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The association between molecular chirality and helical characteristics known as the chirality-helicity equivalence is
determined, for the first time, by quantifying a chirality-helicity measure consistent with photoexcitation circular
dichroism experiments. This is demonstrated using a formally achiral Sy2 reaction and a chiral Sy2 reaction. Both the
achiral and chiral Sy2 reactions possess significant values of the chirality-helicity measure and display a Walden
inversion, i.e. an inversion of the chirality between the reactant and product. We also track the chirality-helicity
measure along the reaction path and discover the presence of chirality at the transition state and two intermediate
structures for both reactions. We demonstrate the need for the chirality-helicity measure to differentiate between steric
effects due to eclipsed conformations and chiral behaviors in formally achiral species. We explain the significance of
this work for asymmetric synthetic reactions including the intermediate structures where the Cahn—Ingold—Prelog (CIP)

rules cannot be used.
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1. Introduction

A chiral molecule usually has at least one chiral center and the Cahn—Ingold—Prelog (CIP) priority rules
determine the chiral configuration (R/S) without calculations™? : these rules have recently been updated!!.
There are however, optical isomers of coordination compounds used as stereoselectivity catalysts for which
the chirality cannot be assigned from the CIP rules. The existence of chirality has important implications*®
and the origin of chiral asymmetry!” in molecular biology is one of the great mysteries in the understanding
of the origin of lifel® **]. Recent investigations of structural chirality include those of DNA-stabilized silver
clusters with circular dichroism spectral® and investigations of interlocked molecules, widely observed in
biomacromolecules®*™. In 1848 Louis Pasteur proposed biomolecular homochirality as a possible simple
‘chemical signature of life™. More recently, the subject was considered by Prelog™ and by Quack*?!.
Quack concluded from extensive theoretical investigations that no direct relationship between energy
difference and the handedness of a chiral molecule exists, as would be expected, for an L-amino acid
dominant world.,

Helical characteristics of stereoisomers were first proposed as the origin of chirality by Fresnel™! in 1851.
This was later demonstrated by optical experiments that show materials having different refractive indices
for right (R) and left (S) circularly polarized light, which is known as circular dichroism?, consistent with
theories of optical activity that correlate the inherent helical identities with direction of rotation of the
circularly polarized light® !, Much later, a ‘helix theory’ for molecular chirality and chiral interaction was
hypothesized by Wang, who understood that evidence for this helical character was not provided by
molecular geometries!?®!, nor was this character solely attributable to steric hindrance. The association
between helical characteristics and chirality was referred to as the ‘chirality-helicity equivalence’ by Wang.
The need for a better understanding of the behavior of the charge density redistribution was demonstrated in
recent experiments by Beaulieu et al. on neutral molecules®®” that utilize coherent helical motion of bound
electrons, consistent with our previous work!?®!, Recently, Banerjee-Ghosh et al. also demonstrated that the
charge density redistribution in chiral molecules, not spatial effects’®®, is responsible for an enantiospecific
preference in electron spin orientation, consistent with Wang®®®. Earlier®, the interdependence of
steric-electronic factors was reported to be more complex than that discernable from molecular structures
alone, as was also the case for the helical electronic transitions of spiroconjugated molecules®Y.

The unknown chirality-helicity equivalence was recently located, but not quantified, for chiral compounds
by some of the current authors’®®, who were able to differentiate the S and R stereoisomers consistent with
the naming schemes from optical experiments. The insufficiency of conventional (scalar) QTAIME?
(quantum theory of atoms in molecules) for distinguishing S and R stereoisomers was also demonstrated. If
on applying a bond torsion, a helical response of the electronic charge density distribution is present, then both
non-axial (perpendicular to the bond-path) and axial (parallel to the bond-path) displacements of the torsional
C1-C2 bond critical point will be found.
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The human olfactory, gustatory and metabolic systems are selective towards molecular stereoisomers.
Consequently, asymmetric synthesis, the selective synthesis of either the left or right-handed stereoisomers,
is important from the viewpoint of pharmaceutical development, in addition to other chemical industries.
The prediction of asymmetric synthetic reactions is one of the most fundamental problems in industrial
organic and catalytic chemistry™3**! and Sy2 reactions are basic building blocks of organic synthesis. These
have stereochemistry as a fundamental feature through the possibility to invert or retain the configuration at
the chiral center, depending on frontside or rearside nucleophilic attack. Sy2 reactions in general are highly
stereospecific and quantifying fundamental aspects relating to these is an important step towards asymmetric
synthesis.

In this investigation we use Bader’s formulation of the stress tensor™™ and NG-QTAIM (next generation
QTAIM) on the basis of the superior performance of the stress tensor compared with vector-based QTAIM in
terms of more effectively distinguishing the S and R stereoisomers of lactic acid®®!. We will provide, for the
first time, a measure to guantify the chirality-helicity equivalence by calculating the helicity (the axial
displacement), that has previously not been identified, and combining with the chirality (the non-axial
displacement) to form a chirality-helicity measure. We will apply this chirality-helicity measure to a chiral
Sn2 reaction and a formally achiral Sy2 reaction to investigate the effect of a front-side nucleophilic attack.
We will also determine the chirality-helicity measure in a range of achiral molecules to differentiate the

presence of steric and chiral behaviors.
2. Theoretical Background and Computational Details

The background of QTAIM and next generation QTAIM (NG-QTAIM)E*I with explanations is provided in

the Supplementary Materials S1, along with the procedure to generate the stress tensor trajectories T(s). In

this investigation we will use Bader’s formulation of the stress tensor® within the QTAIM partitioning,
which is a standard option in the QTAIM AIMAIM suite. The ellipticity, €, quantifies the relative
accumulation of the electronic charge density p(rp) in the two directions perpendicular to the bond-path at a
Bond Critical Point (BCP) with position ry,. The ellipticity € is defined as € = [A1]/|A2| — 1 and for values of the
ellipticity € > 0, the A; and A, eigenvalues of the Hessian of p(r) are associated with the shortest and longest
axes of the elliptical distribution of p(ry,) respectively. The most (facile) preferred direction of electron charge
density accumulation determines the direction of bond displacement!*®). Later, Bone and Bader proposed that
when a structure is slightly perturbed, the direction of displacement of the electrons coincides with that of

the atoms!*®!; this was subsequently confirmed*’2!.

The calculation of the stress tensor trajectory, T(s), where s indicates a reaction coordinate that is mapped
onto a Us-space, was previously?® used to established the T,(s) classifications of S and R stereoisomers for
lactic acid and alanine, consistent with optical experiment classification schemes. The T4(s) comprise a

series of contiguous points and is a 3-D vector path that displays the effect of the structural change, i.e. the
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bond torsion 0.0° < 6 < 180.0° counterclockwise (CCW) or -180.0° < 6 < 0° clockwise (CW). Note, the T4(S)

are constructed at the torsional BCP for a torsion 6 = 0.0° which corresponds to the minimum energy

geometry. The CCW and CW directions of torsion indicate left- and right-handed directions of bond torsion

respectively, consistent with optical experiment S and R stereoisomer classification schemes. The T4(s) are

constructed using the changes in position dr of the BCP for all torsional displacement steps of the calculation.

The chirality-helicity measure Cheiicity Of the To(S) is formed from the simple arithmetic product of the chirality
Cs and the helicity B,. The chirality C, is formed from the e;,dr (— bond-twist) BCP shift in the plane
perpendicular to es; (the bond-path). The helicity B, is formed from the axial BCP sliding e3;s-dr (—

bond-anharmonicity)!*®!, where the BCP sliding is the shift of the BCP position along the containing
bond-path due to changes to bonded inter-nuclear separations. The presence of a helical response, i.e. non-zero

value of Cheiicity, Of the torsional BCP to the applied torsion 9, is determined by B, # 0 and may not necessarily
coincide with a helical T4(s), except for the limited case of some conventionally chiral molecules such as

lactic acid and alanine.

Computational Details

For the achiral SN2 reaction, we modelled the nucleophilic attack of Br on monochloroethane resulting in
monobromoethane, with CI" ejected as the leaving group and its chiral equivalent, with one hydrogen
attached to reference carbon atom C1 (indicated by the blue encircled C1 atoms in Figures 1-2)) of
monochloroethane replaced by a phenyl group to give the corresponding chiral Sy2 reaction. All
computations were performed using Gaussian 09E01°%. We used the B3LYP DFT functional with the
6-311++G(2d,3p) basis set, a combination previously tested to give accurate total electronic charge density
distributions suitable for QTAIM analysis, with negligible BSSE effects?®. Computation of the two-electron
integrals used a 'superfine' (pruned 175,974/250,974) grid with a two-electron integral accuracy of 10™* and
an SCF convergence criterion of 10™°. All subsequent wavefunction, geometry-optimization, torsion and
IRC (intrinsic reaction coordinate) calculations were carried out with these settings. As one of the reactants
and one of the products is negatively charged, the system was treated as having a total charge of -1. We
geometry-optimized using Cartesian coordinates (tight convergence criteria) from archived datal® and
verified the transition state. The full IRC computation used a maximum step size of 0.1 Bohr and
recalculation of the full force-constant matrix every five steps. Initial and final uncharged (charge 0)
structures in absence of the unbound halogen ion were geometry-optimized, starting from each converged
IRC endpoint geometry respectively.

The first step of the computational torsional protocol is to perform a constrained scan of the potential energy
surface (AE). The scan was performed with a constrained (Z-matrix) geometry optimization performed at all
steps with all coordinates free to vary except for the torsion coordinate 6. We determine the direction of
torsion as 0.0° < 6 < 180.0° (CCW) or -180.0° < 6 < 0° (CW) from an increase or a decrease in the dihedral
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angle respectively. Single-point calculations were then performed on each scan geometry using the same
computational method, converged to < 10™° RMS change in the density matrix and < 10 maximum change
in the density matrix to yield the final wavefunctions for analysis. QTAIM and stress tensor analysis was
performed with the AIMAIM suite on each wavefunction obtained in the previous step. All molecular
graphs were additionally confirmed to be free of non-nuclear attractor critical points.

We also considered two intermediate structures on each of the achiral and chiral IRCs, dubbed INTS1 and
INTS2, which correspond to the peaks of the RMS energy gradient norm on either side of the transition state.
For the chiral reaction, all dihedral torsion angle definitions started on the first phenyl carbon and
consistently ended on the same hydrogen (C9-C1-C2-H4 for TS, INTS1, INTS2 and C8-C1-C2-H5 for the
isolated product and reactant). For the transition state (TS) and intermediate structures (INTS1 and INTS2),
during the torsions both Cl-halogen bond distances were additionally fixed to their IRC path structure
values. For the achiral reaction, the equivalent (to the chiral reaction) dihedrals were (H3-C1-C2-H6) for the
TS, INTS1 and INTS2 and (H3-C1-C2-H7 and H3-C1-C2-H6) for the isolated endpoint structures.

3. Results and discussions

The chirality-helicity measure Cheiicity for formally achiral and chiral species

We now consider the formally achiral Sny2 reaction of the nucleophilic attack of Br on monochloroethane
(reactant) resulting in monobromoethane (product), with CI” ejected as the leaving group, see Figure 1 and
its chiral equivalent, with one hydrogen attached to carbon C1 of monochloroethane replaced by a phenyl

group, see Figure 2. The relative energy AE plots, ellipticity € profiles and stress tensor trajectories Tq(S) for
the torsions 0, -180.0° < 6 < +180.0°, where the C1-C2 BCP is the torsion BCP used for the entries of Tables
1-2 are provided in the Supplementary Materials S2-S3. The chirality C, quantifies the non-axial

displacement of the BCP and is defined as the difference (CCW minus CW) of the bond-twist.x component
of the T(S)max, S€€ Tables 1-2. The sign (+ or -) of the chirality C, determines the presence of S, (C, > 0) and

Rs (C,; < 0) character; note the use of the subscript “;” for S; and R, because the C, and B, are calculated
using the stress tensor T4(S), see Tables 1(b)-2(b). The chiral asymmetry (helicity) B, quantifies the degree

of axial displacement BCP along the bond-path and defined as the difference (CCW minus CW) of the

bond-anharmonicitymax component of the T4(S)max- The helicity B, is the response to the bond torsion, i.e.
the sliding of the BCP along the bond-path*®! Values of the helicity B, > 0 indicate dominant S, character,
whereas the converse is true for B, < 0. The chirality-helicity measure Cheliciy = CoBs is defined as the
simple arithmetic product of the non-axial (C,) and axial (B,) contributions of the BCP displacement in

response to the torsion 0.

We track the change in the chirality-helicity measure Chelicity throughout the progress of the IRC pathway

that includes the reactant, product and transition state (TS), see Figure 1(a). We also include two
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intermediate structures on each of the achiral and chiral IRCs, namely INTS1 and INTS2, that correspond to
the peaks of the RMS energy gradient norm on either side of the transition state, to capture the atomic
rearrangement process of the Walden inversion, see Figure 1(b) and Figure 2(b) respectively. The

magnitude of the Cheiicity for the reactants and products of the achiral and chiral reactions are similar,
compare Table 1(b) with Table 2(b). The value of the Chelicity for the transition state of the achiral reaction is

significantly lower than for the chiral reaction as may be expected, although the Cheiiciy Value for INTS2 of

the achiral reaction is significantly higher than for the INTS2 of the chiral reaction.
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Figure 1. The relative energy AE profile of the Sy2 reaction of the attack of Br on monochloroethane (reactant)
resulting in monobromoethane (product), with CI" ejected as the leaving group with the transition state (TS) are
presented in sub-figure (a). Two intermediate structures (INTS1) and (INTS2) are located on the left and right peaks
of the RMS gradient norm either side of the transition state, respectively, are presented in sub-figure (b), also see
Table 1(a-b). The reference carbon atom C1 is highlighted by the blue circle and the green spheres indicate the bond
critical points (BCPs).

We notice for the achiral reaction that there is a ‘Walden inversion’ in terms of the reversal of the [C,,Bg]

assignments from the reactant monochloroethane [S4R,] to the product monobromoethane [Rg,Ss]. From

the reactant to the product, the helicity B, assignments change between R, and Sq once {R4,R¢,S6,56,S} and

this occurs at the transition state, see Table 1(b). For the chiral reaction there is a Walden inversion of the

chirality C, assignments from the reactant (R)-1-chloro-1-phenylethane (C, = R,) to the product
(S)-1-bromo-1-phenylethane (C, = Sg) consistent with the CIP assignments, see Table 2(b). For the chiral
reaction the chirality C, assignments change once {R¢,Rq,S4.S6,S¢} and at the transition state, see Table 2(b).
A slightly larger Cheiicity Value for the reactant (R)-1-chloro-1-phenylethane compared with the Cheliciry Value

of the corresponding (S)-1-bromo-1-phenylethane, can be seen from their ratio (= 0.010960/0.010845 = 1.01),
see Table 2(b). A slightly larger Cheiicity Value is also found for the product (S)-1-bromo-1-phenylethane

compared with the corresponding (R)-1-bromo-1-phenylethane, as seen from their ratio (=
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-0.010345/-0.010274 = 1.01). Therefore, this indicates that for both the reactant and product larger Cheiicity

values correspond to the most preferred sterecisomer.

Table 1(a). The maximum stress tensor projections Ts(S)max = {bond-twist .y, bond-flexingmax, bond-anharmonicity .}

for the torsional C1-C2 BCP of the Sy2 reaction of the attack of Br on monochloroethane (reactant) resulting in
monobromoethane (product), with CI” ejected as the leaving group including the transition state (TS) and intermediate
structures (INTS1 and INTS2), see Figure 1: all entries have been multiplied by 10°. The torsion 6 is defined for the
ranges -180.0° < 6 < 0° clockwise (CW) and 0.0° < 6 < 180.0° counterclockwise (CCW).

{bond-twist,x, bond-flexingmax, bond-anharmonicity .y}

CwW CCwW
SN2 reaction species
monochloroethane {0.648942, 1.262554, 0.902105} {1.219886, 1.197444, 0.885461}
INTS1 {1.641014, 1.186193, 0.704935} {1.400955, 0.968407, 0.656240}
Transition state {1.636652, 0.805524, 0.076012} {1.616621, 0.838184, 0.082750}
INTS2 {4.580149, 3.323640, 0.563833} {4.783152, 3.481777, 0.617715}
monobromoethane {1.247248, 1.350249, 0.856078} {0.712308, 1.397459, 0.876530}

Table 1(b). The chirality C, helicity B, and the chirality-helicity measure Cygjiciry for the torsional C1-C2 BCP of the
achiral Sy2 reaction of monochloroethane with Br’, also see Table 1(a). Values of the magnitude of C, or B, less than
107 indicate insignificant Creyicity-

SN2 reaction species {C,, B} Chelicity [Co,Bs]
monochloroethane {0.5709[S,], -0.0166[R4]} -0.0095 [Se,Rs]
INTS1 {-0.2401[R,], -0.0487[R,]} 0.0117 [Re,Ro]
Transition state {-0.0201[R,], 0.0068[S,]} -0.0001 [Re:Se]
INTS2 {0.2030[S,], 0.0539[S,]} 0.0109 [Se:Se]
monobromoethane {-0.5349[R,], 0.0205[S,]} -0.0109 [Re:Se]

To compare the effects on the chirality-helicity measure Cheiicity O the substituents of the ethane molecule
with the reactants and products of the formally achiral and chiral Sn2 reactions we provide the AE plots,

ellipticity € profiles and stress tensor trajectories Ts(S) for ethane and 1,2-dichloroethane in the

Supplementary Materials S4. Ethane possesses a ‘staggered’-conformation for the minimum energy
geometry® that coincides with a significant degree of chirality C, = 0.0514, note all values in Tables 1-2
refer to the minimum energy geometry®®?. The ‘eclipsing effect’ observed in ethane is attributable to steric
effects usually seen in rotational energy profiles of alkanes, in terms of maxima that are located at 6 = +60.0°
and 0 = +180.0°, as also observed for conventionally chiral lactic acid and alanine®. There is, however, for

ethane an insignificant value of the helicity B, (= 0.000003). The use of the helicity B, therefore, removes
the misleading result indicated by the relatively large value of the chirality C, that ethane may respond to

experimental techniques that utilize detectable helical motion of the bound electrons®®” similar to a

conventionally chiral molecule. This is because for ethane the value of the chirality-helicity measure Chejicity

= 0. For 1,2-dichloroethane, the Cheiicity Value is also negligible, where the very low value of C, =-0.000114
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corresponds to an absence of the eclipsing effect in the AE plot and B, = -0.000005. We note that ethane and
1,2-dichloroethane both possess significantly lower values of B, than the Sy2 reactants and products

presented in Table 1(b) and Table 2(b). We also provide the corresponding results for ethene and

substituents where in all cases values of the chirality C, are low and the Cheiicity = 0 explainable by the lack

of this eclipsing effect, see the Supplementary Materials S5.
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Figure 2. The relative energy AE profile of the Sy2 reaction of the attack of Br  on (R)-1-chloro-1-phenylethane
(reactant) resulting in (S)-1-bromo-1-phenylethane (product), with CI” ejected as the leaving group with the transition
state are presented in sub-figure (a). Two intermediate structures (INTS1) and (INTS2) are located on the left and right
peaks of the RMS gradient norm either side of the transition state (TS), respectively, presented in sub-figure (b), see
Table 2(a-b), see also the caption of Figure 1.

Table 2(a). The maximum stress tensor projections Ty(S)max for the torsional C1-C2 BCP of the chiral Sy2 reaction

including the transition state (TS) and intermediate structures (INTS1 and INTS2) and stereoisomers:
(S)-1-chloro-1-phenylethane and (R)-1-bromo-1-phenylethane, see Figure 2 and the caption of Table 1(a): all entries
have been multiplied by 10°.

{bond-twist.x, bond-flexingmax, bond-anharmonicity .}t

SN2 reaction species
(R)-1-chloro-1-phenylethane
INTS1

Transition state

INTS2
(S)-1-bromo-1-phenylethane
Stereoisomers
(S)-1-chloro-1-phenylethane
(R)-1-bromo-1-phenylethane

CWwW

{3.831367, 6.598089, 0.977393}
{3.070597, 4.043463, 1.536603}
{3.683193, 7.762818, 0.329299}
{2.423809, 2.574118, 1.138062}
{3.579594, 4.282447, 1.067238}

{2.845612, 5.117727, 0.966427}
{4.308002, 5.065364, 1.052963}

CCW

{2.845538, 5.117825, 0.966354}
{2.770068, 3.271864, 1.596291}
{3.714967, 7.643615, 0.519076}
{2.619718, 3.165853, 1.116528}
{4.308064, 5.065361, 1.053025}

{3.831520, 6.598219, 0.977544}
{3.579543, 4.282547, 1.067068}
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Table 2(b). The chirality C, helicity B, and the chirality-helicity measure Cigjiciry for the torsional C1-C2 BCP of the
chiral Sy2 reaction, also see Table 2(a).

Sn2 reaction species {C., Bo} Chelicity [Ce,Bs]
(R)-1-chloro-1-phenylethane {-0.9859[R,], -0.0110[R]} 0.0108 [Re;Rq]
INTS1 {-0.3005[R,], 0.0597[S.]} -0.0179 [Rs,Sc]
Transition state {0.0318[S,], 0.1898[S.]} 0.0060 [SeSe]
INTS2 {0.1959[S,], -0.0216[R.]} -0.0042 [Se:R6]
(S)-1-bromo-1-phenylethane {0.7285[S,], -0.0142[R.]} -0.0103 [Se,Rs]
Stereoisomers

(S)-1-chloro-1-phenylethane {0.9859[S,], 0.0111[S,]} 0.0110 [Se,Se]
(R)-1-bromo-1-phenylethane {-0.7285[R,], 0.0141[S.]} -0.0103 [Re,Ss]

Conclusions

We have detected and quantified, for the first time, the “chirality-helicity equivalence’, determined by Wang

to be the origin of chirality!®®, as the chirality-helicity measure Chelicity, for the formally achiral and chiral

Sn2 reactions of the nucleophilic attack of Br on chloroethane and (R)-1-chloro-1-phenylethane. We have

demonstrated using the chirality-helicity measure Cheiicity that both the formally achiral and chiral reactions

yield a Walden-type inversion. In other words, for the chiral Sy2 reaction the products and reactants possess
opposite chirality, in agreement with the optical experiment assignments i.e. S (CCW, left-handed) and R
(CW, right-handed) and the CIP rules. In addition, for the chiral Sy2 reaction stereoisomers of the reactant

and product possess larger Creiiciy Values corresponding in each case to the most energetically preferred

stereoisomer. Thus, the concept of Walden inversion can be extended to achiral Sy2 reactions.
We also tracked the transition state and two intermediate structures for each reaction using the

chirality-helicity measure Cheliciy, Where CIP assignments cannot be used due to the five-fold coordination of

the chiral carbon atom. In doing so we discovered unexpected chirality in the absence of stereoisomers: for
the transition state and two intermediate structures of the chiral reaction and the entire achiral reaction

profile. We have also demonstrated using the Chelicity measure of ethane why the chirality C, measure alone

is insufficient for formally achiral species particularly where steric effects due to eclipsed conformations are
important. We check this finding with substituted ethane in addition to ethene and substituted ethene and

find consistency.

Sn2 reactions represent one of the most basic building blocks for understanding more complex asymmetric

reactions. Thus, this is a very important first step in quantifying such unified chirality measures, with these

results providing a foundation for more complex reaction pathways. On the basis of the Cheliciy Values we

expect that photoexcitation circular dichroism experiments will detect the effects of chirality for the

species of the formally achiral Sn2 reaction. The chirality-helicity Cheiiciy measure provides a global
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chirality measure of the degree of the helical displacement of the torsional BCP, consistent with
photoexcitation circular dichroism experiments on neutral molecules that utilize the helical motion of the
bound electrons. This work therefore indicates the need for more photoexcitation circular dichroism

experiments to detect undiscovered chirality in formally achiral molecules and reaction species. We have

provided a new picture of chirality in terms of the electron density by constructing the Crejiciry from stress

tensor trajectories To(s) in a manner that is predictive, fully quantifiable and consistent with recent
experimentst?"?%,

Future work could include application to chiral selectivity during a chemical reaction, in particular for the
design of reactions with post-transition state bifurcations (PTSB) where an asynchronous nitrene insertion
into C—C o bonds can be used to modulate the product sensitivity®).

Further work could include the determination of the Cheiicity for molecules with multiple chiral centers: each

dominant torsional bond associated with a separate chiral center would be considered independently.

Treating the chiral centers independently is possible because obtaining the Cheiiciy requires constraining the

corresponding torsional dihedral angle, allowing the remaining atoms and molecular electronic density
distribution to relax to an energetic minimum in response. Future applications could include chiral catalysis
and the prediction of asymmetric synthetic reactions of all intermediates where CIP assignments cannot be
used. Therefore, it is very attractive to apply the idea of this investigation to the prediction of asymmetric
synthetic reactions, which is one of the most fundamental problems in industrial organic and catalytic

chemistry3341,
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1. Supplementary Materials S1. NG-QTAIM and stress tensor theoretical background and procedure to generate the

stress tensor trajectories T(S).

2. Supplementary Materials S2. T(s) of the torsional C1-C2 BCP in the achiral Sy2 reaction.

3. Supplementary Materials S3. T,(s) of the torsional C1-C2 BCP in the chiral Sy2 reaction.

4. Supplementary Materials S4. T,(s) of the torsional C1-C2 BCP of ethane and substituted ethane.
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