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ABSTRACT

Ultrasonic and microwave-assisted practical methods have been developed for the nitration of
phenols using metal nitrates in aqueous polyethylene glycol (PEG) media. Solvent is recycled
three times for reproducibility. It was recycled with minimum loss and decomposition.
Developed protocols were cost effective, simple and efficient, which afforded nitration products
in good to excellent yields. The observed hyperchromic/hypochromic shifts in the UV/VIS spectra
of metal nitrates in PEG solutions could be due to the plausible in situ formation of “PEG-bound
M(ll) nitrate” and thereby the release of nitronium ion (NOj) during the course of reaction when
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metal nitrate [M(ll)nitrate] is added to PEG. Nitronium thus formed most likely is captured by

aromatic compound to afforded nitro aromatics.
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Introduction

Aromatic compounds undergo electrophilic substitution
due to the presence of high electron density delocalised
on the benzene ring. Nitration reaction is an industrially
important electrophilic substitution reaction for the syn-
thesis of nitro-aromatic products, which are widely used
as solvents, and intermediates in the manufacture of
pharmaceuticals, synthetic dyestuffs and other fine
chemicals (7-3). These reactions are difficult to proceed
even under drastic conditions. The conventional
nitration procedure involves the use of “acid mixture”,
which produces nitronium ion (NOj), an active species
required for nitration. Acid mixture used in the direct
nitration methods of aromatic compounds contains
large amounts of nitric and sulphuric acids (HNOs and
H,S0,), which are highly toxic, corrosive, and pollutes
the environment. A large number of protocols still use
organic solvents as reaction media to facilitate the reac-
tion, many of which are volatile, flammable, sometimes
explosive, and have a damaging effect on human
health and/or on the environment. Constant attention
has been paid all over the world in the design and

execution of mild methods of nitration of aromatic com-
pounds to overcome these defects and prevent/mini-
mise environmental pollution (4-70). On the advice of
US Environmental Protection Agency, Paul Anastas and
John Warner developed 12 principles of green and sus-
tainable chemistry which include (a) the use of safe,
environment-benign substances, including solvents,
whenever possible; (b) the design of energy-efficient
processes; (c) the design of processes which allow the
use of maximum amount of raw material to convert
into the product; and (d) the best form of waste disposal
to protect safe environment in the first place (77). The
use of a green solvent is also an important alternative
solution for minimisation and protection of environ-
mental pollution (77). Properties of ideal green solvent
demand that it should be non-toxic, inexpensive, recycl-
able, capable to dissolve a great range of organic com-
pounds and possess high boiling point, low vapour
pressure. But there is a remote possibility to find such
an effective green solvent. Perhaps water is only one of
the greener solvents one can imagine because it is
clean, non-toxic, inexpensive, the most environmentally
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benign and abundantly available in nature. It is well-
known fact that several reactions that occur in living
beings are carried out in water and are catalysed by
enzymes (72). Prior to the 1980s, the use of water as a
solvent was limited to hydrolysis reactions. Many striking
examples have appeared in the literature showing that
water has unique properties as a solvent that can lead
to surprising results. The pioneering works of Breslow
(13), Grieco (74), Lindstrém (75), and Corma and Garcia
(16) provided excellent findings of water-mediated reac-
tions and related bibliography. Despite the fact that it is
the cheapest, safest and most non-toxic solvent in the
world, its presence is generally avoided through the
dehydrative drying of substrates and solvents. The use
of water as a medium for organic reactions is therefore
one of the latest challenges for modern organic chemists.
Pioneering green chemistry principles of Anastas and
Warner also became stimulus to design and perform
organic reactions under solvent-free conditions which
make synthesis simpler, save energy, and prevent
solvent wastes, hazards, and toxicity (77, 18). Within no
time these reactions received much attention because
of their enhanced selectivity, mild reaction conditions,
and associated ease of manipulation. The other side of
energy and time-saving aspects of green chemical
approach to organic synthesis is ultrasonic (79-22) and
microwave- (23-26) assisted organic reactions. In recent
years aqueous solutions of polyethylene glycol (PEG)
have been widely used as solvents or catalysts in a differ-
ent kind of reactions in organic synthesis (27) due to their
important environmentally benign characteristics such as
low-toxicity, low volatility, biodegradability and low cost
as a bulk commodity chemical. In a review article Chen
et al. (28) elaborately highlighted that PEG, and solutions
of PEG have been successfully used as green reaction
media in a variety of substitution, oxidation and reduction
reactions (29). In addition, aqueous PEG solutions quite
often have been used as good substitutes for expensive
and toxic phase transfer catalysts (30). Encouraged by
these aspects, in the present study, we successfully devel-
oped acid-free synthetic protocols for nitration of aro-
matic compounds by replacing conventional “acid
mixture (mixture of HNOsand H,SO,4)"” in aqueous PEG
media using a variety of metal nitrates under conven-
tional and ultrasonic and microwave-assisted conditions.

Results and discussion

Nitric acid is one of the well-known oxidising agents
even in dilute solutions. Dilute nitric acid in bulk water
system can oxidise the chloride ion (CI7) ion to Cl, and
Br™ to Br, if water contains salts in high concentrations.
Nitration reactions underwent smoothly with metal
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nitrates in the presence of PEGs. Nitration of phenols
was performed by metal nitrates (1.1 mol dm™3) in PEG
systems at 90°C. The nitronium ion (NOJ), the active
species for nitration or oxidation, can be generated not
only in aqueous PEG systems but also in bulk water con-
taining salts in high concentrations. Just as the water
structure of nanoscale water droplets in reversed
micelle systems is distorted, that of “bulk” aqueous sol-
ution can be also distorted by salts in high concen-
trations and, consequently, “bulk” aqueous solutions
should lose the properties of the bulk water. In the reac-
tions using Zn(NOs),, which occur in a homogeneous
medium, the ultrasound-mediated reactions have led
to complete conversion in a very short period (40-45
min) with much higher para selectivity than those
reported so far. Reaction rates are accelerated with the
introduction of electron-donating groups and are
retarded with electron-withdrawing groups.

Effect of structure on reactivity

To check the generality of the reaction, an array of sub-
stituted phenols and metal nitrates are used under
varied reaction conditions, as shown in Scheme 1. In
order to have a closer look into the effect of structural
variation of phenol on nitration, the study has been
taken up extensively the following variable (in solution
phase) conditions

(1) Different metal nitrates Zn(NOs),, Cu(NOs),, Ni(NO3),,
Zr(NO3),, Cr(NO3),, Cd(NO3),, Co(NOs), and AgNO;

(2) Different polyethylene glycols (PEG-200, -300, -400,
-600, -4000 and -6000).

Data presented in Table 1 indicate that the PEG-trig-
gered reactions are too sluggish even after 24 h, under
conventional conditions irrespective of the metal
nitrate used. Yet the reaction appeared to be sensitive
to the structural variation of PEG. Among the several
systems presented in Table 1, Zn(NOs),-triggered
nitration in PEG-400 has been found to be more effective
than other PEGs. According to Pearson’s theory (37) of
“Hard and Soft Acids and Bases” a hard metal interacts
with a base in much the same way as a proton, by
binding to a lone pair of electrons on the base. The
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Scheme 1. Nitration of phenols under different conditions.



52 (&) K C.RAJANNAETAL.

Table 1. Metal nitrate mediated nitration of phenol in the presence of PEG under conventional conditions.

Zn(NO3), Cu(NO3), Ni(NOs), Zr(NOs3), Cr(NO3), Co(NO3), Cd(NOs), AgNO3

Solvent Percentage yield (%) after 24 h reaction time

Water No reaction No reaction No reaction No reaction No reaction No reaction No reaction No reaction
Ag. PEG-200 48 50 52 53 54 56 58 58

Ag. PEG-300 48 49 50 51 54 56 58 58

Ag. PEG-400 85 62 60 60 68 65 63 65

Ag. PEG-600 34 36 37 37 38 40 42 42

Ag. PEG-4000 40 42 43 44 44 45 47 47

Ag. PEG-6000 40 42 43 43 44 45 47 47

Table 2. Interaction of PEG-400 with different metal nitrates.
UV/VIS bands without PEG UV/VIS bands with PEG

Metal nitrate A (nm) Absorption (OD) A (nm) Absorption (OD)
Cu(ll) nitrate 299.50 0.632 - -
242.00 3474 242.50 3.627
451.50 —1.364 451.50 —-1.328
280.00 0.443 - -
Co(ll) nitrate 511.00 0.506 510.50 0.384
301.50 1.537 301.50 1.208
750.50 —0.004 741.50 —0.003
360.50 —0.005 366.00 0.011
263.50 0.371 263.50 0.528
Ni(ll) nitrate 721.50 0.119 721.50 0.093
657.00 0.091 656.00 0.072
394.00 0.404 394.00 0.323
301.00 1.313 302.00 1.073
228.50 4.164 673.00 0.068
673.00 0.086 502.50 —0.068
502.00 —0.085 347.00 —0.024
344.50 -0.039 264.00 0.337
262.50 0.213 721.50 0.093

Note: OD, optical density.

stability of complexes of hard acids with hard bases
increases as the ligand becomes more basic. Further-
more, it is important to note that the metal nitrates
used herein belong to the transition metal group.
Because of the available vacant d-orbitals they can
easily form “PEG-bound M(Il) nitrate” adducts during
the course of reaction. In order to have a closer look
into this aspect, we have scanned UV/VIS spectra of
certain metal nitrates (with and without PEG-400)
under experimental conditions. The results are presented

in Table 2. UV/VIS spectroscopic data presented in Table
2 show that spectral bands of metal nitrates underwent
either hypochromic or hyperchromic shift in the pres-
ence of PEG-400, indicating metal nitrates form “PEG-
bound M(ll)nitrate adducts” in situ during the course of
chemical reaction. Thus, the mechanism of the reaction
could be explained through in situ formation of “PEG-
bound M(ll) nitrate” and there by the release of nitronium
ion (NOJ), during the course of reaction when metal
nitrate [M(ll)nitrate] is added to PEG. Nitronium thus
formed most likely is captured by aromatic compound
to afford nitro aromatics as shown in Scheme 2.
Ultrasonic-assisted organic synthesis (USAOS) is a
powerful and green approach which is being used to
accelerate synthesis of organic compounds. It is an envir-
onmentally benign synthesis, which minimised the use
of the precious metal catalysts and led to the develop-
ment of new eco-friendly protocols (20-23). The chemi-
cal effects of ultrasound do not come from a direct
interaction with molecular species but arises from acous-
tic cavitation; the formation, growth, and implosive col-
lapse of bubbles in a liquid (20-23). The observed rate
and yield enhancements observed in the present study
(Table 3) could be attributed to ultrasonic cavitation
effect. Reaction times decreased enormously in ultra-
sonic and microwave-assisted protocols. The developed
methods afforded good to excellent yields of products
with high efficiency. After obtaining successful results

K
©
H-(OCH-CHp)n-OH +  [M(NOj3),] ~S————= [H-(OCH,-CH,)n-O- M(OH)(NO;), 4] + NO,*
(PEG) (Metal Nitrate) (PEG-Metal Nitrate)

HO H NO,
NO," + @ e —" . + H
\/\ N
K R OH

© .
[H-(OCH,-CH)n-0- M(OH)(NO3)x1]l 4 g+

(PEG-Metal Nitrate)

NO,

R OH

— » PEG+ [M(NOjy),]
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Scheme 2. Proposed mechanism for the nitration of aromatic compounds in the presence of PEG.
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Table 3. Nitration of certain aromatic compounds (phenols) using Zn(NOs), in PEG-400.

Entry Substrate Product (32) Conventional® (% yield) USAOS® (% yield) MWAS® (% yield)

1 Phenol 4-NO, phenol (M) 85 90 94
2-NO, phenol (m)

2 o-Cresol 2-Me-4-NO, phenol (M), 84 90 92
2-Me-6-NO, phenol (m)

3 p-Cresol 2-NO, 4-Me phenol (M) 85 92 97
3-NO, 4-Me phenol (m)

4 m-Cresol 3-Me-4-NO; phenol (M), 80 85 92
3-Me-6-NO, phenol (m)

5 0-Cl phenol 4-NO,-2-Cl phenol (M), 88 92 98
6-NO,-2-Cl phenol (m)

6 p-Cl phenol 2-NO,-4-Cl phenol (M) 86 90 95

7 p-Br phenol 2-NO,-4-Br phenol (M) 82 85 88

8 p-OH phenol 2-NO,-benzene-1,4-diol 90 95 98

9 p-NO, phenol 2,4-dinitrophenol (M) 65 70 70

10 p-CN phenol 2-NO,-4-cyano phenol (M) 60 62 62

1 a-Naphthol 2-NO,-1-naphthol (M) 72 75 78
2,4-di NO,-1-naphthol (m)

12 B-Naphthol 1-NO,-2-naphthol (M) 70 72 75

13 p-OH benzaldehyde 4-OH-5-NO, benzaldehyde 85 90 94

14 p-OCHs benzaldehyde 4-0CHs-3-NO, benzaldehyde 84 90 92

15 0-OH benzaldehyde 2-OH-5-NO, benzaldehyde 85 92 97

16 Benzaldehyde 4-NO, benzaldehyde 83 90 94

17 3,4-OMe benzaldehyde 3,4-OMe-5-NO, benzaldehyde 84 90 92

?Reaction time: 24 h.
PReaction time: 30-40 min.
“Reaction time: 3-4 min.

in USAOS methods we were enthusiastic to see whether
these reaction times could be further reduced under
solvent-free conditions using microwave irradiation.
The frequency used in heating applications is usually
2450 MHz (wavelength 12.2 cm). The energy of micro-
waves is so low that only molecular rotation could be
induced. Microwaves have no effect on molecular
bonds or electron clouds such as infrared (IR) or the
visible region of electromagnetic radiation has. Results
obtained under microwave-assisted synthesis (MWAS)
are compiled in Table 3, which clearly indicate highly
remarkable rate accelerations (reaction times reduced
from several (>20) to few minutes), followed by high
yields. This dramatic rate enhancement could be attribu-
ted to bulk activation of molecules, which is believed to
be due to rapid superheating of the polar solvents and
pressure effects (24-26).

Experimental details

Materials and methods: All chemicals purchased from
Aldrich, Merck, Loba or Fluka were of reagent grade. Pro-
gress of the reactions was monitored by thin layer
chromatography (TLC) and visualisation was accom-
plished by UV light or by I,. Products of the reactions
were characterised by spectroscopic methods and phys-
ical data such as melting/boiling points. Melting points
were recorded on BUCHI B-545 capillary melting point
apparatus and are uncorrected. IR spectra were recorded
on a Perkin Elmer Fourier transform infrared spec-
trometer. Nuclear magnetic resonance spectra were

recorded at a Varian VNMRS-400 MHz spectrometer.
Chemical shifts are reported as values in ppm relative
to CHCl; (7.26), and tetramethylsilane was used as
internal standard. Mass spectra were recorded on a
ZAB-HS mass spectrometer using spectroscopy, electro-
spray ionization mass spectrometry ionisation.

Conventional synthesis: In a typical reaction, phenol
(1.0 mmol) was dissolved in 1 M PEGs solution (10 ml)
and metalnitrate was added (1.1 mmol) and heated up
to 90°C, the progress of the reaction was monitored by
TLC. After the completion of reaction, the organic layer
was diluted with ethylacetate (10 ml), and separated
from the aqueous layer. It was then washed with (3 x5
ml) water, separated and finally dried over sodium sul-
phate. The anhydrous ethylacetate layer was concen-
trated in reduced pressure to afford the crude product,
which was subjected to column chromatography (silica
gel, 100-200 mesh) using EtOAc-hexane (3:7) as eluent
to obtain the pure product. Solvent is recycled three
times for reproducibility. After isolation of the product
from the reaction system, the mother liquor (the reaction
mixture of PEG-600 and water) was extracted with ether
because PEG is insoluble in ether. The ether layer was
decanted, and mother liquor dried for 4 h under the IR
light or the aqueous filtrate was distilled directly at
100°C to remove water. The recovered PEG-400 can be
reused for consecutive runs. It was recycled with
minimum loss and decomposition. The next run was per-
formed using the same conditions.

Ultrasonically assisted synthesis: In a typical reaction,
phenol (1.0 mmol) was dissolved in 1 M PEGs solution
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(10 ml) and metalnitrate was added (1.1 mmol) was soni-
cated at room temperature (27°C) in an ultrasonic cleaning
bath. The ultrasonic bath had a frequency of 33 kHz and
electric power rating of 100 W. The reaction was carried
out in a round bottom flask of 50 ml capacity equipped
with a mechanical agitator and the flask was suspended
at the centre of the ultrasonic bath. The progress of the
reaction was monitored by TLC. After the completion of
reaction, the organic layer was diluted with ethylacetate
(10 ml), and separated from aqueous layer. It was then
washed with (3 x 5 ml) water, separated and finally dried
over sodium sulphate. The anhydrous ethylacetate layer
was concentrated in reduced pressure to afford the
crude product, which was subjected to column chromato-
graphy (silica gel, 100-200 mesh) using EtOAc-hexane (3:7)
as eluent to obtain the pure product.

MWAS: Phenol (1.0 mmol) was dissolved in 1 M PEGs
solution (10 ml) and metalnitrate was added (1.1 mmol)
in a microwave vessel and subjected into a microwave
reactor and the progress of the reaction was monitored
by TLC. After the completion of the reaction, the
organic layer was diluted with ethylacetate (10 ml), and
separated from the aqueous layer. It was then washed
with (3 x5 ml) water, separated and finally dried over
sodiumsulphate. The anhydrous organic layer was con-
centrated in vacuum to afford the crude product,
which was subjected to column chromatography (silica
gel, 100-200 mesh) using EtOAc—hexane (3:7) as eluent
to obtain the pure product.

Spectral data of certain nitro phenols

2-NO, phenol: 610.52 (s 1H, OH), 8.15 (dd 1H, J=8.5 Hz,
J=8Hz), 755 (dd 1H, J=8Hz, J=7.5Hz), 6.95 (d 1H,
J=8.5Hz),8.12 (d 1H, J=8 Hz); m/z=1309.

4-NO, phenol: 610.95 (s 1H, OH), 6.95 (d 2H, J=8 Hz),
8.15 (d 2H, J=8 Hz); m/z=139.

2-Me-4-NO, phenol: 610.55 (s 1H, OH), 2.35 (s 3H, Me),
6.85 (d 1H,J=8.5Hz),8.12 (d 1H, J=8.5 Hz), 8.25 (dd 1H,
J=85Hz, J=7.5Hz); m/z=153.

2-Me-6-NO, phenol: §10.25 (s 1H, OH), 2.35 (s 3H, Me),
744 (dd 1H, J=8 Hz, J=8 Hz), 7.26 (d 1H, J=8 Hz), 8.15
(d 1H, J=8 Hz); m/z=153.

2-NO,-4-Me phenol: 610.42 (s 1H, OH), 2.42 (s 3H, Me),
732 (d 1H, J=8Hz), 712 (d 1H, J=8 Hz), 7.92 (s 1H);
m/z =153.

3-Me-4-NO, phenol: §10.64 (s 1H, OH), 2.35 (s 3H, Me),
6.85 (d 1H, J=8Hz), 8.12 (d 1H, J=8 Hz), 6.76 (s 1H);
m/z =153,

3-Me-6-NO, phenol: 610.54 (s 1H, OH), 2.45 (s 3H, Me),
6.98 (s 1H), 7.98 (6, 1H, dd, J=8 Hz), 6.92 (d 1H, J=8 Hz);
m/z=153.

4-NO,-2-Cl phenol: 610.66 (s 1H, OH), 7.15 (d 1H, J=
8.5 Hz), 8.12 (d 1H, J=8.5 Hz), 8.34 (s TH); m/z=174.

6-NO,-2-Cl phenol: §10.64 (s 1H, OH), 7.45 (dd 1H, J=
8Hz, J=75Hz),7.85(d, 1TH, J=75Hz), 816 (d 1H, J=8
Hz); m/z=174.

2-NO,-4-Cl phenol: 610.54 (s 1H, OH), 7.12 (d 1H, J=8
Hz), 7.82 (d 1H, J=8 Hz), 8.36 (s 1H); m/z=174.

2-NO,-4-Br phenol: §10.45 (s 1H, OH), 7.10 (d 1H, J=8
Hz), 7.72 (d 1H, J=8 Hz), 8.25 (s 1H); m/z=218.

2-NO,-benzene-1,4-diol: §10.24-10.30 (s 2H, OH), 7.14
(d1H,J=8.5Hz),6.92 (d 1H,J=8.5Hz), 748 (s TH); m/z=
155.

2-NO,-1-naphthol: §12.24 (s 1H, OH), 7.66 (m, 1H, /=8
Hz, J=7.25Hz), 7.76 (m, 1H, J=8.5 Hz, J=7.25 Hz), 8.58
(d 1H, J=8.5Hz), 8.05 (d 1H, J=8.5Hz, J=4 Hz), 8.153
(d 1H, J=8.5Hz), 7.44 (d 1H, J=9 Hz); m/z=189.

1-NO,-2-naphthol: 612.18 (s 1H, OH), 7.58 (m 1H, J=
7.5Hz, J=7.25Hz), 780 (m 1H, J=8.25 Hz, J=7.25 Hz),
720 (d 1H, J=9Hz), 810 (m 1H, J=7.75Hz, J=5 Hz),
7.68 (8, 1H, J=8.25Hz, J=5Hz), 8.65 (d, 1H, J=9 Hz);
m/z=189.

2,4-dinitro-1-napthol: §12.38 (s 1H, OH), 7.62 (m 1H, J =
85Hz, J=75Hz),792 (m 1H, J=8 Hz, J=7.5 Hz), 8.64 (s
1H),8.35(d 1H,J=8.5 Hz),8.22 (d 1H, J=8 Hz); m/z=234.

Conclusion

In conclusion, we have demonstrated that ultrasonic and
microwave-assisted nitration reactions underwent
smoothly with metal nitrates in the presence of PEGs.
These methods have several advantages over existing
methods such as regio-selectivity, high yields, simple
procedure, and short reaction times. The observed reac-
tion times are in the range of 40-45 min under soni-
cation, 3-5 min under microwave-assisted conditions.
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