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chemists can think creatively and devise innovative solutions for complex synthetic problems. This

article serves as an introduction to retrosynthesis, highlighting its importance and fundamental

theoretical concepts (strategies) that can be combined to plan the synthesis of organic compounds.

Keywords: disconnections strategies, organic synthesis, retrosynthesis, synthetic plan, target molecule.

Classification: LCC Code: QD305

Language: English

© 2024. Sarah Sattar Jabbar & Ayad A. Al-Hamashi. This is a research/review paper, distributed under the terms of the Creative Commons
Attribution-Noncom-mercial 4.0 Unported License http://creativecommons.org/licenses/by-nc/4.0/), permitting all noncommercial use,
distribution, and reproduction in any medium, provided the original work is properly cited.





The Importance of Retrosynthesis in Organic
Synthesis

Sarah Sattar Jabbarα & Ayad A. Al-Hamashiσ

____________________________________________

ABSTRACT
The process of designing- an- effective synthesis plan for a target molecule remains a signifi1cant

challenge in organic synthesis. Synthesis planning involves determining the steps to synthesize a

desired molecule. Retrosynthesis, developed by Elias James Corey and recognized with a Nobel Prize

in 1990, is a systematic approach that involves working backwards from- the target- molecule to

identify the - starting materials-. Retrosynthetic analysis is a-- valuable technique but requires a

comprehensive understanding of chemical substances, compound classes, reactions, and reaction

conditions. This understanding enables chemists to effectively plan and analyze the synthesis of the

target molecule. Through analyzing the target molecule and identifying possible disconnections,

chemists can think creatively and devise innovative solutions for complex synthetic problems. This

article serves as an introduction to retrosynthesis, highlighting its importance and fundamental

theoretical concepts (strategies) that can be combined to plan the synthesis of organic compounds.
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I. INTRODUCTION

The main objective of organic synthesis is to efficiently construct a target compound using available

starting materials and reagents, which involves designing a synthetic plan
1
.

When planning the synthesis of a target molecule, various factors such as simplicity, availability of

starting materials, product yield, economics, and safety must be taken into account
2
.

Syntheses can be broadly categorized into two types: linear and convergent. Linear synthesis involves a

series of sequential transformations, resulting in lower overall yield due to the longest route to the

target molecule
2
. Convergent synthesis involves synthesizing key fragments independently and then

combining them to make the target molecule, leading to a higher overall yield and greater efficiency
2
.

The process of designing a synthesis is similar to solving a puzzle, with multiple pathways available to

reach the desired end. Some pathways are productive while others are not
1
. The retrosynthetic

approach, or disconnection approach, is commonly used to design the synthesis plan for a target

molecule
3,4
, and has introduced a new way of thinking about synthetic problems, and inspiring several

synthetic organic chemists
5
.

II. PRINCIPLES OF RETROSYNTHETIC ANALYSIS

To make the target molecule, use of a series of one-step reactions
6
and determining which reactions to

use follows a technique called retrosynthetic analysis
1
.
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The principle of retrosynthesis analysis involves working backwards from a target molecule to identify

precursor molecules and their corresponding synthetic strategies
7
. This involves breaking bonds in the

target molecule to obtain simpler precursors and determining the synthetic strategies required to

produce them
1,8
. This requires a thorough knowledge of chemical reactions and their mechanisms, as

well as practical experience
2
. For- every structure- derived from- a target, it in turn becomes a template

for further- analysis-
1
. The process involve the use of synthons, which are not real hypothetical

molecules or fragments generated from bond disconnections during retrosynthetic analysis, simplifies

the synthetic strategy and enables chemists to plan the synthesis of complex molecules more efficiently

9,10
and The synthetic- plan- resulting- from retrosynthetic- analysis- functions as a blueprint- for the

synthesis of the desired- molecule
2
. The symbols used in retrosynthetic analysis include a wavy line to

represent disconnection and a retrosynthetic arrow to show the backward movement from the target

molecule to simpler molecules. The strategic plan should be clear, while tactical issues deal with the

actual execution of the plan
1,2
.

Scheme 1: General scheme of retrosynthetic analysis.

2.1 Goals of Retrosynthetic Analysis
This approach has proven successful in synthesizing a wide range of intricate natural products and

pharmaceuticals
11
.

● The aim of disconnection is to simplify the target molecule by identifying possible disconnections,

breaking it down into readily obtainable starting materials
12
.

● It is crucial to carefully select the building blocks to ensure they can be assembled efficiently in a

convergent manner to form the desired molecule
13
.

● Chemists are encouraged to think creatively and come up with innovative solutions to overcome

complex synthetic challenges (13).

● The objective is for organic chemists to devise a chemically feasible synthetic pathway That- is-

economically- efficient and environmentally- viable, and- minimizes the- number of- reaction

steps required
14,15

.

2.2 Retrosynthetic Techniques (The Strategies)

The probable substrate and product are related through two key processes: the- conversion of one-

functional- group- to another- (known as functional group interconversion), and reactions that involve

the formation or breaking of C-C bonds and lead to changes in the carbon skeleton
6,16
.

Retrosynthesis involves a variety of techniques for breaking down target molecules into simpler

precursor molecule such as retrosynthetic disconnections, is often used in combination with other

retrosynthetic techniques, such as functional group interconversion and retrosynthetic analysis of

protecting groups, to arrive at a feasible synthetic route
2
.
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In addition, computer-aided retrosynthetic analysis is a new and powerful approach that can greatly

accelerate the development of new drugs and materials by rapidly evaluating thousands of possible

synthetic routes
17
.

Retrosynthetic disconnections is an essential part of the retrosynthesis approach, allowing the chemist

to break down a target molecule into simpler fragments
2
. The process determines the bonds that need

to be formed to create the final product. By doing this, chemists can identify the important structural

elements and functional groups needed in the precursor molecules, and create a synthetic route that

constructs these molecules from simple starting materials
18
.

In organic chemistry, a chemical bond can be broken in two ways: Homolytic cleavage and heterolytic

cleavage. The specific bond cleavage that occurs is dependent on the reaction conditions and the

molecules engaged. Heterolytic cleavage creates ions with positive and negative charges and this type of

cleavage is frequent in reactions of polar molecules, driven by differences in electronegativity.

Homolytic cleavage generates two radicals, and it usually happens in reactions involving free radicals,

initiated by the supply of energy
19
.

A-Polar- disconnections- are- intuitive- and- form the foundation- of a considerable- portion- of

retrosynthetic- logic-
16
and a valuable technique which involves the breaking of polar bonds, a bond

between carbon and a heteroatom, such as oxygen, nitrogen, or sulfur to generate two fragments. The

resulting fragments can then be further manipulated and functionalized before being reconnected to

form the desired target molecule
2
.

The concept of bond polarity is important in the disconnection process
13
, and the introduction of the

"synthon" has provided insight into the origin of reaction products
20
. In polar disconnection, there are

two categories of synthons that are utilized: electron donor synthons (d) and electron acceptor

synthons (a). The former refers to nucleophilic fragments that possess a negatively polarized

(electronegative) carbon atom, while the latter refers to electrophilic fragments that have a positively

polarized (electropositive) carbon atom
10,16

.

Scheme 2: Polar disconnection, LB (Lewis base) and LA (Lewis acid)

A key aspect of successful retrosynthetic analysis which requires experience and practice is recognizing

which synthons are stable can be used directly and which ones require conversion into synthetic

equivalents
20
, is a real molecule or reagent capable of being designated as a synthon and employed in a

synthetic procedure and functional group interconversion (FGI)
2
.

Table 1: Common donor and acceptor synthons and their synthetic equivalent 9,13.

d-Synthons Synthetic equivalent a-Synthons Synthetic equivalent

R
-
(alkyl anion) RMgX, RLi,R2Cd, RCuLi R

+
(alkyl cation) RX, ROSO2R

Ar
-
(aryl anion)

Ar MgX, Ar Li, Ar2Cd, Ar

CuLi
Ar+(aryl cation) Ar X, Ar OSO2R
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-
CH2CHO CH3CHO

+
CHOHR(acylium ion) RCHO

RC C
-

(acetylide)
RC C

-
Ag+

+
CH2CH2CHO CH2=CH2CHO

MeS
-

MeSH

+
CH2OH(oxocarbenium

ion)
HCOH

RO
-

RONa R-
+
C=O (acylium ion)

RCOCl, RCOOR,

RCOOOR

-
CN(cyanide) KCN RC C

+
RC CBr

HC
+
=O HCOOR, CH(OR)3

CR2OH R2C=O

RC(OH)CH2

+
R-epoxide

2.3 Manipulation of the Functional Groups

In synthetic organic chemistry, before the disconnection of a target molecule, manipulation of

functional groups may be necessary when disconnection fails to facilitate the generation of synthetic

equivalents, also can simplify reactions and reduce molecular complexity
13
. Functional group

interconversion (FGI), Functional group addition (FGA) and functional group removal (FGR) are

methods of manipulating chemical groups that can simplify syntheses
9
.

1-Functional group interconversion: is technique that involves transforming one functional group into

another if the carbon skeleton remains unchanged through substitution, addition, elimination,

oxidation, or reduction
13
and FGI simplifies disconnection to arrive at a feasible synthetic route for the

target molecule
21
. For example, alcohols can be converted into various other functional groups, making

them a versatile starting material for many functionalized aliphatic compounds
13
.

Scheme 3: Functional group interconversion of alcohols

2-Functional Group Addition (FGA): Can be beneficial in directing reactivity towards particular sites of

a molecule and streamlining a synthesis. Adding functional groups like double bonds or carbonyl

groups can be useful in guiding the introduction of substituents. An example of this is introducing a

carbonyl group into a substituted cyclohexane target molecule, which could potentially facilitate the

introduction of a substituent via enolate alkylation
2,13
.
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Before disconnection of a target molecule (TM), FGA may be done to facilitate synthetic equivalents are

got
9
.

Scheme 5: An example for Functional Group Addition (FGA) to facilitate synthetic equivalents

3-Functional Group Removal (FGR): involves extracting a specific functional group to obtain the

precursor required for the target molecule.
13,22

.

Table 2: Reactions for function group removal

Function group Reaction for function group removal

R-C≡C-, RC=C- H2/Pd

R-OH
TsCl(P-toluene sulfonyl chloride), MsCl (methane sulfonyl chloride )

-LiAlH4 (Lithium aluminum hydride ), BH3(Trihydridoborate)

R-C=O

a) Treatment with NaBH4 (sodium borohydride) followed by

hydroxide group (OH) addition.

b) Reduction using Kizhner reagent (NH2NH2).

c) Reduction utilizing Clemmensen conditions (Zn/Hg; HCl).

R-SH Raney nickel catalyst

R-NH2 Diazotization with nitrous acid (HNO2).

Certain inherent characteristics of a molecule can provide guidance during analysis.:

Disconnection of molecules according to the functional groups present in the target molecule
16
.

1-One-group disconnections, target molecule with one function group

A- C–X bond disconnection

In the C-X bond disconnection, the reactions are typically ionic and involve heteroatoms. The resultin
g

synthon is usually cationic and the corresponding synthetic equivalent will have a good leaving grou
p

(Y) attached
9
.
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Scheme 6: General scheme for C–X bond disconnection

The importance of the second example is huge as it involves reactions that result in acylation
9
.

C–X Bond disconnection of ester

B- C-C Disconnection, Disconnection next to a functional group.

Alcohols

Alcohols are a prominent illustration of disconnection adjacent to the hydroxyl functional group,

specifically involving the carbanion synthon and α-hydroxyl cation synthon. The synthetic equivalent of

carbanion resembles an organometallic compound
9
.

● If the alcohol is primary go for HCHO + RMgBr.

Scheme 8: C–C Bond disconnection of primary alcohol

● If the alcohol is secondary go for RCHO + R’MgBr
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Scheme 9: C–C Bond disconnection of secondary alcohol

● For tertiary alcohol, disconnection adjacent to a branching carbon in a chain

Scheme 10: C–C Bond disconnection of tertiary alcohol
2.4 Carbonyl compounds

● Carbonyl compound disconnected at carbonyl group back to acyl cation and carbanionic

synthons
9
.

Scheme 11: C–C Bond disconnection of carbonyl compound

● Disconnection between the alpha(α) and beta (β) carbon atoms adjacent to the carbonyl group
16
.
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Scheme 12: C–C Bond disconnection between the alpha(α) and beta (β) carbon atoms adjacent to the
carbonyl group

● Disconnection between the β and γ carbons of carbonyl group
16
.

Scheme 13: C–C Bond disconnection between the β and γ carbons of carbonyl group.

● Disconnection of carbonyl compounds brunched at α-carbons
16
.

Scheme 14: C–C Bond disconnection of carbonyl compound brunched at α-carbons (LDA=Lithium
diisopropylamide)

● Disconnection of carbonyl compounds brunched at β-carbons
16
.

Scheme 15: C–C Bond disconnection of carbonyl compound brunched at β -carbons
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● The amalgamation of the preceding two synthetic methods enables the incorporation of two

additional functional groups
16
.

Scheme 16: Synthetic approach t for the incorporation of a two new groups

C- Disconnection at the heteroatom is performed in compounds comprising two segments connected

by a heteroatom. For example disconnection of ethers and sulphides
16
:

Scheme 17: An example of ethers disconnection

Scheme 18: General scheme for sulphides disconnection

The disconnection occurring at the heteroatom within linear compounds is likewise influenced by the

stability of the synthons
13
.

Scheme 19: Disconnection of ethers

D- Heteroatom-Heteroatom Disconnections: In this approach, the target molecule is Disconnected at a

bond between two heteroatoms, such as oxygen-oxygen, nitrogen-nitrogen, or sulfur-sulfur. The

resulting fragments can be functionalized and reconnected to form the target molecule
23
.

Scheme 20: Heteroatom-heteroatom disconnections
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2- Two-group disconnection

When analyzing the synthesis of difunctional group compounds, the strategy chosen for disconnection

depends on the functional group and their positions within the molecule. If the chemical groups are in

proximity to one another, it is preferable to use the convergent disconnection strategy, as they can be

derived from a common intermediate. However, if the functional groups are far apart and cannot be

derived from a common intermediate, the linear disconnection strategy is preferred
15
.

In two group disconnections, the molecule is disconnected somewhere else because of presence of a

functional group and the relationship between two function group depend on how distance they are

and polarization that they impart on the backbone
9
.

Figure 1: The relationship between two function group

A- In a 1,1-Relationship:

In organic chemistry, when discussing acetals, the disconnection of one carbon-oxygen (C-O) bond

results in the automatic disconnection of the other C-O bond, known as a 1,1-disconnection
9
.

Scheme 21: 1,1-Disconnection of acetals
B- In a 1,3-Relationship

In organic chemistry, disconnection of a carbonyl compound with a nucleophile at the third carbon

generates an electrophilic synthon, which can be obtained from an α, β-unsaturated carbonyl

compound. Typically, this type of synthesis involves a Michael-type reaction
9
.
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Scheme 22: Disconnection of 1,3- carbonyl compound

But carbonyl- and/or hydroxgroups are found in a 1,3, this provides a clue to employ one of the

traditional carbonyl reactions for synthesis, namely the Aldol reaction or Claisen condensation.
16
.

Scheme 23: Disconnection of 1,3- carbonyl- and hydroxgroups

Scheme 24: Disconnection of 1,3- dicarbonyl compound
C- In a 1,5-Relationship

If Carbonyl- and/or hydroxgroups are found in 1,5 patterns, this provides a suggestion to utilize one of

the traditional carbonyl reactions for synthesis. 1,5-Michael additions result in 1,5 dioxygenation

patterns.
16
.

Scheme 25: Disconnection of 1,5- dicarbonyl compound

Scheme 26: Synthesis of 1,5- dicarbonyl compound
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D- In a 1,2 and 1,4-dicarbonyl Relationshippresent a challenge in terms of disconnecting them by valid

retrosynthetic steps.

For instance, the disconnection of the bond between the carbonyl groups in a 1,2-diketone presents

complexity, requiring one carbonyl group to display typical electrophilic behavior while the other

carbonyl carbon must exhibit nucleophilic character, such as an acyl anion or equivalent, contrary to

the typical polarity of a carbonyl group.
7
.

Scheme 27: Disconnection of 1,2-dicarbonyl compound

To disconnect a 1,4-diketone, an acyl anion equivalent can be employed to react with a standard

β-carbonyl electrophile, or a standard α-carbonyl nucleophile can react with an atypical

α-carbonyl electrophile
7
.

Scheme 28: Disconnection of 1,4- carbonyl compound
2.5 Umpolung of reactivity

This indicates the necessity for synthetic counterparts or synthons demonstrating reversed polarity

(umpolung). The advancement of reagents featuring umpolung reactivity has proven to be a significant

enhancement in contemporary synthetic techniques
24
.

Umpolung of reactivity is a concept in organic chemistry that involves reversing the polarity of a

functional group through chemical modification. The term was introduced by D. Seebach and E.J.

Corey and has been extended to the reversal of any commonly accepted reactivity pattern. This

alteration facilitates subsequent reactions of the functional group that would otherwise be unattainable.

It is crucial to comprehend and devise techniques for inducing umpolung in organic reactions, as

polarity assessment during retrosynthetic analysis aids chemists in identifying instances where

umpolung strategies are necessary to synthesize a target molecule
21
.

1-Carbonyl umpolung: Acyl anion equivalents represent the prevailing umpolung synthons, with three

strategies employed for their generation, all adhering to a comparable methodology. These strategies

incorporate functional groups capable of preserving a negative charge on an adjacent carbon and can

subsequently be converted back into a carbonyl group
25
.
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A-Nitroalkanes can function as nucleophiles and as equivalents of acyl anions, and the nitro group can

undergo cleavage to produce the carbonyl group.
25
.

Scheme 29: Carbonyl umpolung by nitroalkanes

B-1,3-dithianes (thioacetals), can be used as a synthon for the acyl anion. Alkyl lithium bases can

deprotonate 1,3-dithianes (thioacetals), resulting in strong nucleophilic anions. The carbonyl group can

be regenerated by hydrolyzing the dithiane group
21
.

Scheme 30: Carbonyl umpolung by 1,3-Dithianes (A thioacetals).

C-Cyanide Umpolung: The cyanide ion is a unique umpolung reagent that undergoes polarity inversion

in many reactions. Cyanohydrin derivatives, derived from carbonyl compounds via addition of

hydrogen cyanide or trimethylsilyl cyanide, have found extensive utility as acyl anion synthons. The

cyano group acidifies the α position of these derivatives, enabling alkylation of the anion and

subsequent unveiling of the hydroxy group through cyanide elimination
25

.

Scheme 31: Carbonyl umpolung by Trimethylsilyl cyanide 26
.

For instance, Cyanide serves as a pivotal catalyst in the benzoin condensation reaction, wherein a bond

is forged between two carbons that conventionally act as electrophiles
21
.
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Scheme 32: Carbonyl umpolung by hydrogen cyanide.

2- β-Carbonyl umpolung

A- The use of homoenolates is a common strategy in organic synthesis to transform the β position of a

carbonyl compound from an electrophilic to a nucleophilic center, a β-bromo acetal is employed, which

can undergo metallation to yield a β-carbanion equivalent. Subsequent hydrolysis of the resulting

acetal group yields the ketone, thereby serving as a synthon for a β-carbonyl anion, which functions as

an umpolung reagent.

These strategies enable reactions that would otherwise be difficult or impossible to achieve, making

them an important tool in organic synthesis
22
.

Scheme 33: β-Carbonyl umpolung by β-bromo acetal.

B-Enolization: by enolizing a ketonic moiety with an electrophile at 2
nd
carbon we can make a terminal

carbon at 2
nd
position as negative

9
.
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Scheme 34: β-Carbonyl umpolung by enolization

3- Epoxidation: In a 1,2 –Relationship, molecules containing heteroatom adjacent to C atoms are

considered as derivatives of alcohols. Disconnection of such molecules need umpolung of reactivity to

an epoxide
16
.

Scheme 35: 1,2-Disconnection need umpolung of reactivity by an epoxide.

Scheme 36: 1,2-Disconnection need umpolung of reactivity by an epoxide.

The epoxide is a highly reactive and versatile three-membered cyclic ether with a significant ring strain.

Its oxygen atom is electrophilic while the carbon atoms are nucleophilic. Substituting the ring carbon

atoms with substituents that either donate or withdraw electrons. enhances the epoxide's reactivity
27
.

Epoxides are frequently used as synthons for the preparation of other compounds, such as alcohols,

amines, and carboxylic acids, through nucleophilic ring-opening reactions with Grignard reagents,

organolithium compounds, or amines. Additionally, epoxides are valuable precursors for the synthesis

of β-hydroxy carbonyl compounds, which are intermediates in organic synthesis that can be further

transformed into a variety of functionalized compounds
19
.

B-Radical Disconnection

While polar disconnections are integral to retrosynthetic analysis, the utilization of radical

disconnections also plays a significant role in this analytical approach. can provide a more direct and

efficient route to synthesizing organic compounds, minimizing the need for chemistry involving the use

of protective groups and interconversions of functional groups.
28
. In this approach, the target molecule

is disconnected at a carbon-carbon bond, typically at a point of unsaturation, using a radical reaction
29

and in the absence of functional groups, alkyl and aryl groups should be preserved as building blocks

and not disconnected. The resulting fragments can be functionalized and reconnected to form the

target molecule
10
.
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The Wurtz reaction exemplifies a reaction that facilitates the formation of carbon-carbon bonds that

used to connect two alkyl or aryl halides and involves the use of metallic reducing agents to generate

alkyl radicals. Although the Wurtz reaction can synthesize a variety of organic compounds, it is limited

to coupling identical alkyl or aryl halides.

Scheme 37: Radical disconnection at a carbon-carbon bond (the Wurtz reaction)

Methods for cross-coupling involving one-electron radicals have recently gained attention for their

chemoselective profiles and ability to simplify synthesis. Two broad classifications of Radical Cascade

Reactions (RCC) can be delineated: innate and programmed
28
.

Innate RCC involves the addition of a radical to a radical acceptor, with the regio- and stereochemical

result being determined by the innate bias of the acceptor
30
. Programmed RCC, on the other hand,

involves the interception of a radical by a mediator (e.g., a metal catalyst) facilitates bond formation

with a functionalized counterpart
31
. One notable aspect of Radical Cascade Reactions (RCC) is their

utilization of both starting materials (such as olefins and carboxylic acids) and intentionally designed

functional groups (e.g., sulfones) as platforms for precise bond creation
28
.

Scheme 38: Innate and programmed radical cross coupling.
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III. APPLICATION OF RADICAL CROSS-COUPLING

1- Hydrogen atom transfer radical cross-coupling

Hydrogen atom transfer (HAT) has emerged as a potent strategy for strategically constructing C−X

and C−C bonds using olefinic substrates
32
.

Scheme 39: Different strategic methods for glycan

Scheme (39) include different strategic methods for preparation glycan, The conventional two-electron

approach for synthesizing glycoside derivatives necessitated the laborious preparation of a litigated

precursor 6 from olefin (1) before its coupling with Michael acceptor (7), whereas the one-electron

strategy involved the direct radical combination of synthons (3) and (4). In practice, olefin (1) was

employed as a one-electron precursor in an intrinsic radical coupling reaction with (2) under Fe

catalysis, employing PhSiH3 as a stoichiometric hydride source
33
.

2-Redox- active ester radical cross-coupling (RCC), carboxylic acids can undergo conversion into

redox-vactive esters (RAEs), serving as reactive partners in the RCC process. This method involves

specific active esters like HOAt, HOBt, NHPI, and TCNHPI, which possess the capability to accept an

electron, initiating a series of reactions that ultimately release CO2 from the original alkyl group. These

esters can be employed in radical decarboxylative transformations, generating carbon-centered radicals

essential for the formation of new C−C/C−X bonds. Combining these RAEs with premetalated

nucleophiles and a transition metal catalyst enables their involvement in programmed, decarboxylative

RCC reactions, offering inherent advantages in terms of chemo- and regioselectivity. This advancement

facilitates the direct synthesis of unnatural amino acid derivatives and the straightforward preparation

of simple arenes
34–37

.

Scheme 40: RAE formation
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3- Desulfonylative radical cross- coupling: The sulfone functional group offers versatility in various

nucleophilic substitution reactions, particularly fluorination. A subsequent reductive radical

desulfonation typically follows. Recognizing N-phenyl sulfonyl tetrazoles as suitable counterparts for

RCC represents a robust trategy for efficiently introducing fluorine atoms into valuable synthetic

intermediates
39
.

Scheme 41: Different strategic methods for naphthalene synthesis.

Scheme (41), the synthesis of naphthalene (1) was documented employing a two-electron approach

catalyzed through copper (Cu), with retrosynthetic analysis utilizing synthons (2) and (3). Nevertheless,

this approach presented a limitation, as it necessitated the generation of a highly reactive nucleophile

from (4), which involved two supplementary steps to obtain compound (1). In contrast, an alternative

tactic was implemented utilizing sulfone (7), capitalizing on radical synthon (6). This radical synthon

was subsequently coupled with arylzinc8 under the influence of a nickel (Ni) catalyst. This direct

methodology obviates the requirement for toxic tin (Sn) reagents and prefunctionalization, facilitating

a direct and controllable integration of the fluoromethyl group.

IV. COMPUTER-AIDED RETROSYNTHETIC ANALYSIS OR SYNTHETIC PLANNING

Computer-aided retrosynthetic analysis is a new technique that uses computational algorithms to

generate feasible synthetic routes for a target molecule. This approach can greatly accelerate the

development of new drugs and materials by rapidly evaluating thousands of possible synthetic routes
17
.

The development of computer-aided synthesis planning (CASP) was aimed at improving the efficiency

of chemical synthesis by integrating chemical knowledge, resulting in significant time and resource

savings for synthetic chemists
40
. This approach has the potential to revolutionize the way synthetic

chemists plan and design synthetic routes for target molecules, ultimately leading to the discovery of

new reaction pathways
41
.The first CASP system, called Logic and Heuristics Applied to Synthetic

Analysis (LHASA), was created by Corey in 1972. Since then, standardized tools such as SMILES
41
,

CML
42
, SMARTS

43
, ECFP

44
, and InChI

45
Advanced techniques have been devised to convert chemical

compounds or reactions into data that can be read by machines.
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4.1 General structure of CASP system

One key principle of retrosynthesis analysis is breaking down the target molecule into simpler building

blocks and proposes a synthetic route to assemble them.

The CASP system is made up of four modules (Figure 2)
46
: The initial module comprises the reaction

template database, housing established reactions along with their bond-breaking regulations. This

database can be populated either manually or automatically extracted from both commercial and

publicly available databases
47
. During bond disconnection processing, the program retrieves relevant

reaction templates and adheres to their associated guidelines. The efficacy of the resultant synthetic

pathway hinges upon the breadth of the reaction template database, with a more expansive database

increasing the likelihood of optimal retrosynthetic analysis. The second component is the

retrosynthetic module, which aligns input molecule structures with known reactions from the template

database and returns the most compatible outcome. The program iterates to break down generated

precursors until commercially available precursors are identified or the user-defined maximum step

limit is reached. The third module, the tree guide and evaluation module, assesses candidate precursors

and synthetic routes, directing the retrosynthesis toward locally and globally optimal directions. The

fourth and final component is the database of commercially available compounds, serving as the

terminus of the retrosynthetic analysis system and preventing the algorithm from further dissecting

commercially available precursors
48–51

.

Figure 2: The typical elements of a CASP Program

4.2 Computational techniques

Computer aided synthetic planning involves several computational techniques. Automated

retrosynthesis programs commonly utilize data-driven approaches, which can be categorized into two

main types: template- based and template-free
52
. Template-based approaches involve extracting large

reaction templates from reaction data
53–55

and applying them to products to find a match using

subgraph isomorphism. Conversely, template- free approaches do not depend on pre-established

templates and are subdivided into: (i) graph- based methods and (ii) sequence -based methods.

Graph-based techniques utilize computational repositories to recognize structural attributes within the

target molecule, such as aromatic rings, acyclic rings, alkyl groups, and more. This method employs a
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dataset to identify all compounds containing a specific substructure that matches the target molecule,

along with a vast array of organic reactions accessible for application.
56–58

.

Sequence-based methodologies, conversely, reframe the challenge of devising reaction pathways as

akin to language translation, employing a string representation of molecules. This representation

transforms the three- dimensional structure of a chemical into a sequence of symbols that can be

readily interpreted by computer software
48,59,60

. Cutting- edge predictors for both forward and reverse

reactions are constructed based on the Transformer architecture and utilize SMILES as the string

representation. These approaches have achieved considerable success in making broad predictions and

have laid the groundwork for the advancement of retrosynthesis predictors
61
.

Scheme 42: A retrosynthetic analysis of a complex molecule using a template-based approach

There are many different CASP programs available, ranging from older ones like, LHASA
62
and SECS

to newer ones like Chematica
63
, IBM RXN

64
, and 3N- MCTS

46
. The evolution of CASP programs has

empowered computers to strategize the synthesis of intricate molecules incrementally. Additionally, the

incorporation of artificial intelligence (AI) into retrosynthetic analysis has yielded substantial

advancements in this domain.
65,66

.

The development of CASP programs can be divided into three categories:

1-Hand coded rules with logical algorithms, which were used by early CASP programs due to hardware

limitations. Although manual encoding requires deep chemical expertise, it remains an important

method for database collection. Early programs encountered various problems such as incapability for

stereoselective design, ignorance of reaction context (the factors that can influence the outcome of a

reaction, such as temperature, pressure, solvent, concentration, and reaction time), and limited scope

of chemical rules. However, there are limitations in keeping up with the daily updates of thousands of

new chemical reactions reported, as well as the potential for inadvertent mistakes during manual

encoding. These programs have offered valuable insights and served as inspiration for the creation of

more pragmatic software solutions, such as Chematica.
47
.

2-Automated extraction of reaction templates have emerged as a cost-effective and efficient approach

for database maintenance. This technique reduces the labor costs associated with manual input and

enables the rapid incorporation of vast chemical knowledge at an unmatched pace. Some commercial

software has emerged in recent years that adopt automatic extraction of reaction rules, such as

ICSYNTH and Scifinder
67
. Nevertheless, auto-extraction still faces challenges, including limitations in

reconciling the extension degree from reactive centers with computational speed and the mechanical

incorporation of activating groups, potentially overlooking the influence of distant functional groups.

The identification of activating functional groups and the integration of compatibility information in a

more intelligent manner remain unresolved issues for future research
68
.

3-Machine learning algorithms are complex and require iterative operations to simulate human

learning behaviors. In recent years, machine learning has become a popular direction in computer
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science, especially for tasks that are difficult for conventional algorithms
69
. Within CASP programs,

machine learning algorithms employ chemically labeled reactions to train models capable of

forecasting potential retrosynthetic pathways for novel target molecules. Over the past decade, machine

learning has become a prevalent tool in CASP programs, enhancing their capabilities and broadening

their scope. Techniques such as ANN and seq2seq models excel at extracting extensive sets of reaction

templates, enriched with chemical context, thereby enhancing the reliability and precision of

retrosynthesis. However, challenges remain in the development of machine learning in CASP

programs, such as the high computational cost of training reinforcement learning models and the

complicated nature of the simulations generated by ANN and seq2 seq models. Despite these

challenges, it is clear that the synthetic community will continue to drive advancements in machine

learning models for CASP programs
70
.

4.3 Evaluation process
The evaluation

11
process

11
has posed a considerable hurdle for CASP

1
programs

1
until recent

1 1
times

55
.

To tackle this challenge, a dual scoring methodology is implemented, which encompasses assessing

both the executed reaction steps and the intricacy of the substrates. This strategy introduces the

Chemicals Scoring Function (CSF) and Reaction Scoring Function (RSF) concepts, which evaluate the

"synthetic positions" (sets of substrates) and "synthetic moves" (reactions) respectively. The CSF

prioritizes the simplest substrates, while the RSF prioritizes the shortest syntheses without

encountering reactivity conflicts or necessitating protection chemistries
41
. The aggregate difficulty or

"cost" of synthesis is quantified by summing these functions, with the aim of minimizing this sum in

sought-after syntheses. Typically, a comprehensive scoring function encompasses considerations such

as the
1
cost

1
of building

1
blocks

1
, yield at each step, avoidance

1
of toxic

1
compounds

1
and functional

1

group
1
incompatibility, and pathway length. Nonetheless, the formulation of an ideal pathway scoring

function remains an unresolved challenge. Artificial intelligence models, like the Monte Carlo Tree

Search (MCTS) algorithm, are often utilized to approach the global optimum by conducting numerous

simulations
41
.

Chemists have access to various computer-based retrosynthesis software, each with unique capabilities

and interfaces. Some examples include:

1. SciFinder: A chemical database with over 150 million substances and 68 million sequences of

chemical reactions. It has a retrosynthesis planning tool that suggests synthetic routes for target

molecules based on its reaction database.

2. Reaxys: A web-based platform with a database of over 240 million organic and organometallic

reactions. It has a retrosynthesis tool that allows users to search for synthetic routes to target

molecules.

3. Chematica: A software program that uses algorithms and machine learning techniques to propose

synthetic routes for target molecules. It searches a database of over 40 million organic reactions

and optimizes the synthetic route based on various factors.

4. USP-DIPPR: A software program that provides data and tools for drug synthesis and formulation.

It includes a retrosynthesis tool that suggests synthetic routes based on a database of over 400,000

organic and inorganic compounds.

5. Synthia: A software program that uses machine earning algorithms to predict the outcomes of

chemical reactions and suggest synthetic routes for target molecules, including small molecule and

peptide synthesis.
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4.4 Limitation and challenge
Overall computer-aided synthetic planning (CASP) is a promising area of research that aims to assist

chemists in designing and optimizing synthetic routes for target molecules. However, there are still

several challenges and limitations associated with CASP. One of the main challenges is the availability

and quality of data, which is limited and of varying quality. Another challenge is the complexity of

chemical reactions, which can involve multiple steps and various reaction pathways, making it difficult

to predict the most efficient synthetic route. Additionally, CASP currently relies heavily on expert input

and rule-based algorithms, which may not capture the full complexity of chemical reactions. Finally,

there is also a need for user-friendly interfaces and tools to enable chemists to use CASP effectively.

Addressing these challenges and limitations is necessary for the effective implementation of CASP in

the future
53,71,72

.

V. CONCLUSION

Retrosynthesis is a strategic approach in organic chemistry that involves breaking down complex target

molecules into simpler building blocks through retrosynthetic analysis. The goal is to design an

efficient and practical synthetic route by considering factors such as reactivity and availability of

starting materials. Retrosynthetic analysis relies on fundamental organic chemistry principles and

requires a deep understanding of chemical reactions. After completing the analysis, chemists proceed

with forward synthesis to execute the planned synthetic steps in the opposite direction. This involves

selecting suitable reaction conditions, purification methods, and characterization techniques to

successfully synthesize the target molecule.

Future remarks

retrosynthesis is a foundational concept in organic chemistry that continues to evolve and play a crucial

role in the development of synthetic routes for complex molecules.

Advancements in computational chemistry and artificial intelligence are expected to enhance the

efficiency and accuracy of retrosynthetic analysis, aiding chemists in generating pathways, predicting

reactions, and optimizing synthetic routes.

The integration of retrosynthesis with emerging fields like flow chemistry and automation holds the

potential for more streamlined and automated synthesis processes, enabling faster and more

cost-effective production of complex molecules.

The future of retrosynthesis involves the integration of advanced computational tools and technologies

to expedite the discovery and synthesis of new molecules, with wide-ranging applications across

pharmaceuticals, materials science, and fine chemicals.
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