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Abstract

The study aimed to verify the possible use of DFT calculation in the prediction of the orientation in
electrophilic aromatic substitution. An activated ortho/para orienting substrate, and a deactivated
meta orienting substrate were used in DFT calculations using B3LYP, B3PW91, BPV86, CAM-B3LP,
HCTH, HSEHIPBE, LSDA, MPW1PW91, PBEPBE, TPSSTPSS, and WB97XD functionals were
performed. The results showed that the reactivity of anisole can be adequately described considering
charge control in reaction performed in hard conditions (nitration), while frontier orbital control can
play a role in reactions performed in softer conditions (chlorination). Nitration of benzaldehyde can
be rationalized through Hirshfeld charges analysis. Neither the frontier orbital nor Mulliken charges
approach adequately account for behavior observed in chlorination of benzaldehyde. The effect of
different basis sets was tested performing calculations with B3LYP functional and aug-cc-pVDZ, 6-
311G+(d,p), aug-cc-pVQZ,, DGTZVP, and LanL2DZ basis sets. For anisole, all basis sets provided a
HOMO electron density distribution consistent with experimental reactivity, Hirshfeld charges
analysis consistently reproduced the observed reactivity of anisole across all tested basis sets. All the
basis sets were able to explain the observed reactivity of benzaldehyde in hard experimental
condition, while they failed to give a correct description when a softer reagent was used.

Keywords: aromatic compounds; electrophilic substitution; frontier orbitals control; Mulliken
charges; Hirshfeld charges

1. Introduction

Electrophilic aromatic substitutions are some of the most studied reactions in organic chemistry.
In 1874 Koerner determined the regioselective effects of the substituents in mono-, bi-, and
trisubstituted aromatic rings [1]. A first explanation of the substituent effects on the regioselectivity
of electrophilic aromatic substitutions has been described considering the alternating polarity theory
[2]. In 1942 Wheland proposed the formation of an arenium ion as an intermediate [3]. The
mechanism of the electrophilic aromatic substitution was explained on the basis of this intermediate
[4]. The mechanism of electrophilic aromatic substitution was the basis of several theoretical
approaches able to explain the regioselectivity of the reaction. DFT treatment of the mechanism has
been published [5,6], and several other contributions in this field appeared [7-13]. Fukui’s 1952
pioneering work introduced frontier molecular orbital (FMO) theory by showing that the regions of
highest electron density in the HOMO of polycyclic aromatic hydrocarbons, calculated using LCAO-
MO methods and symmetry considerations, predict the sites most susceptible to electrophilic attack
[14]. Some years later, Klopman and Salem proposed a general approach to explain perturbation of
the energy of a reactive system based on both the interaction between the orbitals of the reagents and
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the interaction between charges [15]. In 2014, the regioselectivity of aromatic substitutions was
attributed to charge redistribution within the benzene ring, rather than to the electron-donating or
electron-withdrawing nature of substituents [16]. Recently, we reported the results of DFT
calculations (B3LYP/aug-cc-pVDZ level of approximation) on the electrophilic aromatic substitution.
Our analysis shows that the frontier orbital control and/or the charge control can be applied to explain
the reactivity of activated ortho/para orienting compounds, depending on the nature of the
electrophile. On the contrary, both approaches failed in the description of the reactivity of deactivated
meta orienting substrates [17]. This article aims to determine whether the limitations observed in the
previous study arise from the selected systems or the computational conditions by comparing
anisole, an activated ortho/para-directing substrate, with benzaldehyde, a deactivated meta-directing
substrate, and analyzing the results obtained with different functionals and basis sets. In this article,
we want to verify if Klopman-Salem approach performed at DFT stadium is able to describe the
regiochemical behavior in electrophilic aromatic substitutions.

2. Materials and Methods

Gaussian09 has been used for discussions about computed geometries [18]. All the computations
were based on the Density Functional Theory (DFT) by using the B3LYP hybrid xc functional [19],
B3PWO1 [20], BPV86 [21], CAM-B3LYP [22], HCTH [23], HSEH1PBE [24], LSDA [25], MPW1PW91
[26], PBEPBE [27], TPSSTPSS [28], and WB97XD [29]. Geometry optimizations from the Gaussian09
program have been obtained at aug-cc-pVDZ [30] ,6-311G+(d,p) [31], aug-cc-pVQZ [32], DGTZVP
[33], and LanL2DZ [34] level of approximation. Geometry optimizations were performed with
default settings on geometry convergence (gradients and displacements), integration grid and
electronic density (SCF) convergence. Redundant coordinates were used for geometry optimization
as produced by the Gaussian09 program. Analytical evaluation of the energy second derivative
matrix w.r.t. Cartesian coordinates (Hessian matrix) confirmed the nature of minima on the energy
surface points associated to the optimized structures.

3. Results

The first series of calculations were performed using all the different functionals (see section 2)
with the same basis set (aug-cc-pVDZ). The results for anisole are reported in Table 1 and Figure 1.
To better interpret these results, we compared them with experimental reactivity. We considered two
representative electrophilic substitution reactions: nitration, typically carried out under harsh
experimental conditions, and chlorination, which proceeds under milder conditions. Experimentally,
nitration of anisole yields 44% o-nitroanisole and 56% p-nitroanisole, while chlorination gives 21% o-
chloroanisole and 79% p-chloroanisole [35]. When B3LYP functional was used, the HOMO was found
at -6.92 eV. The electron density was higher in ortho (0.036) and para position (0.109) than in meta
position (0.023). These results agree with those obtained in the chlorination reaction, where the attack
in para position was favored. Although if the results were similar regardless of the functional, with
some of them (BPV96, HCTH, LSDA, PBEPBE, TPSSTPSS), the difference in electron density between
the ortho and para positions was smaller than with B3LYP functional.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202602.0105.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 2 February 2026 d0i:10.20944/preprints202602.0105.v1

3 of 17

HOMO Anisole - electron density

12

1
0.8
0.6
0.4

0.2
0-—...-_l- sl .0 =0 .0 a0 o =1

R & SO R SR & &P
Q;g'. é&q %Aj?@ \q_l;'}' \E‘{"' (g\'\? N ,,3“& qﬁé ‘,_;-'3‘3 QQ?QT'\
= =) ~
oF & -
Wortho Emeta Wpara
HOMO Anisole - Hirshfeld charges
(b) 2 >
=4 S ) ey
-\, i q‘b -\'.".:‘D L =
& .ga & \Qs & & S Q‘*-\? & ;38 5;
& & & & & &

(=]

-0.06

* £ \,
-0,01
-0.02
-0.03
0,04
-0.05

]
0.0; B ortho B meta B para

Figure 1. (a) Electron densities on HOMO and (b) Hirshfeld charges of anisole obtained using different

functionals.

Mulliken charges did not agree with the experimental results when B3LYP functional was used,
as all the carbon atoms on the aromatic ring showed a positive charge. The smallest charge (0.72) was
in para position, consistent with the prevalence of para isomer in the reactions; however, ortho position
showed the highest positive charge, which does not align with experimental practice. When other
functionals were used, different results were obtained. The B3PW91, BPV86, HCTH, HSEH1PBE,
MPW1PWO91, PBEPBE, TPSSTPSS, and WB97XD functionals showed that all the carbon atoms on the
aromatic ring were positive, but the highest positive charges were in the meta position in agreement
with ortho-para orientation. However, with the other functionals (HCTH, PBEPBE, TPSSTPSS, and
WB97XD), the positive charge in para position was higher than in ortho, indicating a preference for a
reaction on this position, not in agreement with the experimental results.

Hirshfeld charges calculated with the B3LYP functional) showed a negative charge on all the
atoms in the ring, with the highest negative charges were in the ortho and para position. This result
aligns particularly well with experimental data from nitration where the yields of o- and p-
nitroanisole were quite similar. This behavior indicates that charges play a significant role in
determining the orientation during nitration. The same pattern was confirmed using all other
functionals: in every case, all carbon atoms on the aromatic ring showed negative charges, with the
highest negative charges were in the ortho and para position. However, in some cases (B3PW91, CAM-
B3LYP, HSEH1PBE, and MPW1PW91) the charges in the ortho positions were higher than those in
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the para position, indicating a preference for the attack in the ortho position not in agreement with the
experimental results.

Considering the above reported results, the best representation of the actual reactivity of anisole
can be obtained by using BPV86, PBEPBE, TPSSTPSS, and WB97XD functionals.

Table 2 and Figure 2 show the optimization results for benzaldehyde with different functionals.
As in the previous case, the frontier orbital and charge analyses must be compared with experimental
data. Nitration of predominantly afforded m-nitrobenzaldehyde in 80% yields [36], while the direct
chlorination of benzaldehyde gave a mixture of meta and para isomers [37]. However, direct
chlorination is rarely employed for the synthesis of m-chlorobenzaldehyde, which is more efficiently
obtained via a Sandmeyer reaction starting from m-nitrobenzaldehyde. Most of the functionals
indicated that the HOMO was an n orbital, localized mainly on the oxygen atom; only CAM-B3LYP
and WB97XD gave a © orbital as HOMO. Consequently, the discussion on frontier orbital control was
performed on considering NHOMO (next highest occupied molecular orbital). NHOMO is not
meaningful as a reactive orbital. For the B3LYP, BPV86, HCTH, MPW1PW?91, PBEPBE, and TPSSTPSS
functionals, the highest electron densities were found in the meta and ortho positions, usually with
similar values at both positions. This prediction, however, is not consistent with experimental
observations. The B3SPW91 functional localized the highest electron density only on a single carbon
in the meta position, while the HSEH1PBE functional localized the highest electron density on one
carbon in the ortho position. The CAM-B3LYP and WB97XD functionals predicted high electron
density not only at the meta and ortho positions, but they were the only functionals to indicate also a
possible attack in para. However, the attack in ortho has not be described. Overall, the frontier orbital
approach failed to rationalize the experimental reactivity of benzaldehyde.

Mulliken charges analysis also proved inadequate to describe the substrate’s reactivity. With
B3LYP, B3PW91, BPV86, and WB97XD functionals, the lowest positive charge (all aromatic carbons
being positively charged) was found in the para position. CAM-B3LYP indicated the lowest positive
charge in both para and meta positions, in agreement with the chlorination experimental behavior but
inconsistent with nitration results. HCTH predicted the lowest positive charges in the ortho position,
LSDA functional at a single carbon atom in meta position, and HSEH1PBE, MPW1PW91, PBEPBE,
and TPSSTPSS functionals at both para and ortho positions. On the contrary, Hirshfeld charges
provided a more reliable description under harsh experimental conditions, such as nitration: in all
tested functionals, the carbon atoms at the meta positions carried the highest negative charges.
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Table 1. Atomic coefficients, electronic densities on HOMO, Mulliken charges, and Hirshfeld charges of anisole obtained using different functionals.

Functional HOMO Mulliken Charges Hirshfeld Charges
Energy Atomic coefficients
[eV] Electron density
ortho meta para ortho meta para ortho meta para
0.19 -0.15 -0.33
9 i N N N
B3LYP 6.92 0.036 0.023 0.109 0.90 0.87 0.72 0.047 0.039 0.047
-0.24 0.07 0.30
BPV86 9 -5.47 0.058 0.005 0.09 0.43 0.79 0.45 -0.058 -0.043 -0.060
J
0.19 -0.11 -0.33
9 i N N N
B3PW91 ‘y 6.83 0.036 0.012 0.109 0.64 0.78 0.51 0.053 0.043 0.051
0.18 -0.10 -0.33
- 9 R N N N
CAM-B3LYP 8.22 0.032 0.01 1.09 0.92 0.88 0.69 0.052 0.040 0.050
Functional HOMO Mulliken Charges Hirshfeld Charges
Energy Atomic coefficients
[eV] Electron density
ortho meta para ortho meta para ortho meta para
>
0.24 0.08 0.31
HCTH ‘ -5.53 0.058 0.006 0.09 0.14 1.00 0.39 -0.058 -0.043 -0.060
¥
-0.19 0.15 0.33
2 -6. . . . -0. -0. -0.
HSEH1PBE "’ 6.62 0.036 0.023 0.109 0.62 0.79 0.51 0.054 0.043 0.052
d
-0.24 0.05 0.30
LSDA 9 -6. .67 . 4 -0. -0.051 -0.
S 6.06 0.058 0.003 0.09 0.6 0.56 0.49 0.065 0.05 0.068
Functional HOMO Mulliken Charges Hirshfeld Charges
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Energy Atomic coefficients
[eV] Electron density
ortho meta para ortho meta para ortho meta para
-0.19 0.15 0.33
MPW1PW91 ",4 -7.02 0.036 0.023 0.109 0.60 0.76 0.48 -0.053 -0.043 -0.052
9
-0.24 0.07 0.30
PBEPBE -5.39 0.058 0.005 0.09 0.36 0.82 0.42 -0.059 -0.044 -0.060
M
-0.24 0.08 0.30
TPSSTPSS -5.35 0.058 0.006 0.09 0.25 0.82 0.35 -0.054 -0.039 -0.056
-0.23 0.08 0.31
WB97XD -8.16 0.053 0.006 0.09 0.37 0.72 0.41 -0.059 -0.041 -0.062

Table 2. Atomic coefficients, electronic densities on HOMO, Mulliken charges, and Hirshfeld charges of benzaldehyde obtained using different functionals.

3
2 CHO
1 5
6
Functional Fro];ltler orbitals e e Mulliken Charees Hirshfeld Charges
HOMO NHOMO nergy omic coefficients ot [x10]
[eV] Electron density
6 2 3 5 6 2 3 5 6
1 2 3 5 1 1
» m 30 50 D @ @ Y o @ m
B3LYP 9 -7.36 042 063 055 045 0 ° i i 03
= ’ ’ ' ’ ’ 8 026 033 022 031 7
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9
' ‘ -0.19 -0.34 0.34 0.15
-7.49 0.14
‘ 0.04 0.12 0.02 0.12 0.02
B3PW91 ) -7.27 0.30 037 033 043 4 i j i i 0-3
9 ’ ’ ’ ’ ’ 6 026 039 029 021 5
758 0.26 0.31 0.03 -0.19 -0.03
’ 0.07 0.10 0.00 0.04 0.00
BPV86 -6.02 0.39 042 042 059 0O . ) . . 0_3
’ ’ ’ ’ ’ 0 025 037 028 020 3
-0.25 -0.32 - 0.32 0.08
-6.85 0.07
" 0.06 0.10 00 010 ool
Functional Frontier orbital
Energ . . . Hirshfeld Charge
Mulliken Ch
HOMO NHOMO y Atomic coeff1c1'ents ulliken Charges [x10]
Electron density
[eV]
5 6 2 3 5 6 1 2 3 5 6
1 2(m 3 (o 1
) (m) (0 (o)  (m P m (@ () m @ m ( () )
CAM- 029 -029 001 028 0.0 ) - - - )
B3LYP -8.93 0.08 0.08 0.00 0.08 0.00 048 048 047 064 057 052 0.38 0.28 0.20 Of
HCTH -6.10 037 055 031 051 0.65 0.2 037 027 020 0.3
5 3
6.93 -0.23 -0.33 -0.10 034 0.11
’ 0.05 0.11 0.01 0.12 0.01
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HSEH1PB

E -7.13 031 037 032 042 048 0.2 039 029 021 0.3
7 5
sa 030D 0B
’ ’ ’ 0.10 0.00
LSDA -6.53 042 025 040 057 0.36 O:f 044 034 027 0.4
750 -0.25 -0.32 -0.06 0.17 0.08
’ 0.06 0.10 0.00 0.03 0.01
Functional Frontier orbital
Energ . . . Hirshfeld Charge
HOMO NHOMO y Atomic coeff1c1'ents Mulliken Charges [x10]
Electron density
[eV]
5 6 2 3 5 6 1 2 3 5 6
1 2 3 1
) m 30 o) P 0 @ m ) w0 0 m
MPW1PW ) - - - )
o1 -7.58 028 035 030 038 045 0.2 039 029 021 0.3
7 6
e 020300 L
’ ’ ' 0.10 0.00
PBEPBE -5.91 038 042 038 057 051 062 037 028 021 0.3
6.78 -0.25 -0.32 -0.07 032 0.08
’ 0.06 0.10 0.00 0.10 0.01

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.



https://doi.org/10.20944/preprints202602.0105.v1
http://creativecommons.org/licenses/by/4.0/

9 of 17

" 9

TPSSTPSS  , @ ‘ -5.98 030 041 031 041 050 0.2 033 024 017 0.3
Pt 2 0

672 -0.25 -0.32 -0.06 032 0.07

' 0.06 0.10 0.00 0.10 0.00

9
) - - -
-0.29 -0.28 0.02 027 - - -

WB97XD -9.48 0.08 0.08 000 007 gg(l) 034 037 037 046 046 0.2 039 030 021 Oé?)
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Figure 2. (1) Electron densities on HOMO and (b) Hirshfeld charges of benzaldehyde obtained using different

functionals.

In conclusion, the nitration of benzaldehyde can be rationalized through Hirshfeld charges
analysis, which supports a charge-controlled mechanism. By contrast, neither the frontier orbital nor
Mulliken charges approach adequately account for the chemical behavior observed in the
chlorination of benzaldehyde.

After testing different functionals, we evaluated the effect of the basis set on the results. Table 3
and Figure 3 collect the results of calculations performed on anisole using the B3LYP functional with
aug-cc-pVDZ [30], 6-311G+(d,p) [31], aug-cc-pVQZ [32], DGTZVP [33], and LanL.2DZ [34] basis sets.
Some significant differences emerged. All basis sets provided a HOMO electron density distribution
consistent with experimental reactivity, with the highest values at the ortho and para positions.
Mulliken charges analysis, however, proved inadequate to rationalize reactivity. Interestingly, aug-
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cc-pVDZ gave only positive charges on the aromatic carbons, whereas the other basis sets predicted
negative charges. Among these, 6-311G+(d,p) gave the highest negative charges in the para and meta
positions, aug-cc-pVQZ in the meta positions, and both DGTZVP and LanL2DZ in ortho positions.
On the contrary, Hirshfeld charges analysis consistently reproduced the observed reactivity of
anisole across all tested basis sets.

(a) HOMO Anisole - Electron density

0.18
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0.08
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, AN 0 0 H=
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o
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o
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Figure 3. (a) Electron densities on HOMO and (b) Hirshfeld charges of anisole obtained using different basis sets
with B3LYP functional.

The results obtained for benzaldehyde with different basis sets are reported in Table 4 and
Figure 4. For all basis sets, the HOMO was identified as a n orbital, unable to give an electrophilic
aromatic substitution; thus, the NHOMO was considered as the relevant frontier orbital. With aug-
cc-pVDZ the highest electron densities were found in the ortho and meta positions, while 6-311G+(d,p)
and aug-cc-pVQZ gave similar results but localized on different carbons. DGTZVP and LanL2DZ
predicted highest electron densities across all aromatic carbons. Mulliken charges again failed to
account for substitution patterns: 6-311G+(d,p) basis set gave the highest negative charge in the ortho
position, aug-cc-pVQZ in the para and meta positions, and both DGTVP and LanL2DZ basis sets in
the ortho positions. On the other side, all the basis sets provided a consistent explanation of
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benzaldehyde reactivity under harsh experimental conditions, giving the highest negative charges in
meta positions.

3 .
9 CHO
1 5
G
(@) NHOMO Benzaldehyde - electron density
0.14
0.12
0.1
0.08
0.08
0.04
III il III il
0 [
aug-cc-pVDZ 6-311G+{d,p) aug-cc-pVQZ DGTZVP LanL2DZ
B1(para) ®W2({meta) W3(ortho) W5(ortho) WE&(meta)
(b) HOMO Benzaldehyde - Hirshfeld charges
aug-cc-pVDZ 6-311G+d.p) aug-cc-pViQZ DGTIVP LanlL2DZ
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Figure 4. (a) Electron densities on NHOMO and (b) Hirshfeld charges of benzaldehyde obtained using different
basis sets with B3LYP functional.
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Table 3. Atomic coefficients, electronic densities on HOMO, Mulliken charges, and Hirshfeld charges of anisole obtained using different basis sets with B3LYP functional.

3

2 ©/OM6
1 5
6
Basi F i ital
asis set rontier orbital _ . Hirshfeld Charges
Energy Atomic coefficients Mulliken Charges
HOMO . [x10]
[eV] Electron density

1(p) 2@m) 3 50 6@m 1(p) 2(m 3 5 6(m 1(p) 2@m 3 5() 6(m)

?\%;; -6.92 _g 13 13 _8 325 g:éz géz '3 (}; 072 087 090 090 087 -047 -039 -047 -047 -0.39
311 G6+'( dp) -6.81 'g 325 '8 0007 8(1)3 8(1)3 '8 'é)g 014 -017 005 005 -017 -048 -040 -050 -0.51 -0.40
21\%; -6.81 géé 8(1]? '00_ ;; '00_ ;23 8(1)2 043 -051 -047 -047 -051 -047 -0.38 045 -049 -0.48
DGTZVP -6.72 'g 'ff '8 337 85? géé '8 0137 024 020 -034 -034 -020 -052 -044 -054 -054 -0.44
LanL2DZ 65 090 017023023 01700 018 035 035 018 054 046 056 056 -0.46

0.15 0.03 0.05 0.05 0.03
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Table 4. Atomic coefficients, electronic densities on HOMO and NHOMO, Mulliken charges, and Hirshfeld charges of benzaldehyde obtained using different basis sets with

B3LYP functional.
3
9 ©/CHO
1 5
6
Basis set Frontier orbitals
Energy Atomic coefficients Mulliken Charges Hirshfeld Charges [x10]

HOMO NHOMO

[eV] Electron density
1(p) 2@ 3() 5 6m 1@ 2(m 30 50 6m 1(p) 2@m 3() 5() 60um)
aug-ces -33* -7.36 042 063 055 045 058 -026 -033 -022 -031 -0.37
pVDZ 4
‘ ® ., 019 015 034 014 034
‘ g : 004 002 012 002 0.12
- ;
311G+d p) M 7.34 012 013 -070 -0.08 -016 -023 -036 -027 -018 -0.32
2 ‘ 755 011 014 002 -0.14 -0.03
.“ 001 002 000 002 000
aug-ce- *f:. 731 045 041 -025 -018 -044 -022 -034 -025 -017 -0.31
pvVQzZ P
3 ‘ sg 017 021 004 021 -0.04
.\ : 003 004 000 004 0.00
‘e »
DGTZVP *ﬂ. 727 022 022 032 -030 -021 -028 -040 -030 -021 -0.36
2 L 04 016 002 015 003
) : 002 003 000 002 0.00
Lanl2DZ .3” 7.15 021 -021 -036 -034 -020 -030 -042 -032 -023 -0.38

Y 742 -034 -035 0.00 034 0.01
’ 0.12 012 000 012 0.00

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202602.0105.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 2 February 2026

15 of 17

4. Conclusions

DFT calculations on anisole and benzaldehyde gave different and problematic results.
Generally, the calculation results were able to explain the chemical reactivity of anisole, an activate
ortho/para orienting compound, showing that, in hard experimental conditions such as in the nitration
reaction, the reactivity is determined by the charges, calculated as Hirshfeld charges. When softer
experimental conditions were used such in in the chlorination reaction, the contribution of frontier
orbitals could not be excluded.

Different behaviors were observed when benzaldehyde was considered. In this case, the
reactivity in hard experimental conditions could be described by using Hirshfeld charges, while
frontier orbitals interactions could not be invoked in order to justify the reactivity of the substrate in
soft experiments.

The above reported results confirmed that the Klopman-Salem approach has to be used with
appropriate precautions in the description of the alectrophilic aromatic substitutions.This section is
not mandatory but can be added to the manuscript if the discussion is unusually long or complex.

Supplementary Materials: The following supporting information can be downloaded at the website of this

paper posted on Preprints.org, Z matrix of calculated compounds.
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