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ABSTRACT

The fundamental interplay between potential energy and entropy is a key facet of chemical reactions.
Potential energy signifies stored energy in a chemical system, while entropy quantifies disorder.
Understanding this connection is pivotal for comprehending reaction dynamics. This manuscript delves into
the intricate relationship between potential energy and entropy, investigating their influence on chemical
reactions. Potential energy arises from atomic and molecular positions, while entropy reflects molecular
arrangement randomness. The equilibrium of these factors impacts reaction feasibility and kinetics. Through
analysis, we explore how nucleophilic substitution reactions, essential for organic synthesis, showcase the
potential energy-entropy interplay. Excessive potential energy with low entropy and excessive entropy both
impede reactions. Favorable alignment of potential energy and entropy promotes reactions, yielding diverse
energy states. Understanding potential energy and entropy interaction provides insights into reaction
feasibility, rate, and control. This enriches foundational chemistry comprehension, facilitating efficient,
predictable reaction design.

© 2023 Jawad Alzeer. Hosting by Science Repository.

Introduction

prime importance. Unraveling the mechanisms underlying these
reactions and recognizing the factors that influence their kinetics and
regioselectivity allow chemists to manipulate rational drug design. This

Nucleophilic substitution reactions play a central role in the field of
organic chemistry, governing the intricate processes of molecular
modification and assembly. At the core of these reactions are
nucleophiles, molecules that generously make their electron-rich centers
available to enable the formation of new chemical bonds [1]. This
fundamental reaction controls the assembly of organic structures ranging
from basic compounds to complex biomolecules essential for sustaining
life. At the core of nucleophilic reactions lies the dynamic interaction
between nucleophiles and electrophiles. Electrophiles, characterized by
their electron-deficient nature, engage in a captivating partnership with
nucleophiles. This interaction results in the formation of new covalent
bonds and the reorganization of atoms or groups [2].

In the fields of synthetic chemistry and pharmaceuticals, a
comprehensive understanding of nucleophilic substitution reactions is of
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in turn enables the design and production of innovative compounds
tailored to specific structural properties and functionalities [3].

Our investigation takes an in-depth look at the intricacies of nucleophilic
substitution reactions, examining them closely through a different
perspective in particular from the view of entropy and potential energy,
with an emphasis on clarifying the mechanisms underlying the Sy1 and
Sn2 pathways [4]. Principles from thermodynamics and reaction
energetics are interlaced together to elucidate the fundamental
mechanisms, driving forces, and specific applications. By analysing
these driving forces, we illuminate how nucleophilic reactions, which
play a central role in organic chemistry, can be comprehensively
understood by incorporating potential energy and entropy perspectives.
Furthermore, we explore how modulation of these forces, whether at the
level of the whole molecule or fraction components, can lead to a deeper
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understanding of the indispensable balance between these forces, a
balance that fundamentally supports the precise control of reactivity [5-
6].

Deciphering Potential Energy and Entropy in Reactions

In the broad field of chemistry, the delicate connection between two
central concepts - potential energy and entropy - is at the core of the
dynamics of chemical reactions. To comprehend and untangle this
intricate connection, it's crucial to perceive potential energy as a
reservoir of stored energy inherent to a chemical system. This energy is
held within atoms and molecules due to their positions and interactions.
From a molecular perspective, potential energy is embedded in the
inherent constitution, intricate configuration, and unique conformations
of molecules. The greater the degree of organization and rigidity of a
compound, the higher its potential energy content [7-8]. Contrast this
with entropy, a measure of randomness or disorder in a system. This
concept of entropy is related to the flexibility, reorientation, and number
of conformers that molecules possess. The more opportunities these
molecules possess to disperse and rearrange themselves, the higher their
entropy. The essence of entropy is also evident in the interplay of
vibrations, rotations and translations within molecules [9-10].

Entropy represents molecular disorder and dissociation, while potential
energy reflects organization and association. These factors are inversely
related: higher potential energy corresponds to lower entropy and vice
versa [11-12]. The duality of harmonic interplay between entropy and
potential energy is essential and serves as a measure by which the
intricate balance between molecular dispersion and organization within
a given state can be remarkably quantified [13-14]. Potential energy
stands as a key player in assessing a reaction's feasibility [15]. When
potential energy is excessively high, a reaction may encounter
difficulties progressing, when combined with low entropy. This situation
signifies limited flexibility or a reduced availability of energy states for
the reaction to occur [16]. On the other hand, excessively high entropy
can also hinder reactions. If a molecule is excessively disordered and the
potential energy is extremely low, the reaction might not proceed
smoothly due to the molecule's high disorder and stability. However,
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when potential energy aligns favorably, reactions are more likely to
unfold, particularly when accompanied by sufficient entropy or
flexibility, leading to a variety of energy states [17].

Conversely, higher entropy signifies that molecules are more dispersed
and less orderly, while lower entropy points to a more rigid arrangement.
This molecular positioning profoundly affects the ease and speed of a
reaction, consequently molecules with bulky substituents often possess
higher potential energy due to limited flexibility and higher complexity,
the contrary is true as well [18]. Harmonizing the interplay between
potential energy and entropy is a key aspect of anticipating and
enhancing chemical reactions. When these two factors work in synergy,
reactions tend to unfold smoothly. This delicate balance affects both the
overall favorability and Kkinetics of reactions and includes the interplay
of molecular order and disorder [19]. The complicated interplay between
potential energy and entropy is central to understanding and predicting
chemical reactions. By decoding their interaction, chemists gain insight
into the feasibility and rate of reactions. This deep understanding not
only reveals the fundamental principles of chemistry, but also enables us
to design reactions that are efficient, predictable, and precisely
controlled.

Probing Sn1 Reactions

Through the exploration of Syl reactions, we acquire valuable insight
into the characteristics of the starting materials. This understanding is
closely related to reactivity, which depends on the complexity of the
alky| substituents neighbouring the carbon attached to the leaving group.
Reactivity decreases in the order of tertiary, secondary and primary
substrates. Syl reactions use substrates characterized by a higher degree
of complexity. This complexity results from the presence of carbon
atoms in Sy1 substrates, which exhibit an inherent inflexibility [20]. This
rigidity results from the complicated three-dimensional arrangement of
the carbon atom when it is bonded to the leaving group. Consequently,
this structural constraint results in limited flexibility, leading to an
increase in potential energy, a characteristic that adds a challenging
energetic aspect to the reaction [21].

Nu

Mixture/Racemate

Figure 1: Adjustments in potential energy and entropy during Sy1 reaction: transition state leading to induced flexibility and molecular freedom.

It is important to recognize the challenges that molecules with increased
potential energy and decreased entropy pose to the progression of the
reaction [22]. To overcome this hurdle, a strategic pathway is revealed
during the formation of the transition state. This particular paradigm
involves a core transformation in which a specific fragment (leaving
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group) of the molecule is dissociated (Figure 1). The rate determining
step is the complete dissociation of the leaving group in the transition
state. As a result, a carbocation is formed that is characterized by its
planar geometry. This arrangement results in an expanded spatial
domain around the carbocation, increasing the degree angle from 109°
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to 120°. This expansion enhances flexibility and reduces rigidity. This
increased flexibility and entropy, while retaining a significant amount of
potential energy, serves as a catalyst for the reaction [23-24].

As aresult, a harmonic balance is reached, characterized by an increased
entropy level and the retention of a considerable potential energy [25].
This state of balance proves to be a crucial driving force for the Syl
reaction to proceed. The driving force behind this reaction can be
attributed to the increase in entropy that occurs during the transition
state. This phenomenon leads to an acceleration in the reaction rate when
higher temperatures are present, effectively promoting the dissociation
process. However, as the entropy in the transition state increases, the
selectivity of the reaction decreases. This result is due to the proliferation
of different molecular orientations. This complicated interaction often
results in the formation of a mixture or racemate, especially when the
starting material exhibits chirality.

Probing Sn2 Reactions

As we delve into the complicated nature of Sy2 reactions, one important
factor is the inherent simplicity of the starting material. In general, the
substrate has a simple structure in which a carbon atom is closely linked
to the leaving group. This structural aspect is critical for understanding
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reactivity patterns where primary carbons are more favourable for Sy2
reactions compared to secondary carbons, while tertiary carbons exhibit
a lower tendency for Sy2 contribution [26-27].

At the core of this reactivity lies in the unique nature of the carbon
attached to the leaving group, the point at which nucleophilic
substitution occurs. This carbon, which is usually surrounded by smaller
substituents such as hydrogen atoms, acquires a remarkable flexibility
[20, 28]. This flexibility leads to higher entropy and relatively low
potential energy. However, the conversion of a highly entropic molecule
into a reactive moiety requires management of the potential energy
enhancement. This precise management occurs during the formation of
the transition state (Figure 2). At this crucial moment, the high flexibility
of the parent molecule is restricted as the nucleophile interacts with the
central carbon to create a more complex transition state. In the transition
state of an Sy2 reaction, a trigonal bipyramidal intermediate forms [29].
Here, the nucleophile attacks the carbon atom while the leaving group
separates. This transitional configuration features the central carbon
encircled by five substituents, two of which share partial bonds. This
highly ordered arrangement leads to a rigidity that counteracts the earlier
flexibility and results in increased potential energy. Consequently, the
transition state becomes enriched in potential energy and becomes
particularly rigid [30].

Trigonal bipyramidal TS
Flexibility decreased

Potential increased

Figure 2: Adjustments in potential energy and entropy during Sy2 reaction: transition state resulting in diminished flexibility and enhanced potential.

Due to the increased potential energy and rigidity, the reaction proceeds
with improved selectivity. This selectivity often leads to the formation
of a single product, often with an opposite configuration if the starting
material was chiral. The essential assumption lies in the build-up of
potential energy within the transition state, which directs the path of the
reaction. However, it's essential to recognize that the formation of
potential energy can be disrupted by factors that enhance flexibility. One
notable factor is temperature, which plays a critical role. At higher
temperatures, molecules have greater thermal energy, leading to more
frequent molecular motion. This increased motion can lead to the
destabilization of the transition state, as the geometry required for the
trigonal bipyramidal arrangement becomes more difficult to achieve. As
a result, the reaction might shift towards alternative mechanisms, such
as E2 (elimination bimolecular) reactions. As a result, higher
temperatures introduce movements that enhance flexibility, which could
potentially disrupt the meticulously established potential energy
configuration [31]. Therefore, carrying out Sy2 reactions at room
temperature or lower is more advantageous. In contrast to Sy1 reactions,
where elevated temperatures typically accelerate the reaction, the Sy2
pathway deviates from this temperature-rate correlation. The intricate
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equilibrium between building potential energy and maintaining
molecular rigidity outlines the unique reactivity of Sy2 reactions.

Conclusion

In organic chemistry, nucleophilic substitution reactions play a crucial
role in molecular transformation. This manuscript explores these
reactions in relation to potential energy and entropy. Nucleophiles,
electron-rich species, drive the formation of new bonds in compounds.
The interplay of potential energy and entropy is examined, highlighting
their reciprocal relationship. Excessive potential energy with low
entropy or extreme entropy can hinder reactions. However, when
potential energy aligns favorably with sufficient entropy, reactions
thrive, resulting in diverse energy states. Syl and Sp2 reactions
exemplify these principles. Transition states enable the overcoming of
high potential energy and low entropy in Syl reactions, while Sy2
reactions benefit from simplicity and higher entropy. Understanding the
interplay of potential energy and entropy enhances our comprehension
of reaction feasibility, speed, and control. This knowledge empowers the
design of efficient and predictable reactions, advancing the field of
chemistry.
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