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Abstract

This article provides a comprehensive review of addition reactions to carbon-carbon 
multiple bonds, a fundamental class of transformations in organic chemistry. We delve 
into the electronic structure of alkenes and alkynes, elucidating the inherent reactivity 
of the π-bond (Clayden et al., ����). The discussion encompasses a detailed 
examination of various addition reactions, including hydrohalogenation, hydration, 
halogenation, halohydrin formation, hydroboration-oxidation, and catalytic 
hydrogenation (Smith, ����; Vollhardt & Schore, ����). We explore the principles of 
regioselectivity and stereochemistry, with a particular focus on Markovnikov's rule and 
anti-Markovnikov additions (Anslyn & Dougherty, ����). The underlying mechanistic 
principles, including carbocation stability, the Hammond postulate, and the role of 
reaction intermediates, are thoroughly analysed (Lowry & Richardson, ����). 
Furthermore, we present a computational perspective, leveraging Python-based 
visualizations to illustrate reaction mechanisms, energy profiles, and stereochemical 
outcomes. The article also considers the impact of artificial intelligence on the field, 
discussing how machine learning and computational tools are poised to accelerate the 
discovery and optimisation of novel addition reactions (Coley et al., ����; Segler et al., 
����). This work aims to provide a holistic understanding of this critical reaction class, 
from foundational principles to modern applications and future directions.
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�. Introduction

The transformation of simple, readily available starting materials into complex
molecular architectures is the central pursuit of organic synthesis (Nicolaou &
Sorensen, 1996). Among the myriad of reactions that chemists have developed to
achieve this goal, addition reactions to carbon-carbon multiple bonds stand out as a
cornerstone of the field (Smith, 2020). These reactions, which involve the breaking of a
π-bond and the formation of two new σ-bonds, provide a powerful and versatile
strategy for introducing new functional groups and building molecular complexity
(Clayden et al., 2012). The ubiquity of alkenes and alkynes in natural products and as
synthetic intermediates has made their functionalization a topic of intense and
ongoing research (Trost & Fleming, 1991).

The unique reactivity of carbon-carbon multiple bonds stems from the electronic
nature of the π-bond (Fleming, 2010). Unlike the σ-bonds that form the backbone of
organic molecules, the π-bond is characterized by a region of high electron density
located above and below the plane of the molecule (Anslyn & Dougherty, 2006). This
diffuse cloud of electrons is more accessible to electrophilic attack than the electrons
in a σ-bond, making alkenes and alkynes nucleophilic in nature (Bruice, 2016). The
relative weakness of the π-bond (approximately 63 kcal/mol) compared to the stronger
σ-bonds that are formed in the products (typically > 80 kcal/mol) provides the
thermodynamic driving force for addition reactions (Atkins & de Paula, 2014). This
energetic favourability is a key reason why addition reactions are so common and
synthetically useful (March, 1992).
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Figure 1 illustrates the fundamental structure of a carbon-carbon double bond using
ethene as a representative example. The π-bond electron density is clearly visible
above and below the molecular plane, demonstrating the accessibility of these
electrons to electrophilic attack (Carey & Sundberg, 2007).

The study of addition reactions has a rich history, with many of the foundational
concepts being established in the 19th and early 20th centuries (Partington, 1964). One
of the most significant early contributions was made by the Russian chemist Vladimir
Markovnikov, who in 1870 formulated his famous rule regarding the regioselectivity of
hydrohalogenation reactions (Markovnikov, 1870). Markovnikov's rule, which states
that the hydrogen atom of a hydrogen halide adds to the carbon atom of the double
bond that already has the greater number of hydrogen atoms, provided an empirical
framework for predicting the outcome of these reactions (Sykes, 1986). While initially a
purely observational rule, the underlying electronic principles that govern this
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selectivity were later elucidated with the development of the carbocation theory
(Olah, 1995).

The concept of the carbocation intermediate is central to understanding the
mechanism of many electrophilic addition reactions (Bethell & Gold, 1967). The initial
attack of an electrophile on the π-bond of an alkene leads to the formation of a
positively charged carbon atom, or carbocation (Olah et al., 2009). The stability of this
intermediate is highly dependent on the substitution pattern of the carbon atom, with
tertiary carbocations being the most stable, followed by secondary and then primary
carbocations (Lowry & Richardson, 2017). This stability trend is due to the electron-
donating effects of alkyl groups, which help to delocalize the positive charge through
hyperconjugation and inductive effects (Carey & Sundberg, 2007). The Hammond
postulate, which states that the transition state of a reaction step will resemble the
species to which it is closest in energy, provides a theoretical basis for understanding
why the more stable carbocation is formed more rapidly (Hammond, 1955; Leffler,
1953). In the case of electrophilic addition, the formation of the carbocation is the rate-
determining step, and the transition state leading to the more stable carbocation will
be lower in energy, thus leading to the observed regioselectivity (Anslyn & Dougherty,
2006).
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Figure 2 demonstrates the two-step mechanism of electrophilic addition, showing
how the proton adds to the less substituted carbon to form the more stable tertiary
carbocation, followed by nucleophilic attack by the bromide ion (Sykes, 1986).

Figure 3 provides a quantitative representation of carbocation stability differences,
illustrating the energy gap that drives regioselectivity in electrophilic addition
reactions (Olah, 1995).

While Markovnikov's rule provides a reliable guide for many addition reactions, there
are also a significant number of reactions that exhibit the opposite regioselectivity,
known as anti-Markovnikov addition (Brown, 1975). The most notable example of this
is the hydroboration-oxidation reaction, developed by H.C. Brown in the mid-20th
century (Brown & Subba Rao, 1956). This two-step process allows for the hydration of
an alkene to yield the anti-Markovnikov alcohol (Pelter et al., 1988). The mechanism of
hydroboration is fundamentally different from that of electrophilic addition, as it
proceeds through a concerted, four-membered transition state in which the boron
atom adds to the less substituted carbon and the hydrogen atom adds to the more
substituted carbon (Zweifel & Brown, 1963). This regioselectivity is primarily driven by
steric factors, as the bulky borane reagent preferentially approaches the less hindered
carbon atom of the double bond (Brown, 1975). The subsequent oxidation step
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replaces the boron atom with a hydroxyl group, yielding the final anti-Markovnikov
product (Kabalka & Hedgecock, 1975).

Another important class of anti-Markovnikov addition is the radical addition of
hydrogen bromide, which occurs in the presence of peroxides (Kharasch & Mayo,
1933). This reaction proceeds through a free-radical chain mechanism, in which a
bromine radical is the initial electrophile (Walling, 1957). The regioselectivity is
determined by the stability of the resulting carbon radical, which follows the same
trend as carbocation stability (tertiary > secondary > primary) (Giese, 1983). However,
because the bromine radical adds first, the hydrogen atom is subsequently delivered
to the more substituted carbon, resulting in the anti-Markovnikov product (Tedder,
1982). This reaction highlights the importance of understanding the underlying
reaction mechanism in order to predict the outcome of a reaction (Fossey et al., 1995).

In addition to regioselectivity, the stereochemistry of addition reactions is another
critical aspect that must be considered (Eliel et al., 1994). The spatial arrangement of
the newly formed σ-bonds can have a profound impact on the structure and
properties of the product molecule (Mislow, 1965). Addition reactions can be classified
as either syn or anti, depending on whether the two new groups add to the same face
or to opposite faces of the double bond (Vollhardt & Schore, 2018). Catalytic
hydrogenation, for example, is a classic example of a syn addition, in which both
hydrogen atoms are delivered to the same face of the alkene from the surface of the
metal catalyst (Rylander, 1979; Augustine, 1965). In contrast, the halogenation of
alkenes with bromine or chlorine is a stereospecific anti addition, which proceeds
through a bridged halonium ion intermediate (Roberts & Caserio, 1977). The
nucleophilic attack of the halide ion on this intermediate occurs from the backside,
resulting in the exclusive formation of the anti addition product (Fahey, 1968).
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Figure 4 illustrates the characteristic two-step energy profile for electrophilic addition
reactions, showing the carbocation intermediate and the relative activation energies
for each step (Lowry & Richardson, 2017).
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Figure � provides a clear visual distinction between syn and anti addition 
mechanisms, highlighting the stereochemical outcomes that result from different 
reaction pathways (Eliel et al., ����).

The development of new and improved methods for controlling the regioselectivity 
and stereoselectivity of addition reactions remains an active area of research 
(Jacobsen et al., ����). The use of chiral catalysts has enabled the development of 
enantioselective addition reactions, which allow for the synthesis of single 
enantiomers of chiral molecules (Noyori, ����; Sharpless, ����). These methods are of 
particular importance in the pharmaceutical industry, where the biological activity of a 
drug is often dependent on its stereochemistry (Stinson, ����). The use of 
computational methods, such as density functional theory (DFT), has also become an 
indispensable tool for studying the mechanisms of addition reactions and for 
designing new catalysts with improved selectivity (Houk & Cheong, ����; Paton & 
Goodman, ����).

More recently, the field of artificial intelligence (AI) has begun to make significant 
inroads into the world of organic chemistry (Butler et al., ����). Machine learning 
algorithms are being used to predict the outcomes of reactions, to design new 
synthetic routes, and to discover new catalysts (Coley et al., ����; Segler et al., ����). 
These AI-powered tools have the potential to dramatically accelerate the pace of 
discovery in organic synthesis (Schneider, ����). By learning from vast amounts of 
existing reaction data, these models can identify subtle patterns and relationships that 
may not be apparent to human chemists (Grzybowski et al., ����). This can lead to the 
discovery of new and unexpected reactivity, as well as the development of more 
efficient and sustainable synthetic methods (Ahneman et al., ����). The integration of 
AI into the workflow of organic chemists is still in its early stages, but it is clear that this 
technology will play an increasingly important role in the future of the field (Raccuglia 
et al., ����).

This article will provide a comprehensive overview of the fundamental principles of 
addition reactions to carbon-carbon multiple bonds. We will explore the various types 
of addition reactions in detail, with a focus on their mechanisms, regioselectivity, and 
stereochemistry. We will also discuss the role of modern computational tools in 
studying these reactions and the exciting new possibilities that are emerging from the 
intersection of organic chemistry and artificial intelligence. Through a combination of 
theoretical discussion (Montgomery, 2025), mechanistic analysis, and computational 
visualization, we aim to provide a clear and comprehensive guide to this essential class 
of organic reactions.
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�. Methodology

This section outlines the fundamental principles and methodologies employed in the 
study and application of addition reactions to carbon-carbon multiple bonds. We will 
explore the theoretical frameworks that govern these reactions, including the 
mechanistic pathways, regiochemical and stereochemical outcomes, and the 
thermodynamic and kinetic factors that influence their course (Anslyn & Dougherty, 
����). The discussion will be supported by visual aids, including reaction mechanism 
diagrams, energy profiles, and summary tables, to provide a clear and comprehensive 
understanding of the concepts.

�.�. Electrophilic Addition Reactions

Electrophilic addition is the most common class of reaction for alkenes and alkynes 
(Smith, ����). The high electron density of the π-bond makes it susceptible to attack 
by electrophiles, initiating a cascade of events that leads to the formation of a more 
saturated product (Fleming, ����). The general mechanism for electrophilic addition 
can be broken down into two key steps (Sykes, ����):

1. Electrophilic Attack and Carbocation Formation: The reaction is initiated by
the attack of an electrophile (E⁺) on the π-bond of the alkene (Bethell & Gold,
1967). This results in the formation of a carbocation intermediate and a new σ-
bond between one of the carbon atoms and the electrophile. This step is typically
the rate-determining step of the reaction (Lowry & Richardson, 2017).

2. Nucleophilic Capture: The carbocation intermediate is a highly reactive species
that is rapidly captured by a nucleophile (Nu⁻) (Olah et al., 2009). This results in
the formation of a second σ-bond and the final addition product.

The regioselectivity of electrophilic addition to unsymmetrical alkenes is governed by
Markovnikov's rule (Markovnikov, 1870). As stated previously, this rule predicts that
the electrophile will add to the carbon atom of the double bond that has the greater
number of hydrogen atoms (Carey & Sundberg, 2007). This is because the stability of
the carbocation intermediate is the primary factor that determines the regiochemical
outcome (Olah, 1995). The stability of carbocations follows the order: tertiary (3°) >
secondary (2°) > primary (1°) (Lowry & Richardson, 2017). This trend is due to the
electron-donating inductive effect of alkyl groups, which helps to stabilize the positive
charge on the carbon atom through hyperconjugation (Mulliken, 1939; Baker &
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Nathan, ����). The Hammond postulate provides a theoretical basis for this 
observation, as the transition state leading to the more stable carbocation will be 
lower in energy and therefore formed more rapidly (Hammond, ����; Leffler, ����).

The thermodynamic parameters for typical addition reactions have been extensively 
studied (Benson, ����). For the addition of HBr to ethene, the enthalpy change is 
approximately -��.� kcal/mol, making the reaction highly exothermic (Atkins & de 
Paula, ����). The activation energy for the first step (carbocation formation) is 
typically ��-�� kcal/mol, while the second step has a much lower barrier of �-�� 
kcal/mol (Lowry & Richardson, ����).

�.�. Anti-Markovnikov Addition Reactions

While Markovnikov's rule is a reliable predictor for many electrophilic addition 
reactions, there are several important exceptions that lead to the formation of the 
anti-Markovnikov product (Brown, ����). These reactions proceed through 
mechanisms that do not involve the formation of a carbocation intermediate in the 
same manner as traditional electrophilic additions.

�.�.�. Hydroboration-Oxidation

The hydroboration-oxidation of alkenes is a two-step reaction that results in the syn-
addition of water across the double bond, with anti-Markovnikov regioselectivity 
(Brown & Subba Rao, ����). The reaction was first reported by H.C. Brown and has 
since become a powerful tool in organic synthesis (Pelter et al., ����).

Step �: Hydroboration. In the first step, borane (BH₃), typically in the form of a 
complex with tetrahydrofuran (THF), adds to the alkene (Brown, ����). The addition is 
concerted, meaning that the B-H and C-C bonds are formed and broken 
simultaneously (Zweifel & Brown, ����). The boron atom, which is the electrophilic 
center, adds to the less substituted carbon atom, while the hydrogen atom adds to the 
more substituted carbon atom. This regioselectivity is driven by both steric and 
electronic factors (Brown & Zweifel, ����). Sterically, the bulky borane reagent 
preferentially approaches the less hindered carbon atom. Electronically, the boron 
atom is less electronegative than hydrogen, and the transition state has a partial 
positive charge on the more substituted carbon, which is more stable (Pasto & Cumbo, 
����).
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Step 2: Oxidation. In the second step, the organoborane intermediate is oxidized with
hydrogen peroxide (H₂O₂) in the presence of a base (e.g., NaOH) (Kabalka &
Hedgecock, 1975). This replaces the boron atom with a hydroxyl group, yielding the
final alcohol product. The oxidation proceeds with retention of stereochemistry,
meaning that the hydroxyl group replaces the boron atom in the same position (Brown
et al., 1961).

The overall reaction can be represented by the following equation:

2.2.2. Radical Addition of HBr

The addition of HBr to alkenes can also proceed with anti-Markovnikov regioselectivity
in the presence of peroxides (ROOR) (Kharasch & Mayo, 1933). This reaction proceeds
through a free-radical chain mechanism, which is initiated by the homolytic cleavage
of the peroxide to form two alkoxy radicals (Walling, 1957).

Initiation:

Propagation:

Termination:

The regioselectivity of the radical addition is determined by the stability of the carbon
radical intermediate (Giese, 1983). Similar to carbocations, the stability of carbon
radicals follows the order: tertiary > secondary > primary (Tedder, 1982). In the
propagation step, the bromine radical adds to the less substituted carbon to form the
more stable secondary radical. This radical then abstracts a hydrogen atom from HBr

R − CH = CH ​2
1.BH ​,THF3 2.H ​O ​,NaOH2 2

R − CH ​ −2 CH ​ −2 OH

ROOR
Δ

2RO.

RO +. HBr → ROH + Br.

Br +. R − CH = CH ​ →2 R − H −Ċ CH ​Br2

R − H −Ċ CH ​Br +2 HBr → R − CH ​ −2 CH ​Br +2 Br.

2Br →. Br2

2R − H −Ċ CH ​Br →2 (R − CH − CH ​Br)2 2

Br +. R − H −Ċ CH ​Br →2 R − CHBr − CH ​Br2
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to form the final anti-Markovnikov product and regenerate the bromine radical, which 
continues the chain reaction (Fossey et al., ����).

�.�. Stereochemistry of Addition Reactions

The stereochemistry of addition reactions describes the spatial arrangement of the 
two new groups that are added to the double bond (Eliel et al., ����). Addition 
reactions can be classified as either syn-addition or anti-addition (Mislow, ����).

Syn-addition: The two groups add to the same face of the double bond
(Vollhardt & Schore, 2018).

Anti-addition: The two groups add to opposite faces of the double bond
(Roberts & Caserio, 1977).

The stereochemical outcome of an addition reaction is determined by the mechanism 
of the reaction (Eliel et al., ����). Reactions that proceed through a concerted 
mechanism, such as hydroboration and catalytic hydrogenation, are typically syn-
additions (Brown, ����; Rylander, ����). Reactions that proceed through a bridged 
intermediate, such as the halogenation of alkenes, are typically anti-additions (Fahey, 
����).

�.�. Catalytic Hydrogenation

Catalytic hydrogenation represents one of the most important and widely used 
addition reactions in organic chemistry (Rylander, ����). The reaction involves the 
addition of molecular hydrogen (H₂) across a carbon-carbon multiple bond in the 
presence of a heterogeneous catalyst, typically palladium, platinum, or nickel 
(Augustine, ����).

The mechanism of heterogeneous catalytic hydrogenation involves several steps 
(Bond, ����):

1. Adsorption: Both the alkene and hydrogen molecules adsorb onto the catalyst
surface

2. Activation: The H-H bond is cleaved, forming surface-bound hydrogen atoms

3. Addition: The hydrogen atoms are transferred to the alkene in a syn fashion

4. Desorption: The saturated product desorbs from the catalyst surface
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The stereochemistry is exclusively syn because both hydrogen atoms are delivered 
from the same catalyst surface (Siegel, ����). The reaction rate depends on several 
factors including catalyst surface area, temperature, pressure, and the substitution 
pattern of the alkene (Rylander, ����).

�.�. Summary of Addition Reactions

Figure � provides a comprehensive summary of the key features of the most common 
addition reactions to alkenes, including reagents, regioselectivity, stereochemistry, 
mechanisms, and products (Smith, ����).

�. Results

This section presents the results of our analysis of addition reactions to carbon-carbon 
multiple bonds, with a focus on the visual representation of key concepts and 
mechanisms. The figures presented below were generated using a custom Python 
script, which is provided in the attachments section. These visualizations are designed

Montgomery, R. , M. (2025). Addition Reactions to Carbon-Carbon Multiple Bonds. Scottish Science Society, Issue 5, Vol. 1 (1-38).13

 



to provide a clear and intuitive understanding of the principles that govern these 
important reactions.

�.�. Analysis of Reaction Mechanisms

The computational analysis of addition reaction mechanisms reveals several key 
insights into the factors that control regioselectivity and stereoselectivity (Houk & 
Cheong, ����). Density functional theory (DFT) calculations have been particularly 
valuable in understanding the transition states and intermediates involved in these 
reactions (Paton & Goodman, ����).

For electrophilic addition reactions, the energy difference between competing 
carbocation intermediates typically ranges from �-�� kcal/mol, which translates to 
selectivities of ��-��% at room temperature according to the Boltzmann distribution 
(Lowry & Richardson, ����). This quantitative understanding allows chemists to 
predict reaction outcomes with high confidence.

�.�. Thermodynamic and Kinetic Analysis

The thermodynamic parameters for addition reactions have been extensively 
measured and calculated (Benson, ����). Table � summarizes the key thermodynamic 
data for common addition reactions:

Reaction ΔH° (kcal/mol) ΔS° (cal/mol·K) ΔG° (kcal/mol)

H₂ + C₂H₄ → C₂H₆ -32.8 -31.3 -23.4

HBr + C₂H₄ → C₂H₅Br -16.5 -28.2 -8.1

Br₂ + C₂H₄ → C₂H₄Br₂ -12.3 -35.1 -1.8

These data demonstrate that addition reactions are generally thermodynamically 
favourable, with the driving force being the conversion of a weak π-bond to two 
stronger σ-bonds (Atkins & de Paula, ����).

�.�. Computational Visualization Results

The Python-generated visualizations provide clear illustrations of the key concepts in 
addition chemistry. The energy diagrams show the characteristic two-step profile for 
electrophilic additions, with the first step (carbocation formation) having the higher
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activation barrier (Hammond, ����). The stereochemistry diagrams effectively 
demonstrate the difference between syn and anti addition pathways (Eliel et al., ����).

�. Discussion

The study of addition reactions to carbon-carbon multiple bonds has been a 
cornerstone of organic chemistry for over a century, and it continues to be an area of 
active research and development (Trost & Fleming, ����). The principles of 
regioselectivity and stereoselectivity, which were first elucidated through careful 
experimental observation, are now well-understood in terms of the underlying 
electronic and steric factors that govern these reactions (Anslyn & Dougherty, ����). 
The ability to control the outcome of these reactions with a high degree of precision is 
essential for the synthesis of complex organic molecules, including natural products, 
pharmaceuticals, and advanced materials (Nicolaou & Sorensen, ����).

�.�. The Enduring Legacy of Markovnikov's Rule

Markovnikov's rule, despite its empirical origins, remains a remarkably powerful tool 
for predicting the outcome of a wide range of electrophilic addition reactions 
(Markovnikov, ����). The underlying principle of carbocation stability is a fundamental 
concept in organic chemistry, and it provides a rational basis for understanding the 
regioselectivity of these reactions (Olah, ����). The ability to generate a carbocation 
intermediate and then trap it with a nucleophile is a versatile strategy for introducing a 
wide variety of functional groups into a molecule (Bethell & Gold, ����).

Modern computational studies have provided quantitative support for Markovnikov's 
empirical observations (Houk & Cheong, ����). DFT calculations show that the energy 
difference between primary and tertiary carbocations can be as large as ��-�� 
kcal/mol, which corresponds to selectivities greater than ��% at room temperature 
(Paton & Goodman, ����). This level of selectivity is crucial for synthetic applications 
where high regioselectivity is required.

However, the reliance on carbocation intermediates also has its limitations (Olah et al., 
����). The high reactivity of carbocations can lead to unwanted side reactions, such as 
rearrangements and elimination reactions (Lowry & Richardson, ����). Carbocation 
rearrangements, in which a less stable carbocation rearranges to a more stable one 
through a hydride or alkyl shift, can lead to the formation of a mixture of products and 
can complicate the synthesis of a desired target molecule (Carey & Sundberg, ����).
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The propensity for rearrangement is particularly high for primary and secondary 
carbocations, which are less stable than their tertiary counterparts.

�.�. Anti-Markovnikov Chemistry and Mechanistic Diversity

The development of methods for achieving anti-Markovnikov addition has been a 
major advance in organic synthesis (Brown, ����). The hydroboration-oxidation 
reaction, in particular, has become an essential tool for the synthesis of anti-
Markovnikov alcohols (Pelter et al., ����). The unique mechanism of this reaction, 
which proceeds through a concerted, four-membered transition state, completely 
avoids the formation of a carbocation intermediate and thus circumvents the problem 
of rearrangements (Zweifel & Brown, ����).

The high degree of stereoselectivity of the hydroboration-oxidation reaction, which 
results in the syn-addition of water across the double bond, is another key advantage 
of this method (Brown et al., ����). This stereoselectivity has been exploited in 
numerous total syntheses of natural products, where precise control of 
stereochemistry is essential (Pelter et al., ����).

The radical addition of HBr is another important method for achieving anti-
Markovnikov addition (Kharasch & Mayo, ����). This reaction, which proceeds through 
a free-radical chain mechanism, provides a complementary approach to the 
hydroboration-oxidation reaction (Walling, ����). The ability to switch between 
Markovnikov and anti-Markovnikov addition simply by changing the reaction 
conditions (i.e., by adding or excluding peroxides) is a powerful demonstration of the 
importance of understanding reaction mechanisms (Giese, ����).

Recent developments in radical chemistry have expanded the scope of anti-
Markovnikov additions (Studer & Curran, ����). Photoredox catalysis and other 
modern radical generation methods have enabled new transformations that were 
previously inaccessible (Narayanam & Stephenson, ����; Prier et al., ����).

�.�. Stereoselectivity and Asymmetric Catalysis

The ability to control the stereochemistry of addition reactions is a major challenge in 
organic synthesis (Jacobsen et al., ����). The synthesis of a single enantiomer of a 
chiral molecule often requires the use of a chiral catalyst or a chiral auxiliary (Noyori, 
����). The development of enantioselective addition reactions has been a major focus
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of research in recent years, and many powerful methods have been developed 
(Sharpless, ����).

The Sharpless asymmetric epoxidation and the Jacobsen-Katsuki epoxidation are two 
landmark examples of enantioselective addition reactions that have had a profound 
impact on the field of organic synthesis (Katsuki & Sharpless, ����; Jacobsen, ����). 
These reactions, which use chiral catalysts to control the stereochemical outcome of 
the reaction, have made it possible to synthesize a wide range of enantiomerically 
pure compounds with high efficiency and selectivity.

The development of new and improved chiral catalysts is an ongoing area of research 
(Yoon & Jacobsen, ����). The use of computational methods, such as density 
functional theory (DFT), has become an indispensable tool for designing new catalysts 
with improved enantioselectivity (Houk & Cheong, ����). By modeling the transition 
state of the reaction, it is possible to identify the key interactions between the catalyst 
and the substrate that are responsible for the observed stereoselectivity (Paton & 
Goodman, ����). This information can then be used to design new catalysts with 
improved performance.

�.�. The Transformative Potential of Artificial Intelligence

The field of artificial intelligence (AI) is poised to revolutionize the way that we 
discover, design, and execute chemical reactions (Butler et al., ����). Machine learning 
algorithms are being used to predict the outcomes of reactions, to design new 
synthetic routes, and to discover new catalysts (Coley et al., ����; Segler et al., ����). 
These AI-powered tools have the potential to dramatically accelerate the pace of 
discovery in organic synthesis (Schneider, ����).

One of the most exciting applications of AI in chemistry is the use of machine learning 
to predict the products of chemical reactions (Coley et al., ����). By training a machine 
learning model on a large dataset of known reactions, it is possible to create a model 
that can predict the outcome of a new reaction with a high degree of accuracy (Wei et 
al., ����). This can be a valuable tool for synthetic chemists, as it can help them to 
identify the most promising reaction conditions and to avoid unwanted side reactions 
(Ahneman et al., ����).

Recent work has shown that neural networks can achieve prediction accuracies of over 
��% for many types of organic reactions (Schwaller et al., ����). For addition reactions
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specifically, models have been developed that can predict both regioselectivity and 
stereoselectivity with remarkable accuracy (Gao et al., ����).

AI can also be used to design new synthetic routes to a target molecule (Segler et al., 
����). By using a technique called retrosynthetic analysis, it is possible to work 
backward from the target molecule to identify a set of starting materials and reactions 
that can be used to synthesize it (Corey & Wipke, ����). AI-powered retrosynthesis 
tools can explore a vast number of possible synthetic routes and can identify the most 
efficient and cost-effective route to a target molecule (Klucznik et al., ����). This can 
be a valuable tool for drug discovery and for the synthesis of other complex organic 
molecules.

Finally, AI can be used to discover new catalysts for chemical reactions (Raccuglia et 
al., ����). By using a technique called high-throughput screening, it is possible to test 
a large number of potential catalysts in a short period of time (Jandeleit et al., ����). AI 
can be used to analyze the results of these experiments and to identify the most 
promising catalyst candidates (Butler et al., ����). This can be a valuable tool for the 
development of new and improved catalysts for addition reactions and for other 
important chemical transformations.

�.�. Environmental and Sustainability Considerations

Modern organic chemistry is increasingly focused on developing more sustainable and 
environmentally friendly synthetic methods (Anastas & Warner, ����). In the context of 
addition reactions, this has led to several important developments:

1. Green Solvents: The use of water, ionic liquids, and supercritical CO₂ as reaction
media has reduced the environmental impact of many addition reactions (Li &
Trost, 2008).

2. Atom Economy: Reactions like hydroboration-oxidation and catalytic
hydrogenation are highly atom-economical, incorporating most or all of the
reagent atoms into the final product (Trost, 1991).

3. Renewable Feedstocks: The use of alkenes derived from renewable sources
(e.g., plant oils) as starting materials for addition reactions is becoming
increasingly important (Corma et al., 2007).

4. Catalyst Recovery: The development of recyclable catalysts for addition
reactions reduces waste and improves the overall sustainability of the process
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(Cole-Hamilton, 2003).

�.�. Future Directions and Emerging Technologies

Several emerging technologies and research directions are poised to further advance 
the field of addition reactions:

1. Flow Chemistry: Continuous flow reactors enable better control of reaction
conditions and can improve the safety and efficiency of addition reactions
(Plutschack et al., 2017).

2. Photocatalysis: Light-driven addition reactions offer new opportunities for
selective transformations under mild conditions (Prier et al., 2013).

3. Electrochemistry: Electrochemical methods for driving addition reactions
provide an alternative to traditional chemical oxidants and reductants (Horn et
al., 2016).

4. Machine Learning-Guided Optimization: AI algorithms can optimize reaction
conditions in real-time, leading to improved yields and selectivities (Coley et al.,
2019).

The integration of AI into the workflow of organic chemists is still in its early stages, but 
it is clear that this technology will play an increasingly important role in the future of 
the field (Grzybowski et al., ����). The ability to predict the outcomes of reactions, to 
design new synthetic routes, and to discover new catalysts will have a profound 
impact on the way that we do chemistry. The future of addition reactions, and of 
organic chemistry as a whole, will be shaped by the synergy between human creativity 
and the power of artificial intelligence.

�. Conclusion

In this comprehensive exploration of addition reactions to carbon-carbon multiple 
bonds, we have traversed a landscape of fundamental principles, mechanistic 
intricacies, and modern innovations. From the foundational concepts of electrophilic 
addition and Markovnikov's rule to the nuanced control offered by anti-Markovnikov 
strategies and stereoselective catalysis, it is evident that this class of reactions 
represents a cornerstone of organic synthesis (Smith, ����; Clayden et al., ����). The 
ability to predictably and selectively functionalize alkenes and alkynes has
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empowered chemists to construct complex molecular architectures with remarkable
precision, underpinning advancements in fields ranging from medicinal chemistry to
materials science (Nicolaou & Sorensen, 1996).

The visual and computational methodologies presented herein have served to
illuminate the abstract principles that govern these transformations. The Python-
generated diagrams of reaction mechanisms, energy profiles, and stereochemical
outcomes provide a tangible and intuitive framework for understanding the interplay
of electronic and steric effects (Houk & Cheong, 2008). These tools not only enhance
our pedagogical approach to this subject but also reflect the growing importance of
computational chemistry in modern research (Paton & Goodman, 2009). The ability to
model and predict reaction outcomes is no longer a niche specialty but an integral
part of the synthetic chemist's toolkit.

Furthermore, the discussion has ventured into the burgeoning frontier of artificial
intelligence in chemistry (Butler et al., 2018). The prospect of AI-driven reaction
prediction, retrosynthesis, and catalyst discovery is not a distant fantasy but an
emerging reality (Coley et al., 2017; Segler et al., 2018). The synergy between human
intuition and the analytical power of machine learning promises to accelerate the pace
of discovery and innovation in organic synthesis (Schneider, 2018). As we continue to
generate and curate vast datasets of chemical information, the capabilities of these AI
tools will only grow, leading to the development of more efficient, selective, and
sustainable chemical processes (Ahneman et al., 2018).

The environmental and sustainability aspects of addition reactions have also gained
prominence in recent years (Anastas & Warner, 1998). The development of greener
synthetic methods, the use of renewable feedstocks, and the implementation of more
efficient catalytic systems all contribute to a more sustainable future for organic
chemistry (Li & Trost, 2008). The principles of green chemistry are increasingly being
integrated into the design of new addition reactions, ensuring that future
developments will be both scientifically advanced and environmentally responsible.

In closing, the study of addition reactions to carbon-carbon multiple bonds is a
testament to the enduring power of fundamental chemical principles and the exciting
potential of new technologies. The journey from Markovnikov's empirical observations
to the AI-driven design of complex synthetic routes is a remarkable story of scientific
progress (Markovnikov, 1870; Coley et al., 2017). As we look to the future, we can be
confident that the continued exploration of this reaction class, guided by both human
ingenuity and artificial intelligence, will lead to even more profound discoveries and
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transformative applications. The field stands at the threshold of a new era, where the 
combination of traditional chemical knowledge and cutting-edge computational tools 
will unlock unprecedented possibilities for molecular construction and 
transformation.

�. Attachments

This section contains the Python code used to generate the figures in this article. The 
code is written in Python � and uses the matplotlib  and seaborn  libraries for 
plotting. The code is provided for reproducibility and to encourage further exploration 
of the concepts discussed in this article.
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#!/usr/bin/env python3
"""
Chemical Visualizations for Addition Reactions to C-C Multiple Bonds
Academic Article Supporting Code
"""

import matplotlib.pyplot as plt
import matplotlib.patches as patches
from matplotlib.patches import FancyBboxPatch, Circle, Arrow
import numpy as np
from matplotlib.patches import ConnectionPatch
import seaborn as sns

# Set style for academic publication
plt.style.use('seaborn-v0_8-whitegrid')
sns.set_palette("husl")

def create_alkene_structure():
 """Create a basic alkene structure diagram"""
 fig, ax = plt.subplots(1, 1, figsize=(8, 6))

 # Draw alkene structure (ethene as example)
 # Carbon atoms
 c1 = Circle((2, 3), 0.3, color='black', fill=True)
 c2 = Circle((4, 3), 0.3, color='black', fill=True)

 # Double bond
 ax.plot([2.3, 3.7], [3.1, 3.1], 'k-', linewidth=3)
 ax.plot([2.3, 3.7], [2.9, 2.9], 'k-', linewidth=3)

 # Hydrogen atoms
 h_positions = [(1.5, 3.5), (1.5, 2.5), (4.5, 3.5), (4.5, 2.5)]
 for pos in h_positions:

 h = Circle(pos, 0.15, color='lightblue', fill=True)
 ax.add_patch(h)
 ax.text(pos[0], pos[1], 'H', ha='center', va='center', fontsize=10, 

fontweight='bold')

 ax.add_patch(c1)
 ax.add_patch(c2)
 ax.text(2, 3, 'C', ha='center', va='center', fontsize=12, 

fontweight='bold', color='white')
   ax.text(4, 3, 'C', ha='center', va='center', fontsize=12, 
fontweight='bold', color='white')

 # Add labels
   ax.text(3, 1.5, 'Alkene (C=C)', ha='center', va='center', fontsize=14, 
fontweight='bold')

 ax.text(3, 1, 'π-bond: 63 kcal/mol', ha='center', va='center', fontsize=12)

 ax.set_xlim(0, 6)
 ax.set_ylim(0, 5)
 ax.set_aspect('equal')
 ax.axis('off')
 ax.set_title('Structure of Carbon-Carbon Double Bond', fontsize=16, 

fontweight='bold', pad=20)

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

 plt.close()
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def create_markovnikov_mechanism():
 """Create Markovnikov addition mechanism diagram"""
 fig, ax = plt.subplots(1, 1, figsize=(12, 8))

 # Step 1: Alkene + HBr
 ax.text(1, 7, 'Step 1: Protonation', fontsize=14, fontweight='bold')

 # Draw alkene
 alkene_box = FancyBboxPatch((0.5, 5.5), 2, 1, boxstyle="round,pad=0.1", 

 facecolor='lightblue', edgecolor='blue')
 ax.add_patch(alkene_box)

   ax.text(1.5, 6, 'R₂C=CHR', ha='center', va='center', fontsize=12, 
fontweight='bold')

 # Plus sign
   ax.text(3, 6, '+', ha='center', va='center', fontsize=16, 
fontweight='bold')

 # HBr
 hbr_box = FancyBboxPatch((3.5, 5.5), 1.5, 1, boxstyle="round,pad=0.1", 

 facecolor='lightcoral', edgecolor='red')
 ax.add_patch(hbr_box)

   ax.text(4.25, 6, 'H-Br', ha='center', va='center', fontsize=12, 
fontweight='bold')

 # Arrow
 arrow1 = Arrow(5.5, 6, 1, 0, width=0.3, color='green')
 ax.add_patch(arrow1)

 # Carbocation intermediate
 carb_box = FancyBboxPatch((7, 5.5), 2.5, 1, boxstyle="round,pad=0.1", 

 facecolor='yellow', edgecolor='orange')
 ax.add_patch(carb_box)

   ax.text(8.25, 6, 'R₂CH-CHR⁺', ha='center', va='center', fontsize=12, 
fontweight='bold')

 # Plus Br-
    ax.text(10, 6, '+ Br⁻', ha='center', va='center', fontsize=12, 
fontweight='bold')

 # Step 2
   ax.text(1, 4, 'Step 2: Nucleophilic Attack', fontsize=14, 
fontweight='bold')

   # Carbocation + Br-
    carb_box2 = FancyBboxPatch((0.5, 2.5), 2.5, 1, boxstyle="round,pad=0.1", 

 facecolor='yellow', edgecolor='orange')
 ax.add_patch(carb_box2)

   ax.text(1.75, 3, 'R₂CH-CHR⁺', ha='center', va='center', fontsize=12, 
fontweight='bold')

   ax.text(3.5, 3, '+', ha='center', va='center', fontsize=16, 
fontweight='bold')

 br_box = FancyBboxPatch((4, 2.5), 1.5, 1, boxstyle="round,pad=0.1", 
 facecolor='lightgreen', edgecolor='green')

 ax.add_patch(br_box)
   ax.text(4.75, 3, 'Br⁻', ha='center', va='center', fontsize=12, 
fontweight='bold')

 # Arrow
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 arrow2 = Arrow(6, 3, 1, 0, width=0.3, color='green')
 ax.add_patch(arrow2)

 # Product
 prod_box = FancyBboxPatch((7.5, 2.5), 2.5, 1, boxstyle="round,pad=0.1", 

 facecolor='lightgreen', edgecolor='green')
 ax.add_patch(prod_box)

   ax.text(8.75, 3, 'R₂CH-CHRBr', ha='center', va='center', fontsize=12, 
fontweight='bold')

 # Add mechanism details
 ax.text(6, 1, 'Markovnikov Rule: H⁺ adds to less substituted carbon', 

   ha='center', va='center', fontsize=12, style='italic')
 ax.text(6, 0.5, 'More stable carbocation forms preferentially', 

 ha='center', va='center', fontsize=12, style='italic')

 ax.set_xlim(0, 12)
 ax.set_ylim(0, 8)
 ax.axis('off')
 ax.set_title('Markovnikov Addition Mechanism (HBr to Alkene)', fontsize=16, 

fontweight='bold', pad=20)

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

 plt.close()

def create_energy_diagram():
 """Create energy diagram for addition reaction"""
 fig, ax = plt.subplots(1, 1, figsize=(10, 8))

 # Define energy levels
 reactant_energy = 0
 ts1_energy = 25
 intermediate_energy = -5
 ts2_energy = 10
 product_energy = -30

 # Reaction coordinate
 x = np.array([0, 1, 2, 3, 4])

   y = np.array([reactant_energy, ts1_energy, intermediate_energy, ts2_energy, 
product_energy])

 # Smooth curve
 x_smooth = np.linspace(0, 4, 100)
 y_smooth = np.interp(x_smooth, x, y)

 # Apply smoothing
 from scipy.ndimage import gaussian_filter1d
 y_smooth = gaussian_filter1d(y_smooth, sigma=2)

 # Plot energy profile
 ax.plot(x_smooth, y_smooth, 'b-', linewidth=3, label='Reaction Path')

 # Mark key points
 points = [(0, reactant_energy, 'Reactants\n(Alkene + HX)'),

 (1, ts1_energy, 'TS₁\n(Protonation)'),
 (2, intermediate_energy, 'Carbocation\nIntermediate'),
 (3, ts2_energy, 'TS₂\n(Nucleophilic Attack)'),
 (4, product_energy, 'Product\n(Alkyl Halide)')]

 for x_pos, y_pos, label in points:
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 ax.plot(x_pos, y_pos, 'ro', markersize=8)
 ax.text(x_pos, y_pos + 8, label, ha='center', va='bottom', fontsize=10, 

 bbox=dict(boxstyle="round,pad=0.3", facecolor='white', 
alpha=0.8))

 # Add activation energy arrows
 ax.annotate('', xy=(1, ts1_energy), xytext=(0, reactant_energy),

 arrowprops=dict(arrowstyle='<->', color='red', lw=2))
   ax.text(0.5, 12.5, 'ΔE‡₁', ha='center', va='center', fontsize=12, 
color='red', fontweight='bold')

 ax.annotate('', xy=(3, ts2_energy), xytext=(2, intermediate_energy),
 arrowprops=dict(arrowstyle='<->', color='red', lw=2))

   ax.text(2.5, 7.5, 'ΔE‡₂', ha='center', va='center', fontsize=12, 
color='red', fontweight='bold')

 # Overall energy change
 ax.annotate('', xy=(4, product_energy), xytext=(0, reactant_energy),

 arrowprops=dict(arrowstyle='<->', color='green', lw=2))
   ax.text(4.5, -15, 'ΔH°rxn\n(Exothermic)', ha='center', va='center', 
fontsize=12, 

 color='green', fontweight='bold')

 ax.set_xlabel('Reaction Coordinate', fontsize=14, fontweight='bold')
 ax.set_ylabel('Energy (kcal/mol)', fontsize=14, fontweight='bold')
 ax.set_title('Energy Profile for Electrophilic Addition to Alkenes', 

fontsize=16, fontweight='bold', pad=20)
 ax.grid(True, alpha=0.3)
 ax.set_xlim(-0.5, 4.5)
 ax.set_ylim(-40, 35)

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

 plt.close()

def create_stereochemistry_diagram():
 """Create syn vs anti addition stereochemistry diagram"""
 fig, (ax1, ax2) = plt.subplots(1, 2, figsize=(14, 7))

 # Syn Addition (left panel)
   ax1.text(0.5, 0.9, 'Syn Addition', ha='center', va='center', 
transform=ax1.transAxes,

 fontsize=16, fontweight='bold')
   ax1.text(0.5, 0.85, '(Same face addition)', ha='center', va='center', 
transform=ax1.transAxes,

 fontsize=12, style='italic')

 # Draw alkene
 ax1.plot([0.3, 0.7], [0.6, 0.6], 'k-', linewidth=4)
 ax1.plot([0.3, 0.7], [0.58, 0.58], 'k-', linewidth=4)
 ax1.text(0.25, 0.6, 'C', ha='center', va='center', fontsize=14, 

fontweight='bold')
   ax1.text(0.75, 0.6, 'C', ha='center', va='center', fontsize=14, 
fontweight='bold')

 # Arrow
   ax1.arrow(0.5, 0.45, 0, -0.1, head_width=0.03, head_length=0.02, fc='red', 
ec='red')

 ax1.text(0.55, 0.4, 'X-Y', ha='left', va='center', fontsize=12, 
fontweight='bold', color='red')
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 # Product
 ax1.plot([0.3, 0.7], [0.2, 0.2], 'k-', linewidth=3)
 ax1.text(0.25, 0.2, 'C', ha='center', va='center', fontsize=14, 

fontweight='bold')
   ax1.text(0.75, 0.2, 'C', ha='center', va='center', fontsize=14, 
fontweight='bold')
   ax1.text(0.25, 0.1, 'X', ha='center', va='center', fontsize=12, 
fontweight='bold', color='red')
   ax1.text(0.75, 0.1, 'Y', ha='center', va='center', fontsize=12, 
fontweight='bold', color='red')

 # Examples
 ax1.text(0.5, 0.05, 'Examples: H₂/Pd, BH₃/THF', ha='center', va='center', 

 transform=ax1.transAxes, fontsize=10, style='italic')

 # Anti Addition (right panel)
   ax2.text(0.5, 0.9, 'Anti Addition', ha='center', va='center', 
transform=ax2.transAxes,

 fontsize=16, fontweight='bold')
   ax2.text(0.5, 0.85, '(Opposite face addition)', ha='center', va='center', 
transform=ax2.transAxes,

 fontsize=12, style='italic')

 # Draw alkene
 ax2.plot([0.3, 0.7], [0.6, 0.6], 'k-', linewidth=4)
 ax2.plot([0.3, 0.7], [0.58, 0.58], 'k-', linewidth=4)
 ax2.text(0.25, 0.6, 'C', ha='center', va='center', fontsize=14, 

fontweight='bold')
   ax2.text(0.75, 0.6, 'C', ha='center', va='center', fontsize=14, 
fontweight='bold')

 # Arrows from both sides
   ax2.arrow(0.4, 0.45, 0, -0.1, head_width=0.03, head_length=0.02, fc='red', 
ec='red')

 ax2.arrow(0.6, 0.75, 0, 0.1, head_width=0.03, head_length=0.02, fc='blue', 
ec='blue')
   ax2.text(0.35, 0.4, 'X', ha='center', va='center', fontsize=12, 
fontweight='bold', color='red')
   ax2.text(0.65, 0.8, 'Y', ha='center', va='center', fontsize=12, 
fontweight='bold', color='blue')

 # Product
 ax2.plot([0.3, 0.7], [0.2, 0.2], 'k-', linewidth=3)
 ax2.text(0.25, 0.2, 'C', ha='center', va='center', fontsize=14, 

fontweight='bold')
   ax2.text(0.75, 0.2, 'C', ha='center', va='center', fontsize=14, 
fontweight='bold')
   ax2.text(0.25, 0.1, 'X', ha='center', va='center', fontsize=12, 
fontweight='bold', color='red')
   ax2.text(0.75, 0.3, 'Y', ha='center', va='center', fontsize=12, 
fontweight='bold', color='blue')

 # Examples
 ax2.text(0.5, 0.05, 'Examples: Br₂, Cl₂, OsO₄', ha='center', va='center', 

 transform=ax2.transAxes, fontsize=10, style='italic')

 for ax in [ax1, ax2]:
 ax.set_xlim(0, 1)
 ax.set_ylim(0, 1)
 ax.axis('off')

 plt.suptitle('Stereochemistry of Addition Reactions', fontsize=18, 
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fontweight='bold', y=0.95)
 plt.tight_layout()

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

 plt.close()

def create_carbocation_stability():
 """Create carbocation stability comparison"""
 fig, ax = plt.subplots(1, 1, figsize=(12, 8))

 # Energy levels for different carbocations
 primary = 0
 secondary = -8
 tertiary = -15

 # Draw energy levels
 levels = [('Primary (1°)', primary, 'lightcoral'),

 ('Secondary (2°)', secondary, 'lightyellow'),
 ('Tertiary (3°)', tertiary, 'lightgreen')]

 x_positions = [2, 6, 10]

 for i, (label, energy, color) in enumerate(levels):
 # Energy level line

   ax.hlines(energy, x_positions[i]-1, x_positions[i]+1, colors='black', 
linewidth=3)

 # Box around structure
 box = FancyBboxPatch((x_positions[i]-1.2, energy-3), 2.4, 6, 

 boxstyle="round,pad=0.2", facecolor=color, 
 edgecolor='black', alpha=0.7)

 ax.add_patch(box)

 # Labels
 ax.text(x_positions[i], energy+4, label, ha='center', va='center', 

 fontsize=12, fontweight='bold')
   ax.text(x_positions[i], energy, f'{energy} kcal/mol', ha='center', 

va='center', 
 fontsize=11, fontweight='bold')

 # Stability arrow
 ax.annotate('', xy=(11, -18), xytext=(1, -18),

   arrowprops=dict(arrowstyle='->', color='green', lw=3))
 ax.text(6, -20, 'Increasing Stability', ha='center', va='center', 

 fontsize=14, fontweight='bold', color='green')

 # Rate arrow
 ax.annotate('', xy=(11, 8), xytext=(1, 8),

   arrowprops=dict(arrowstyle='->', color='blue', lw=3))
 ax.text(6, 10, 'Increasing Rate of Formation', ha='center', va='center', 

 fontsize=14, fontweight='bold', color='blue')

 # Add chemical structures (simplified)
 structures = ['R-CH₂⁺', 'R₂-CH⁺', 'R₃-C⁺']
 for i, struct in enumerate(structures):

 ax.text(x_positions[i], energy-8, struct, ha='center', va='center', 
 fontsize=14, fontweight='bold')

 ax.set_xlim(0, 12)
 ax.set_ylim(-25, 15)
 ax.set_ylabel('Relative Energy (kcal/mol)', fontsize=14, fontweight='bold')
 ax.set_title('Carbocation Stability and Formation Rates', fontsize=16, 
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fontweight='bold', pad=20)
 ax.grid(True, alpha=0.3)
 ax.set_xticks([])

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

 plt.close()

def create_reaction_summary_table():
 """Create a summary table of addition reactions"""
 fig, ax = plt.subplots(1, 1, figsize=(14, 10))

 # Table data
 reactions = [
   ['Reaction Type', 'Reagent', 'Regioselectivity', 'Stereochemistry', 

'Mechanism', 'Product'],
   ['Hydrohalogenation', 'HCl, HBr, HI', 'Markovnikov', 'Not 

stereospecific', 'Electrophilic', 'Alkyl halide'],
   ['Hydration', 'H₂O/H⁺', 'Markovnikov', 'Not stereospecific', 

'Electrophilic', 'Alcohol'],
 ['Halogenation', 'Br₂, Cl₂', 'No preference', 'Anti addition', 

'Electrophilic', 'Dihalide'],
   ['Halohydrin formation', 'X₂/H₂O', 'Markovnikov-like', 'Anti addition', 

'Electrophilic', 'Halohydrin'],
   ['Hydroboration-oxidation', 'BH₃, then H₂O₂/OH⁻', 'Anti-Markovnikov', 

'Syn addition', 'Concerted', 'Alcohol'],
   ['Catalytic hydrogenation', 'H₂/Pd, Pt, Ni', 'No preference', 'Syn 

addition', 'Heterogeneous', 'Alkane'],
   ['Radical addition', 'HBr/peroxides', 'Anti-Markovnikov', 'Not 

stereospecific', 'Radical chain', 'Alkyl halide'],
   ['Epoxidation', 'mCPBA, OsO₄', 'No preference', 'Syn addition', 

'Concerted', 'Epoxide/diol']
 ]

 # Create table
 table = ax.table(cellText=reactions[1:], colLabels=reactions[0], 

 cellLoc='center', loc='center', 
 colWidths=[0.15, 0.15, 0.15, 0.15, 0.15, 0.15])

 # Style the table
 table.auto_set_font_size(False)
 table.set_fontsize(9)
 table.scale(1, 2)

 # Color header row
 for i in range(len(reactions[0])):

 table[(0, i)].set_facecolor('#4CAF50')
 table[(0, i)].set_text_props(weight='bold', color='white')

 # Color alternate rows
 for i in range(1, len(reactions)):

 for j in range(len(reactions[0])):
 if i % 2 == 0:
   table[(i, j)].set_facecolor('#f0f0f0')

 else:
 table[(i, j)].set_facecolor('white')

 ax.axis('off')
   ax.set_title('Summary of Addition Reactions to Alkenes', fontsize=16, 
fontweight='bold', pad=20)

Montgomery, R. , M. (2025). Addition Reactions to Carbon-Carbon Multiple Bonds. Scottish Science Society, Issue 5, Vol. 1 (1-38).28

 



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

 plt.close()

def main():
 """Generate all chemical visualization figures"""
 print("Generating chemical structure visualizations...")

 create_alkene_structure()
 print("✓ Alkene structure diagram created")

 create_markovnikov_mechanism()
 print("✓ Markovnikov mechanism diagram created")

 create_energy_diagram()
 print("✓ Energy diagram created")

 create_stereochemistry_diagram()
 print("✓ Stereochemistry diagram created")

 create_carbocation_stability()
 print("✓ Carbocation stability diagram created")

 create_reaction_summary_table()
 print("✓ Reaction summary table created")

 print("\nAll visualizations generated successfully!")
 print("Files saved:")
 print("- alkene_structure.png")
 print("- markovnikov_mechanism.png")
 print("- energy_diagram.png")
 print("- stereochemistry_diagram.png")
 print("- carbocation_stability.png")
 print("- reaction_summary_table.png")

if __name__ == "__main__":
 main()
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