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Abstract—The electrochemical properties of oxygenated nitrogen compounds in anhydrous deoxygenated
nitromethane have been studied by means of linear and cyclic voltammetry at a platinum electrode. Taking
into account previous works in sulpholane, the various electrochemical couples involving nitrogen oxides at
oxidation states from I1 to V have been identified in nitromethane, and their standard potentials have been
determined at 298 K. Furthermore we have induced electrochemically the molecular association: NO
+4N,0,—-N,0; (I) on a Pt electrode surface in order to reach the equilibrium constant of this reaction (I).
All these findings have also allowed us to calculate the ionic dissociation constants of N,O, and N,0,
according to N,0,5NO* + NO; (II) and N,0,5NO; + NO;(I1I), respectively. It has been shown that
thermodynamic data are comparable with those obtained in non-polar inert solvents and the standard
potential of a couple hardly varies at all in various aprotic media if the nitrogen species involved in these
chemical and electrochemical processes are solvated weakly (the solvent molecules barely intervene in these
processes). On the other hand, we have undertaken the electrochemical study of aromatic hydrocarbons
(ArH) in nitromethane in order to assess solvation effects on the aromatic radical cation (ArH *) and hence
to evaluate the standard potentials of ArH/ArH'* couples. Finally, the survey of the redox process NO 5
+ArHsNO; + ArH-* (IV) in nitromethane has allowed us to obtain energetic and mechanistic informa-
tion about the aromatic nitration with NO; and to compare it with that found in other aprotic media by

reference to solvation phenomena.

INTRODUCTION

The influence of the reaction medium in condensed
phases prevents the notion of a single nitration mech-
anism with NOJ and N,0, (catalysed by NO*) due
to an environment of solvation, ion pairing and other
complicating factors. The solvent may play a role
other than that of stabilizing ionic species in solution.
For instance, solvent fluctuations are the major con-
tributor to the reorganization energy term in the
electron-transfer (ET) process involving NO; or NO™
and arenes[1]. Theoretically there are a multitude of
questions in need of answers, ranging from an ex-
planation of the variable properties with respect to
direct NO; or NO™ attack to the possible critical role
of solvation in determining the most stable form in
solution. The influence of a weak solvating medium
such as nitromethane minimizes solvation phenomena
which alter and diversify the reactivity pattern.

We report here the electrochemical and thermodyn-
amic properties of oxygenated nitrogen compounds
and aromatic hydrocarbons in nitromethane. This
study aims to provide information concerning sol-
vation effects on the thermodynamic data in coordina-
ting and non-coordinating solvents and their implica-
tion on the mechanism and energetics of the nitration
process with NO;.

+To whom correspondence should be addressed.

EXPERIMENTAL

Chemicals

The purification of nitromethane (Fluka) has al-
ready been described[2]. Prior to use, the solvent was
filtered through a dry alumina column under argon
(neutral alumina was dried in a vacuum at 573 K for 1
week). Tetraethylammonium perchlorate (TEAP;
Carlo Erba) was dried in a vacuum and over P,O,, at
333K for 1 week. NO,CIO,, NOCIO,, N,0;, N,O,
and (C,H,),N*NO; were prepared and purified as
described in refs [3-5]. Because of the dangerously
explosive nature of dry NO,ClO, and NOCIO,, it is
necessary to manipulate them cautiously.

Procedures

All the apparatus employed for the voltammetric
experiments has been described previousiy[2]. The
electrochemical experiments were carried out in a
thermostatted cell under argon. The ferrocene—
ferricinium half-wave potential, E, ,(Fc/Fc*), was
chosen as the origin of the potential scale. The refer-
ence electrode Ag/Ag* has been described
before[2, 3]. The voltammetric experiments were car-
ried out with a platinum electrode (diameter 0.8 mm),
and the auxiliary electrode was a platinum sheet of
about 80 mm?2. All manipulations of materials and
preparation of solutions were performed in an effective



390

dry box. The water content of the reagents was
controlled before use by a Karl Fischer automatic
titration.

RESULTS AND DISCUSSION

Electro-oxidation of nitrite

The electrochemical properties of nitrite dissolved
in anhydrous and deoxygenated nitromethane have
been studied by means of linear and cyclic voltammetry
at a platinum electrode. We showed previously that
the nitrite ion undergoes two consecutive oxidation
steps[5]}:

INO; 5 NO+NOj +¢~ (1)
NO+NO; s N,0,+¢". )

Reactions (1) and (2) are found to be reversible and
quasi-reversible charge transfers, respectively, in
sulpholane[5]. Furthermore, an extensive study of the
first anodic wave indicated that nitrogen dioxide and
its dimer occur as intermediates according to:

NO; s NOj+e” 3
Scheme I {NO; 54N,0, )]
iN,0,+NO; & NO+NOj )

The sum (3)+(4)+(5) gives the overall reaction (1).
The cyclic and rotating-disc voltammograms obtained
for the first oxidation step of the NO; species in
nitromethane are shown in Figs 1 and 2. At slow
sweep rates (v<0.1 Vs~?), the process appears irre-
versible due to the generation of non-electroactive
species (NO and NOJ) on the Pt electrode surface at
these potentials (Fig. 1A). However, at high sweep
rates (n20.2 Vs~ 1) it appears as a weak cathodic peak
on the cyclic voltammograms resulting from the inter-
vention of couple (3) (Fig. 1B). The kinetic constants of
the chemical reactions (4) and (5) following the
electron-transfer (3) are large. In order to establish the
reversibility of systems (1), we have studied the anodic
E-i curve (Fig. 2). If [NO]=[NO;]=0, the Nernst
equation applied to couple (1) is given by:

E=E°(1)+(RT/F)In[kfo; /kno" kno;)]
+(RT/F)n[*/(ino; —1)]. (6)

The coefficients of proportionality, defined by &
=i,/[C], are kyo;, kno and kyg- for NO7, NO and
NO; compounds, respectively. We obtained a linear
E vs log[i*/(ino; —i)*] plot with an average slope of
58.5+ 1.0 mV, which is close enough to the theoretical
value: 2.303(RT/F) (Fig. 2). Assuming that the diffus-
ion coefficients for the NO;, NO and NOj species
are equal, we can write k= Kkyo, ~kyo~kno;- Under
this condition, the half-wave potential defined by

E,jo(1) = E°(1)+(RT/F)in[k}o; /(kno  kno;)]
=0.082+0.008 V

can be assimilated to the standard potential of couple
(1), E°(1).
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Fig. 1. Cyclic voltammetry curves with a stationary
platinum electrode of a nitrite solution in nitromethane
(+0.1 moldm ™3 TEAP) at 298 K. [C,H;),NNO,]=126
x 10 2 moldm~3. Scan rates: (A) 1, 0.02; 2, 005 3,
0.10Vs~L. (B) 4, 0.20; 5, 0.50; 6, 1.00 Vs~ 1.

t ifuA
104
51
/ s
-
] 1 1
[o] 0.2 0.4 0.6

Fig. 2. Linear voltammetry curve with a platinum rotating-
disc electrode of a nitrite solution in nitromethane
(+0.1 moldm ™3 TEAP) at 298 K. [(C,H,),NNO,]=1.26
% 1072 mol dm 3. Rotation rate of the Pt electrode: 20.9 rps.
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Electroreduction of NO* alone and in the presence of
N,O,

It is now well known that the electroreduction of
NO™ occurs according to[6]:

NO* +e~ 5 NO. 7

This system is very sensitive to oxygen at trace levels in
solution due to the side reaction: NO,..,.
+40, »NO; 5 iN,0,[6]. The cyclic and rotating-
disc voltammograms (at the Pt electrode) in anhyd-
rous and deoxygenated nitromethane are shown in
Figs 3 and 4. NO™* exhibits a reduction E-i wave at
E;;,(7)=+088 V vs E, ,(Fc/Fc*) independent of its
concentration (Fig. 3). The cyclic voltammogram
shows the apparent reversibility of the electrode sys-
tem (Fig. 4). If [NO]=0, the Nernst equation applied
to couple (7) is:

E=E°(7)+(RT/F)n(kyo/kno+)+

(RT/F)Inf(i—ino-)/(— 1]

The plot of E vs log[(i—ino+)/(—1)] is a straight line
with a slope equal to 67+2 mV and an intercept E,,,
= +880 mV depending on the standard potential of
couple (7), E°(7). Assuming that the diffusion coeffic-
ients for NO and NO* are equal kyo > kyo-),the value
of E;,, can be approximated to the standard potential
E°(7).

From the ionic dissociation constant of N,O, into
NO™ and NOj (Ki,0,=[NO"][NO;]/[N,O,]
=63x10""°moldm~% at 298 in
nitromethane [7]) it is possible to evaluate the stan-
dard potential of the following couple

N,0,+¢” 5 NO+NOj (8)
from the equation
E°(8)=E°(1)+(RT/F)InK}\ o, 9)

We found E°(8)= +0.330+0.010 V vs E, ,(Fc/Fc*).
The standard potentials for couples (3) and (10)

INO; 5 N,0,+2¢" (10)

tijua

Fig. 3. Linear voltammetry curves with a platinum rotating-

disc electrode of a nitrosonium solution and an NO* +N,0,

mixture in nitromethane (40.1 moldm™2 TEAP) at 298 K.

[NOC10,1=8.68 x 10~ moldm 3. [N,0,]1=0 (a) and 2.15

x 1072 moldm ™3 (b). Rotation rate of the Pt electrode:
62.8 rps.
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Fig. 4. Cylic voltammetry curves with a stationary platinum

electrode of a nitrosonium solution and an NO*+N,O,

mixture in nitromethane (+0.1 moldm ™3 TEAP) at 298 K.

[NOCIO,]=8.68 x 10" *moldm 3. [N,0,]=0 (A) and 2.15
x 10”2 moldm ™2 (B). Scan rates: 0.05 and 0.10 Vs~ .

can be calculated from the values of E°(1), E°(7), E°(8),

N0, and the molecular dissociation constant of
N0, into NO3(Kho, =[NO,1*/[N,0,]=15
x 10~* moldm ™2 at 298 K in nitromethane [2]):

E°3)=[E°(D+E°(N]/2
+(RT/2F)n[K 0, )/(K},0,)]
= +0.320+0.010 VusE, ,(Fc/Fc*)
and
E°(10)=[E*()+E°(8)]/2=
+0.205+0.010 V vs
E,,; (F¢/Fc™).
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As shown in Fig. 3b, the cathodic E~i curve obtained
for an NO* + N,0, mixture exhibits a positive shift
with reference to this one, corresponding to an NO™*
solution. This phenomenon has been ascribed to a
chemical reaction following the electron transfer step
according to[6, 7]:

NO* +e” 5NO W)
NO+[NO;54N,0,] s N,0;. an

The cyclic voltammogram of the oxidation wave of
N,O; is very similar to those found with NO*
+N,0, mixtures (Fig. 5) and shows an apparent
reversibility. In order to sustain this result and to
gain more information concerning reaction (11), we
have undertaken the study of the cathodic E—i curve
obtained with an N,0,+NO™* mixture. If [N,0,]
=0, the Nernst equation applied to the overall process

NO*+iN,0,+e” 5N,0, (12)
may be written as follows
E=E°(12)+(RT/F) In[ky,0 /(kno*) (kny0,)' ]
+(RT/F)In{(i—ino+) (i—in,0 )Y~} (13

where ko, kno+ and ky o, are the coefficients of
proportionality for N,O,, NO* and N,0,, respect-
ively. Assuming that the diffusion coefficients of N,O;
and NO* are equal, the coefficient for N,O, is given
by kn,0, =2ky,0, ~2kng+ = 2k. We found a linear E vs
log {i—ino+) (i—in,0,)'/*/(—i)}plot with a slope close
enough to 2.303Rf/F: <79 mV(if v £62.8 rps) depen-
ding upon the rotating rate, w, of the Pt electrode.
Indeed, process (12) was found to be more reversible
when w decreases. This phenomenon has been ascri-
bed to the occurrence of the kinetics of molecular
reaction (11)[7] induced on the Pt electrode surface.
From this result, we have then attempted to evaluate
the standard potential of couple (12) using the rela-
tionship:

E,»(12)=E°(12)+(RT/F) ln[[N204]_[N0+]/4:(III£/‘2)

where E,;(12) is the haif-wave potential of the E-i
curve obtained with a known mixture of NO* and
N,O,. We obtained E°(12)=0.955+0.010V
vsE, ,(Fc/Fc™) by taking several NO* +N,0, mix-
tures with different [N,0,]/[NO*] ratios from % to 3.
On the other hand, E°(12) may also be written:

E°(12=E°(7)~(RT/F) InK}. (15)

Thereby, the equilibrium constant K  correspond-
ing to the molecular dissociation

N,0, 5 NO +4N,0, (16)

has been calculated: N,0,=(5.612.6)

x 1072 mol"?dm~%? in nitromethane at 298 K.
From the homolytic dissociation constant of N,0,,
we can also evaluate the equilibrium constant, KR o,
for the reaction

N,0, & NO +NO;. (17)

%.0,=(68+1.0)x10"*moldm™> at 298K in
nitromethane.

We have then attempted to obtain the ionic dis-
sociation constant, Ky o, of N,O; as N;O; s NO*

A. BOUGHRIET et al.
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Fig. 5. Cyclic voltammetry curves with a stationary

platinum electrode of a dinitrogen trioxide solution and an

NO* +N,0, (in excess) mixture in nitromethane (

+0.1 moldm~3 TEAP) at 298 K. (A) [NOC10,]=8.7

x 1073 moldm™® , and N,0, in excess: [N,0,]~80

% 10”2 moldm ™3, (B} [N,0,;]~10"2 mol dm ™3, Scan rates:
0.02, 0.05, 0.10 and 0.20 Vs~ 1,
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+NO;. The ionic formation of N, O, results from the
redox reaction

NO*+e” s NO N
NO; siN,0,+¢” (10)
followed by the molecular association
NO +4N,0,5N,0;. (16)
Hence, K;zzo, can be calculated from the equation
log K;,zo3 =[E°(10)— E*(7)]F/(2.303RT)
+log K :;0

We found Kj,o,=(1.3+04)x107"* moldm™3 at
298 K in nitromethane.

Electro-oxidation of nitrogen dioxide

The rotating-disc voltammograms of N,O, dis-
solved in anhydrous and deoxygenated nitromethane
are shown in Figs 6 and 7. The shape of the anodic
wave exhibits a dramatic change with temperature.
Indeed the height of the anodic wave increases strong-
ly and its half-wave potential is shifted dramatically to
lower potentials as the temperature increases. In addi-
tion, the peak potentials (E}, E}) of the cyclic voltam-
mograms obtained with N,O, solutions are close
enough to those corresponding to the reduction of
NO; (Figs 7 and 8). As suggested previously[2], these
phenomena can be attributed to the occurrence of the
homolytic dissociation on N,O,

N204
Scheme 11 ka

INO; 5 2NOJ +2¢~

2N02 4)

(18)

where N,O, is considered to be a non-electroactive
species at these potentials. A general mathematical
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Fig. 6. Linear voltammetry curves with a platinum rotating-

disc electrode of a dinitrogen tetroxide solution in nitrometh-

ane (+0.1 moldm ™3 TEAP) at various temperatures. [N,0,]

=1.07x10"2moldm™3. T=295 K (1), 299 K (2) and 303 K
(3). Rotation rate of the Pt electrode: 62.8 rps.
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Fig. 7. Linear voltammetry curves with a platinum rotating-
disc electrode of an N,O, solution and a nitryl solution in
nitromethane (+0.1 moldm ~3 TEAP) at 298 K. (1) [N,0,]
=105x10"2moldm™3 (2) [NO,C10,]~1.10x10"2
moldm ~ 3. Wave (a): oxidation of nitrogen dioxide resulting
from the monomerization N,0,—2NO;. Wave (b): reduc-
tion of nitronium ion according to 2NO;
+2¢” 5 2NO; 5 N,O,. Wave (c): reduction of nitrosonium
ions provided both by the NOCI10, salt present as an
impurity in the NO,C10, salt, and by the reduction of NO 5
in the presence of HC10, (resulting from the hydrolysis of
NO3J), as mentioned previously[4]. Rotation rate of the Pt
electrode: 62.8 rps.

formulation for scheme II has already been de-
scribed[2, 8, 9]. At high sweep rates (v=20.2 Vs™!) the
electrochemical system is kinetically controlled in CV,
and the peak height does not depend on v. The meas-
ured CV current becomes independent of the kinetics
of ET, and the E—i curves of cyclic voltammetry
are like polarographic waves (Fig. 9). The CV poten-
tial is related to a dimensionless parameter ¢* 8] as
follows

E=E°(18)+(RT/F)¢* +(RT/2F) In(4R T/3F)
+(RT/AF) InK",

+(RT/4F)In[N,0,]+(RT/2F)In k_,
—(RT/2F)inv (19)

where [N,0,] is the overall concentration of N,O,,
and k_, is the rate constant for the dimerization of
mtrogen dioxide. With the known values of K}
-4 [N2O,Jand &* (¢ = +0.13 at the half-plateau
current) the standard potential »f the NO;/NO;
couple can be evaluated: E°(18)=1.620+0.020V vs
E, ,(Fc/Fc™). Conversely, for very weak values of the
potential scan rate (v<0.01 Vs™!), the CV potential
(depending on the time)E vs &* (a dimensionless
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Fig. 8. Cyclic voltammetry curves with a stationary

platinum electrode of an N, O, solution and a nitry] solution

in nitromethane (4+0.1 moldm~3 TEAP) at 303K. (1)

[N;0,]~90x10"3moldm~3; (2) [NO,C10,]~14
x 10”2 moldm ™3, Scan rate: 0.02 Vs™1.
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Fig. 9. Cyclic voltammetry curves with a stationary
platinum electrode of an N,O, solution in nitromethane
(+0.1moldm™3 TEAP) at 298K. [N,0,]~1.0
% 10~ 2 mol dm ~3. Scan rates: 0.05,0.10,0.20 and 0.50 Vs,

parameter) according to[8]
E=E°(18)+(RT/F)&* —(RT/2F)In K;l,o‘
+(RT/2F)In[N,0,]. (20)

The value of £* for the half-peak potential, E}/, is &*
=—040. We found E°(18)=1.625+0.020V vs
E,;,(Fc/Fc*). This value is in good agreement with
that obtained above. The standard potential of the
couple

NO; +e” 54N,0, @1

A. BOUGHRIET et al.

can also be determined from the relationship
E°(21)=E°(18)—(RT/2F)In K%,,,=1.7301£0.020 V.

The ionic dissociation of N, O,

N,O0,5NO7 +NO; (22)
may be considered as a disproportionation
equilibrium

iN,0,5NO; +e” (21)

iIN,0,+e” s NO; (10)

The equilibrium constant for reaction (22) can then be
evaluated by the equation

log Ki_o,=[E°(10)— E°(21)] F/(2.303 RT).

The value of log K, was found to be —254+1.5at
298 K in nitromethane.

All the results are reported in Table 1 and compared
with those obtained in other solvents. Consequently,
compared with a non-donar solvent such as CCl, or
liquid N,0,, the molecular dissociation of the N,O,
and N, 0O, species are relatively close in nitromethane
but less extensive in a donor solvent such as acetoni-
trile, propylene carbonate or sulpholane. It is worth
noting that the values of the standard potentials can
depend strongly on solvation phenomena if the species
involved in the corresponding couples are highly
electron accepting such as NO*and NO;, whereas if
the nitrogen species are solvated weakly such as NO;,
NO;, NO and NO;(7, 10], the solvent molecules
barely intervene in the electrochemical process and
thereby the value of the standard potential of a couple
such as (1) or (3) does not vary significantly whatever
the solvent used (Table 1). All these findings suggest
that the solvating properties of nitromethane are
weak.

On account of the highly oxidizing behaviour of the
NOJ ion in nitromethane, it is now interesting to
examine its action on aromatic hydrocarbons despite
the low solubility of nitryl salts in this solvent[7].

Nitration of aromatics with NO3J in nitromethane

A direct comparison of the ionization potentials (1))
of aromatics (ArH) with the anodic peak potentials
(E3) of the ArH'* /ArH couple allows solvation effects
to be assessed[11-13]. As mentioned previously[14],
the variation of anodic peak potential (measured at a
constant sweep rate of 0.1 Vs~!) obtained under
irreversible CV conditions in nitromethane has been
studied as a function of I, for various aromatics. The
line in the graph describes the relationship

E; =070 (I,)—4.48 (23)

where Ej is given in volts vs E,,(Fc/Fc*), and 1, is
given in electron volts. Equation (23) is close enough
to that found previously by Kochi et al.[13] in aceton-
itrile: (after correction) E5=0.704 (I,)—4.327V us
E,,,(Fc/Fc™) or E5=0.704 (I,)—3.627 V vs normal
hydrogen electrode (nhe), with E(nhe)=E, ,(Fc/Fc*)
+0.70 V. Taking into account the difference in free
energy associated with the solvation changes for the
reaction ArH s ArH' * +e~, defined by

AG;=(G;{—Gy)am * —(G; —Gam

with s: solvent and g: gas,

(24)
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Table 1. Electrochemical and thermodynamic data for reactions involving oxygenated nitrogen com-
pounds in nitromethane, and comparison with results obtained in other organic solvents

Standard potential* E°/V
Electrochemical

couple Nitromethane Sulpholane[2, 5, 6]
2NO; s NO+NOj +e” +0.082 +0.008 +0.070
2NO; s N,0,+2e" +0.20540.010 +0.175
NO,+e” s NO; +0.320£0.010 +0.320
N,04,+¢~ s NO+NOjy +0.330+0.010 +0.280
NO* +e~ & NO +0.880+0.010 +0.715
NO* +4N,0, s N,0, +0.95510.010 +0.850
NOj +e~ 5 NO; +1.620+0.020 +1.35
2NO; +2¢~ s N,0, +1.730+0.020 +1.50

Chemical reaction

Equilibrium constant (log K) at 298 K

in nitromethane

in various solvents
(see refs [2, 5-7, 24-27])

N,0, s NO* +NO; —9.2[7]
N,O, s NOj +NO; —254415
N,O, 5 2NO; —3.82[2]
N,0; 5 NO* +NOj —12.89+40.12
N,O, 5 NO+1N,0, —1.25+0.25
N,O; & NO +NO, —32410
NO* +NOj 5 NO +NO;, +93

2NO; +N,0, 5 2NO+2NO;  +4.140.3

—7.2(TMS);} —7.3(PC)
—22.(TMS)
—4.85(TMS), —4.73(PC); —3.75(CCl,)
—11.2(TMS)f —12.6 (liquid N,0O, at low T)
—2.25(TMS), — 1.O)(CCL,); —1.72
(water); — 1.83(AN); —1.60 (toluene)
—4.3(TMS), —4.1(AN);, —2.9(CCl,)
+6.6(TMS)}
+3.6(TMS)*

Abbreviations: AN, acetonitrile; PC, propylene carbonate; TMS, tetrahydrothiophene-1,1-dioxide or

sulpholane.

t Versus the half-wave potential of a ferrocene solution.

1 Values determined at 303 K.

and the reorganization energy of ArH'*as
AG?=Ggy(ArH ") —G(ArH**) 25

the standard oxidation potential of ArH-*/ArH may
be expressed as

E°(ArH * /ArH) =1, + (AG? + AGY)/F + C,y.. (26)

For the series of arenes under consideration, the sum
AG; +AG] varies according to[13]

AG +AG=mF(I)+B —1<m<0 (27)

where B and m, (a parameter attributed to solvation
properties of the solvent) are constant.
Hence, equation (26) becomes

E°(ArH */ArH)=(1+m)I, +B. (28)

The electron transfer ArH—ArH * +e~ was pre-
viously considered as a rapid, reversible pre-equilib-
rium followed by the chemical reaction ArH * % side-
products in aprotic media[12,13] (where k is the
kinetic constant). Therefore, the irreversible CV vol-
tammograms obtained for the aromatic hydrocarbons
at a constant sweep rate (0.1 Vs~ !) reflect the kinetics
of the follow-up reaction. As pointed out by Nadjo
and Savéant[15], the anodic peak potential arising
from this EC process is given by

E%=E°(ArH */ArH)—(RT/F)In (kR T/Fv)+ C

Thereby, the variation of the anodic peak potential
can be written as

AE:=AE°(ArH */ArH)—RT/F)(Aln k)

ste-

where v is a constant sweep rate. The kinetic term
Alnk in this last expression was considered as a
scattering factor, +4E, in the assessment of the E;
potential[13]. Accordingly E3 can be directly related
to E° with a slope close to 1
EL=E°+JE. (29)
The combination of the relationships in equations (28)
and (29) leads to the correlation of the irreversible E :
with the vertical I, as follows (with NM: nitro-
methane)
EL=(1+myy),+ B+ JE. (30
Comparing equation (30) with equation (23), the value
of myy can be deduced: myy = —0.30, which is close to
that obtained in acetonitrile, AN (m, = —0.296)[13].
The decrease of (AG; —AGY) is related to the struc-
tural changes of increasing size of the arene. Such a
phenomenon indicates that the deviation of the slope
(Ey/1,) from unity represents variations of mainly
AG/[13]. Hence, solvation phenomena on an aro-
matic and its radical cation in nitromethane are
similar to those observed in acetonitrite. According to
Marcus theory[16-18], the outer-sphere (solvent) re-
organization energy depends upon the static dielectric
constant (D) and the refractive index (1). Under these
conditions, the correlation of the standard oxidation
potentials of the aromatic hydrocarbons in trifluor-
oacetic acid (D =39.5 and #=1.2850) with the anodic
peak potentials obtained from the irreversible cyclic
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voltammograms in acetonitrile (D=37.5 and 7
=1.3441)[13]

E°(ArH */ArH)=1.01 E5—0.001 V (31)

is still valid in nitromethane (D =35.9 and n=1.3817).
The values of the standard potentials of some aro-
matics used in this work to study the nitration process
with NO; in nitromethane are reported in Table 2
and compared to those found in other organic sol-
vents[1, 12, 13, 19, 20]. Hence the equilibrium con-
stant, K(32), for the ET

NO; +ArHs NO, +ArH'* (32)

with a free energy difference, AG°(32), can be deter-
mined in nitromethane by means of the equation

log K(32)=[E°(18)— E°(ArH/AtH *)]F /(2.303 RT)
AG°(32)= —RTn K(32).

The results are reported in Table 3 and compared with
those obtained previously in acetonitrile and sulpho-
lane. It can be concluded that the NO; species is
found to be more suitable for the nitration of aro-
matics (even those not easily oxidizable) because of the
greater oxidizing behaviour of nitronium ions in nitro-
methane.

The activation free energy, AG*(32), for the ET
process (32) is given by the Marcus theory[21-23]

AG*(32)=(A/M[1+AG°(32)/7]* (33)

A. BOUGHRIET et al.

where 4 is the total reorganization energy. The effect of
nitromethane is assumed to decrease the activation
energy due to an increase of K(32), with reference to
phenomena observed in acetonitrile[19,20]. But, as
suggested by Eberson and Radner[19,20], outer-
sphere ET is generally prohibited for kinetic reasons,
with the exception of highly polycyclic and very
electron-rich systems, due to the very large reorganiz-
ation energy of the NO ;7 /NO;, couple[19, 20]. Hence,
even if K(32) is larger than in sulpholane or aceto-
nitrile, the interaction of NOJ with an aromatic
should still lead to an association step to give a ¢ or
Wheland intermediate according to an inner-sphere
ET mechanism.

On the other hand, Schmitt et al.[29] showed that
NOj; does not nitrate aromatics to give a ¢ or
Wheland intermediate, ArHNO , in the gas phase but
instead reacts by either O* or ET. However, when a
mixture ArH/Bs/NO, (where Bs is a basic solvent such
as pyridine) was ionized, rapid proton transfer to Bs
was observed from the product of the reaction be-
tween ArH'* and NO3[29]

ArHNO{ + Bs—>ArNO, + HB; .

In condensed media, the occurrence of aromatic ni-
tration also depends upon deprotonation phenomena
induced, in part, by the donor character of the solvent
used, and the presence of basic ions such as ClO; and
NOj (which can be generated in solution through the

Table 2. Standard potentials, E°(ArH */ArH), of some aromatics determined in organic media

Standard potential, E°(ArH */ArH)/V?!

Aromatic compounds 1,/eV Acetonitrile*
(and/or trifluoroacetic acid) Sulpholane[28] Nitromethane§
[1,12,13,19,20]

Anthracene 7.40 091 0.86 0.71
Naphthalene 8.12 1.38 1.32 1.22
Phenanthrene 8.10 1.37 1.33 1.20
Mesitylene 8.40 1.65-1.56 1.56 141
p-Xylene 8.44 1.60 1.57 1.44
Toluene 8.81 1.94-1.82 1.86 1.71

t Versus the half-wave potential of a ferrocene solution, E, ,(Fc/Fc*).
1 The values of E°(ArH */ArH) determined previously vs E(nhe) are expressed in this table with
reference to E,,(Fc/Fc*) by means of the equation: E, ,(Fc/Fc* )= E(nhe)—0.70 V.

§This work.

Table 3. Equilibrium constant, K(32), and standard free energy, AG°(32), corresponding to the reaction NOj
+ArH $ NO; +ArH " (32) for various aromatic hydrocarbons in some aprotic solvents

Aromatic compound I1,/eV Nitromethane Sulpholane[28] Acetonitrile[ 19, 20)
log K(32) AG°(32)/ log K(32) AG°(32)/ log K(32) AG°(32)/
kJ mole~ kJ mole ™! kJ mole ™!
Anthracene 7.40 +15.2 —87.2 +8.3 —48.3 —-0.8 +4.6
Naphthalene 8.12 +6.8 —38.8 +0.5 -29 —8.67 +49.8
Phenanthrene 8.10 +7.0 —40.2 +0.3 -19 — —
Mesitylene 8.40 +34 —19.6 -35 +20.3 —152 +875
p-Xylene 8.44 +29 -16.8 -3 +213 — —
Toluene 8.81 —14 +8.1 —-85 +49.3 -176 +100.9




Electrochemical properties of oxygenated nitrogen compounds

ionic dissociation of N,0, intoc NO®* and
NOJ)[30,31]
(NOj, ClO;)+ArH-»ArNO, +HCIO, (34)
(NO7, Cl0;)+N,0,+ArH—ArNO, +
(NO*, Cl0;)+HNO,. (35)

Indeed, it has been shown that HCIO, and above all
HNO; are weakly dissociated in aprotic media: the
acidity constants for HC10, and HNOQOj; are equal to 3
and 16 in sulpholane at 303 K[30-32] and 7.4 and 20.2
in nitromethane at 298 K (A. Boughriet and M.
Wartel, unpublished work).

To summarize, as suggested previously in the gas
phase[29], the deprotonation of the s-complex in
aprotic media seems similarly to play a crucial role to
yield nitro compounds, in connection with the highly
oxidizing characteristics of nitronium ions on the
aromatic ring in sulpholane, propylene carbonate{ 7]
and especially in nitromethane (see Table 3).

CONCLUSION

The electrochemical properties of oxygenated ni-
trogen compounds have been studied in nitromethane
at 298 K by means of cyclic and linear voltammetry at
a platinum electrode. It has been possible to determine
the ionic and molecular dissociation constants of
N,O; and N,O,. Since the neutral nitrogen species
are weakly solvated in nitromethane, the thermodyn-
amic values found are in reasonably good agreement
with those determined previously in non-polar, inert
solvents. The weak solvating properties of nitrometh-
ane also explain the low ionic dissociations of N,0O,
and N,O; in comparison with those obtained in
sulpholane or propylene carbonate. Likewise, if the
nitrogen species involved in an electrochemical couple
are barely affected by solvation phenomena (such as
NO, NO,, NO; or NOj), the standard potential
values remain nearly constant in all the aprotic sol-
vents used.

This work has been extended to the study of the
electro-oxidation of aromatic (ArH) into aromatic
radical cation (ArH *) in order to evaluate the stan-
dard oxidation potential of ArH */ArH. We have
subsequently undertaken the study of the aromatic
nitration process NOF + ArH—-ArNO,+H™. This
problem has been addressed by the survey of the redox
system NO; + ArH&sNO;, + ArH'*. The equilibrium
constant for this reaction is found to be much higher
than in sulpholane and particularly acetonitrile, due
to the highly oxidizing properties of NO; . However,
the nitration process should proceed, in most cases,
according to an inner-ET mechanism. Indeed, the very
large reorganization energy of the NO; /NO), couple
prevents the nitronium ion from acting as a reagent for
non-bonded ET. The generation of a o-complex,
ArHNO3j, is followed by its deprotonation either
owing to the ability of this intermediate to accept
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electron donation from the basic solvent or under the
action of basic compounds dissolved in the medium.
This deprotonation occurs as a key step enabling the
formation of nitro compounds in condensed media as
well as in the gas phase (if this contains gaseous
molecules of basic solvents such as pyridine).
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