ArCHO  + 2

) Ar O
(0] 0  SiOx/H14[NaP5W3,041(]
nano particles
H,O / reflux o
82-96%

Scheme 21. One-pot synthesis of 1,8 dioxooctahydroxanthenes.

Table 3. The effect of solvent on the rate of one-pot
synthesis of 1,8-dioxooctahydroxanthenes.

Yield (%) Solvent Entry
95 EtOH 1
68 MeOH 2
57 Acetonitrile 3
71 Ethyl acetate 4
93 H,O 5

conditions. Ethanol and water were favorable sol-
vents. But water was chosen as a greener solvent. It
could be seen that by using this nanocatalyst, the
aromatic aldehydes containing electron-donating and
electron-withdrawing groups afforded the products
with excellent yields (Scheme 23) (107).

A variety of fused 1,4-dihydropyridine derivatives
were synthesized from the reaction of different aryl
aldehydes, ethyl acetoacetate, and ammonium acetate
in water in the presence of a catalytic amount of
Preyssler HPA. SPNP was also found to be effective
for this synthesis (Scheme 24) (108).

A simple, clean, and environmentally benign route
to the enantioselective synthesis of (S)-2-(6-

I + ArCHO + NCCN

H14[NaPW;5049] |

Table 4. The correlation between reaction rate and temper-
ature in the synthesis of pyrazole and pyrimidine derivatives.

Yield (%) Time (h) Temperature (°C) Solvent Entry

44 4 100 None 1
46 4 62 CHCl, 2
80 2 25 H,O 3
89 1 100 H,0 4
40 4 40 CH,Cl, 5
75 2 25 EtOH 6
84 1 78 EtOH 7

methoxynaphtalen-2-yl)propanoic acid, (S)-Naproxen
was described by using Preyssler HPA, Hyy
[NaPsW30O;1g], as a green and reusable catalyst in
water and in the presence of 1-(6-methoxynaphthalen-
2-yl)propan-1-one, D-mannitol. The products were
obtained in very good yields (Scheme 25) (109).

The three-component synthesis of 2-amino-5-oxo-
dihydropyrano[3,2-c]chromene derivatives was reported
by condensing 4-hydroxycoumarin, aldehydes, and
alkylnitriles using a catalytic amount of HgP,Wig
O¢,.18H,0 in aqueous ethanol under heating conditions
(Scheme 26). Compared with HgP,W;3O¢,. 18H,0,

Ar
HsC CHg
x VLK
\'}l o '}l
Ph Ph

N‘N 0 H,O or EtOH, reflux

Ar
_— |
s
r}l O~ "NH,
Ph

Scheme 22. Synthesis of 1,4-dihydropyrano[2,3-c] pyrazole and pyrano[2,3-d]pyrimidine derivatives via three-component

condensation.

(0) (0]
AICHO  + ﬂ\;;f + NH,OAc

) O Ar O
SiOo/H14[NaP5W3,0110]
nano patrticles
H,0, reflux N
H
85-93%

Scheme 23. Synthesis of 1,8-dioxodecahydroacridines via three-component reaction.
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. Ar
Si0x/H14[NaP5W300110]
Qo 0 nano particles EtO,C COEt
ACHO + 2 y ¢ OEt + NH,0Ac > | ]
Hzo, reflux H30 N CH3
H
Scheme 24. Synthesis of fused 1,4-dihydropyridine derivatives.
10 HO
HO
| OO HO DMF, HPA
H,CO + OH reflux, 3.5 h
OH
OH
CHj3
L. o CH,
DOP: <
HO o
HsCO OH + H.CO OO HO _—
OH ¢ OH
OH o CHj
Intermediate 1 Intermediate 2 9) OO
OCH3
CHs CHs
0 ;
HeCO oHo . HCO OHO CH3OH, HPA ~ NaOH (10 %)
HO OH HO reflux, 2.5 h
OH
OH OH CHs
OH o)
Ester 1 Ester 2 (0]
OCHj3
CHg

HaCO

Scheme 25. Synthesis of (S)-2-(6-methoxynaphtalen-2-yl)propanoic acid.

using H;4[NaPsW300;0] or NH,SOsH as catalyst in the
model reaction under refluxing conditions in aqueous
ethanol (50:50) afforded less yields (35).

A one-pot condensation of 2-aminobenzothiazole,
2-naphthol, and appropriate aldehydes catalyzed by
HPA in an aqueous medium afforded the Man-
nich adduct 2’-aminobenzothiazolomethylnaphthols at
45 °C under ultrasound irradiation (Scheme 27). The
reaction worked well with electron-withdrawing (NO,,
Cl, CN) as well as electron-donating (Me, MeQO) groups,
giving various derivatives in 80-92% yields. The results
of the extension of the reaction under the ultrasonic
irradiation showed that in the case of 3-amino-1,2,4-
triazole, the reaction did not proceed, and 2-aminoben-
zimidazole provided a very low yield after 24 h and
increasing the temperature from 45 °C to 90 °C (/10).

An improved procedure for the synthesis of
oxindoles derivatives was developed via the electro-
philic substitution reaction of indoles with various
isatins in the presence of a Wells-Dawson tungsten
HPA, HgP>,W 306> (5mol%), in water (Scheme 28). It
gave 3,3-di(indolyl)-oxindole in 95% yield for 30 min.
In all conversions, electrophilic activation occurred
only at the carbonyl of the 3-position. The carbonyl at
the 2-position was unreactive, and this might be due
to stabilization by the indole nitrogen (/17).

HPAs catalyzed the electrophilic substitutions of
indole and substituted indole with a variety of
aldehydes and ketones in water to afford bis(indolyl)
methanes at room temperature with excellent yields.
This method was also highly chemoselective for
aldehydes (Scheme 29). In addition, as shown in
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NH,
Ar
OH X
H6[P2(\4V180|6/2]). 18H,0 o
mol%
ArCHO + R CN + N - X R

R = CN, CO,Et

reflux

Scheme 26. Three-component synthesis of 2-amino-5-oxo-dihydropyrano[3,2-clchromene derivatives.

RCHO+ + HN{\?@ HPA, U.S.)

OH
awt O

Scheme 27. One-pot condensation to afford Mannich adduct 2’-aminobenzothiazolomethylnaphthols.

Table 5, H3PMo0,049 and H3PW 5,049 were found
out to have the same results for this reaction in water
and other solvents (/72).

The electreophilic reaction of indole was carried
out with glyoxylic acid (50% solution in water), and
the expected product was obtained in good yields
under these reaction conditions (Scheme 30) (/12).

8. Miscellaneous

H3PMo,,049 was found to catalyze the Prins cycliza-
tion of homoallylic alcohols with aldehydes at room
temperature to provide tetrahydropyran-4-ol deriva-
tives in 80-90% yields with all cis-selectivity (Scheme
31). Only cyclic ketones could give spirocyclic pro-
ducts (/13).

HPA was found to be an effective catalyst for ring
opening reaction of epoxides with various aromatic
amines to produce the corresponding f-amino

alcohols in moderate to excellent yields in water
(Scheme 32). Aniline, 4-methoxy aniline, 4-chloroani-
line, 4-bromoaniline, and 4-isopropyl aniline reacted
well with aliphatic epoxide such as glycidyl phenyl
ether, glycidyl isopropyl ether, 1,2-epoxy butane, 1,2-
epoxy propane, and allyl 2,3-epoxypropyl ether to
give the corresponding amino alcohols in good
yields (1/14).

Cyclohexene oxide was treated with 1 equivalent
of aniline at room temperature, and the desired
product obtained in 54% yield within 48 h in water
as the sole solvent. The best results were obtained
when using 0.01 mol% of HPAs such as H3PMo0,049
(Table 6, entry 14) and H3PW,04 (Table 6, entry
15) at room temperature for 2 h (114).

Interestingly, addition of CTAB was not effectual,
but addition of sodium dodecyl sulfate (SDS) enhanced
the yield of the reaction (/14).

R4 \‘ﬁ\‘\
HegP2W15065 (5 mol%)
N N H,0, 60°C | |
N

Scheme 28. Synthesis of oxindoles derivatives.

NTORe

R1
R'and R% = H, CH,

H3PW12040
(0.12 mol%)

oo | Py
H2O, r.t., 2-8h N R2R2 N

Scheme 29. Electrophilic substitutions of indoles to afford bis(indolyl)methanes.
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Table 5. Effect of different HPAs and solvents on electro-
philic substitution of indoles.

Time Yield Solvent

(h) (%) (2ml) Catalyst (mol%) Entry

1 5 H->0 None 1

1 86 Hzo H3PMO]2040 2
(0.12)

1 90 H,0O H;PW,04 3
0.12)

6 90 THF H3PMO]204O 4
(0.12)

6 90 THF H;PW 5,049 5
(0.12)

3 85 CH3CN H3PM012040 6
(0.12)

3 90  CH,CN  HsPW,,04 7
(0.12)

2 88 CH2C12 H3PM012040 8
(0.12)

2 90 CH,Cl, H;PW ;04 9
(0.12)

2 86 CIC,H4Cl  H3;PMo01,049 10
(0.12)

2 88 C1C2H4C1 H’;PW] 2040 11
(0.12)

1 45 H,O ZnCl, (5) 12

1 48 H,O RuCl; (1) 13

1 55 H,0O H,SO, (1) 14

1 74 H,0 HCIO, (1) 15

1 58 H,O CeCl3-7H,0 (5) 16

1 60 H,O WClg (1) 17

The catalytic synthesis of N-adamantylacrylamide
from acrylonitrile and 1-adamantanol was studied over
various solid and liquid acids. Solid acids such as
Cs, sHp sPW 1,049, Amberlyst 15, Nafion, and
Nafion-SiO, composite gave yields higher than 97%
at 373 K and were superior in yield to liquid acids like
p-toluenesulfonic acid, H;PW,04, and H,SO,
(Scheme 33). It was further verified that Cs, s
Hg.sPW 5,049 exhibited the highest catalytic perform-
ance for this reaction in the presence of excess water.

Together with the hydrophobicity, the strong acidity of
Cs2.5 was responsible for the high catalytic act for the
Ritter-type reaction in the presence of excess wa-
ter (115).

The decomposition of hydroperfluorocarboxylic
acids [H-PFCAs; HC,F,,COOH (n = 4 and 6)]
induced by HPA photocatalyst H4SiW,04 in water
was investigated. H-PFCAs were not decomposed by
irradiation with ultraviolet (UV)-visible light (>290
nm) in the absence of H4SiW,049. In contrast, UV—-
visible light irradiation of H-PFCAs in the presence of
H4SiW 1,04 efficiently decomposed H-PFCAs to F —
and CO,, at relatively high pH (up to 5.2), at which
pH, the conventional HPA photocatalyst H;PW 5,049
couldn’t be used (/76).

Tertiary carboxylic acids were manufactured by
hydrocarboxylation of branched alkenes in the pres-
ence of CO, water, and a corrosive homogeneous
acid. Acidic ion-exchange resins also catalyzed the
hydrocarboxylation reaction when operated under
specific conditions. The best resins included the
Nafion NR50 as well as styrene-based sulfonated
ones with high content of acid sites (>4.5 mmol/g)
and moderate divinyl-benzene content (8-12%), such
as the Amberlyst 15 and 36. Unlike, inorganic solid
acids, such as zeolites, sulfated zirconia or HPAs
showed minor activity (Scheme 34) (1/17).

The synthesis of diphenylmethane (DPM) from
benzene and formalin (a mixture of formaldehyde and
water) or paraformaldehyde was studied using a
range of solid acids. The reaction between benzene
and paraformaldehyde (oligomers offormaldehyde)
went on readily at 140 °C on typical solid acids.
The activity of a silica-composite of polymer resin,
Aciplex-SiO,, was found to be greater to that of
other solid acids such as zeolites (HY, H-ZSM-5, and
beta-zeolite), heteropoly compounds (H3;PW;,04 and
Cs, sHgsPW(,040), and the other polymer resins
(Nafion-H, Nafion-SiO,, and Amberlyst). The addi-
tion of water to the reactant mixture decreased the
activity of Aciplex-SiO, greatly (/18).

0 HSPW12O°4O
H,O, r.t., 4 h
N o) 2
H
OCOCH;

Scheme 30. Electrophilic reaction of indole with glyoxylic acid.
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OH
0] R3
R1JJ\R2 + HOJ\/\ 0.4 eq. HSPMO1204(L R1
H,0, r.t., 7-9.5 h R~2' 0~ "RS
R': Ar, alkyl, benzyl
R2: H, alkyl
R3: H, Ar, alkyl
Scheme 31. Prins cyclization of homoallylic alcohols.
OH
O, amp, HePWizOu0 (0.35 mol%) INHAT
- 2 H,0, r.t, 16 h R + R
OH NHAr

Scheme 32. Ring opening reaction of epoxides with various aromatic amines to produce the corresponding p-amino alcohols.

One-step synthesis of methylmethacrylate (MMA),
using heteropoly compounds as catalysts, was demon-
strated by feeding a mixture of methacrolein (MAL),
air, water, nitrogen, and MeOH. The HPCs with
different counterions, such as H;-,Cs;s Cugoas
Asp1PM0;1VOy4 (CsPMo;1VOy), HisLag; Cugo
5ASO~1PM011VO40 (LaPM011V040) and H1_7 K1.5

Table 6. Effect of different catalysts and solvents in ring
opening reaction of epoxides with various aromatic amines.

CUQ_25ASO'1PM011VO4O (KPMO]]VO40), were studied
in oxidation of MAL, esterification of MAA and one-
step synthesis of MMA from MAL, correspondingly.
The HPCs catalysts were not only applied to the both
oxidation and esterification reactions but could also be
used in the coupling reactions from MAL to MMA.
When the reaction temperature was at 300 °C, space
velocity was 400 h™', and MAL/air/N,/H,0/MeOH
was equal to 5/50/22.5/10/12.5, the 44.6% selectivity of
MMA and 45.7% selectivity of MAA with 93.3%
conversion of MAL could be achieved over

Yield Time Catalyst CsPMo11VOy4y in coupling reaction. Cs-containing
%) (h) Solvent (mol%) Entry o .
HPAs showed better structural stability and catalytic

48 44 H,0 None 1 performances (/19).
0 44 CH,Cl, None 2
0 44 CICH,CH,Cl None 3 9 o
0 44 PhCH3; None 4 :z\; O%/g
}(5) jj Fll;liifhyI cther Egﬂz 2 Methylmethacrylate (MMA), Methacrolein (MAL)
96 24 H,0 LiClO, (200) 7 A on
83 24 H,O CeCl3-7H,0O 8 :z\;
% % o (L31(21 00 . Methacrylic acid (MAA)
76 24 HO ZrCl, (40) 10 The solid catalyst which was prepared by non-
92 74 H,0 B(OH); (50) 11 ; :
26 2 H,0 WCl, (20) 12 coval'ent fixing 'of the tungstophosphate anion on
33 24 H,0 Bi(NO»); (20) 13 chemically modified hydrophobic rnesopor'ous.sﬂlca
94 5 H,O H3PM01>2O40 14 gel was found to catalyze the selective epoxidation of

0.1) a variety of olefins by 15% aqueous H,O, without
93 2 H,O H;PW,,04 15 using organic solvents (Scheme 35). It implied that

0.2) different types of silanol groups on the silica gel

surface had different reactivities with either Ph;SiOEt
OH "o
H H.C=C-C-NH
H,C=C-CN + - .

Scheme 33. Synthesis of N-adamantylacrylamide from acrylonitrile and 1-adamantanol.



Downloaded by [National Science Library] at 00:52 06 December 2017

Green Chemistry Letters and Reviews 297

/K) )+\ CO

H+

Scheme 34. Hydrocarboxylation of branched alkenes in the
presence of CO, water, and homogeneous acid.

or Me,NCH (OCH,Ph),. Catalyst surface could play
an essential role in the efficient and selective epoxida-
tion. Most probably, high hydrophobicity of both the
silica gel surface and the counter cation [R] might
favor strong binding of the catalysis center
[PW 040>~ on the silica gel surface and also easy
access of the hydrophobic reactant 1-octene to the

[R3][PW,0,)/modified SiO, \ O
>:< + H,0, (15%) - >Q< + HO
H,0

Scheme 35. Selective epoxidation of olefins.

N <~ N0z 50 Wie, PW/MCM-41 N
N4 A S~ o N
H r He,0 1.0 ml, r.t., 24 h

v
NO,

Ar

Ar = Ph, P-CHgPh, P-CHzOPh, P-FPh, P-CIPh,
P-BrPh, P-NO,Ph, O-NO,Ph, 2,4-Cl,Ph, 2-furyl

Scheme 36. Aza-Michael addition reaction between nitro-
olefins and benzotriazole.

Y
1. Hy4[NaPsW300410], U.S.)))

catalysis center. Additional improvements of the solid
catalyst could be achieved by fine tuning both the
silica-surface morphology (e.g., porosity) and the
surface-modification agents (/20).

MCM-41 supported HPAs catalysts were synthe-
sized, characterized, and their catalytic activity was
evaluated in an aza-Michael addition reaction
between nitroolefins and benzotriazole in water at
room temperature. 50 wt% PW/MCM-41 showed the
highest activity (up to 96% yield) (Scheme 36). The
best result was achieved when using 50 wt% PW/
MCM-41 (0.005g) in water at room temperature for
24 h, and the yield was up to 93%. The electron-
donating as well as electron-withdrawing substituents
on the aromatic ring were endured under these
conditions and the reactions proceeded in good yields
of 71-96%. This method had the advantages of simple
manipulation and high turnover, which could be
useful for the syntheses of the nitrogen-containing
heterocycles (121).

A new synthesis of hydroxytriarylmethane derived
from the reaction of 2-sulfobenzoic anhydride and
phenols in the presence of HPAs under ultrasonic
irradiation was reported (Scheme 37). The highest yield
of the products was achieved when H4[NaPsW3,01 (]
was used as the catalyst. Comparison of the catalyst
showed that, in all cases, the supported Preyssler
catalyst was less active than the nonsupported one. In
supported type, there were poly anion-support interac-
tions of an acid-base nature. Some protons of the poly
acid and some basic sites of the support (e.g., hydroxyl
groups) could interact. This would lead to lessened
availability of hydrogens because of this extra ion
interaction. The catalytic activity was increased in the
following order: H]4[N3.P5W300110] > H3[PW1204Q] >

2. NaOH, H,0
+
X L
O'Na*

Scheme 37. Synthesis of hydroxytriarylmethane from reaction of 2-sulfobenzoic anhydride and phenols.
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HsPV,Mo;0.
2 RSH > 21070 . RsSR
H,0,, Solvent

Scheme 38. Oxidation of thiols to their homodisulfides.

Hy[SiW,040]. Phenols with electron-withdrawing
groups gave hydroxytriarylmethane derivatives in low
yields. As ultrasound generated strong turbulence and
microscale liquid circulation currents, uniform mixing
at microlevel occurred and the mass transfer resistances
was eliminated. This explanation could justify the
shorter reaction time observed for reactions under
ultrasonic condition (/22).

The HsPV,Mo0;y049 catalyzed the oxidation of
thiols to their homodisulfides using hydrogen perox-
ide as the oxidant under mild conditions. In EtOH +
H-O, the reaction was fulfilled within 2 h (Scheme
38). The other solvents provided moderate yields with
longer reaction times, except CH;CN and CH;3;NO,,
in which the yields were very low even after 5 h. One
heteroaromatic thiol, i.e., pyridine-2-thiol, was suc-
cessfully oxidized in good yield as well as benzylthiol
as a benzylic aliphatic representative. In general, the
yields were very good (>75%) to excellent (>90%)
with no noticeable relationship between the aromatic
substituent and yield (/23).

The direct synthesis of hydrogen peroxide from
molecular H, and O, signified a green and economic
alternative to the current anthraquinone process
applied for the industrial production of H>O,. It was
shown that Au-Pd-exchanged and supported Cs-
containing HPA catalysts, with the Keggin structure
considerably more effective in attaining high H,O,
yields in the absence of acid or halide additives than
formerly reported catalysts. The Au-Pd-exchanged
Cs-HPA catalysts also confirmed superior H,O,
synthesis activity under challenging conditions (ambi-
ent temperature, water-only solvent, and CO,-free
reaction gas). Au had a crucial role in achieving the
superior performance of those catalysts. The HPAs
restricted the subsequential hydrogenation/decom-
position of HyO, (124).

9. Conclusion

HPAs were applied as catalysts in aqueous media to
catalyze diversity of organic reactions consisting
condensation, carbonylation, hydrolysis, hydration,
oxidation, multicomponent, and many more reactions
competently. As reported here, water can have the
role of substrate (hydration of olefins) or product
(dehydration of alcohols). Sometimes only the pres-
ence of water, without the direct participation in the
reaction, as it was observed in the etherification, is

enough to modify the mechanism of reaction by
influencing the secondary structure of HPAs. Unlike
many solid acids whose catalytic activities are usually
suppressed significantly in the presence of water, HPAs
are water-tolerant as well as having very high solubi-
lities in polar solvents such as water, lower alcohols,
ketones, ecthers, esters, etc. The catalytic activity of
HPAs may be enhanced by different support. It was
demonstrated that in contrast to highly water soluble
acidic forms, some acidic salts of HPAs are very water-
tolerant catalysts due to their hydrophobic nature and
used for hydration of olefins and hydrolysis of esters,
etc. Moreover, as far as most organic products are
insoluble in water, a very easy workup can be realized
that does not require more organic solvents.

Summarizing, water plays the important and
sometimes unorthodox role in many organic reactions
with contribution of HPA as the catalysts.
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