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Preface

This book aims to illustrate how the retrosynthetic tool, widely used by academics in the search for 
synthetic routes used to prepare novel organic compounds, is applied in the Pharmaceutical Industry. 
However, merely finding a viable synthetic route is not sufficient. Many different options have to be 
considered and evaluated, as there exist numerous constraints on the industrialist in terms of what 
can and what cannot be reduced to practice. The reader will be guided through the various steps 
leading to the “best” processes and the limits encountered if these are put into practise on an indus-
trial scale. Thereafter, an evaluation the potential each process has for implementation is presented. 

A great deal of information is presented from both the patent and academic literature. The more 
serious reader can use this as a basis for further study and thought but for those who have neither 
time nor necessity the material is presented in such a way that it can be appreciated without delving 
into excessive detail.

William Heggie
Pedro Paulo Santos





A note about the book and its use

Books on process chemistry usually use many short schemes, each referring to a particular syn-
thetic route. This methodology makes comparison of different synthetic routes somewhat difficult 
and we can lose sight of the fact that frequently some intermediates are common in several pro-
cesses. A unique feature of this book is the use of “reaction maps” (schemes identified with a letter 
coding). Whenever possible, similar strategies will be included in the same scheme.

The reaction maps collect several processes in the same scheme according to the intermediates used 
during the synthetic process. This allows easy comparison of the different routes which give the 
same molecule or intermediate. An analogy with an Underground Map can be made, where lots 
of lines (synthetic routes) are combined in the same chart to provide a map (our reaction map). 
For instance, if  we travel in a city having a collection of schemes for each subway line as a guide 
we may be easily disoriented. Instead, the use of a map of the whole underground network where 
interconnections can be easily identified will be much more efficient and clear.

Each reaction in these maps will be coded with a scheme letter/reaction number (example, A22 
means reaction 22 of scheme A) and the reaction conditions are included at the end of each chap-
ter. In this way the reader can easily spot which reactants/conditions were used for the chemical 
transformation. In cases where the reactions have been used by several authors a summary of the 
conditions will be included.

The patent references in the book will be in company/year format (assignee/priority date). This 
system will allow the evolution of different synthetic routes to the molecule to be observed in 
accordance with the date of its disclosure (or discovery). If  relevant, “references from peer review 
journals” will be also included. 
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1	 Introduction

Retrosynthetic analysis is a powerful tool, first devel-
oped by E.J. Corey in the late 1960s, and extensively 
used by modern organic chemists to plan the syntheses 
of organic molecules. This book applies this technique 
to a series of important Drug Substances, also known 
as Active Pharmaceutical Ingredients (APIs). It is not 
our intention to teach, or even briefly review, the princi-
ples of retrosynthetic analysis. This is now a major part 
of any advanced organic chemistry course and many 
excellent publications, including the book: The Logic 
of Chemical Synthesis, New York: Wiley (1995) by E. 
J. Corey and X-M. Cheng, have been published. The 
reader is strongly advised to review the main tenets of 
retrosynthesis to be able to take maximum advantage of 
this volume. 

In an academic setting the major goals of organic syn-
thesis are: 

i) to establish that the molecule (generally complex) can
be synthesized;

ii) to establish new and novel synthetic routes to
molecules that have already been synthesized and

iii) to demonstrate the applicability of new reactions to
the synthesis of organic molecules.

There are few, if  any, restrictions to carrying out these 
syntheses on a small scale in the laboratory. Overall 
yield, transformation efficiencies, potential hazards and 
effluent treatment, although undoubtedly important, 
are not showstoppers in this setting. If  the synthesis 
produces enough material, at a milligram scale or less, 
which allows the end product to be characterized, then it 
is deemed successful. Obviously, no synthesis starts with 
the most rudimentary starting materials but relies on 
what is easily accessible. For an academic synthesis, the 
major source of starting materials is a chemical products 
catalogue such as that of Sigma-Aldrich. The vast major-
ity of the thousands of chemicals listed have extremely 
limited availability and the price in many cases is enor-
mous. Woodward’s total synthesis of cephalosporin C 
started with l-(+)-cysteine, which was more expensive 
than Cephalosporin C itself, so it might appear that the 
undertaking of such a synthesis is illogical. However, the 
objective of the study was to demonstrate the conversion 

of a structurally simple molecule into a more complex 
one following a rationally designed synthesis. We return 
to this theme at the end of this introduction.

When carrying out a synthesis of an API on an indus-
trial scale different constraints apply. The objective of 
any Pharmaceutical Company, whether originator or 
generic, is to get the product to market and maximise 
profitability for as long as possible. Hence, the design 
of a synthesis for industrial production has a significant 
number of limitations. The Process Chemist, as well as 
having a broad knowledge of synthetic transformations, 
an in-depth understanding of chemical group compati-
ble and a well-founded acquaintance with the conditions 
necessary to carry out a plethora of chemical reactions, 
also has to appreciate what is viable on a large scale.

The retrosynthetic process will uncover a number 
of options for the construction of any molecule as no 
molecular entity has only one approach to its prepara-
tion. Nonetheless, not all of the possibilities will have 
the same degree of success when the chemistry is put 
into practice. The Process Chemist can, however, make 
a fairly accurate appraisal of what is more likely to work 
and what is not by applying basic chemical wisdom. 
Priorities for laboratory testing can be identified, but it 
should be stressed that those routes that have potential 
for success can only be confirmed after laboratory test-
ing. Generally speaking, a particular route must be able 
to provide final product, API, in high yield and purity 
in addition to being feasible on a large scale. The prod-
uct must be free of potentially toxic materials, some of 
which need to be controlled down to ppb levels. If  time 
allows, it is prudent to do some quick trials on a route 
that current wisdom may have excluded, as sometimes 
happy surprises can occur.

Chemical considerations and laboratory verification are 
key in determining the success of any proposed synthetic 
route but additional factors have to be taken into consider-
ation for operation in a chemical production plant. There 
are certain reactions that are comparatively more difficult 
to implement on a large scale than others. Amongst these 
are: highly exothermic reactions; Reactions requiring very 
high or low temperatures; Reactions requiring fast heat-
ing and cooling; Reactions using highly toxic reagents and 
that require containment; Reactions which generate large 
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quantities of waste; Reactions done under high dilution; 
Reactions which require a high degree of control i.e. tem-
perature, pressure and time. Whilst all of these reactions 
can be carried out at scale, if they can be avoided by using 
simpler, easier alternatives large scale manufacturing 
becomes more sustainable.

Again it is not our intention in this book to discuss the 
details of and the requirements imposed by large scale 
manufacturing. There are many excellent publications 
dealing with this topic. However, it is useful to mention 
some of the more salient points for each of the cases 
mentioned above.

Highly exothermic reactions

Highly exothermic reactions generate large amounts of 
heat over a very short time. On an industrial scale, the 
removal of this excess energy is problematic as the area 
to volume ratio of large vessels is relatively small. When 
this excess energy cannot be removed run away reactions, 
sometimes explosively, occur with grave consequences to 
both health and the environment. Many serious indus-
trial accidents have occurred in this way.

Reactions requiring very high or low temperatures

One way to control highly exothermic reactions is to 
carry these out at low temperatures where the reaction 
rate is greatly reduced and hence the release of energy 
is slower and more easily removed from the reaction 
medium. However, expensive specialized equipment to 
achieve and maintain homogeneous low temperature 
conditions is necessary. Reactions requiring high tem-
peratures (nominally above 150 ºC) also require spe-
cialized equipment and materials resistant to chemicals 
and reagents at these elevated temperatures. Pyrolysis 
reactions at extremely high temperatures are practically 
never carried out in the fine chemical industry. These 
reactions require rapid cooling immediately following 
the transformation as the reaction products are subject 
to decomposition under these extreme conditions.

Reactions requiring fast heating and cooling

Suffice it to say that it takes a long time to heat and cool 
a large mass. Heat transfer is dependent on surface area. 
Surface area increases less (n2 correlation) in compar-
ison to mass/volume (n3 correlation) on scale up. This 
causes problems for the Process Chemist, even to the 
extent that scaling up some reactions might turn out 
to be impractical. If  the kinetics of a synthetic reaction 
increases greatly with temperature, and the kinetics of 
competing/impurity forming reactions do not, then fast 
heating to high temperatures so that the desired reaction 
goes to completion in the shortest possible time, helps 
keep impurities to low levels. Likewise, decomposition 
of the product can be controlled by fast cooling. Obvi-

ously, for large volumes of reactants, heating and cool-
ing times are much longer than in the laboratory. It is no 
surprise that occasionally new impurities are observed 
and known impurities increase on scale up. Simulating 
times, temperature gradients and other variables that 
are expected at large scale in small scale equipment will 
establish whether this is true or not, and the Process 
Chemist will have to find alternative reaction conditions 
if  this turns out to be the case. Flow chemistry, still in 
its infancy in the Pharmaceutical Industry, can resolve 
these types of situations and is an attractive alternative 
to classical batch chemistry.

Reactions using highly toxic reagents and that require 
containment

It is self-evident that plant personnel, the general popu-
lace and the environment need to be protected from nox-
ious materials. Supply and transport of toxic chemicals 
can pose difficult logistic problems. Facilities which are 
designed to handle highly toxic materials are expensive 
to build and require constant monitoring to ensure that 
no harmful leakage occurs. Disastrous accidents, where 
large amounts are released into the environment, can have 
serious and even fatal consequences. Where possible com-
panies avoid such materials and only highly specialized 
companies have adequate facilities to carry out this type 
of chemistry. In many instances, the waste products are 
also highly toxic and require special care in their disposal.

Reactions which generate large quantities of waste

Chemical reactions generally use stoichiometric quanti-
ties of reagents that are transformed into waste products. 
Few of these materials are environmentally friendly and 
their disposal poses problems for the chemical indus-
try. Indeed, the major part of the bad publicity that the 
chemical industry, including the Pharmaceutical Sector, 
derives from this issue. The problem is exacerbated when 
more than one equivalent of reagent is required, resulting 
in a corresponding increase in effluent, and when toxic 
wastes are involved. Although recycling is an accept-
able option, in the vast majority of cases recycling is not 
achievable. Even so, if  the cost of recycling exceeds that 
of waste disposal, it may not be a choice worth consid-
ering. Hence, one of the principal focuses for the Process 
Chemist has become the application of green chemistry 
and catalytic reactions wherever possible.

Reactions done under high dilution

Aside from the fact that reactions carried out at high 
dilution require a much larger plant and bigger equip-
ment, they severely restrict throughput, thus reducing 
the overall quantities that can be produced in a given 
time. They are also much more energy and labour inten-
sive as the large volumes of solvent need to be heated 
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and cooled whilst handling takes more time. This all 
adds to the final cost of the drug substance, which may 
in turn reduce the economic viability of a drug.

Reactions which require a high degree of control i.e. 
temperature, pressure and time

The Process Chemist takes into consideration the limita-
tions of the equipment that will be used for the industrial 
process that he/she develops. The gauges that measure 
variables on plant have limitations (as do those in a lab-
oratory setting) although Good Manufacturing Prac-
tices (GMP) require that these are at least adequate to 
the task. There is no guarantee that the probes used for 
measurements accurately depict real values in the reac-
tion mass as they are usually located in the jacket of the 
reactor and not in body of the liquid. Another issue is 
that, at industrial scale, the large mass of the material 
gives it a certain inertia. As a consequence, overshoot-
ing of programmed reaction parameters such as tem-
perature is anticipated when fast heating is applied. The 
system then takes time to settle into a steady state where 
temperature fluctuation is minimal. It is therefore point-
less to develop a process whose success depends on tight 
control of such reaction parameters. The process should 
be as “forgiving as possible” especially when multipur-
pose batch reactors are involved. Tight controls are only 
feasible in equipment, such as flow reactors, designed 
specifically for the purpose. Thus, robustness and repro-
ducibility of a processes are important factors for its 
success on plant.

The analyses given in this book each start with a the-
oretical exercise where retrosynthetic principals are 
applied to the molecular entities of  a selected number 
of  important drugs to ascertain viable routes of  synthe-
sis. In each case, the applicability to an industrial sce-
nario is assessed and conclusions drawn. Following this, 
the original literature is examined to evaluate which 
options had been studied and published. An attempt is 
made to evaluate which of  the synthetic routes uncov-
ered are eligible for introduction into a manufacturing 
scenario. It is hoped that the methodology exploited 
will aid the reader to uncover practical synthetic routes 
to other drug substances whether they be NCEs (New 
Chemical Entities) or generic APIs (Active Pharmaceu-
tical Ingredients). 

Finally, some observations on the origin of the infor-
mation that is presented in this volume is in order. The 
two major sources that have been used are the patent 
literature and peer review journals. Other sources such 
as books, presentations/posters given at scientific confer-
ence and personal communications exist, but are not as 
comprehensive and/or as easily accessible.

There exist fundamental differences between these two 
types of literature. Peer review journals are mainly the 
province of academics whose careers are largely defined 
by what they publish. Consequently, academics focus on 

publishing as many original papers as possible. If the end 
point of the original postulate is reached experimentally, 
then the prime objective has been reached. A multitude of 
chemical syntheses, based on original and inspired chem-
istry, have been published where the accumulated yields 
are minimal, use chromatography to separate and purify 
intermediates and final product and are carried out on 
a milligram, or even a microgram, scale. The investiga-
tor does not concern him/herself by doing further work 
to optimize the route further from the point where it is 
acceptable for publication in a peer review journal. It is 
challenging to assess whether these synthetic routes could 
be viable at an industrial scale. We have made an attempt 
to do so using experience and common sense but, only 
process development and actual hands on experimenta-
tion can validly answer this question.

Patents are legal documents and can be regarded as 
contracts between a company (or individuals) and the 
state. Pharmaceutical companies submit a patent speci-
fication and, if  after examination it is granted, the state 
allows the company a number of  years (usually 20) to 
commercially exploit the invention without compe-
tition. The alternative would be to keep the invention 
secret (referred to as a trade secret). However, this is 
not an option for the Pharmaceutical Industry as, once 
the product is commercialized, it could be reverse engi-
neered and competitors would very quickly enter into 
the market. To obtain a patent is not straightforward. 
The very first patent of  a drug (a product patent) need 
only describe, almost in a rudimentary fashion, how it 
can be prepared. Thereafter, subsequent patents which 
describe new and novel ways to produce the drug sub-
stance (process patents) have to establish superiority 
over what is known in the Prior Art (the sum of all 
publications related to the subject matter of  the patent). 
Patent offices worldwide have experienced patent exam-
iners who assess patent novelty and inventiveness and 
only after they have approved the patent claims, does 
the patent proceed to grant. However, it cannot be pre-
sumed that the work of  assessing the suitability of  pro-
cesses therein described to be implemented industrially 
has been done. The patent examiner only looks at nov-
elty and inventiveness, which may not necessarily signify 
that the process is industrially practicable. There is an 
additional constraint when trying to interpret the con-
tent of  patent literature. It is required by law to include 
the best examples that allow a patent to be reduced to 
practice. This is obviously not in the patentee’s inter-
est – no-one willingly lays bare their manufacturing 
knowhow for competitors to copy. Hence, patents are 
published revealing numerous options to carry out 
the process, usually before real industrial development 
work has been done. In this way companies can “dis-
guise” their chosen route in an avalanche of  information 
whist still revealing the best examples at the time of  pa- 
tent application. Once more we have used common sense 
and experience to interpret which processes are worthy 
of  application in a manufacturing scenario, but as was 
the case for academic syntheses, only experimentation 
can give definitive answers.





2	 Gabapentin

Year of discovery: 1974 Warner-Lambert Company
First WW Approval: 05 February 1993 (UK)
US approval: 30 December 1993
Drug category: Calcium channel ligand, structurally related to 

γ-aminobutyric acid  (GABA) 
Uses: Antipsychotic; Analgesic (non-narcotic); Antidepressant; 

Antimigraine; Anticonvulsant

Gabapentin (1) resulted from the search for synthetic 
analogues of  γ-aminobutyric acid (GABA), a natu-
ral inhibitor of  neurotransmission in the mammalian 
brain. GABA itself  cannot enter the central nervous 
system by systemic administration; hence, a more lipo-
philic derivative was sought. Both GABA and Gab-
apentin are γ-amino acids (Figure 2.1), the higher 
lipophilicity of  Gabapentin resulting from the presence 
of  the cyclohexane ring. Contrary to the desired result 
it was found that Gabapentin does not interact with the 
GABA receptor in the brain but does display activity 
due to binding to a protein subunit that regulates a cal-
cium ion channel.

In 1993, Gabapentin was initially approved to control 
seizures and was marketed by Pfizer under the trademark 

NH2

HO

O

Neurotin®. Later, the drug was also approved (2002) for 
neuropathic neuralgia and some other uses anticipated, 
for example, in anxiety and in panic disorders.

In the aftermath of the success of Gabapentin, a new 
more active and potent derivative, Pregabalin, emerged 
and was marketed as Lyrica® by Pfizer from 2004 onwards.

Gabapentin and Pregabalin belong to a class of drugs 
known as gabapentinoids. Recent studies have revealed 
that the Large-neutral Amino acid Transporter 1 (LAT-1), 
which is found in the membranes of the Blood Brain bar-
rier (BBB), transports Gabapentin across the BBB explain-
ing the uptake of the drug to the brain. This discovery 
facilitated the development of gabapentin prodrugs, such 
as Gabapentin enacarbil (Figure 2.2), which more easily 
cross the BBB.
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Figure 2.1  GABA and some synthetic API analogues
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Figure 2.2  Gabapententin enacarbil 
chemical structure

Retrosynthesis in the Manufacture of Generic Drugs: Selected Case Studies, First Edition, Pedro Paulo Santos and William Heggie. 
© 2021 John Wiley & Sons Ltd. Published 2021 by John Wiley & Sons Ltd.



6  |  Retrosynthesis in the Manufacture of Generic Drugs

2.1  WORLDWIDE SALES AND PATENT STATUS

The following graphs illustrate how research carried out 
in the pharmaceutical industry towards the production 
of the API and worldwide sales of the finished drug 
product evolved.

• US basic patent term 02/05/1995 (US4087544,
WarnerL1974), USA Product Patent term extension
16/01/2000.

• Annual production1: 2019, 3,997.3 t; 2018, 3,851.6 t;
2017, 3,743.0 t.

• Annual WW sales1: 2019, 1377M USD;
2018, 1401.3M USD; 2017, 1346.9M USD.
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Figure 2.3  Gabapentin WW sales 
evolution (in M USD) 

Source: Data from GlobalData [Online] https://globaldata.com/
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Figure 2.4  New Patent applications 
on Gabapentin filed by year
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Figure 2.5  Patent applications on Gabapentin filed by region
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Figure 2.6  Patent applications on Gabapentin filed by type of patent

1  Newport Modular Platform – Clarivate Analytics [Online] https://clarivate.com/cortellis/ [2020, April]


