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Nitration of methyl salicylate was performed by ferric nitrate in refluxing ethyl acetate solution. A coordination-mediated radical nitration
process was proposed based on the results of electronic absorption spectra, cyclic voltammetry and electrospray ionization mass spectra.
It was the coordination of methyl salicylate with ferric nitrate that promoted the splitting of N-O bonds of nitrate group in ferric nitrate and
resulted in the formation of nitro radicals, oxygen radicals and complex radicals. The nitro radicals reacted with methyl salicylate or its

precipitated free ferric ions to isolate solid ferric oxides.

INTRODUCTION

The industrially nitration requires the use of corrosive
liquid phase nitric acid and sulfuric acid mixture'”. Over the
past two decades, remarkable progress has been made in the
nitration reactions using metal nitrates as nitration agents or
co-catalysts for improving the nitration efficiency and reducing
the damage to the equipment and environment"'**, Particular
attention has also been directed to the nitration reactions of
drug or bio-molecules due to their significant roles in numerous
physiological processes ranged from regulation of cardio-
vascular function to memory formation*°.

We have studied the facile nitration reaction of methyl
salicylate with transition metal nitrates to afford the corres-
ponding nitro compounds*'**, In the cases of Fe(III) and Cu(1l)
nitrates as nitration reagents, we observed the isolation of metal
oxides and hydroxides, which has allowed us to recover metal
materials by a simple filtration process. The regioselectivity
of nitration is significantly higher than that of general nitration
using nitric acid and sulfuric acid mixture as nitrating reagents.
For example, in the case of nitration of methyl salicylate with
ferric nitrate, the regioselectivity (P/O) presented by the ratio
of methyl 5-nitrosalicylate (P) to methyl 3-nitrosalicylate (O)
isup to 5.3. However, the molecular mechanism of this nitration
is still unclear. Moreover, the detail mechanism of nitration
occurred in neutral solution containing metal nitrates is obscure.

complexes with iron to give a series of nitration products and Fe(II) ions. Meanwhile, oxygen radicals hydrolyzed to hydroxide which |
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Therefore, seeking new standpoints for the explanation of
nitration reaction process remains an important challenge for
chemists™.

Nitration is usually considered as an electrophilic
aromatic substitution reaction®. With this idea, metal ions in a
nitration reaction have been suggested to play a catalytic role
to lead a higher concentration of NO," by an accentuation of
the Bronsted acidity of nitric acid"''"'>. However, the nitration
process using metal nitrates as nitrating reagents might not
available through nitronium ion in neutral or basic solution
because the formation of nitronium ion favors condition of
high acidity. Thus, radical mechanism was proposed'*. For
example, Cornelis and Laszlo' proposed a plausible mecha-
nism to explain the nitration of phenol by ferric nitrate based
on the suggestion on the formation of nitro radical and Fe*,
however, no direct evidence was provided and the explanation
is poor.

In this paper, we suggest a coordination-mediated radical
nitration of phenol by ferric nitrate because that ferric ions
show a typical coordination reaction toward phenol comp-
ounds. Therefore, by analyzing the electronic absorption spectra,
cyclic voltammetry and electrospray ionization mass spectra
of mixture solution of methyl salicylate and ferric nitrate, we
paid attention to demonstrate or identify the intermediates
formed during the nitration process of methyl salicylate with
ferric nitrate, including radicals and coordination compounds.
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It can be concluded that the nitration was indeed mediated by
the coordination between ferric nitrate and methyl salicylate.
And anovel coordination mediated radical nitration mechanism
was proposed to illustrate all the experimental results. This
mechanism provides promise not only for designing novel
nitration routes of valuable compounds, but also for under-
standing physiological efficacy of methyl salicylate, nitrate
group and iron ions in biological systems since they share the
common components either in food or in pharmaceuticals®.

EXPERIMENTAL

The ESIMS were determined on a Finnigan LCD mass
spectrometer; the concentration of the samples were about 1 1
mol dm™. The diluted solutions were electrosprayed at a flow
rate of 5 x 10® dm™ min" with a needle voltage of +4.5 kv.
The mobile phase was methanol and the samples run in the
positive-ion mode. Cyclic voltammetry were performed in a
three-electrode system of a CHI660 electrochemical work-
station. Ethyl acetate and KNO; used as solvent and supporting
electrolyte, Pt-C as working electrode, Ag/AgCl as reference
electrode,Pt as auxiliary electrode.

Nitration reaction of methyl salicylate and ferric
nitrate: Fe (NO;);-9H,0 (A.R.) was dissolved in ethyl acetate
solution (A.R. 20 mL) in a 100 mL flask, then methyl salicylate
was added. The mixture solution was heated to reflux under
stirring with a magnetic stirrer. For a certain interval reaction
period, 0.2 mL reaction solution was taken out and diluted to
10 mL with ethyl acetate for the electronic absorption spectra
characterization carried out by a Shimadzu UV3100 spectro-
photometer. Oxygen radicals were confirmed by hydroxyl-
amine oxidation in the reaction solution as ferric nitrate
reacted with methyl salicylate for 40 min at 90 °C. To this yellow
reaction solution, hydroxylamine hydrochloride, 4-hydroxy
benzenesulfonic acid and 1-naphthylamine were added.

RESULTS AND DISCUSSION

The addition of methyl salicylate into ethyl acetate
solution containing ferric nitrate led to a typical red-violet
complex. Fig. 1 shows the electronic absorption spectra of
mixture solution of methyl salicylate and ferric nitrate as well
as their reaction solutions after refluxing different times. In
the electronic absorption spectra of mixture solution of ferric
nitrate and methyl salicylate shown in Fig. la, the broad
absorption band within 430 nm and 750 nm with maximum at
550 nm can be identified to the charge transfer band from the
HOMO of the phenol to the d-orbital of the iron atom, indi-
cating that methyl salicylate were coordinated to Fe(IIl) ions.
This broad absorption band was enhanced upon refluxing 20
min (Fig.1b) and was weakened with refluxing time prolon-
gation to 40 min (Fig. 1¢), indicating that the formed coordina-
tion compounds are intermediates because their concentration
was increased at first with the increase of reaction temperature
and decreased at last with the formation of nitration products.
Finally, the red-violet solution became yellow and the intensity
of absorption peak at 550 nm decreased to near zero. These
facts demonstrated that the nitration of methyl salicylate by
ferric nitrate is mediated by the coordination between methyl
salicylate and ferric nitrate.
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Fig. 1  Electronic absorption spectra of mixture solution of methyl

salicylate and ferric nitrate in ethyl acetate; (a) at room temperature
(0 min); (b) refluxing for 20 min; (c¢) refluxing for 40 min

Cyclic voltammetry of the reaction solution of iron(I1I)
nitrate and methyl salicylate: To identify the role of coordi-
nation between methyl salicylate with ferric nitrate, cyclic
voltammetry method was applied. Fig. 2 shows the cyclic
voltammetry curves of different solutions. There are two oxi
dation-reduction peaks of pure ferric nitrate (Fig. 2a) in the
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Fig. 2 Cyclic voltammetry of different solutions (scan rate: 0.01V/s)
(a) The solutin of ferric nitrate (dissolved in 0.1 mol/L KNO3);

(b) The reaction solution of methyl salicylate and ferric
nitrate(dissolved in 0.1 mol/L KNO;)
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cyclic voltammetry curve of ferric nitrate solution due to the
oxidation-reduction of ferric-ferrous ions. These two oxidation-
reduction peaks also emerged in the cyclic voltammetry curve
of mixture solution of methyl salicylate and ferric nitrate
(Fig. 2b). However, the reduction potential is more positive
than those of ferric nitrate. This fact indicated that the forma-
tion of coordination complexes between methyl salicylate and
ferric nitrate can make the reduction reaction of ferric ion more
easily which can be further demonstrated by the formation of
Fe**. Addition of 1,10-phenanthroline into the resulting yellow
solution caused the yellow color changed to red immediately.
The wide band ranging from 400 to 550 nm in the electronic
absorption spectra (Fig. 3) indicated the existing of ferrous
ions which was reduced from ferric ions coordinated by
methyl salicylate.
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Fig. 3  Electronic absorption spectra of yellow reaction solutions (YRS)

with and without addition of 1,10- phenanthroline; showing the
existing of Fe(II) in yellow reaction solution

Evidence for the formation of complexes between
iron(III) nitrate and methyl salicylate by ESIMS study:
The main species or intermediates formed in the mixing solu-
tion of ferric nitrate with methyl salicylate before and after
refluxing can be evaluated from their ESIMS shown in Fig. 4.
There are four groups of peaks in the ESIMS of the mixture
solution of ferric nitrate and methyl salicylate at room tempe-
rature (Fig. 4a). The first group refers to iron nitrates, including
[Fe(NO3)(H,O)]* (m/z = 217), [Fe(NOs);H;0]" (m/z = 261)
and [Fe(NO;);(HNO;)]" (m/z=305). The second group includes
the complexes of ferric nitrate with methyl salicylate anion
(denoted as MS-H), such as [Fe(MS-H)(NO;)[* (m/z = 269),
[Fe(MS-H),]* (m/z = 358) and [Fe(MS-H),CH;OH]* (m/z =
390). The third group is the complexes of ferric nitrate and
neutral methyl salicylate with molar ratios of 1:1, 1:2, 1:3,
including [Fe(MS)(NO;),]* (m/z = 332), [Fe(NO;), (MS),CH;
OH(H,0)]" (m/z = 532-534), [Fe(NO;),(MS); CH;OH(H,O)]*
m/z = 683.7-686). The last group relates to the dimer of ferric
nitrate and its complexes with methyl salicylate or MS-H, such
as [Fex(NO3)s|* (m/z = 422), [Fex(NO3)s(MS)(H,0),|* (m/z =
610.9), [Fe,(MS-H)>(NO;)s(CH;0H),(H,O)]* (804). These
facts demonstrated that methyl salicylate can coordinate to

ferric nitrate as neutral or anion ligand to form a series of
complexes with molar ratio of 3:1, 2:1,1:1.

Compared to Fig. 4a, some new peaks, such as m/z =315.8,
332, 348, 362, 377.7, 470.9, 486.4, 609.9, 666.9 can be
observed from the ESIMS of solution after refluxing 20 min
(Fig. 4b). At the same time, the relative intensity of peaks
identified to iron nitrates and their complexes with methyl
salicylate has been changed. For example, the relative intensity
of peaks corresponding to the complexes of ferric nitrate and
methyl salicylate with molar ratio of 1:1 was increased with
the decrease of relative intensity of peak to ferric nitrate. Mean-
while, the peaks corresponding to the complexes of ferric
nitrate and methyl salicylate with molar ratio of 1:2 were
vanished. These facts indicated that refluxing at high tempe-
rature is beneficial to the formation of complex with molar
ratio of ferric nitrate to methyl salicylate 1:1 rather than 1:2.
Furthermore, with refluxing time prolongation from 20 to 40 min
(Fig. 4¢), the relative intensity of peaks corresponding to the
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Fig. 4 ESIMS of mixture solution of methyl salicylate and ferric nitrate in
ethyl acetate; (a) at room temperature; (b) refluxing for 20 min; (c)
refluxing for 40 min
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1:1 complexes of ferric nitrate and methyl salicylate was also
decreased, indicating this complex formed previously has been
transferred to final nitration products.

In order to illustrate the nitration process via coordination
intermediates, we suggested that the key step of nitration
reaction was involved the splitting of O-N bonds in complexes
such as Fe(MS)(NOs); and the liberating of radicals such as
oxygen and nitro radicals. With this suggestion, most of the
new peaks appeared in the ESIMS of solution after refluxing
20 and 40 min can be assigned to the intermediates derived
from the 1:1 complexes of ferric nitrate and methyl salicylate
as following reactions:

[(NO)(MS)FeNO, | (378) + O
[Fe(MS)(NOg)s] ——(NO,),(MS)FeON 1" (362) 4+ 20°

[(NOg)2(MS)FeO " (348) + "o,

[(NO3)2(MS)Fe] %332) + 0" ——= [(NO3)(MS)FeNO] “(316) + O
With similar consideration, some other new peaks in
Fig. 4b and c can be identified to the intermediates derived
from the 1:2 and 1:3 complexes of ferric nitrate and methyl

salicylate by following reactions:

[(NO2) (MS-H),CHZOH(H;0)FeO f(m/z=486)+ * NO,
[Fe(Nos)z(MS'H)QCHSOH(H20)1+(m/Z;532)

[(NOg)(MS-H),CHzOH(Hz0)Fe | *(m/z=470) 4 o
[Fe(NO3)2(MS-H)3CH5OH(H0)]" (m/2=683.7) —— [(NOg)(MS-H)sCHy OH(H,0)FeNO, | (m/z=667) + 0"

[Fea(MS-H)o(NOs)4(CH3OH)(Hz0)]* (m/z=741.6)
[Fee(MS-H)e(NOS)S(CHSOH)E(HZO)]*(m/z=804)\
[Fea(NOo)(MS-H)2(NOg)s]*(m/z=706) + O

[Fea(NO)(MS-H)(NO3)4]*(m/z=690) + O°

Identification of the oxygen radicals: The oxygen
radicals formed in above reactions have been confirmed by a
hydroxylamine oxidation method®. As shown in Fig. 5, the
electronic absorption spectra of yellow reaction solution (YRS)
with 4-hydroxy benzenesulfonic acid, hydroxylamine hydro-
chloride and 1-naphthylamine shows two typical absorption
bands at 405 nm and 520 nm (Fig. 5c). The band at 402 nm is
attributed to the product formed by the reaction of 4-hydroxy
benzenesulfonic acid and 1-naphthylamine (Fig. 5b). The band
at 520 nm is owing to the red complex formed by the reaction
of 4-hydroxyl benzenesulfonic acid and 1-naphthylamine with
the oxidation product nitrite of hydroxylamine hydrochloride
by oxygen radicals, demonstrating the existing of oxygen
radicals in the reaction solution of ferric nitrate and methyl
salicylate. The release of oxygen radicals can also be demons-
trated by the isolation of yellow precipitate hydrate ferric
oxide® during the nitration process of methyl salicylate with
ferric nitrate. It is known that the oxygen radicals can be
hydrolyzed to hydroxide which precipitated the unreduced
ferric ions to form hydrated ferric oxides.

Nitration mechanism via radicals: Based on the facts
above, the nitration reaction of methyl salicylate with ferric
nitrate can be considered to occur via a coordination-mediated
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Fig. 5. Identification of oxygen radicals in yellow reaction solution (YRS)
of ferric nitrate reacting with methy]1 salicylate at 90 °C for 40 min
by hydroxylamine oxidation method; (a) YRS + 0.1 g hydroxyl-
amine hydrochloride. (b) YRS + 0.1 g 4-hydroxyl benzenesulfonic
acid and 0.05 g I-naphthylamine; (¢) YRS + 0.1 g 4-hydroxyl
benzenesulfonic acid, 0.05 g I-naphthylamine and 0.1 g
hydroxylamine hydrochloride (diluted to 30 mL)

radical mechanism. As shown in Scheme-I, the mechanism
includes three main steps: coordination, N-O bond splitting
with radical formation, nitration followed by complex disasso-
ciation as well as hydrate ferric oxide isolation and Fe(Il) release.
It was the coordination between ferric nitrate and methyl sali-
cylate that resulted in the formation of a series of complexes
with different molar ratios of ferric nitrate and methyl salicylate,
which was demonstrated by electronic absorption spectra and
ESIMS. The splitting of O-N bonds in ferric nitrate was facili-
tated by the coordination with methyl salicylate and led to the
liberation of nitro and oxygen radicals which have been iden-
tified by chemical method or explained using results of ESIMS,
nitration and the isolation of hydrated ferric oxide. The para-
regioselectivity data reported previously demonstrated that the
nitration was mainly occurred between nitro radicals and
methyl salicylate as well as the complexes of methyl salicylate
with ferric nitrate, because nitro radicals favors attaching to
the para position of phenolic hydroxide group when methyl
salicylate was coordinated with ferric nitrate because of the
steric hendance effect. If the nitration had occurred as an inner
sphere mechanism, e.g. the splitting of N-O bonds in complexes
had occurred synchronous with the nitration, the nitro group
should favor attaching to the ortho position of hydroxide group
in phenolic ring. Once the coordinated methyl salicylate was
nitrated, it would disassociate to iron ions and nitrated methyl
salicylates due to their weak coordination. Then, the iron ions
were hydrolyzed to hydrated iron oxide with few of nitrate
groups and complexes.

Conclusion

In summary, a likely coordination-mediated radical
nitration mechanism has been proposed for explaining the
nitration using metal nitrates as nitrating reagents. The results
of electronic absorption spectra, cyclic voltammetry and
ESIMS of mixture solutions of ferric nitrate and methyl
salicylate with different reaction temperature and times have
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demonstrated the formation of complexes and radicals. It is
the coordination between methyl salicylate and Fe(III) ion that
initiates the formation of NO, and O radicals as well as coordi-
nated methyl salicylate radical cation NO, radicals react with
methyl salicylate or coordinated methyl salicylate radical
cation through radical nitration substitution to form final
nitrated products.
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