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Nucleophilic substitution at saturated carbon is a crucial class of organic reactions, playing a pivotal role in
various chemical transformations that yield valuable compounds for society. Despite the well-established
Syl and Sy2 mechanisms, secondary substrates, particularly in solvolysis reactions, often exhibit
a borderline pathway. A molecular-level understanding of these processes is fundamental for developing
more efficient chemical transformations. Typically, quantum-chemical simulations of the solvent
medium combine explicit and implicit solvation methods. The configuration of explicit molecules can be
defined through top-down approaches, such as Monte Carlo (MC) calculations for generating initial
configurations, and bottom-up methods that involve user-dependent protocols to add solvent
molecules around the substrate. Herein, we investigated the borderline mechanism of the hydrolysis of
a secondary substrate, isopropyl chloride (PrCl), at DFT-M06-2X/aug-cc-pVDZ level, employing explicit
and explicit + implicit protocols. Top-down and bottom-up approaches were employed to generate
substrate—solvent complexes of varying number (n = 1, 3, 5, 7, 9, and 12) and configurations of H,O
molecules. Our findings consistently reveal that regardless of the solvation approach, the hydrolysis of
IPrCl follows a loose-Sy2-like mechanism with nucleophilic solvent assistance. Increasing the water
cluster around the substrate in most cases led to reaction barriers of AH* = 21 kcal mol™, with nine
water molecules from MC configurations sufficient to describe the reaction. The More O'Ferrall-Jencks
plot demonstrates an Sy1-like character for all transition state structures, showing a clear merged profile.
The fragmentation activation strain analyses indicate that energy barriers are predominantly controlled
by solvent—substrate interactions, supported by the leaving group stabilization assessed through
CHELPG atomic charges.

Received 3rd January 2024
Accepted 30th January 2024

DOI: 10.1039/d4ra00066h

rsc.li/rsc-advances

solvent also acts as a nucleophile, the chemical reaction is
commonly referred to as solvolysis. Along the continuum

Introduction

Sn1 and Sy2 are the limiting archetypical mechanisms for
nucleophilic substitution reactions. The former, also known as
Dy + Ay, involves a stepwise mechanism, while the latter,
referred to as AxDy, is associated with a concerted process. Dy
stands for dissociation of the nucleofuge, while Ay for associ-
ation of the nucleophile.** Substrates with leaving groups (e.g:,
halides and sulfonates) bonded to saturated secondary carbon
atoms can undergo both mechanisms and/or pass by borderline
pathways (intermediate processes between the two extremes)
depending on the solvent and nucleophile nature. When the
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between these two mechanisms, the Sy2 may gradually shift
toward Syl as the transition state develops a carbocation
character.®*®

A key factor influencing the gradual transition from Sy1 to
Sn2 mechanisms is the solvent activity.> Some studies describe
the solvolysis reactions of secondary substrates following
a merged mechanism, exhibiting both Sy1 and Sy2
characteristics.”® This process often involves active nucleo-
philic solvent assistance (NSA) in the rate-determining step
(sometimes referred as Sy3).>'° While extensive efforts have
been devoted to unraveling the intricate effects of solvation in
chemical processes, accounting for precise solvent effects into
quantum simulations of chemical reactions remains
a substantial challenge.”™ An efficient strategy to describe
these processes at the atomic level combines explicit and
implicit solvation methods.'** There are two main methodol-
ogies for defining the solvent arrangement around a particular
solute: top-down and bottom-up.'® The top-down approach

© 2024 The Author(s). Published by the Royal Society of Chemistry


http://crossmark.crossref.org/dialog/?doi=10.1039/d4ra00066h&domain=pdf&date_stamp=2024-02-05
http://orcid.org/0000-0002-7901-3183
http://orcid.org/0000-0002-3491-1764
http://orcid.org/0000-0002-4311-5989
https://doi.org/10.1039/d4ra00066h
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra00066h
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA014007

Open Access Article. Published on 05 February 2024. Downloaded on 4/15/2026 9:30:37 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

begins with simulating the condensed phase using molecular
dynamics or Monte Carlo calculations. Subsequently, a selected
number of explicit solvent molecules are introduced at
a specific distance from the solute, considering relevant inter-
actions (e.g., 3-4 A) or based to the radial pair distribution
function, to be evaluated at the quantum level.**”*° In the
bottom-up approach, explicit solvent molecules are added one
by one around the substrate, seeking stable interactions based
on the user's chemical intuition or molecular electrostatic
potential analysis.'®*'>

Yamabe and co-workers utilized the top-down approach
through molecular dynamics simulations to investigate the
continuous changes between Sy1-Sy2 and Sy2-Sn3 (NSA effect)
in reactions with benzylic substrates. Their study demonstrated
that the number of water molecules (n = 9, 11, 17, 23, and 29)
changes the mechanism from Sy1 to Sy2 or Sy3.* In a similar
vein, Fu and co-workers employed this methodology to estab-
lish a mechanistic spectrum for glycosylation reactions based
on solvent activity, including tightly (Sy2-character) or loosely
(Sn1-character) associated ion pairs.'® Fiorot and co-workers
employed Monte Carlo calculations to determine the configu-
ration and the number of water molecules around the
substrates, with the goal of mapping a non-ionic Prins cycliza-
tion mechanism without catalysts in aqueous media. This
mechanism is only assessable by explicitly simulating the
solvent molecules.” Pereira also employed this stochastic
generation of solvent configurations to investigate the mecha-
nism for the alkaline hydrolysis of phosphoranes.”® In both
cases, the authors determined the number of water molecules
based on the radial pair distribution function.**

The bottom-up approach is also widely employed in the
exploration of reaction mechanism.** Shi and co-workers
identified that the solvolysis of tert-butyl halides (‘BuX) can
follow both Dy + Ay or AxDyx mechanisms, depending on the
solvent's attack orientation with respect to the leaving group.*
In a similar reaction, simulating ‘BuCl as substrate, Otomo and
co-workers found that the solvolysis predominantly follows
a dissociative Dy + Ay mechanism, although the concerted one
is also feasible.?” Although the authors conducted a meticulous
computational investigation regarding the positioning of
solvent molecules around the substrates, the identification of
both Sx1 and Sy2 reaction mechanisms may be influenced by
the orientation and number of water molecules, which are
placed according to the user's chemical intuition.*” Similarly,
recent studies have applied this methodology to guide the
solvent molecules' orientation by the user, exploring various
chemical transformations, including o- and B-lapachone isom-
erization,” CO, capture by methanol,** and Sx2/E2 mechanism
competition,* to cite some.

Despite the exploration of reaction pathways involving
explicit solvent molecules in the mentioned works, none of
them have proposed an assessment for systems with merged or
borderline mechanisms. Furthermore, these approaches are
associated with advantages and disadvantages, essentially
correlated with computational cost, nature of the potential
energy surface, and inadequate descriptions of solute-solvent
interactions.’®*® The top-down approach, while offering
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a comprehensive description of the condensed phase, is often
limited by the computational cost. Usually, these methodolo-
gies select several solvent molecules to account for the complete
effect of the entire solvation shells.’ To evaluate chemical
transformations using quantum methods (e.g., DFT), which
allow to properly evaluate the bond-forming/-breaking
phenomena, the simulation routine might require large
computational resources. On the other hand, the bottom-up
approach remarkably influences the rugged nature of the
potential energy surface, which can lead to erroneous results or
the identification of multiple reaction mechanisms.?® There are
some reports of automated methodologies for such an
approach; however, they depend on auxiliary packages or user
programming mastery.>

Based on these considerations, herein, we explored a reac-
tion significantly influenced by solvent effects: the hydrolysis
(solvolysis with water as the solvent) reaction of a secondary
substrate. This phenomenon is recognized as a merged or
borderline mechanism, displaying characteristics of both Sx1
and Sy2 reactions.>® Nucleophilic substitution reactions, such
as hydrolysis, play pivotal roles in numerous biochemical and
synthetic transformations.””*® Our primary goal is to evaluate
the nature of borderline mechanisms in the hydrolysis reaction
and investigate how the number (n) and the configuration of
explicit water molecules influence the overall energy profile and
the nature of the transition state structures. We conducted
comparative simulations to generate the initial configuration,
employing both a top-down approach through Monte Carlo
(MC) calculations and a bottom-up protocol known as micro-
solvation (MS). To the best of our knowledge, this work is the
first to delve into comparing these methodologies and evalu-
ating which one yields the more reasonable results. In the
microsolvation approach, solvent molecules are strategically
introduced to stabilize both the charged nucleophile and
nucleofuge. We selected isopropyl chloride as the prototype
system because it is the simplest secondary substrate that
undergoes hydrolysis reactions by both the Sy1 and/or the Sx2
mechanisms (eqn (1)). The structural simplicity allowed us to
focus specifically on the Sy1-Sy2 mechanistic continuum and
evaluate the influence of the explicit solvation methodology.

iso-PrCl-n(H,0) = iso-PrOH-[H;0-(n — 2)H,O]*-Cl~ (1)

Methods

All the quantum calculations were performed using the density
functional theory (DFT), implemented in the Gaussian 09 (ref.
30) software package, with the default convergence criteria. The
hybrid meta-exchange-correlation functional M06-2X*" associ-
ated with the Dunning double-zeta basis set aug-cc-pvVDZ****
was used for all geometry optimization and frequency calcula-
tions. The M06-2X, a highly-nonlocal functional that incorpo-
rates the double amount of nonlocal exchange (2X),*' was
selected as the density functional due to its widespread appli-
cations in exploring reaction mechanism, especially when
accounting for the solvent effects.***” The Dunning aug-cc-
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PVQZ Gaussian-type basis set has previously been identified as
suitable for describing nucleophilic substitution at carbon.*®
The choice of a double-zeta basis set over a quadruple-zeta one
was driven by the computational cost associated with the
simulated systems.** A brief discussion on the Basis Set
Superposition Error (BSSE) and its correction*®** in describing
our system is included in the ESI.} Additionally, the M06-2X/
aug-cc-pvVDZ combination has been previously recommended
for calculations involving H-bonded water dimers,** which plays
a crucial role in our analyses of hydrolysis reactions. This
computational method is implemented in the Gaussian 09. All
structures were pre-optimized using the semiempirical tight-
binding (TB) method called Geometry, Frequency, Non-
covalent, eXtended TB (GFN-xTB)* aiming to get a better initial
guess structure before proceeding to the mechanistic evalua-
tions. The nature of the stationary points was characterized by
computing their second-order Hessian matrix. Minimum
energy points were identified as those with only positive
eigenvalues, while first-order saddle points (TS) with only one
negative eigenvalue. In addition, intrinsic reaction coordinate
(IRC)* calculations were performed to confirm that each tran-
sition structure connects the precedent reactants to their
respective  products. Thermodynamic parameters
computed at 298 K and 1 atm, after frequency calculation in the
default configuration using the standard statistical thermody-
namic equations.*® The energy profile is reported in terms of the
enthalpy (H) change relative to the initial complex (IC) for all the
evaluated systems. The reaction enthalpy, AH (thermodynamic
profile), and the activation enthalpy, AH* (kinetic profile), are
calculated using eqn (2) and (3), where FC refers to the final
complex (product), and TS* refers to the transition state
structure:

were

AH = H(FC) — H(IC) (2)
AHY = H(TSY) — H(IC) 3)

The results in terms of Gibbs free energy (AG) and electronic
energy change (AE) were likewise calculated and are provided in
the ESI file (Table S1+).

We assessed two approaches to model the arrangement of
water molecules around the substrate for obtaining the initial
complex configuration. This involved utilizing the automatic
Metropolis Monte Carlo method calculations (MC) performed at
DICE software,***” and employing explicit microsolvation (MS).
In the latter, water molecules were inserted into suitable sites to
establish interactions with the nucleophile and nucleofuge. The
MC calculations were performed only to select initial distribu-
tion of solvent molecules around the substrate. For a detailed
description of the MC protocol, see the ESLt{ In the MS
approach, we progressively added the water molecules in each
MS calculation two by two: one on the nucleophile site and the
other on the leaving group site. Thus, the minimum amount of
simulated water molecules was n = 3, one as the nucleophile
(isopropyl chloride monohydrated) and two as explicit solvent.
We also explored n = 5 and n = 7. The different water molecules
configurations were categorized using the microsolvation motif
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({, m), where [ and m denote the number of solvent molecules
coordinating around the leaving group and the nucleophile site,
respectively.”” In addition, we considered implicit solvation with
the self-consistent reaction field (SCRF). The integral equation
formalism variant of the polarizable continuum model
(IEFPCM) was used to simulate the continuous medium of
water (¢ = 78.35).* The combination of explicit solvent mole-
cules and a continuum medium (implicit solvation) is reported
as a cluster-continuum model or a mixed discrete-continuum
model.’”?* In this work, we will refer to this combination as
the explicit + implicit model, while the evaluation without
implicit solvation will be called only explicit.

To rationalize the nature of the transition structures (tight or
loose), we constructed More O'Ferrall-Jencks plots in terms of
the C-Cl (leaving group) and C-Oy,,. (nucleophile) bond orders.
The bond orders were calculated based on the Wiberg bond
index* using natural bond orbital (NBO)* analysis.

Finally, we employed the activation strain model (ASM)***> to
understand how the number of water molecules affects the
reactivity of the secondary halide in Sy reaction. This model
decomposes the total electronic energy, AE({), in terms of
interaction, AE;,({), and strain, AEg.in(), as represented in the
following eqn (4):

AE(C) = AEim(C) + AE‘strain(C) (4)

Strain (or distortion) is related to the geometrical deforma-
tion of the fragments and is typically a destabilizing factor
(computed as positive value), whereas the interaction energy is
frequently a stabilization factor (computed as negative value, in
most cases). The ASM allows for both quantitative and quali-
tative interpretation of the physical factors that influence the
activation barriers. It has been widely used in reaction mecha-
nism studies, particularly in Sy2 processes.”>*”** Here, we
conducted energy decomposition along the intrinsic reaction
coordinate (IRC) projected onto the Ciejectrophitic center)” **Cl{icaving
group) (C™+-Cl) distance using the PyFrag program® on the
Gaussian 09 interface.

Results and discussion

The energy barrier for the isopropyl chloride hydrolysis was
experimentally determined as AH* = 25.9 kcal mol " at 298 K
and 1 atm, determined through quasi-thermodynamic anal-
ysis.*® This methodology, however, has faced criticism for
theoretical inconsistencies.>**” To the best of our knowledge,
there are no recent experimental data for the solvolysis reaction.
Thus, the available data may be unreliable, emphasizing the
importance of investigating solvolysis reactions and their
borderline profiles. Herein we examined two different
approaches to define initial configurations of the water mole-
cules around the substrate to further investigate the solvolysis
reactions: Monte Carlo (MC) and explicit microsolvation (MS)
calculations. The former is user-independent, as Metropolis
Monte Carlo method generates configurations of the substrate
solvated by the water molecules based on stochastic methods
and adjusts the arrangement of the molecules during the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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simulations. In contrast, the latter is user-dependent as the
orientation of the water molecules is defined to establish
stabilizing intermolecular interactions. Our results are orga-
nized into three sections. First, we discuss the acquisition of the
initial configuration through Monte Carlo (MC) and molecular
dynamics (MS) explicit solvation approaches. Next, we present
the energy profiles (varying the number n of water molecules)
for the nucleophilic substitution reaction, addressing the
impact of different solvation approaches on the reaction path-
ways. Finally, we analyze the reactivity of the secondary alkyl
halide in the various configurations using the More O'Ferrall-
Jencks plot and the activation strain model.

Explicit solvation: exploring initial configurations of
substrate-solvent clusters

We started simulating initial complexes (substrate + water
cluster) by MC calculations. Further details regarding the Monte
Carlo simulation are present in the ESL{ To account for the
solvation effects in the cybotactic region (i.e., the interacting
water molecules in the first solvation shell), three radial distri-
bution functions (RDFs) were explored to generate the initial
structures. The 1% RDF defines the solvation shell from the
center of mass of the 'PrCl; the 2™¢ RDF considers any atoms in
the substrate; and the 3" RDF accounts for the distance of the
solvent molecules from the electrophilic carbon atom (Fig. S1,
in ESIf). The complete first solvation shell for those RDFs
comprises more than 20 solvent molecules. It means that the
simulation at the MO06-2X/aug-cc-pvDZ level would have
a considerably high computational cost (approx. 1100 basis
functions). Thus, we decided to take the maximum point of the
G(r) and integrate it to obtain the number of water molecules
instead of simulating the complete first solvation shell for all
the RDFs. It resulted in three substrate-solvent complexes with

a. Monte Carlo configuration
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Fig.1 Optimized structures (DFT-M06-2X/aug-cc-pVDZ) of the initial
complexes (IC) from the (a) Monte Carlo (n = 5, 9, 12), and (b)
microsolvation approach (n = 3, 5, 7). For microsolvation configura-
tion, leaving group interaction ({) is highlighted in green and nucleo-
phile interaction in red (m).
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n =5 (2"? RDF), 9 (3" RDF), and 12 (1°° RDF) water molecules
Fig. 1a shows the optimized structures (M06-2X/aug-cc-pVDZ) of
these MC initial complexes (IC).

Stable three- and five-membered water rings are present in
all simulated structures, consistent with previous reports
exploring the simulation of a cluster of water molecules.*® In
neutral solutions, water molecules tend to form cyclic trimers
and pentamers as dominant clusters. Interestingly, for the
configuration with n = 5, the formation of a pentameric stable
water cluster prevents the orientation of water molecules on the
opposite side of the leaving group, which is a suitable position
for the nucleophilic substitution.* For n > 5, there are enough
molecules to form stable clusters with an orientation prompt to
the nucleophilic attack.

For the user-dependent explicit microsolvation (MS) procedure,
the solvent molecules were oriented around the substrate to
establish stabilizing interactions, such as hydrogen bonds, with the
nucleophilic oxygen atom (H,O---H-OH) and dipole-dipole inter-
actions with the leaving group from the substrate (H-O-H:--CI°").
Progressively, we added two by two water molecules around the
substrate: one close to the nucleophile and the other close to the
leaving group. Using the microsolvation motif (I, m), where [
denotes the number of solvent molecules directly interacting with
the leaving group and m denotes the number of molecules inter-
acting with the nucleophilic water, we expected to identify config-
urations like (1,1) for n = 3, (2,2) for n = 5 and (3,3) forn = 7. For n
=3, (1,1) is the only possible configuration that allows the solvation
of both nucleophilic water molecule and chloride leaving group.
However, for n = 5 and n = 7, multiple configurations may be
obtained as minimum energy points on the PES. A comprehensive
discussion regarding these additional configurations is in the ESI
file.t The most stable configurations for the IC from the micro-
solvation approach obtained after full geometry optimization at the
MO06-2X/aug-cc-pVDZ are shown in Fig. 1b. As the MC and empir-
ical MS approaches result in different amounts of water molecules,
a direct correlation between the energy of the individual clusters
cannot be established. Thus, our comparison will be limited to the
hydrolysis reaction, focusing on variations in the energy barriers.

Energy profiles for the nucleophilic substitution reactions

We explored the potential energy surfaces for the hydrolysis
reaction and identified that in all cases the initial complex (IC)
is connected to the final complex (FC) by a first-order saddle
point, confirmed by IRC calculations. This suggests that all the
processes undergo a Sy2 mechanism, as the O---C(substrate)
bond formation occurs concertedly (but not synchronously, as
we will explore in the next section) to the C---Cl bond breaking.
All enthalpy changes (AH and AH*) in the energy diagram were
calculated relative to their respective initial complex obtained
by MC or MS approach. In addition, we also explored the
solvolysis in the absence of explicit solvent (n = 1), ie. the
monohydrated substrate.

Monte Carlo configurations

Fig. 2 illustrates enthalpy changes (in kcal mol™') for the
hydrolysis reaction, considering the initial configurations of
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Explicit solvation model Explicit + implicit solvation model
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Fig. 2 Enthalpy change (in kcal mol™) of the hydrolysis reaction of
'PrCl using the initial configurations of substrate—solvent clusters
generated by Monte Carlo simulations. Left side displays the results
obtained using exclusively explicit solvation model, and right side
displays combined explicit + implicit solvation model results.
Computed relative energies relative to their respective initial
complexes, IC, at DFT-M06-2X/aug-cc-pVDZ level. TS refers to the
transition state, PRC to pre-reactive complex, and FC to the final
complex (products). [a]l TS could not be optimized probably due to the
necessity of stabilizing the charged leaving group, Cl7, by explicit
solvent or a continuum medium.

substrate-solvent clusters generated by Monte Carlo (MC)
calculations with n = 5, 9, 12. The left side displays results
obtained using exclusively the explicit solvation model, that is,
without the implicit simulation of the solvent as a continuum
medium. On the right side, both explicit and implicit solvation
models were employed. The energy of the transition state,
identified as TS and the energy of the products, represented by
a final complex (FC) were calculated relative to the initial
complex (IC, center of the image), representing the activation
enthalpy (AH) and the reaction energy (AH) for each n,
respectively.

The data indicate that for n = 9 and 12, the activation energy
(AH*) and reaction enthalpy (AH) have nearly identical values for
both the explicit and explicit + implicit solvation models.
Therefore, according to our findings, when simulating
a substantial number of water molecules, there are no note-
worthy deviations in the energy profile, resulting in convergent
barriers of approximately 21 kcal mol~". Among all the assessed
configurations, n = 5 exhibited the highest activation barrier. In
this case, the IC configuration (Fig. 1) does not have a water
molecule suitably positioned to act as a nucleophile. Thus, we
computed an extra stationary point (pre-reactive complex, PRC),
with a water molecule in the backside of the leaving group (see
Fig. S3, in ESI}). This structure was further confirmed by IRC
calculation of the respective TS. Although this rearrangement of
solvent molecules breaks the stable cyclic water pentamer,®® the
number of hydrogen bonds is preserved. Consequently, the
change in the relative enthalpy values is almost negligible (AH =
—1.4 keal mol ™ for the explicit solvation and +1.3 kcal mol " for
the explicit + implicit solvation model compared to the IC,_s).

The structural analysis of the TS for each system allows us to
infer that there is a progressive decrease in the computed
barrier height value as the leaving group establishes more
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Fig. 3 Optimized (M06-2X/aug-cc-pVDZ) transition states structures
obtained from Monte Carlo simulations. Solvent-leaving group inter-
actions are highlighted in green.

interactions with the water molecules (Fig. 3). The TS for n = 5
has only one ion-dipole interaction, CI°~---H-OH, being the
most energetic for both explicit and explicit + implicit solvation
models. For n = 9 and 12, three and four water molecules
stabilize the leaving group, respectively. These interactions
allow for charge density dispersion for the chloride anion,
reducing the activation energy. The highest barrier is relative to
n = 1, since no water molecules are able to interact with the
anionic leaving group. It was not possible to locate the TS
without simulating the continuum model, probably due to the
necessity of the charge on the chloride anion to be stabilized by
explicit solvent or a continuum medium (Fig. 2, TS [a]).

The calculated atomic charges of the leaving group on the TS
structures corroborate our hypothesis regarding chloride
charge stabilization (Fig. 4). The increase in the number of
water molecules is followed by the reduction of the charge
density of the nucleofuge (CI°7) in the TSs. In the overall
comparison between the explicit and explicit + implicit models,
an important decrease in atomic charges is observed in the
explicit model, potentially attributed to the strong stabilization
provided by explicit solvent molecules. This indicates that in the
absence of a continuum medium, the intrinsic interactions
between solvent molecules and the substrate become more
influential. In the case of the monohydrated substrate (n = 1),
the explicit + implicit model exhibited the highest charge
localization on the chloride atom (no transition state was found
in the explicit model). This highlights the importance of explicit
water molecules in stabilizing the nucleofuge and facilitating
long-range solvation.

Microsolvation configurations

Fig. 5 displays the computed enthalpy change for the systems
obtained using the microsolvation approach. Like the MC
configurations, a convergence is observed towards the 21 kcal-
mol ™" range for n = 5 (both explicit and explicit + implicit
models) and n = 7 (explicit + implicit model). Notably, the
simulation with the minimum number of water molecules, n =
3 (indicated in red), exhibits the highest deviation from these
values, with an activation enthalpy of AH* = 29.5 kcal mol ~* for
the only explicit solvation model and 24.9 kcal mol ™" for the
explicit + implicit model.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig.4 CHELPG atomic charge calculation (M06-2X/aug-cc-pVDZ) of
the nucleofuge (CI°7) on transition state structures of MC configura-
tion. Filled bar represents explicit + implicit model and striped the
explicit model. Transition state for n = 1 (explicit model) not found.
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Fig. 5 Enthalpy change (in kcal mol™) of the hydrolysis reaction of
'PrCl using the initial configurations of substrate—solvent clusters ob-
tained from explicit microsolvation simulations. Left side displays the
results obtained using exclusively explicit solvation model, and right
side displays combined explicit + implicit solvation model results.
Computed relative energies relative to their respective initial
complexes, IC, at DFT-M06-2X/aug-cc-pVDZ level. TS refers to the
transition state, PRC to pre-reactive complex, and FC to the final
complex (products). [a] TS could not be optimized probably due to the
necessity of stabilizing the charged leaving group, Cl, by explicit
solvent or a continuum medium.

For n = 5, the energy barriers exhibit identical values when
employing both the explicit and explicit + implicit models. This
suggests that solvent orientation alone is sufficient to describe
both the direct interaction and the stabilization attributed to
the continuum medium. Along the reaction coordinate, the
orientation of water molecules can facilitate leaving group
stabilization (by two solvent molecules) as well as provide the
appropriate direction to promote the solvolysis reaction.

One could expect with an increase in the number of water
molecules, there would be a gradual stabilization of the charged
transition state through interactions between water and the
leaving group. However, it is interesting to note that forn =7
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Fig. 6 Optimized transition states structures (M06-2X/aug-cc-pVDZ)
obtained from the explicit microsolvation approach. Solvent-leaving
group interactions are highlighted in green.
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Fig.7 CHELPG atomic charge calculation (M06-2X/aug-cc-pVDZ) of
the nucleofuge (CI°7) on transition state structure of MS configuration.
Filled bar represents explicit + implicit model and striped the explicit
model. Transition state for n = 1 (explicit model) and 23 (explicit +
implicit model) not found.

(Fig. 5 in blue, left) in the explicit solvation model, a high energy
barrier is observed. Surprisingly, the CHELPG calculations
depicted in Fig. 7 reveal no change in the chloride atomic
charge from n = 5 to 7 in the explicit model.

This suggests that the barrier height is likely not significantly
influenced by chloride charge stabilization, in contrast to the
observations from the MC approach. To further investigate the
differing effects of each solvation approach modeled, we explore
these reaction profiles using the activation strain model in the
subsequent section.

Reactivity analysis

The number and the arrangement of the simulated water mole-
cules play an important role in the position of the solvolysis
reaction on the Sy1-Sy2 mechanistic continuum. Some solvent
orientations for a front or backside pathway can lead to Sy1 (D +
Ay) or Sy2 (AnDy) mechanism due to the charge stabilization of
the intermediate.? It is known, however, that the backside-Sy2 is
preferred over frontside-Sy2 for reactions at electrophilic
carbon.”””® From our simulations, all the TSs point to a backside
AxDy (Sn2-like) process. To find the TS starting guesses, we per-
formed a relaxed scan calculation elongating the C,---Cl bond.
Following this strategy, no water molecule approached the elec-
trophilic carbon to promote a frontside nucleophilic attack. From
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the IRC calculations (either for MC or MS), shown in Fig. S5 and
S6 in ESL} the nucleophilic solvent assistance (NSA) is clear.
Thus, according to our simulations, the hydrolysis reactions
follow an AxDyn-NSA mechanism, with more than one solvent
molecule interacting with the nucleophilic water molecule in the
TS structure. From the TS structures (Fig. 3 and 6), we can identify
a strict Sy3 profile for n = 3 (MS), and for n = 5 and 9 (MC), as
defined by Bentley.® For n = 12 (Fig. 3), the nucleophile is assisted
by three water molecules, and for n = 5 and 7 (Fig. 6), by two
solvent molecules. Using the SyX nomenclature, these reactions
would be termed Sx5 and Sy4, respectively, which could promote
kinetic misleading interpretations, since the solvent concentra-
tion is constant along the chemical process. Besides that, this
reaction profile presents characteristics of Sx1, Sx2, and SyX (X =
3, 4, 5) mechanisms. So, for this system, we could not fit the
reaction in terms of the Sy1-Sy2 and Sn2-Sn3 spectrum. The
ANDN-NSA term fits better in this case.

The More O'Ferrall-Jencks*>* diagrams were plotted (Fig. 8)
for each system to position the mechanism closer to the Sy2
(AxDy) mechanistic limit, that is, with a tight TS, in which the
nucleophile and nucleofuge intimately associated with the
electrophilic carbon atom, C% or closer to the Sy1 (Dy + Ay)
mechanistic limit, that is, with a loose TS, with nucleophile and
nucleofuge more distant to C*.

All transition states show a remarkable dissociative char-
acter, meaning that the C*---Cl bond dissociation occurs earlier
than the C:--Oy, bond association, even though the IRC
confirm their nature as a concerted mechanism. Transition
states of this type are known as loose, in which the electrophilic
center has a high electron deficiency and resembles a carboca-
tion. Processes with this type of saddle points are characterized
by flat potential energy surfaces,* which can be visualized on
the IRC diagrams (Fig. S7-S97%). The highly dissociative nature
observed in the loose transition state suggests that the reaction
mechanism exhibits intermediate characteristics of the arche-
typal borderline models Syl and Sy2. Consequently, these
reactions can be classified as mixed or intermediate, falling
between the two extremes.

Finally, we employed the ASM to gain quantitative insight
into how the different solvation models affect the barrier height
(AEY) in terms of the distortion of the substrate (fragment 1) and
the water clusters (fragment 2), AEg;4in(£), and the magnitude of
their interaction AE;,(¢). To understand the intrinsic effect of
explicit solvation, we evaluated only the explicit solvation
model. Fig. 9 presents the activation strain diagrams (ASDs) for
the MC and MS configurations.

For each system, we analyzed the strain and interaction
contribution along all the reaction coordinates. A single-point
analysis at the TS can provide misleading conclusions,** once
the TSs occurs at different reaction coordinates (i.e., different C---
Cl interatomic distances) for each system. We chose the C---Cl
interatomic distance at dc...c; = 2.61 A as the consistent geometry
(c.g in Fig. 9) to compare with the other systems. Regardless of
the assessed solvation approach, one can see that as the number
of water molecules increase, the interaction (AE;,,;) becomes more
stabilizing. Overall, as the number of water molecules increases
for both solvation approaches, the computed energy barrier
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values decrease. This suggests that the solvent-substrate inter-
action determines the barrier height, influenced by both the
leaving group interaction and solvation energy of the substrate.

Regarding the MS configurations (Fig. 9b), the interaction
curves for n = 5 and 7 almost overlap. This agrees with the
CHELPG calculations (Fig. 7), as the chloride charge on TS
using explicit solvation is the same for n = 5 and 7. Thus, the
differences in the energy barriers are associated with the strain
energy change. For this case, it comes from the more destabi-
lizing distortion of the water cluster for n =7 compared ton =3
and 5 (see Fig. S4, ESIT). The imposed geometry for seven water
molecules is associated with a notable distortion along the
reaction pathway, which is not observed for n = 5, as there is
a small water reorganization along the reaction path. Note-
worthy, the highest energy barrier for n = 3 is caused by a less
stabilizing interaction between the fragments along the entire
reaction coordinate. It suggests that the three water molecules
are insufficient to promote effective interaction between solvent
and substrate.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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configurations in the explicit solvation model. Solid bold curves
represent the electronic energy change (AE), solid light curves
represent the strain contribution (AEg4in), and dashed curves repre-
sent the interaction energy change (AE;.). The dots locate the tran-
sition states. Consistent geometry at dc...c, = 2.61 A (vertical gray line).

Comparing the MC and MS solvation approaches, the former
allows the formation of ICs by which the solvolysis reaction
occurs without significant changes in the water clusters
(pointing by a higher influence of interaction, e.g. leaving group
charge stabilization rather than strain). On the other hand, for
the empirical MS configurations, there is a higher strain influ-
ence and no direct correlation with the leaving group charge
stabilization. Since we impose the orientation of the solvent
molecules around the substrate, the MS approach is highly user-
biased. Despite the energy barriers and the nature of the TSs
presenting the same profile for the two approaches (about
21 keal mol " and loose TSs), we consider that the user-biased
character of MS can provide misleading interpretations and
needs to be done cautiously.

Conclusions

We quantum-chemically explored the hydrolysis of the
secondary substrate, isopropyl chloride. This reaction is
described as a nucleophilic substitution that deviates from the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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limiting pathways Sy1 (Dy + Ax) or Sy2 (AxDy), lying within the
borderline mechanism. To account for the solvent effects, we
employed two explicit solvation approaches to generate initial
configurations for the substrate-solvent clusters: Monte Carlo
(MC) calculations and empirical microsolvation (MS). These
protocols yielded different number (n) and configuration of
water molecules around the substrate.

Notably, in contrast to the MC approach, the results from the
MS approach demonstrated a high level of user bias, as solvent
molecules are added based on the user's chemical intuition to
establish stabilizing interaction with both the leaving group
and the nucleophile. Our findings consistently reveal that,
despite the solvation approach, the reaction follows Sy2-like
(AxDy) mechanisms in all cases, with the computed energy
barrier values converging to 21 keal mol *, as the solvent cluster
increases. Notwithstanding a concerted Sy2-like mechanism
with a significant nucleophilic solvent assistance, the More
O'Ferrall-Jencks plot revealed loose transition state structures,
with carbocation character, corroborating the borderline nature
of these mechanisms.

Finally, the results from the fragmentation activation strain
analyses strongly suggest that the interaction between substrate
and solvent molecules plays an important role in controlling the
energy barriers. As the number of water molecules increases,
a more stabilizing interaction with the substrate along the reaction
coordinate is observed, supported by the leaving group stabiliza-
tion assessed through CHELPG atomic charge calculations. The
strain (distortion) curve becomes more significant for configura-
tions obtained from empirical MS, suggesting that the imposition
of the water molecules in the IC causes a more pronounced
reorganization of the fragments along the reaction, once again
evidencing the high bias in this user-dependent method.

We intend to apply this computational protocol to assess
the solvent influence on the reactivity of other secondary
substrates, such as the congener isopropyl halides. The
explicit solvation obtained from the Monte Carlo calculations
and the n amount of water extracted from the highest G(r)
value of the RDF calculated from the distance between the
reactive sites provided us with suitable descriptions of the
initial configurations. Besides that, the activation strain
analysis and More O'Ferrall-Jencks plot proved to be useful to
understand physical features commanding the reactive
patterns. Thus, we show a consistent computational method-
ology to evaluate reaction mechanisms in solvent media that
can be applied to comprehend solvent effects on fundamental
reactions in organic chemistry.
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