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Abstract G3(MP2)//B3-CEP theory was applied to study the
mechanism of phenol nitration in the gas phase, as promoted
by the electrophile NO,". The results of studying this mech-
anism at the G3(MP2)//B3-CEP level pointed to the occur-
rence of a single-electron transfer (SET) from the aromatic 7t-
system to the nitronium ion prior to o-complex formation. The
formation of an initial 7t-complex between the nitronium ion
and phenol was not observed. Excellent agreement between
the activation barriers predicted by G3(MP2)//B3-CEP and
those yielded by other, more accurate, versions of the G3
theory showed that the former is a useful tool for studying
reaction mechanisms, as G3(MP2)//B3-CEP is much less
computationally expensive than other high-level methods.
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Introduction

Electrophilic aromatic substitution reactions are widely stud-
ied in organic chemistry, both experimentally and theoretically
[1, 2]. Among such reactions, electrophilic aromatic nitration
stands out because studies of its mechanism provide key
insights into the reactivity and selectivity of aryl compounds,
allowing further development of the basic principles of phys-
ical organic chemistry [1-3].

Hughes and Ingold proposed the classical mechanism of
aromatic nitration [4], in which the nitronium ion (NO,")
plays an essential role as a reactive electrophile in the reaction
medium. As shown in Fig. 1, in the presence of a strong acid
(typically sulfuric acid), nitric acid (HNO) generates the
NO," ion. Subsequently, in the rate-determining step of the
mechanism, the nitronium ion reacts with the aromatic com-
pound, resulting in a Wheland intermediate, which is also
known as an arenium ion and commonly referred to as a o-
complex [5]. This intermediate undergoes rapid deprotonation
(promoted by a Lewis base, B:), providing the nitrated
product.

The formation and stability of the o-complex explain
the effects of positional orientation observed in nitration
reactions. For example, the presence of o- and =-
electron-donating side groups (R) stabilizes the arenium
ion formed, producing nitrated products in the ortho and
para positions with respect to the R group. In contrast,
m- and/or o-electron-accepting side groups (R) destabi-
lize the arenium ion formed in the ortho and para
positions with respect to the R group, resulting in the
product being nitrated in the meta position [1-3]. More-
over, differences in the reactivities and therefore the
velocities of nitration of monosubstituted aromatic sub-
strates can be attributed to the various donating or
accepting effects of substituent groups on the ring in
the Ingold—Hughes mechanism.
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Fig. 1 The Ingold-Hughes mechanism

Modifications to the classical Ingold-Hughes mechanism
have been proposed by Olah et al. [6]. They suggested the
existence of an additional intermediate that precedes the step
in which the o-complex is obtained, as shown in Fig. 2. The
proposed intermediate was considered a Dewar-type complex
[7], or a m-complex [8], with an electrophile (NO,") that
interacts weakly and nonspecifically with the rest of the aro-
matic 7-system. Olah proposed that, for activated substrates,
the rate-determining step is the formation of a 7t-complex.
However, for deactivated substrates, when 7t- and/or o-
electron-accepting substituents are present, a o-complex de-
termines the reaction rate.

Kenner [9] and Weiss [10] have also suggested the existence
of alternative reaction pathways through which single-electron
transfer steps would be observed. This mechanism was later
confirmed by Perrin [11] and Kochi [12]. As illustrated in Fig. 3,
the single-electron transfer (SET) mechanism consists of the
initial formation of a charge-transfer complex (CTC) or a 71-
type complex [13] that is converted to the SET intimate pair after
a phase of single-electron transfer. Subsequently, combination of
the aromatic radical cation and the NO, radical results in a o-
complex, from which the nitrated product is obtained. Therefore,
as proposed by Kochi [12], the rate-determining step for the
reaction is the formation of the SET inner pair.

In addition to experimental observations performed in the
condensed phase, theoretical studies [14-23] investigating the
mechanism for the electrophilic nitration of benzene and
monosubstituted derivatives in the gas phase have elucidated
important details that support the existence of single-electron
transfer steps.

Queiroz et al. [17], based on theoretical calculations carried
out at the B3LYP/6-311++G(d, p) level as well as mass spec-
trometric studies, presented an alternative model for the electro-
philic aromatic nitration reaction. The model consists of a

continuous mechanism in which the nature of the substituent
on the aromatic compound determines the preferred reaction
path according to the model of Ingold-Hughes, Olah, or SET.
Thus, for the nitration of substrates containing ortho/para-
directing groups, the reaction converges to the SET mechanism,
whereas for the nitration of substrates containing meta-directing
groups, the classical Ingold—Hughes mechanism and/or the Olah
path will be observed. It is worth noting that the preference for a
specific reaction path is significantly influenced by solvent and
counterion effects [16, 17, 24-26]. Mass spectrometric studies of
ion—molecule reactions in the gas phase show that the reaction of
the NO," ion with benzene does not lead to the formation of
nitrated products, but rather C¢H4O", which results from O"
transfer to the aromatic ring [24]. Theoretical studies performed
by Esteves et al. [16] of benzene in the presence of the nitronium
ion have supported this observation. The results showed that, in
the gas phase, species derived from the transfer of O" to the
benzene ring were more stable, even when compared with the
corresponding nitro compounds.

However, Ashi et al. [25] demonstrated that when ion—
molecule reactions are carried out in the gas phase using
nitronium ion carrier species such as [CH;OH-NO,]", the
products obtained arise from the direct nitration of the aro-
matic compound, and the observed positional selectivity is
similar to that seen in condensed-phase studies.

Despite the large number of papers in the literature that focus
on studies of electrophilic aromatic nitration [1-26], there are
still important aspects of this process that need to be explained
[17]. Whereas experimental data show the existence of several
reaction pathways [3, 13, 24-26], theoretical studies based on
less accurate methods consider single electron transfer (SET) to
be the most plausible explanation for the nitration reactions of
substrates containing ortho/para directors [14-23].

The purpose of the work reported in the present paper was
therefore to perform a theoretical study of the nitration mech-
anism of phenol in the gas phase using a new formulation of
G3(MP2)//B3 theory that includes a pseudopotential, referred
to as G3(MP2)//B3-CEP theory [27]. The aim was to assess
the relevant aspects of the intermediates formed in the reaction
process.

Computational methods

The G3 theory [28] and computationally less expensive ver-
sions of it, such as G3(MP2) [29] and G3(MP2)//B3 [30], are

Fig. 2 Modified mechanism
proposed by Olah
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Fig. 3 Single-clectron transfer
(SET) mechanism
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quantum mechanical methods that have been widely used in
the study of a variety of compounds [31-34], rotational bar-
riers [35, 36], and mechanisms [37-39]. However, the size of
molecular systems continues to be a limiting factor that pre-
vents the more general use of Gaussian-n theories.

Recently, the compact effective pseudopotential (CEP) de-
veloped by Steve, Basch, and Krauss [40, 41] was implement-
ed in G3 [28] and G3(MP2)//B3 [30]; the resulting methods
are referred to as G3CEP [42, 43] and G3(MP2)//B3-CEP
[27], respectively. These methods were tested against the
G3/05 test set [44] and produced similar results to those
provided by the original methods, yielding similar mean ab-
solute deviations, but with a substantial reduction in the CPU
time.

The G3(MP2)//B3-CEP theory [27] is derived from a set of
ab initio calculations with an energy (Egsmp2)/m3-cep) that
approximates the energy obtained by a calculation performed
at the E[QCISD(T,Frz)/CEP-G3MP2large] level of theory,
according to the following expression:

Eg3mp2)//B3-cep = E[QCISD(T, Frz) /CEP-P31G(d)]
+ AEcep-Gamp2targe + AEnrc + Eso
+ EzpE, (1)

where the E[QCISD(T,Frz)/CEP-P31G(d)] energy term
is improved by including the following corrections: (a)
AECEP—GSMPZlarge :E[MPZ/CEP-G3 MP21arge] _E[MPZ/
CEP-P31G(d)]; (b) the spin-orbit correction taken from
atomic experimental measurements and theoretical calcula-
tions, Esp; (c) the zero-point energy and vibrational correc-
tions, E£7pg; and (d) a higher-level correction (HLC) to account
for residual electronic and basis set effects. The last correction
is expressed as AEyc = —A.ng — B.(ny — ng) for molecules
and AEyrc =—C.ng — D.(ny— np) for atoms, where n, and ng
are the number of valence electrons with alpha and beta spins,
respectively, ny > ng, and 4, B, C, and D are parameters that
are optimized to give the smallest mean absolute deviation
from the experimental data. All of the steps required and HLC
parameters used to calculate the G3(MP2)//B3-CEP energy
are described in the literature [27].

For elementary steps in which transition states were ob-
served, intrinsic reaction coordinate [45] calculations were
performed at the B3LYP/CEP-P31G(d) level to determine
the minimum energy path interconnecting transition states
and the associated minima of reactants and products. From

the equilibrium and transition geometries, the ground and
transition-state energies were calculated at the Egsnpoy/ss-
cep level of theory. Several initial random structures were
considered in the determination of the optimum equilibrium
and transition structures. The procedure is not a fully stochas-
tic method as described in the literature [46], but the potential
energy surface was explored thoroughly. The charge distribu-
tions were obtained at the E[QCISD(T,Frz)/CEP-P31G(d)]
level and calculated from natural population analysis (NPA)
[47, 48]. All of the calculations were carried out with the
Gaussian 09 program [49].

Results and discussion

The mechanism for the nitration of phenol using the nitronium
ion (NO,") as the electrophile was studied. The Gibbs free
energies of the reactants, products, and transition states ob-
tained at the G3(MP2)//B3-CEP level in the gas state at a
temperature of 298.15 K are shown in Fig. 4. The geometric
parameters of the optimized structures calculated at the
B3LYP/CEP-P31G(d) level and their G3(MP2)//B3-CEP en-
ergies are listed in Table S1 of the “Electronic supplementary
material” (ESM). The proposed mechanism for the title reac-
tion along with the corresponding structures are summarized
in Fig. 5.

As shown in Figs. 4 and 5, the approach of the nitronium
ion to the aromatic 7t-system of phenol leads directly to the
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Fig. 4 Gibbs free energy diagram for phenol nitration in the gas phase at
a temperature of 298.15 K

@ Springer



2524, Page 4 of 8

J Mol Model (2014) 20:2524

+
Y
O§N¢O bOiNi ‘
; /iionho
= e
0=N=0 / e
| (SET-ipso)
[ .
@ oH (TS-SET-ipso)
- (‘)H _
\ Oy WO @
|
SN < S
“. 5 03§
H r °
(SET-p) 5
(TS-SET-p)

OH
* +
NO,H
(c-0) (TS-0) (prod-o)
* OH
" .
s NO,H
-
(prod-p)
(TS-p)

Fig. 5 Proposed mechanism that leads to ortho- and para-nitrated products

formation of SET-ipso and SET-p intermediates with relative
stabilizations of —23.58 and —29.68 kcal mol ', respectively.
In other words, the intermediates are not obtained via the
initial 7t-complex. In addition, both reaction paths suggest that
the formation of the initial intermediate occurs without acti-
vation barriers. The structures in Fig. 6 show pronounced
distortion of the O—N-O bond angle from 180° in the case
of an isolated nitronium ion to 139.9° and 130.7° for the SET-
ipso and SET-p compounds, respectively. The similarity of
these angles to the bond angle of NO, (134.1°) has been
stressed in the literature [50]. This behavior differs from the
nitration of benzene, which may involve stable intermediates
formed via the 7t-orbitals [51] in the absence of ortho/para-
directing groups. It is worth remembering that the geometry
search is carried out at the B3LYP/CEP-P31G(d) level of
theory in the composite method used in this work, which
means that we cannot rule out the possibility of a -
intermediate occurring at a much higher level of theory.

To investigate the nature of the SET-p and SET-ipso struc-
tures, NPA charges [47] were obtained for NO, and the phenol
fragments for each intermediate. The results are shown in

Fig. 6 Structures of the initial
intermediates

S~

(a) SET-ipso

@ Springer

Table 1. The results of the NPA analysis indicate that, for both
structures, the positive charge is almost entirely localized on
the aromatic ring (SET-ipso=0.820 and SET-p=0.982), and
its magnitude is clearly dependent on the distance between
NO, and the phenol fragments. These results, combined with
the distortions to the angle O—N-O, demonstrate the occur-
rence of a single-electron transfer from the aromatic 7t-system
to the nitronium ion during steps that precede the formation of
the o-complex, as proposed for the SET mechanism [12, 16,
17].

The conversion from SET-ipso and SET-p to 0-0 and o-p
intermediates (Fig. 8) occurs via the respective TS-SET-ipso
and TS-SET-p transition states, shown in Figs. 5 and 7. These
species were characterized by calculating harmonic vibration-
al frequencies, and they exhibited the presence of only one
imaginary frequency each for TS-SET-ipso and TS-SET-p
(117.02i cm ™" and 26.73i cm ™, respectively).

As shown in Fig. 7 and in the ESM, the displacement
vectors of the imaginary normal modes of vibration show
the arrangement of the NO, fragment during the formation
of the N-C,,,,, and N-C,,,,, bonds. The activation energies
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Table1l NPA charges obtained for NO, and phenol in the SET-ipso and
SET-p intermediates. Distances (d) between the fragments are in A

Table 2 Gibbs free activation barriers, AGsgrpso and AGSgtparas
calculated at the G3(MP2)//B3-CEP, G3(MP2)B3, G3CEP, and G3
levels of theory. The respective energies calculated excluding the

Onea(NOy) Onra(CeHsOH) d(NO,~C¢HsOH)  entropic contribution are shown in parentheses
SET-ipso 0.180 0.820 2.24 AGsgr (keal mol™" 298.15 K)
SET-p 0.017 0.982 1.68
G3(MP2)/  G3(MP2)B3  G3CEP G3
B3-CEP
AGSsETipso 1.22(0.82)  1.14(0.72) 1.78 (0.98)  1.53 (0.58)
required to obtain the TS-SET-ipso and TS-SET-p transition AGsgrpara 109 (0.58) 099 (0.55)  0.67 (0.30)  0.76 (0.45)

states are 1.22 kcal mol™" and 1.09 kcal mol ™', respectively
(see Fig. 4 and Table 2). If the G3(MP2)//B3-CEP energies at
298.15 K are used, these barriers change to 0.82 kcal mol '
and 0.58 kcal mol ', respectively (see results in parentheses in
Table 2). These barrier heights were also calculated at the
G3(MP2)B3 [30], G3CEP [42, 43], and G3 [28] levels, and
the results are shown in Table 2. While the activation energies
are small, these steps show the correct interconversion from
the SET-ipso and SET-p intermediates to the respective o-
complexes, and therefore likely correspond to quick steps in
the reaction mechanism.

Figures 5 and 8 show that the 0-0 and o-p intermediates are
obtained from a complete two-electron transfer (or polar ad-
dition) between the aromatic 7t-system and the nitronium ion.
Large relative stabilizations of —30.96 kcal mol™' and
—29.54 keal mol ! were observed for o-p and o-o, respective-
ly (see Fig. 4), based on either the Gibbs free energy or the
G3(MP2)//B3-CEP energy thermally corrected at 298.15 K
(—40.47 keal mol " and —39.78 kcal mol ', respectively). It is
worth mentioning that the substituted arenium ion at the meta
position relative to the phenolic hydroxyl was not observed in
the present study, reinforcing the strong ortho/para-directing
character of the hydroxyl group.

The SET-p and o-p intermediates are more stable than the
respective SET-ipso and 0-o intermediates, as shown in Fig. 4.

Fig. 7 Transition-state structures
of TS-SET-ipso and TS-SET-p

The considerable stabilization of the SET-p species with re-
spect to SET-ipso (6.10 kcal mol ") reflects the greater prox-
imity of NO, to the aromatic ring (1.68 A for SET-p), as
shown in Table 1.

Conversion of the 0-0 and o-p intermediates to the prod-o
and prod-p protonated products occurs through the respective
TS-0 and TS-p transition states shown in Figs. 5 and 9. Such
species were characterized by the presence of only one imag-
inary frequency, with calculated values of 1764.32i cm ™' for
TS-0 and 1739.36i cm™' for TS-p. As shown in Fig. 9, these
imaginary frequencies correspond to the cleavage of C,,,;,,—H
and C,,,,—H bonds, respectively, followed by ONO-H bond
formation.

The potential energy surface in this study was employed
without the presence of Lewis bases and/or nitronium ion
carriers. Therefore, as seen in the TS-o0 and TS-p structures,
deprotonation of the -0 and o-p intermediates occurs through
isomerization steps promoted by oxygen atoms of the respec-
tive nitro groups. Table 3 shows the Gibbs free activation
barriers calculated using the G3(MP2)//B3-CEP,
G3(MP2)B3, G3CEP, and G3 theories as well as the barriers
calculated at these levels of theory without entropic correction

(a) TS-SET-ipso

(b) TS-SET-p

@ Springer
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Fig. 8 Structures of
the o-complexes

Fig. 9 Transition-state structures
of TS-0 and TS—p

(b)TS-p

Table3  Gibbs free activation barriers, AGrs om0 and AGrs para, calculated at the G3(MP2)//B3-CEP, G3(MP2)B3, G3CEP, and G3 levels of theory.
The respective energies calculated excluding the entropic contribution are shown in parentheses

AGrs (kcal mol ' 298.15 K)

G3(MP2)//B3-CEP G3(MP2)B3 G3CEP G3
AGTs ortho 32.59 (33.12) 32.51(33.04) 32.73 (33.29) 32.52 (33.29)
AGts para 28.46 (27.97) 28.50 (27.82) 28.91 (28.09) 28.62 (28.06)

Fig. 10 Structures of the
products

@ Springer
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(data in parentheses). The activation barriers to the formation
of prod-o are approximately 4 kcal mol ' higher than those
obtained for the formation of prod-p. The excellent agreement
between the results of G3(MP2)//B3-CEP theory and those of
the other more computationally expensive composite
methods, G3(MP2)B3, G3CEP, and G3, also demonstrates
the accuracy of the G3(MP2)//B3-CEP method in the calcu-
lation of activation barriers with reduced computational cost.

This mechanistic study demonstrates the high stability of
nitrated products compared to the reactants, i.e., —48.05 kcal
mol ! for prod-o and —52.91 kcal mol ' for prod-p (Figs. 4
and 10). Here, prod-p is the protonated product derived from
nitration at the para position; it is 4.85 kcal mol ™' more stable
and has a lower activation barrier than the respective ortho-
substituted product (prod-o).

Nevertheless, G3(MP2)//B3-CEP calculations carried out
for deprotonated prod-o and prod-p showed an inversion of
the relative stabilities of the compounds, i.e., the o-nitrophenol
is 1.76 kcal mol™' more stable than p-nitrophenol. The same
tendency is observed in experimental studies in the condensed
phase, which show a moderate preference for the o-nitro
isomer as the reaction product [52].

Conclusions

G3(MP2)//B3-CEP theory was applied to study the reaction
mechanism of the gas-phase nitration of phenol promoted by
the electrophile NO,". The formation of the initial 7t-complex,
as proposed by Olah et al. [6], between the nitronium ion and
phenol was not observed. However, direct observation of the
SET-ipso and SET-p intermediates and an investigation of
their characteristics confirmed the contribution of a single
electron transfer from the aromatic 7-system of phenol to
the nitronium ion during the steps preceding the formation
of the o-complex, as proposed by Kochi [12] and as observed
by Queiroz [17] and Esteves [16]. Therefore, our results are
consistent with the SET mechanism hypothesis.

The excellent agreement between the results afforded by
G3(MP2)//B3-CEP theory and those yielded by the most
accurate Gn methods, such as G3(MP2)B3, G3CEP, and G3,
demonstrate the utility of the former for predicting accurate
activation barriers while significantly reducing the computa-
tional cost.
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