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Unraveling the role of the electron-pair density
symmetry in reaction mechanism patterns:
the Newman—-Kwart rearrangementf
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This work focuses on correctly identifying the topological signatures associated with the bond-breaking/
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bond-forming processes along the versatile Newman-Kwart rearrangement. In contrast to recent
reports and within the framework of the so-called bonding evolution theory, we show that only fold
bifurcations emerge based on a detailed examination of the Hessian value at all potentially degenerate
critical points and their relative distances along the pathway. The chemical implications of incorrectly

DOI: 10.1039/d2nj01501c

rsc.li/njc

Introduction

The works of Kwart and Evans,' on the one hand, and Newman
and Karnes,> on the other, led to the identification of the
molecular mechanism we now call the Newman-Kwart rearran-
gement (NKR). The NKR is a thermally induced process encom-
passing the migration of O-aryl thiocarbamates to the
corresponding S-aryl compounds,®™ as depicted in Scheme 1.

High temperatures are required to overcome the energy
activation barrier ranging from 35 to 43 kcal mol *;>*'® how-
ever, such temperature values lead to some difficulties that
decrease the reaction’s organic synthesis potential.>**° Despite
these drawbacks, the NKR has been extensively investigated
from both experimental and theoretical approaches, providing a
broad range of applications in critical areas, including supra-
molecular chemistry,"'*> pharmaceutical intermediates,**
dyes,"”” molecular switches,'® and chiral ligand synthesis,
among others.

From a theoretical/computational point of view, several
modern interests based on the applications of density func-
tional theory (DFT)" are simply oriented to probe whether the
aromatic migration Oy, — Sy, (see Scheme 1) proceeds via a
four-membered transition state,* or to elucidate the activation
barriers.®® Curiously, much less attention has been devoted to
studying the remarkable features of the electron density flow
driving the transformation. A deeper understanding of the NKR
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classifying the nature of chemical events are outlined.

mechanism requires detailed knowledge concerning electron
reorganization to reveal the underlying essential bonding
sequences. It should be emphasized that topological methods
have provided a solid framework for investigating a wide variety
of bonding situations, providing new and unexpected chemical
insights.”® Within this context, Zahedi et al®' recently
described the forming/breaking processes of a chemical bond
featuring the NKR using DFT machinery and bonding evolution
theory (BET).>* BET is aimed at characterizing electron-pair
rearrangements along a reaction pathway in terms of a set of
parametric polynomials (called unfoldings) derived from
Thom’s catastrophe theory.>® Using this topological approach,
Zahedi et al®' rationalized the NKR molecular mechanism
displayed in Scheme 1 via three unfoldings: a fold, an elliptic
umbilic, and a cusp. The first polynomial characterizes the
onset of the electron pairing reorganization leading to a simple
bond between the ipso-carbon C1 and the sulphur atom. The
second one describes the C1-O breaking process, whereas the
C1-S final formation occurs through a cusp function.
Following recent advancements in the field, we reproduced
all calculations by carefully following their setup. Contrary to
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Scheme 1 The Newman-Kwart mechanism is traditionally rationalized in
terms of an intramolecular electronic rearrangement via a four-membered
cyclic transition state.
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previous findings, we found that only fold-type polynomials
can be correctly identified, consistent with our previous obser-
vations, both in the ground®® and electronically excited
states.>*® This work focuses on the rigorous assignment of
unfoldings characterizing relevant chemical events along the
intrinsic reaction coordinate (IRC) featuring the NKR. For
details regarding the electron population of ELF basins and
the aromatic behaviour of the benzene ring along the reaction
pathway, the reader should refer to the results already
discussed in the work of Zahedi et al.>' On the other hand,
our BET-type analysis shows that the C1-S bond forms before
the C1-O breaks, contrary to the report of Zahedi et al. We also
aim to point out the chemical implications of our results.

Results and discussion

Fig. 1 depicts two extended molecular graphs for the electron
localization function (ELF).>” Near the critical point (CP) of
index one, s;_;, appears a pair of new CPs, namely, the attractor
ae and the saddle s; ,. The relative distance between this
maximum and s; 1, @¢=S1 1, is 1.6 times greater than as-s; »,

Fig.1 Extended ELF-molecular graphs together with the Lewis-like
structures, including all types of ELF CPs: attractors or maxima in purple,
saddles of index one in orange, saddles of index two in yellow and minima
or repellors in green; (a) before and (b) after the first change. The ELF
isosurface (0.85) is also shown.
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and consequently, the Hessian matrix at s; ; is about 3 times
greater than the value at the attractor. These results indicate
that s; ; is not linked with such a change in the number of ELF
CPs. Therefore, a fold polynomial constitutes a suitable tool for
describing this electron-pair reorganization, as argued by
Zahedi et al.”*

As the reaction progresses, the subsequent two folds take
place non-simultaneously. Firstly, the valence shell of the
sulphur atom splits, and the (a;, s; 3) pair appears. Since no
other CP is close enough, such a chemical event must be
characterized via a fold function, as shown in Fig. 2(a and b).
Then, the loss of one of the lone pairs of the oxygen occurs via
the third fold due to a, colliding with s; 4, and both points
disappear (Fig. 2(b and c)).

Because of the continuous approach of the attractor as and
the saddle of index one s; 5, these critical points coalesce
through a fold-type polynomial, as shown in Fig. 3. In other
words, the simplest unfolding of Thom’s theory** reasonably
characterizes the formation of a simple bond between the C1
ipso—carbon and the sulphur atom. No flag of a cusp unfolding
is detected since this topographical event encompasses only
two critical points; consequently, the number of ELF CPs
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Fig. 2 Extended ELF-molecular graphs together with the Lewis-like
structures, including all types of ELF CPs: attractors or maxima in purple,
saddles of index one in orange, saddles of index two in yellow and minima
or repellors in green; (a and b) before and (b and c) after the second and
third changes. The ELF isosurface (0.85) is also shown.
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Fig. 3 Extended ELF-molecular graphs together with the Lewis-like
structures, including all types of ELF CPs: attractors or maxima in purple,
saddles of index one in orange, saddles of index two in yellow and minima
or repellors in green; (a) before and (b) after the fourth change. The ELF
isosurface (0.85) is also shown.

decreases by two. Therefore, we disagree with Zahedi et al.>" on
the description of the C1-S bond formation through a cusp
function.

The continuous stretching of the C1-O bond leads to the
appearance of the pair (ag, s; ¢) in the vicinity of the ipso-
carbon, following the same pattern of the first and second
folds. From a topological perspective, this change in the
number of ELF CPs marks the onset of the C1-O breaking
process, as presented in Fig. 4.

Two saddle points of index one, s; ; and s; g, and a saddle of
index two, s,, seem to be involved in the subsequent change in
the number of ELF CPs, as shown in Fig. 5. However, both the
dynamical systems and topology branches provide strong and
well-established arguments prohibiting this change from being
described in terms of any unfolding.*®° It should be stressed
that this issue requires special care since it is implicit in the
conditions imposed by Thom® to deduce the seven
unfoldings.”®*° Monitoring the Hessian at these three points
and the relative distance between them along the IRC path
reveals that s; ; and s, collide and annihilate, whereas s; g
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Fig. 4 Extended ELF-molecular graphs together with the Lewis-like
structures, including all types of ELF CPs: attractors or maxima in purple,
saddles of index one in orange, saddles of index two in yellow and minima
or repellors in green; (a) before and (b) after the fifth change. The ELF
isosurface (0.85) is also shown.

remains in the molecular graph of the ELF; see the ESIf for
detailed information.

By ‘“naked-eye” inspection, it is impossible to determine
whether the three CPs, as, s; g and s; o, are involved in the last
crucial change from the ELF-molecular graph, as shown in Fig. 6.
Following the value of the Hessian evaluated at these points and
their relative distances constitutes the correct methodology to
approach this task.”° In fact, this complementary-like procedure
shows that ag and s; ¢ move in opposite directions before the
change since their relative separation increases by a factor of
1.02, while ag-s; g decreases by about 2 times. Therefore, ag and
s,_g merge and disappear via the sixth fold. This fact means it is
the fold-type unfolding (and not the elliptic umbilic, as mis-
identified by Zahedi et al.*") that characterizes all topographical
changes associated with electron-pair rearrangements leading to
the breaking of the C1-O single bond, since neither ag nor s; g
change their index** and s; o plays no role during the chemical
event, as shown in the ESIL.{ Topologically speaking, this last
change in the number of ELF CPs completes the migration of the
aromatic ring from the oxygen to the sulphur atom.

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2022
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Fig. 5 Extended ELF-molecular graphs together with the Lewis-like
structures, including all types of ELF CPs: attractors or maxima in purple,
saddles of index one in orange, saddles of index two in yellow and minima
or repellors in green; (a) before and (b) after the sixth change. The ELF
isosurface (0.85) is also shown.

Scheme 2 summarizes key electron-pair reorganizations for
the NKR via the Lewis-like structures. Due to the difference in
the electronegative character between atoms of each pair:
(carbon, sulphur) and (carbon, oxygen), the (C—=S) and
(C=0) double bonds are only formal (Scheme 1); thus, no
topographical change is observed concerning their reduction/
formation. Following the Hessian at potentially involved CPs
and their relative distances along the IRC pathway reveals that
the fold polynomial describes all significant chemical events
(i.e., the breaking/forming processes of the chemical bond), in
contrast to previous assignations suggested by Zahedi et al.*!
Our recent work>***>® shows that unfoldings are capable of
capturing the symmetry features of the electron-pair density,
providing an accurate picture of changes in this property along
a reactive coordinate. Therefore, one could a priori (without any
kind of calculation) characterize the breaking and forming of
chemical bonds using the correct unfolding. Moreover,
evidence in both the ground®®** and electronically excited
states®*2® shows that the cusp polynomial characterizes the
flow of the electron pairing density in highly symmetrical

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2022
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Fig. 6 Extended ELF-molecular graphs together with the Lewis-like
structures, including all types of ELF CPs: attractors or maxima in purple,
saddles of index one in orange, saddles of index two in yellow and minima
or repellors in green; (a) before and (b) after the seventh change. The ELF
isosurface (0.85) is also shown.
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Scheme 2 Lewis-like representation for the key chemical events asso-

ciated with the Newman—Kwart rearrangement (R = CHs) as derived from
the bonding evolution theory framework.

reaction systems, whereas the fold describes remarkable
chemical events in low symmetry systems. Nonetheless, char-
acterizing the homolytic bond breaking and forming via a cusp
demands an extra condition; namely, the electron-pair symme-
try must be invariant with respect to a plane perpendicular to
the stretching/contracting bond throughout the chemical
process.”* This means that homolytic events fail to be a

sufficient condition for detecting any flag of a cusp-type
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polynomial. Thus, it is reasonable to observe only folds in the
NKR since all significant chemical events are heterolytic due to
the noticeable electronegativity difference between the involved
atoms, which generates a strong polar character in all forming/
breaking covalent bonds.

For a more concise analysis, let us now use the arrow-
pushing model’*>* to compare our findings with those of
Zahedi et al. regarding the formation of the C1-S bond and
the C1-O cleavage. The arrow model is a purely intuitive way
(i.e., this approach has no experimental support) for represent-
ing relevant chemical events. However, this way of rationalizing
electron reorganizations leading to significant chemical events
is deeply anchored in the minds of chemists, and many
chemistry textbooks make use of it. Zahedi et al.>" described
the formation of a single bond between the sulphur and the
ipso-carbon atoms through an elliptic umbilic function, which
means that one attractor becomes a saddle point of index two,
and consequently, the electron-pair density flows from its
associated basin and accumulates within the basin of another
maximum. On the other hand, we rationalized this event via a
fold polynomial, meaning that no new critical point arises.
Both descriptions are identical within the (curly) arrow repre-
sentation since the electron-pair density is transferred from one
disappearing basin to a strengthening one. Nonetheless, the
C1-O rupture is quite different in the arrow model. In the
vision of Zahedi et al., three CPs merge and a new critical point
appears; therefore, one could represent this electron rearrange-
ment using two curly arrows indicating the flow of electron
pairing density from both basins into the new one. In contrast,
only one curved arrow would suffice for our topological
description.

Theory and computational details

BET?** is a standard tool*® that combines the topological
analysis of the ELF?” with catastrophe theory®® to describe the
breaking and forming processes of chemical bonds along a
reaction path. ELF is usually understood as a local measure of
electron Kkinetic energy excess due to Pauli’s exclusion
principle,*** and thus provides a partition of the molecular
space into regions (called basins) having a direct connection to
Lewis theory, such as valence bonds, core and lone pairs.*>*™®
Furthermore, these regions surround the ELF’s critical
points.*® Such a function displays only four types of CPs since
it is defined in R*:maximum or attractor, saddle of index one,
saddle of index two, and minimum or repellor. The appearance
and annihilation of ELF CPs along a reaction coordinate are
associated with electron reorganization leading to the forming/
breaking of chemical bonds through parametric polynomials
(unfoldings).>® The essential feature of CPs that merge and
disappear is that the Hessian matrix (evaluated at such points)
shows a strong tendency to reach the zero value due to a
decrease in the relative distance between points. Moreover, if
the Hessian is non-invertible, the evaluated point is typically
referred to as a degenerate CP.>**° It is crucial to emphasize
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that changes in the collection of CPs along a reaction pathway
can only be described in terms of unfoldings if some conditions
are fulfilled®®?****! (see the ESIt for further details on the first
part of this section).

All calculations were conducted using the Gaussian 16
package of programs*” following the setup provided by Zahedi
et al,’" ie., the aug-cc-pvtz basis set was employed with
diphenyl ether and chlorobenzene solvent media, each com-
bined with the M06-2X and MN15-L functionals. The absolute
temperature values were set at 505 and 413 K for the first and
second solvents, respectively. The IRC paths were constructed
using a step size value ten times smaller (0.001 amu*? Bohr)
than the default one (0.01 amu®? Bohr) to clarify the results.
The topological analysis of the ELF for each point on the
reaction path was performed via the Multiwfn program.** The
images of the topographic map were generated through the
VMD software.**

Conclusions

The assignment criteria of the unfoldings® describing the
forming/breaking processes of chemical bonds featuring the
Newman-Kwart rearrangement have been re-examined. Mon-
itoring the relative distance between potentially degenerate
critical points of the electron localization function and the
Hessian matrix evaluated at each point>*>*® along the intrin-
sic reaction coordinate shows that the fold-type unfolding
indeed characterizes all relevant chemical events, in contrast
to the assertion of Zahedi et al.>' However, our topological
description and the one provided by Zahedi et al. concerning
the formation of a single bond between the ipso-carbon and
the sulphur atom are similar within the intuitive arrow
model;** > whereas, the rupture of the C1-O bond is quite
different. Moreover, the topological procedure evidently shows
that the formation of the single bond between the C1 ipso-
carbon and sulphur atom occurs before the C1-O heterolytic
cleavage; thus, we disagree with Zahedi et al. on the order of
occurrence of such crucial events. However, careful attention
must be paid to changes in the number of critical points driven
by coalescing saddle points because such events are prohibited
from being described through any unfolding.”®***° Thom??
succeeded in deducing these polynomials by excluding the
possibility of saddle connections.”®*® The fact that all
electron-pair reorganization can be interpreted in terms of
the fold function is intimately related to a low electron-pair
density symmetry (because the electrical charge is displaced
towards the more electronegative atom); consequently, all
forming/breaking processes of chemical bonds are heterolytic.
As should be expected, such an unfolding happens to be the
most common one, encompassing a wide range of reaction
systems since no particular condition is required, which means
that one can a priori choose the suitable polynomial for
describing key chemical events. This result is independent of
the electronic state of the system, the kinetic order of the
reaction, or the regioselectivity, but depends solely on the way
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the electron-pair density spans the molecular space and redis-
tributes as the breaking/forming of chemical bonds occur.
These findings predict that the unfoldings constitute an unam-
biguous measure of covalent bond polarity.
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