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Computational description and kinetic properties based on density functional theory methods of the key
step of the addition reaction between a model nucleophile and nitroaromatic ring in positions occupied
by hydrogen are presented. A wide series of DFT functionals (PBEO, B3LYP, ®B97XD, M062X, PBE1PBE-
D3, B3LYP-D3 and APFD) was used to track the influence of functional groups in nitroaromatic rings on
reaction activation barriers. The comparison of experimentally determined relative rates of nucleophilic
addition and their calculated thermodynamic counterparts at various positions in a series of ortho-,
meta- and para-substituted nitroarenes are provided. It was shown that different DFT methods provide a
good correlation between computed thermodynamic parameters and logarithms of experimental
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Introduction

Introduction of substituents into aromatic rings is one of the
most important processes in organic chemistry. The most
general and widely used process is direct electrophilic substitu-
tion in arenes, such as nitration, sulfonation, and Friedel-
Crafts reaction.' These reactions proceed via addition of an
electrophilic agent to aromatic rings at positions occupied by
hydrogen, followed by fast spontaneous departure of a proton
from cationic adducts.*® Therefore, of great interest is the
effect of substituents on the rate and orientation of the sub-
stitution. The results of the kinetic studies of nitration as the
model process of electrophilic substitution laid the foundation
for the formulation of the concept of electronic effects of
substituents on these reactions.' Further refining and quan-
tifying the results is the basis of modern physical organic
chemistry and the Hammett equation, inter alia.” *° These data

@ Faculty of Chemistry, University of Warsaw, ul. Pasteura 1, 01-224 Warsaw,
Poland. E-mail: kblaziak@chem.uw.edu.pl

b Biological and Chemical Research Center, University of Warsaw,
ul. Zwirki i Wigury 101, 01-224 Warsaw, Poland

¢ Institute of Organic Chemistry, Polish Academy of Sciences, ul. Kasprzaka 44/52,
01-224 Warsaw, Poland. E-mail: witold.danikiewicz@icho.edu.pl

t Electronic supplementary information (ESI) available. See DOI: https://doi.org/

10.1039/d4cp00464g

This journal is © the Owner Societies 2025

can be considered quantitative expressions of nucleophilic acti-
vities of arenes and even particular positions of aro-
matic rings.

However, nucleophilic aromatic substitution has long been
considered limited to the substitution of halogens located in
the activated ortho and para positions of nitroarenes."'™” The
mechanism of this reaction has been thoroughly studied. It was
established that the reaction proceeds via addition of nucleo-
philes at positions occupied by halogens to form intermediate
o adducts, followed by fast departure of the halogen anions.
On the basis of kinetic studies, it was found that the addition is
the rate limiting step of the substitution. Recently, it was shown
that in some cases, the departure of the chlorine anion from
the ¢ adducts is so fast that the process of addition-elimina-
tion proceeds synchronously.'®

Only about 40 years ago, it was unambiguously established
that addition of anionic nucleophiles to halonitroarenes pro-
ceeds faster at positions occupied by hydrogen to form c"
adducts than to those occupied by halogens.'®* Since hydride
anions, contrary to the halogen anions, are unable to depart
spontaneously from o adducts, they most often dissociate,
and the slower addition at positions occupied by halogens
results in SyAr. Thus, the nucleophilic substitution of halogen
is, in fact, a secondary process. Nevertheless, there are a few
ways to convert these o™ adducts into products of the
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nucleophilic substitution of hydrogen (SyArH). Variants in the
conversion of " adducts, such as the oxidative nucleophilic
substitution of hydrogen (ONSH),>'">* vicarious nucleophilic
substitution (VNS),>*"2® and formation of substituted nitrosoa-
renes, are presently well-established and versatile synthetic
methodologies.”” > Only when, owing to the nature of nucleo-
philes and conditions, the fast further conversion of the "
adducts cannot proceed, they dissociate, hence allowing the
conventional SyAr of halogens to take place. This corrected
mechanistic picture of nucleophilic aromatic substitution was
recently presented based on experimental results and quantum
chemical calculations.**"

Thus, in principle, nucleophilic and electrophilic aromatic
substitutions proceed analogously but according to opposite
polarity; thus, they are in Umpolung relation.>® It was therefore
of great interest to learn the effect of substituents on the
electrophilic activities of the nitroaromatic rings. Numerous
studies have reported the effects of substituents on the rate of
the SyAr reaction collected in the monographs of Miller and
Terrier; however, the results do not reflect virtual activities for
two reasons.'™'” Although the rates of nucleophilic substitu-
tion of halogens are equal to the rates of addition, they strongly
depend on the nature of the leaving group and particularly the
substitution of halogens is secondary reactions preceded by
reversible nucleophilic addition at positions occupied by hydro-
gen. The rates of substitution of halogens can therefore be
affected by the equilibrium of the formation of the ¢ adducts.

Considering that the fast initial process between nucleo-
philes and nitroarenes is an addition at positions occupied by
hydrogen, one can expect that the rates of properly selected
SNATH reactions can reflect the rates of nucleophilic addition
and be a measure of the effects of substituents on their
electrophilic activities.

Some years ago, we determined the relative rates of nucleo-
philic addition of a model nucleophile, the carbanion of
chloromethyl phenyl sulfone to a series of nitroarenes contain-
ing various substituents using a competitive VNS reaction
under kinetically controlled conditions in relation to the rate
of substitution at position ortho of nitrobenzene. These relative
rates are virtual measures of the electronic effects of the
substituents.*

In this paper, we present a comparison of the experimentally
determined relative rates of nucleophilic addition with the
quantum chemically calculated thermodynamic parameters of
the addition of this model nucleophile at various positions in a
series of ortho-, meta- and para-substituted nitroarenes, includ-
ing halonitroarenes. These parameters include activation of
Gibbs free energy (AG") as well as Gibbs free energy of the
reaction (AGy), in which the ¢™ adduct is formed. In the last 20
years, quantum chemical calculations have become a routine
tool for organic chemists, helping them better understand the
reactions they are studying and making possible calculations
with different types of spectra and other physicochemical
parameters of complex organic molecules.> %2> Owing to
hardware limitations, the only practical computational approach
for medium-sized molecules is using various methods based on
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density functional theory (DFT). Unfortunately, the number of
established DFT methods is enormous, and there are no general
guidelines for selecting a method that is best suited for a given
molecular system or reaction. Therefore, in our work, we decided
to perform calculations using a series of the most popular
methods to observe how the selection of the given DFT method
can affect the resulting molecular geometries and their thermo-
dynamic functions.

Qualitative correlation between experimentally determined
relative rates of nucleophilic addition with calculated AG* and
AGry, is the main subject of this work, but we are also interested
in two other questions: (i) to what extent is it possible to predict
the ratio between ortho and para (relative to the nitro group)
substitution products in the case of the ortho-substituted
nitrobenzenes and the ratio between three possible products
(two ortho and one para) in the case of meta-substituted
nitrobenzene derivatives, and (ii) is it possible to predict,
which o' adducts are stable under reaction conditions, i.e.
the equilibrium between substrates and c*' adducts is shifted
in favor of the latter.

Computational methods

All calculations were performed using the Gaussian 16 Rev.
A software package.’® Starting geometries were created using
the GaussView v.6 program.”! For molecules or ions with more
than one possible conformer, the conformational space was
searched manually or automatically using Spartan v. 18 software*>
to find the most stable conformer. The starting geometries of the
transition states (TS) were generated by stretching the C-C bond
between the benzene ring and the nucleophilic carbon atom of the
chloromethyl phenyl sulfone group in the ™ adduct. The final
geometries of the TS were optimized using opt = (TS,noeigen,-
calcfc) keywords. It was proved that for the optimized TS geo-
metries, one imaginary frequency exists, corresponding to the
stretching of the abovementioned C-C bond. The majority of
calculations were performed using PBEO functional (PBE1PBE in
Gaussian), B3LYP and ®B97XD. Other functionals that were tested
are M062X, PBE1PBE-D3, B3LYP-D3 and APFD. APFD and ®B97XD
functionals already contain dispersion corrections in their defini-
tions. PBE1PBE-D3 and B3LYP-D3 notations mean that corrections
for dispersion were added using the “EmpiricalDispersion = GD3”
keyword. Geometry optimization and frequency calculations were
performed using a 6-31+G(d) basis set, while final energies were
calculated at the 6-311+G(2d,p) level. To model the liquid phase
reactions, the polarizable continuum (PCM) model in the most
advanced SMD version was applied with N,N-dimethylformamide
(DMF) as the solvent (keyword: scrf = (smd,solvent = N,N-
dimethylformamide)).

Results and discussion

As a model nucleophile for this study, we selected the carba-
nion of chloromethyl phenyl sulfone used previously for most
of the mechanistic studies of SyArH reactions.>® It was also
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used as a model for the previously reported calculations of the
energy profiles of the reaction of nucleophiles with nitroben-
zene, p-fluoronitrobenzene and p-chloronitrobenzene.!73%43
The present study embraces a large series of nitrobenzenes
substituted at various positions ortho, meta and para with
various substituents. Calculations were performed in the gas
phase and in N,N-dimethylformamide (DMF). In our previous
paper, we showed that calculations performed for the gas phase
and the DMF solution using the polarizable continuum model
(PCM) gave similar relative results concerning the relative
values of AH and AG although absolute values of these func-
tions calculated using the PCM model are significantly lower.>?

An important question was the selection of the DFT
method(s) to be used in our study. There is general consent
that it is not possible to determine which DFT functional is
“the best” in most applications. The most widely used is the
B3LYP functional, but in many cases, its performance is ques-
tionable. In our previous studies,®>*** we used the PBEO
functional (PBE1PBE in Gaussian) with a 6-31+G(d) basis set
for geometry optimization and frequency calculations with
6-311+G(2d,p) basis set for single point energy calculations.
In this work, we decided to test a wide range of DFT methods in
both the gas phase and the DMF.

para-Substituted nitrobenzenes

The first series of calculations were performed for para-subs-
tituted nitrobenzenes because this is the simplest model: "
adduct can be formed solely in position ortho to the nitro
group. However, the situation is a bit more complex because
in the case of the addition of the anion of chloromethyl phenyl
sulfone, two diastereoisomeric o' adducts can be formed
(Scheme 1).**

In the first part of our work, we modelled the geometries
of transition states (TS) and ™ adducts of the anion of chloro-
methyl phenyl sulfone to p-chloronitrobenzene in position ortho
using our preferred DFT method: PBE1PBE/6-311+G(2d,p)//
PBE1PBE/6-31+G(d). p-Chloronitrobenzene was selected as a
representative model of p-substituted nitrobenzene derivatives.
The results of these calculations, in which full conformational
analysis was performed, are presented in Fig. 1. A comparison
of the activation Gibbs free energy (AG”) values revealed that
the TS (a) leading to adduct (b) with configuration S,R of
the stereogenic centers is about 1.1 kecal mol~" lower than that
of TS (c). Additionally, adduct (b) is 1.7 keal mol™" more stable
than adduct (d). These results agree very well with the established

NO,
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major

Scheme 1 Formation of diastereoisomeric ortho ot adducts of p-subs-
tituted nitrobenzenes in reaction with the anion of chloromethyl phenyl
sulfone.
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Fig. 1 Optimized gas-phase geometries of diastereoisomeric transition
states (a) and (c) and the resulting o™ adducts (b) and (d) of the anion of
chloromethyl phenyl sulfone to p-chloronitrobenzene in the ortho position.
Structure (e) represents the best geometry of the S,S adduct in DMF,

mechanism of the VNS reaction.”’>*”%** In the second step of

this reaction, the E2 elimination of HCI induced by a strong base,
present in the reaction mixture, occurs, leading to the anion of the
final hydrogen substitution product. Such elimination requires
the antiperiplanar conformation of the H and Cl atoms. This
requirement is fulfilled in the S,R adduct (b) because in its most
stable conformation, the H-C-C-Cl dihedral angle is about 177°,
a value very close to the optimal 180° required for E2 elimination.
In contrast, placing H and Cl atoms in the antiperiplanar con-
formation in adduct S,S (d) requires several rotations around the
C-C and C-S bonds, which makes E2 elimination more difficult.

To make sure that the presence of the solvent does not
significantly affect the relative stabilities of diastereoisomeric
adducts and transition states, the same calculations were
performed in N,N-dimethylformamide (DMF) using the PCM-
SMD approximation. Again, the S,R and TS adducts were more
stable by 0.5 and 2.1 kcal mol ™', respectively. The only impor-
tant change compared to the gas-phase calculations was the
different geometries of the most stable S,S adducts (Fig. 1e).
The geometries of both the TS and S,R adducts were very
similar in both phases. Owing to these results in all the
following calculations, only more stable S,R diastereoisomers
and corresponding transition states were considered.

Correlations between the logarithm of the experimental relative
reaction rates and the computed thermodynamic functions

In the second stage of our work, the enthalpies and Gibbs free
energies of TS of the addition of the anion of chloromethyl
phenyl sulfone to a series of p-substituted nitrobenzenes, as
well as the energies of the resulting ¢ adducts are calculated.
This is made possible to calculate activation enthalpies (AH")
and Gibbs free energies (AG") as well as reaction enthalpies
(AHg) and free energies (AGg) and compare them with the
logarithms of the experimental relative rates of reaction of this
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nucleophile with p-substituted nitrobenzenes, as published by
Blazej and Makosza.** All calculations were performed in both
the gas phase and DMF using the PCM-SMD solvation model.
Because the number of available functionals is enormous and
there are no general rules that could help to select an optimal
method for the given type of calculations, we decided to test
seven popular DFT methods: PBEO (PBE1PBE in Gaussian),
B3LYP, M062X, PBE1PBE-D3, B3LYP-D3, APFD and ®B97XD.
The last four functionals include corrections for dispersion,
which can be important for calculating transition state geometries
and energies. APFD and ©B97XD (Grimme’s D2) functionals
already contain dispersion correction in their definition, while
in the case of the PBE1PBE and B3LYP functionals, corrections for
dispersion were added using the “EmpiricalDispersion = GD3”
keyword. It must be mentioned that for p-triffluoromethyl-
nitrobenzene, we were not able to find the real energy minimum
when calculations were performed in DMF using the PBE1PBE/
6-31+G(d) method. Geometry optimization was terminated cor-
rectly, i.e. energy minimum was found, but frequency calculations
for this geometry showed one imaginary frequency corresponding
to the rotation of the CF; group. The problem was solved by
optimization and frequency calculations using an extended basis
set, i.e. 6-311+G(2d,p). The results of the calculations using the
PBEO method are shown in Table 1. Correlations between com-
puted AG” and AGg and the logarithms of experimental relative
rate values are presented in Fig. 2.

The results presented in Fig. 2 show good correlations
between calculated AG* and AGg and logarithms of experi-
mental relative rate values both in the gas phase and in
solution in DMF. There is, however, one important discrepancy
that can be observed in graphs showing the results of the
calculations in the gas phase. The point corresponding to the
reaction of p-cyanonitrobenzene is located far below the corre-
lation line, indicating that the computed reaction rate is much

Table 1 Comparison of the calculated activation Gibbs free energies
(AG*) and reaction free energies (AGg) in the gas phase and DMF with
experimental relative reaction rates for the reaction of p-substituted
nitrobenzenes with the anion of chloromethyl phenyl sulfone using
PBE1PBE/6-311+G(2d,p)//PBE1PBE/6-31+G(d) method

Gas phase DMF
-X log(k) exp. AG" AGg AG* AGyg
-iPr —0.54 8.75 —2.48 21.38 5.91
—-t-Bu —0.44 8.66 —2.61 21.89 6.11
-OCH;3 —0.05 7.87 —3.39 21.12 5.87
-H 0.00 8.50 —2.76 21.43 5.68
-OPh 0.43 7.13 —5.41 20.87 5.13
-SMe 0.58 6.45 —5.08 20.60 5.07
-SPh 1.08 5.66 -7.16 20.07 3.65
-COO-iPr 1.20 6.34 —=5.70 18.72 3.23
-F 1.70 4.82 —7.22 19.10 2.86
-Cl 2.11 3.95 —8.40 18.96 2.71
-Br 2.18 3.33 —9.54 17.90 1.62
~CF,4 2.81 1.99 —~10.71 18.41° 1.45%
-CN 3.02 —1.12 —-14.17 17.16 0.18

¢ For p-CF; nitrobenzene in DMF geometry; optimization and frequency
calculations were performed using a 6-311+G(2d,p) basis set; see text for
explanation.
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Fig. 2 Correlations between AG* and AGg and the logarithms of experi-
mental relative rate values for the reaction of p-substituted nitrobenzenes
and anion of chloromethyl phenyl sulfone. Upper traces = reaction in DMF;
lower traces = reaction in the gas phase. For the reaction in the gas phase,
the green correlation line corresponds to the data set without a point for
the reaction of p-cyanonitrobenzene (blue dot).

higher than the experimental one. Removing it from the corre-
lation increases the R* from 0.92 to 0.97 for AG* and from 0.93
to 0.96 for AGg. This effect is not observed for the calculations
performed in DMF. One of the possible rationalizations of this
effect considers that in the gas phase, the calculated AG” value
for the reaction with p-cyanonitrobenzene is negative, indicat-
ing a lack of the activation barrier. The reaction rate in such
cases is controlled by diffusion rather than activation energy.
In solution, solvation effects increase the AG” value signifi-
cantly, so all of them are positive and much higher than in the
gas phase. It is noteworthy that the entire study is based on the
assumption that the second step of the VNS reaction, i.e. E2
elimination is much faster than the addition of nucleophile to
the nitroaromatic ring. In the case when addition is fast, the
total reaction rate can be controlled by the rate of elimination.

The lack of significant differences for the calculations in
the gas phase and in DMF (except for the reaction with
p-cyanonitrobenzene) indicates that in this solvent, the anion
of chloromethyl phenyl sulfone is relatively free, i.e. it does not
form a tight pair with the potassium counterion. This conclu-
sion agrees with experimental studies concerning VNS
reactions.”>*”° Considering the discussion presented above,
it can be concluded that for the prediction of the relative
reaction rates of the studied reactions, calculations incorporat-
ing the solvation model are recommended. However, for the
majority of substrates, gas-phase calculations give comparable
results.

The second important question concerns the applicability of
the calculated AG” and AGy values for the prediction of the
relative reaction rates. For the gas-phase reaction (excluding the
result for p-cyanonitrobenzene), the correlation coefficients (R?)
are almost the same for correlations with AG” and AGg:
0.97 and 0.96, respectively. In the case of the calculation
performed in solution, a significantly better correlation is

This journal is © the Owner Societies 2025
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observed for the free energy of reaction rather than the free
energy of activation (R* = 0.96 vs. 0.91). Similar results obtained
for AG* and AGy can be rationalized by comparing the struc-
tures of the transition states and reaction products. It can be
observed in Fig. 1 that the structures of the transition states
and c™ adducts with the S,R configuration, for which calcula-
tions were performed, are very similar. This corresponds to the
so-called late or product-like transition state. For such reac-
tions, their rates are more dependent on the structures of the
products than on the substrates. This result is very useful
because it shows that in the case of the reactions of substituted
nitrobenzenes with nucleophiles, in which relatively stable c-
adducts are formed, the relative reaction rate can be estimated
by modelling the structure of the c-adduct rather than the
transition state, which is a much easier task. A significantly
better correlation observed for the AGg rather than AG” in the
calculations performed in solution requires further discussion.
In our opinion, the most likely rationalization is that quantum
chemical calculations can more accurately model transition
states in the gas phase than in the solution. In the case of
reaction products, the computation accuracy is comparable.
Because, as discussed above, the geometries of transition states
and corresponding c-adducts are similar, the final calculations
performed in the solution for c-adducts give more accurate
results.

As part of our research, we also attempted to correlate the
logarithm of the relative reaction rates not only with Gibbs free
energies of activation and reaction but also with respective
enthalpy values: AH” and AHg. According to the basic rules of
thermodynamics, AG" and AGy should be used to estimate the
reaction rate constant and equilibrium constant, respectively.
However, computation of Gibbs free energy requires computa-
tion of entropy, which can introduce relatively high errors.
Provided that the entropy changes in the studied reactions
are similar, the correlation with the enthalpy values should be
as good as that with Gibbs free energy. The results of this
correlation are shown in Fig. S1 in the ESL{ Both correlations
for the solution-phase reactions are better than those with
respective Gibbs free energy values, while correlations for the
gas-phase reactions are lower. These results can be rationalized
considering that the computation of entropy is more accurate
in the gas phase than in the liquid phase. Moreover, it is not
possible to generalize these results, but at least for estimation
of the relative rates of addition of the anion of chloromethyl
phenyl sulfone to p-substituted nitrobenzenes, the best results
are obtained for AHy calculated in DMF solution.

All the results discussed above were obtained using the
PBE1PBE/6-311+G(2d,p)//PBE1PBE/6-31+G(d)  method, in
both the gas phase and the DMF solution. Unfortunately, the
selection of the DFT method for solving a given problem is still
arbitrary. In our previous studies,>**** we used the PBEO
functional (PBE1PBE in Gaussian), so this was also our first
choice in this work. However, in many recent studies, many
other functionals were used. Therefore, we decided to perform
our calculations using several of the most popular DFT methods.
In Table 2, correlation coefficients R* for the correlation of the
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Table 2 R? coefficients for correlation of the logarithm of relative reac-
tion rates of the anion of chloromethyl phenyl sulfone with p-substituted
nitrobenzenes with AG* and AGg in the gas phase and with AG*, AGg, AH*
and AHg in DMF solution. The best correlations in the gas phase and
solution are marked in bold. For information about basis sets and other
computational details, see the 'Computational methods’ section

Gas phase DMF solution
DFT method AG* AGr  AG" AGr  AH'  AHR
PBE1PBE 0.92 0.93 0.91 0.96 0.95 0.98
M062X 0.92 0.90 0.91 0.95 0.96 0.98
APFD 0.95 0.91 0.85 0.93 0.91 0.96
PBE1PBE-D3 0.88 0.92 0.94 0.93 0.94 0.97
®B97XD 0.91 0.90 0.90 0.94 0.95 0.98
®B97XD (—40 °C) 0.92 0.95 0.95 0.98
B3LYP 0.93 0.95 0.94 0.95 0.95 0.97
B3LYP (—40 °C) 0.95 0.96 0.95 0.97
B3LYP-D3 0.90 0.93 0.90 0.93 0.94 0.97

logarithm of relative reaction rates with AG* and AGy, in the gas
phase and with AG”, AGg, AH" and AHy in the DMF solution are
collected (full results are presented in ESIT).

A general conclusion that can be drawn from these results is
that there are no significant differences between the majority of
the tested DFT methods concerning the correlation between the
logarithm of the relative reaction rates of the studied reactions
and computed thermodynamic functions in DMF solution.
This is true, especially for the correlation with the enthalpy of
activation, as well as the enthalpy of reaction. Rather surpris-
ingly, it looks like, for the studied reaction, the best thermo-
dynamic quantity to correlate with the logarithm of the relative
reaction rates is the enthalpy of the reaction. For all but one
DFT methods, R* values are between 0.97 and 0.98. Correlations
with AH* were slightly lower: 0.94 to 0.96 for all DFT methods
used. As discussed above, there are two reasons for this effect:
(i) much better computational modelling of the reaction pro-
duct than the transition state and (ii) a late (product-like)
transition state for this reaction.

Concerning the better correlation of enthalpy rather than
Gibbs free energy values, which was observed for calculations
using the PBEO method, all other DFT methods followed this
path. As described above, the most likely rationalization for
such results is the relatively low accuracy of the computation of
entropy.

The last parameter that can affect the correlation between
the logarithm of the relative reaction rates of the studied reactions
and the computed thermodynamic functions is temperature.
In the original experimental study, all reactions were performed
at —40 °C, while calculations were performed at 25 °C as default.
There is also experimental evidence that substituted nitroben-
zenes can form stable ™ adducts with the anion of chloromethyl
phenyl sulfone at low temperatures.*>*> To test the temperature
effect, we performed calculations of the thermodynamic para-
meters of the studied reactions using ®B97XD and B3LYP func-
tionals at —40 °C. The results shown in Table 2 indicate that
temperature has only a minor effect on the correlation coeffi-
cients, so all further calculations were performed under standard
conditions.
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Reaction profiles

The results of the calculations described in the previous section
can also be used to plot the energy profiles of the studied
reactions. Such plots showing changes in the Gibbs free energy
during the addition of the anion of chloromethyl phenyl
sulfone to p-substituted nitrobenzenes calculated using
PBE1PBE/6-311+G(2d,p)//PBE1PBE/6-31+G(d) method are pre-
sented in Fig. 3.

These results show that in the gas phase, all studied p-
substituted nitrobenzenes should form stable " adducts.
Relative stability is increased, as expected, with the growing
electronegativity of the substituent. Additionally, activation free
energies AG* are low, indicating that addition should proceed
relatively fast. A different situation is observed in the DMF
solution. Activation free energies of addition are significantly
higher, and all 6 adducts are thermodynamically unstable but
only by a few kcal mol . These results are inconsistent with the
experimental observations. It is known that the concentration
of o' adducts of the nucleophiles to mononitrobenzenes is
very low under standard reaction conditions, but such a low
concentration is sufficient for very fast E2 elimination. As
mentioned above, it is possible to observe stable ¢ adducts
to mononitroarenes but only at low temperatures under spe-
cific conditions.***

Interesting but rather upsetting conclusions were obtained
by comparing the energy profiles of the reactions of selected
p-substituted nitroarenes with the anion of chloromethyl
phenyl sulfone computed using different DFT methods. Repre-
sentative examples of three reactions with nitrobenzene,
p-chloro- and p-cyanonitrobenzene in DMF solution are pre-
sented in Fig. 4.

It can be observed that the difference between the results
obtained by B3LYP and APFD functionals is about 11 kcal mol "
for AG" and about 5 kcal mol ™! for AGg. All other functionals we
tested provided results between these two extremes. This result
clearly shows that at the present stage of the development of DFT

Gas phase DMF

AG [keal mol]

AG [keal -mol]

|Substrates

Products

—tBu OMe
——OPh SMe
—cooiPr  —F
—Br —CF3

Fig. 3 Reaction profiles for addition of the anion of chloromethyl phenyl
sulfone to p-substituted nitrobenzenes in the gas phase and in solution in
DMF obtained using the PBE1PBE/6-311+G(2d,p)//PBE1PBE/6-31+G(d)
method.
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—wB97XD
— e
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Fig. 4 Reaction profiles for addition of the anion of chloromethyl phenyl
sulfone to nitrobenzene, p-chloro- and p-cyanonitrobenzene in solution
in DMF obtained using different DFT methods.

methods, it is not possible to reliably estimate the absolute
thermodynamic parameters of this type of reaction. Summarizing
this part of our work, we can say that it is possible to estimate the
relative reaction rate of the VNS reaction by modelling its transi-
tion state or the structure of the o™ adduct. As expected, a better
correlation was obtained for the results of the calculations
performed in the solution. Surprisingly, better correlations were
obtained for AH” and AHy rather than respective Gibbs free
energy values, which can indicate problems with accurate calcula-
tion of entropy and pure reproduction of subtle solvent-molecule
interactions using the implicit solvent model. Finally, it is not
possible to estimate, even with low accuracy, the absolute thermo-
dynamic parameters of the addition of the anion of chloromethyl
phenyl sulfone to p-substituted nitrobenzenes using DFT
methods.

ortho-Substituted nitrobenzenes

The second group of compounds we studied was ortho-
substituted nitrobenzenes. In the reaction with the anion of
chloromethyl phenyl sulfone, they can form two types of "
adducts: in position 4 - para to the nitro group and in position
6 — ortho to the nitro group (Scheme 2).

In both cases, two diastereoisomeric adducts can be formed.
In the case of addition at position 6 (ortho to the nitro group)
for all the studied compounds, the S,R diastereoisomer for both
TS and the adduct is more stable, similar to the reactions
of p-substituted nitrobenzenes (see above). This is true for the

comparable quantities

Scheme 2 Formation of ortho and para c" adducts of ortho-substituted
nitrobenzenes in reaction with the anion of chloromethyl phenyl sulfone.
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Fig. 5 Optimized geometries of the diastereoisomeric transition states (a)
and (c) and the resulting o™ adducts (b) and (d) of the anion of chlor-
omethyl phenyl sulfone to 2-chloronitrobenzene at position 4 (para to the
nitro group) computed for the DMF solution. Structure (e) shows the most
stable geometry computed for the majority of adducts in the gas phase.

reaction in the gas phase as well as for the reaction in DMF.
A much more complex situation is observed for the reaction in
position 4, i.e. para to the nitro group. An exhaustive conforma-
tional search showed that for all studied reactions, the lowest
Gibbs free energy has two diastereoisomeric transition states
shown in Fig. 5a and c, taking the reaction of 2-chloronitro-
benzene as the representative example. For all reactions in
DMF and most reactions in the gas phase, geometry (a) is more
favorable, but the difference between geometries (a) and (b) is
always lower than 0.9 kcal mol™", which is much lower than the
expected accuracy of DFT calculations (for complete results, see
ESIT). Consequently, adducts (b) and (d) can be formed with
practically equal probability.

The optimization of the geometries of ™ adducts in posi-
tion 4 gave different results for the gas phase and the DMF
solution. In DMF, the R,R geometry ((d) in Fig. 5) is preferred
for all adducts except for the adduct to 2-nitrobenzoic acid
isopropyl ester. The energies of both diastereoisomers are,
however, quite similar. The largest difference is 1.1 kcal mol *,
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which, considering the accuracy of the DFT calculations, means
that both isomers can exist in comparable quantities. For both
isomers, the H-C-C-Cl dihedral angle is close to 180°, facil-
itating the E2 elimination of HCI in the second step of the VNS
reaction. In the gas phase, the geometry of most adducts shown
in Fig. 5e) is preferred, but the energy differences between the
diastereoisomers and conformers are very small. An examina-
tion of the geometries of the adducts reveals that in the gas
phase, the H-C-C-Cl dihedral angle in the conformers of the
lowest energies differs significantly from the optimal 180°.
In conclusion, in the case of the addition in position 4,
calculations performed considering the presence of the solvent
give more reliable results.

The results of the calculations performed in the gas phase
and the DMF solution using PBE1PBE/6-311+G(2d,p)//PBE1PBE/
6-31+G(d) method are presented in Table 3 and Fig. 6. Plots in
Fig. 6 are drawn separately for addition in positions 4 and 6.
Similarly, to the results obtained for p-substituted nitrobenzenes,
a good correlation between calculated AG” and AGy and loga-
rithms of experimental relative rate values in both the gas phase
and the DMF solution is observed. There is, however, an impor-
tant difference between the correlations of AG" and AGg. In the
case of the correlation of the reaction between Gibbs free energy
and the log(kexp), the plots for the reactions in positions 4 and 6
practically overlap. Such a situation should be expected provided
that calculations reproduce an addition in both positions with the
same accuracy. In the case of activation, the Gibbs free energy
plots for the reactions in positions 4 and 6 still show good
linearity, but the correlation lines, although almost parallel, are
shifted by about 3 kcal mol™* for the reactions in the gas phase
and by less than 2 kcal mol " for the reactions in DMF. These
results demonstrate that our calculation method shows different
systematic errors when applied to model the transition states of
additions in positions ortho and para to the nitro group.

To check the influence of the selected computational
method, we repeated the calculations in the DMF solution
using the B3LYP and ©®B97XD functionals with the same basis
sets, which were used for calculations using the PBEO method.
The results are shown in Fig. S2-S4 in ESI.{ Probably, the most
important conclusion that can be drawn from them is that all
three DFT methods provide a very good or at least reasonable
correlation between the experimental and computed data.

Table 3 Comparison of the calculated activation Gibbs free energies (AG¥) and reaction free energies (AGg) in the gas phase and DMF with experimental
relative reaction rates for the reaction of o-substituted nitrobenzenes with the anion of chloromethyl phenyl sulfone in positions 4 and 6 using PBE1PBE/

6-311+G(2d,p)//PBE1PBE/6-31+G(d) method

Reaction in pos. 4

Reaction in pos. 6

Gas phase DMF Gas phase DMF

-X log(k) exp. AG" AGgr AG" AGgr log(k) exp. AG* AGgr AG" AGr

-H —0.36 5.70 —1.73 20.21 5.62 0.00 8.50 —2.76 21.43 5.68
-COO-iPr 2.27 3.20 —6.42 18.35 3.27 2.71 5.13 —7.75 18.70 2.12
-F 3.18 1.96 —5.95 17.62 1.98 3.04 5.40 —6.38 18.85 2.28
-Cl 2.17 2.33 —6.93 18.57 2.10 2.15 5.43 —6.73 19.26 2.10
-Br 1.82 2.50 —6.87 18.72 4.11 1.93 5.32 —7.83 20.69 1.84
—CF; 4.13 —0.24 —9.58 17.21 0.40 4.79 2.75 —9.90 18.08 0.52
-CN 7.09 —3.22 —12.74 15.19 —1.40 7.44 —0.48 —13.52 17.40 —-1.71
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Fig. 6 Correlations between AG* (left) and AGg (right) and the logarithms
of experimental relative rate values for the reaction of o-substituted
nitrobenzenes with the anion of chloromethyl phenyl sulfone in positions
4 (hollow circles) and 6 (filled circles) using the PBE1PBE/6-311+G(2d,p)//
PBE1PBE/6-31+G(d) method. Upper traces = reaction in DMF; lower traces =
reaction in the gas phase.

This is true for AG* and AGg, as well as for respective enthalpy
values. The best correlation was obtained for AH” calculated
using the B3LYP functional: 0.98 both for addition in positions
4 and 6. Concerning the AHy calculated using this functional,
an almost perfect correlation was obtained for addition in
position 4 (R* = 0.997) and lower for addition in position 6
(R* = 0.97).

Examination of the plots from Fig. S2-S4 (ESIt) shows that
on the majority of them, correlation lines for addition in
positions 4 and 6 are parallel but shifted by up to 2 kcal mol .
Unfortunately, this shift has different signs when comparing
different methods and thermodynamic quantities. For exam-
ple, in the case of AG" and AH", higher values for addition in
position 6 are obtained using PBEO and B3LYP functionals,
while in the case of ®B97XD functional, the opposite is true.
The only general but not very useful conclusion that can be
drawn is that each DFT method introduces a different systema-
tic error in modelling addition in positions 4 and 6. This also
means that at the present stage of the development of the
computational methods, it is not possible to predict the ortho to
para ratio of the nucleophilic addition reaction to ortho-
substituted nitrobenzene derivatives. The subtle factors affect-
ing the kinetic and thermodynamic nature of the process, such
as actual solvent-molecule interactions, temperature depen-
dence and intra-atomic interaction between atoms in ortho
and meta-oriented atomic systems, are difficult to reproduce
by applying DFT methods when combined in one molecule.
To achieve this level of accuracy the results of the calculations
should be accurate up to about 0.1 kcal mol*, which is
impossible for such molecular systems.

meta-Substituted nitrobenzenes

The third group of compounds studied in this work is meta-
substituted nitrobenzene derivatives. For these compounds, the
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major

minor

Scheme 3 Formation of 2, 4 and 6 o adducts of meta-substituted
nitrobenzenes in reaction with the anion of chloromethyl phenyl sulfone.

substitution of hydrogen is possible in three different positions
(Scheme 3).

Conformational analysis performed for the reactions in
DMF solution showed that in the case of addition in position
6 (ortho to nitro group and para to substituent X), only the S,R
diastereoisomeric adduct predominates for all studied com-
pounds (Fig. 7h), as observed for the reactions of ortho and
para-substituted nitrobenzenes. It must be noted, however, that
the energy difference between transition states, leading to
S,R and 8,S diastereoisomeric c"' adducts, is very low for the
majority of studied reactions. This result indicates that the
formation of both diastereoisomeric adducts is possible.

A similar situation is observed for addition in position 2
(ortho to both substituents), where the S,R diastereoisomer is
most stable for almost all adducts (Fig. 7c). The only exception
is the 3-trifluoromethyl derivative; however, in this case, the
energy difference between S,R and S,S diastereoisomeric o™
adducts is negligible (0.03 kcal mol™'). Concerning the addi-
tion in position 4 (para to a nitro group and ortho to substituent
X), a less sterically hindered S,S isomer predominates. Its
stereochemistry also facilitates the E2 elimination of HCI owing
to the antiperiplanar position of hydrogen and chlorine atoms
(Fig. 7f).

Similar to two other isomers, for meta-substituted nitroben-
zenes, calculations were performed in the gas phase and DMF
solution using PBE1PBE/6-311+G(2d,p)//PBE1PBE/6-31+G(d)
method. The results are presented in Table 4 and Fig. 8. It is
noteworthy that for some substrates, only two or even one
substitution product was observed (empty fields in Table 3).
Plots are drawn separately for addition in positions 2, 4 and 6.
A good correlation between calculated AG* and AGy and
logarithms of the experimental relative rate values in both the
gas phase and DMF solution is observed for addition in
positions 4 and 6 and much worse for addition in position 2.
This last result is not surprising because this position is the
most sterically hindered, so many subtle effects, which are not
correctly described by DFT calculations, can affect the final

This journal is © the Owner Societies 2025
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Fig. 7 Optimized geometries of the diastereocisomeric transition state and
resulting o™ adducts of the anion of chloromethyl phenyl sulfone to 3-
chloronitrobenzene: in position 2 (a)-(d), 4 (e) and (f) and 6 (g) and (h)
computed for the DMF solution. Differences between AG in kcal mol™.

results. A higher correlation for AG* than for AGg supports this
supposition because in TS, the distance between reacting
species is larger than in adduct, so steric effects are weaker.
meta-Substituted nitrobenzene derivatives differ from the
two other isomers because all three possible positions in which
nucleophilic addition can occur are oriented ortho or para not
only with respect to the nitro group but also to the substituent
X. This means that electron withdrawing substituents can
significantly affect the rate of addition. The best example is
the addition of position 6 to m-cyanonitrobenzene. Computed
AG* and AGg values in both the gas phase and the DMF
solution are evidently too low compared to the experimental
reaction rate value. This means that the reaction rate is con-
trolled by terms other than just the activation of Gibbs free
energy, most likely by diffusion. After the removal of the points
corresponding to this reaction from the plots in Fig. 8, the
correlation coefficients grow very significantly (green and
black numbers illustrated in Fig. 8). In contrast to the similar
effect observed for the addition of the anion of chloromethyl
phenyl sulfone to p-cyanonitrobenzene, in the case of m-cyano-
nitrobenzene, the effect is also observed in the DMF solution.
What makes the results more difficult to rationalize is the lack
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Fig. 8 Correlations between calculated AG* and AGg values and the
logarithms of experimental relative rate values for the reaction of m-
substituted nitrobenzenes with the anion of chloromethyl phenyl sulfone
in position 2 (circles), 4 (squares) and 6 (triangles). Upper traces = reaction
in the DMF; lower traces = reaction in the gas phase. Black correlation lines
and corresponding R? values regarding an addition in position 6 without 3-
cyanonitrobenzene. Calculations were performed using the PBE1IPBE/6-
311+G(2d,p)//PBE1PBE/6-31+G(d) method in the DMF.

of a significant discrepancy between the computed and experi-
mental results for addition in position 4 in both the gas phase
and, especially, in the DMF.

Calculations performed in the DMF solution using the
B3LYP and ®B97XD functionals with the same basis sets, which
were used for the calculations using the PBEO method, showed
that for meta-substituted nitrobenzene derivatives, all three
functionals gave comparable results (see ESIT). The best corre-
lations with all four computed thermodynamic parameters
(AG*, AGyr, AH* and AHy) are observed for the addition in
position 4 and worst for addition in position 2, which is the
most sterically crowded. In general, a rather disappointing
conclusion is that for relative rates of addition of a nucleophile
to meta-substituted nitrobenzenes, computational predictions
are of rather low quality and are differentially reproduced by

Table 4 Comparison of the calculated activation Gibbs free energies (AG*) and reaction free energies (AGg) in the gas phase and DMF with experimental
relative reaction rates for the reaction of m-substituted nitrobenzenes with the anion of chloromethyl phenyl sulfone in positions 2, 4 and 6 using the

PBE1PBE/6-311+G(2d,p)//PBE1PBE/6-31+G(d) method

Reaction in pos. 2

Reaction in pos. 4

Reaction in pos. 6

Gas phase DMF Gas phase DMF Gas phase DMF

-X log(k) exp. AG*  AGy AG*  AGy  log(k)exp. AG*  AGy AG"  AGy  log(k) exp. AG*  AGy AG"  AGg
-Me —1.02 9.70 0.13 22.07 9.28 —0.49 7.50 0.60 21.06 5.58 —1.66 10.32 —0.49 22.07 7.15
-OMe —0.48 10.22 —1.59 22.33 6.21 0.79 7.23 —1.52 20.52 2.90 -—-1.56 10.45 —0.33 22.36 6.99
-H 0.00 8.50 —2.76 21.43 5.68 —0.36 5.70 —1.73 20.21 6.94 0.00 8.50 —2.76 21.43 5.68
-COOMe 6.88 1.41 -—-14.56 17.15 -—-3.05 8.27 0.96 —15.03 16.51 —2.96
-F 2.89 6.87 —4.66 19.48 4.16 3.26 3.36 —5.28 17.94 1.65 1.19 6.51 —4.22  20.06 5.07
-Cl 6.38 6.43 —5.24 19.54 4.41 4.70 4.07 —7.94 18.67 2.12
-Br 5.91 6.36 —5.46 19.88 4.85 4.47 3.14 —9.12 18.37 1.31
-CF3 8.52 0.05 —-15.05 15.74 —-2.53
-CN 8.29 @ —14.86 16.71 —1.92 9.21 —5.02 —19.68 13.89 —-6.77 7.17 —4.59 —-20.61 14.54 —6.35
“ No TS could be found for this reaction.
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applying each DFT method. This can have its origin in pure
electronic description of the complex system with key thermo-
dynamic and kinetic factors hidden behind weak and subtle
solvent-molecule and intra-atomic interactions dedicated to
structure description; dispersion-corrected functionals can
reproduce properly.*®™° It is assumed that the electron energy
of the systems, ergo, the proper molecular geometries in which
the meta-driven substitution electron effect is the strongest, is
not equally described by each hybrid and dispersion-corrected
functionals.

Conclusions

Modelling of the rate-limiting and key, first step of the VNS
reaction between ortho-, meta- and para-substituted nitroben-
zene derivatives and the anion of chloromethyl phenyl sulfone
using various DFT methods led to the following conclusions.

(1) According to a well-established mechanism of the VNS
reaction in the second step, the base-induced B-elimination of
HX (X = Cl in the case of the reactions studied in this work)
from the preliminarily formed " adduct takes place. This
requires antiperiplanar conformation of H and X, ie the
dihedral angle H-C-C-X in o" adduct should be close to
180°. In all reactions studied in this work, two diastereoiso-
meric ¢ adducts can be formed (the only exception is the
addition of position 4 to nitrobenzene). Our calculations
showed that in the overwhelming majority of reactions, the
diastereoisomer, in which the H-C-C-Cl dihedral angle in the
conformer with the lowest energy is close to 180°, is more
stable. This result gives some rationalization to the observation
that the VNS reaction is usually very fast, even for nitroarenes
with relatively low electrophilicity.

(2) Computations using different DFT methods show that all
studied functionals give good correlations between the com-
puted thermodynamic parameters and the logarithms of the
experimental relative reaction rates. These results show that
DFT computations can be used for reliable prediction of the
relative reaction rates of the VNS reactions of the substituted
nitrobenzene derivatives. The electron withdrawing effect of
different functional groups located on the aromatic ring has
been reproduced correctly in the presented trends. However,
this statement is true only for comparing the reaction rates of
addition in the same position of the nitrobenzene derivatives
bearing the substituent in the same position relative to the
nitro group.

(3) Comparison of the logarithms of the experimental rela-
tive reaction rates with computed AG", AGg, AH" and AHy in
DMF solutions shows that all four thermodynamic parameters
give good correlations, but for most cases, correlation with AHy
is the best.

(4) Better results were obtained for calculations performed
in DMF solution, so this approach is recommended.

(5) It is possible to predict separately the quantitative
and qualitative trends of the relative rates of substitution in
different positions in ortho- and meta- and para-substituted
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nitrobenzene derivatives, in which the intramolecular interac-
tions between atoms are structurally equal within the same
reaction center.

(6) It is not possible to compare absolute and relative kinetic
parameters between ortho-, meta- and para-substituted nitro-
benzenes because differences in subtle intra-molecular interactions
between nucleophile and electrophile are not well reproduced by
applying tested DFT methods.

(7) It is not possible to reliably estimate the exact (nominal)
thermodynamic parameters of this type of reaction because
different DFT methods give different results with differences,
reaching up to 15 kecal mol ", All tested DFT methods with and
without dispersion correction seem to reproduce molecular
geometries and final energies with comparable systematic
errors. The lack of experimental data concerning the stability
of anionic c™-adducts of nucleophiles to mono-substituted
nitrobenzenes makes it impossible to determine the best DFT
method empirically.

(8) Presented results in the form of structure-activity trends
are valuable tools to analyze the electron withdrawing effects
induced by different functional groups in the molecular system
within one chosen type of ortho-, meta- and para-oriented
molecules.
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