
A R T I C L E

O
BC

w
w

w
.rsc.o

rg
/o

b
c

Protonated nitro group: structure, energy and conjugation
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Structure of protonated nitro compounds was investigated by calculations at the levels MP2(FC)/6-311++
G(2d,2p)//MP2(FC)/6-311++G(2d,2p) (nitromethane and reference compounds) or B3LYP/6-311+G(d,p)//
B3LYP/6-311+G(d,p) (nitrobenzene and its 18 meta- and para-substituted derivatives). The group NO2H+ reveals
many similarities with the isoelectronic group CO2H as the preferred conformation, conformational equilibrium, and
stabilization by interaction (resonance) within the group quantified by means of isodesmic reactions. However, there
is a difference in the interaction with donor groups (for instance in 4-nitroaniline) that is much stronger with NO2H+

than with CO2H. This interaction may be called resonance and may be described by standard resonance formulas,
but these formulas predict only partially the geometry and cannot explain the great interaction energy.

Introduction
Protonation of the nitro group can be observed both in the
gas phase1 and in protic solvents (mostly in sulfuric acid).2 In
the gas phase, nitrobenzene is a medium strong base – on the
scale of basicity1 it is approximately in the middle. Recently, this
protonation reaction attracted attention from several points of
view. First, there were problems with the site of protonation of
some bifunctional derivatives in the gas phase, the most interest-
ing example being 4-nitroaniline. According to experience from
solution chemistry, one could expect preferential protonation
on the amino group (1b); this opinion was even supported by
experiments3 and low-level calculations.4 However, preferential
protonation on the nitro group (1a) has been proven.5

On the other hand, 3-nitroaniline is protonated on the amino
group5 and 3- and 4-nitrobenzonitrile on the cyano group6 as
originally anticipated.7

Problems of this kind can, in principle, be solved either
by calculations6,8 or by correlations with similarly substituted
compounds.5 More difficult are further problems associated with
the similarity of protonated nitro compounds and carboxylic
acids since the groups NO2H+ and CO2H are isoelectronic.
The structure of carboxylic acids has been extensively discussed
recently9–11 with the main question of whether the acidity is due
mainly to the low energy of the anion or to the high energy of
the acid molecule. Although complete agreement has not been
reached,9,10 we are of the opinion that the problem can be in prin-
ciple solved by using suitably constructed isodesmic reactions.11

(This term means that on both sides of the reaction there is the
same number of bonds of each type, C–C, C–O, etc.) It turned
out that, for instance, the molecule of acetic acid is stabilized12

due to the interaction of the two groups C=O and OH by
77 kJ mol−1. Interaction energy of the groups N=O and OH
within the group NO2H+ could be investigated in the same way.

The third problem concerns the interaction energy of the
NO2H+ group with conjugated substituents. The energy of
protonated 4-nitroaniline is unexpectedly low: from experiments

and semiempirical calculations it was deduced that it is by 59 kJ
mol−1 lower than that of the meta isomer.5 It may appear easy
to interpret this stability by conjugation of the NH2 and NO2H+

groups but it is difficult to present the pertinent resonance
formulas.5 Even the great energy difference may be puzzling
since the corresponding difference between the isoelectronic
molecules of 4-aminobenzoic acid and 3-aminobenzoic acid is
only 9 kJ mol−1.13

In this article we investigate the structure of protonated nitro
compounds by MP2 and DFT calculations with particular
respect to the isoelectronic molecule of carboxylic acids. Using
the apparatus of isodesmic reactions14 we wanted to estimate
both the inner conjugation within the NO2H+ group and the
conjugation of this group with conjugated donors. The inner
conjugation was investigated on the simplest model compound,
protonated nitromethane 2 (Table 1), and conjugation with
donors on a series of substituted nitrobenzenes 3a–3s (Table 2)
within the framework of the Hammett equation.15 Conjugation
should be revealed by deviations from the Hammett dependence,
as was observed in other cases and which led to the questioning
of the defined range of validity.6,13 Such deviations are apparent,
particularly when the ionization reaction is decomposed into
two isodesmic reactions, one describing the interaction in the
ion, the other in the unionized molecule.6,13

In principle, energies of certain isodesmic reactions could
be obtained from experiments, but the accuracy would be

Table 1 Calculated energies of protonated nitromethane and of refer-
ence compounds in eqns. (3)–(5)a

Compound Conformation DEcalc/au DErel/kJ mol−1

CH3NO2 −244.5367358
2A CH3NO2H+ sp −244.8256488 0
2B ap −244.8160592 25.2
4A CH3CO2H sp −228.6232142 0
4B ap −228.6146245 22.6b

CH3N=O −169.4401081
CH3NH+=O −169.7430113
(CH3)2NH −134.8151189
(CH3)2NH2

+ −135.1819081
(CH3)2NHOH sc −210.2153853 0

ap −210.2147453 1.7

a Level MP2(FC)/6-311++G(2d,2p)//MP2(FC)/6-311++G(2d,2p).
b At the level MP4/cc-pVTZ calculated 22.52 kJ mol−1, ref. 17.
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Table 2 DFT calculated energies of substituted nitrobenzenes and their protonated forms and energies of the isodesmic reactions, eqns. (3)–(5)

Substituent Conformationa DE ArNO2/au DE ArNO2H+/au D11E/kJ mol−1 D12E/kJ mol−1 D6E/kJ mol−1

3a H −436.8746070b −437.1931555c 0.00 0.00 0.00
3b 3-CH3 ap −476.2029171 −476.5259218 −2.02 −13.49 −11.47

sp −476.5257625
3c 3-CF3 ap −774.0200282 −774.3270356 10.93 41.10 30.17

sp −774.3271413
3d 3-CHO ap, ap −550.2293612 −550.5382731 9.93 32.88 22.95

ap, sp −550.5382009
sp, ap −550.2284017 −550.5388061
sp, sp −550.5391911

3e 3-CN ap −529.1356600d −529.4385756 14.36 55.20 40.84
sp −529.4387437

3f 3-NH2 ap −492.2514302 −492.5794664 −1.14 −25.15 −24.02
sp −492.5789325

3g 3-NO2 ap −641.4315579 −641.7325462 16.85 62.61 45.76
sp −641.7328646

3h 3-OH ap, ap −512.1209147 −512.4406421 2.20 0.36 −1.84
ap, sp −512.4406024
sp, ap −512.1217657 −512.4405490
sp, sp −512.4400854

3i 3-F ap −536.1405790 −536.4515280 7.62 27.57 19.95
sp −536.4515311

3j 3-Cl ap −896.4944599 −896.8067930 8.11 24.49 16.38
sp −896.8067444

3k 4-CH3 −476.2035274 −476.5300540 −3.62 −24.57 −20.95
3l 4-CF3 −774.0200697 −774.3262944 10.82 43.17 32.36
3m 4-CHO ap −550.2285125 −550.5377803 10.31 34.64 24.34

sp −550.5378044
3n 4-CN −529.1361175d −529.4407725d 13.16 49.64 36.48
3o 4-NH2 −492.2557597 −492.6028566 −12.50 −87.46 −74.95
3p 4-NO2 −641.4315816 −641.7310084 16.79 66.99 50.20
3q 4-OH ap −512.1239885 −512.4544247 −5.22 −36.36 −31.13

sp −512.4543679
3r 4-F −536.1422321 −536.4584149 3.28 9.49 6.21
3s 4-Cl −896.4957460 −896.8138368 4.73 5.93 1.20

a Conformation on the C(1)–N(O2) bond, followed by the conformation on the C(3)–X bond as the case may be. b Ref. 18; at the level MP2(FC)/6-
311++G(2d,2p) calculated here −435.7908113 au. c Ref. 6; at the level MP2(FC)/6-311++G(2d,2p) calculated here −436.1028448 au. d Ref. 6.

insufficient in some cases. We preferred to obtain all values by
quantum chemical calculations when their reliability was secured
by anchoring on some experimental gas-phase basicities.1 The
use of quantum chemistry in our approach is thus essentially
restricted to observable quantities that can be in part checked
by experiments.

Computational details
Energies of protonated nitromethane 2A,B and reference
compounds were calculated at the level MP2(FC)/6-311++
G(2d,2p)//MP2(FC)/6-311++G(2d,2p) using the GAUSSIAN
03 program.16 They are listed in Table 1. Energies of sub-
stituted nitrobenzenes 3a–3s and of their protonated forms
were calculated at the level B3LYP/6-311+G(d,p)//B3LYP/6-
311+G(d,p) and are listed in Table 2. All structures were
checked by vibrational analysis and behaved as energy minima.
Planarity or any symmetry conditions were never anticipated.
As far as possible all reasonable conformations were taken into
consideration and calculations were started from the pertinent
near structures; this concerns particularly the two orientations
of unsymmetrical substituents in benzene meta derivatives 3b–3j.

In the cases when several conformers were found, the reac-
tion energies were calculated for their equilibrium mixture at
298 K. The equilibrium constant and population of conformers
were estimated with the assumption DG◦(298) ∼= DE(DFT);
from these values we calculated the effective energies of the
equilibrium mixture. This particularly concerns the values of
D6E, D11E and D12E in Table 2, although the corrections were
minute and very similar values would be obtained taking into
account only the minimum-energy conformer.

Results and discussion
Comparison with experiments

Measurements of the gas-phase basicities of nitro compounds
are scarce.1 Direct comparison with our calculation is possible
for nitrobenzene and 4-nitroaniline, eqn. (1), when one accepts
as granted that protonation of the latter takes place on the nitro
group5 (1a).

(1)

The reaction is both isodesmic and homodesmotic19 (the
corresponding bonds connect not only equal atoms but also
atoms of the same hybridization). However, the calculated
substituent effect is overestimated. Similarly, in the case of
substituted benzonitriles,6 the basicities calculated at the same
theoretical level had to be corrected by a factor of 0.82 to reach
the fit with experiments. In eqn. (1) the factor would be 0.86.

Comparison of aliphatic and aromatic nitro compounds
required recalculation of the latter at the high level (Table 2,
footnotes b and c). In eqn. (2) the substituent effects are also
overestimated; the correction factor would be 0.79.

(2)
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From eqns. (1) and (2) we may conclude that our calculated en-
ergies agree with the experiments fairly, with a similar accuracy
as obtained previously for the acidobasic equilibria of similar
compounds.6,12,13,18 For evaluation of the relative substituent
effects, overestimating of all values is of no consequence; for
predicting the experimental values, scaling by an empirical factor
would be suggested. Note that calculation of D2H◦(298) did
not improve the fit as in other isodesmic reactions dealt with
previously.13

Conformation

Of the two planar conformations of carboxylic acids, 4A (sp) is
much more stable20 than 4B (ap) and this regularity holds also
quite generally for a variety of derivatives and similar mole-
cules.21

We found that it also holds for protonated nitromethane 2A,B
and the energy differences calculated at the same level are
almost equal (Table 1, last column). Several explanations of
this regular conformation have been offered but none of them
are satisfactory.21 In any case the isoelectronic molecules 2 and
4 behave equally in this respect.

Conjugation within the NO2H+ group

Conjugation within the carboxyl group was estimated11,12 on the
basis of eqn. (3):

(3)

This reaction is isodesmic but not homodesmotic19 since
the bonds Csp3 –Csp2 and Csp3 –O have been replaced by the
bonds Csp3 –Csp3 and Csp2 –O; this shortcoming evidently cannot
be removed. Application of this procedure to protonated
nitromethane is not self-evident: comparison of carboxylic acid
to alcohol as reference seems natural; nitro compounds must
be compared to N,N-dialkylhydroxylamine. In our opinion,
eqn. (4) is the right choice: the bonds Nsp2 –H and Nsp3 –O are
replaced by the bonds Nsp3 –H and Nsp2 –O and the positive
charges are retained.

(4)

The stabilization energy D4E is much higher than D3E of the
isoelectronic carboxylic acids when using a comparable model.
Note, however, that D4E could be very sensitive to the proper
choice of this model. In any case the conclusion is safe that 2
is a particularly stable structure compared to simpler molecules
with only one oxygen atom.

Hammett correlations

According to the Hammett equation,15 eqn. (5), relative basic-
ities of meta- and para-substituted nitrobenzenes are related
to the relative acidities of equally substituted benzoic acids
through the substituent constants rm or rp that have been derived
from these acids. The reaction constants q and e are determined
by linear regression and e should be not significantly different
from zero.

DE = qrm,p + e (5)

In terms of isodesmic reactions, the relative basicity of
substituted nitrobenzenes is represented by eqn. (6), and the
relative acidity of benzoic acids by eqn. (7).

(6)

(7)

Mutual dependence of the calculated energies D6E (this paper)
and D7E (ref. 13) is shown in Fig. 1. The values of D7E on
the x-axis have the same meaning as the constants r but their
merit is that they relate to isolated molecules. Fig. 1 confirms
the previous results reached both from the calculated energies6

and from the gas-phase reactivities:22 The Hammett equation
is valid with a high accuracy for meta derivatives. When para
derivatives are included, one half of them usually deviates,
either donors when the functional group is an acceptor or vice
versa. This defect was formally solved either by introducing dual
substituent constants for the proper class of substituents15b,23

or by excluding this subclass from the validity range.24 In this
way the number of empirical parameters may increase and
in any case a certain arbitrariness cannot be avoided. As a
radical alternative, restriction of the validity range only to meta-
substituents was considered;6,22 the restricted version should be
used at least when comparing the substituent effects in various
reactions, i.e. comparing the reaction constants q. Note that in
eqn. (6) the classical range of validity of the Hammett equation
is not exceeded: protonation proceeds on the second atom from
the benzene ring, at the same distance as in reaction eqn. (7).

Fig. 1 Hammett plot of the calculated basicities D6E of substituted
nitrobenzenes 3a–3s vs. the acidities of equally substituted benzoic acids
D7E: � meta derivatives, � para derivatives with an acceptor substituent,
� para derivatives with a donor substituent; the statistics and the
regression line relate to the groups � + �.
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The traditional access improving the accuracy is Dual Sub-
stituent Parameter (DSP) treatment.23,25 Application to our case
yields eqns. (8) and (9); the inductive and resonance parameters
rI and rR were taken from ref. 26.

(8)

(9)

Improvement has been reached (compare the statistics in
Fig. 1), but it is at the cost of more parameters and it is
not proportional to this effort. There are not two parameters
compared to one as commonly said, but four compared to one,
since the main improvement is in separating meta and para
derivatives.22 Eqn. (8) is overparametrized and improvement
compared to the Hammett equation is not very significant. The
lower accuracy of eqn. (9) can be still somewhat improved by
using the dual constants26 rR

+, eqn. (10), but the arbitrariness
in choice between several sets of constants is a matter of
consequence.

(10)

A more significant analysis is based on separating the
substituent effect in non-protonated nitrobenzenes and in their
protonated forms as expressed by the isodesmic reactions,
eqns. (11) and (12).

(11)

(12)

Eqns. (11) and (12) exceed the range of validity of the
Hammett equation as originally defined15 since the reactions
do not proceed in the side-chain but directly on the benzene
ring. Nevertheless, extension to such reactions, i.e. aromatic
substitution, is common provided that dual constants r are used
for the conjugated para substituents, which are different accord-
ing to whether the substitution is nucleophilic or electrophilic.27

For equilibria, there is no material for comparison, but it was
pointed out that the Hammett equation may be poorly valid
for equilibria between uncharged particles.28 The Hammett plot
of D11E, Fig. 2, reveals an essentially similar picture as Fig. 1:
the same substituents deviate, viz. para standing donor groups,

Fig. 2 Hammett plot of the calculated interaction energies D11E in
substituted nitrobenzenes, eqn. (11), vs. the acidities of substituted
benzoic acids D7E: definition of points is as in Fig. 1.

only the deviations are smaller since also the whole range of the
values of D11E is narrower. The Hammett plot of D12E is not
shown: it would be rather similar to Fig. 1 since D12E = D11E +
D6E and D6E preponderates in the sum.

Definition of the exact range of validity of the Hammett
equation may be mainly a matter of convention. A broader
range is always accompanied by a lower accuracy and the
proper definition will depend on the intended purpose. In our
opinion, the problem requires still further data, experimental or
calculated. In any case, protonation of nitrobenzenes is a good
example on which the limitation of the Hammett equation is
evident, even when the classical range of validity is maintained
[eqn. (6) and Fig. 1]. The most deviating point is that of
4-nitroaniline. Its deviation corresponds roughly to the dual
substituent constant r+ for the NH2 group as given by Charton26

but many different values can be found in the literature.

Structure of the conjugated molecules

Since the conjugation in the protonated 4-nitroaniline 1a is
particularly strong, we shall choose this example for structure
investigation. Classical theory of resonance describes this con-
jugation by the resonance formulas 1A ↔ 1B similarly as in the
case of isoelectronic 4-aminobenzoic acid, 5A ↔ 5B. There is
no evident reason why the resonance should be stronger in 1.

Some experimental proofs can be searched in the geometric
parameters. Table 3 confirms that the formulas 1B and 5B have
same predicative value: both the bonds C2–C3 and C–NH2

are significantly shortened and the angles H–N–H widened
(hybridization nearer to sp2). However, similarity of the two
isoelectronic molecules is only qualitative: in the quantitative
respect conjugation in 1 is several times stronger than in 5 and
seems to be more dependent on the positive charge than on
the isoelectronic structure (see the similarity with the C≡NH+

group, Table 3, in the next to last line). Also, the interaction
energies of the substituents expressed by isodesmic reactions
like in eqns. (11) and (12) give the same picture (Table 3, last
column): for 1 the energy is much greater in the absolute values

Table 3 Calculated geometric parameters and stabilization energies of
some substituted anilines

Substituent C2–C3a/Å C–NH2/Å ∠HNH/◦ DEb/kJ mol−1

H 1.391 1.398 112.2 0
4-CO2H 1.384 1.383 114.0 −10.3c

4-NO2 1.383 1.369 117.7 −12.5
4-C≡NH+ 1.368 1.343 117.1 −59.4d

4-NO2H+ 1.362 1.334 116.9 −87.5

a Average values for the bonds C2–C3 and C5–C6. b Stabilization
energies as, for instance, in eqn. (11) or (12). c Ref. 13. d Ref. 6.
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Table 4 Some calculated geometric parameters of substituted nitrobenzenes and their protonated forms (bond lengths in Å, bond angles in degrees)

Nitrobenzenes Protonated forms

Substituent C2–C3 C–N(O) N=O ∠ONO C2–C3 C–N(O) N=O ∠ONO

3a H 1.392 1.481 1.225 124.7 1.380a 1.401 1.194 119.3
3r 4-F 1.390 1.477 1.225 124.7 1.374a 1.393 1.196 119.2
3k 4-CH3 1.391 1.477 1.225 124.5 1.375a 1.390 1.199 118.9
3q 4-OH 1.386a 1.469 1.227 124.4 1.368a 1.380 1.203 118.8
3o 4-NH2 1.383 1.459 1.229 124.1 1.362a 1.368 1.208 118.4

a Average values for the bonds C2–C3 and C5–C6.

than for 5 and is nearer to the interaction energy of the charged
group C≡NH+.

Since formula 1B does not predict the unusual stability
of the molecule, two additional theoretical conceptions will
mentioned that were suggested in the case of non-protonated
4-nitroaniline. On the one hand, it was assumed that only the
NH2 group is actually conjugated and the NO2 group acts
only by its inductive effect and strengthens this conjugation;29

this suggestion was later somewhat weakened.30 A picture
corresponding to this concept would be the formula 1C and its
analogy 5C. On the other hand, it was pointed out that the two
N=O bonds in the NO2 group possess practically a double-bond
character and one piece of speculation was about the possibility
that the nitrogen atom could accommodate more than eight
electrons;31 this idea was extended to further molecules.32 Its
representation would be the a priori low probability formula
1D. We searched an experimental test in the geometry of
several nitrobenzene derivatives with variable donor substituents
(Table 4). Conjugation is evident from the shortened bonds
C2–C3 as required by all theories; shortening is rather small
in nitrobenzenes, greater in their protonated forms. Even the
C–N(O) bond is shortened – more in the protonated form –
in accord with 1B or 1D but not with 1C. Lengthening of the
N=O bond would be in agreement with 1B but is rather small as
expected from the participation of 1C or 1D. Narrower angles
O–N–O could be predicted by 1B but the observed changes are
almost negligible. In conclusion, the calculated geometry gives
good proof for the existence of conjugation as pictured by the
formula 1B, some features perhaps by a small participation of
1D. For 1C there is no support; an analogous form could come
into consideration for non-protonated 4-nitroaniline. Strong
conjugation as it follows from the calculated energies is not
predicted by any simple theory. We agree with the opinion30

that real structures of the individual molecules can be only very
roughly described in simple terms as an inductive effect and
resonance or by means of simple formulas.

Conclusions
In our opinion, the principle of isoelectronic structures should
not be overestimated, particularly when the two species are
differently charged. Protonated nitro compounds display several
similarities with the isoelectronic carboxylic acids but also strong
differences particularly in the quantitative respect. These fea-
tures cannot be explained in terms of simple resonance formulas
but quantum chemical calculations are very helpful.
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20 E. M. S. Maçôas, L. Khriachtchev, M. Pettersson, R. Fausto and M.

Räsänen, J. Am. Chem. Soc., 2003, 125, 16 188–16 189.
21 O. Exner, in The Chemistry of Functional Groups, Supplement A3:

The Chemistry of Double-Bonded Functional Groups, S. Patai, ed.,
Wiley, New York, 1997, pp. 261–307 and refs. cited therein.

22 M. Ludwig, S. Wold and O. Exner, Acta Chem. Scand., 1992, 46,
549–554.

23 C. Hansch, A. Leo and R. W. Taft, Chem. Rev., 1991, 91, 165–195.
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