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Abstract

This article provides a comprehensive review of aliphatic nucleophilic substitution (SN1 and SN2) and elimination (E1 and E2) reactions. It delves
into the fundamental mechanistic principles governing these transformations, including kinetics, stereochemistry, and the factors influencing reaction
pathways. The interplay between substitution and elimination is explored in detail, highlighting the roles of substrate structure, nucleophile/base
strength, solvent effects, and temperature. Furthermore, this work examines recent advancements in computational chemistry and artificial
intelligence (AI) that are revolutionizing our ability to predict and understand these complex reactions. A novel generative Al approach, FlowER
(Flow matching for Electron Redistribution), is discussed as a promising tool for elucidating reaction mechanisms with unprecedented accuracy by
adhering to fundamental physical constraints. The article aims to provide a holistic understanding of these cornerstone reactions in organic chemistry,
bridging classical concepts with cutting-edge computational methodologies.
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1. Introduction

Aliphatic nucleophilic substitution and elimination reactions represent two of the most fundamental and ubiquitous transformations in organic
chemistry (Clayden et al., 2012). Their profound importance stems from their versatility in the synthesis of a vast array of organic molecules, ranging
from simple commodity chemicals to complex natural products and pharmaceuticals (March, 2020). The ability to controllably replace a leaving
group with a nucleophile or to form a double bond through elimination is a cornerstone of modern synthetic strategy (Smith, 2020). These reactions,
while often competing, are governed by a delicate interplay of factors including the structure of the substrate, the nature of the nucleophile or base, the
properties of the solvent, and the reaction temperature (Carey & Sundberg, 2007). A thorough understanding of the underlying mechanisms, kinetics,
and stereochemical outcomes of these reactions is therefore indispensable for any practicing organic chemist (Anslyn & Dougherty, 2006).

The historical development of our understanding of nucleophilic substitution reactions can be traced back to the pioneering work of Christopher
Ingold and Edward Hughes in the 1930s and 1940s (Hughes & Ingold, 1935; Akeroyd, 2000). Their systematic kinetic studies laid the foundation for
the mechanistic classification that we use today, distinguishing between unimolecular (SN1) and bimolecular (SN2) pathways based on reaction order
and stereochemical outcomes (Hughes, 1946; Schofield, 1994). This work represented a paradigm shift in organic chemistry, moving from purely
empirical observations to a mechanistic understanding based on rigorous experimental evidence (Ingold, 1953).

Nucleophilic substitution reactions, as the name implies, involve the replacement of a leaving group, typically a halide or a sulfonate, by a nucleophile
(McMurry, 2016). The nucleophile, an electron-rich species, seeks a positive or partially positive centre in a molecule, the electrophile, to form a new
covalent bond (Vollhardt & Schore, 2018). In the context of aliphatic systems, the electrophilic centre is a saturated carbon atom. Two principal
mechanisms have been elucidated for these reactions: the bimolecular nucleophilic substitution (SN2) and the unimolecular nucleophilic substitution
(SN1) mechanisms (Bruice, 2017).

The SN2 reaction proceeds in a single, concerted step wherein the nucleophile attacks the electrophilic carbon from the side opposite to the leaving
group (Wade, 2013). This backside attack leads to an inversion of stereochemistry at the reaction centre, a phenomenon known as Walden inversion
(Eliel et al., 1994). The reaction rate is dependent on the concentrations of both the substrate and the nucleophile, hence the designation 'bimolecular'
(Lowry & Richardson, 1987). The transition state of an SN2 reaction involves a pentacoordinate carbon atom, where the incoming nucleophile and
the departing leaving group are partially bonded (Fleming, 2010). The stability of this transition state is highly sensitive to steric hindrance, and as
such, SN2 reactions are most favourable for primary and, to a lesser extent, secondary alkyl halides (Streitwieser, 1962). Tertiary alkyl halides, being
sterically hindered, do not readily undergo SN2 reactions (Brown & Foote, 2005).

In contrast, the SN1 reaction is a two-step process (Sykes, 1986). The first and rate-determining step involves the slow, unimolecular dissociation of
the leaving group to form a carbocation intermediate (Bethell & Gold, 1967). This planar, sp2-hybridised intermediate is then rapidly attacked by the
nucleophile in the second step (Richard et al., 2001). Because the nucleophile can attack the planar carbocation from either face with equal
probability, the SN1 reaction typically leads to a racemic mixture of products if the starting material is chiral (Minegishi et al., 2005). The rate of the
SN1 reaction is dependent only on the concentration of the substrate, hence the term 'unimolecular' (Dale, 1998). The formation of the carbocation
intermediate is the energetic bottleneck of the reaction, and its stability is paramount (Gassman & Fentiman, 1970). Consequently, SN1 reactions are
most favourable for tertiary alkyl halides, which can form relatively stable tertiary carbocations (Bentley & Llewellyn, 1990). Secondary alkyl halides
can also undergo SN1 reactions, particularly in the presence of a weak nucleophile and a polar, protic solvent that can solvate and stabilise the
carbocation intermediate (Winstein & Grunwald, 1948).



Concurrent with nucleophilic substitution, elimination reactions often occur, leading to the formation of alkenes (Saunders, 1988). These reactions
involve the removal of a leaving group and a proton from adjacent carbon atoms (Bartsch & Zavada, 1980). Similar to substitution reactions,
elimination reactions can proceed through two primary mechanisms: the bimolecular elimination (E2) and the unimolecular elimination (E1)
mechanisms (Knipe, 2004). The E2 reaction is a concerted process in which a base removes a proton from a carbon atom adjacent to the one bearing
the leaving group, while the leaving group departs simultaneously (Dewar & Yuan, 1990). The reaction rate is dependent on the concentrations of both
the substrate and the base (Mohrig, 2013). The E2 mechanism has a strict stereochemical requirement: the proton and the leaving group must be in an
anti-periplanar conformation for the reaction to occur efficiently (Cram, 1952). This stereochemical constraint has significant implications for the
regioselectivity and stereoselectivity of the reaction, often leading to the formation of the more substituted alkene (Zaitsev's rule) unless a sterically
hindered base is used, in which case the less substituted alkene (Hofmann product) may be favoured (Hoffman, 1851).

The E1 reaction, like its SN1 counterpart, is a two-step process that proceeds through a carbocation intermediate (Hegarty, 1980). The first step, the
formation of the carbocation, is the rate-determining step and is identical to the first step of the SN1 reaction (Hughes & Ingold, 1935). In the second
step, a weak base removes a proton from a carbon atom adjacent to the positively charged carbon, leading to the formation of a double bond
(Saunders et al., 1960). The rate of the E1 reaction is dependent only on the concentration of the substrate (Parker, 1961). Since the E1 reaction
proceeds through the same carbocation intermediate as the SN1 reaction, the two reactions are often in direct competition (Ingold, 1969).

The intricate competition between SN1, SN2, E1, and E2 pathways presents a significant challenge in synthetic organic chemistry (Smith & March,
2020). The ability to selectively favour one pathway over the others is crucial for achieving the desired product in high yield (Trost, 1991). This
selectivity can be controlled by carefully choosing the reaction conditions (Fleming, 2010). For instance, a primary alkyl halide will predominantly
undergo an SN2 reaction in the presence of a good nucleophile (Streitwieser et al., 1958). However, if a strong, sterically hindered base is used, an E2
reaction will be favoured (Brown & Liu, 1975). A tertiary alkyl halide, on the other hand, will undergo a mixture of SN1 and E1 reactions in the
presence of a weak nucleophile/base in a polar, protic solvent (Winstein et al., 1954). The use of a strong base will favour the E2 reaction (Saunders,
1964). Secondary alkyl halides are the most complex, as all four pathways are possible (Bordwell, 1970). The choice of a strong, non-basic
nucleophile will favour the SN2 reaction, while a strong, hindered base will favour the E2 reaction (Parker, 1962). Weak nucleophiles/bases will lead
to a mixture of SN1 and E1 products (Grunwald & Winstein, 1948).

In recent years, the field of organic chemistry has been profoundly impacted by the advent of computational chemistry and artificial intelligence
(Butler et al., 2018). These powerful tools are providing unprecedented insights into the mechanisms of chemical reactions, enabling the prediction of
reaction outcomes with increasing accuracy (Coley et al., 2017). For nucleophilic substitution and elimination reactions, computational methods can
be used to model the potential energy surfaces of the reactions, calculate the activation energies of the different pathways, and predict the structures of
the transition states and intermediates (Houk & Liu, 2017). This information is invaluable for understanding the factors that control the selectivity of
these reactions (Paton & Goodman, 2009). Furthermore, the development of machine learning and deep learning algorithms has led to the creation of
AT models that can predict the products of chemical reactions based on the structures of the reactants and the reaction conditions (Segler et al., 2018).
One such groundbreaking development is the FlowER (Flow matching for Electron Redistribution) system, a generative Al approach that incorporates
fundamental physical constraints, such as the conservation of mass and electrons, into its predictions (Joung et al., 2025). By tracking the flow of
electrons throughout the reaction, FlowER can provide realistic and reliable predictions of reaction mechanisms, a significant advancement over
previous Al models that often violated these fundamental principles (Coley et al., 2019). The application of such Al tools to the study of nucleophilic
substitution and elimination reactions holds immense promise for the future of organic synthesis, enabling the rational design of more efficient and
selective reactions (Schwaller et al., 2021).

This article aims to provide a comprehensive and scholarly overview of aliphatic nucleophilic substitution and elimination reactions. It will begin with
a detailed discussion of the fundamental principles of each of the four mechanisms (SN1, SN2, E1, and E2), including their kinetics, stereochemistry,
and the factors that influence their rates and selectivity. The competition between these pathways will be examined in depth, with a focus on the
practical strategies that can be employed to control the outcome of these reactions. The article will then transition to a discussion of the modern
computational and Al-driven approaches that are being used to study these reactions, with a particular emphasis on the potential of these tools to
revolutionise our understanding of chemical reactivity. By bridging the gap between classical mechanistic organic chemistry and cutting-edge
computational science, this article will provide a holistic and forward-looking perspective on this fundamentally important class of organic reactions.

2. Methodology

This section outlines the theoretical and computational methodologies employed to analyse and illustrate the principles of aliphatic nucleophilic
substitution and elimination reactions. The discussion is structured to provide a progressive and meticulous explanation of the core concepts,
supported by visual representations of reaction mechanisms, energy profiles, and the mathematical formulations of their kinetics.

2.1. Mechanistic Pathways

The four principal mechanistic pathways—SN1, SN2, E1, and E2—are elucidated through detailed step-by-step descriptions and graphical
representations of the electron flow and molecular transformations (Carey & Sundberg, 2007). These visualisations are crucial for understanding the
stereochemical and kinetic nuances of each reaction (Fleming, 2010).

2.1.1. The SN2 Mechanism

The SN2 reaction is a single-step, concerted process (Streitwieser, 1962). The nucleophile attacks the electrophilic carbon atom from the backside,
simultaneously displacing the leaving group (Wade, 2013). This is illustrated in Figure 1, which depicts the reaction of chloromethane with a
hydroxide ion.
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Figure 1: The SN2 reaction mechanism, showing the backside attack of the nucleophile (OH™) on the substrate (CH,Cl), leading to an inversion of
stereochemistry in the product (CH,OH).

The energy profile for the SN2 reaction is characterised by a single transition state, as shown in Figure 2 (Lowry & Richardson, 1987). The energy of
this transition state dictates the activation energy (Ea) of the reaction.
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Figure 2: Energy profile for an SN2 reaction. The reaction proceeds through a single transition state, and the overall enthalpy change (AH) is

negative, indicating an exothermic reaction.

2.1.2. The SN1 Mechanism

The SN1 reaction is a two-step process involving the formation of a carbocation intermediate (Bethell & Gold, 1967). The first step is the rate-
determining step, where the leaving group departs to form a planar carbocation (Richard et al., 2001). The second step is the rapid attack of the

nucleophile on the carbocation. Figure 3 illustrates the SN1 reaction of tert-butyl bromide with water.
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Figure 3: The SN1 reaction mechanism. The first step is the formation of a stable tertiary carbocation. The second step is the nucleophilic attack by
water, followed by a deprotonation step to yield the final alcohol product.

The energy profile for the SN1 reaction features two transition states and a carbocation intermediate, as depicted in Figure 4 (Minegishi et al., 2005).
The first transition state, corresponding to the formation of the carbocation, has the highest energy and thus represents the rate-determining step.
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Figure 4: Energy profile for an SN1 reaction. The reaction proceeds through a carbocation intermediate. The activation energy for the first step (Eal)
is higher than for the second step (Ea2), making the formation of the carbocation the rate-determining step.

2.1.3. The E2 Mechanism

The E2 reaction is a concerted, single-step elimination process (Bartsch & Zavada, 1980). A strong base removes a proton from a carbon atom
adjacent to the carbon bearing the leaving group, which departs simultaneously (Dewar & Yuan, 1990). This is shown in Figure 5 for the reaction of

2-bromopropane with ethoxide.
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Figure 5: The E2 reaction mechanism. The base (CH;CH,O~) removes a proton, and the leaving group (Br~) departs in a single, concerted step,
leading to the formation of an alkene.

2.1.4. The E1 Mechanism

The E1 reaction is a two-step elimination process that proceeds through a carbocation intermediate, analogous to the SN1 reaction (Hegarty, 1980).
The first step is the formation of the carbocation, which is the rate-determining step. In the second step, a weak base removes a proton from an
adjacent carbon atom to form the alkene (Saunders et al., 1960). Figure 6 shows the E1 reaction of tert-butyl bromide in ethanol.



E1 Elimination Mechanism

(CH;)CBr + CHyCH,OH —> (CH3)C=CH, + HBr + H,WO)

OH OH
a-carbon O
HO OH slow HO OH I_I
/—, > CH,CH,OH

HO OH HO OH g

OH B-carbon OH

Step 1: lonization Step 2: Deprotation

OH OH
HO OH (\ S HO OH‘{W OH

0 <%y —> — o CH,CH,+

HO OH Z HO OH / OH

OH B-carbon Br- OH

fast

Figure 6: The E1 reaction mechanism. The reaction proceeds through a carbocation intermediate, which then loses a proton to a weak base
(CH,CH,0H) to form the alkene.

2.2. Kinetic Analysis

The rates of these reactions are described by specific rate laws, which are mathematical expressions that relate the reaction rate to the concentration of
the reactants (Atkins & de Paula, 2018). These rate laws are fundamental to understanding the mechanism of a reaction (Espenson, 2002).

The rate of the SN2 reaction is given by the following second-order rate law (Streitwieser, 1962):
Rate = k[Substrate|[Nucleophile]

where k is the rate constant. This equation indicates that the rate is proportional to the concentration of both the substrate and the nucleophile (Lowry
& Richardson, 1987).

The rate of the SN1 reaction is described by a first-order rate law (Bethell & Gold, 1967):
Rate = k[Substrate]

This equation shows that the rate is dependent only on the concentration of the substrate, as the formation of the carbocation is the rate-determining
step (Dale, 1998).



Similarly, the E2 reaction follows a second-order rate law (Bartsch & Zavada, 1980):
Rate = k[Substrate|[Base]
And the E1 reaction follows a first-order rate law (Hegarty, 1980):

Rate = k[Substrate]

2.3. Computational Modelling

To further illustrate the concepts discussed, computational models and visualisations were generated using Python with the Matplotlib and RDKit
libraries (Landrum, 2006). These tools allow for the creation of energy profile diagrams and the visualisation of chemical structures and reaction
schemes (Hunter, 2007). The Python code used to generate these figures is provided in the attachments section of this article. The use of
computational tools provides a dynamic and interactive way to explore the factors that influence these reactions, such as the effect of substrate
structure, nucleophile/base strength, and solvent polarity (Paton & Goodman, 2009).

3. Results

This section presents the results of the computational and graphical analysis of aliphatic nucleophilic substitution and elimination reactions. The
figures generated provide a visual and quantitative representation of the concepts discussed in the preceding sections.

3.1. Mechanistic Visualisations

Figures 1, 3, 5, and 6 provide clear, step-by-step visualisations of the SN2, SN1, E2, and E1 reaction mechanisms, respectively. These diagrams
illustrate the flow of electrons, the formation and breaking of bonds, and the key intermediates and transition states involved in each pathway
(Fleming, 2010). For example, Figure 1 clearly shows the backside attack characteristic of the SN2 mechanism, leading to the inversion of
stereochemistry (Eliel et al., 1994). In contrast, Figure 3 depicts the formation of a planar carbocation intermediate in the SN1 mechanism, which is
crucial for understanding the resulting racemisation of the product (Richard et al., 2001).

3.2. Energy Profiles

The energy profiles for the SN2 and SN1 reactions are presented in Figures 2 and 4. Figure 2, the energy profile for the SN2 reaction, shows a single
peak, corresponding to the high-energy transition state (Lowry & Richardson, 1987). The difference in energy between the reactants and the transition
state represents the activation energy (Ea) of the reaction. The overall negative enthalpy change (AH) indicates that the reaction is exothermic (Atkins
& de Paula, 2018). Figure 4, the energy profile for the SN1 reaction, is more complex, with two peaks and a valley (Minegishi et al., 2005). The two
peaks represent the two transition states, and the valley represents the carbocation intermediate. The first peak is higher than the second, indicating
that the formation of the carbocation is the rate-determining step of the reaction (Bethell & Gold, 1967).

3.3. Kinetic Analysis

The kinetic profiles of the SN1 and SN2 reactions are compared in Figure 7. This graph plots the concentration of the substrate as a function of time
for both a first-order (SN1) and a second-order (SN2) reaction (Espenson, 2002). The curve for the SN2 reaction shows a steeper initial decrease in
concentration, reflecting its dependence on the concentration of both the substrate and the nucleophile (Streitwieser, 1962). The SN1 reaction, being
dependent only on the substrate concentration, shows a more gradual, exponential decay (Dale, 1998).



Kinetic Profiles of SN1 and SN2 Reactions

1.0 —— SN2 (Second-order)
—— SN1 (First-order)
0.8
=
C
©
S
©
S 0.6
C
Q
(v}
[
o
&)
g
L 044 SN2: Rate = K[RX][Nu]
@
o]
>
wmv
: Rate = k[RX]
0.2

0 2 4 6 8 10
Time (arbitrary units)

Figure 7: Kinetic profiles of SN1 and SN2 reactions. The plot shows the decrease in substrate concentration over time for a first-order (SN1) and a
second-order (SN2) reaction.

3.4. Competition Between Mechanisms

Figure 8 provides a comprehensive graphical analysis of the factors that influence the competition between the SN1, SN2, E1, and E2 mechanisms
(Smith & March, 2020). The four panels of the figure illustrate the effects of substrate structure, temperature, nucleophile/base strength, and solvent
(Fleming, 2010). For example, the top-left panel clearly shows that SN2 reactions are favoured for primary substrates, while SN1 and E1 reactions
dominate for tertiary substrates (Streitwieser, 1962). The top-right panel demonstrates that elimination reactions are generally favoured at higher
temperatures (Saunders, 1988). The bottom-left panel illustrates that strong bases favour elimination, while strong, non-basic nucleophiles favour
substitution (Parker, 1962). Finally, the bottom-right panel shows the profound effect of the solvent, with polar protic solvents favouring SN1/E1
pathways and polar aprotic solvents favouring SN2/E2 pathways (Winstein & Grunwald, 1948).
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Figure 8: Factors influencing the competition between substitution and elimination reactions. The diagram illustrates the effects of substrate structure,
temperature, nucleophile/base strength, and solvent on the relative rates and selectivity of the SN1, SN2, E1, and E2 mechanisms.

3.5. Stereochemical Outcomes

Figure 9 provides a clear visual comparison of the stereochemical outcomes of the SN2 and SN1 reactions (Eliel et al., 1994). The left panel illustrates
the complete inversion of configuration that occurs in an SN2 reaction, where an (R)-substrate is converted to an (S)-product (Wade, 2013). The right
panel shows the racemisation that occurs in an SN1 reaction, where a planar carbocation intermediate is attacked from both sides, leading to a 50:50
mixture of (R)- and (S)-products (Minegishi et al., 2005).
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Figure 9: Stereochemical outcomes of SN2 and SN1 reactions. The SN2 reaction proceeds with complete inversion of configuration, while the SN1
reaction leads to racemisation.



3.6. AI-Driven Mechanistic Analysis

Figure 10 presents a flowchart illustrating the integration of traditional mechanistic analysis with modern Al-driven approaches, specifically the
FlowER system (Joung et al., 2025). The flowchart shows how experimental data (reactants and reaction conditions) can be analysed using both
traditional methods and the FlowER Al system (Coley et al., 2019). The AI system, which incorporates fundamental physical constraints, can predict
reaction products, pathways, and selectivity with high accuracy (Schwaller et al., 2021). The integration of these two approaches leads to a more
comprehensive and reliable understanding of reaction mechanisms (Butler et al., 2018).
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Figure 10: Flowchart of the computational methodology for reaction mechanism analysis. The diagram illustrates the synergy between traditional
mechanistic analysis and the FlowER Al system for a more comprehensive understanding of chemical reactions.

4. Discussion

The results presented in the previous section provide a quantitative and visual foundation for a deeper discussion of the nuances and implications of
aliphatic nucleophilic substitution and elimination reactions. This section will explore the pros and cons of the different mechanistic pathways, delve
into the more subtle aspects of the competition between them, and consider the future directions of research in this field, particularly in light of the
transformative potential of artificial intelligence.

The dichotomy between the SN2 and SN1 mechanisms represents a classic case of kinetic versus thermodynamic control (Trost, 1991). The SN2
reaction, being a concerted process, is kinetically favoured (Streitwieser, 1962). It avoids the formation of a high-energy carbocation intermediate, and
its rate is directly influenced by the concentration of the nucleophile (Lowry & Richardson, 1987). This makes it a powerful tool for the synthesis of
specific stereoisomers, as the inversion of configuration is predictable and reliable (Eliel et al., 1994). However, the SN2 mechanism is highly
sensitive to steric hindrance (Brown & Foote, 2005). This is its primary drawback. As the substitution at the electrophilic carbon increases from
primary to secondary to tertiary, the rate of the SN2 reaction plummets, rendering it ineffective for the synthesis of highly substituted compounds
(Fleming, 2010). This is where the SN1 mechanism comes into its own. While the formation of a carbocation intermediate is energetically costly, it is



the key to the reaction of tertiary substrates (Gassman & Fentiman, 1970). The SN1 reaction is thermodynamically driven, and its rate is independent
of the nucleophile concentration (Bethell & Gold, 1967). This can be an advantage in situations where a weak nucleophile is required, but it also
means that the reaction is often slower than its SN2 counterpart (Dale, 1998). The major drawback of the SN1 reaction is its lack of stereocontrol
(Richard et al., 2001). The formation of a planar carbocation intermediate leads to racemisation, which is often undesirable in the synthesis of chiral
molecules (Minegishi et al., 2005). The observation that SN1 reactions often lead to a slight excess of the inversion product, due to the formation of
ion pairs, is a subtle but important point that highlights the complexity of these reactions (Winstein et al., 1954). It is a reminder that our mechanistic
models are often simplifications of a more nuanced reality.

The competition between substitution and elimination is another area of rich complexity (Smith & March, 2020). The E2 and E1 mechanisms, like
their substitution counterparts, have their own distinct advantages and disadvantages (Bartsch & Zavada, 1980). The E2 reaction, being a concerted
process, is stereospecific and can be highly regioselective (Dewar & Yuan, 1990). The requirement for an anti-periplanar arrangement of the proton
and the leaving group allows for the selective formation of specific alkene isomers (Cram, 1952). The use of sterically hindered bases, such as
potassium tert-butoxide, to favour the formation of the less substituted Hofmann product is a classic example of how this stereochemical constraint
can be exploited in synthesis (Brown & Liu, 1975). The main drawback of the E2 reaction is that it requires a strong base, which can be incompatible
with other functional groups in the molecule (Saunders, 1964). The E1 reaction, on the other hand, proceeds through a carbocation intermediate and
does not have the same strict stereochemical requirements as the E2 reaction (Hegarty, 1980). This can lead to a mixture of alkene isomers, and the
regioselectivity is often governed by Zaitsev's rule, which favours the formation of the more stable, more substituted alkene (Zaitsev, 1875). The E1
reaction is often a side reaction in SN1 reactions, and it is generally favoured at higher temperatures (Saunders et al., 1960). The ability to control the
competition between substitution and elimination is a critical skill for any synthetic chemist (Parker, 1962). The graphical analysis presented in Figure
8 provides a clear and concise summary of the key factors that influence this competition. The choice of substrate, nucleophile/base, solvent, and
temperature can all be used to steer the reaction towards the desired product (Bordwell, 1970).

The advent of computational chemistry and artificial intelligence is revolutionising the study of chemical reactions (Butler et al., 2018). The ability to
model potential energy surfaces and calculate activation energies provides a powerful tool for understanding the factors that control the rates and
selectivity of reactions (Houk & Liu, 2017). The FlowER Al system, developed at MIT, represents a significant leap forward in our ability to predict
the outcomes of chemical reactions (Joung et al., 2025). By incorporating fundamental physical constraints, such as the conservation of mass and
electrons, FlowER can provide more realistic and reliable predictions than previous Al models (Coley et al., 2019). This is particularly important for
complex reactions where multiple pathways are possible, such as the competition between substitution and elimination (Segler et al., 2018). The
ability of Al to predict not only the products of a reaction but also the most likely mechanistic pathway is a game-changer for organic synthesis
(Schwaller et al., 2021). It has the potential to accelerate the discovery of new reactions and to enable the rational design of more efficient and
selective synthetic routes (Coley et al., 2017). For example, an AI system could be used to screen a large number of potential substrates, nucleophiles,
and catalysts to identify the optimal conditions for a desired transformation (Gao et al., 2018). This would save a significant amount of time and
resources compared to the traditional trial-and-error approach (Granda et al., 2018).

However, it is important to acknowledge the limitations of Al in its current state (Marcus, 2018). While models like FlowER are a significant
advancement, they are still trained on existing data (Reymond, 2015). This means that they are better at predicting the outcomes of known reactions
than they are at discovering entirely new ones (Szymkuc et al., 2016). The creative and intuitive aspects of chemical synthesis, the ability to design a
novel reaction based on a deep understanding of chemical principles, are still very much the domain of the human chemist (Nicolaou & Montagnon,
2008). The future of organic chemistry will likely involve a synergistic partnership between human chemists and Al tools (Raccuglia et al., 2016). The
AT will provide the computational power to analyse vast amounts of data and to predict the outcomes of reactions with high accuracy (Gémez-
Bombarelli et al., 2018). The human chemist will provide the creativity, the intuition, and the deep understanding of chemical principles to guide the
Al and to design new and innovative synthetic strategies (Segler & Waller, 2017). This partnership has the potential to accelerate the pace of
discovery in organic chemistry and to lead to the development of new molecules and materials with a wide range of applications, from medicine to
materials science (Sanchez-Lengeling & Aspuru-Guzik, 2018).

In conclusion, aliphatic nucleophilic substitution and elimination reactions are a cornerstone of organic chemistry (Clayden et al., 2012). Their rich
and complex mechanistic landscape provides a fertile ground for the study of chemical reactivity (Carey & Sundberg, 2007). The ability to control the
competition between these pathways is a critical skill for any synthetic chemist (Fleming, 2010). The advent of computational chemistry and artificial
intelligence is providing new and powerful tools for the study of these reactions, and the future of this field will likely involve a close collaboration
between human chemists and AI (Butler et al., 2018). This partnership has the potential to unlock new levels of understanding and to accelerate the
discovery of new and important molecules and materials that will benefit society as a whole (Coley et al., 2017). The journey from the classical
mechanistic studies of Hughes and Ingold to the Al-driven reaction prediction of today is a testament to the enduring power of the scientific method
and to our ever-expanding ability to understand and manipulate the molecular world (Akeroyd, 2000).

5. Conclusion

This article has provided a comprehensive and multifaceted exploration of aliphatic nucleophilic substitution and elimination reactions, traversing
from their foundational mechanistic principles to the forefront of computational and artificial intelligence-driven analysis (Clayden et al., 2012). The
intricate dance between the SN1, SN2, E1, and E2 pathways, governed by the delicate balance of substrate structure, nucleophile/base characteristics,
solvent environment, and temperature, has been meticulously examined (Smith & March, 2020). The graphical and computational visualisations
presented herein have served to illuminate these complex relationships, offering a clear and quantitative framework for understanding the factors that
dictate the course of these fundamental organic transformations (Fleming, 2010).

The enduring relevance of these reactions in modern synthetic chemistry is undeniable (Trost, 1991). Their mastery remains a cornerstone of the
organic chemist's toolkit, enabling the construction of a vast and diverse array of molecular architectures (Nicolaou & Montagnon, 2008). The
ongoing challenge lies in achieving ever-greater levels of selectivity and efficiency, a challenge that is now being met with the powerful assistance of



computational tools (Houk & Liu, 2017). The ability to model reaction pathways and predict outcomes with increasing accuracy is transforming the
way we approach chemical synthesis, moving us from an era of empirical observation to one of rational design (Paton & Goodman, 2009).

The emergence of sophisticated Al systems, such as the FlowER model, marks a pivotal moment in this evolution (Joung et al., 2025). By grounding
reaction prediction in the fundamental laws of physics, these Al tools are poised to become indispensable partners in the process of chemical
discovery (Coley et al., 2019). They offer the potential to rapidly screen vast chemical spaces, to identify novel reaction pathways, and to elucidate
complex mechanistic details that have long remained elusive (Schwaller et al., 2021). The future of organic chemistry will undoubtedly be shaped by
the synergistic collaboration between human intuition and artificial intelligence, a partnership that promises to accelerate the pace of innovation and to
unlock new frontiers in molecular science (Butler et al., 2018).

In essence, the study of nucleophilic substitution and elimination reactions, while rooted in the classical traditions of organic chemistry, continues to
be a vibrant and evolving field (Carey & Sundberg, 2007). The journey from the seminal work of Ingold and Hughes to the Al-driven laboratories of
the 21st century is a testament to the enduring power of scientific inquiry and to our unceasing quest to understand and to shape the molecular world
(Akeroyd, 2000). The principles and concepts discussed in this article, while fundamental, are not static. They are constantly being refined and re-
evaluated in the light of new experimental and computational evidence, ensuring that this classic chapter of organic chemistry will continue to inspire
and to challenge chemists for generations to come (March, 2020).

6. Attachments
The Python code used to generate the figures in this article is provided below.

sn2_energy_profile.py

import matplotlib.pyplot as plt
import numpy as np

x
|

= np.linspace(0, 10, 100)
y = -5 * np.exp(-((x - 5) ** 2) / 2) -2

plt.figure(figsize=(8, 6))
plt.plot(x, y, label="Reaction Pathway")

plt.xlabel("Reaction Coordinate")
plt.ylabel("Potential Energy")
plt.title("Energy Profile of an SN2 Reaction")

plt.xticks([])
plt.yticks([])

plt.text(0.5, -1, "Reactants", ha='center',6 va='center', fontsize=12)
plt.text(9.5, -6, "Products", ha='center', va='center',6 fontsize=12)

plt.text(5, -1.5, "Transition State", ha='center', va='center',K fontsize=12)

plt.annotate("", xy=(5, -2), xytext=(5, -7), arrowprops=dict(arrowstyle="<->", color="red"))
plt.text(5.5, -4.5, "AH", ha='center', va='center',6 fontsize=12, color="red")

plt.annotate("", xy=(5, -2), xytext=(0, -2), arrowprops=dict(arrowstyle="<->", color="green"))
plt.text(2.5, -1.5, "Ea", ha='center', va='center',6 fontsize=12, color="green")

plt.savefig("/home/ubuntu/sn2_energy_profile.png")
plt.close()

snl_energy_profile.py



import matplotlib.pyplot as plt
import numpy as np

X = np.linspace(0, 10, 100)

yl = -3 * np.exp(-((x - 2) ** 2) /1) - 2
y2 = -4 * np.exp(-((x - 8) ** 2) /1) - 5
y = np.minimum(y1, y2)

plt.figure(figsize=(8, 6))
plt.plot(x, y, label="Reaction Pathway")

plt.xlabel("Reaction Coordinate")
plt.ylabel("Potential Energy")
plt.title("Energy Profile of an SN1 Reaction")

plt.xticks([])
plt.yticks([])

plt.text(0.5, -1, "Reactants", ha="center", va="center", fontsize=12)

plt.text(9.5, -8, "Products", ha="center", va="center", fontsize=12)

plt.text(5, -4, "Carbocation\nIntermediate", ha="center", va="center", fontsize=12)
plt.text(2, -1.5, "TS1", ha="center", va="center", fontsize=12)

plt.text(8, -4.5, "TS2", ha="center", va="center", fontsize=12)

plt.annotate("", xy=(2, -2), xytext=(0, -2), arrowprops=dict(arrowstyle="<->", color="green"))
plt.text(1, -1.5, "Eal", ha="center", va="center", fontsize=12, color="green")

plt.annotate("", xy=(8, -5), xytext=(5, -5), arrowprops=dict(arrowstyle="<->", color="blue"))
plt.text(6.5, -4.5, "Ea2", ha="center", va="center", fontsize=12, color="blue")

plt.savefig("/home/ubuntu/sni_energy_profile.png")
plt.close()

reaction_kinetics_plot.py



import matplotlib.pyplot as plt
import numpy as np

# Create time array
time = np.linspace(0, 10, 100)

# SN2 reaction kinetics (second-order)

k_sn2 = 0.5

initial_conc = 1.0

sn2_conc = initial_conc / (1 + k_sn2 * initial_conc * time)

# SN1 reaction kinetics (first-order)
k_sn1 = 0.3
snl_conc = initial_conc * np.exp(-k_snl * time)

# Create the plot

plt.figure(figsize=(10, 6))

plt.plot(time, sn2_conc, 'b-', linewidth=2, label='SN2 (Second-order)"')

plt.plot(time, sni_conc, 'r-', linewidth=2, label='SN1l (First-order)")

plt.xlabel('Time (arbitrary units)', fontsize=12)

plt.ylabel('Substrate Concentration (M)', fontsize=12)

plt.title('Kinetic Profiles of SN1 and SN2 Reactions', fontsize=14)

plt.legend(fontsize=12)

plt.grid(True, alpha=0.3)

# Add annotations

plt.annotate('SN2: Rate = K[RX][Nu-]', xy=(7, 0.2), xytext=(7, 0.4),
arrowprops=dict(arrowstyle='->"', color='blue'),
fontsize=10, color='blue')

plt.annotate('SN1: Rate = k[RX]', xy=(7, 0.1), xytext=(7, 0.25),

arrowprops=dict(arrowstyle='->"', color='red'),
fontsize=10, color='red')

plt.tight_layout()

plt.savefig('/home/ubuntu/reaction_kinetics_plot.png', dpi=300, bbox_inches='tight')
plt.close()

[Additional Python code sections continue as in the original article...]
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