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The mechanism of toluene nitration by NO,BF, in dichloromethane solution is investigated by
performing advanced ab initio MD simulations of the reaction trajectories, including at full quantum
mechanical level the effects of both the solvent and of the counterion. The time evolution of the
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that the regioselectivity of the reaction is spin-density driven and that a thin mechanism, one based on
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1 Introduction

Aromatic nitration has played a central role in the development
of a mechanistic theory of aromatic reactivity," but, despite
the huge body of experimental and theoretical data accumu-
lated in many decades, many facets of its mechanism are far
from being completely understood; the reaction mechanism is
still elusive and subject of active research.*®

Ingold’s pioneering work showed beyond any reasonable
doubt that in reaction media composed of nitric acid (in acetic
anhydride or nitromethane), the nitrating agent is the highly
reactive nitronium ion and proposed the text-book two-step
mechanism:

HNO3 + HA — N02Jr +H,O + A~

NO," + ArH — ArHNO," 25 HA + ArNO,

It was soon realized that the two-step mechanism was too
simple to account for the very peculiar kinetic features of
aromatic nitration. Indeed, it was shown that, for aromatics
more reactive than benzene, nitration occurs at encounter
limited rate, still exhibiting a high selectivity toward the sub-
stitution site.>® Such a behavior suggests that the electrophilic
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reaction intermediates and transition states, can be appropriate to describe aromatic nitration.

species involved in nitration should be different from the
nitronium ion, which does not show substrate selectivity.’
Similar conclusions were reached by Olah and Kuhn, who
developed an efficient procedure for aromatic nitration by
using stable nitronium salts (NO,BF, and NO,PF,) in organic
solvents.’® In those conditions, the use of the competitive
method for benzene and toluene substrates resulted in a ratio
of rate constants kroi/kgen, X 2, which, combined with the
observed high positional selectivity of the products (ortho:
meta: para = 66:3:31), led to the paradoxical conclusion that
the meta carbons of toluene are sevenfold less reactive than a
benzene carbon. Olah proposed that the first reaction step
consists of the formation of a weakly bound n -complex
between the two reactants, responsible for substrate selectivity.
The second, faster step, leading to the Wheland intermediate,
would account for positional selectivity.'”

Olah’s argumentations were criticized, the competitive
method being considered inappropriate because the high reac-
tivity of nitronium salts could not allow differentiation between
the rates of different substrates; in other words, the low
substrate selectivity could be simply the consequence of a
reaction occurring before uniform mixing of the reagents.'™"?
However, variation of the toluene/benzene mole ratio led to no
significant changes in either positional or substrate
selectivity,"> showing that the above results were not an experi-
mental artifact but rather represented a new and important
phenomenon: A chemical reaction showing low substrate but
high positional selectivity. Such a rare event could be explained
by resorting to the involvement of an intermediate species. The
chemical nature of this intermediate has been described var-
iously in the literature, e.g. as an encounter pair,”">' a
n -complex,'®*® a charge transfer complex,"®'” and a radical
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ion pair originated by single electron transfer (SET) step from
aromatics to NO,",'® but remains elusive.

Among the various hypotheses, the involvement of a radical
pair in the mechanism of aromatic nitration gained popularity,
because gas-phase ionization potentials and electrochemical
anodic half-wave potentials show that an electron transfer step
is thermodynamically favoured for all the aromatics more
reactive than toluene, even in a polar solvent such as
acetonitrile."® Furthermore, the attacking species would be no
longer the highly reactive nitronium ion, which exhibits no
intramolecular selectivity, but the radical NO,*, the latter being
compatible with intramolecular selectivity, since the formation
of the Wheland intermediate is necessarily a spin-density
driven reaction.

The hypothesis that a SET step could be of relevance in the
mechanism of aromatic nitration has been substantiated by
Kochi and coworkers who used time-dependent spectroscopy to
show that various ArH:NO, electron-donor acceptor complexes,
when thermally or photochemically activated, lead to nitration
of the aromatic substrate, with identical regiospecificity of the
conventional reaction,'®' and by several theoretical works,
which, however did not account for the effect of the solvent
and/or the counterion.?*"°

More recently, the possible occurrence of a SET mechanism
in solution has been questioned.”**° Calculations based on
density functional theory (DFT) predict that SET takes place in
the gas-phase, whereas in mixed acid solution, including a
sulphate counterion, no appreciable charge transfer is
envisaged.® Quinones and Singleton have questioned both the
importance of a SET intermediate and the involvement of
transition states.* Those authors carried out a thorough analy-
sis of the ground state potential energy hypersurface for toluene
nitration by NO,BF, in dichloromethane and found that the
regiochemistry of the reaction is accurately predicted only from
trajectories in explicit solvent, while approaches based on
transition state theory fail to account for selectivity. The
observed product regioselectivity is achieved only when both
explicit solvent and counterion are included in trajectory com-
putations, ruling out the possibility that a conventional mecha-
nism, ie. one based on transition states and/or reaction
intermediates, can explain experimental observations.*

Herein, we reconsider the possibility of a SET step in CH,Cl,
solution by carrying out advanced ab initio MD simulations,
which include at a full quantum mechanical level the effects of
both the solvent and of the counterion. The time evolution of
the encounter complex, as well as that of the associated
electronic structure, for different trajectories reveals that SET
always precedes the formation of the c-complex.

2 Results and discussion

The energetics of a redox process in solution from periodic
DFT-based simulations requires the use of adequate density
functionals, devoid of the self-interaction error, which affects
semi-local methods.*"*> While the use of hybrid DFT generally
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3334 most standard methods still

leads to improved results,
suffer from this spurious interaction, thus undermining the
accuracy of the calculated electronic properties.® In fact, since
(i) the total energy of the exact exchange-correlation functional
is a linear function of the number of electrons between integer
values®® and (ii) the variation of the total energy with respect to
an orbital occupation is equal to the eigenvalue of that orbital
(Janak theorem®’), it follows that the energy level associated
with a single-particle state should not change upon its occupa-
tion (generalized Koopmans’ theorem®®). In this context, none-
mpirical hybrid functionals in which the fraction of Fock
exchange o is set to comply with the generalized Koopmans’
theorem have proved do be particularly successful in simulat-
ing the electronic properties (e.g. band gap, band edges,
polaron binding energies) of both solids and liquids, as well
as reproducing redox levels in aqueous solution from MD
simulations.?®** For the latter, accurate values of the energy
gap and the band edges of the solvent are paramount for a
proper description of the solutes energy level and to avoid the
occurrence of unphysical dynamics,® in perfect analogy with
defects and polarons in crystalline materials.>***”~*°

Therefore, the first step of our study is aimed at constructing
a Koopmans’ compliant density functional for liquid dichlor-
omethane. In particular, we consider the PBEO(«) family of
functionals, in which a single parameter, the fraction of Fock
exchange «, needs to be determined.’®>" For the determination
of the o required for the fulfillment of Koopmans’ condition,
ok, we employ the probe method recently developed by Bishoff
et al. and successfully applied to various materials.**>** Within
this technique, a hydrogen (proton) atom is inserted in the
material [¢f Fig. 1(a)] and then the single-particle occupied
(empty) energy level of the induced localized state is inspected.
ok is then given by the intersection between the a-dependent
linear evolution of occupied and unoccupied energy levels [¢f.
Fig. 1(b)].*> Employing this method, we here achieve oy = 49.8%
(¢f Computational details).

We then calculate the band gap, E,, of liquid CH,Cl, from
the linear extrapolation of the wing of the respective near-edge
density of states (DOS),*® which is achieved from the average of
100 equally-spaced structural configurations extracted from
classical MD simulation (¢f. Fig. S1, ESIT). Such a methodology
is analogous to that usually adopted in the experimental
determination of the electronic structure of liquids (e.g. liquid
water in ref. 52,53). We here obtain E, = 8.95 €V, this being, to
the best of our knowledge, the first ab initio estimate of the
band gap for liquid dichloromethane. Inspection of the density
of states (¢f. Fig. S2, ESIT) reveals that both the valence band
edge and the conduction band edge states are mainly consti-
tuted by the 3p orbitals of chlorine, a result consistent with the
nature of the 3b; and 10a; molecular orbitals of the CH,Cl,
molecule.>®*> Overall, the calculated wide band gap ensures a
correct definition of localized states arising from solutes with
no spurious resonant energy levels due to band gap
underestimation.>**

Finally, in order to properly capture intermolecular interac-
tions in condensed-phase CH,Cl,, we include non-local

This journal is © the Owner Societies 2023
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Fig. 1 (a) Stick&ball visualization of a representative configuration of the
hydrogen probe (blue) inserted in a periodic supercell of liquid CH,Cl,
along with the isodensity representation of the corresponding highest
occupied molecular orbital. H atoms in white, C in grey, and Cl in green.
(b) Occupied (blue, full circles) and unoccupied (red, empty circles) single-
particle energy levels of the interstitial hydrogen as a function of the
fraction of Fock exchange used in the PBEO functional. Energies are
referred to the average electrostatic potential of the system. Since these
energy levels generally evolve linearly with the mixing parameter,*? the
point of intersection between the lines achieved considering three values,
corresponds to the value oy enforcing the generalized Koopmans' condi-
tion, denoted with a dashed black line.

electron correlation in our functional self-consistently via the
rVV10 scheme, developed by Vydrov and Van Voorhis,”®*” in
line with a previous study.’® The constructed PBEO(og) + rVV10
functional is found to deliver energetics of CH,Cl, dimers in
excellent agreement with CCSD(T) calculations®>*°(¢f. Fig. S3
and Table S1, ESIY), thus ensuring that both structural and
electronic properties of liquid CH,Cl, and its solutions will be
adequately described in MD simulations.

Having set up the appropriate computational protocol, we
first investigate toluene nitration in CH,Cl, solution, consider-
ing complete dissociation of NO,BF, and evolving trajectories
starting from a casual NO,'-toluene encounter complex, in
which the N atom is initially on top of the aromatic carbon in
para position at a C-N distance of 3.5 A (¢f Fig. 2).>° The
simulation cell is prepared starting from the structural configu-
ration of a previously performed ab initio MD simulation. The
NO,'-toluene complex is then inserted in the centre of the
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Fig. 2 Evolution (i) of the distance between the para C atom of toluene
and the N atom of the nitronium cation (red) and (ii) of the ONO angle
upon MD simulation (blue). The simulation is initiated from a solvated
NO,*-toluene encounter complex with N lying directly above the para C
atom (top left), proceeds via electron transfer (green shaded area, top
middle for an illustrative configuration along with the isodensity repre-
sentation of the lowest unoccupied molecular orbital and the Hirshfeld
charges for the two moieties) and is concluded with formation of the
o-complex in para position (top right). H atoms in white, C in grey, Cl in
green, N in blue, and O in red.

supercell and four CH,Cl, molecules are removed, to accommodate
the complex preserving solvent density. The system, having a net
charge of +1, is then subjected to DFT-based MD simulation in the
NVT ensemble at 300 K (¢f Computational details) with the
PBEO(x) + rVV10 functional. We note that, in order to properly
capture the physics of electron transfer phenomena possibly occur-
ring within the simulation time, we need to employ the unrestricted
DFT method, even if the total number of electrons in the system is
even, for it allows the possible localization of a pair of electrons on
different orbitals, as a consequence of SET. First, the solvent
surrounding the complex is equilibrated via a 5-ps MD simulation
in which two constraints are applied: (i) the distance between N and
the ortho C of toluene is preserved to its original value and (ii) the O-
N-O angle is kept to 180°, i.e. for the nitronium cation. Then, the
constraints are released and the simulation is carried out until C-N
bond formation of the o-complex.

By studying the evolution of the structural parameters
involved in the reaction, namely the C-N distance and O-N-O
angle, it is possible to capture the key features of the reaction
mechanism. In fact, the C-N distance is rapidly shrunk and
formation of the oc-complex is observed in less than 1 ps.
Furthermore, the O-N-O angle, which is the crucial parameter
for defining the transition from nitronium cation to neutral
NO,, is accordingly reduced (c¢f Fig. 2). The region of steep
descent within the first 200 fs is of particular interest because
the molecule is already sizably bent while the C-N distance is
still well above bond formation. Moreover, hole localization on
the aromatic molecule is confirmed by both inspection of the
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hole wavefunction and analysis of Hirshfeld charges (¢f. Fig. 2
for a representative configuration). Overall, our analysis sup-
ports the occurrence of SET, in accord with the “rigid”
approach in implicit solvent employed in ref. 29 predicting
the NO,/ArH" complex to be more stable than the NO,'/ArH one
for C-N distances shorter than ~ 2.7 A. We again remark that
the use of unrestricted DFT is fundamental to properly describe
the SET mechanism, as evidenced by the time-dependent
evolution of the lowest unoccupied molecular orbitals for o
and f electrons, which clearly shows occupation of different
orbitals occurring in the simulation (¢f. Fig. S4, ESIT).

To ensure that the occurrence of SET is not affected by the initial
geometry of the encounter complex, we have repeated the simulation
starting from a configuration in which the nitronium cation lies
above the centre of the aromatic ring, the C-N distances being
essentially equal for all the aromatic C atoms.*® From Fig. 3, we
observe again a fast narrowing of the NO, angle within the first
200 fs of MD, accompanying the SET, in line with the previous
simulation. However, the C-N bond is not immediately formed. In
fact, while some C-N distances are rapidly shrunk towards SET at
distances <2.5 A the formed NO, radical is found to roam above
the aromatic molecule between para and meta positions for other
~250 fs, before finally forming the oc-complex, again in para
position. Overall, the outcome of this simulation not only confirms
the SET mechanism but also distinctly reveals that the radical NO, is
the actual reactant and therefore points to a spin-density driven
mechanism. These results are confirmed by a supplementary
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Fig. 3 Evolution of (i) the distances between the aromatic C atoms of
toluene and the N atom of the nitronium cation (red) and (ii) the ONO
angle upon MD simulation (blue). The bolder red line indicates the distance
with the para C atom. The simulation is initiated from a solvated NO,*-
toluene encounter complex with N above the center of the aromatic ring
(top left), then proceeds via electron transfer (green shaded area) and
subsequent roaming of the NO, radical between para and meta positions
(red shaded area, top middle for an indicative configuration) and is
concluded with formation of the o-complex in para position (top right).
H atoms in white, C in grey, Clin green, N in blue, and O in red.
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trajectory initiated from a nitronium cation on top of the ipso C
atom, with the o-complex forming in ortho position (cf. Fig. S5,
ESIT), which confirms that the observed higher reactivity of para
and ortho position is satisfactorily captured by simulations.

Finally, we investigate the effect of the counterion on the
mechanism of aromatic nitration in CH,Cl,, which has been
recently postulated.” In fact, the source of NO," for the reaction
is a nitronium salt, usually NO,BF,, which is known to be
scarcely soluble in organic solvents®' and it is thought to form
ion pairs in solution.®” On this basis and from MD simulations,
it has been inferred that BF, affects the reaction as its
concerted displacement along with that of reactants and sol-
vent molecules is required.” In this regard, we note that, to the
best of our knowledge, no measured value of the dissociation
degree for NO,BF, is available. In the worst-case scenario of a
negligible fraction of dissociated ion pairs, does the counterion
affect the nature of the proposed SET mechanism? To answer
this question, we perform two extra MD simulations in which
BF,  has been included. In particular, we consider the encoun-
ter complex of Fig. 2 and included the counterion in two
different positions: (i) above the nitronium cation or (ii) on
the side, closer to the toluene molecule, with the shortest B-C
distance below 4 A (P1 and P2, respectively, cf. Fig. 4).

MD simulations reveal a drastically different time-evolution
of the two configurations. In fact, for P1 we do not observe any
nitration event during a 5 ps MD run, while for P2 the reaction is
concluded within <1 ps, in fair agreement with previous
simulations not including BF, . In fact, in P1, the Coulomb
attraction between NO," and BF,  appears to hinder electron
transfer, resulting in a continuous oscillation of the C-N and
B-N distances [cf. Fig. 4(a)]. In particular, the distance between
the para C atom and N varies between 3.5 and 2.7 A, well above
that pertinent to bond formation, and is somewhat correlated
with the B-N one, i.e. smaller values for the former correspond
to larger ones for the latter and vice versa. Shortest values of the
C-N distance coincide to a sensibly bent NO, moiety, which in turn
indicates tendency towards electron transfer, which is however only
transient. At variance with this, dynamics of the P2 structure mimics
that of the analogous complex in absence of the counterion, with
swift completion of the reaction via formation of the bent NO, radical
already at C-N distances of ~2.7 A [¢f. Fig. 4 (b)]. It is worth noticing
that the time-dependent energy profiles of the two simulations are
remarkably different with the P2 structure forming the c-complex
being more stable than the P1 one by more than 1 eV, on average
(¢f Fig. S6, ESIt). Overall, the present results clearly indicate that
considering the ion pair as the reactant, although requiring a
favourable structural arrangement with the toluene molecule to
overcome Coulomb interaction, does not change the nature of the
SET-based mechanism, which is resumed in Fig. 5.

3 Conclusions

The results reported above are largely in line with the analysis
of Quinones and Singleton,* but for the remarkable fact that
involvement of a SET step has been systematically found in

This journal is © the Owner Societies 2023
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Fig. 4 Time-dependent evolution of selected structural parameters for
MD simulation initiated from solvated BF,;~—NO,*—toluene complexes.
The starting configurations involve a NO,*—toluene complex having N
above the center of the aromatic ring and with the counterion (a) on top or
(b) on the side of the nitronium cation, closer to toluene, P1 and P2
respectively in the main text. The green shaded area in panel (a) highlights
the region in which the NO, moiety is bent enough to allow for electron
transfer (cf. inset for a representative configuration), while in panel
(b) indicates the time frame for SET. H atoms in white, C in grey, N in
blue, O in red, B in brown, and F in purple.
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Fig. 5 Schematic representation of the proposed reaction mechanism for
the nitration of toluene by NO,BF, in dichloromethane solution.

each reactive trajectory. The question now is at what extent SET
is significant in the mechanism of aromatic nitration? Can
NO,* be considered as a true reaction intermediate, even if its
life time is short? In our opinion it is, the positive answer being
mainly based on the comparison between the reactive and non-
reactive trajectories of Fig. 4, which clearly indicate that SET
makes it possible the almost barrierless approach of the
nitronium ion to the aromatic substrate. Furthermore, it has
been longly known that the peculiar kinetics of aromatic
nitration is more convincingly described by a three-step
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mechanism,”*’

and that the paradox of high positional and
low substrate selectivity can find a rationale if the attacking
species is different from nitronium ion, which does not show
substrate selectivity.”*>*® All these points make us confident
that a thin mechanism, one based on reaction intermediates
and/or transition states, can be appropriate to aromatic

nitration.

Computational details

The initial configuration for liquid CH,Cl, is obtained through
the software Packmol,® by constructing a cubic box of side 20 A
containing 75 CH,Cl, and corresponding to the experimental
density of liquid CH,Cl, (1.33 g ecm™®). Then, we perform
classical MD simulations with the Gromacs 2020.5 software®*
using the All-atom Optimised Potentials for Liquid Simulations
(OPLS) force field.®> We adopt periodic boundary conditions
and take into account long range electrostatic effects through
the PME algorithm.®® Classical MD simulations are carried out
in the NVT ensemble, adopting a modified Berendsen thermostat,*”
with a target temperature of 300 K. The computational protocol
consists of an initial steepest descent minimisation, followed by a
equilibration run over 100 ps and a subsequent production run of
1 ns. DFT calculations are here performed using the freely available
CP2K/QUICKSTEP package.®® This suite of programs features a
combined atomic basis set/plane-wave approach in which atom-
centered Gaussian-type basis functions are used to describe the
orbitals, while an auxiliary plane-wave basis set is employed to re-
expand the electron density. In particular, we use a triplezeta
correlation-consistent polarized basis set (cc-pVTZ)® and a cutoff
of 800 Ry for the plane waves. We employ the analytical Goedecker-
Teter-Hutter pseudopotentials.”® Furthermore, for the calculation of
exchange integrals required for hybrid functional calculations, we
adopt the auxiliary density matrix method, as implemented in
CP2K, with the cFIT auxiliary basis set.”””> For the determination
of ax, we consider ten structural configurations extracted from the
classical MD simulation. For each structure, we insert a single
hydrogen atom in a void [¢f Fig. 1(a)], we calculate the single-
particle energy levels for the occupied (g = 0) and unoccupied
(g = +1) states for three different values of o [¢f Fig. 1(b)]. From
the average of ten configurations, we achieve oy = 49.8% =+ 0.1. We
note that such a value is consistent with that of 49.5% estimated

L 48,73
b

from the inverse high frequency dielectric constant con-

&0

sidering the experimental value of ¢, = 2.02 for dichloromethane.”
We also pinpoint that the energy of the Kohn-Sham levels for the
charged supercell suffers from an electrostatic finite-size error,
arising from periodic boundary conditions.”® Therefore, we employ
the correction term derived in ref. 76 for Kohn-Sham levels, in
analogy with the Freysoldt-Neugebauer-Van de Walle (FNV) scheme
commonly employed for total energies.”>’” This correction amounts
to 0.81 eV for the employed supercell, considering the experimental
high-frequency dielectric constant of liquid dichloromethane
(2.02),”* as calculations are performed without relaxing the positions
of the nuclei. Unrestricted-DFT based Born-Oppenheimer MD
simulations in the NVT ensemble are carried out in a periodic cubic
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cell of length 20 A as previously described. The target temperature,
controlled by a Nosé-Hoover thermostat,”®”® is set to 300 K and a
time-step of 0.50 fs is employed.
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