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A reaction profile for the nitration of benzene with nitronium ion has been successfully calculated for the
first time. Stationary points were located and characterized by the DFT procedures at the B3LYP/ 6-311G**
level. When NQ" approaches the benzene molecule, a weakly bauooimplex was first produced, in which

the distances between the nitrogen atom of nitronium ion to both carbon atoms C1 and C6 of benzene ring

were equal. This bifurcation point was characterized as a transition state leadigcnaplex reactant by
shifting the positive ion to either single carbon C1 or C6. Sheomplex reactantotR) finally reaches to the
Wheland intermediatecfINT) via a o-complex transition states{TS). The formation of ther-TS is the
rate-determining step, and the barrier height is 8.37 kJ/mol with the correction for ZPVE. A comparison of
the intensities and the shifts given by the computational infraretN@nd C-H stretching frequencies on
going fromo-TS too-INT shows that the formation of bond €N13 and the cleavage of bond €EH12 are

not concerted but stepwise in the process of the nitration. This agrees well with the experimental fact of the

lack of kinetic isotopic effect in most aromatic nitration reactions.

1. Introduction states on the corresponding reaction profile is our central
o ) . objective. We finally obtained all the stationary points, including
Nitration plays a central role in the theory of aromatic 4 transition states, along the benzene nitration pathway with

reactivity and is quoted in the textbooks as the canonical  restriction on internal coordinates by the plausible B3LYP
example of a mechanistically well-defined electrophilic substitu- hybrid DFT method with a triplé basis set 6-311G**.

_tion. Since the classic studies by Ingold gnd_his coIIab_orétors, Hopefully it would give us a better understanding of the
it has.beerj ger)erally accepted that the nitrating agent is “Sua"ymicroscopic kinetic nitration process.
the nitronium ion, N@', and that the reaction involves an
intermediater-complex, called Wheland intermedig&tBespite _ 2. Computational Details
the huge body of data that has been accumulated, the mechanism
of aromatic nitration continues to be the subject of active  As we all know, the HartreeFock (HF) theory does not take
research and some controvetsy? Politzer et af have into account the effect of instantaneous electrelectron
computed the properties of some possible intermediate stagednteraction. Therefore the optimization by Hartréeock,
in the reactions of benzene and toluene with,N®y freezing especially at t_he low level, is not praqtical for the s.ensit.ive ni'gro
the N—O bond lengths of the NOgroup at HF/STO-6G and  group-containing system. On the basis of the previous investiga-
HF/5-31G levels. Gleghofthas optimized five selected benzene  tions by ud®~17and by other colleaguéd; ! it is believed that
NO,* complexes by HF/4-31G//HF/STO-3G, as well as RMP2/ the B3LYP metho& 2% should be effective in calculating
4-31G//HF/4-31G calculations. Yet no reaction pathway was reliable geometries, vibration spectra, and energy properties of
involved for those five complexes. Szabo ef &lave finally many molecular systems with planar structure and electronic
obtained two energy profiles for the nitration of benzene with delocalization.
two possible protonated methyl nitrate isomers at the HF/3-  Stationary points on the profile were positively identified for
21G level. The distance between the nitrogen atom of the Minimum energy with no imaginary frequencies and the
nitronium ion and the attacked carbon atom was chosen as thefransition state was with only one imaginary frequency. In
reaction coordinate. Points of the reaction profile were located addition, intrinsic reaction coordinate (IRC) analysis was carried
by freezing the reaction coordinate and optimizing the rest of out for each transition state to make sure that the desired
the internal coordinates simultaneously. The profile for benzene reactant(s) and product(s) be connected to the transition structure
with bare (unsolvated) nitronium ion, however, could not be Obtained. Technically, a rather tight convergence criterion was
carried out, since no activation barrier was found along the used for the optimization of the transition states (TSs), due to
chosen reaction coordinate. the flat potentials of geometry parameters describing the
As our continuous interest in nitro-compounds as important conformation of the nitro group relative to the ring systérff.
energetic materiafs;-16 we embarked on study of the nitration To evaluate the effect by medium, geometry reoptimizations
mechanism. Since transition-state structure is the most concerned®" €ach stationary point in different media were calculated by

for the mechanism investigation, searching for the transition Self-consistent reaction field (SCRFJechnique. The geometry
of complexes in the gas phase was used as an initial guess to

- S - start the SCRF optimization. The cavity of radium)(was
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* Nanjing University of Science & Technology. resorted automatically from quantum mechanical proce&furés
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Figure 1. Calculated structures and planforms of R, TSs, amd INT complexes optimized at B3LYP/6-311G** level (bond lengths in pm and
angles in degrees).

All the calculations were performed using the Gaussian 98 shortened, as expected, from an average 236:8S) to 209.7

program packagé on ana-workstation in our laboratory. (0-R) t0 182.6 ¢-TS) to 161.4 pmd-INT). Their covalent bond
orders increased initially from 0.0564 to 0.1405 to 0.1489, but
3. Results and Discussion then decreased to 0.1283 framTS too-INT. This shows the

interaction between the benzene ring and the, @up in
o-INT has more electrostatic character than that4mS. As
Attina et al® once pointed out, ioaAmolecule reactions are

3.1. Geometries and Bond OrdersCalculated geometries
of all stationary points were shown in Figure 1. The initial linear

NO,* bent with a trivial change in bond length for all four . . . L
complexes. The geometry of-complex TS was a three- believed to proceed in the gas phase via the preliminary

membered ring in which the distance of NAG1 was equal to formation of loose complexes, bound by strong electrostatic
that of N13-C6. And as a whole, the NQgroup was above interactions between the unsolvated reactants. Furthermore, the

¢ relatively large value of the tetrahedral-€i bond order in the
Wheland intermediate, more than twice as large as that of the
C—N bond, implies that the €H cleavage would not occur in
the rate-determining step. This was in full agreement with the

it is an immediate predecessor®R in view of the proceedings. fact that no kinetic isotope effect is observed in most aromatic

The structures of three-complexeso-R, o-TS ando-INT electrophilic substitutions.
showed a remarkably consistent pattern with partial loss of 3-2. Charges and Dipole Momentsin these complexes,
aromatic character. The tetrahedratC bonds there (G1C2, there is a very sizable charge migration from the electron-rich
C1-C6) are the longest, while those next to them {C3, benzene ring to the N{group. Especially for the-INT, the
C5—C6) are the shortest. As NOapproaches the ring on going original +1 charge of N@' is finally more than neutralized
from o-R to o-INT, the distance of CtN13 shortened from  (—0.049 e).
209.7 to 161.4 pm, while the angléN;3C1Cs changed from By examining the(C—N) in Figure 1 and the charge of nitro
96° to 113, and the dihedral angle ofi{gN13C1H12 (di1s-13-1-12) group in Table 1 together, one can see that as the™NO
varied drastically from 090 88.8, as shown in Figure 1.  approaches the benzene ring, tien) shortens on going from
Comparing these geometric parameters with those gfS, it 7-TStoo-R, t0o-TS, and ta-INT (vide ante), while the charge
is evident that the-TS was structurally a “halfway® transition of nitro group drops from 0.340 e, to 0.273 e, to 0.110 e, and
state along the intrinsic reaction coordinate. In addition, the finally to —0.049 e. Obviously, there is a good correlation
geometries of botly-R ando-INT show that they are roughly ~ between the reaction coordinatec(n)) and the charge migra-
in Cp, symmetry. The later discussion on the atomic net tion of nitro group. That is, the closer the NOgets to the
electronic populations would lead the same conclusion (vide ring, the more charge migration occurs in the complex. Thus,
infra). the magnitude of the charge migration could also show that the

The tetrahedral €H bond lengthened from 108.44TS) to n-TS is the immediate predecessor of the, like that of the
108.3 ¢-R) to 109.1 ¢-TS) to 111.1 pm ¢-INT), while the reaction coordinater(c—ny) does (vide ante).
corresponding bond orders decreased from 0.4208 to 0.4079to From atomic charge with hydrogen summed into heavy atom
0.3911 to 0.3455, respectively. The tetrahedralNCdistance we found the tetrahedral carbondrR had negative charge of

and across the benzene ring with the dihedral angle o
O15N13C1H12 (dis-13-1-12) in sw-complex is —23.1°. After
shifting the nitro group to a single carbon atom, either C1 or
C6, thezr-complex TS became @complex reactantotR). So
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TABLE 1: Net Electronic Populations Calculated for the Complexes

Chen et al.

atom m-complex TS o-complex R o-complex T o-complex INT
Cc(1) —0.129} —0.280 —0.239}; —0.118
C(2) 70.018‘ 0.040 0.043 0.001
H(11) 0.165 0.17 0.19 0.208
C(3) —0.048 —0.076 —0.055 —0.039
H(10) 0.171 0.16 0.17 0.179
4 —0.04 . —0.004 —0.
GO v oso B ore R oam %L omw
C(5) —0.018 —0.076 —0.050 —0.039
H(8) 0.165 0.16 0.17 0.1
C(6) —0.130 0.03 0.02 0.00
H(7) 0.189 0.17 0.18 0.2
N(13) 0.39 0.377 0.320 0.288
0O(14) —0.025 0.340 —0.056 0.273 —0.108 0.110 —0.168 —0.049
0O(15) —0.028 —0.048 —0.103 —0.168
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Figure 2. IR Spectra foro-TS ando-INT.

TABLE 2: Total Energies and Relative Energies

stabilization energies

total energy total energy corrected relative energies corrected corrected for

species (a.u.) for ZPVE (a.u.) for ZPVE (kJ/mol) ZPVE, AEgtan(kJ/mol)
m-complex TS —437.132054 —437.019934 2.74 -127.7
o-complex R —437.13357 —437.02098 0.0 —130.4
o-complex TS —437.13008 —437.01779 8.37 —122.1
o-complex INT —437.13266 —437.02008 2.36 —128.1
PhH —232.30857 —232.20840
NO,* —204.77327 —204.76290 } 130.4 0.0

—0.072, yett+0.014 ino-TS and finally+0.157 ino-INT. Even predicted that the later two complexes would be greatly
the protonated five-membered benzene ring by excluding the influenced by the polar solvents (vide infra).
tetrahedral carbon still had a charge transfer oft€al (0.892- 3.3. Energetics.The energies of species are listed in Table
0.798) electron unit frono-R to o-INT. This shows the strong 2. The stabilization energy is defined A&stap= Ecomplex-(Epnn
electron-withdrawing effect of the nitro group. A total of 0.322 4 Ep,+), shown in the last column of Table 2. It is evident
electron unit {-0.049— 0.273) was withdrawn from the benzene that all four complexes are much more stable than the separated
ring by a NG group on going fronw-R to o-INT, where more reactants (SR). Therefore, their formations are energetically
than a half of the transferred electronic charge, 0.170, was favorable, consistent with a well-known fact that the electro-
contributed by hydrogen aton{§i1=27Hi(lNT) - Z%zHi(R)}. It philic agent NQ* has a strong driving force to interact with
is evident that the positive charge of the ring grAINT is other electron-rich aromatics. Theelectrons’ delocalization
primarily delocalized over the hydrogen atoms, as shown in in the complex is partly responsible for the large amount of
Table 1. exothermicity of the nitration of initial reactants, namely the
The dipole moments of the four complexesofTS, o-R, stabilization energy. This may also account for the experimental
o-TS, ando-INT were 0.777, 1.788, 4.290, and 6.581 D, observation that the nitration of PhH with NOis very
respectively. Thes-INT and theo-TS had the larger dipole  exothermic and does not require any activation enigyiew
moment with more separated charge distribution than the former of the intrinsic barrier (IB), however, the nitration of benzene
two stationary points. The electrostatic nature of the interaction with nitronium ion in the gas phase is endotherifisince the
between the two moieties of benzene ring and nitro group in energy of INT is 2.36 kJ/mol higher than that of R (see Figure
the TS emphasizes that the2Smechanism, which is classified  3). The intrinsic activation barrier is 8.37 kJ/mol. As mentioned
as a purely ionic process, is preferable for the nitration. earlier, the energy barrier on a potential energy surface is
Moreover, because of their large dipole moments, it could be dependent on the both computational method and basis set
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TABLE 3: Thermodynamics for the Rate-Determining Step of the Nitration

o—complex R

o—complex TS

0

0

T c? o c? 0 AS; kax 10720
(K) @moFtK™  (@ImoltK™Y) (kIJmoftK™) (@moftkK™) (ImortK1) (kJmoFtK™1) (ImoltK™%) (mol1S?
200.0 93.76 332.46 12.64 84.44 313.97 11.22 —18.49 0.294
298.2 128.50 376.28 23.52 119.06 354.02 21.18 —22.26 1.461
300.0 129.16 377.08 23.76 119.73 354.76 21.40 —22.32 1.489
400.0 163.73 419.06 38.44 154.61 394.07 35.15 —24.99 3.332
500.0 193.16 458.86 56.33 184.38 431.87 52.15 —26.99 5.417
600.0 216.98 496.26 76.88 208.47 467.70 71.84 —28.56 7.528
700.0 236.20 531.20 99.57 227.87 501.34 93.69 —29.86 9.545
800.0 251.91 563.80 124.01 243.71 532.84 117.29 —30.96 11.439
200 + at least one intermediate must be involved in the reaction,
O +oxvo . . .
-—a consistent with the framework of theaS mechanism.
= 100'_ SR \ 3.5. Thermodynamics.Since the nitration of benzene usually
g y> . @\H takes place in solutions, the initial heat of forming the complex
= 10 e = is lost instantly to the solvent, without increasing the internal
- < /'0 -T.S\ energy of the molecule. It is reasonable to evaluate the standard
J o R 2 n_Tg\." RE—2—2 - thermodynamic functions of heat capacitieSg)( entropies
= M C}gm (ﬁ), enthalpiesl(l%) for the o-complexes of R and TS, as well
2 10 as the change of entropyA&r) and the rate constanks) for
1 o the rate-limiting step of the reaction at each temperature by the
204 e INT statistical thermodynamics and the absolute reaction rate theory.
% —A— =785 AL: All the calculated thermodynamic functions were listed in
el C}\ﬁ Table 3. It is evident that all the heat capacities and the rate
40 ’ constantka) were increased, while the change of entrofs$()

Figure 3. Relative en
ion in different media.

Reaction Progess
ergies for reaction of benzene with nitronium

employed. The absolute value of the energy barrier looks small.
Yet a comparison of the relative energies of stationary points
could be helpful for us to illustrate the mechanism of the relevant
elementary reaction.

3.4. IR Spectra.The B3-based DFT procedures are routinely

used to give accurate estimates of experimental fundamentalsg  gince poths-TS ando-

was decreased, as expected, with the increasing of temperature.
It is worthwhile to note that the rate constakt) demonstrated
here was in good agreement with an experimental rate constant
of the order of 1P M1 5718

3.6. Solvent EffectsDielectric constants of 1.0, 5.0, and 78.5
were used for the SCRF calculations to represent vacuum (gas
phase), nonpolar medium, and aqueous solution, respectively.
The changes in relative energy including ZPVE correction in
the presence of solvent reaction field for the stationary points
of concerned elementary reaction are shown pictorially in Figure
INT possess large dipole moments,

It is therefore employed herein as a very cost-effective Meanshay are greatly influenced by the polar solvent. As seen in

of determining harmonic vibrational frequencies and deriving Figure 3, the activation energy of formingTS decreased with
thermochemical quantities. The calculated vibrational frequen- 1,4 increasing of solvent polarity, while taelNT appreciated
cies of two complexes .presen_ted here were not scaled, becausg great enhancement of stabilization energy. Finally, the
the B3 exchange functional yields scaling factors very close t0 formaion ofo-TS takes no barrier in the aqueous solution, while

unity and could often be used directly without resorting t0 e intrinsically endothermic nitration becomes an exothermic

frequency scaling®

reaction. This implies the formation

of TS would become the

It is worthy of noting that there were several weak bands rate- determining step in a highly polar medium. Unlike the

around 3200 cmt! for the C—H stretching vibrations within

benzene ring, but a

already partly forme
this bond stretching

sharper one at 2919 in the spectrum

d in both-TS ando-INT. A blue shift for
frequency on going framr'S to o-INT

stretching was weak and its red shift framTS to o-INT was
insignificant, implying the bond €H would not break in the

o-TS whose relative energy @R is sharply reduced by the
increasing dielectric constant, theTS is the least influenced
of o-INT complex was contributed by the stretching between complex in solution. As a result, its relative energyot® is

the tetrahedral carbon and its conjoined H atom. The out-of- oppositely increased, not very much though, with the polarity
plane bending vibration for this CH was at 1084 ¢mA strong
C—N stretching mode was found at 741 chin o-TS, and at
817 cn! in ¢-INT.3¢ This indicates the bond GIN13 has

of the medium.

4. Conclusions

This account reports the full details for nitration of benzene,
reflects that the bond strength increases while the bond lengthand the following conclusions can be reached:
decreases (vide ante) during the process. Contrarily, thel C

1. The geometries of two transition states;omplex TS and

o-complex TS, have been located and characterized on the

potential energy hypersurface for the nitration of benzene with

Wheland intermediate. That is to say, the formation of bond nitronium ion. The profile and the trajectory of the reaction have
C1—-N13 and the cleavage of bond EM12 are not concerted, been then accomplished by the theoretical means.

but stepwise in the process of nitration. This accounts for the 2. The formation of bond CiN13 and the cleavage of bond
experimental observation of the lack of kinetic isotopic effect C1-H12 are not concerted, but stepwise in the process of
in most aromatic nitration. On the other hands, since the proton nitration, agreeing with the experimental observation of the lack
would not leave the benzene ring at the rate-determining step,of kinetic isotopic effect in most aromatic nitrations.
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3. At least one intermediate must be involved in the reaction,

since the proton would not leave the benzene ring at the rate-

determining step. The g8 mechanism was then reasonably
supposed for the reaction.

4. The degree of charge migration in thel'S supports that
it is a polar transition state, rather than a radical one.

5. The rate-determining step is the formatiorpefransition

state, and the activation energy of this nitration achieved in the

gas phase is 8.37 kJ/mol with ZPVE correction at DFT-B3LYP/
6-311G" level.
6. The calculations for solvent effects show bottransition

state and intermediate gain more stabilization energy than other
two previous stationary points in aqueous solution for their larger

polar moments.
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