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atics with dinitrogen pentoxide in
a liquefied 1,1,1,2-tetrafluoroethane medium†
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Ilya V. Kuchurov and Sergei G. Zlotin *

Regardless of the sustainable development path, today, there are highly demanded chemical productions

still operating that bear environmental and technological risks inherited from the previous century. The

fabrication of nitro compounds, and nitroarenes in particular, is traditionally associated with acidic

wastes formed in nitration reactions exploiting mixed acids. However, nitroarenes are indispensable for

industrial and military applications. We faced the challenge and developed a greener, safer, and yet

effective method for the production of nitroaromatics. The proposed approach comprises the

application of an eco-friendly nitrating agent, namely dinitrogen pentoxide (DNP), in the medium of

liquefied 1,1,1,2-tetrafluoroethane (TFE) – one of the most non-hazardous Freons. Importantly, the used

TFE is not emitted into the atmosphere but is effortlessly recondensed and returned into the process.

DNP is obtained via the oxidation of dinitrogen tetroxide with ozone. The elaborated method is

characterized by high yields of the targeted nitro arenes, mild reaction conditions, and minimal amount

of easy-to-utilize wastes.
Introduction

Today, the production of nitroaromatic compounds remains
one of the largest among other industrial organic syntheses for
being the basis of obtaining various amines,1 hydroxylamines,2

isocyanates,3 and annulated heterocyclic substances,4 which
nd their application in polymers, dyes, and drugs.5,6 Also,
polynitroarenes, particularly trinitrotoluene, are well-known
industrial and military explosives.7,8

The conventional approach for the production of nitroarenes
(both in laboratories and industry) employs the electrophilic
nitration of arenes with a mixture of nitric and sulfuric acids.9,10

Its major disadvantage is the formation of large amounts of
acidic waste oen contaminated with nitric oxides (NOx).9

Moreover, the mixed acid cannot be used for the nitration of
substrates bearing functional groups prone to acidic hydrolysis
or oxidation.

Sulfuric acid acts as a protonating agent to generate active
electrophilic species – nitronium cations [NO2]

+.11 In some
cases, it can be replaced with heterogeneous acidic catalysts,
such as silica sulfuric acid,12 Naon-H,13 or modied zeolites,14

though the efficacy of heterogeneous nitration is usually infe-
rior to that of homogeneous nitration. The nitric acid–acetic
anhydride nitrating system allows a more selective nitration of
y Russian Academy of Sciences Leninsky
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arenes;15,16 however, due to the formation of unstable acetyl
nitrate in the reaction mass, risks of explosion rise dramati-
cally.9 In some cases, metal nitrates and nitrites act as mild
nitrating agents for arenes;17–26 however, the generation of
stoichiometric quantities of metal salts in waste waters that
require further disposal makes the scaling-up of such produc-
tions complicated. More rarely, metal-free nitrates,27 cyclic N-
nitroimides28 and HNO3/HFIP system29 have been used as
nitronium sources for the aromatic nitration.

A good alternative to the nitrating acidmixtures is dinitrogen
pentoxide (DNP, N2O5), an effective and eco-friendly nitrating
agent,10 obtained by chemical30–32 or electrochemical33,34 oxida-
tion of N2O4, an industrial precursor of nitric acid. DNP can be
used in nitration reactions almost stoichiometrically, thus
signicantly reducing the amounts of acidic wastes.10,35,36

Moreover, their composition becomes more narrow. The Kyodai
nitration protocol using NO2/O3 mixtures, in which DNP can be
in situ generated, also falls in this category of the nitration
processes.37

DNP-based nitration reactions are dramatically inuenced
by the medium (solvent) used.38 For instance, DNP exhibits
a prominent nitrating activity when combined with highly polar
sulfuric acid taken in a far lesser amount than in the classic
mixed acid nitrating system.39 The DNP-SO2 combination may
also bring promising results.40 However, a disadvantage of such
mixtures is the a priori presence of undesired sulfuric or
sulfurous acid in the reaction wastes. By contrast, in low-polar
media (e.g. in dichloromethane with a dipole moment of 1.6
D41) or in non-polar peruorodecalin,42 DNP is less active, with
RSC Adv., 2021, 11, 25841–25847 | 25841
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Table 1 Nitration of benzene (1) by DNP in the liq. TFE mediuma

Entry DNP, equiv. Time, min Conversionb, % 2/3 Ratiob, %

1 1.1 10 56 —c

2 1.1 20 78 —c

3 1.1 30 98 —c

4 2.2 30 97 98 : 2
5 10.0 480 95 —d

a Reaction conditions, unless otherwise specied: 1 (5 mmol), DNP (5.5
mmol), 20 �C, 0.6 MPa. b 1H NMR data. c Compound 3 is not registered.
d Compound 2 is not registered.
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the selectivity of the aromatic nitration being usually better.39

To increase the nitration efficacy for such cases, numerous
Lewis and Bronsted acids were considered as heterogeneous
catalysts, including zeolites,43,44 bismuth and rare-earth metal
triates,45,46 iron(II) and zirconium(IV) acetyl acetates.47,48

Recently, we have reported on N- and O-nitration reactions in
the media of liqueed 1,1,1,2-tetrauoroethane (TFE),36,49 an
accessible and inexpensive refrigerant (R134a) widely used in
different areas50,51 from industrial and household units to
medical inhalers,52 where it is employed as gas-carrier due its
complete nontoxicity.53 This gaseous, at normal conditions,54

resistant to strong oxidizers (including DNP) polar compound
(DM ¼ 2.1 D)54 can be easily turned to liquid under mild
conditions. Importantly, TFE is characterized by zero ozone
depletion potential and is not listed among the ozone-depleting
substances.50,55 Although TFE carries some global warming
potentials, we managed to render TFE-based technological
processes to be environmentally safe by preventing its emission
into the atmosphere. There are hardly any challenges in the TFE
recycling since it is characterized by a relatively low saturated
vapor pressure (0.6 MPa and 20 �C).35,54,56

Herein, we applied for the rst time the DNP/TFE nitrating
system for the clean, effective, and safe preparation of
nitroarenes.
Results and discussion

We started with the nitration of benzene (1) in a liqueed TFE
medium as a model reaction (Scheme 1, Table 1). The reactions
were carried out under similar conditions (20 �C, 0.6 MPa). The
use of nearly stoichiometric quantity of DNP (1.1 equiv.) inevi-
tably resulted in the formation of nitrobenzene (2). The yield of
2 increased with the reaction time and reached the maximum at
30 min (Table 1, entries 1–3). When using 2.2 equiv. DNP, only
a small amount of dinitration product 3 was observed over 0.5 h
(entry 4). A signicant increase in the amount of DNP (up to 10
equiv.) and the reaction time (up to 8 h) were required for
introducing the second nitro group. In this case, meta-dinitro-
benzene (3) was selectively formed (rr meta/para >20 : 1) and no
traces of trinitrobenzene were recorded.

The nitration of toluene (4) with 1.1 equiv. of DNP under
similar conditions (0.6 MPa and 20 �C) led to the formation of
an almost equimolar mixture of para- and ortho-nitrotoluenes
5a and 5b at full conversion in 30 min (Scheme 2). In the
presence of 5 equiv. of DNP, isomeric dinitrotoluenes 6a and 6b
were obtained in a >4 : 1 ratio. These results generally corre-
spond to the data reported for the peruorodecalin medium;42

however, the reaction in TFE went much faster (0.5 h vs. 12 h).
The noticeable activation of DNP in liq. TFE was also proved by
Scheme 1 Model reaction.

25842 | RSC Adv., 2021, 11, 25841–25847
the easy nitration of ortho-nitrotoluene (5b) to dinitrotoluenes
(6a) and (6b). The reaction proceeded in 89% total yield by the
action of only 1.1 equiv. of DNP (Scheme 3), while a similar
reaction in CH2Cl2 was characterized by the poor conversion of
substrate 5b (<6%).57

A wide range of arenes underwent the nitration reaction
under proposed conditions (DNP/liq. TFE, 0.6 MPa, 20 �C). The
nitration of meta-xylene (7) with 1 equiv. of DNP proceeded
quantitatively with the formation of 4-nitro isomer 8a as the
major product (Scheme 4).

The nitration of the activated substrates went faster in the
liq. TFE medium, and the number of nitro groups introduced
into the aromatic ring depends on the nitrating agent amount.
Indeed, anisole (9) reacted with an equimolar amount of DNP
affording a mixture of isomeric nitroanisoles 10a and 10b in
a quantitative total yield over 5 min (Scheme 5). The main
isomer was ortho-nitroanisole (10b), which is typical in aromatic
nitration processes employing nitronium salts as nitrating
agents and differs signicantly from reactions with mixed
acids.58 This result indirectly indicates that DNP molecules
reversibly dissociated in liq. TFE with the formation of the
nitronium cation [NO2]

+, which determines the nitration
mechanism and the ratio of isomers. Simultaneously, with
a larger amount of the nitrating agent (2.2 equiv.), the reaction
afforded isomeric dinitroanisoles 11a and 11b in a 4 : 1 ratio
with the total yield of 93% over 0.5 h.

The reaction of phenol (12) with 3.3 equiv. of DNP under
proposed conditions afforded 2,4,6-trinitrophenol (13), the
exhaustive nitration product, in 82% yield over 0.5 h (Scheme 6).
Accessing a comparable yield of 13 in a non-polar per-
uorodecalin medium required a signicant excess of DNP (7
equiv.) and a longer reaction time (2 h).42
Scheme 2 Mono- and dinitration of toluene (4) with DNP in liq. TFE.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Scheme 3 Nitration of o-nitrotoluene (5b) with DNP in liq. TFE.

Scheme 4 Nitration of m-xylene (7) with DNP in liq. TFE.

Scheme 5 Mono- and dinitration of anisole (9) with DNP in liq. TFE.

Scheme 6 Exhaustive nitration of phenol (12) with DNP in liq. TFE.

Scheme 7 Nitration of deactivated arenes 14–16 and 20 with DNP in
liq. TFE.

Scheme 8 Nitration of dichlorobenzenes 22 and 24 with DNP in liq.
TFE.
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As noted above, the nitration of aromatic substrates deacti-
vated with electron-withdrawing groups under the action of
DNP is usually conducted in the presence of catalysts or in
strongly acidic media.39,44,48 We managed to carry out the non-
catalytic nitration of similar compounds in the liq. TFE
medium. Therefore, the reactions of halogenated benzenes 14–
16 or methyl benzoate (20) with the equimolar amount of DNP
afforded isomeric mononitro products 17–19 or 21 in high
yields under mild conditions (Scheme 7). Notably, para-isomers
17a–19a prevailed in products 17–19, which could be isolated as
mixtures of isomers a and b by simple ltration. To achieve
a high conversion for 20, the reaction time was increased from
30 to 45 min, and the isomers 21a and 21b were isolated in this
case by ash chromatography in 19% and 72% yield,
respectively.

Meta- and para-dichlorobenzenes 22 and 24 readily under-
went the reaction with DNP under optimal conditions (Scheme
8). The nitration products 23 and 25 were obtained here as
single isomers, and their structures were unambiguously
conrmed by 1H NMR spectroscopy.
© 2021 The Author(s). Published by the Royal Society of Chemistry
Functionalized anizoles 26–28 containing electron-
withdrawing substituents (cyano-, acetyl, or formyl groups) in
the para-position reacted with DNP regioselectively in the liq.
TFE medium. Nitro compounds 29 and 30 bearing cyano- and
acetyl groups were generated in these reactions in nearly
quantitative yields over 45 min and did not require further
purication (Scheme 9). The yield of para-methox-
ybenzaldehyde (31) was somewhat lower (75%), which may be
attributed to oxidative by-side processes with the participation
of the formyl group under the reaction conditions.

Along with electronic factors, the solubility of starting
substrates and reaction products in liq. TFE can exert a signi-
cant impact on the nitration reaction outcome. Indeed, the poor
solubility of naphthalene (32) in liq. TFE made the nitration
heterogeneous at the substrate load of 5 mmol. This led to the
situation when the rst formed 1-nitronaphthalene (33), which
is better soluble in liq. TFE than 32, and competitively under-
went further nitration in the solution. As a result, a mixture of
unchanged naphthalene (32) and its 1-nitro- (33) and 1,8-
dinitro- (34) derivatives were produced (Scheme 10, reaction A).
The problem was xed by reducing the naphthalene load by
half, thus transferring it to the solution before the DNP addition
(Scheme 10, reaction B). Under these homogeneous conditions,
1-nitronaphthalene (33) was formed exclusively in a near
quantitative yield. Therefore, the solubility phenomenon
should be considered when planning the further synthesis of
nitroarenes in the liq. TFE medium.

The developed nitration procedure was simple and envi-
ronmentally benign. Due to the low pressure in the reactor
(#0.6 MPa), the process did not require an expensive high-
RSC Adv., 2021, 11, 25841–25847 | 25843
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Scheme 9 Nitration of anisole derivatives 26–28 with DNP in liq. TFE.

Scheme 10 Nitration of naphthalene (32) with DNP in liq. TFE under
heterogeneous (A) and homogenous (B) conditions.

Scheme 11 Nitration of ibuprofen methyl ester in liq. TFE.

Scheme 12 Nitration of naproxen ester 38 and its analog 39with DNP
in liq. TFE.

Fig. 1 Laboratory setup for the nitration of aromatics with DNP in the
TFE medium: 1 is cylinder with TFE; 2 is the piston pump with a gas
condensation chamber; 3 is the autoclave-reactor equipped with two
look-through windows, stir-bar and sensors of temperature and
pressure; 4 and 10 are thermostats; 5 is the auxiliary dosing vessel; 6 is
the magnetic stirrer; 7 is the syringe pump; 8 is the beaker with
aqueous NaHCO3; 9 is the cylinder for TFE re-condensation; 11 is the
desiccant tube.
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pressure equipment. In most cases, pure nitro products could
be isolated in high yields right aer the nal decompression
and water ushing. Importantly, the exhaust TFE gas was not
vented into the atmosphere, but passed through a desiccant
tube, and then liqueed in a cooled auxiliary vessel for further
reuse. The simplicity of the by-product nitric acid utilization
and the affordability of the TFE recycling make the developed
procedure attractive both from industrial and green chemistry
viewpoints.

The synthetic potential of the method was demonstrated by
the facile nitration of ibuprofen methyl ester 35 with DNP in the
25844 | RSC Adv., 2021, 11, 25841–25847
liq. TFE medium (Scheme 11). Isomeric nitration products 36a
and 36b were obtained in a total yield of 93% and in a 2 : 1 ratio.
Isomer 36a is a precursor of bromide 37, which has a higher
anti-inammatory activity than the parent drug.59

Moreover, the nitration of naproxen ester 38 and its analog
39 also proceeded smoothly under the proposed conditions
affording corresponding nitro derivatives 40 and 41 as single
regioisomers in 83% or 79% yield, respectively (Scheme 12). The
mild reaction conditions (1.1 eq. of DNP, 0.6 MPa, 20 �C) along
with the selectivity of aromatic nitration higher than that of the
classical methods make our approach useful for selective
modications of biologically active substances or their precur-
sors at the later stages of production.

Conclusion

In summary, we have developed an effective and safe method
for the nitration of aromatic compounds with dinitrogen
pentoxide in the medium of liqueed 1,1,1,2-tetrauoroethane
(TFE). The reactions were conducted under mild conditions
(0.6 MPa, 20 �C), which made it possible to embrace function-
ally substituted arenes and, hence, synthesize valuable precur-
sors for biologically active substances. The method eliminated
the use of toxic organic solvents typical of traditional nitration,
and signicantly reduced the acidic waste amount. Upon the
synthesis completion, the solvent (TFE) was easily separated
from the reaction products by decompression, and then re-
condensed to be subsequently re-used. This prevented its
emission into the atmosphere and made the proposed method
sustainable and environmentally friendly.

Experimental section
Materials

The reactions were carried out in a 22.4 cm3 steel autoclave
equipped with sapphire windows, magnetic stirrer, and pres-
sure and temperature sensors. An auxiliary 12 cm3 steel dosing
© 2021 The Author(s). Published by the Royal Society of Chemistry
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vessel with sapphire windows and a magnetic stirrer was used
for the preparation of nitrating agent solutions. Melting points
were obtained on Stuart® SMP40. 1H and 13C NMR spectra were
recorded on a Bruker® AM-300 (300.13 and 75.47 MHz,
respectively). The high-resolution mass spectra (HRMS) were
measured on a Bruker microTOF II spectrometer via electro-
spray ionization (ESI).

TFE, O2 (Grade 3.5), N2 (Grade 5) and N2O4 were obtained
from Linde Gas Rus. Unless otherwise mentioned, all substrates
were purchased from Acros Organics. Substrates 35 and 38 were
prepared via a routine etherication procedure.60 Substrate 39
was synthesized from anisole, oxalyl chloride andmethanol (see
ESI†).

Synthesis of N2O5 (DNP)

DNP was obtained via NO2 oxidation with ozone (O3). The
process was arranged in a 2 l gas-ow reactor with an inner-
coiled tube cooler operating in continuous mode. NO2 was fed
into the reactor from the cylinder heated up to 35–40 �C at a ow
rate of 22.4 ml min�1 (1 mmol min�1). O3 was delivered by an
ozone generation unit in the form of its 20 wt%mixture with O2.
The ow rate was sufficient to have the brownish NO2 fully
engaged in the oxidation reaction (the discoloration was
determined visually). The gases entered the reactor through the
coaxial nozzle for better mixing and more uniform distribution
throughout the vessel. The process temperature was main-
tained by the cooling water and did not exceed 25 �C in the rst
third of the reactor according to the thermocouple readings.
The resultant gaseous DNP was condensed in two successive
traps cooled at �80 �C giving practically a quantitative yield of
nearly 7 g h�1. Aer the desired DNP quantity was obtained, the
NO2 feed and O3 generation were stopped, the system was
insufflated with pure O2, and the product was weighed and used
as intended.

More details and the experimental setup scheme are given in
ESI.†

General nitration procedure

The principal scheme of the experimental setup for the nitra-
tion of aromatics is given in Fig. 1 (for details also see ESI†).

A steel autoclave-reactor containing 5.0 mmol of the
substrate was lled with liqueed TFE at room temperature by
one third of the volume and cooled to 5 �C. The auxiliary dosing
vessel was charged with 5.5 mmol of N2O5, and then lled with
TFE uid by half at room temperature. Using the pressure
difference (DP ¼ �0.3 MPa) between the vessels, the N2O5

solution was slowly moved into the reactor (quick temperature
growth should be avoided) at constant stirring. The dosing vessel
was relled with TFE by one third to dissolve and wash residuals
of the nitrating agent into the reactor. The reaction mixture was
stirred at room temperature and 0.6 MPa for the time shown in
Schemes 1–11. Then, 5ml of 2 N aqueous NaHCO3 was added by
a syringe pump to the reactor to neutralize the nitrating agent
excess and the formed nitric acid. From the decompressed
reactor, TFE was streamed into the recondensation line for its
further re-use. The autoclave was opened, and the nitration
© 2021 The Author(s). Published by the Royal Society of Chemistry
products were ltered off, washed with distilled water (2 � 3
ml), dried in air to afford corresponding nitro compounds as
individual substances or mixtures of isomers. For compounds
2; 5a,b; 8a,b; 15a,b; 19a,b; 29; 34a,b; 38 and 39 another work-up
procedure was applied. The products were extracted from the
aqueous suspension with ethyl acetate (2 � 25 ml). The
combined organic extracts were washed with distilled water (2
� 25 ml), and then dried over anhydrous MgSO4. The solvent
was evaporated under a reduced pressure to afford the targeted
nitro compounds. Compounds 19a,b; 29; 34a,b; 38 and 39 were
further puried by column chromatography (silica gel, eluent
EtOAc/petroleum ether, and gradient). The structures and
isomer ratios of all nitro compounds were determined by 1H
NMR spectroscopy.
TFE recuperation procedure

Aer the completion of each nitration process, TFE was re-
condensed from gradually decompressing reactor 3 (see
Fig. 1) to cylinder 9 cooled to �10 �C. When cylinder 9 was fully
lled with the exhausted TFE (V ¼ 1.0 L, about 50 experiments),
it was switched by a three-way valve to desiccant tube 11 lled
with a mixture of activated molecular sieves and granulated
alkali. Then, the cylinder was warmed up to 30–35 �C for effi-
cient TFE evaporation. Aer passing through tube 11, the
gaseous TFE was re-condensed in empty cylinder 1 cooled to
�10 �C. The collected moisture-free TFE (>95% of the initial
amount by weight) was reused in the nitration reactions,
thereby signicantly improving the process performance. The
TFE recuperation procedure was repeated at least ve times,
and the same results were attained in control experiments (99%
yield of the 10a : 10b ¼ 2 : 1 mixture in the quick (5 min)
nitration of anisole 9).
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