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Abstract: The potential energy surface of the chlorination reaction of chlorobenzene
catalyzed by Aluminium Chloride has been investigated theoretically with hybrid Density
Functional Theory (B3LYP) in order to determine the general reaction mechanism which
is a model of aromatic substitution of benzene derivatives (contains a group with a double
effect: donor and acceptor of electrons). By using the ELF (Electron Localization
Function) method, we’ve also evaluated the electronic population of Wheland
intermediates (o complexes) to explain and understand the orientation of the second
substitution of Chlorine on chlorobenzene. The results obtained showed that, the potential
energy surface of this reaction has six stationary points. These results obtained from DFT
calculations have been compared with CCSD (T) method which is the most powerful
post-Hartree Fock method in terms of inclusion of dynamic correlation. The ELF analysis
applied on the Wheland complexes explained the traditional orientation of this reaction
which said that the orientation of the second substituent in ortho and para positions
depend on the stability of the intermediates complexes 6 or G,.

Keywords: ELF (Electron Localization Function), DFT (Density Functional Theory),
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INTRODUCTION

Quantum chemistry has been well used and successful known in chemical reaction analysis and chemical
reactivity *’. Theoretical Chemistry cannot be reduced only to obtain the geometry, the energies and the
spectroscopy of proposed molecular structures. An important part of quantum chemical research is used to
rationalize and to explain the results in terms of quantitative concepts obtained from calculations. The
electrophilic substitution reaction is widely taught in most courses in organic chemistry ®*° but his
mechanism has been very few studied and explained theoretically.

Olah and his collaborators have studied his mechanism and after an important experimental works, have
showed the influence of the solvent in the electrophilic substitution reactions ***. Many theoretical works
have been done to explain the mechanism of electrophilic substitution of non-substituted benzene *>%.

Recently, in our group we’ve studied in gas phase and in solution the general mechanism of chlorination
reaction of nitrobenzene which is a model of an aromatic substitution of substituted benzene with a IT
acceptor group %. The ELF (Electron localization Function) analysis of different systems have shown the
importance of this function to evaluate the electronic population of molecules * %, to explain, understand
and visualize the chemical bond %.

On the substitution reactions of benzene derivatives, the orientation of the second substitute depends on the
nature of the first and not of the electrophile. This point has been generally rationalized by analyzing with
the aim of electronic structure of intermediates o (so called Wheland complexes) #'. The experimental data
proved that these 6 complexes exist and are responsible for the orientation of the aromatic reactions %%,

In this study, we’ve proposed to investigate the potential energy surface of the chlorination reaction of
chlorobenzene (with Chlorine which have a double effect: donor and acceptor of electrons) in order to
obtain his general mechanism, to evaluate the electronic population of intermediate complexes ¢ by using
the ELF method with the aim to explain the orientation of the second substitution of chlorine on
chlorobenzene.

THEORETICAL CALCULATIONS

For this chlorination reaction of chorobenzene in the presence of Aluminium Chloride as catalysts, the
overall reaction is written as follows:

AICI
CeHs-C1+Cl, __ 39, CeH,Cl, + (AIC]; + HCI)

The calculations of the wave function have been carried out at the hybrid Hartree-Fock density functional
method B3LYP level ** and CCSD (T) level “** with the basis 6-31G** in Gaussian 03 software *. The
vibrational analysis has been carried out at each optimized geometry in order to confirm whether the
obtained structure is located at an energy minimum or Transition State; all positive for a minimum and one
imaginary for a Transition State (TS).

The topological analysis ELF has been done with TopMod package *“* developed by Bernard Silvi and
collaborators. All information is available on the site: http://www.lct.jussieu.fr/silvi. The three-dimensional
representations (molecular structures and isosurface ELF) have been visualized with the software Amira 3.0
% and MOLEKEL (available on the web site: http://www.cscs.ch/molekel).
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RESULTS AND DISCUSSIONS

The theoretical study of the second substitution of chlorine on chlorobenzene has given the relative energies
illustrated in Table-1 below:

Table-1: Relative energies (AE) for the chlorination reaction of chlorobenzene in the gas
phase; the reactants are taken as reference.

B3LYP/6-31G** CCSD (T) /6-31G**

AE (Kcal/mol) AE (Kcal/mol)

ortho | meta | para |ortho | meta | para
Reactants | 0.0 0.0 0.0 0.0 0.0 0.0
11, -10.5 -105 |-105 |-5.6 -5.6 -5.6
TS, -8.6 -5.2 -9.7 -6.1 -3.3 -6.3
G, -19.0 -13.7 | -175 |-27.3 -18.3 | -23.8
G, -19.3 -18.4 | -20.2 |-24.3 -22.1 | -23.6
TS, -17.7 -179 |-16.0 |-21.1 -19.1 | -20.1
I1, -36.3 -38.3 |-389 |-43.6 -44.3 | -44.9
Products -25.2 -27.3 | -276 |-30.6 -324 | -325

The Reactants and products
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The geometric optimized parameters at the B3LYP level of reactants in A are in good agreements with the
experimental data in parentheses ** *°. The mesomeric effects " in the case of chlorobenzene are shown
below:
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The analysis of mesomeric effects on chlorobenzene confirms that the C;-C, is more reinforced than C,-Cs
bond. If we compare with the model system, the C;-Cl bond in chlorobenzene is smaller (1.737 A) than
CHs-Cl (1.804 A). This analysis of the evolution of distance C-C and C-Cl in chlorobenzene is reinforced by
ELF calculation on the different systems: the population of disynaptic basin V (C, CI) increases from 1.27 e-
(CH3-Cl) to 1.43 e- in the chlorobenzene; in the same way, the electronic density of chlorine atoms
decreases from 6.47 e- (CH3-ClI) to 6.32 e- (¢-Cl).

The ELF population of basins with correspondent bond lengths and ELF structure in the case of
chlorobenzene are given respectively in Figure 1 and Figure 2 below:

6.32

1.394

1.086 H

distances (&) ELF populations (e-)

Figure 1: ELF population of basins with correspondent bond lengths in chlorobenzene.

Figure 2: ELF structure of chlorobenzene.

The ELF function in the case of chlorobenzene permits us to analyse how the delocalization of TT system is
done in this molecule. The population of disynaptic basin V (Cy, C,) is the most important in the cycle (2.86
e-) and correspond to the distance C;-C, which is the smaller (1.394 A).

The population of the basin V (C,, Cj) is a little fairly (2.85e-) and correspond to the distance a little
extended (1.396 A). At the end, the most fairly population V (Cs, C,) with 2.81 e- correspond to the distance
Cs-C, equal to C,-C; (1.396 A). In the case of benzene, the synaptic basin V (C, C) has a population of 2.80
e- with a distance of 1.396 A. The geometric structures obtained for products are elucidated in Figure 3.
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ortho dichloro benzene meta dichloro benzene para dichloro benzene

Figure 3: Geometric structures of products (the bond lengths are in A).

By comparing the three products of the reaction of chlorination of chlorobenzene, ortho product have the
highest energy (-25.2 kcal/mol) than meta and para products which have the same energy (-27.5 and -27.6
kcal/mol). It is the same situation for CCSD (T) calculations where the relative energies of products follow
the same order of stability than B3LYP calculations. The distance of C-Cl bond is smaller in ortho product
(1.748 A) than meta and para products where this bond have the same distance (1.757 and 1.760 A). The
repartition of the electronic population obtained with the ELF analysis for the three products of the reaction
is in Figure 4 below:

.33

ortho dichlorobenzene meta dichlorobenzene para dichlorobenzene

Figure 4: ELF population of basins in ortho, meta and para dichlorobenzene respectively. All
electronic population of basins are in e-(electrons).

With the ELF analysis on the products, there is a small differentiation on the population of disynaptic basin
V(C-CI): 1.47 e- (for ortho product), 1.46 e- (meta) and 1.45 e-(para). By comparing this V(C,ClI) basin in
the products of the reaction with the one in chlorobenzene (1.43 e-), we’ve realized that this population has a
little increased. We have also observed the small difference on the population of monosynaptic basin V (Cl)
in the products (6.33 e-, 6.34 e- and 6.36 e-) than the one of chlorobenzene (6.32 e-).

These differences of basins population explains the thermodynamic and geometric differences which have
been observed between the different products. The ELF analysis on the products is directly linked to the
geometric and thermodynamic analysis.
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REACTIONAL INTERMEDIATES

IT; complex: This IT; complex is formed with the interaction between three reactants (chlorobenzene,
chlorine and aluminium chlorine). In our study, one IT; complex has been localized for the three attack ways
corresponding for a fixation on para position (Figure 3). The optimized geometry in Figure 5 shows that C-
Cl bond decreased from 1.761 A in the reactant to 1.737 A in the stabilized complex IT,. The situation is
different for CI-Cl and AlI-CI bonds which increases respectively from 2.087 A to 2.278 A and from 2.083 A
to 2.392 A. The stabilization energy of this IT; complex is -10.5 kcal/mol compared to the isolated reactants.
With CCSD (T) method, this stabilization energy becomes -5.6 kcal/mol.

;392
§ cl
2.278

Figure 5: T1; complex para (Units of bond lengths of all parameters are A).

Transition States TS1: Three Transition States TS; have been obtained respectively for ortho, meta and
para position (Figure 6).
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Figure 6. Transition States TS1 in the cases of ortho, meta and para position (Units of bond lengths of all
parameters are A). By comparing the energy of three TS,, we have the small differentiation: the ortho (-8.6
kcal/mol) and para (-9.7 kcal/mol) positions are more stable than meta (-5.2 kcal/mol) position. With CCSD
(T) calculations, the relative energies of TS; for ortho and para positions are more stable than the stabilized
complex IT; (-6.2 kcal/mol), TS; meta remains less stable (-3.3 kcal/mol) than ortho and para.

Geometrically, the C-Cl bond is longer in TS, meta (1.750 A) than ortho and para structures where this band
has a little the same distance (= 1.717 A). It is the same situation for Al-Cl bond where the distance is
smaller in TS1 meta (2.243 A) than TS; ortho (2.264 A) and TS, para (2.271 A).

Intermediates complexes ¢ (sigma): After passing to the Transition States TS;, the system arrives to
Wheland complex which consist of two parts: cation being the traditional o-complex C6H5CI,+ and the
counter anion AICI4- part. These two parts are mutually interacting with Coulombic forces. Since this
species are purely ionic, the Coulombic interaction between C6H5CI,+ and AICI4- causes the large
stabilization of the o-complexes intermediate whose energies are much more stable than the energy of the
IT1 complex.

The intermediates o; (sigma) obtained from the chlorination reaction of chlorobenzene are elucidated in
Figure 7 below (Units of bond lengths of all parameters are A):

2.308
236 2.18%‘ \ {@
M Cl =
c = /ﬁ :
: Cl 3
1.725
o ay/
H ¢ 1736 H
1.734
o, ortho c; meta oLpara

Figure 7: o1 (sigma) complexes in the cases of ortho, meta and para position respectively.

The results shows that ; meta complex is less stable (-13.7 kcal/mol) than o; ortho complex (-19.0
kcal/mol) and para (-17.5 kcal/mol). With B3LYP method, this energetically differentiation is not important
as in the case of chlorination of aniline *.

With CCSD (T) calculations, the difference of energy is important: the energy of Wheland complexes are -
27.3 kcal/mol for ortho, -18.3 kcal/mol for meta and -23.3 kcal/mol for para; the meta complex remains the
less stable of them. Geometrically, the distance Al-Cl is small in o; meta complex (2.180 A) than &; ortho
complex (2.368 A) and para (2.308 A).

The C-ClI bond is longer in the meta (1.736 A) than the ortho (1.734 A) and para complex (1.725 A). The
distance and ELF analysis round the aromatic cycle of 6; complexes gives the results below in Figure 8 and
Figure 9 respectively:
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o, ortho o1 meta

Figure 8: Distance analysis round the aromatic cycle of 6; complexes (Units of bond lengths
of all parameters are A).
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Figure 9: ELF analysis round the aromatic cycle of 6; complexes. All electronic population of
basins are in e-(electrons).

These results of distance and ELF population round the aromatic cycle of 6; complexes are summarized in
Table-2. The distance C;-Cl is smaller in o, para complex (1.725 A) than the other two complexes where
they have a little the same distance (1.734 and 1.736 A respectively for ortho and para complex). These
distances are smaller than the same distance in chlorobenzene (1.761 A).

The ELF analysis on these C;-Cl bond shows that this bond has the high electronic population (1.56 e-) in
para complex and this population is the same (1.53 e-) in ortho and meta complexes. These populations of
disynaptic basin are higher than V (C, CI) in chlorobenzene (1.43 e-).

The electronic density on chlorine in meta complex (6.17 e-) is smaller than the ones in ortho complex (6.28
e-) and para (6.25 e-). This electronic density of chlorine in chlorobenzene is 6.32 e-. This situation shows
that there is a transfer of electrons from chlorine to aromatic cycle.
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Table-2: Distance analysis at B3LYP level and ELF analysis of chemical bonds round the
aromatic cycle of o; complexes.

Distance analysis ELF analysis (electrons)
at B3LYP level (A)
o, ortho o, Meta oy para oy ortho o1 Meta oy para
Cl - - - 6.28 6.17 6.25
C.-Cl 1.734 1.736 1.725 1.53 1.53 1.56
C.-C, 1.344 1.417 1.373 3.54 2.56 3.18
C-Cs 1.460 1.413 1421 2.22 2.50 2.55
Cs-Cy4 1.466 1.365 1.497 2.20 3.04 2.10
Cs-Cs 1.344 1.485 1.494 3.40 211 2.08
Cs-Cs 1.496 1.487 1.349 2.07 211 3.32
Ce-Cy 1.501 1.368 1.446 2.13 3.19 2.36

The sum of ELF population on double bonds in ortho complex (6.94 e-) and para complex (6.50 e-) are
more important than meta complex (6.23 e-). This differentiation explains the high stability of ; ortho and
para compared to o; meta. This conjugation round the aromatic cycle is responsible of the stability of
Wheland complexes: The delocalization is very important in aromatic cycle of ortho and para complex; this
delocalization is less important in meta complex. The ELF structures of o; ortho, meta and para respectively,
are illustrated in Figure 10 below:

243 o2

Figure 10: ELF structures of o5 ortho, meta and para respectively.

The geometric structures of o, complexes which are not so different to o, are illustrated in Figure 11 (Units
of bond lengths of all parameters are A): In these structures of o, the substituted chlorine atom of the cation
is situated in opposite side with the counter anion AICI4".
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Figure 1: Geometric Structures of o, 0rtho, meta and para respectively.

o, complexes are a little more stable than 6; complexes but are fit the same order of stability : 6, ortho (-19.3
kcal/mol) and para (-20.0 kcal/mol) are more stable than meta complex (-18.4 kcal/mol). The CCSD (T)
calculation gives the energies with the different order of stability. Geometrically, the distance Al-Cl is longer
in 5, complexes ortho (2.309 A) and para (2.265 A) than meta complex (2.171 A). The C-Cl bond is longer
in meta complex (1.737 A) compared to ortho (1.724 A) and para (1.710 A).

Transition States TS2: The second phase of the reaction of chlorination of chlorobenzene consists to the
transformation of o, complexes to IT, complexes via the second Transition States (TS,). The geometric

structures of TS, are elucidated in Figure 12.
2.23‘)/

H

11

4
Cl 1372 1.737
1.4605226%

Cl
1.378 N
1.400 1414

TS, ortho TS, meta TS, para

Figure 12: Transition States TS2 in the cases of ortho, meta and para position (Units of bond
lengths of all parameters are A).
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The relative energies obtained shows that the Transition States TS, ortho and para with the respective energy
of -16.0 and -17.7 kcal/mol are more stable than TS, meta (-14.7 kcal/mol). The activation barriers
calculated from o, complexes are 3.3 kcal/mol for ortho, 3.7 kcal/mol for meta and 2.5 kcal/mol for para.
The CCSD (T) calculation gives the results with the different order of stability for ortho and para positions:
TS, ortho (-21.1 kcal/mol) and para (-20.1 kcal/mol) are more stable than TS, meta (-19.1 kcal/mol). The
distance of C-Cl bond is longer in TS, meta (1.737 A) compared to TS, ortho (1.710 A) and para (1.714 A)

I, complex
2.497

2.520 2.42\9\} >|/l/

J\/ Cl 1.318‘

i ‘ 1.178
1.323
[
1.320‘ 1.399 Q
. 1 397 2.164! 1.396
2.115/\1.394, 790 11.39 750
: cl cl cl
1.402
T395 ™ o6 1.401
' 1.421
7T, Meta T2 para

Figure 13: IT, for ortho, meta and para position (Units of bond lengths of all parameters are A).
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Figure 14: Overall mechanism at B3LYP level of chlorination reaction of chlorobenzene in gas phase for
ortho, meta and para position.
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As in the case of nitrobenzene %, TI, meta and para with the relative energies (-38.6 kcal/mol) are more
stable than IT; ortho (-36.3 kcal/mol). The CCSD (T) calculations are given the results in conformity with
B3LYP. This thermodynamic differentiation is found on geometrical analysis: The distance of C-Cl bond are
equal in IT, meta and para complexes (1.750 A) and longer than the one in IT, ortho complex (1.743 A).

Table-1 gives the relative energies calculated for all the potential energy surface of chlorination of
chlorobenzene for ortho, meta and para positions. All the relative energies are negative as in the cases of
chlorination of aniline ®* and chlorination of non-substituted benzene %. At the end of this study, the profiles
of three potential energy surfaces obtained for this second substitution of chlorine on chlorobenzene are
represented in Figure 14.

CONCLUSION

In this work we’ve studied at B3LYP level the second substitution of chlorine on chlorobenzene in order to
obtain his overall mechanism. Six stationary points have been localized on this potential energy surface for
ortho, meta and para position. For the three cases, the limiting step of the reaction is the transformation of w;
to o; via Transition State TS; and the reaction is on kinetic control. The ortho and para ways have the
priority compared to meta way. This situation permit us to validate the classic interpretation given to this
reaction: the orientation of this reaction in ortho and para positions is governed by the relative stability of
Wheland complexes (o3 or 6,). This stability has been proved by the important delocalization in ortho and
para complexes compared to meta complex. This preference of the reaction has also been explained by the
geometric analysis with DFT calculations and ELF analysis applied to Wheland intermediates.
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