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Abstract Both mand o transition states on the potential energy surface of the nitration of benzene
with nitronium ion have been successfully optimized using unrestricted hybrid DFT procedure
B3LYP with the triple-zeta 6-311G™ basis set without any assumption. Subsequently, a ¢ reac-
tant-complex and a o intermediate (Wheland intermediate) were located by the intrinsic reaction
coordinate (IRC) calculation. The reaction pathway and the experimental observation lacking the
kinetic isotopic effect in the title nitration were confirmed on geometries, atomic charges, energies,
IR spectra and thermodynamic properties of all stationary points. The activation energy of 8.370
kJ/mol in the gas phase and the order of 10"°mol « L™ « s of rate constant were obtained for the
reaction. The results both in thermodynamics and kinetics show that the electrophilic substitute
mechanism is more preferable than the electron transfer mechanism of radical pairs. The solvent
effect on the geometries of stationary points and the reaction mechanism were systematically
studied for the nitration of benzene with nitronium by self-consistent reaction field (SCRF) tech-
nique with different dielectric constants of 5.0, 25.0, 50.0 and 78.5. It was then found that the sol-
vent effect would depress the activation energy and finally make the formation of o-TS without en-
ergy barrier in aqueous solution. Furthermore, the linear correlations given by charge migrations of
NO, group, dipole moments of solute, gaps of HOMO and LUMO and solvent stabilization energies
in different solvents were demonstrated for both theoretically and experimentally concerned Whe-
land intermediate.
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Aromatic nitration is an important and canonical example of electrophilic substitution in or-
ganic chemistry. The research on nitration mechanism is also very important for synthesis of ex-
plosives since benzene molecule is a basic unit to build up into the energetic material. Besides the
electrophilic substitution mechanism, there is an electron transfer mechanism™?. The nitronium
ion (NO;), however, is a generally accepted active nitrating agent in the aromatic nitration.
Therefore, the nitration of aromatics with nitronium is still an active area!* ™ for both experi-
mental and theoretical investigations. Theoretically, Politzer et al.[ have computed the properties
of some possible intermediate stages in the reactions of benzene and toluene with NO; by freezing
the N-O bond lengths of NO, group at the HF/STO-6G and HF/5-31G levels. Gleghorn™® has lo-
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cated five benzene-NO; complexes by HF/STO-3G, yet no connections, in terms of pathway, were
involved for these five complexes. In 1992, Szabo et al.!® finally obtained two energy profiles for
the nitration of benzene with the possible protonated methyl nitrate isomers also by incomplete
optimization, freezing the distance between the attacked carbon atom and the nitrogen atom of
nitronium ion while optimizing the rest of the interna coordinates within stationary points of the
reaction profile ssimultaneoudly at the HF/3-21G level. The structure of transition state for benzene
with bare (unsolvated) nitronium ion, however, could not be reached because the plot of single
point energy vs. the distance of C-N simply increases. In a word, the confirmation of electrophilic
substitute tragjectory for the aromatic nitration is still a difficult problem.

Based on our knowledge and working experience in nitro compounds, some with benzene

(1118 we recently finished the full optimization for the complexes of stationary points, in-

ring
cluding two transition states (0-TS and T:TS), one reactant (o-R) and one intermediate called
Wheland intermediate (o-INT) by employing unrestricted hybrid DFT procedure B3LY P and
then obtained the information about geometries, atomic charges, energies, IR frequencies and in-
tensities, as well as standard thermodynamic functions (H?, C;,, and S?) in the region of 200—
800 K of all stationary points for the titled nitration. Thisis helpful for us to illustrate the micro-
scope picture about the nitration pathway. Considering that a nitration is usually happened in a
solution, we systematically computed the properties of all stationary points in different media by
self-consistent reaction field (SCRF) technique with different dielectric constants, and finally
evaluated the solvent effect on the nitration by comparing the behavior in both gas phase and solu-
tions.

1 Computational methods and details

Simulating a system with nitro and benzyl group together usually requires high-level compu-
tational resources because there are strong electron correlations in this conjugated system. Yet
many earlier theoretical works had been halted by either semiempirical calculation or low level of
Hartree-Fock (HF) theory for the limitations both in computer and program. Incomplete optimiza-
tions and failures in locating a transition state with flat activation barrier often appeared in those
early works. In this paper, however, two transition states (o-TS and T TS) were successfully opti-
mized by the practical B3LY P hybrid DFT method, which is good at the simulation on a conju-
gated system with strong polarization and correlation effects, with 6-311G~~ basis set. We also
benefit by the trick for locating a transition state with flat barrier in Gaussian 98 procedure[m.
These two transition states were all finally identified with only one imaginary frequency by the
vibration analysis for areal saddle on the potential surface of reaction. The geometries of reactant
(0-R) and intermediate (o-INT) were consequently obtained by the intrinsic reaction coordinate
(IRC) analysis and also positively identified with no imaginary frequencies for areal minimum on
the potential surface.
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The simulation of solvent effect is based on the Onsager self-consistent reaction field
(SCRA)1* technique, which supposes that the solute molecule is embedded into a spherical cavity
with radius ag surrounded and the solvent is represented by a continuous dielectric, characterized
by a given dielectric constant (¢ ). A dielectric constant used for the SCRF calculations in a big
value represents a strongly polar medium. Contrarily, a dielectric constant under 5.0 stands for a
nonpolar medium. A dipole moment of solvent, induced by that of the solute, interacts back to the
dipole moment of solute to gain the stabilization energy for the system. The gas-phase geometry
of each complex was used as its initial guess to start the full optimizations at the same level of
B3LYP/6-311G  with different dielectric constants of 5, 25, 50 and 78.5 and a radius a, auto-
matically resorted from quantum mechanical procedures. Totally 16 stationary points (4 X 4=16)
were al identified again for a minimum on the profile with no imaginary frequencies and a transi-
tion state with only one imaginary frequency. All works were finished on our Alpha workstation
and Petium-1V personal computer.

2 Resultsand discussion

2.1 Geometries and solvent impacts

The numbering for four complexes is the same as that shown in fig. 1. Some of their geome-
tries and bond orders in gas phase and different media are listed in table 1. Asseenin table 1, only
three of C-C bond lengths in benzene ring are shown there because the left three can be known by
the roughly C,, symmetry of complexes. None of the bond angles within the ring appears in table
1 because they vary insignificantly, ranging from 119° to 122°, while NO," attacks. The angle
(O14N130:5) of NO, group is shown there.

Experimentally, whether the nitration rate varies with a heavier isotopic substitution of deu-
terium or tritium for the hydrogen in benzene or not is usually used to judge if the C-H bond
cleaves at the rate-determining step or not. The elimination of D* or T* should be approximately
10 or 20 times slower than that of H”, and the vibrational frequencies of bond C-H, C-D and C-T
are different. Yet, there is no isotope effect in most aromatic nitrations. For example, in H,SO4

solution the nitration rate of nitrobenzene is the 11 10

same as that of perdeuterated nitrobenzene. And \2_ 3/

the nitration rate of either perdeuterated or triti- o1s) " / \

ated benzene, toluene or naphthalene is the same \ ", %Y —

as that of its own. This shows that the cleavage N(13) !

of C-H bond is not happened at the rate-deter- \ \ /

mining step, the electrophilic addition step, but O(14) 6 — 5

the fast one in which the Wheland intermediate / \\

becomes a product of nitro compound and a ! k
Fig. 1. Numbering for complexes.

proton.

Comparing the bond length and its corresponding bond order for C;-Hy, and C;-N33 on going
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Tablel Somebond lengths (r), bond angles (a), dihedral angles () and bond orders (bo) of complexesin vacant and different
media (bond length in pm; anglein (°)) at B3LYP/6-311G™ level

r(Cl' r(Cl' r (Cl' r (Cz' r (C3' r (N13- o (014' ﬁ (015N13- bO(C1' bO(Cl'

N13) Hi) C) Cs) Cs) Ous) N13015) CiHyp) N13) Hao)

e=1 =n-TS 2354 108.4 139.9 1384 142.1 116.5 142.7 -23.1 0.0564  0.4208
o-R 209.7 108.3 143.6 137.4 140.9 1171 139.5 0.0 0.1405  0.4079

o-TS 182.6 109.1 145.7 137.2 140.7 118.6 134.0 49.6 0.1489 0.3911

o-INT 1614 111.1 146.8 136.7 141.2 120.1 130.0 88.8 0.1283  0.3455

=5 =TS 2345 108.4 140.0 138.3 142.1 116.7 142.3 -22.0 0.0570 0.4206
o-R 203.2 108.3 144.1 1.372 1411 117.6 137.7 0.0 0.1465 0.4060

o-TS 176.6 108.9 146.6 136.7 141.2 119.2 132.2 25.3 0.1612 0.3938

o-INT 1574 1114 147.4 136.5 1415 120.8 128.1 88.7 0.1391 0.3346

=25 =n-TS 234.1 108.4 140.0 138.3 142.1 116.7 142.0 -22.9 0.0571 0.4206
o-R 199.4 108.3 144.3 137.1 141.3 117.9 136.7 -38 0.1493  0.4049

o-TS 175.6 108.8 146.7 136.5 1415 1194 131.7 42 0.1665 0.3939

o-INT  156.7 111.4 147.6 136.5 141.6 121.0 1275 88.6 0.1432 0.3324

£=50 =n-TS 234.1 108.4 140.0 138.3 142.1 116.7 142.0 -22.9 0.0571 0.4205
o-R 198.2 108.3 1444 137.0 141.3 117.9 136.4 -4.2 0.1500 0.4045

o-TS 176.8 108.7 146.6 136.5 1415 119.4 132.0 0.0 0.1654 0.3951

o-INT  156.6 111.4 147.6 136.5 141.6 1211 1274 88.6 0.1437 0.3322

£=785 n-TS 234.1 108.4 140.0 138.3 1421 116.7 142.0 -22.9 0.0571  0.4205
o-R 198.2 108.3 1444 137.0 141.3 117.9 136.4 -4.2 0.1501 0.4045

o-TS 156.2 110.7 148.2 136.2 141.7 1211 127.9 0.0 0.1888 0.3317

o-INT  156.6 111.4 147.6 136.5 141.6 1211 1274 88.6 0.1439 0.3321

from TETSto 6-R to 6-TSto 6-INT in any medium, it is evident that the r(C;-Hyo) lengthens very
little and its bond order decreases aso slightly while the reaction proceeds forward. This suggests
that the C;-Hi, bond is still very strong and would not cleave during the formation step of Whe-
land intermediate, which is in a good agreement with the experimental observation of the absence
of kinetic isotopic effect in most aromatic nitration reactions. Contrarily, the r(Ci-N13) simply
shortens from T-TS toward o-INT, showing that the interaction between carbon and nitrogen gets
stronger along the pathway and the C;-Njzbond is partially formed in the o-INT. However, the
bond order of C;-N13 increases on going from T1eTs to 0-R to 0-TS, but decreases from 6-TS to
o-INT. This shows that the electrostatic interaction, rather than covalent orbital overlap, between
benzene ring and NO, moiety becomes stronger while the process reaches o-INT, which meets the
experimental observation of the carbocation character of Wheland intermediate.

Viewing the data in table 1, the solvent effects on the geometries of benzene ring in four
complexes of stationary points are insignificant since those rings are almost in the same resonance
structure in solvents as they are in gas phase. The bond C;-N13, however, is the most heavily in-
fluenced by solvents both in bond length and bond order, especially in the complexes of ¢-TS and
o-INT whose dipole moment is significant (see table 2). The bond C;-N13 shortens while the sol-
vent polarity increases. And in aqueous solution the bond length of C;-N;3in c-TSisvery close to
that in 6-INT, showing that the o-TSisatypical later transition state in agueous medium. Its bond
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Table2 Energetics and the dipole moments of four complexes in different mediaat B3LY P/6-311G ™ level
AEw(2) AER(Z) Gap

Spedies Er(au) Er(2)@au) /kJ-mol™  /kJ- mol™ (au) Dip/D

=1 TS -437.13205 -437.01993 0.0 2.744 0.1114 0.777
o-R -437.13357 -437.02098 0.0 0.0 0.1192 1.788

o-TS -437.13008 -437.01779 0.0 8.370 0.1319 4.290

o-INT -437.13266 -437.02008 0.0 2.355 0.1429 6.581

=5 n-TS -437.13214 —437.02013 -0.522 3.888 0.1118 1.025
6-R -437.13411 -437.02161 -1.667 0.000 0.1225 2.710

o-TS -437.13290 —437.02056 -7.265 2.773 0.1347 5.620

o-INT -437.14082 —437.02812 -21.10 -17.08 0.1484 8.684

£=25 n-TS -437.13218 -437.02024 -0.811 4.448 0.1119 1131
o-R -437.13438 —437.02194 -2.515 0.000 0.1243 3.248

o-TS -437.13403 -437.02173 -10.344 0.003 0.1358 5.985

o-INT -437.14421 -437.03150 -29.98 -25.11 0.1498 9.428

£=50 n-TS -437.13219 —437.02023 -0.764 4.645 0.1119 1.147
o-R -437.13443 -437.02199 —-2.665 0.000 0.1249 3.395

o-TS -437.13419 —437.02190 -10.796 0.239 0.1352 5.861

o-INT -437.14471 -437.03202 -31.33 -26.31 0.1500 9.536

£=785 n-TS -437.13219 —437.02023 -0.775 4.694 0.1119 1.153
6-R -437.13445 —437.02202 -2.725 0.000 0.1249 3.405

c-TS -437.13554 —437.02310 -13.926 -2.830 0.1471 9.149

o-INT -437.14490 —437.03221 -31.83 -26.75 0.1501 9.576

order declines from o-TS to o-INT in any medium (vide ante). The dihedral angle of £ (Oss-
N13CiH1,) is drastically changed from 0.0° to 88.6° in aqueous solution. That is, the plane of NO,
isvertical, rather than parallel, to an imaginary line of Cy*++C,.

The structure of NOj is initialy linear, but bents in al four complexes. The bond N-O
lengthens but the angle a (014N13015) decreases on going from ©-TS to o-INT in any medium.
And the impact of solvent on these two bond parameters is that the more they are changed in
magnitude, the larger polar solvent their complex is in. That is, for a complex the bond N-O
lengthens while the bond angle of NO, decreases on going from gas phase to non-polar solvent to
aqueous solution.

2.2 Charge migrations and solvent impacts

Considering the symmetry of complexes, only some computational results on atomic charges,
as well as the charge of NO, group of four stationary points at B3LY P/6-311G” level are listed in
table 3. As an electronic acceptor, the NO; attacks the electron-rich benzene ring by its vacant 2p
orbit to form an electron donor-acceptor complex. From the last column of table 3, about the
charge migration of NO; group, it is evident that the net charge in NO, moiety is gradually neu-
tralized on going from n-TS to 0-R to 0-TS to o-INT. In gas phase, for example, the charge of
NO, group of these four complexes is 0.340, 0.273, 0.110 and —0.049e respectively, showing that
an electron has been migrated to the NO, moiety in 6-INT, and a carbocation intermediate (Whe-
land) is then formed. Charge migration like this is much different from the electron transfer
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Table3 Some atomic charges and the charge of NO, group of four stationary pointsin different media
at B3LYP/6-311G” level

Cl CZ C3 C4 H 12 H 11 H 10 H 9 N 13 014 N OZ
e=1 n-TS  -0.129 -0.018 -0.048 -0.048 0189 0165 0171 0171 0393 -0.028 0.340
o-R -0.280 0.040 -0.076 0.003 0208 0176 0168 0179 0377 -0.056 0.273
c-TS -0239 0.043 -0.055 -0.004 0253 0197 0173 018 0320 -0.108 0.110
c-INT -0118 0.001 -0.039 -0.003 0275 0208 0179 019 0.288 -0.168 -0.049
£=5 n-TS -0.127 -0.016 -0.046 -0.046 019 0166 0172 0172 038 -0.033 0324
o-R -0.277 0.049 -0.073 0011 0212 0177 0173 018 035 -0.073 0.215
c-TS -0219 0048 -0.044 0008 0241 0192 0181 0204 0297 -0.138 0.030
o-INT -0.092 -0.007 -0.032 0.013 0277 0202 0195 0224 0267 -0.202 -0.138
£=25 n-TS -0.126 -0.016 -0.046 -0.046 0190 0166 0173 0173 0383 -0.035 0.317
c-R -0273 0052 -0.071 0015 0215 0177 0175 0190 0344 -0083 0.182
c-TS -0.210 0.044 -0.040 0014 0232 018 0184 0208 0296 -0.147 0.011
c-INT -0.087 -0.010 -0.029 0.020 0277 0199 0201 0234 0261 -0.213 -0.165
£=50 n-TS -0.126 -0.015 -0.046 -0.046 019 0166 0173 0173 0383 -0035 0.316
o-R -0.271 0.053 -0.070 0016 0216 0178 0176 0191 0341 -0086 0.173
c-TS -0216 0044 -0042 0015 0231 0184 0184 0208 0.298 -0.144 0.019
o-INT -0.086 -0.011 -0029 0020 0277 0198 0202 0236 0261 -0.215 -0.169
=785 @n-TS -0126 -0.015 -0.046 -0.046 0190 0166 0173 0173 0383 -0.036 0.316
o-R -0.271 0.053 -0.070 0016 0216 0178 0176 0191 0341 -0.086 0.172
c-TS -0271 0053 -0.026 0017 0216 0178 0197 0229 0245 -0210 -0.167
c-INT -0.086 -0.011 -0.029 0.021 0277 0198 0202 0237 0260 -0.215 -0.170

mechanism of radical pairs in which an electron is transferred from NO; to benzene to form
radical pairs of benzyl cation and NO,. However, no spin densities appeared in either moiety of
benzene or NO, group in complexes when the unrestricted B3LY P was employed to locate the
geometries of all stationary points in any medium, showing that there is no any sights of unpaired
single electron and radical character in these complexes. Instead, the bond C;-Ny3 is partly formed
by the interaction between two moieties bit by bit while the NO; closes to the benzene ring.

For each complex, the positive charge of NO, group is neutralized more while the solvent
polarity increases, especially on going from gas phase to the nonpolar solvent of £ = 5. After that,
on going from a solvent of &£=25 to an agueous solution, the magnitude of atomic charge is almost
unchanged. The o-TS, however, is an exception, the charge of NO, group changes from 0.019 e to
—0.167e, which is very close to that of o-INT, —0.170e, while the dielectric constant of solvent
varies from 50 to 78.5. This indicates again that the o-TS is truly a later transition state, and the
polar solvent could strengthen the interaction between the benzene and NO, moieties and promote
the charge migration from one part to another.

Viewing the atomic charge distributions of four stationary points in solvents it is found that
the atomic charges in the n-TS vary the least while the dielectric constant changes because its di-
pole moment is the smallest one among the four (see table 2). Contrarily, in the dipole moment
largest o-INT, the atomic charges vary the most significantly while the solvent dielectric constant
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changes. For example, the charge of NO, group in o-INT has dropped 0.089 e, from —0.049 to
—0.138, on going from gas phase to the nonpolar medium of £=5.

2.3 Energetics, reaction mechanisms and solvent impacts

The energetics and the dipole moments (Dip) of four complexesin different mediaat B3LY P/
6-311G  level arelisted in table 2. The Er isthe total energy and Er (Z) the total energy including
ZPVE correction. The AEg,, (Z) is the stabilization energy by solvents, the relative energy of a
complex in asolvent to that in the gas phase. The AEg (Z) then isthe relative energy of every other
three complexes to the o-R in each medium. The Gap is the energy gap between HOMO and
LUMO.

From the information in both table 2 and fig. 2, the reaction mechanism for the titled nitration
can be illustrated as follows: First, the electrophilic agent, NO;, attacks the area with high density
of electron clouds, where it is across the benzene ring and between two carbons, to form a 1t com-
plex of transition state (z-TS) by a low energy barrier of 2.744 kJmol. Then the nitronium ion
shifts to one single carbon atom out of two equals, C; and Cg, to form a o complex of reactant
(0-R), and the later viaa o-TS by activation energy of 8.370 kJ/mol to form the Wheland interme-
diate. Finally the -INT forms a nitrobenzene by releasing H" in afast step. Thisisthe situation in
gas phase. The formation of 6-TS is the rate-determining step.

In solvents, however, the stabilization energy of o-TS is much bigger than that of 0-R, since
the dipole moment of former is much bigger than the later one. As a result, the activation energy

of 0-TS is depressed more by the increasing di- PhHNO;

electric constant of solvents. In the agqueous so- 200

ution, the formation of o-TS finaly takes no  '*°[

barrier. The impact of solvents on the dipolar _Tg ol

moment large complex o-INT is the most drastic, =

especially on going from the vacant (= 1) to the % -lor

nonpolar medium of € = 5, and its stabilization 20

energy has reached —21.10 kJ/mol. This means 30 —»—&=785 o-INT

that the intrinsically endothermic nitration finally Reaction process

becomes an exothermic reaction in water (seefig. Fig. 2. Profile of nitration of PhH with NO; in different
2). mediaat B3LYP/6-311G ™ level.

Besides a large amount of reports on electrophilic substitute mechanism, another electron
transfer mechanism™? involvi ng radical pairs has been reported. We now compare these two
mechanisms by our results both in thermodynamics and kinetics.

The energies and structures of two radicals of PhH"" and NO;, were carried out by unre-

stricted B3LYP procedures at a 6-311G~ level. Their total energies including ZPVE are
-231.97468 and -205.10345 a.u., and the total energies of their molecule or ion are -232.30857
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and -204.74901 a.u. respectively. Then the ionization potentials of the two radicals were calcu-
lated as 876.6 and 930.6 kJ/mol by the difference of total energy of the radical and the molecule or
ion. Finaly the energy for the electron transfer from benzene to NO; was carried out, -53.95
kJmol (-0.559 eV), which agrees with an experimental result of -0.55 evV™, by the difference of
ionization potentials (AEg), where AEg = E; —Es, Es = E(PhH)+E(NO;) and E; = E(PhH" ") +
E(NO5). This means that the formation of two radicals from the initial reactants, benzene and

NO;, is energetically feasible. Yet the stabilization energies involving ZPVEs for four complexes
were calculated by AEstab = Ecomplex — (Ebenzene + Eno;), —184.7 (n-TS), —-187.5 kJmol (o-R),
-179.1(0-TS) and —185.1 kJ/mol (o-INT) respectively, which are all even much lower than that of
electron transfer. This shows that the formation of complex by electrophilic substitute is more fa-
vorable than that of radicals by electron transfer in the view of thermodynamics.

On the other hand, the inner sphere reorganization energy of NO; is very high, 128.8 kJ/mol
(theoretical value'®) or 109 k¥/mol (experimental value?) since the linear NO; bents significantly
after an electron is transferred to. And the activation energy of the nitration is partly contributed
by the reorganization energy of NO;. So that, in the view of kinetics, there islittle opportunity[zol
of eectron transfer using NO; as an oxidization agent for a nitration. And the electrophilic
substitute is believed more favorable because its activation energy is only 8.370 kJ/mol in gas
phase.

In aword, for both its high stabilization energies of complexes and low activation energy, the
electrophilic substitute is considered here a more favorable mechanism than the electron transfer,
at least for the titled nitration.

24 IR spectra

For the limitation of space, the IR spectra of only two complexes, o-TS and o-INT, signifi-
cantly influenced by solvent effect, were discussed here. The dielectric constants of 1.0, 5.0 and
78.5 were used for the SCRF calculations to represent gas phase, nonpolar and aqueous solutions.
Some vibration frequencies and intensities for bonds C;-Ni3 and C;-Hy, are listed in table 4.
From the intensities of the stretches, it is evident that the stretch of bond C;-Ni3 is much stronger
than that of bond C;-Ha,. In gas phase, there are several weak C-H stretches around 3200 cm™ but
asharp one at 2919 cm™?, which is the stretch of the bond C1-H1», between the attacked carbon and
its hydrogen for leaving. And an out-of-plane bending vibration for this C-H is at 1084 cm™. An
insignificant red shift found for bond C;-Hi, on going from 6-TS to 6-INT agrees with the slightly
lengthening in bond length and the decreasing in bond order, showing that the bond C;-H, would
not cleave in the Wheland intermediate, i.e. the formation of bond C;-N3 and the cleavage of
bond C;-Hj» are not cooperative but stepwise in the process of nitration. Thisisin full agreement
with the fact that no kinetic isotope effect is observed in most aromatic nitrations. The stretches of
bond C;-Ni3 at 741 cm tin 0-TS and 817 cm™* in o-INT are very strong, showing that the bond
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C;-Ny3 has aready partly formed in both o-TS and o-INT, and a blue shift for this bond on going
from o-TS to o-INT reflects the tendency for its bond length to shorten and bond strength to in-
crease (vide ante). Comparing the stretches of bond C;-Ni3 of two stationary points in different
media, the impact of solvent on its bond length, bond strength and blue shift from o-TSto o-INT
shows that the polarity of solvent would benefit the formation and stabilization for both 6-TS and
o-INT complexes. It is worthy of noting that the calculated vibrational frequencies of two com-
plexes presented here were not scaled but reliable since the computation by the B3LY P/6-311G

could often be used directly without scaling®”.

Table4 Some vibration frequencies and intensities of bonds in the complexes of o-TS and o-INT at B3LYP/6-311G " level

e=1 £=5 £=785

o-TS o-INT o-TS o-INT o-TS o-INT
Freq./om™ 740.9 816.7 749.4 832.7 825.3 834.1
IR inten./KM « mol™ 329.2 293.8 324.8 170.8 143.9 156.4
Freg./cm™ 3105.1 2918.9 3131.3 2891.9 2950.3 2889.2
IR inten./KM « mol™ 26.7 62.4 237 74.2 734 76.2
Freq. /em™ 1081.8 1083.9 1098.1 11217 1134.2 1140.8
IR inten./KM « mol™ 45.3 100.9 98.5 101.5 72.7 83.2

2.5 Thermodynamics and rate constant in gas phase

Based on the frequency analysis calculations, the standard thermodynamic functions of heat
capacities (C}), entropies (S;) and enthalpies (H;) for the o-complexes of R and TS, as well as
the change of entropy (AS;) and the rate constant (ka) for the rate-limiting step of titled reaction
at each temperature were evaluated by using the theory of statistical thermodynamics, and then are
listed in the table 5. It is evident that al the heat capacities and the rate constant (ka) increase,
whilst the change of entropy (ASr) decreases, as expected, with increasing in temperature. It is
worthy of noting that the rate constant (k,) demonstrated here is in good agreement with an ex-
perimental rate constant of the order of 10™°mol « L™ » s3I,

Table5 Thermodynamicsfor the rate-limiting step of the titled reaction

o-complex R o-complex TS
INSTAR ka X 207/
TK  ca- S+ HkIemol™ CiIemol™  S/3e Hkd®  molte KT mol™ - s?
mol™s K mol™?e K™ - K? . K? mol™s K? mol™e K™?

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
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2.6 Linear correlations for the solvent effect on Wheland intermediate

Since the Wheland intermediate in a nitration is sometimes detectable in experiments, its
geometry, electronic structure and other important properties, and how they behave in different
media are both experimentally and theoretically concerned. So that, some properties of o-INT
impacted by the solvent polarities are specially discussed here. Hopefully, it would offer some
referential data and their variations by media to the experimental works.

First, it was found that the solvent effect on the stabilization energy isin paralel with that on
the net charges of NO, group for o-INT. A linear relationship between the stabilization energies
and the net charges of NO, group in the set of solventsis shown in fig. 3 (a). This means that the
extra stabilization energy gained from the solvent by o-INT is due to the strengthening charge
migration from benzene to NO, group and the interaction between the two moieties by the solvent.
Secondly, the dipole moment of the solute (o-INT) is enlarged by the increasing solvent polarity.
Therefore, another straight line is drawn in fig. 3 (b), the stabilization energies against the dipole
moments of o-INT in solvents. Combining the results of fig. 3 (a) and (b), it is obvious that the
plot of dipole moments of o-INT against the net charges of NO, group in the set of solvents
should be aso a straight line. That is, the stronger the solvent polarity, the more the negative
charge left for NO, group, the bigger the dipole moment of solute, and the lower the stabilization
energy (AEsi (2)). Similarly, alinear relation shown in fig. 3 (c) is found between the energy gap
of frontier orbits and the dipole moments. The straight line shown in fig. 3 (d) then is the stabiliza-
tion energies against the bond orders of C;-N33. Combining the results of (b), (¢) and (d), a con-
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Fig. 3. Linear property-structure relations for Wheland intermediate in different media.
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clusion could be drawn as follows. The energy gap is proportional to the stabilization energy; the
bond order of C;-Ni3 increases with the solvent polarity; both the bond order of C;-N3 and the
energy gap increasing finally lead to the elevation of the stabilization energy in solvents.

3 Conclusions

This paper reports the behaviors for the title reaction profile in different media at the
B3LYP/6-311G level, and the following conclusions can be reached:

(i) In gas phase, the electrophilic agent, NO;, attacks a benzene ring to form four highly
stabilized complexes of TeTS, 0-R, 0-TS and c-INT one by one. The formation of o-TS is the
rate-determining step, and the activation energy is 8.37 kJmol. The order of rate constant is
10"mol™ « s, in good agreement with an experimental observation.

(i) For its high stabilization energies of complexes and low activation energy, the electro-
philic substitute is considered here a more favorable mechanism than the electron transfer for the
titled nitration in both thermodynamics and kinetics.

(iii) Since the dipole moment of o-TS or 6-INT is much bigger than that of ¢-R, as well as
the stabilization energy, the activation energy is depressed by the solvent effect. The nitration in
agueous solution then undergoes without barrier and becomes an exothermic reaction from an in-
trinsically endothermic one. Thisis consistent with the experimental observation.

(iv) The formation of bond C;-N13 and the cleavage of bond C;-Hj» are non-concerted step-
wise. The absence of kinetic isotope effect for the nitration is then demonstrated by our results on
geometries, charges, energetics and IR spectra.

(v) Linear property-structure relations for the experimentally detectible Wheland intermedi-
ate shows up the correlations between the bond order of C;-N43, the charge of NO, group, the di-
pole moment, the energy gap of frontier orbits and the stabilization energy in solventsin nature.
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