View Article Online

View Journal

M) Checs tor updates

PCCP

Physical Chemistry Chemical Physics

Accepted Manuscript

This article can be cited before page numbers have been issued, to do this please use: L. Saravia F., J.
Gutiérrez-Flores, E. H. Huerta, J. Garza, R. Vargas and M. Hernandez-Rodriguez, Phys. Chem. Chem.
Phys., 2025, DOI: 10.1039/D5CP02545A.

This is an Accepted Manuscript, which has been through the
Royal Society of Chemistry peer review process and has been
accepted for publication.

Accepted Manuscripts are published online shortly after acceptance,
before technical editing, formatting and proof reading. Using this free
service, authors can make their results available to the community, in
citable form, before we publish the edited article. We will replace this
Accepted Manuscript with the edited and formatted Advance Article as
soon asitis available.

You can find more information about Accepted Manuscripts in the
Information for Authors.

Please note that technical editing may introduce minor changes to the
text and/or graphics, which may alter content. The journal’s standard
Terms & Conditions and the Ethical guidelines still apply. In no event
shall the Royal Society of Chemistry be held responsible for any errors

o

o OF CHEMISTRY or omissions in this Accepted Manuscript or any consequences arising
from the use of any information it contains.

ROYAL SOCIETY

ROYAL SOCIETY rsc.li/pcc
OF CHEMISTRY /pccp

(3


http://rsc.li/pccp
http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/
https://doi.org/10.1039/d5cp02545a
https://pubs.rsc.org/en/journals/journal/CP
http://crossmark.crossref.org/dialog/?doi=10.1039/D5CP02545A&domain=pdf&date_stamp=2025-10-09

Page 1 of 37 Physical Chemistry Chemical Physics

Open Access Article. Published on 09 oktyabr 2025. Downloaded on 16.10.2025 02:45:51.

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online
DOI: 10.1039/D5CP02545A

How the ny, — o¢_ | hyperconjugation interaction affects

intrinsic reactivity in an Sy2 reaction

Leonardo Saravia F.l, Jorge Gutiérrez—FIoresz, Eduardo H. HuertaL*, Jorge Garzaz,

Rubicelia Vargas?*, Marcos Hernindez-Rodriguez!*

Unstituto de Quimica, Universidad Nacional Auténoma de México, Circuito Exterior, Ciudad Universitaria, Alcaldia
Coyoacan C.P. 04510 Ciudad de México, México.
2Departamento de Quimica, Divisién de Ciencias Bésicas e Ingenieria, Universidad Auténoma Metropolitana Iztapalapa,

San Rafael Atlixco 186, Col. Vicentina, C.P. 09340 Iztapalapa, CDMX, México.

Abstract

Hyperconjugative interactions are widely recognized as stabilizing electronic effects in molecular systems.
While their involvement in chemical transformations has been suggested, it remains as an open ques-
tion whether their influence pertains to thermodynamic stabilization or if they directly affect intrinsic
kinetic parameters (also referred to as intrinsic activation barrier). In this work, we address a fundamental
question: can nyy, — 0¢_c; hyperconjugation directly shape the intrinsic barrier in an asymmetric Sy 2
reaction? To explore this, we present a systematic computational study using the MP2-SMD(THF)/cc-
pVTZ level of theory, evaluating how ny, — o¢_¢ interactions influence the intrinsic activation barrier
in reactions of the type Y~ + CH3-Cl. It is worth noting that energy differences were also evaluated
using the CCSD(T)-SMD(THF) method. Intrinsic barriers were extracted from the theoretical activation
barrier using Marcus’ theory to isolate the required energy for the nuclear reorganization free from ther-
modynamic bias. The donor—acceptor interactions were quantified through Natural Bond Orbital (NBO)
analysis; moreover, Quantum Theory of Atoms in Molecules (QTAIM) descriptors provided a complemen-

tary, orbital-independent perspective. In the studied systems, a strong correlation between the E7(12—)>a*
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stabilization energies and the intrinsic activation barriers was observed, one that is no evident when con-
sidering apparent barriers. This distinction underscores, within the present framework, the importance of
isolating intrinsic contributions when evaluating fundamental reactivity trends. QTAIM descriptors, such
as the electron density at the bond critical point (pgcp) and the |Vgcp|/Ggcp ratio, captured aspects
of the local electronic environment, particularly electronegativity and polarizability, that were consistent
with the intrinsic reactivity observed across the specific nucleophile families examined. In systems bearing
a-substituents, the presence of secondary stabilizing interactions, likely involving non-covalent contacts be-
tween the nucleophile and C-H bonds of the electrophile, may contribute to lowering the intrinsic barrier.
Together, these findings demonstrate that both NBO and QTAIM analyses are robust tools to determine the
electronic contributions that govern reactivity and selectivity in the analyzed Sy2 reactions. Furthermore,
they position hyperconjugation not merely as a passive stabilizing effect but also as an active modulator

capable of tuning intrinsic reactivity in organic reactions.

1 Introduction

Hyperconjugation represents one of the most subtle orbital interactions yet decisive in organic chemistry,
with wide—ranging implications from conformational stability to chemical reactivity!. This quantum me-
chanical phenomenon can arise from the electron delocalization between: (1) a filled o orbital and an
adjacent empty p or 7 antibonding orbital; (2) a lone pair (in non-bonding orbital) or 7m-bonding orbital
and a ¢* antibonding orbital; or (3) two o orbitals, one bonding and the other antibonding, allowing
for electron density redistribution across space. The efficiency of this interaction is strongly dependent
on a molecular geometry that favors appropriate orbital overlap23. Among the many well-documented
examples that demonstrate the presence of stabilizing hyperconjugative interactions (Hypl), two no-
table cases are: (1) the conformational preference in ethane (Figure 1a), where computational studies

have shown that the staggered conformation is stabilized by interactions between adjacent oc_y and


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5cp02545a

Page 3 of 37 Physical Chemistry Chemical Physics

Open Access Article. Published on 09 oktyabr 2025. Downloaded on 16.10.2025 02:45:51.

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online
DOI: 10.1039/D5CP02545A
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Figure 1: (a) and (b) Representative configurational processes stabilized by hyperconjugative interactions
(Hypl); the most stable conformers are highlighted in blue. (c) Conceptual illustration of how hy-
perconjugation can modulate both thermodynamic parameters (e.g., reaction energies) and intrinsic
barriers. (d) Schematic representation of the Sy2 reaction under investigation, including the series

of nucleophiles considered in this study.
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oy orbitals*0; and (2) the well-known anomeric effect in heterocycles (e.g., 2-heteroatom substi-
tuted tetrahydropyran, Figure 1b) 79 \where the preference for the axial orientation of the heteroatom
substituent X at the anomeric carbon has been attributed to the antiperiplanar disposition of the axial
lone pair of the endocyclic oxygen and the C—X bond which enables the delocalization of electrons to

10.11 1t is worth noting that in both

the antibonding orbital C—X by hyperconjugation ng — aé_x
cases, complementary interpretations have also been proposed, such as steric repulsion in ethane con-
formation and electrostatic effects in the anomeric effect, highlighting the multifactorial nature of these

phenomena 12,13

Beyond its structural role, hyperconjugation raises fundamental questions about its influence in chemical
reactivity and selectivity, particularly through its potential to modulate the energy barriers that gov-
ern molecular transformations, a phenomenon supported by various mechanistic studies across distinct
reaction typesl4_16. These questions naturally lead to analyzing the relationship between kinetic and
thermodynamic parameters in chemical reactions, an essential aspect of physical organic chemistry. To
address this issue, several theoretical models have been proposed to decompose the activation energy,
also known as observable or apparent activation energy, (AEi) into conceptually distinct components: a
thermodynamic term dependent on the reaction energy (AFE), defined as the energy difference between
reactants and products; and an intrinsic barrier (AES), which reflects the energetic cost (associated with
nuclear reorganization during the chemical transformation) of an idealized isoenergetic transformation
(AE = 0), and consequently depends on the chemical nature of the interacting species. Within this

17-19 and its extension by Laffler?0 describe the activa-

framework, models such as Bell-Evans—Polanyi
tion energy as a linear function of the reaction energy, AFEY = AES + aAFE, where AE(;E (intercept)

and «a (Brgnsted slope) are treated as intrinsic properties characteristic of each reaction family. How-

ever, when AF varies significantly, such linear approximations become inadequate, and more general
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formulations, such as Marcus’ theory, are required. Marcus' theory introduces a quadratic dependence
and systematically separates thermodynamic effects from purely structural and, therefore, electronic

factors?!,

Originally developed to describe classical electron transfer processes, this framework has
proven particularly effective in rationalizing a wide range of organic reactions where thermodynamic

and kinetic factors are tightly coupled 22-24

In this context, it is worth considering how certain intrinsic electronic factors, particularly those related
to the local organization of electron density, may contribute to the intrinsic barrier itself. Among
these contributions, hyperconjugation emerges as an outstanding candidate whose influence may extend
beyond the thermodynamic stabilization of reactants or products to actively modulate the energy profile

of the reaction (Figure 1c)2>29

. If such influence on the intrinsic barrier is confirmed, hyperconjugation
would cease to be viewed merely as a passive stabilizing factor and instead be recognized as a determinant

of reactivity and selectivity in organic systems.

As a model system to investigate the influence of electronic interactions on molecular reactivity, this
work presents a theoretical study of the bimolecular nucleophilic substitution (Sy2) reaction. Beyond its
classical role as a mechanistic paradigm in physical organic chemistry, the Sy2 reaction remains a subject
of ongoing research due to its synthetic utility and the emergence of new mechanistic questions and

conceptual approaches30-36

. Its well-defined mechanistic framework allows for a meaningful dissection
of both thermodynamic and intrinsic contributions to the activation barrier, making it a powerful
platform for probing fundamental reactivity principles. This process makes it an ideal model to evaluate
how specific electronic interactions, particularly hyperconjugation of the type n — ¢*, can influence
these distinct energetic components (thermodynamic and intrinsic barrier). We hypothesize that such

interactions not only stabilize the involved stationary states, but also lower the intrinsic barrier itself,

thereby acting as a key electronic determinant of reactivity. Our theoretical modeling considers the
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interactions between a series of 11 nucleophiles with chloromethane as a model electrophile to test
this hypothesis (Figure 1d). Analysis of these systems will allow us to establish a relation between
the strength of hyperconjugative interactions and intrinsic barriers, offering quantitative insight into
the direct impact of hyperconjugation on reactivity. Despite the numerous elegantly designed quantum
chemical studies that have furthered our understanding of the Sy2 cornerstone reaction37_39, to the
best of our knowledge, no systematic analysis has been conducted to quantify the influence of specific
electronic interactions, such as n — ox hyperconjugation, on the intrinsic barrier AE(i) in reactions
of the type Y~ + CH3-Cl. Most studies have focused on identity reactions, X~ + CH3-X 40_42,
which limits the ability to assess and highlight the role of thermodynamic contributions in modulating
reactivity. The knowledge generated in this work will not only offer tools for a deeper understanding of
chemical transformations but will also position hyperconjugation as an additional electronic degree of
freedom for the rational design of more reactive substrates and the precise modulation of reactivity and

selectivity in organic transformations.

2 Computational Details and Models

Quantum chemical calculations were performed using the Gaussian16 software package*3. Geometry
optimizations of all stationary points, including reactants, products, and transition states, were carried
out at the MP2 level of theory*44 combined with Dunning’s cc-pVTZ basis set°0->2 (MP2/cc-pVTZ).
Solvent effects were included with the continuum solvent model (CSM) approached through SMD formu-
lation®3, using tetrahydrofuran (THF) as the solvent. This choice provides a suitable balance between
computational cost and accuracy®*, while enabling meaningful correlations between activation barriers
and reaction exothermicity®>°®. THF as an aprotic ubiquitous solvent in organic syntesis which pre-

57-60

serves nucleophilicity trends comparable to those observed in the gas phase , making it particularly
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appropriate for the analysis of intrinsic electronic effects such as hyperconjugation. All optimized struc-
tures were characterized through vibrational frequency analysis: local energy minima exhibited only real
frequencies, whereas transition states were confirmed by the presence of a single imaginary frequency.
Gibbs free energies were computed at 298.15 K and 1 atm. To test the correlation effects incorporated
by the MP2 method, in this article the CCSD(T) method is considered over geometries optimized at
the MP2 level. Naturally, the lack of correlation effects by the Hartree-Fock method (HF) is evidenced

when its results are contrasted with MP2 and CCSD(T) methods.

The direct influence of thermodynamic factors on activation barriers can be evaluated through Mar-

61-65 ' \vhich decomposes the activation energy (AEi) into two components: an intrinsic

cus’ theory
activation barrier (AgE?") and a thermodynamic contribution (AE). The intrinsic barrier represents
the minimum energy required to reach the transition state under thermoneutral conditions, reflecting
the total cost of nuclear reorganization. The thermodynamic term reflects the driving force based on
the relative stability between reactants and products. Within this framework, the activation energy

increases when the reaction energy (AF) is positive and decreases when AFE is negative. Assuming

that the potential energy surfaces of reactants and products can be approximated by parabolas, the

activation energy is given by the classical Marcus expression 9166
AE AE?
AEY — AgEF + + 1
0 2 16 Ag Bt (1)

Furthermore, when both the activation and reaction energies are known (either experimentally or com-
putationally), the intrinsic barrier can be estimated by solving Equation (1) for AOEi, yielding the

modified form:

AgEY = % AEF — %AE + \/[AEHZ — AEIAE (2)

This alternative formulation (Equation (2)) will be particularly useful because it allows a direct com-

parison between AgE* of Sy2 reactions with different AE 0 (free from thermodynamic bias) and
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hyperconjugative interactions.

Two complementary approaches were employed to reveal key electronic aspects of the reaction to

67-75

interpret intrinsic barriers: Natural Bond Orbital (NBO) analysis and topological analysis of the

electron density based on the Quantum Theory of Atoms in Molecules (QTAIM) 7.

NBO has emerged as a valuable theoretical framework for rationalizing reactivity trends in Sy2 reac-
tions, particularly in cases where activation barriers deviate from classical expected patterns based on
nucleophilicity, leaving group ability, or steric effects associated with substituents on the electrophilic
carbon 77780 This analysis provides a quantitative estimate of the electronic stabilization arising from
donor-acceptor interactions, particularly those involving the transfer of electron density from a filled
(donor) orbital to an empty or antibonding (acceptor) orbital. This stabilization is estimated using
second-order perturbation theory:

B® = —n (3)

where n; is the occupancy of the donor orbital i (typically close to 2), ¢; and ¢; are the orbital
energies, and F;; is the Fock matrix element coupling orbitals 7 and j72. Therefore, the strength of the
donor—acceptor interaction depends on donor occupancy, the energy gap, and a non-zero Fock matrix
element. The resulting stabilization is independent of orbital phase, since the perturbation expression
involves the square of the coupling term (F;; = (Z|F|j> in Equation 3, where F is Fock’s operator),
which remains unchanged under a change of orbital sign"®. In this study, the donor orbital corresponds
to the ny, lone pair on the nucleophile. In contrast, the acceptor orbital is the antibonding orbital of

the electrophilic C—Cl bond, o¢_.

QTAIM analysis, on the other hand, relies on the topological characterization of the electron density
p(7), identifying critical points (CPs) where its gradient vanishes (Vp(7") = 0), and bond paths (BPs),

which represent trajectories of maximum electron density connecting pairs of nuclei. CPs are classified
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by their topological index ranges and curvature (w,o); of particular interest in this study are bond
critical points (BCPs), characterized as (3, —1), which indicate interactions between two nuclei, such as
those between the nucleophile and the electrophile. The sign of the Laplacian of the electron density at
the BCP, V2p(7), determines whether the interaction is shared-shell (covalent) if negative, or closed-
shell (non-covalent) if positive. In addition, Espinosa et al.8! proposed that the ratio |Vgcp|/Grcp.
between the magnitude of the potential energy density and the kinetic energy density at the BCP, acts
as a local energetic descriptor of the stabilization/delocalization balance. According to this criterion, an
interaction is closed-shell if |[Vgcp|/Grcp < 1, partially covalent if 1 < |Vgcp|/Grcp < 2, and shared-
shell if |Vgcp|/Ggcp > 2. This parameter thus identifies the threshold beyond which an interaction
becomes energetically stabilizing, associated with local density accumulation and the possible bond
formation. Further, this method offers an orbital-independent description based on the real-space
charge distribution, enabling the inference of the physical nature of the interactions involved in Sy2

reactions33.

Together, these descriptors offer a robust basis for correlating electronic and orbital contributions with
intrinsic activation barriers and understanding the nature of the nucleophilic interaction from both en-
ergetic and structural perspectives. NBO analysis was performed using the Gaussian16 implementation

(NBO v3), while QTAIM calculations were carried out with the GPUAM software82-84,

3 Results and discussion

Activation Energy Profile

The first step in assessing the role of hyperconjugation in the bimolecular nucleophilic substitution
(SN2) reaction was to determine whether thermodynamic or intrinsic factors predominantly govern the

activation barriers. To this end, barriers and reaction energies were calculated for a representative
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Figure 2: Electronic (red, left) and Gibbs free energy (blue, right) profiles for the Sy2 reaction. Vertical lines
point out the stationary states used for calculating barriers (Asi and AGI) and reaction energies
(Ae and AG), the latter obtained from the energy difference between intermediates involved in the

rate-determining step of the reaction.

series of nucleophiles, using chloromethane as the model electrophile. Figure 2 shows a schematic
energy profile illustrating the key chemical species involved in the process without corresponding to any
specific system. Both electronic energies (red, left) and Gibbs free energies (blue, right) are displayed,
providing a clear visualization of the energy evolution from reactants to products. Five relevant states
of the mechanism are identified: reactants (R), reactant complex (RC), transition state (TS), product
complex (PC), and products (P). The relative energy values of these intermediates are provided in
Table S1 of the Supplementary Information, where all energies are reported regarding the reactants as

a reference. Throughout the following discussion, £ and G denote the electronic energy and Gibbs free

energy, respectively.

Before analyzing activation barriers and reaction energies, the relative stability of the intermediate
complexes, specifically the reactant and product complexes, was examined based on their relative elec-
tronic energies (Table S1). In the halide nucleophile series, the RC stability followed the order F~
(—4.7 kcal/mol) > Br~ (=2.7 kcal/mol) > CI™ (7.2 kcal/mol), a trend that remained consistent in the

product complexes: F~ (-28.2 kcal/mol) > Br~ (—4.4 kcal/mol) > CI~ (7.2 kcal/mol). For CI” both

10
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RC and PC stabilities are the same because this process corresponds to an identity reaction. For the
simple nucleophiles (HoN~, HO™, HS™) and their substituted counterparts (MeHN™, MeO~, MeS™), the
oxygen-containing RCs were more stable than their nitrogen- and sulfur-based analogues. In contrast,
the trend reversed for the PCs: nitrogenated derivatives were the most stable, followed by the oxy-
genated and sulfur-based ones. Regarding nucleophiles with a-substituents, HOO™ was more stable
(7.6 kcal/mol) than HSHN™ (-4.4 kcal/mol) in the RC, although both displayed similar stability in
the PC (-58.5 kcal /mol and —58.9 kcal/mol, respectively). These findings reveal distinct stabilization
patterns in both RC and PC, strongly dependent on the electronic nature of the nucleophile. Notably,
the product complexes are more stable in all cases than the reactant complexes, resulting in negative
reaction energies (Table 1), both in terms of electronic energy and Gibbs free energy, thereby charac-
terizing the overall process as exothermic and exergonic. This observation aligns with the increased
strength of the bond formed after substitution, except for Br~ as a nucleophile, suggesting that in this
set of Sy2 reactions, thermodynamic factors may contribute significantly to lowering the activation

barrier. Such driving force could potentially contribute to lowering the activation barrier.

The quantitative analysis of activation barriers shows significant trends that deserve closer examination
(see Table 1). In the halogenated nucleophile series, an unusual ascending order was observed: F~ (10.9
kcal/mol) < Br~ (17.9 kcal/mol) < CI™ (20.6 kcal/mol). This pattern, observed in this specific halide
series, does not align with expectations based on periodic trends like nucleophile electronegativity or
polarizability. Among oxygen-, nitrogen-, and sulfur-based nucleophiles, both simple and substituted,
the following patterns were identified: HoN™ (5.9 kcal/mol) < HO™ (6.4 kcal/mol) < HS™ (14.4
kcal/mol), and MeNH™ (3.9 kcal/mol) < MeO™ (7.1 kcal/mol) < MeS™ (10.8 kcal/mol). Again,
within the nucleophile subsets analyzed here, these trends do not adhere to predictable patterns based

solely on periodic properties. In contrast, nucleophiles with a-substituents exhibited divergent behavior

11
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Table 1: Activation barriers and reaction energies (kcal/mol) for the Sy2 reaction of chloromethane with

various nucleophiles, reported as electronic energies (¢) at MP2, CCSD(T), and HF levels and Gibbs

free energies (G) at the MP2 level.

mp2lal
Act(1) Ae(1)

mp2lal

AGH1) AG(1)

CCSD(T)M!
Aet(2) Ae(2)

Act(3) Ae(3)

HFIc]

-
Cl-
Br~

HoN~™
HO™
HS™

CH3HN"
CH30~
CH3S™

HOO™
HSHN™

10.9 -235
20.6 0.0
17.9 -1.8
5.9 -68.4
6.4 -54.3
14.4 -23.9
3.9 -72.9
7.1 -50.0
10.8 -34.3
4.1 -50.9
7.6 -54.5

13.2
21.8
19.2

7.2
7.2
16.3

5.8
6.3
11.9

4.6
10.6

-21.7
0.3
-1.6

-64.9
-52.2
-22.4

-68.9
-46.2
-32.8

-49.7
-50.1

9.4
19.4
16.9

51
53
13.7

3.4
6.3
10.4

3.2
7.2

-25.0
0.0
-15

-68.2
-55.3
-23.3

-72.4
-50.5
-33.4

-50.3
-54.2

12.8
23.0
21.2

9.8
5.6
18.5

9.0
7.8
15.8

6.9
11.5

-30.2
0.0
0.0

-77.2
-67.8
-26.2

-82.3
-63.2
-37.8

-56.7
-63.1

[a] MP2-SMD(THF)/cc-pVTZ

[b] CCSD(T)-SMD(THF)/cc-pVTZ//MP2-SMD(THF)/cc-pVTZ

[c] HF-SMD(THF)/cc-pVTZ//MP2-SMD(THF)/cc-pVTZ

relative to their parent nucleophiles: HOO™ showed a lower barrier (4.1 kcal/mol) than both the simple

and substituted oxygen nucleophiles, whereas HSHN™ exhibited a higher barrier (7.6 kcal/mol) than

its nitrogen-based analogues. This variation suggests that, for the studied systems, the presence of a-

substituents can significantly alter the relative reactivity of the nucleophilic center

85

, in line with previous

reports on a-substituent effects. Despite the barriers calculated under the continuum approximation

coincide with the experimental trends observed for certain nucleophiles®0:87, the lack of a systematic

correlation in the activation barriers, which remains consistent even after single-point refinement at the
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CCSD(T) level (Table 1), indicates that, within the present set of nucleophiles, the atomic identity of the

nucleophile does not solely determine reactivity but is likely strongly modulated by global thermodynamic

factors, as reflected in the reaction energies, calculated both as electronic and Gibbs free energies, which

vary significantly across the nucleophile series (see Table 1).

Figure 3 shows the relationship between the activation barriers and the reaction energies for the series

of nucleophiles studied, clearly revealing an approximately linear trend. Within the studied series of

nucleophiles, exothermic and exergonic reactions tend to exhibit lower activation barriers, whereas less

thermodynamically favorable processes present higher ones; moreover, the degree of exothermicity varies

systematically with the electronic nature of the nucleophile. A linear fit based on the model proposed

24 x

20 1

Acet [keal/mol]

24 x

20 1

AGT [keal/mol]

16 1

12 1

(a)

Aet = 18.406 + 0.2137 Ae o
R2 = 0.9008 o

-
-
-

0.~
>
_-
.0 O
-
-
-

o
o ,/80 Ael = 18.406

g a = 0.2137

16 1

12 1

—70-60-50-40-30—-20—-10 0 10
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(b)

AGY = 17.799+0.2280 AG o
R2 = 0.8624 s

—70-60—-50—-40—-30—-20—-10 0 10
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Figure 3: Activation barrier as function of the reaction energy for the Sy2 reaction of chloromethane with

different nucleophiles. Data are shown as (a) electronic energies (¢) and (b) Gibbs free energies

(G).
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by Laffler yielded the characteristic parameters for this (Ae% and AG%) and the Brgnsted slope («).
These results indicate that, for the analyzed chloromethane-based Sy 2 reactions, thermodynamic factors
significantly influence the observed reactivity, as evidenced by the strong linear correlation between

barriers and reaction energies (R? ~ 0.90) observed within this specific dataset.

A logical strategy to isolate the effect of the hyperconjugative interaction ny, — O'Ek:_a would involve
repeating this analysis while explicitly turning off such donor—acceptor interactions, thereby evaluating
their impact on Agg, AGi, and « intrinsic parameters. However, the methodological tools required to
selectively deactivate electronic interactions are only functionally available within the HF framework,
which lacks the electronic correlation effects essential for accurately describing anionic systems such
as those investigated here. To further support this limitation, we estimated activation barriers and
reaction energies at the HF level (Table 1), which yielded significantly overestimated values compared
to correlated methods. For this reason, we adopted the quadratic Marcus’ model, as it offers a more
general and physically consistent framework for estimating intrinsic barriers, allowing the measure of

reactivity free from thermodynamic bias. This approach ensures that the derived trends reflect intrinsic

electronic and structural effects rather than artifacts introduced by insufficient correlation treatment.

Barrier Deconvolution

Equation (2) (described in the Computational Details and Models section) was employed to calculate the
intrinsic barrier for each of the reactions analyzed. Calculations were performed using both ¢ and GG, and
the results are presented in Table 2. In all cases, the intrinsic barriers estimated via the Marcus’ model
were consistently greater than the apparent barriers, since the correction term (Acorr), defined as the
intrinsic activation barrier minus the apparent activation barrier, was generally positive. This outcome
aligns with the physical interpretation of the model: for the highly exothermic reactions studied, the

reaction energy serves as a driving force that reduces the effective barrier height. Deconvolution thus

14
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Table 2: Intrinsic barriers calculated using Equation (2) and corresponding correction terms for the Sy2

reaction of chloromethane with various nucleophiles, using electronic energies (¢) and Gibbs free

g

S

3 energies (G). All values are reported in kcal /mol.

B

t 1

§ Nu A()5i Acorr [2] A()Gi Acorr [b]
2

™

©

© = 210 101 22.8 9.6
IS

£ o 20.6 0.0 217  -01
Q

s Br 188 0.9 200 0.8
5

5

E HoN~ 305 246 312 240
é HO™ 266  20.2 270 198
§ HS™ 249 105 263  10.0
H

8

® CH3HN- 289 250 306 247
g CH30- 261  19.0 238 175
5

k> CH3S™ 25.0 14.2 25.7 13.8
8

v

_§ HOO™ 223 182 227 180
]

2 HSHN- 282 207 305  19.9
'_

[a] Acor = Acf — Act. [b] Acorr = AGH — AGH

Open Access Article. Published on 09 oktyabr 2025. Downloaded on 16.10.2025 02:45:51.

allows one to quantify the minimal energy required to reach the transition state without thermodynamic

(cc)

effects.

The intrinsic barriers obtained revealed coherent trends within the analyzed nucleophile families, em-
phasizing how their electronic character influences the inherent reactivity in the chloromethane-based
SN2 context. In the halide series, a consistent trend was noted for both electronic energies and Gibbs
free energies: Br~ (18.8 kcal/mol for electronic energy; 20.0 kcal /mol for Gibbs free energy) < CI™
(20.6 kcal/mol; 21.7 kcal/mol) < F~ (21.0 kcal/mol; 22.8 kcal/mol). This behavior contrasts with
that observed for the apparent barriers but, across this subset, appears to align with periodic trends

such as electronegativity and polarizability, suggesting a consistent electronic contribution. For simple
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nucleophiles derived from nitrogen, oxygen, and sulfur, a descending trend was identified down the
group: HaN™ (30.5 kcal/mol) > HO™ (26.6 kcal/mol) > HS™ (24.9 kcal/mol) when using electronic
energies, and HoN™ (31.2 kcal/mol) > HO™ (27.0 kcal/mol) > HS™ (26.3 kcal /mol) when using Gibbs
free energies. This suggests that periodic properties may influence the magnitude of the intrinsic barrier.
A similar trend was observed in the substituted analogues, where the values were 28.9, 26.1, and 25.0
kcal/mol for MeNH™, MeO™, and MeS™, respectively, when considering electronic energy. However,
when Gibbs free energies were used, the relative order changed to MeNH™ (30.6 kcal/mol) > MeS™

(25.7 kcal/mol) > MeO™ (23.8 kcal/mol).

Finally, nucleophiles bearing a-substituents preserved the reactivity order previously observed: HOO™
showed intrinsic barriers of 22.3 kcal /mol (electronic) and 22.7 kcal /mol (Gibbs), while HSHN™ exhibited
higher values of 28.2 and 30.5 kcal/mol. This difference supports the conclusion that, in the context
of the chloromethane-based Sy 2 reactions studied, HOO™ is more reactive than HSHN™, both in terms
of apparent and intrinsic barriers. Moreover, both nucleophiles displayed lower intrinsic barriers than
their simple and substituted analogues, suggesting that, for the considered nucleophiles, the electronic

effects associated with a-substituents contribute favorably to the activation process.

Altogether, these findings indicate that, in the present set of Sy2 reactions, thermodynamic corrections
not only change the absolute values of activation barriers but can also affect the relative reactivity order
among different nucleophiles. The shift in trends observed before and after deconvolution highlights the
importance of distinguishing between intrinsic effects and thermodynamic contributions when interpret-
ing activation profiles. Access to intrinsic barriers offers a direct measure of the energy cost associated
with reaching the transition state and consistently reflects the electronic nature of the nucleophilic
center, representing a valuable step toward understanding the electronic factors that govern reactivity

in SN2 reactions involving nucleophiles with diverse electronic profiles.
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Structural Analysis

A geometric analysis of the reactant complex and the transition state was conducted to elucidate the
structural features that precede and accompany the nucleophilic substitution event in the modeled reac-
tions. This point of view aims to identify early-stage stabilizing interactions and to evaluate the extent
of spatial preorganization involved in the approach of the nucleophile within the reactant complexes
studied, leading to the corresponding transition states. A comparative analysis across the studied nu-
cleophiles enables the identification of structural trends that, within this dataset, may anticipate the
facility of the SN2 process and correlate with the magnitude of the intrinsic activation barrier. The
geometric parameters considered in this study include the distance between the nucleophile and the
electrophilic carbon (dy,_c), the length of the leaving bond (dc_c)), the attack angle defined by the
Nu—-C—Cl atoms (@), and an improper dihedral angle (¢) used as a measure of distortion from the ideal
tetrahedral geometry of the central carbon. The latter refers to the angle formed between two planes:
one that includes the three hydrogen atoms of the methyl group and the other that includes the carbon
atom and two of those three hydrogens. A schematic representation of these parameters and their

numerical values are provided in Table 3.

In the analyzed systems, the structural analysis of reactant complexes typically reveals a spatial arrange-
ment consistent with an S\2 mechanism. In most cases, the Nu—C—Cl angle approaches 180°, which
corresponds to the expected colinear orientation for bimolecular nucleophilic substitution. However,
in systems with oxygen-based nucleophiles such as HO™, MeO™, and HOO™, a significant deviation
from this ideal geometry is observed (the optimized geometries are shown in Figure S1). For HO™ and
MeO™, the unexpected configuration can be attributed to the formation of a C—H- - - O hydrogen bond
(1.733 A and 1.818 A for HO™ and MeQO™, respectively). This interaction is hypothesized based on the

optimized geometry adopted by the nucleophile relative to the electrophile in these systems. In the case
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Table 3: Characteristic geometric parameters of the reactant complex and transition state optimized at the

MP2-SMD(THF)/cc-pVTZ level for the Sy2 reaction of chloromethane with various nucleophiles.

Distances are reported in dngstroms (A) and angles in degrees (°).

Improper dihedral angle

j

Reactant complex (CP)

Transition state (TS)

dnu-c - de-al 0 ¢ dnu-c - de—c ¢ ¢
Halide nucleophiles
F 3.337 1.791 179.9 33.9 1.956 2.138 179.8 7.6
cr 3.569 1.794 179.6 335 2.279 2.279 179.9 0.0
Br- 3.474 1.800 179.8 33.6 2.424 2.272 179.9 13
Simple nucleophiles
HoN~ 3.376 1.798 177.8 33.5 2.376 2.027 179.9 19.1
HO™ 2.853 1.806 1155 324 2.229 2.010 179.8 20.2
HS™ 3.733 1.794 177.9 33.6 2.474 2.182 179.9 8.1
Substituted nucleophiles
CH3HN™ 3.230 1.800 171.2 33.2 2.369 2.001 175.8 20.0
CH30~ 2.923 1.800 112.4 324 2.150 2.028 179.2 16.8
CH3S™ 3.512 1.799 168.3 334 2.502 2.134 176.3 11.3
Nucleophiles with c-substituents
HOO™ 2.836 1.812 158.6 33.6 2.157 2.027 176.9 17.7
HSHN™ 3.248 1.798 177.4 334 2.248 2.063 177.6 15.0

The geometric parameters of isolated chloromethane calculated at the same level of theory are:

dc_c; = 1.786 A and ¢ = 33.5 deg.

of HOO™, although no specific interaction of this kind can be assumed due to its lower basicity and H

acceptor capacity, the angular deviation may reflect the presence of an alternative stabilizing effect. In

all analyzed cases, the reactant complexes exhibit incipient interaction between the nucleophile and the

electrophilic carbon, as evidenced by moderately shortened Nu—C distances (ranging from 2.836 to 3.733

A) and elongation of the C—Cl bond relative to free chloromethane (see note in Table 3), indicating
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early polarization of the reactive center. This variability in dy,_c depends not only on the size of the
nucleophile but also on its electronic nature and ability to establish attractive interactions. Introducing
a methyl group into O—, S—, and N-based nucleophiles leads to a systematic shortening of the Nu—-C
distance compared to their unsubstituted analogues, which may suggest enhanced nucleophilic efficiency
in the context of the studied systems. Among the systems analyzed, HOO™ exhibits the shortest Nu-C
distance and the greatest C—Cl elongation, which may reflect a more favorable structural preactivation
in terms of geometry. Finally, analysis of the improper dihedral angle produced values comparable to
free chloromethane. This indicates that, in the reactant complexes examined, a significant geometric

reorganization toward a pseudoplanar configuration has not yet occurred at this stage.

Upon reaching the transition state, the optimized structures exhibit substantial geometric changes in
the above mentioned parameters. The Nu—C distance shortens significantly, with values ranging from
1.956 to 2.424 A, indicating considerable progress in forming the new bond. Complementarily, the C-Cl
distance increases relative to the reactant complex, exceeding 2.001 A, consistent with the progressive
rupture of the leaving bond. These observations are consistent with a concerted process as expected
for the Sy2 mechanism in the studied systems. Comparing the bond lengths of Nu—C and C-Cl shows
significant asynchronicity in most systems, except for the CI™ nucleophile. In all the analyzed cases, the
Nu—C-Cl angle converges toward values near 180°, reflecting a colinear arrangement in the transition
region. Similarly, the improper dihedral angle decreases to values below 20.2°, indicating a transition
from tetrahedral geometry to a pseudoplanar configuration. This reduction in tetrahedral character
aligns with the expected geometry of the transition state, and the resulting degree of planarity varies
depending on the type of nucleophile involved which is consistent with the reaction’s exothermicity. As
postulated by Hammond's principle, more exothermic reactions tend to exhibit transition states that

resemble the reactants more cIoser88. This trend is observed in the analyzed systems, where increased
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exothermicity correlates with a lower degree of planarity in the Sy2 transition state.

Comparing the structural parameters of the reactant complex and the transition state, in these systems,
illustrates the molecular rearrangement associated with the SN2 mechanism. The lack of significant
distortion at the electrophilic center in the reactant complex, as indicated by the improper dihedral
angle values, suggests that structural reorganization primarily begins when approaching the transition
state. Nevertheless, initial changes in parameters such as the Nu—C distance and the attack angle point
to the presence of early interactions, which may help facilitate reaching the transition state. In this
context, characterizing the electronic nature of these interactions may provide valuable insight into the

origin of the trends previously observed in the intrinsic barriers within this set of Sy2 reactions.

Understanding Intrinsic Reactivity

This section aims to clarify the differences observed in the intrinsic barriers and structural parameters
discussed earlier by focusing on the electronic characteristics of key intermediates in the modeled Sy 2
reactions. We will use two complementary theoretical frameworks: NBO analysis and QTAIM. Repre-
sentative geometries were selected for electronic analysis to capture the relevant interactions during the
reaction: the RC, which reveals early-stage interactions, and the TS, where these interactions reach
their maximum intensity. In some oxygen nucleophiles such as HO™ and MeO~, the RC does not exhibit
the ideal alignment between nucleophile and electrophile, a requirement for the proper electronic charac-
terization; for these cases, the reactant-side endpoint of the intrinsic reaction coordinate (IRC) was used
as a substitute (see Figure 4). Additionally, in some systems with nearly zero improper dihedral angles,
reliable NBO analysis could not be performed on the TS due to the loss of orbital identity between
fragments. As an alternative to circumvent the cited inconveniences, a pre-TS geometry, defined as
the structure corresponding to the maximum RMS gradient norm (|Ve| rms) preceding the transition

state, was systematically employed throughout this study to ensure methodological consistency across
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Figure 4: Representative IRC profiles for identity and asymmetric Sy2 reactions: electronic energy (¢) and

Laplacian curvature (Ve) highlighting the pre-TS point.

the considered nucleophile series. This structure preserves orbital partitioning between fragments and
appropriately represents the pre-transition region. Comparisons between nucleophiles were restricted
to members of the same family or period of the periodic table to ensure consistency based on estab-
lished periodic trends. Tables from 4 to 7 present the electronic characterization of the aforementioned
complexes. These results include graphical visualizations of NBO orbitals and BCPs, along with their

2)

respective bond paths. Furthermore, the tables provide the ET(L—>CT* stabilization energies associated

with hyperconjugative interactions, as well as topological properties such as pgcp and |Vgcp|/Ggcp-

Halide nucleophiles (Table 4). The combined NBO-QTAIM analysis for this series reveals the
presence of an early hyperconjugative interaction of the type ny, — o¢_¢ in the RC, accompanied
by a bond path linking the nucleophile and the electrophilic carbon. The ET(LQ_)W* stabilization energy
increases along the series F~ (0.78 kcal/mol) < CI™ (1.29 kcal/mol) < Br~ (2.52 kcal/mol), in line
with the increasing polarizability of the nucleophile and the observed elongation of the C—Cl bond. This
trend persists in the pre-transition configuration, with Eff_)m* values reaching 28.69, 33.56, and 37.53

kcal/mol, respectively. In the halide nucleophile series, natural orbital visualization shows a collinear
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Table 4: NBO orbitals [2/] (isosurface = 0.1) and topological characterization of Nu—C interactions for halide
nucleophiles: E(2) stabilization energies and QTAIM descriptors (pgcp and |Vacp|/Ggep) at the

Nu—C bond critical point.

Nu RC

NF — 0¢_c 0.78 kcal /mol NE — 0 ¢ 28.69 kcal/mol
F PBCP 0.0043 a.u. PBCP 0.0409 a.u.
[Vecpl/Geep 0.7460 [Vecpl/Geep 0.9846

ncl — oé_q 1.29 kcal /mol ncl — o¢_q 33.56 kcal /mol
cr PBRCP 0.0049 a.u. PRCP 0.0343 a.u.
[Vecpl/Geep 0.7053 IVecpl/Geep 1.0788

NBr — 0¢_q 2.52 kcal /mol NBr — 0¢_c| 37.53 kecal /mol
Br~ PBCP 0.0069 a.u. PBCP 0.0320 a.u.
[Vecpl/Geep 0.7572 [Vecpl/Geep 1.0986

[a] In some cases, NBO analysis identified two ny, — 0¢_¢ interactions, associated with lone pairs of different
orbital character (s and p). Reported values correspond to the sum of both contributions; the visualized orbital

is the one with greater p-character. This criterion was applied consistently to the entire nucleophile series.

[b] In some orbital visualizations, donor and acceptor lobes may appear with opposite phase; however, as discussed

in the Computational Details and Models section, this does not affect the interaction.
alignment between the donor orbital and the C-Cl bond axis, favoring efficient overlap with the o¢_,
orbital. Simultaneously, both pgcp and the |Vgcp|/GRcp ratio increase from the RC to the pre-TS
geometry, indicating a progressive strengthening of the Nu—C interaction. In the pre-TS, pgcp decreases
in the order F~ > CI™ > Br™, consistent with greater electron concentration in more electronegative and
compact nucleophiles, while |Vgcp|/Ggcp increases, better capturing the role of polarizability. This

dual topological—-orbital correlation aligns with the observed trend in intrinsic barriers (21.0, 20.6, and
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18.8 kcal/mol), suggesting that, within this subset, both descriptors consistently track the evolution of

interaction strength, in agreement with the intrinsic reactivity trends.

Simple nucleophiles (Table 5). For the series of simple nucleophiles derived from nitrogen, oxygen,
and sulfur, the ny, — o¢_, hyperconjugative interaction is observed in the RC of each system. Er(f_)m*
increases in the order HS™ (0.86 kcal /mol) < HoN™ (1.82 kcal /mol) < HO™ (5.80 kcal /mol), consistent
with the relative stabilities derived from electronic energies (Table S1). However, within this series,
the trend does not align with the expected polarizability of the nucleophilic centers, particularly in
the case of HS™. Here, the weak interaction appears to arise from an unfavorable alignment of the
donor orbital, as suggested by orbital visualizations. As the system progresses toward the pre-transition
geometry, Eq(f_)m* increases significantly, reaching 21.50, 21.74, and 33.83 kcal /mol for HoN™, HO™, and
HS™, respectively. This rise is consistent with the decreasing trend in intrinsic barriers calculated using
electronic energy for the same nucleophiles (30.5, 26.6, and 24.9 kcal/mol; see Table 3). Topological
analysis for these nucleophiles further supports this interpretation: in the pre-TS region, pgcp decreases
following the electronegativity of the nucleophiles, while the |Vgcp|/Ggcp ratio increases in accordance

with their polarizability. This dual behavior is particularly evident when comparing the HoN":HO™ and

HO™:HS™ pairs.

Substituted nucleophiles (Table 6). The substituted nucleophiles MeHN™, MeO™, and MeS™ exhibit
behavior similar to their simple analogues HoN~, HO™, and HS™, both in the evolution of the donor-

. . . . . 2 .
acceptor interaction and the associated topological descriptors. In the geometry of RC, E( ) increases

n—o*

in the order MeHN™ (1.85 kcal/mol) < MeS™ (1.95 kcal/mol) < MeO~ (5.04 kcal/mol), which appears

to be driven by the high electron density localized on the oxygen atom and a geometry that favors donor-
acceptor overlap in MeO™. This trend is supported by the pgcp values (0.0086, 0.0070, and 0.0166 a.u.

for MeHN™, MeS™, and MeO™, respectively) and partially reflected in the |Vgcp|/Ggcp ratio, ranging
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Table 5: NBO orbitals (isosurface = 0.1) and topological characterization of Nu—C interactions for simple
nucleophiles derived from N, O, and S: E(2) stabilization energies and QTAIM descriptors (pBCP

and |Vgcp|/Ggcp) at the Nu—C bond critical point.

Nu RC

NHyN- — OC_c 1.82 kcal /mol NHoN- — OC_c 21.50 kcal/mol
HaN™ PBCP 0.0069 a.u. PBCP 0.0285 a.u.

[Vecpl/Geep 0.8341 [Vecpl/Grep 1.0110

. : u

NHO™ — O¢_¢| 5.80 kcal /mol NHO- — T¢_q) 21.74 kcal/mol
HO™ PBCP 0.0164 a.u. PBCP 0.0322 a.u.

[Vecpl/Geep 0.8941 [Vecpl/Geep 0.9852

@U 4,

NHS- — 0¢_¢ 0.86 kcal /mol NHS- — 0¢_¢ 33.83 kcal /mol
HS~ PBCP n.d. [l PBCP 0.0298

[Vecpl/Grep n.d. Bl [Vecpl/Geep 1.0938

[a] Not determined due to absence of BCP(S—C) in the QTAIM analysis.

from 0.7848 (MeS™) to 0.8880 (MeO™). Upon reaching the pre-TS geometry, all systems exhibit a
g®?

significant increase in " .,

with values of 19.61, 24.37, and 29.30 kcal/mol in the order MeHN™
< MeO™ < MeS™. In this subset, this progression correlates with enhanced donor orbital coupling,
increasingly favored by the nucleophile’s polarizability. In this same geometry, pgcp and |Vgcpl/Ggcp
reach maxima in MeO™ and MeS™, respectively, reflecting, in these systems, the interplay between charge
concentration (electronegativity) and diffuseness (polarizability) of the nucleophilic center. Finally, the

intrinsic activation barriers computed using electronic energies follow the trend MeHN™ (28.9 kcal /mol)

> MeO™ (26.1 kcal/mol) > MeS™ (25.0 kcal/mol), consistent with the periodic properties of each
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nucleophile’s heteroatom, as reflected in the electronic descriptors analyzed.

Nucleophiles with a-substituents (Table 7). For the a-substituted nucleophiles studied (HSHN™
and HOO™), the electronic analysis reveals distinct characteristics compared to their non-substituted

. . . . 2
counterparts. In the reactant complex, the main ny, — o¢_c interaction displays ET(L_)>

o+ Vvalues of
1.44 and 3.72 kcal/mol for HSHN™ and HOO™, respectively. Only HSHN™ shows a bond path between

the nucleophilic nitrogen and the electrophilic carbon, whereas HOO™ lacks this connection but exhibits

a secondary C-H--- O hydrogen bond interaction between the a-oxygen and a methyl hydrogen from

Table 6: NBO orbitals (isosurface = 0.1) and topological characterization of Nu—C interactions for substituted
nucleophiles derived from N, O, and S: E®2) stabilization energies and QTAIM descriptors (pgcp

and |Vgcp|/Ggcp) at the Nu—C bond critical point.

Nu pre-TS
NMeHN- — T¢_c) 1.85 keal /mol NMeHN- — T¢_c 19.61 kcal/mol
MeHN™ PBCP 0.0086 a.u. PBCP 0.0300 a.u.
[Vecpl/Grep 0.8412 IVecpl/Geep 1.0348
NMeO~ — O¢_c| 5.04 kcal /mol NMeO™ — T¢_c 24.37 kcal/mol
MeO™ PBCP 0.0166 a.u. PBCP 0.0383 a.u.
[Vecp|/Geep 0.8880 IVecpl/Grep 1.0260
[
NMeS~ — T¢_c) 1.95 kcal/mol NMeS~ — T¢_c) 29.30 kcal/mol
MeS™ PBCP 0.0070 PBCP 0.0298
\Vecpl/Geep 0.7848 IVecpl/Geep 1.0938
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the electrophile, pointing to early-stage non-covalent stabilization, as evidenced by a well-defined bond

path and a substantial ET(LQ_)M* interaction indicative of electron delocalization (for this weak interaction,
E7(12_)>0_*: 4.89 kcal/mol, pgcp = 0.0214 a.u., and |Vgcp|/Gecp = 0.8823). In the pre-transition

region, %) _ rises to 21.95 (HSHN") and 23.79 keal/mol (HOO™), accompanied by increased pgcp
(0.0327 and 0.0378 a.u.) and higher |Vgcp|/Gprcp values (1.0393 and 1.0229), consistent with stronger
attractive interactions in the transition region of the modeled systems. Despite comparable E7(12—>>0*
between the a-substituted nucleophile and simple and substituted analogues, the former's intrinsic
barriers are significantly lower, 22.3 kcal/mol for HOO™ and 28.2 for HSHN™, suggesting that, in these
cases, beyond the primary donor-acceptor interaction, additional electronic contributions involving the

a-substituent and the electrophile may effectively stabilize the system in the transition region, thereby

lowering the intrinsic activation barrier. This observation aligns with previous reports in other organic

Table 7: NBO orbitals (isosurface = 0.1) and topological characterization of Nu—C interactions for substituted
nucleophiles with a-substituents: E®) stabilization energies and QTAIM descriptors (pgcp and

|Vecp|/Grcp) at the Nu—C bond critical point.

Nu RC pre-TS

e

NHSHN- — O¢_(| 1.44 kcal/mol NHSHN- — 0¢_¢;  21.95 kcal /mol
HSHN™ PBCP 0.0076 a.u. PBCP 0.0327 a.u.
[Vecpl/Geep 0.8071 IVecpl/Geep 1.0393

NHOO~ — O¢_¢ 3.72 kcal /mol NHOO- —* O¢_¢;  23.79 kcal/mol

HOO~ PBCP n.d. 2 PBCP 0.0378
[Vecpl/Grep n.d. Bl [Vecpl/Geep 1.0229

[a] Not determined due to absence of BCP(O-C) in the QTAIM analysis.
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Figure 5: Electronic and Gibbs free intrinsic barriers, AEj, and second-order hyperconjugative stabilization
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energies, for each nucleophile, computed at the MP2-SMD(THF)/cc-pVTZ level.

systems, where non-covalent contributions, particularly through interactions between the nucleophile

and C—H bonds of the electrophile, have been shown to influence the activation processsg.

In summary, the combined NBO-QTAIM analysis for the studied systems reveals the presence of early
donor—acceptor interactions in the reactant complexes, which become significantly stronger near the
transition state geometry. Figure 5 illustrates the intrinsic activation barriers alongside the hypercon-
jugative stabilization energies computed at the pre-transition state geometries. Within the studied
reaction set, an inverse trend is observed: systems exhibiting higher activation barriers (red and blue
bars) tend to show lower E7(12—)>0* values (green bars), whereas lower barriers are consistently associated
with stronger hyperconjugative interactions. This relationship highlights, in the context of the modeled
SN2 reactions, the important role of the nucleophile’s capacity to modulate the interaction strength with
the electrophilic center, thereby compensating for the energetic demands of the structural reorganiza-
tion occurring at the transition state. In this study, the topological parameters pgcp and |Vgcp|/Ggcp
further support these findings by providing a complementary perspective on the nature of bonding:
ppcp reflects local electron density concentration, while the |Vgcp|/Grcp ratio indicates the degree of

electron sharing, highlighting how both electronegativity and polarizability shape the interaction profile.
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4 Conclusions

This study set out to identify the structural and electronic factors that shape intrinsic reactivity in
model bimolecular nucleophilic substitution (Sy2) reactions of the type Y~ + CH3—Cl, with a particular
focus on the ny, — o¢_c| hyperconjugation as a stabilizing interaction in the transition region. To this
end, quantum chemical calculations were carried out at the MP2-SMD(THF)/cc-pVTZ level of theory,
followed by a comprehensive analysis of activation and reaction energies, as well as the geometrical and
electronic properties of key intermediates. Crucially, Marcus’ theory was applied to deconvolute the
apparent activation barriers, allowing us to recover the intrinsic activation component, AEi, which is
free from thermodynamic bias and reflects the minimal energy requirements for accessing the transition
state. NBO and QTAIM analyses were employed to understand the correlation between the reactivity

trends and the electronic properties of the nucleophiles investigated in this study.

In the present set of modeled Sy2 reactions, thermodynamic factors appear to play a dominant role
in determining the apparent activation barriers. This is supported by the strong correlation observed
between barriers and reaction energies, a relationship evident in both electronic and Gibbs free energies.
Within this dataset, the strength of the ny, — aé_g hyperconjugative interaction, represented by
Efla* does not correlate with the stability of the reactant complex, suggesting a limited contribution
to its thermodynamic stabilization. This may be attributed to the fact that the overall stabilization
energy, reflected in electronic and Gibbs free energies, is greater in magnitude than the hyperconjugative
contribution alone, implying that other factors govern the complex’s stability. Instead, the aforemen-
tioned interaction consistently correlates with the intrinsic barriers derived from Marcus' theory. This
finding suggests that, in the studied systems, hyperconjugation fundamentally affects intrinsic reactivity

by damping the energetic requirements needed to reach the transition state. Furthermore, the ob-

served geometric and energetic trends across different nucleophile families appear to align with periodic
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properties, such as electronegativity and polarizability, as effectively illustrated by NBO and QTAIM
analyses. The examination of reactive complexes and pre-transition states reveals that early donor-
acceptor interactions reach their maximum as the system approaches the transition state. The above
observation reinforces the idea that, in these reactions, intrinsic electronic organization, rather than
mere thermodynamic stabilization, contributes to the barrier height and, consequently, the resulting

reactivity trends.

To the best of our knowledge, no systematic analysis has previously quantified the impact of specific
electronic interactions, such as ny, — o¢_c, hyperconjugation, on the intrinsic activation barrier
in non-identity Sy2 reactions. The results presented here suggest that, rather than merely providing
passive stabilization, such interactions can serve as crucial electronic elements that fine-tune reactivity in
these systems. Overall, our findings enhance the fundamental understanding of the factors influencing
nucleophilic efficiency and highlighting the potential of hyperconjugation as an additional structural
degree of freedom that could be utilized to modulate substrate reactivity and in predicting trends in
regioselectivity. This approach opens new ways for developing more efficient and controllable synthetic

strategies in organic chemistry.
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