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ABSTRACT

Density-functional theory (DFT) calculations at the LC-wHPBE/6-311++G(d,p) level found
that the textbook three-step nitration mechanism of benzene in mixed acids was seriously
wrong. Step 1 of generating nitronium ion (NOz*) is not spontaneous, the NO2* is generated
by Lewis collision, and needs to overcome a barrier Ea = 18 or 22 kcal/mol in mixed acid or
in nitric acid. Obtaining the Ea of the Lewis collision by quantum chemical calculations is a
highlight of the study. The reaction system (NOz* + H20) + HSO4+ or + NOs™ or + nH20 (n 2 1)
can make NO2z* spontaneously change to HNOs through a poly(23)-molecular acidification.
Sulfuric acid can greatly reduce [H20] and increase [NO2z*]. Therefore, the nitration rate in
mixed acid is much faster than that in nitric acid. Step 2, CsHe + NO2*, is an electrophilic
addition, follows the transition state theory, and needs to overcome a low barrier, AE* = 7
kcal/mol. The product of Step 2 is the o-complex CcHs-NO2*. The essence of the electrophilic
addition is the transfer of HOMO-1 electrons of CsHe to LUMO of NO2*. Step 3 is a spontaneous
Lewis acid-base neutralization without any barrier, and generates the target product
nitrobenzene C¢HsNO2. NO2* and o-complex are the two active intermediates in nitration.
The benzene nitration rate control step is not Step 2 of generating o-complex, but is Step 1
to generate NO2z*. The DFT calculation obtains the barriers E. and AE*, the reaction heats AHs
and AH, of each step of the nitration, resulting in the total nitration reaction heat AH = -35
kcal/mol. It is consistent with the experimental AH = -34 kcal/mol. Based on the results, a
corrected benzene nitration three-step mechanism proposed.
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1. Introduction

The nitration of benzene in mixed acid is an important
reaction in the electrophilic substitution of aromatics, and thus
it is always an indispensable content in the authoritative
general or advanced organic chemistry textbooks [1-6].
Benzene reacts slowly with hot concentrated nitric acid to yield
nitrobenzene, but if the reaction is carried out by benzene with
a hot mixture (usually 1:2-4) of concentrated nitric acid and
sulfuric acid, then it is much faster as the following Equation (1).
In nitration, sulfuric acid is not consumed, but it greatly
accelerates the reaction.

Over a hundred years, the nitration reaction mechanism has
been extensively investigated. In 1904, Euler [7] suggested that
the nitronium ion (NO2z*) is the nitrating agent. The classic
aromatic nitration mechanism finally was established through
subsequent large number of studies from many chemists [8-
20], which took about half a century. Among them, the
contribution of the Ingold group [12-20] to the mechanism is
the largest. In organic chemistry textbooks [1-6], the classic
nitration mechanism is shown as Scheme 1.

Step 1 (Scheme 1) is the hydroxyl oxygen of HNOs being
protonated by H2S04 in the mixed acid to generate NO2*, and is
a chemical equilibrium without any barrier. However, Step 1
means that HNO3 reacts with two H2S04 molecules, and it is able

to generate another positive ion Hs0* and another negative ion
HSO4+ . However, there is a key question without answer: is the
left — right spontaneous or need to overcome a barrier for the
generation of NO2*?If there is a barrier, is it how high? As early
as 1945, Ingold [21] had raised the question; Forming NO2* may
be ‘unimolecular’ or ‘bimolecular’, according as the heterolysis
of the nitric acid molecule to yield the NO2* is rate-determining
step or not? But in 1950, Ingold, based on the N20s-H:0 freezing
point diagram, concluded that the NOz* ion is generated by an
automatic proton transfer and an ion self-dissociation of the 2
HNOs (Equation (2)) [13,16].

In March’s advanced organic textbook [5], the HNO3 +
2H2S04 and HNOs + HNOs are even considered as an acid-base
reaction. Apparently, he also thinks that the formation of NO2*
is achieved by automatic or spontaneous proton transfer to
form O2N-OH2+, then dissociated into NOz*. Therefore, the
generation of NO2* in Step 1 (Scheme 1) has always considered
as a spontaneous process without barrier. But the nitration is
carried out at 50-60 °C, there must be a barrier, and thus the
barrier is judged to appear in Steps 2 and 3 in Scheme 1. In
organic chemistry textbooks, Step 2 marks by the adjective,
slow, showing that Step 2 is the rate-controlling step. In Step 3,
the o-complex transfers the H proton of benzene ring to HSO4~
or H20, it is considered as also need to overcome a barrier, but
its barrier is lower than that of Step 2, thus mark by the
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Steps

1 HNO; + 2H,S0; ——=

_—

NO,* + H3;0" + 2HSO,

NO,

2 ©+N02+ Slow H

o-Complex

NO,

3 H + HSO, or H,0 _Fast

c-Complex

NO,
+ H,S0, or H;0*

Scheme 1. The popular textbook three-step nitration mechanism of benzene in mixed acid.

NO,
(o]
© + HNO; + H,80, —280°C o + H,S0, + H,0 0
1 : 2 (98%)
2 HNO3 - 0;N-OHz* + NOs~ = 02N* + H20 + NO3~ 2)

adjective, fast. Many textbooks often give a potential energy
curve with two barriers, and the barrier of Step 2 is higher than
that of Step 3, which again shows that Step 2 is the rate-
controlling step (Scheme 1).

However, NOz* is a high-potential cation. Isn’t there any
barrier to be overcome for forming such an ion? In 1978, Sheats
and Strachan [22] performed a kinetic study on the nitration
mechanism of toluene in mixed acids. By using a stopped-flow
spectrometer, they obtained the kinetic parameters of toluene
nitration in 77.3 or 78.45 wt % sulfuric acid (Nitric acid: sulfuric
acid = 1:3.4 or 1:3.6) and the activation energy of forming NO2*
was obtained by kinetic calculation, Ea = 18.3%4.0 kcal/mol. The
Eaof the reverse reaction is 10.5 or 12.0+4.0 kcal/mol. The E. of
CHs-CeHs + NO2* generating o-complex is 5.9+£0.1 and 6.3£0.5
kcal/mol, respectively. The results indicate that the rate control
step of the nitration in mixed acids is not Step 2 in Scheme 1,
but is Step 1 of generating NOz*. The barrier data of toluene
nitration in mixed acid is the only experimental one in the
literature so far. However, their method cannot determine
which one of the two steps of forming NOz* and o-complex
follows the transition state theory and which one follows the
Lewis collision theory.

Last over 30 years, many groups have made quantum
chemistry study on the aromatic nitration mechanism [23-33],
but no one paid attention to how the nitronium ion NO2* be
formed, and all focus on the “rate-controlling step”, Step 2 in
Scheme 1. These ab-initio or DFT calculation studies on the C¢Hs
+ NOz* mechanism have yielded great results. The results
confirmed that the C¢He + NO2* reaction follows the transition
state theory and the product is an o-complex (arylium ion). A
recent research of Brinck group [33] is representative. They get
by DFT calculation at M06-2x/6-311G(d,p) level that the
addition barrier of forming the o-complex of benzene is low, 3.1
kcal/mol (H20 as solvent), and the reaction heat is -13.0
kcal/mole.

The nitration mechanism given in Scheme 1 is a three-step
process, NO2* and the o-complex are two active intermediates,
and these contents are correct. However, the DFT calculations
show that the rate-controlling step of the benzene nitration is
not Step 2 of generating o-complex, but is Step 1 of generating
NO2*. Step 3 of generating the target product is a spontaneous
Lewis acid-base neutralization without any barrier.

2. Computational methods and frontier orbital theory

The DFT computation was carried out with Gaussian 16,
Revision B.01 program [34] and DFT methods. LC-wHPBE [35]
is a recommended version of the long-range corrected wPBE
functional. In 2014, Galano [36] found that LC-wHPBE was the
best among 18 functional for kinetic calculations of radical
reactions by using 6-311++G(d,p) basis set and experimental
data as reference; and found that the second best functional is
MO06-2x [37]. One of our recent research on the solvolysis
mechanism [38] of t-butyl chloride or bromide shows that the
LC-wHPBE also is a suitable functional. Considering that
benzene is a large conjugate molecule, the hydroxyl group of
H20 is a key active group, and negative ions (HSO4+, NO3’)
appear in the nitration, the DFT calculation also uses the 6-
311++G(d,p) basis set.

Kenichi Fukui’s frontier orbital theory (FO) [39-41] is the
most widely used molecular orbital theory (MO) to demonst-
rate the electron transfer process of many organic reactions. In
the frontier orbital theory (FO), the bonding three-principles
[42] are the basic conditions for chemical bonding, of which
symmetry matching is the most critical. In order to show the
electron transfer process in nitration, many structures are
attached with their HOMO and LUMO images. However, for
organic reactions, especially poly-molecular reactions, the
frontier MOs are diverse. The HOMO-1 or LUMO+1 or other MOs
are also often frontier MOs.

The solvent of the nitration reaction is a mixture of
containing strong polar HNOs, H2S04, H20 and product CeHsNOz.
Nitration is carried out in such a solvent, and thus the solvent
effect must be included in the DFT calculation. However, the
Gaussian program cannot calculate the solvent effect of the two
strong acids. In order to estimate the solvent effect of the
nitration, HCONHz (& = 108.9) is used as solvents to perform the
simulation calculation. HCONHz was chosen because it has the
highest polarity (H2S04 € = 100), and it had already been used
in a study [32] of the benzene nitration mechanism performed
by DFT calculation. The Tomasi’s polarizable continuum model
IEFPCM [43-46] is used to calculate the solvent effects.

In the study, the energies obtained by the DFT calculation
all have included the zero-point correction and the thermal
correction to the Gibbs free energy, which allows the calculation
to obtain the Eaand AE* reaction heat AHs; and AH,of the three
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Steps

1 HNO; + H,SO,
2 H,0*-NO,

3 H,0 4+ H,S0,

11

H,0*-NO, + HSO,
NO,* + H,0

H;0* + HSO,

HNO; + 2 H,SO,

NO,* + H;0" + 2HSO4

Scheme 2. Generating NO2* and H30* by HNO3 + 2H2S04in the textbook mechanism.

(a) H2S045 HSO4 + H*

(3)

(b) HO-NO2 + H* < H20*-NO2

nz3

Spontaneous

H2304 + nH20

steps at default 298.15 K, and enables the data obtained from
the DFT calculation to be compared with the experimental data.

3. Results and discussions

3.1. Generation of NOz* in textbook mechanism is a wrong
description

For the nitration of benzene, the electrophile NO2* must
first be generated, as shown in Step 1 in Scheme 1. Step 1 is a
reaction between one nitric acid and two sulfuric acid
molecules. The productis 1 NOz*, 1 H30*, and 2 HSO4 . How did
the NO2* and H3O* formed? Some textbooks [1,4] already
explain: Step 1 in Scheme 1 is a three-step reaction as shown in
Scheme 2. Step 1 in Scheme 2 generates a key active
intermediate through the automatic proton transfer to HNO3, o-
complex H20*-NOz2. Step 2 in Scheme 2 is the formation of NO2*
by a spontaneous dissociation of the o-complex. Finally,
another product H20 from Step 2 in Scheme 2 is protonated by
the second H2S04 molecule to form H30* in Step 3 (Scheme 2).

However, the study shows that the three Steps 1-3 in
Scheme 2 all are wrong. First, the o-complex H20*-NO2 cannot
be formed in mixed acid. Second, here H20 cannot also be
protonated by H2S04 to H30* because the H2S04 molecule is not
in water but is in mixed acid. Note that, in some textbooks [1,3],
Step 1 in Scheme 1 is HNO3 + H2SO04+ < NO2* + H20 + HSO4, so
only Steps 1 and 2 in Scheme 2 exist. Of course, these two steps
are also wrong.

The DFT calculation shows that HNO3 and H2S04 or 2ZHNO3
cannot react spontaneously to form o-complex H20+-NO2. Then,
how is the H20+-NOz in the textbooks formed? Apparently, it is
a classic acid-base neutralization process [5], HNO3 + H2S04 is
through the reaction in Equation (3).

However, in mixed acid, there is no such H2S04 automatic
dissociation to form the free H*, because the O-H bond in the
H2S04 or HNO3 molecule is an o-bond with high strength, so
there is no automatic protonation either.

The 1 is the optimized initial structural of H2SO4 (Figure 1)
and 2 is the optimized product structure after H2SO4 being
dissociated (Figure 1). From 1 and 2 (Figure 1), the dissociation
energy is AE = E1* - E1 = 0.235030 a.u. = 147.4 kcal/mol. Also
using ab-initio MP2 to perform this calculation, the AE =
0.237408 a.u. = 148.9 kcal/mol. It has a high dissociation
energy, indicating that it is impossible to generate free H* ion
by automatic dissociation of H2SOs in mixed acid. The
dissociation of H2S04 in Equation (3a) does not exist in mixed
acid.

The 3 is an initial structural setting of o-complex H20+-NO2
after HNOs is protonated by H* (Figure 1) and 4 is the optimized

(n-1) HyO = H3;0" + HSO, 4)

structure of 3 (Figure 1). The 4 shows that the o-bond of H20+*-
NO: has been broken, that is, the H20*-NO2 become to H20 and
NO2* after optimization. A stable o-complex will definitely exist
in its optimized structure (Ex. C¢He-NO2* behind). The above
results show that there is no free H*, also no o-complex H20*-
NO2 in the mixed acid. The formation of NO2* does not occur
through the dissociation of H20*-NOz, but rather through
another pathway.

If the hydroxyl oxygen protonation of HNO3 can form the
H20+-NOz, then H20 + NO2* can also form the o-complex, but
why cannot the two form the o-complex? The 5 and 6 is an
optimized structure of NOz* + H20 with HOMO and LUMO
images and energy E' (Figure 1). This is an Opt = Modredundant
calculation with freezing coordinates (H20---NO2* = 2.000 A).

The nature of generating o-complex by NOz*and H20 is the
transfer of HOMO electrons of H20 to LUMO of NO2*. According
to the “+*” and “-*” in the HOMO of 5 and the “-*” in the LUMO
of 6, the symmetry of the two frontier MOs non-match (Figure
1). At the same time, the energy of internuclear repulsion
increases N---O approaches each other. The energy E’ of the
systems 5 or 6 is 6.6 kcal/mole higher than the E1 of 4. If the o-
complex is set to H20---NOz* = 1.5 A, the DFT calculation gives
that its energy rises by 24.7 kcal/mol. These show that electron
transfer HOMO — LUMO cannot occur, and therefore, even
though H2S0s can automatically form H+ (Equation 3a),
protonation (HNOs + H*) cannot also form the o-complex Hz0-
NOz*. Therefore, in the generation of NO2*, the o-complex
intermediate H20+-NO: does not exist in the mixed acid, that is,
the two chemical equilibriums 1 and 2 in Scheme 2 are wrong.

The following needs to continue to examine the Step 3 in
Scheme 2. If the H2SO4 molecule is in water, the proton of its -
OH group can easily be transferred to a H20 molecule. However,
the DFT calculation shows that the generation of H30* in water
also is not a simple bimolecular reaction of H2S04 + H20. It is a
poly-(n = 4) molecular proton-transfer process.

In Figure 2, the system 1 is the optimized initial structure of
one H2S04 molecule and three H20 molecules, and system 2 is
the optimized product structure. It can be seen from 2 (Figure
2), H30* spontaneously formed and released reaction heat AH =
Ep - E1=-0.018454 a.u. =-11.6 kcal/mol. If the number of water
molecules is increased, the bond length of the H30* will be
shorter and the reaction heat released will increase. Therefore,
H2S04 tends to form Hs0* in water. The protonation of H20 is a
spontaneous poly-molecular (H2SOs4 + nH20, n = 3) proton
transfer. The generation of H30* can be expressed as Equation
(4). Note that it is not a chemical equilibrium.
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e

Optimized initial structure
E1=-700.002134 a.u.

1

+
1.370
129.0
02N-OHz+

An o-complex structure setting from
HNOs3 hydroxyl oxygen protonation

1619~
HOMO
NO2* + Hz20
An optimized setting structure
Enomo =-0.506407 a.u.
E'=-281.143602 a.u.
5

H* + HSO4~
Optimized product structure after H2SO4 proton dissociation
E1*=-699.767104 a.u.

NO;" 1770
NO:* + H20
Optimized structure of 3
E1=-281.154120 a.u.

NO;" 161.9

LUMO
NO2* + Hz20
An optimized setting structure
Evomo=-0.073079 a.u.
E'=-281.143602 a.u.
6

Figure 1. 1 is the optimized structure of H2S0a. 2 is the optimized product structure after H2SO4 proton dissociation. 3 is an initial structure setting of HNO3
hydroxyl oxygen protonation; 4 is an optimized structure of 3 and energy Ei. 5 and 6 are an optimized structure setting of NOz*+ H20 with HOMO and LUMO
images and energy E'. The solvent is HCONHz. In 2, -0"---H* = 3.500 A; In 5 and 6, H20--NO2* = 2.000 A, the Chem3D orbital iso-contour = 0.05.

H2S04 + 3H20
Optimized initial structure setting
E1=-929.160929 a.u.

1

Lewis collision
S0
1.024 o -

H,0

H,S0,

H2S04 + H20
Optimized initial structure
E1=-776.397913 a.u.

3

a2
1568, H202
+
1454“3034/‘ H30"
\ 454 7Y g9
- 4
=g H 1558
)
HSO, H203 f

HSO4~ + H30*+ 2H20
Optimized product structure
Ep=-929.179383 a.u.

+
0.976

0978

HSO4+~ + H30*
Optimized product structure after Lewis collision
Ep=-776.354076 a.u.
4

Figure 2. The systems 1 and 2 are the formation of H30* in water by H2S04 + 3H:0. The systems 3 and 4 are H2S04 and Hz0 in mixed acid by Lewis collision to
generate H30*. The systems 1 and 2, Hz0 as solvent. The systems 3 and 4, HCONH: as solvent. The atom coordinates of structures 1-4 see the Supplementary

material, S1.
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Lewis collision

H,S0, + H,0
Spontaneous

E, 27 kcal/mol

HSO, + H,0" (5)

N

Lewis acid-base neutralization

Even in water, if H2S04 molecules only interact with one or
two H20 molecules, they cannot spontaneously form HzO*.
Fortunately, H20 molecules are everywhere in water.

The state of H2S04 in mixed acid is completely different
from that of water. The 3 in Scheme 2 gives a chemical
equilibrium for the formation of H30+, but the authors [1,4,5] do
not take into account that the H2SO4 molecule is in mixed acid
and is not in water.

For the nitration in mixed acid, usually HNO3:H2504 = 1:2-4.
If the ratio is 1:2, and the nitric acid is with 30% water, it is easy
to calculate that ten H2SO4 molecules in the mixed acid can only
get eight H20 molecules to complex with them, that is, on
average, one H2S04 molecule cannot get one H20 molecule to
complex. This makes the formed NO2* difficult to be acidified by
H20 molecules, which increases the lifetime of NOz*. Therefore,
NO2* is easy to survive in mixed acid. A potential energy surface
scan (PES) calculation can show that in mixed acid the NO2* and
H30+ can only be generated by a Lewis collision between H2S04
and H20 molecules.

The 3 is the optimized complex structure of H2SO4 + H20
(Figure 2). The distance between the hydroxyl H of H2SO4 and
the O of H20 is 1.521 A, and thus it is a strong complex. The 4 is
the product structure after the Lewis collision. It is an Opt =
Modredundant calculation under freezing coordinates
(HOSO3--H30* = 3.200 A), because there is no the stable
product structure of H3O* + HSO4 . From Figure 2, the 3 and 4,
Ea = Ep - E1 = 0.043837 a.u. = 27.4 kcal/mol, is a high barrier.
The chemical Equilibrium (3) in Scheme 2 can be expressed as
Equation (5).

Left — right in Equation (5), H2SO4 and H20 become into
products H30* + HSO4 is through a Lewis collision. It needs to
overcome a high barrier 27.4 kcal/mol, which indicates that it
is difficult to form H30+. The reverse process right — left is a
spontaneous bimolecular Lewis acid-base neutralization,
indicating that once H30* formed, no matter where it is around
HSO4, these two will immediately change back to H2SO4 and
H:0, and release the same energy, -27.4 kcal/mole. This shows
that the number of H30* in mixed acids is actually zero because
it is not a stable intermediate, that is, the chemical equilibrium
Step 3 in Scheme 2 does not exist in mixed acid. Therefore, the
Step 1 is wrong in Scheme 1. As you will see below, NO2* from
Lewis collision is different from the Hs0*: it is a stable active
intermediate in mixed acid.

3.2. Generating active intermediate NOz* by Lewis collision

The study shows that the generation of NOz* is not through
the formation and dissociation of the fictitious o-complex H20+*-
NO2 (Scheme 2, Steps 1 and 2). NOz* is directly generated by the
Lewis collision between a HNO3 and a H2S04 or between 2HNO3
molecules, but it needs to overcome the highest-barrier in the
three-step nitration. Generating NO2* by Lewis collision needs
to meet three conditions.

First, the collision products must be good leaving groups.
The generation of NO2* in mixed acid can consider as a HNO3
and a H2S04 molecule collide to form a NOz*, a H20 and a HSO4 .
These three products are good leaving groups in mixed acid or
strong polar solvents. Second, the generation of NO2* is through
Lewis collision, which does not follow the transition state
theory, and thus there is no transition state (TS) barrier in the
collision path. A potential energy surface scan calculation
shows that there is no transition state barrier along the collision

path of forming NOz. Figure 3 is the optimized initial structure
with the collision path (red dotted line) between HNOs and
H2S04. This is the most direct and reasonable Lewis collision
path. The distance between the H atom of H2S04 and the oxygen
of the -OH group of HNO; is 1.870 A. The optimization result
also shows that HNO3 cannot be automatically protonated by
H2S04 to form water and NOz*. If the H:--OH length is =1.015 A,
it will bond to form Hz0. Therefore, the interval of the scan is
1.870-1.015 A. Figure 4 shows the energy curve of the potential
energy surface scan (PES). The energy keeps rising with the
approach of the distance between the H atom of H2SO4 and the
-OH of HNOs3, the energy is the highest at when it reaches 1.015
A, and is higher 22.0 kcal/mole than that at 1.870 A. This proves
that there is no transition state barrier in the path of Lewis
collision. Third, the opt calculation of the product system must
show that the NOz* from Lewis collision is a stable active
intermediate, which ensures that NO2z* has a measurable
concentration in solution. The barrier get by Lewis collision
called activation energy E.. Note that if a reaction follows the
transition state theory, its barrier is called as the activation
barrier, labeled as AE*.

The Ea calculation only requires the energies of optimized
initial structure and optimized product structure before and
after collision of HNOs and H2SOs, but without having to
consider how the collision proceeds [38]. The initial structure
of the two molecules with the lowest energy before collision is
generally easy to determine. However, the product structure
after collision is often difficult to do because there are many
different product configurations after collision, which needs to
find the product system that NO2z* is a stable intermediate.

The 1 is the optimized initial structure and the energy E1 of
HNOs + H2S04 before collision (Figure 5); 2 is the optimized
product structure and energy E1* after collision (Figure 5). For
the optimized product 2, here H20 and HSO4 are on both sides
of NOz*, and NO2* has good linearity, ZON*O = 176.7°. This is an
Opt calculation, the three are a stable product system, that is,
the NOz* is an independent and stable active intermediate. Of
course, ZON*0O # 180° showing that there is a weak electrostatic
interaction between the three, but this is normal in solution.

The energy E1* of product 2 is higher than the energy E1 of
initial structure 1 (Figure 5). The elevated energy is the Ea of
forming NO2*, Ea= E1*- E1=0.028058 a.u. = 17.6 kcal/mo], is not
high, but in the three-step nitration of benzene, the barrier is
the highest. The barrier obtained by the DFT calculation is
consistent with Sheats’ experimental Ea of toluene 18.3+4
kcal/mol [22]. Note that the structure of Figure 3 cannot be
used for the initial structure, because the bimolecular system
does not have the lowest energy; it is 2.8 kcal/mole higher than
that of 1 (Figure 5). The calculation of Ea must use the 1 initial
structure with the lowest energy (Figure 5).

Based on the barrier and the stability of NO2*, [NO2*] is high
at 50-60 °C, that is, NOz* is a measurably stable intermediate.
Therefore, the Lewis collision reaction in Figure 5 can be
expressed as Equation (6), a chemical equilibrium.

Left — right shows that a H2S0s+ and a HNOs molecule
become to products NOz* + H20 + HSOs+ through a Lewis
collision, which makes a bimolecular system becomes a tri-
molecular one, later will prove that right — left is NO2* to be
acidified back to HNO3 and H2S0s, which is a spontaneous tri-
molecular electrophilic substitution, NO2* is the electrophile,
and thus there is no reverse barrier in the equilibrium.
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Lewis collision

s HNO;
HNO3 + H2S04
An optimized initial structure with a Lewis collision path
E1=-980.777551 a.u.

Figure 3. An optimized structure of H2SO4 and HNO3 with a Lewis collision path (red dotted line).
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Figure 4. The potential energy surface scan curve along the collision path R (HO3SOH::-O(H)NOz).
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HNOs3 + H2S04
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E1=-980.780930 a.u.
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Figure 5. Generating NO2* by Lewis collision of HNOs and H2S04 in mixed acid. 1
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Optimized product structure after an effective collision
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is the optimized initial structure and energy E1; 2 is the optimized product

structure and energy Ei* after an effective collision obtained by DFT calculation at the LC-wHPBE/6-311++G(d,p) level. The solvent is HCONHz. The atom
coordinate tables of structures 1 and 2 are presented in the Supplementary material, S2.

Lewis collision

E,
HO-NO,

+

5 N\ .
NO," + H,0 *+ HsSO,

+ HO-SOzH
Spontaneous

However, although the reverse reaction is spontaneous, the
ternary molecule system in Figure 5, 2 takes quite a long time
to form an effective tri-molecular acidification system, which
gives NOz* a considerable lifetime, that is, it can form a
measurable [NOz*] in the H2SO4 + HNOs solution. Therefore,
Equation (6) is a good chemical equilibrium.

Generating NOz* in nitric acid also occurs through the Lewis
collision between two HNO3; molecules. The 1 is the optimized
initial structure and energy E1 of 2HNOs before collision (Figure
6), 2 is the optimized product structure and energy E1* after
collision (Figure 6). The optimized product structure 2 also is a
stable opt structure, but different from the collision product
structure between HNOs and H2SO4 (Figures 5), the products

(6)
~__

Tri-molecular acidification

H20 and NOs- are on the same side of NOz* and are close to each
other. Due to such a configuration, the three are easy to form a
tri-molecular acidification system (See Section 3.3, Figure 7, 5).
The £ON*0 = 173.2°, showing that the NO2* linearity is worse
than that in mixed acid. Therefore, the stability of NO2*in nitric
acid is not as good as in mixed acid.

From Figure 6, the 1 and 2, Ea= E1*- E1 = 0.034431 a.u. =
21.6 kcal/mol, showing that the collision between the 2 HNO3
needs to overcome a much higher barrier Ea than the HNO3 +
H2S04 in mixed acid. The Lewis collision reaction in Figure 6 can
be expressed as Equation (7).
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Figure 6. Generating NO2* by Lewis collision between two HNO3 molecules: 1 is the optimized initial structure and energy E1 of 2 HNO3 before collision; 2 is
optimized product structure and energy E1* after collision. The solvent is HCONHz. The atom coordinate tables of structures 1 and 2 are presented in the

Supplementary material, S3.

Lewis collision

E, . VA
HO-NO, *+ HONO, ==——->= NO,” + H,0 * NO, (7)
Spontaneous &\ =~

Equation (7) also is a chemical equilibrium [47], the left —
right shows that the two HNOs; molecules become into the
product NOz* + H20 + NOs3™ through a Lewis collision, and that
makes the bimolecular system becomes a tri-molecular one, but
the Ea is much higher than in mixed acid. The right — left is the
NO2* to be acidified into 2 HNOs, which is a spontaneous tri-
molecular electrophilic substitution. Due to the fact that NO2* is
not an adequate stable ion in nitric acid, the rate at which NO2*
is acidified is much faster than in mixed acid. Therefore, the
[NO2*] is much lower than that in mixed acid. Although Equation
(7) is a chemical equilibrium, it is not a good one.

The Ea of generating NOz* is 21.6 kcal/mol, which is 4
kcal/mol higher than in mixed acid. This is a big increase for
reaction barrier. Ingold [15,16] referred to the generation of
NOz* in nitric acid as an automatic “self-dissociation” of 2ZHNO3
molecules. However, the “self-dissociation” is not only incorrect,
but also needs to overcome a barrier much higher than in mixed
acid.

3.3. Acidification of NOz* is a spontaneous poly(23)-
molecular electrophilic substitution

The DFT calculation found that the nitronium ion NOz*is
easily acidified back to the HNO3 molecule. The system in mixed
acid is a tri-molecular one NOz* + H20 + HSO4 (Equation (6),
right — left). A similar tri-molecular system NO2*+ H20 + NO3~
(Equation (7), right — left) also exists in pure nitric acid. For the
benzene nitration in nitric acid, the acidification system NO2* +
nH20 (n 2 2) also exists because there are large amount of water
in nitric acid. The acidification is a spontaneous poly(=3)-
molecular electrophilic substitution. NO2* ion is the
electrophile. The HSO4 or NOs™ or Hz0 is the proton acceptor.

It is generally believed that NO2* is acidified through a two-
step reaction: NO2* + H20 — 02N-OHz* + H20 - HONO: + H30+,
but the two-step acidification is incorrect. As mentioned above
(Section 3.1), the NO2* and one H20 molecule cannot form the
o-complex (Figure 1, 3-6).

1 shows an initial tri-molecular structure setting of NO2* +
H20 + HSO4 (Figure 7), 2 is the optimized structure of 1, the
optimization generates a HNOs and a H2SOsmolecule (Figure 7).
In the tri-molecular acidification, NO2* combines with the H20
at the same time the HSO4 ion accepted a proton H* of the H20,
and thus a H2SOs and a HNOs are formed. 1 — 2 is the reverse
reaction in Equation (6).

The electrophilic substitution process for acidification of
NOz* is also the transfer of frontier MO electrons of H20 to
LUMO of NO2z*. NO2* and HSO4™ are acidified to HNO3 and H2S04

Tri-molecular acidification

in one step. The products 3 and 4 are the optimized structure of
the setting 1 with HOMO-3 and LUMO images and energy F’
(Figure 7). This also is an Opt = Modredundant calculation
under freezing coordinates (H20---NOz* = 2.661 A). Since HSO+
is a negative ion, the HOMO, HOMO-1 and HOMO-2 are all on it,
so the frontier MOs of the optimized tri-molecular system are
the HOMO-3 on H20 and LUMO on NOz*. The orbital symmetry
of HOMO-3 (+*) and LUMO (+*) matches, and thus the electron
transfer HOMO-3 — LUMO can proceed. Similarly, 5 is an initial
tri-molecular structure setting of NOz* + H20 + NOs, 6 is the
optimized structure of 5, showing that the optimization
spontaneously generates two HNO3 molecules (Figure 7).

The electron transfer process of the tri-molecular
acidification of NOz* + H20 + NOs is similar to NOz*+ H20 + HSO4~
(Figure 7, 3 and 4) in mixed acid. However, in nitric acid, there
is 30-35% water. NOz* + nH20 (n 2 2) is also easy to come back
HNOs.

NOz* + 2H20 also is a tri-molecular electrophilic substitu-
tion and follows transition state theory, it is not a spontaneous
reaction. This is because HSO4, NO3™ are strong Lewis alkali, but
H20 is weak one. 1 and 2 are the optimized initial structure with
HOMO and LUMO and energy E: (Figure 8). The orbital
symmetry of the HOMO (p orbital “+*”, “-*” of H20 1, Figure 8)
and the LUMO (p orbital “+*”, “-*” of the N atom) in NO2* is
compatible. Therefore, the HOMO electrons of H20 1 (Figure 8)
can be transferred to the LUMO of NOz*.

The 3 is the transition state TS structure with HOMO-1
image, here a small amount of HOMO electrons has transferred
to the two oxygen atoms of NO;* (see inside curly brackets)
(Figure 8). Note that this is a tri-molecular reaction; the pair of
HOMO electrons of H20 (Figure 8) in 1 is not always in the
HOMO orbital of thr reaction system during the electron
transfer process. In the TS, the frontier MO electron of H20 1
(Figure 8) is now in the HOMO-1 (HOMO is not given here).
From 1and 3, AE*=0.009029 a.u. = 5.7 kcal/mol (Figure 8). The
barrier is low, so the electron transfer is similar to be a
spontaneous process.

4 is the optimized product structure with HOMO image of
the tri-molecular acidification (Figure 8). The H20 1 in Figure 8
has completed the electron transfer and HNOs has been
generated. At the same time, the H20 2 (Figure 8) molecule
accepts the proton of H20 1, the H30* ion has been generated,
and thus the tri-molecular electrophilic substitution is
completed.
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Figure 7. Products 1 and 5 are an initial tri-molecular structure setting of NO2* + H20 + HSO4- and NOz*+ H20 + NOs-. Products 2 and 6 are the optimized product
structures of 1 and 5. Products 3 and 4 are the optimized initial structure setting of 1 with HOMO-3 and LUMO images and energy E’ under freezing coordinates

H20--NO2* = 2.661 A. The solvent is HCONH.. Chem3D Orbital iso-contour = 0.05.

The DFT calculation shows that if the acidification of NO2*
is carried out under the action of 2-5H20 molecules, it needs to
overcome a barrier of 1-6 kcal/mol. The barriers are very low,
and thus they are an approximately spontaneous reaction. The
study found that if NOz* is to spontaneously complete the
acidification by water, at least six H20 molecules must
participate in the reaction. The 1 is an initial structure setting
of NOz* + 6H20, a seven molecular reaction system (Figure 9).
The product 2 is the optimized product structure of 1 (Figure
9).

The acidification of NO2* in Figure 9 is a spontaneous seven-
molecular electrophilic substitution [38]. The products are
HNO3z and H3O+. The four H20 molecules, H20 and H20 4-6
played a catalytic role in the reaction. Of course, such a sponta-
neous seven-molecular acidification is completely impossible in
mixed acids. It is estimated that even in nitric acid, the chance
of occurrence also is extremely small.

In mixed acid, although [H20] is greatly reduced, there is a
content of ~10%. The tri-molecular acidification (Figure 7,
1-2) is spontaneous and fast, and thus the benzene nitration
often maintains at 50-60 °C and under effective stirring. This
can increase [NO2*], and enables that once NOz* is formed,
benzene molecules can be nitrated immediately.

Nitric acid contains 30-35% water, which is very high. The
molecular weight of HNO3 is 3.5 times that of H20, that is, the
mole amount of H20 in nitric acid is about 1.5 times that of
HNOs. Therefore, in nitric acid, there is not only an acidification
path of NO2* + H20 + NO3', but also NO2z* can be quickly acidified
by water, and therefore [NO2*] in nitric acid is extremely low. It
is inevitable that the nitration of benzene is difficult to perform
in nitric acid.

3.4. Generating o-complex intermediate by electrophilic
addition of CsHs and NOz*

The DFT calculation shows that the electrophilic addition of
NO2z* and CeHe generate an o-complex intermediate, it follows
the transition state theory, and need to overcome a low
activation barrier AE*. NO2* is the electrophile. 1 and 2 show
the optimized initial structure with HOMO and HOMO-1 of Ce¢He
and energy E: (Figure 10). The HOMO and HOMO-1 are two
degenerate orbitals. The orbital energy difference of HOMO and
HOMO-1 is AEun-1= 0.03 eV, is very small, and thus HOMO-1 is
also a frontier MO (Figure 10). 3 is the optimized initial struc-
ture with LUMO image of NO2z* (Figure 10). Note that the LUMO
and LUMO+1 of NOz* both are approximately the degenerate
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Figure 8. The systems 1 and 2 are the optimized initial structure with HOMO and LUMO images, and Energy E1 of NO2* + 2H:0 system. 3 is the transition state TS
with HOMO -1 and energy E1*, 4 is the optimized product structure with HOMO images and energy E,. Chem3D, Orbital iso-contour = 0.05. The solvent is HCONHo.

The coordinate tables of structures 1-4 see Supplementary material, S4.
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Figure 9. The acidification of NO2* + 6H20 is a spontaneous seven-molecular electrophilic substitution. 1 is the initial structure setting of the seven-molecular

system. 2 is the optimized product structures of 1.

orbitals (AELL+1= 0.01 eV). Therefore, LUMO+1 is also a frontier
MO. However, the LUMO+1 and the HOMO or HOMO-1 do not
match, so the optimized initial structure with the LUMO+1
image is not shown.

The CéHe + NO2* is an electrophilic addition between both.
The essence of the addition is the transfer of HOMO-1 electrons
of CeHe in 2 to the LUMO orbital of NO2* in 3 (Figure 10). From
2 and 3, the orbital symmetry of the HOMO-1 (+*, -*) of CsHe and
the LUMO (+*, -*) of NO2* matches (Figure 10). Therefore, the
HOMO-1 electrons of CeHe can transfer to the LUMO of NOz*.

4 is the transition state (TS) structure with the HOMO image
and the energy E1* (Figure 10). The C---NOz* distance is 2.261 A
(Figure 10). The transfer of HOMO electrons of C¢He in TS to the
LUMO of NOz* does not appear. This is the inevitable result of
the symmetry mismatch between 1 and 3.

5 is the TS structure with HOMO-1 image. In the TS, many
HOMO-1 electrons of CeHe have transferred to the C- - NOz*
region (see inside blue braces). This is also the inevitable result
of the symmetry match between 2 and 3. 4 and 5 indicate that
the symmetry matching between two frontier MOs is a
necessary condition for the realization of electron transfer. It
can be seen from Figure 10 2, 3 and 5, the frontier MOs electron-
transfer of the electrophilic addition is HOMO-1 2 - LUMO 3.

From the initial structure energy E1 and the energy E1* of
TS, the activity barrier of NOz* and CeéHs electrophilic addition
AE* = E1 - E1* = 0.010975 a.u = 6.7 kcal/mol (Figure 10). The
barrier (HCONH: as solvent) is consistent with Sheats’s [22]
two barriers 5.9+0.1 and 6.3+0.5 kcal/mol of the generated
toluene o-complex.
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Table 1. The optimized initial energy Ej, the TS energy E1*, the optimized o-complex energy Eo, activation barrier AE*, reverse barrier AE:* and the reaction heat

Hongchang Shi / European Journal of Chemistry 14 (1) (2023) 39-52

AH; of generating o-complexin HCONH? obtained by DFT calculation at the LC-wHPBE, M06-2x, M05-2x/6-311++G(d,p) level.

DFT method Ei(a.u) E* (a.u.) E; (a.u.) AE* AE* AH, (kcal /mol)
LC-wHPBE -436.701413 -436.690750 -436.717861 6.7 17.0 -10.3
MO06-2x -436.820069 -436.815555 -436.838644 2.8 14.5 -11.7
MO05-2x -436.937376 -436.935834 -436.959364 1.1 14.8 -13.8

CeHs

HOMO
CsHs + NO2+
Optimized initial structure
Enomo = -0.378236 a.u.
E1=-436.701413 a.u.
1

CeHs : :

LUMO
CsHe + NO2*
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Evumo=-0.078832 a.u.
E1=-436.7011413 a.u.
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CsHes + NO2+
Ewnomo-1=-0.413096 a.u.
E1=-436.690750 a.u.
5

CsHes + NO2+
Optimized initial structure
Ewnomo-1 =-0.379370 a.u.
E1=-436.701413 a.u.

CeHe
TS, HOMO
CsHe + NO2*
Optimized initial structure
Enomo=-0.410595 a.u.
E1=-436.690750 a.u.

A }
o-complex ( CgHg-NO,*

HOMO-1
o-Complex CsHe-NO2*
Optimized product structure
E;=-436.717861 a.u.

6

Figure 10. The 1, 2 and 3 are the optimized initial structure with HOMO, HOMO-1 and LUMO, and system energy E1; 4 and 5 are the transition state TS structure
with HOMO, HOMO-1 images and energy E1*. 6 is an optimized product structure with HOMO-1 and energy Es. Orbital iso-contour = 0.04. The bond distance is in
A Angle is in degree. The solvent is HCONHz. The atom coordinate tables of structures 1-6 see the Supplementary material, S5.

It is reasonable that toluene has a lower barrier of gene-
rating o-complex than benzene, because toluene has a higher
reactivity than benzene.

The 6 is the optimized product structure with the HOMO-1
image and energy Eo (Figure 10). The o-complex of C¢He + NO2*
has been generated. The o-C-NOz*bond is 1.517 A. At this time,
almost all HOMO-1 electrons have transferred to the o-C-NO2

area. This further shows that the essence of the electrophilic
addition is the transfer of HOMO-1 electrons of C¢Hs to LUMO of
NOz*. From 2 and 6, the reaction heat is AHs = Es - E1 = -
0.016448 a.u. = -10.3 kcal/mol, showing that the o-complex is a
stable intermediate (Figure 10). Since the electrophilic addition
of NO2* + CsHs follows the transition state theory, there is an
inverse barrier AEy* for the addition.
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Table 2. The optimized initial structure energy E1, optimized product structure energy Ej, and released reaction heat AH;, of generating final products of 6-C¢He-

NOz* + HSO4 or + NO3_ or + H20 in HCONHz.

Reaction Ei(a.u) Ep (a.u.) AH, (kcal/mol)
1 - 2 0-C¢He-NO2* + HSO4™ — C¢HsNO2 + H2S04 (Figure 11) -1136.310969 -1136.380100 -43.4
3 - 4 0-C¢He-NO2* + NO3™ — C¢HsNO2 + HNO3 (Figure 11) -717.088022 -717.167531 -49.9
5 — 6 0-C6Hs-NO2* + H20 — C6HsNO2 + H30* (Figure 11) -513.105180 -513.140748 -22.3

Table 3. E,, AHos, and AH,, (here take the integer according to rounding after the decimal point) and total reaction heat AH of benzene nitration obtained by DFT

calculation at the LC-wHPBE /6-311++G(d,p) level. HCONH: as solvent.

Nitration solvent Ea AHs AH, AH (kcal/mole)
Mixed acid 18 -10 -43 -35
Nitric acid 22 -10 -50 -38

From 5 and 6, AE:* = 0.027111 a.u. = 17.0 kcal/mol (Figure
10). Sheats [22] gave the reverse activation energy of toluene
generating NOz* to be 10.5 or 12.04£4.0 kcal/mol. The barrier is
consistent with the inverse barrier 17.0 kcal/mol for C¢He +
NO2*. This is because Sheats’s detection method cannot deter-
mine whether the reaction follows the transition state theory or
is through Lewis collision, so he cannot determine the reverse
barrier should attribute to the AE:* of toluene generating o-
complex.

Table 1 lists the activation barriers AE* and the reaction
heat AH; of the forming o-complex obtained by the DFT
calculation at the LC-wHPBE/6-311++G(d,p) level. The barrier
is consistent with the experimental data [22]. The reaction heat
AHs from the DFT calculation are -10.3 kcal/mol, showing that
the o-complex is a stable intermediate. The AHsis closer to the
experimental value (-7.4 kcal/mol) than that (-13.0 kcal/mol)
of Brinck group [33].

Table 1 also presents the results of the DFT calculation at
the M06-2x and M05-2x/6-311++G(d,p) level [48]. Clearly, the
barriers AE* of generating o-complex of C¢Hs + NO2* are much
lower than those obtained by LC-wHPBE, but the released
reaction heats AH, are much larger than those obtained by LC-
wHPBE. These AE*, AE\*, and AH, data are greatly deviated from
the experimental results [22]. Especially the results of M05-2x
are the worst.

Furthermore, if the old functional B3LYP or B3P86 or
B3PWO91 is used in the DFT calculation, the C¢Hes + NO2* addition
is spontaneous without any barrier, the result is highly
inconsistent with the experiment [22]. Therefore, these old
functionals are more than not suitable for the study of the
mechanism of benzene nitration. In fact, the LC-wHPBE
functional is the best for mechanism research [36].

3.5. Last Step 3 of benzene nitration is a spontaneous Lewis
acid-alkali neutralization

The DFT calculations found that the o-complex C¢Hg-NO2*
can complete the last Step 3 (Scheme 1) with the HSO4 or NO3~
ions or the H20 molecule through a spontaneous Lewis acid-
base neutralization, and release a lot of heat. That is, Step 3 in
Scheme 1 of generating product nitrobenzene is a spontaneous
reaction and does not need to overcome any barrier.

The 1, 3, and 5 show the optimized initial structures of o-
CeHe-NO2* + HSO4 or + NO3™ or + H20 (Figure 11). The HSO4 or
NO3™ or H20 definitely is on the side of 0-CsHs-NO2*, which can
ensure that it is a stable initial structure. There is considerable
electrostatic interaction between the positive and negative two
ions. It is important to include the energy of the interaction
between the two ions to correctly calculate the reaction heat of
Step 3 (Scheme 1). The 2, 4 and 6 show the optimized product
structures of 6-C¢He-NOz* + HSO4 or + NOs™ or + Hz20 (Figure
11). The product nitrobenzene CsHs-NOz + H2S04 or + HNOs or
+ H30* all generated, showing that the nitration reaction has
ended.

The optimized initial system energies Ei, optimized product
energy Ep, and released reaction heat AHyof 1 > 2,3 -4 and 5
— 6 (Figure 11) are listed in Table 2.

From Table 2, the 1 - 2 and 3 — 4 are a strongly exothermic
reaction, the heats are -43.4 and -49.9 kcal/mole (Figure 11).
The reason for releasing so much heat is that the 0-CsHs-NO2* is
a strong Lewis acid, HSO4 or NOs- is a strong Lewis base, and
therefore 1 — 2 and 3 — 4 are a strong acid-base neutralization.

The 5 - 6, AHp is -22.3 kcal/mol (Figure 11). The heat
released is much less than that of 1 —» 2 and 3 — 4, which is
because H20 is a neutral molecule, a weak Lewis base. The
reaction product is C¢HsNO2 + H30+. The occurrence of 5 — 6 in
mixed acids is negligible because even a trace amount of H30+ is
generated, it will immediately will immediately acid-base
neutralize with HSO4 to form H2SO4. However, in nitric acid
there will be a considerable amount of occurrence of 5 - 6
because nitric acid contains 30-35% water. Of course, the H30*
will also be neutralized by NO3- soon.

The total nitration reaction is CéHe + HNO3 — CeHs-NO2 +
H20, which is a strongly exothermic reaction. The experimental
reaction heat of benzene nitration in mixed acid is AH = -34
kcal/mol (-142 k] /mol) [49]. According to the results above, the
total nitration reaction heat AH released by the three steps in
mixed acid or nitric acid is expressed as Equation (8),

AH = E.+ AHo + AHy (8)

The Ea, AHs, AHp and AH data of nitration in mixed acid and
in nitric acid are given in Table 3.

The released nitration reaction heat in mixed acid is AH = -
35 kcal/mol, which is good consistent with the experimental
reaction heat AH = -34 kcal/mol. We have not found the
experimental reaction heat AH of benzene nitration in nitric
acid, and thus lack a comparison with its experimental data. If
there is no the experimental result in nitric acid so far, the DFT
calculation result can regard as a prediction for the reaction
heat AH.

3.6. A corrected benzene nitration three-step mechanism

Based on the above calculation results, the classic nitration
mechanism in mixed acid is corrected as following Scheme 3.
The E., AHs, and AH, values (Table 3, Scheme 3) are from the
DFT calculation results of benzene nitration in HCONHz with the
highest polarity (e = 108.9; H2S04 € = 100).

Step 1 shows the formation of nitronium ions NO2* by Lewis
collision of HNO3 and H2SO4 in mixed acid and the collision
needs to overcome a barrier Ea= 18 kcal/mol. The study also
shows how to calculate its activation energy Ea for Lewis
collision reaction (see Section 3.2).

Step 2 is the electrophilic addition of C¢He + NO2*, NO2* is
the electrophile (Scheme 3). The addition follows the transition
state theory and needs to overcome a low barrier AE* = 7
kcal/mol. The product is an o-complex CsHe-NO2*. The
activation barrier AE* of the generating o-complex also is
consistent with Sheats’s that obtained by stopped flow
spectrometer [22]. Generating o-complex is an exothermic
reaction, AHs = -10 kcal/mol. Therefore, the o-complex is a
stable intermediate, which agrees with the experimental facts
[23].
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Figure 11. Systems 1, 3 and 5 are the optimized initial structure of 6-C¢Hs-NO2* + HSO4- or + NO3- or + H20. Systems 2, 4, and 6 are the optimized product structure.
The solvent is HCONH.. The bond distance is in A. Angle is in degree. The atom coordinate tables of 1-6 are given in the Supplementary material, S6.
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Scheme 3. A corrected three-step mechanism of benzene nitration in mixed acid (HNOs + H2S04) obtained by DFT calculation at the LC-wHPBE/6-311++G(d,p)
level.
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The DFT calculation found that the nature of the
electrophilic addition of the generated o-complex is the transfer
of the HOMO-1 electrons of C¢He to the LUMO of NOz*. The
inverse barrier AE:* = 17 kcal/mol is much higher than the
addition barrier AE* = 7 kcal/mol, and thus Step 2 is not a
chemical equilibrium, is a one-way reaction (Scheme 3). Step 3
is a spontaneous Lewis acid-base neutralization, and is a
strongly exothermic reaction AHp, = -43 kcal/mol, and thus it
also is a one-way reaction (Scheme 3). The results of the DFT
calculation indicate that the rate control step of benzene
nitration is not step 2 of generating o-complex, but is Step 1 of
generating NOz* (Scheme 3).

Quantum chemistry calculations can obtain the barrier or
reaction heat of each step, but it is impossible to get these data
using classical research methods. Chemical kinetic study [15]
shows that benzene nitration exhibits second-order kinetics in
sulfuric acid, V = kx[CsHs]x[HNO3]. Step 1 in Scheme 3 shows
that the [NO2*] is proportional to [HNO3], and the probability of
forming o-complex is proportional to the reaction probability
between CeHe and NO2*, that is, the rate proportional to [CeHe]
and [HNOs], which is consistent with the second-order kinetics.
In nitric acid, V = kx[CeéHe], because [HNOs] = constant.
Therefore, the corrected mechanism in Scheme 3 is consistent
with the experimental result [15,16].

In kinetic study of nitration reaction, often by comparing
deuterated, tritiated aromatic nitration rate to determine
whether the C-H bond of o-complex is broken in rate-
controlling step. Melander’s experiment [50] shows that there
is no isotopic effect in the nitration of most aromatic
compounds including benzene. The nitration of benzene is a
three-step reaction, and the first step is a rate-controlling step.
Steps 2 and 3 determine whether there is an isotope effect in
the nitration (Scheme 3). Step 2 generates the o-complex, which
needs to overcome a barrier (7 kcal/mole), which is a slow (K1)
step. Step 3 is to remove the proton, it is a spontaneous Lewis
acid-base neutralization, so it is a very fast (K2) step. Hence K1 [
K>, which is consistent with the Melander’s experimental result.
The textbook mechanism in Scheme 1 is qualitatively consistent
with the experiment, because step 2 and step 3 both need to
overcome the barriers, and the rate of step 2 is slow, that of step
3 is fast. However, no one knows how high the two barriers are.
Therefore, there is a lack of quantitative comparison on these
two barriers.

For Step 3 of the nitration mechanism, some textbooks use
HSO4 as the proton acceptor [1,2], but the others [3,4] use H20
as the acceptor. Which one is right, or which one is better? The
DFT calculation shows that the correct choice should be HSO4~
in mixed acid.

4. Conclusions

The study shows that in organic chemistry textbooks the
benzene nitration mechanism is a three-step reaction, and NO2*
and o-complex CeéHeNOz*are the two active intermediates of
benzene nitration, which are correct. However, no correct
answers are given as to how to generate these two active
intermediates and how to complete these three nitration steps.
Step 1 of generating NOz* is not a spontaneous reaction. Its
generation occurs through Lewis collision and must overcome
an no-high barrier Ea = 18 kcal/mol, but the NO2z* can return to
HNOs3 through a spontaneous poly(23)-molecular acidification.
Step 2 is the electrophilic addition of NO2* + CsHs. The product
is an o-complex. The addition follows the transition state theory
and needs to overcome a much lower barrier AE1* = 7 kcal/mol
than Step 1 of generating NO2*. The essence of electrophilic
addition is the transfer of HOMO-1 electrons of CsHe to LUMO of
NOz*. Step 3 is a spontaneous Lewis acid-base neutralization,
generates the target product nitrobenzene, and releases a lot of
heat AHp, = -43 kcal/mol. The final step does not need to

overcome any barrier. Therefore, the rate-controlling step of
the benzene nitration is not Step 2 of generating o-complex, but
is step 1 of generating NOz* The DFT calculation obtains the
total nitration reaction heat AH = -35 kcal/mol. It is consistent
with the experimental AH = -34 kcal/mol, indicating that the
corrected benzene nitration three-step mechanism has been
experimentally confirmed.
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