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The nucleophilic substitution reactions involving methyl monosubstituted compounds have been studied
within the Molecular Electron Density Theory (MEDT) at the wB97X-D/6-311+G(d,p) computational level
in DMSO. This study aims to characterize the electronic nature of the transition state structures (TSs)
involved in the so-called Sy2 and Syi reactions. Both electron localization function and atom-in-mole-
cules topological analyses indicate that the TSs involved in these nucleophilic substitutions can be
described as a central methyl CHs" carbocation, which is strongly stabilized by the presence of two
neighbouring nucleophilic species through electron density transfer. This MEDT study establishes a sig-
nificant electronic similarity between the so-called Syl and Sy2 reactions. Due to the weak electrophilic
character of the methyl tetrahedral carbons, the departure of the leaving group should be expected with

Received 5th July 2024,
Accepted 15th August 2024

DOI: 10.1039/d40b01113a

the approach of the nucleophile. However, while along the Syl reactions, the strong stabilization of the
tertiary carbocation does not demand the participation of the nucleophile, along the Sy2 and Sy\i reac-
tions involving primary tetrahedral carbons, the nucleophiles should participate in the reaction to stabilize

rsc.li/obc the unstable methyl carbocation.

1. Introduction

Nucleophilic substitutions are fundamental reactions of broad
synthetic and academic interest. An interpretation that laid the
basis for current understanding was developed by C. K. Ingold
and E. D. Hughes in the 1930s."7

Nucleophilic substitution reactions may involve several
different combinations of charged and uncharged species as
reactants. Scheme 1 shows the four most common reaction

types.*
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tElectronic supplementary information (ESI) available: Fig. S1 with the rep-
resentations of the contour line maps of the Laplacian V’p(r) of the electron
density at the methyl 8 and tert-butyl 9 carbocations. Fig. S2 with the ®B97X-D/
6-311+G(d,p) Geometries of the selected points of the scans for the C---OH,
breaking bond in the reactions of protonated methanol 4 and tert-butanol 14.
Table S1 with wB97X-D/6-311+G(d,p) total energies in DMSO of the stationary
points involved in the Syx2 reactions of methyl-substituted compounds 1-4, and
in the Syi reaction of 6. @¥B97XD/6-311+G(d,p) computed total energies, imagin-
ary frequencies, and Cartesian coordinates, in DMSO, of the stationary points
involved in the Sy2 reactions of methyl-substituted compounds 1-4, and in the
Sni reaction of 6. See DOI: https://doi.org/10.1039/d40ob01113a
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Two limiting mechanisms, defined by Hughes and Ingold,’
namely the ionization mechanism (Sy1, or unimolecular
nucleophilic substitution) and the direct displacement mecha-
nism (Sx2, bimolecular nucleophilic substitution) were estab-
lished (see Scheme 2). While a stepwise mechanism with the
formation of a carbocation intermediate in the rate-determin-
ing step was proposed for the Sy1 reaction, a concerted mecha-
nism via a single rate-determining transition state structure
(TS) was proposed for the Sy2 reactions (see Scheme 2).
According to the concerted mechanism, the reactant was pro-
posed to be bonded to a nucleophile from the side opposite
the leaving group (LG), with bond-making and bond-breaking
occurring simultaneously.

Based on the outdated frontier molecular orbital (FMO)
theory,” the central carbon at TSc should have a trigonal bipyr-
amidal geometry with a pentacoordinate carbon (see Fig. 1).

The nucleophilic substitution reactions have been exten-
sively studied over the years,"® being widely studied from a

R-X +Y: —RY*+ X~
R-X + Y-H—= R-Y + H-X
RX +Y —RY + X~
RXT+Y: —=RY++ X:

Scheme 1 The four most common nucleophilic substitution reaction
types involving charged and uncharged species.
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Scheme 2 Two limiting mechanisms, Sy1 and Sy2, for the nucleophilic substitution reactions.
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Fig. 1 Proposed concerted TSc for the Sy2 reactions, involving a pen-
tacoordinate carbon, based on the frontier molecular theory.

theoretical point of view.”>* Bickelhaupt and coworkers have

studied extensively the Sy2 reactions.'®° In 2009, Bickelhaupt
et al. proposed the feasible existence of a labile hypervalent
carbon atom at the TSs of the Sy2 reactions.*’

In 2008, Andrés et al.>* reported a theoretical study based
on the electron localization function®® (ELF) and catastrophe
theory®® analyses for the forming/breaking bond processes
and electronic rearrangements along the reaction path associ-
ated with the molecular mechanism for the gas-phase sym-
metric XCH; + X~ (X = F, Cl, Br) Sy2 reactions. This study high-
lighted that in these symmetric Sy2 reactions, the TSs were
characterized by ionic species and lacked a disynaptic basin
connecting the halogens and the central carbon atom. This
gas-phase ELF analysis contrasts with the widely accepted
mechanism in which the breaking/forming bonds in an Sy2
reaction take place through a concerted mechanism involving
a pentacoordinated TS (see Fig. 1).

Due to the importance of adequately characterizing the TSs
associated with Sy2 reactions involving methyl-substituted
compounds and thus understanding their molecular mecha-
nisms from an electronic standpoint, a Molecular Electron
Density Theory”®> (MEDT) study of six intermolecular Sy2 reac-
tions of three methyl-substituted compounds 1-3, ie., two
symmetric reactions (i and ii), and four asymmetric reactions
(iii-vi) (see Scheme 3), and the intramolecular nucleophilic
substitution reaction (Syi) of 5-chloro-N,N-dimethylpentan-1-
amine (CPA 6) (see vii in Scheme 4), have been herein carried
out. Note that Syi reactions have a first-order kinetic equation
v = k [X-RY] similar to the Sy1 ones (see Scheme 2). Due to the
relevance of polar solvents in nucleophilic substitution reac-
tions as a consequence of the participation of different
charged species in the reaction, the present MEDT study has
been carried out in dimethyl sulfoxide (DMSO) or water. To

7426 | Org. Biomol Chem., 2024, 22, 7425-7437

() FF + CHF === FCHz + F
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(i) CI'+ CHyCl === CICH; +CI
2 2
(iify CI" + CH3Br ——=~ CICH; + Br
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Scheme 3 S\2 reactions of the methyl-substituted compounds 1-4.
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Scheme 4 Sy reaction of CPA 6.

characterize the electronic structure of the TSs, a comparative
ELF and Quantum Theory of Atom in Molecules®**” (QTAIM)
topological analysis on the reagents and the seven TSs involved
in these nucleophilic substitution reactions was performed.

2. Results and discussion

The present MEDT study has been organized into six sections:
(i) the first section contains the ELF and QTAIM topological
analyses of the ground state (GS) electronic structure of the
reagents 1-4 involved in the Sy2 reactions; (ii) the second
section conducts an analysis of the density functional theory
(DFT) reactivity indices at the GS of the reagents; (iii) the third
section explores the reaction paths associated with the Sy2
reactions on the methyl-substituted compounds 1-4; (iv) the
fourth section is focused on ELF and QTAIM topological ana-
lyses of the TSs associated with these Sy2 reactions; (v) the

This journal is © The Royal Society of Chemistry 2024
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fifth section presents a comparative study of the Syi reaction of
CPA 6 with the previously studied Sy2 reactions; and finally,
(vi) the sixth section provides a comparative analysis of the
kinetics of the Sy1 and Sy2 reactions.

2.1 ELF and QTAIM analyses of the electronic structures of
methyl-substituted compounds 1-4

The topological analysis of the ELF>® permits a quantitative
characterization of the electron density distribution in a mole-
cule,”® allowing the establishment of a correlation between its
electronic structure and reactivity. Thus, an ELF topological
analysis of the electronic structures of methyl-substituted com-
pounds 1-4, used as the substrates in these Sy2 reactions, was
performed first. ELF basin attractor positions and the most
relevant valence basin populations are shown in Fig. 2.

Upon examination, the ELF of the four methyl-substituted
compounds reveals the presence of a V(C,X) disynaptic basin
integrating less than 1.30e. This low population arises from
the high electronegative character of the X heteroatom com-
pared to the carbon atom, which polarizes the electron density
of the C-X region towards the X heteroatom. Consequently, the
sum of the population of the V(X) monosynaptic basins at the
heteroatoms exceeds the 6¢ for the halogens and the 2e for the
oxygen (see Vt(X) in Fig. 2).

Finally, a QTAIM**?*” topological analysis of the electron
density p at the C-X interacting region of the four methyl-sub-
stituted compounds 1-4 was performed. Contour line maps of
the Laplacian V?p(r) of the electron density are shown in
Fig. 3, while the calculated QTAIM parameters of the (3,—1)
bond critical points (CPs) associated with the C-X bonding
region are provided in Table 1.

Interestingly, in methyl derivatives involving the most elec-
tronegative F atom, CH;F 1, and the positively charged -OH,"

L

V(C,F) V(C,Cl)
: 0.94 1.29
\ét(fz) V(CI)
J . / 6.45
CHgF 1 CHsCI 2
V(C,Br) V(C,0)
1.30 1.14
Vi(Br) VH(O)
/) 6.75 3.08
CH4Br 3 CH,OH; 4 9
Fig. 2 wB97X-D/6-311+G(d,p) ELF basin attractor positions, popu-

lations of the C—X valence basins, and the sum of the population of the
V(X) monosynaptic basins at the heteroatoms of methyl-substituted
compounds 1-4. Valence basin populations are given in average
number of electrons, e.
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CH3Br 3 CH5OHJ 4

Fig. 3 Representations of the contour line maps of the Laplacian V2p(r)
of the electron density at four methyl-substituted compounds 1-4. The
critical points CP are colored in pink, while the bond path is in red.

Table 1 ®B97X-D/6-311+G(d,p) QTAIM parameters, in atomic units
(a.u.) for the (3,-1) bonding CPs in the C-X interacting regions of the
four methyl-substituted compounds 1-4

CP C-F Cc-Cl C-Br C-OH,"
Density 0.2326 0.1788 0.1488 0.1773
Laplacian 0.0919 —0.2350 —0.1424 0.1981
G(r) 0.3230 0.0589 0.0467 0.2564
K(7) 0.3000 0.1177 0.0823 0.2067
V(r) —0.6230 —0.1766 —0.1290 —0.4631
V(r)|/G(r) 1.9288 2.9965 2.7618 1.8063

group, CH;OH," 4, the Laplacian V?p(r) shows a positive value,
indicating the absence of any covalent interaction. However, in
the CH;Cl 2 and CH;Br 3 compounds, V*p(r) shows a negative
value, indicating the presence of a covalent interaction as the
electron density is located in that region.

Espinosa® proposed a useful criterion to characterize inter-
actions at the CPs using an analysis of the ratio of the potential
and kinetic energy electron density |V(r)|/G(r). For ionic, non-
covalent, and HB interactions, |V(r)|/G(r) < 1. Non-covalent inter-
actions with somewhat covalent characters are characterized by
1 < |Vr)|/G(r) < 2, while covalent interactions show |V(r)|/G(r) >
2. The calculated values of |V(r)|/G(r) at the selected CPs are
given in Table 1. While for the CH;F 1 and CH;OH," 4 com-
pounds the |WV(r)|/G(r) values, 1.93 and 1.81, respectively, indi-
cate that the corresponding C-X bonds have a non-covalent
interaction with somewhat covalent character, for the CH;CI 2
and CH;Br 3 compounds the |V(r)|/G(r) values >2.00 indicate
that the corresponding C-X bonds have a covalent nature.

2.2. Analysis of the reactivity indices at the GS of the reagents

The analysis of the DFT reactivity indices®®*" at the GS of the
reagents is a powerful tool for understanding the reactivity in
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polar reactions.*” The reactivity indices were calculated at the
®wB97X-D/6-311+G(d,p) computational level. A recent study has
shown that there are excellent linear correlations between the
reactivity indices obtained at different levels of calculation
with those obtained at the B3LYP/6-31G(d) level.*® Due to the
strong electrophilic and nucleophilic character of the charged
species, the reactivity indices were calculated in DMSO. The
global reactivity indices, namely, the electronic chemical
potential u, chemical hardness 7, global electrophilicity ®, and
global nucleophilicity N, for the methyl-substituted com-
pounds 1-4 and CPA 6 are given in Table 2, while those for the
nucleophilic reagents are provided in Table 3.

Analysis of the electrophilicity  indices of the methyl-sub-
stituted compounds 1-4 indicates that, except for protonated
methanol CH;OH," 4, which is positively charged, the other
methyl derivatives have electrophilicity @ indices lower than
0.87 eV, thus being classified as moderate electrophiles. CPA 6
is the least electrophilic species of this series due to the pres-
ence of the electron-releasing (ER) methylene group attached
to the -CH,Cl moiety. On the other hand, the presence of the
tertiary amine group in CPA 6 makes this compound a strong
nucleophilic species with N =2.86 eV.

The methyl carbocation 8 is a superelectrophile, » = 4.61
eV. The presence of three ER methyl groups in tert-butyl carbo-
cation 9 markedly decreases the electrophilic character of this
species, w = 2.61 eV.

The presence of three ER methyl groups in protonated tert-
butanol C(CH;);0H," 10 and tert-butyl chloride C(CH;);Cl 11
slightly decreases the electrophilicity of protonated methanol
CH;O0H," 4 and methyl chloride 2, Aw = —0.17 and —0.01 eV,

Table 2 ©B97X-D/6-311+G(d,p) electronic chemical potential g,
chemical hardness 7, electrophilicity o, and nucleophilicity N, in eV, for
the methyl-substituted compounds 1-4, CPA 6, and methyl CHz* 8 and
tert-butyl C(CH3);™ 9 carbocations, in DMSO

Iz n @ N
CH;" 8 —10.97 13.05 4.61 —6.41
C(CH3);" 9 -7.78 11.63 2.61 —2.52
CH;OH," 4 —6.23 14.48 1.34 1.09
C(CH;);0H," 10 —5.68 13.75 1.17 —1.47
CH, 12 —5.5 14.93 1.01 —-1.88
CH5F 1 —4.94 14.05 0.87 0.50
CH;Br 3 —4.35 11.27 0.84 —0.88
CH,Cl 2 —4.38 12.41 0.77 —2.39
C(CH,);Cl 11 —4.31 12.19 0.76 0.67
CPA 6 —3.25 9.94 0.53 2.86

Table 3 ©B97X-D/6-311+G(d,p) electronic chemical potential g,
chemical hardness 7, electrophilicity o, and nucleophilicity N, in eV, for
the nucleophiles, computed in DMSO

Nucleophiles u n ® N

NMe; -3.18 10.04 0.50 2.88
Br -3.28 10.39 0.52 2.61
Cl™ -3.11 11.58 0.42 2.18
F —1.46 15.53 0.07 1.86
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respectively. Note that in the case of the methyl carbocation 8
the corresponding decrease is —2.00 eV. This behavior is a con-
sequence of the poor electrophilic character of the saturated
tetrahedral carbon; note that the electrophilicity @ index of
methane 12 is 1.01 eV (see Table 2).

Analysis of the nucleophilicity N indices of the nucleophilic
reagents indicates that trimethylamine NMe; is the most
nucleophilic of this series. As expected, the halides series
follows the Br > Cl > F order.

In 2006, Pérez et al.>* proposed a scale of the nucleofugacity
for leaving groups (LG) based on the electrophilicity @ index of
the CH3-LG molecules computed at the B3LYP/6-31G*(d) com-
putational level in the gas phase. As expected, the estimated
nucleofugacity of these LG groups was ordered as ~-OH," (o =
6.47 eV) > -Br (w = 0.90 eV) > —Cl (w = 0.77 eV) > -F (o =
0.40 ev).>*

2.3. Analysis of the reaction paths associated with the Sx2
reactions on the methyl-substituted compounds 1-4

To analyze the electronic structure of the TSs involved in Sy2
reactions on the methyl-substituted compounds 1-4 and thus
characterize the molecular mechanism from an electronic
point of view, six Sy2 reactions (i-vi) were studied (see
Scheme 3). In two reactions, the nucleophile and the LG are
the same species (symmetric Sy2 reactions i and ii), and in the
other four reactions, the two species are different. In each Sx2
reaction, two reagents, one TS, and two products were located
and characterized. Consequently, all these intermolecular Sx2
reactions take place through a one-step mechanism. Due to
the presence of negatively charged species, all calculations
were done in DMSO. All S\2 reactions can be considered
reversible with the direction of the reactions corresponding to
the exothermic processes. The ¥B97X-D/6-311+G(d,p) relative
energies in DMSO are given in Table 4, while the total energies
are given in Table S1 in ESL.}

Along the six Sy2 reactions, a series of molecular complexes
(MCs) can be found at the beginning and the end of the reac-
tion paths on the potential energy surfaces. Although these
MCs have some significance in vacuum calculations, they are
not relevant in DMSO.

Some relevant conclusions can be obtained from the rela-
tive energies given in Table 4; (i) while the Sy2 reactions i and

Table 4 ©B97X-D/6-311+G(d,p) relative energies, in kcal mol™, in
DMSO of the stationary points involved in the Sy2 reactions of methyl-
substituted compounds 1-4

F~ + CH;F Cl™ + CH,;Cl Cl™ + CH;Br
R 0.0 0.0 0.0
TS 20.5 21.3 19.4
P 0.0 0.0 -2.2
F~ + CH,Cl NMe; + CH,Cl Cl™ + CH;0H,"
R 0.0 0.0 0.0
TS 12.8 10.6 5.4
P -19.6 -25.2 -25.5

This journal is © The Royal Society of Chemistry 2024
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ii are isothermic reactions, iii is somewhat exothermic, with
AE = —2.2 kcal mol™'. Reactions iv, v and vi are strongly
exothermic, with AE < —20.0 kcal mol™", and therefore irrevers-
ible; (ii) activation energies vary widely, ranging between
20.5 (i) and 5.4 (vi) keal mol ™. The activation energies of these
Sn2 reactions depend mainly on the nucleophilic character of
the nucleophile and the nucleofugacity of the LG. Finally,
(iif) the reduction of the activation energy in this series of Sx2
reactions is accompanied by an increase in the exothermic
character of the reaction.

The optimized geometries of the six TSs are given in Fig. 4.
While TS-1 and TS-2 are symmetric because the nucleophile
and the LG are the same species, the other four TSs are some-
what asynchronous. At these TSs, the Nu-C and C-LG dis-
tances cannot be used to measure the asynchronicity of the
breaking/forming bond processes, as these distances are dis-
similar in reagents and products. However, the evolution of
these Sy2 reactions can be analyzed considering the H-C-H
bond angle of the methyl group at the TSs. While at the GS of
the reagents, this angle has a value near 109 degrees, accord-
ing to a tetrahedral carbon, at the symmetric TSs, its value is
120 degrees, according to a trigonal planar carbon. Thus,
while at TS-1 - TS-3, this bond angle is 120 degrees, indicating
that the central carbon has a trigonal planar structure, at
TS-4 - TS-6, the corresponding bond angles are only close to
the trigonal planar structure, 119.7 degrees. Thus, the three
more favorable reactions are only slightly more delayed.

Next, the global electron density transfer®® (GEDT) taking
place at the TSs of these nucleophilic substitution reactions
was evaluated. Recently, it has been showed that the GEDT has

0.47 ‘{ 120.0

I 0.31 120.0
1.850 1.850 2.342 2.342
TS-1 TS-2
0.29 120.0 0.36 ‘{ 119.7
‘ 2.352 2.480 ' J 1.994 ! 2.203 J
TS-3 TS-4
119.7

0.47
;:;;j;;; @
} TS-5

Fig. 4 ®»wB97X-D/6-311+G(d,p) optimized geometries of the TSs.
Distances are given in angstroms A, while bond angles are given
degrees. The sum of the NPA charges at the CH3 framework, in average
number of electrons, e, are given in red.

TS-6
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a decisive role in polar organic reactions.?® In a polar TS, there
is a GEDT from the nucleophilic to the electrophilic species as
a consequence of the difference in electronic chemical poten-
tials p of these species. The sum of the natural population ana-
lysis (NPA) charges of the atoms belonging to the CH; frame-
work is given in Fig. 4. The CH; framework at the six TSs exhi-
bits a trigonal planar structure. As shown in Fig. 4, the charge
of the CH; framework ranges from 0.47 (TS-1) to 0.29e (TS-3).
The deviation of the total charge from that of the methyl car-
bocation 8, 1.00e, results from the electron density transferred
occurring from the two neighboring X~ and Y™ nucleophilic
species toward the electrophilic central methyl carbocation 8.
Thus, at the symmetric TS-1 and TS-2, in which the nucleo-
phile and the LG are the same species, the NPA charges at the
F~ and CI™ anions are —0.73 and —0.66e, respectively. The devi-
ation of the charge —1 of these anionic species, 0.27¢ at F~ and
0.34e at Cl7, is a consequence of loss of electron density due to
the GEDT occurring from these nucleophilic species to the
central superelectrophilic methyl carbocation 8 (see Table 2).

2.4. ELF and QTAIM topological analyses of the TSs
associated with the Sy2 reactions on the methyl-substituted
compounds 1-4

In this section, ELF and QTAIM topological analyses of the
electronic structure of the six TSs were performed in order to
characterize the evolution of the rupture and formation of the
single bonds at these TSs. Fig. 5 shows the ELF basin attractor
positions, together with the most relevant valence basin popu-
lations, of the six TSs.

Interestingly, the ELF of the six TSs shows the presence of
one V(X) monosynaptic basin in the X-C interacting region,
and one V(Y) monosynaptic basin in the C-Y interacting
region. Only the nucleophilic fluorine atom does not present
the corresponding V(F) monosynaptic basin at TS-4. No V(X,C)
disynaptic basins are observed in any TS, indicating that while
the C-Y single bond has been broken, the formation of the
new X-C single has not yet begun. In all TSs, the population of
these V(X) monosynaptic basins present a value in the range of
0.3 to 0.6e. Only the V(N) monosynaptic basin of nucleophilic
trimethyl amine in TS-5 and the V(O) monosynaptic basin of
the LG water at TS-6 present a population of 1.93 and 1.59,
respectively, as these V(X) monosynaptic basins are associated
with the nitrogen and oxygen non-bonding electron density
present at the trimethyl amine and water nucleophilic
molecules.

Next, a QTAIM topological analysis of the six TSs was per-
formed. The positions of the critical points (3,—1) of the elec-
tron density p are shown in Fig. 6, while the calculated QTAIM
parameters are given in Table 5. A representation of the
contour line maps of the Laplacian V?p(r) of the electron
density at the most unfavourable TS1 and the most favourable
TS6 is shown in Fig. 7.

As expected, the electron density p at the twelve CPs, p <
0.08e, is noticeably lower than that at the CPs associated with
the C-X single bonds at the GS of the reagents, p > 0.15e (see
Table 1). The Laplacian V?p(r) of the twelve CPs show positive
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Fig. 5 ®wB97X-D/6-311+Gl(d,p) ELF basin attractor positions and populations of the most relevant valence basins, in average number of electrons, e,
of the six TSs associated with the intermolecular Sy2 reactions on the methyl-substituted compounds 1-4. The NPA charges at the interacting

atoms are given in red in average number of electrons, e.

CP1 cP2 CP1 CP2
J @ @
TS-1 TS-2
CP1 3 CP2 CP1 f CP2

‘+g4_¢ J—o—‘go s ]

TS-2
f :
;g% cP1 3 cp2 cp1 8 cpzéj
— QP o—@ @ — >
5T =t
n—d‘,}

Fig. 6 »B97X-D/6-311+G(d,p) representation of the CPs (3,-1), in pink,
at the six TSs associated with the intermolecular Sy2 reactions on the
methyl-substituted compounds 1-4. The CP1 associated with the
Nu---C interacting region and the CP2 associated with the C:.-LG inter-
acting region are labelled.

TS-4

TS-5 TS-6

values, indicating the absence of any covalent interaction. The
calculated |V(r)|/G(r) values, which are lower than 1.52, suggest
that, according to the Espinosa criteria,>® the corresponding
C-X(Y) interactions have a non-covalent interaction with some-
what covalent character.

Finally, a comparison of the contour line maps of the
Laplacian V?p(r) of TS1 and TS6 given in Fig. 7 with those of

the corresponding methyl-substituted molecules given in

7430 | Org Biomol. Chem., 2024, 22, 7425-7437

Fig. 2, shows that the central CH; framework at these TSs has
the electronic structure of the methyl carbocation 8 given in
Fig. 1 in ESL¥

Consequently, we can conclude that in the six Sy2 reac-
tions, the electronic structure of the central CH; framework at
the six TSs is that of the methyl carbocation 8, strongly electro-
nically stabilized by the GEDT, taking place from the two
neighboring nucleophilic species. Thus, the activation ener-
gies of these Sy2 reactions can be related to the electronic
stabilization of the incipient methyl carbocation 8 by the pres-
ence of the two nucleophilic species.

2.5. Study of the Syi reaction of CPA 6

The Syi reaction of CPA 6 was studied to conduct a compara-
tive analysis between the inter and intramolecular nucleophilic
substitution reactions. Note that Syi reactions have a first-
order kinetics similar to Sy1 reactions, i.e., v = k [X-RY] (see
Scheme 2). The wB97X-D/6-311+G(d,p) relative energies in
DMSO are given in Table 6, while the total energies are given
in Table S1 in ESLT

The activation energy associated with this Syi reaction is
13.1 kcal mol™", the reaction being exothermic by —25.3 keal
mol ™. When comparing these relative energies with those of
the intermolecular Sy2 process, the activation energy associ-
ated with TS-7 is ca. 2.5 kcal mol™" higher than that associated
with TS-5. This energy difference can be attributed to the lower
electrophilic character of CPA 6 compared to that of methyl
chloride 2 (see Table 2), and to some geometrical constraints
associated with the intramolecular process (see later).
However, both reactions exhibit a similar exothermic character
(see Tables 4 and 6).
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Table 5 ®B97X-D/6-311+G(d,p) QTAIM parameters, in atomic units a.u.,
molecular Sy2 reactions on the methyl-substituted compounds 1-4

Paper

of the (3,—1) CPs CP1 and CP2 at the six TSs associated with the inter-

TS-1 TS-2 TS-3

CP1 cP2 CP1 cP2 cP1 crP2
Density p(7) 0.0770 0.0770 0.0502 0.0502 0.0494 0.0463
Laplacian V*p(r) 0.1864 0.1864 0.0806 0.0806 0.0805 0.0625
G 0.0614 0.0614 0.0274 0.0274 0.0270 0.0225
K(r) 0.0148 0.0148 0.0073 0.0073 0.0069 0.0069
146) —0.0762 —0.0762 —0.0347 —0.0347 —0.0339 —0.0294
V(n)|/G(r) 1.2408 1.2408 1.2651 1.2651 1.2545 1.3054

TS-4 TS-5 TS-6

cP1 cr2 CpP1 CP2 cP1 CP2
Density p(r) 0.0561 0.0682 0.0384 0.0807 0.0576 0.0703
Laplacian V*p(r) 0.1706 0.0659 0.0822 0.1487 0.1118 0.0657
G(r) 0.0465 0.0338 0.0233 0.0587 0.0363 0.0343
K(7) 0.0039 0.0173 0.0028 0.0215 0.0083 0.0179
146) —0.0504 —0.0510 —0.0261 —0.0802 —0.0446 —0.0522
V(n))/G(r) 1.0832 1.5117 1.1190 1.3667 1.2294 1.5217

TS-1

TS-6

Fig. 7 Representations of the contour line maps of the Laplacian V2p(r) of the electron density at the most unfavourable TS-1 and the most favour-
able TS-6. The critical points CP are marked in pink, while the bond path is in red.

Table 6 ©B97X-D/6-311+G(d,p) relative energies, in kcal mol™, in
DMSO of the stationary points involved in the Syi reaction of CPA 6

AE
CPA 6 0.0
TS-7 13.1
7 —-25.3

The optimized geometry of TS-7 is given in Fig. 8. The N-C
and C-Cl distances at this TS are 2.243 and 2.264 A, respect-
ively. These distances are slightly longer than those at TS-5
associated with the intermolecular process (see Fig. 4). On the
other hand, while the N-C-Cl bond angle in the inter-
molecular process is nearly 180 degrees, it is 162.4 degrees at
TS-7. These geometric variations may be due to geometric con-
straints associated with the intramolecular process. These geo-
metrical constraints and the lower electrophilic character of
CPA 6, compared to methyl chloride 2, can account for the
higher activation energy associated with TS-7.

This journal is © The Royal Society of Chemistry 2024

TS-7

Fig. 8 wB97X-D/6-311+Gl(d,p) optimized geometries of TS-7. Distances
are given in angstroms A, while bond angles are given in degrees.

Finally, an ELF and QTAIM topological analysis of the elec-
tron density of TS-7 was performed. ELF basin attractor posi-
tions, along with the most relevant valence basin populations
of TS-7, are shown in Fig. 9. ELF analysis of TS-7 shows the
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TS-7

Fig. 9 wB97X-D/6-311+G(d,p) ELF basin attractor positions, popu-
lations of the valence basins in the C—-X regions, the sum of the popu-
lation of the V(Cl) monosynaptic basins, and the NPA charges of the
three interacting atoms of TS-7. Valence basin populations and natural
atomic charges are given in average number of electrons, e.

presence of one V(N) monosynaptic basin integrating 1.94e,
associated with the nitrogen non-bonding electron density of
the amine, and a V(Cl) monosynaptic basin integrating 0.53e
resulting from the C-Cl breaking bond. A comparative ELF
analysis of the intermolecular TS-5 and the intramolecular
TS-7 shows a great similitude (see Fig. 5 and 9).

Next, a QTAIM topological analysis of TS-7 was performed.
The position of the critical points (3,—-1) of the electron
density p are shown in Fig. 10a, while the calculated QTAIM
parameters are provided in Table 7. Together with the CPs CP1
and CP2 associated with the N---:C and C---Cl interacting
regions, respectively, a CP3 associated with a covalent C-C
single bond of the linear pentane chain has been selected for
a comparative analysis. A representation of the contour line
maps of the Laplacian V() of the electron density is shown
in Fig. 10b.

4o
L ~ CP2
\ CP1
e
0
>

(a)

Fig. 10
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Table 7 ©®B97X-D/6-311+G(d,p) QTAIM parameters, in atomic units
a.u., of the (3,—-1) CPs CP1, CP2 and CP3 at TS-7

CcP1 CP2 CP3
Density 0.0613 0.0472 0.2430
Laplacian 0.0715 0.1032 —0.5557
G(r) 0.0308 0.0302 0.0561
K(r) 0.0129 0.0044 0.1950
V(r) —0.0437 —0.0346 —0.2512
V(n)|/G(r) 1.4198 1.1452 4.4743

A preliminary comparative QTAIM analysis of the N---C---Cl
interacting regions in TS-5, associated with the Sy2 reaction,
and those in TS-7, associated with the Syi reaction, shows a
great electronic similarity between both TSs. As expected, the
electron density p at CP1 and CP2, p < 0.06e, is noticeably
lower than at CP3 associated with the selected C-C single
bond, where p > 0.24¢ (see Table 1). The Laplacian V?p(r) at
CP1 and CP2 show positive values, indicating the absence of
any covalent interaction, while that at CP3 is negative, with
V?p(r) = —0.56. The calculated |V(r)|/G(r) values at CP1 and
CP2, <1.42, indicate that, according to the Espinosa criteria,”®
the corresponding C-X and C-Y interactions have a non-
covalent nature with somewhat covalent character. Note that
the |W(r)|/G(r) value at CP3 is 4.47, indicative of a covalent
bond.

From this comparative analysis between the electronic
behaviors of the TSs involved in the Syi and Sy2 reactions, it is
possible to conclude that these nucleophilic substitution reac-
tions present a complete similarity. They are characterized by
the formation of a methyl carbocation in which the C-Y single
bond of the LG is already broken, while the formation of the
C-X single bond with the nucleophilic reagent has not begun
yet. This electronic behavior of the TSs involved in the Sy2 and
Sni reactions of methyl-substituted compounds discards the

(b)

(a) ®B97X-D/6-311+G(d,p) representation of the CPs (3,-1), in pink, at TS-7. The CP1 associated with the N---C interacting region and the

CP2 associated with the C---Cl interacting region are labelled; (b) representations of the contour line maps of the Laplacian V2y(r) of the electron
density of TS-7. The critical points CP1-CP3 are marked in pink, while the bond path is in red.
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generally accepted concerted mechanism involving a penta-
coordinated carbon at the corresponding TS,* widely accepted
in all textbooks.*

2.6. A comparative analysis between the unimolecular Sy1
and bimolecular Sy2 relations

If both Sy2 and the Sy1 reactions take place through the for-
mation of a carbocationic species, why are they kinetically
different? The isodesmic reaction® given in Scheme 5 shows
that in DMSO, the tert-butyl carbocation 9 is 67.0 kcal mol™
more stable than the methyl one 8. On the other hand, the
tert-butyl carbocation 9, with w = 2.61 eV, is half as electrophi-
lic as the methyl one 8, w = 4.61 eV (see Table 2). Therefore,
the presence of three ER methyl groups in the tert-butyl carbo-
cation 9 has two relevant roles in its structure/reactivity: (i) the
tert-butyl carbocation 9 is strongly stabilized with respect to
the methyl carbocation 8; and (ii) the electrophilic character of
the tert-butyl carbocation 9 decreases markedly compared to
that of the methyl carbocation 8.

Experimentally, the tert-butyl chloride 11 formation from
tert-butanol 12 and hydrochloric acid takes place quickly at
room temperature, while this reaction experimentally does not
occur with methanol 13 (see Scheme 6).

Two experiment scans were performed to understand the
differing reactivity of the two alcohols (see Fig. 11). The start-
ing points of these scans were the MCs formed by the chloride
anion plus the protonated alcohols, P1-6 for protonated
methanol 4 and P1-8 for protonated tert-butanol 14. Note that
in concentrated hydrochloric acid, both alcohols are proto-
nated. Along these scans, the C:--OH, distances were increased
from 1.50 to 2.70 A, structures P3-6 and P3-8; note that at
these points, the C-O single bond is already broken (see later).
Some interesting conclusions can be drawn from these scans:
(i) while in the reaction with protonated methanol 4, the
energy of the system increases to reach 8.6 kcal mol™" at
1.85 A, in the reaction with protonated tert-butanol 13 it
increases to 7.8 kcal mol™" at 2.70 A; (ii) geometrical optimiz-
ation of the maximum point of the scan for the reaction of pro-
tonated methanol 4 gives the TS of the reaction, TS-6w, which

CH3* + CH(CH3); <> CH,; + C(CH3);* AH=-67.0 kcal mol”

8 9

Scheme 5 ®wB97X-D/6-311+G(d,p) isodesmic reaction in DMSO
showing the strong stabilization of the tert-butyl carbocation 9 with
respect to the methyl one 8.

rt.

CH3OH + HCl(aq) —}> CHsCl + H,0
13 2

Scheme 6 Reactions of tert-butanol 12 and methanol 13 with hydro-
chloric acid.

This journal is © The Royal Society of Chemistry 2024
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Fig. 11 »B97X-D/6-311+G(d,p) scans in water for the C---OH, breaking
bond in the reactions of protonated methanol 4 and protonated tert-
butanol 14. Relative energies are given in kcal mol™.

is 0.34 kcal mol™" more stable than that of TS-6, due to higher
solvation of the TS in water than in DMSO, (iii) no TS was
found along the C-O breaking bond in the reaction of proto-
nated tert-butanol 13, as was proposed for the first step of an
SN1 reaction (see TS1 in Scheme 2);* and (iv) around of the
C---O distance of 1.85 A, where the reaction of protonated
methanol 4 reaches the maximum energy, 8.6 kcal mol™". The
corresponding structure in the scan of the protonated tert-
butanol 12 has a relatively low energy of only 2.7 kcal mol™".

The geometries of TS-6w and P2-8, in which the C---O dis-
tance is ca. 1.85 A, are given in Fig. 11, while the geometries of
the selected six points of the two scans are given in Fig. S2 in
ESI.} At TS-6w, the C---O and C---Cl distances are 1.872 and
2.452 A, respectively, while these distances at P2-8 of the scan
of the reaction of protonated tert-butanol 13 are 1.85 and
3.76 A. When the C---Cl distances are compared with those at
the first point of the scans, i.e. P1-6 and P1-8, which corres-
pond to the MCs of these reactions, it can be seen that while
in the reaction with protonated methanol 4, this C---Cl dis-
tance at TS-6w has decreased by 0.78 A, at P2-8 of the scan of
protonated tert-butanol 14 it is shortened by only 0.13 A. Along
the scan of protonated methanol 4, this distance decreases
drastically to 1.80 A at P3-6, while this distance in the reaction
path of protonated tert-butanol 14 remains at 3.48 A at P3-8
(see Fig. S2 in the ESIf{). Consequently, the chloride anion
clearly does not participate in the reaction path involving tert-
butanol 14. Note that P3-8 corresponds to the proposed inter-
mediate of an Sy1 reaction (see Scheme 2).

The different behaviors of the two scans mainly result from
the different stability/reactivity of the methyl 8 and tert-butyl 9
carbocations, which are generated along the heterolytic C-O
bond breaking. Along the reaction path of protonated tert-
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butanol 13, the corresponding carbocation is markedly stabil-
ized by the presence of the three ER methyl groups (see
Scheme 4). In addition, the presence of these methyl groups
decreases the electrophilic character of the corresponding car-
bocation with respect to that of methyl carbocation 8 (see
Table 2); thus, the tert-butyl carbocation 9 does not need the
participation of the chloride anion for its stabilization along
the reaction path. However, a different behavior is found in
the reaction of the methyl carbocation 8. This carbocation is
very unstable, and consequently, it cannot be easily formed.
However, along the reaction path, the electrophilic character of
the CH;---OH," species increases, allowing the participation of
the nucleophilic chloride anion. This participation demands
the approach of this nucleophilic species to the incipient car-
bocationic center, in such a way that at the corresponding
TS-6w, the two nucleophilic species, i.e., the chloride anion
and the water molecule, strongly stabilize the corresponding
methyl carbocation 8. Thus, the structure of protonate metha-
nol 4 with the C---O distance fixed at 1.85 A has an electrophili-
city w index of 2.15 eV; note that the electrophilicity w index of
CH;O0H," 4 is 1.34 €V (see Table 2). On the other hand, this
structure, in which the chloride anion has been removed from
TS-6w, is 19.9 kcal mol™" higher in energy than protonated
methanol 4. Consequently, the stabilization of 11.7 kcal mol™*
found at TS-6w can be attributed to the presence of the nucleo-
philic chloride, which stabilizes the TS by the GEDT.

After passing TS-6w, the Cl.--C distance decreases quickly
until the formation of the new CI-C single bond at methyl
chloride 2, a behavior that does not occur in the reaction of
the protonated tert-butanol 14 (see Fig. 11 and S2ft). Finally,
the slight geometric differences found between TS-6 (see
Fig. 4) and TS-6w (see Fig. 12) are because both structures
were optimized in different solvents, DMSO and water,
respectively.

Fig. 12 also shows the sum of the NPA charges in the three
frameworks of these selected species. Some interesting con-
clusions can be obtained from the NPA charges, (i) while the
negative charge of the chloride anion remains unchanged on
going from the MC to the selected point in the reaction path
of protonated tert-butanol 14, along the reaction path on going
to TS-6w, the chloride anion experiences a loss of 0.20e caused
by the GEDT occurring towards the electrophilic methyl carbo-
cation 8; (ii) the positive charge of the methyl carbocation 8
framework at TS-6w, 0.49¢, is lower than that of the tert-butyl
carbocation of P2-8, 0.67e, due to the participation of the
nucleophilic chloride anion in the former; and finally, (iii)
along the two reaction paths, a decrease in the positive charge
on the water framework is observed. Note that in the product
of the two nucleophilic substitution reactions, the water LG is
neutral. The positive charge in the water framework at TS-6w,
0.27e, is slightly lower than at the selected point of the scan of
the reaction of protonated tert-butanol 14, 0.32e, as a conse-
quence of the participation of the chloride anion at the TS.

Finally, a comparative ELF topological analysis of the
selected points of the scans for the C---OH, breaking bond in
the reactions of protonated methanol 4 and tert-butanol 14
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Organic & Biomolecular Chemistry
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Fig. 12 ©»B97X-D/6-311+G(d,p) geometries in water of TS-6w and P2-
8. Distances are given in angstroms A. The sum of the NPA charges at
the three frameworks is given in average number of electrons, e.
Distances and NPA charges in red correspond to the first point of the
scans. The distances of the scan points are given with two decimals.

was performed. The ELF basin attractor positions are shown in
Fig. 13. The first points of both scans show a great similitude;
P1-6 and P1-8 show the presence of a V(C,0) disynaptic basin
integrating 1.56 and 1.59e, respectively. Some differences are
found between the ELF basin attractor of TS-6w and P2-8. At
both structures, the absence of the V(C,0) disynaptic basins
present at P1-6 and P1-8 indicates that the rupture of the C-
OH, bond has already taken place. Both species show the pres-
ence of a V(O) monosynaptic basin integrating 1.72 (TS-6w)
and 1.57e (P2-8) in the direction of the central carbon.
However, while TS-6w also shows the presence of a V(Cl)
monosynaptic basin integrating 0.55e in the direction of the
central carbon, P2-8 does not show any specific V(Cl) monosy-
naptic basin in this direction. Finally, while the ELF of P3-6
shows the presence of a V(C,Cl) disynaptic basin integrating
1.24e, indicating the formation of the new C-Cl single bond,
no V(C,Cl) disynaptic basin is observed at P3-8.

Thus, while the scan for the C---OH, breaking bond in the
reaction of protonated methanol 4 shows that the rupture of
the C-OH, has occurred before reaching TS-6w, with the for-
mation of the C-Cl bond taking place after it, the scan for pro-
tonated tert-butanol 14 is associated only with the rupture of
the C---OH, bond. The first parts of both scans are associated
with the same chemical event; i.e., the rupture of the C-OH,
single bond. However, while along the reaction path of proto-
nated tert-butanol 13, the stabilization of the forming tertiary
carbocation by the presence of the three ER methyl groups
does not demand the participation of the chloride anion, in
the case of protonated methanol 4, it should participate,
prompting the Sy2 reaction in a single step.

This journal is © The Royal Society of Chemistry 2024
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scans for the C..-OH, breaking bond in the reactions of protonated methanol 4 and tert-butanol 14. Valence basin populations are given in average
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3. Conclusions

Five Sy2 reactions involving methyl monosubstituted com-
pounds and a Syi reaction have been studied within MEDT in
order to characterize the electronic nature of the TSs involved
in these nucleophilic substitution reactions.

Analysis of the electrophilicity o index at the GS of the
reagents indicates that in general, the methyl monosubstituted
compounds have a poor tendency to participate in polar reac-
tions with nucleophilic species.

The X:--C and C---Y distances at the TSs vary significantly
depending on the corresponding C-X and C-Y bond lengths at
the GS of the reagents or products. However, an analysis of the
H-C-H bond angle at the central methyl framework indicates
that, in general, the TSs have a high degree of symmetry in the
evolution of the breaking/forming bonds.

Both ELF and QTAIM topological analyses of the electron
density at the TSs of the Sy2 and Syi reactions indicate that
they can be described as the carbocation strongly stabilized by
the presence of the neighboring X and Y nucleophilic species.
This stabilization is caused by the high GEDT occurring at the
TSs, which show a total charge at the methyl group lesser than
0.47e.

Finally, a comparative study of the C-O breaking bond in
the nucleophilic substitution reactions of tert-butanol 12 and
methanol 13 with hydrochloric acid allows us to explain the
unimolecular and bimolecular nature of the kinetics of these
reactions, respectively. In both reactions, a carbocationic
species is generated along the initial C-O breaking bond;
however, in the case of the tert-butyl carbocation 9, the pres-
ence of the three ER methyl groups makes the participation of

This journal is © The Royal Society of Chemistry 2024

the chloride anion unnecessary for its stabilization, resulting
in a unimolecular mechanism. In the case of methyl carbo-
cation 8, the strong destabilization and the high electrophilic
character of this primary carbocation require the participation
of the nucleophilic chloride anion for the C-O breaking bond
to be feasible, resulting in a bimolecular mechanism.

The present MEDT study establishes that these Sy2 and Syi
reactions involve non-concerted breaking/forming bond pro-
cesses. At the corresponding TSs, the role of the nucleophilic
species is to facilitate the departure of the LG by stabilizing
the forming methyl carbocation framework. The present study
rejects the proposed pentacoordinated TSs for the Sy2 and Syi
reactions based on the outdated FMO theory.

4. Computational details

This MEDT study has been carried out by performing
quantum chemical calculations within Density Functional
Theory (DFT).”” The wB97X-D*® functionals, together with the
standard 6-311+G(d,p)*° basis set, which includes diffuses and
d-type polarization for second-row elements and p-type polariz-
ation functions for hydrogens, were used throughout this
MEDT study. The TSs were characterized by the presence of
only one imaginary frequency. The Berny method was used in
optimizations.*>*" The intrinsic reaction coordinate** (IRC)
calculations were performed to establish the unique connec-
tion given between the TSs and the corresponding
minima.**** Solvent effects were considered by full optimiz-
ation of the gas phase structures at the same computational
level using the polarizable continuum model (PCM)***® in the

Org. Biomol. Chem., 2024, 22, 7425-7437 | 7435



Paper

47-49 and

framework of the self-consistent reaction field (SCRF),
DMSO and water as solvents.

The GEDT?® values were computed using the equation
GEDT(f) = Y.q5, where g are the natural charges®>®' of the
atoms belonging to one of the two frameworks (f) at the TS
geometries. Global and local CDFT indices®**! were calculated
using the equations in ref. 31.

The Gaussian 16 suite of programs was used to perform the
calculations.”® ELF** analyses of the ®wB97X-D/6-311+G(d,p)
monodeterminantal wavefunctions were done by using the
TopMod?>? package with a cubical grid of step size of 0.1 Bohr.
Molecular geometries and ELF basin attractors were visualized
by using the GaussView program.>*
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