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This review discusses the underexploited potential of renewable glycerol and its derivatives for the prepa-
ration of active pharmaceutical ingredients, some of which are on the World Health Organization list of
essential medicines. The regulatory challenges faced by industries regarding the replacement of petro-
based building blocks with renewably sourced ones are described before diving into pharmaceutical
ingredients that could potentially incorporate these bio-based atoms. The active pharmaceutical ingredi-
ents (APIs) are sorted by their therapeutical potential, including entities treating cardiovascular diseases,
musculoskeletal drugs and compounds endowed with anti-infective properties. Finally, polymeric drugs
and more eclectic substrates such as dietary supplements, radiosensitizers or chemotherapeutical agents
are considered in the last two sub-sections. The broad spectrum of presented substrates relying on gly-
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cerol or potentially glycerol-derived reagents in their synthetic pathway emphasizes the potential contri-
bution of bio-based substrates in already developed industrial processes. The examples in this review hint
toward a future chemical development in which APIs may be constructed with increasing percentages of
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1. Introduction

The concept of bio-based chemicals involves the use of
biomass to replace petrol as a source of chemicals. A sector of
chemists has turned to starch, cellulose, lignin, and oil,
among other biomass, as raw materials to provide new chemi-
cal platforms that can fit consumer needs. To be usable,
biomass must be degraded to its constitutive compounds,
principally sugars, which can then be further modified to
obtain chemical building blocks." The development of these
bio-based platforms is meant to provide an alternative to con-
ventional petroleum-derived products,” decreasing the
environmental impact of current chemical processes and the
reliance on ever-decreasing petrol reserves. Furthermore, the
adoption of widely available biomass as a source of chemicals,
as opposed to geographically limited petrol sources, will have
strong economic and even political implications.
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A great deal of effort has gone into identifying the most
promising candidates for bio-based platforms to help focus
the attention of both chemists and investors to strategies that
have the best chance of success. Among the building blocks
that have been highlighted, glycerol stands out particularly
due to its exceptionally high availability.

Glycerol, or 1,2,3-propanetriol (1, CAS 56-81-5), is one of
the main components of triglycerides found in fats and oils
(Fig. 1). Its currently abundant production is due to it being a
by-product of the biodiesel, soap, and cooking oil recycling
industries. Most of the glycerol on the market is currently
bio-sourced, with trends suggesting it will continue to be
increasingly the case. A report from 2004 estimated that 25%
of the glycerol on the market was being produced syntheti-
cally," whereas 2016 reports placed the amount of synthetic
glycerol on the market at around 12%.” The production of gly-
cerol has been significantly boosted by the biodiesel industry,
which in turn has continued to increase with the support of
tax incentives and legislation. Around 1 ton of biodiesel
results in the formation of 100 kg of glycerol as by-product.®*
The cost of glycerol has continued to experience a downward
trend for the past decades. In 2019, European transaction
prices for glycerol (>99.5% purity) were around 856 USD per
metric ton (USD per mt),” whereas export prices of crude gly-
cerol averaged 266 USD per mt.® As a point of comparison,
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Fig. 1 Sources to produce bio-based glycerol (1) and current main appli-
cations of glycerol on the market alongside estimations of its end use.
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propylene (>99.5% pure) was valued at 980 USD per mt
(2019).”

Because glycerol is obtained as a by-product of the biodiesel
industries, its current cost of production is virtually negligible.
The factor determining the cost of glycerol is the refinement
process, with small biorefineries often finding landfilling to be
more economical than refining glycerol. A 2004 estimate
placed the cost of refining at around $0.23-$0.38 per kg
(230-380 USD per mt) depending on the size of the facility.?
However, even with this cost for its refinement, the large pro-
duction of crude glycerol, and consequent low price, point to
an extraordinary potential to develop its use to replace pro-
ducts that were typically obtained from petroleum.®

Traditional uses of glycerol include pharmaceuticals, per-
sonal care products, foams, and foods, with these sectors com-
prising almost 60% of its usage.” Due to its hygroscopicity, it
is frequently used as a humectant, lubricant or to improve the
softness of materials. In the food and pharmaceutical sectors,
it serves as a humectant and texture-enhancing additive.
Glycerol (1) is also used as a sweetener and to prolong the
shelf-life of products in the food industry. It has also appli-
cations as a moisturizer in cosmetics and personal care pro-
ducts, or in the preparation of plastics to improve their flexi-
bility. In the historical period of World War 1II, glycerol was in
particularly high demand for the preparation of nitro-glycerine
explosives (Fig. 1).°

Glycerol’s low cost due to current overproduction has led
many to propose various derivatizations of the compound, in
efforts to open new ways to valorise the derivative.'® Typical
C-3 building blocks that can be synthesized from 1 encompass
allyl alcohol (2),"*** which can be further oxidized to yield
higher derivatives such as acrolein (3)'° and acrylic acid (4)."°
Additionally, 1,3-dihydroxyacetone (5),"*"> 1,3-propanediol
(6),'° lactic acid (7),"” ethyl acrylate (8) and solketal (9),'®
among other derivatives, are also attainable.
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The most notable and extensively utilized C-3 building
blocks potentially originating from 1, however, are monochlor-
ohydrins 10a,b, dichlorohydrins 11a,b, and the epoxides
derived therefrom: epichlorohydrin (12) and glycidol (13). The
Epicerol (Solvay) and the GTE (Dow) processes'®?® are staple
transformations connecting 1 with the formation of reactive
C-3 oxiranes 12 and 13 (Fig. 2). The overall transformation
involves a first hydrochlorination of 1 toward 10, 11 with
aqueous HCI and a simple (di)carboxylic acid catalyst. In a
second stage, the dechlorination of compounds 10, 11 under
alkaline conditions opens a gateway toward oxirane derivatives
12 and 13. Appropriate control of the reaction parameters as
well as catalyst selection is particularly relevant to tune the
reaction selectivity.>! Such a process has been also intensified
under continuous flow conditions.>” These processes stand as
a robust alternative to the conventional chlorination of petro-
based propylene (14) for the obtaining these versatile building
blocks (Fig. 2).

Another potentially appealing feature not shared with
parent 1 resides in the presence of a stereogenic center at C,
on both 12 and 13. Enantioenriched oxiranes 12 and 13 can be
accessed through a hydrolytic kinetic resolution (HKR) as
introduced by Jacobsen in the late 1990s. The procedure relies
on the enantioselective hydrolysis of a terminal epoxide in the
presence of a Co-salen complex. It yields two distinct valuable
products, namely an enantioenriched epoxide and the corres-
ponding enantioenriched diol. To illustrate this point with rac-
12, the optimized protocol utilizes (R,R)-16 as a catalyst along
with 0.55 equivalents of H,O in THF at 4 °C (24 h). This leads
to (S)-12 with a remarkable enantiomeric excess (ee) of >99%
in 42% yield. Concurrently, monochlorohydrin (R)-10b was
obtained in a 52% yield (ee of 89%) (Fig. 3a). Swapping the
catalyst to its enantiomer (S,5)-16, (R)-12 and (S)-10b can be
generated. Furthermore, enantiomerically pure (S)-12 can be
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directly synthesized from (R)-10b under alkaline conditions
(88% yield, >99% ee) (Fig. 3b). HKR on rac-13 leads to a lower
yield due to undesired side oligomerizations. The access to
enantioenriched glycerol-derived reactive oxiranes and mono-
chlorohydrins holds significant potential for the development
of chiral derivatives, as are frequently encountered, for
example, in the pharmaceutical industry.

This review presents a compilation of active pharmaceutical
ingredients (APIs) the synthesis of which contains 1 or some
of the compounds that could potentially be derived from it.
Fig. 4 gives a distribution of the number of molecules here
reported by the nature of the glycerol (1) derivative used in
their synthesis. More than half of the APIs that we have
managed to identify are due to the incorporation of epichloro-
hydrin (12). The presence of two reactive electrophilic sites in
the C-3 molecule makes it a versatile building block, and pre-
vious reports agree on how their distinct reactivity makes them
an attractive option to incorporate potentially bio-based C-3
building blocks in the chain of value.>***

The following section will discuss more in depth the advan-
tages and the challenges of incorporating more bio-based
atoms into currently existing APIs, many of which are listed as
WHO essential medicines and/or frequently prescribed
medications.

2. The case for the use of glycerol
derivatives

Efforts promoting low-carbon-intensity pathways have been
gaining momentum in the chemical industry in general,>*>®
including the pharmaceutical industry.>*° In support of these
efforts, we have taken an in-depth look into the feasibility of
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Fig. 2 Some derivatives potentially sourced from glycerol 1. (a)
Production of bio-based monochlorohydrins 10a,b, dichlorohydrins 11a,
b, epichlorohydrin (12) and glycidol (13) from 1. (b) Petro-based route
for the synthesis of epichlorohydrin (12) and glycidol (13).

turning to bio-sourced reagents for the pharmaceutical indus-
try, and particularly, to the use of 1 and derivatives.

One of the main reasons that glycerol (1) has been identi-
fied as an important bio-based building block is because it
can be used in the preparation of highly useful derivatives
with established use in the chemical industry. The nova-
Institute,” a leading thinker for the transition to climate neu-
trality, has outlined three categories to classify bio-based
chemicals,** depending on how they can be integrated into
current chemical pathways (Fig. 5). Drop-in platforms corres-
pond to compounds that hold established commercial pro-
cesses and markets. These platforms were initially developed
using petro-based compounds; however, they can be replaced
by the drop-in counterpart, obtained from biomass using
alternative synthetic routes. A subcategory of these com-
pounds, smart drop-in platforms, refers to compounds whose
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Fig. 3 Access to enantiomerically pure epoxide building blocks by (a)
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Fig. 4 Distribution of the APIs included in this review according to the
potentially glycerol-derived building block incorporated as part of the
synthesis.

synthesis starting from bio-based sources is potentially more
advantageous (e.g. shorter or with lower energy requirements)
than the route used to obtain them from petro-based sources.
Finally, the category of dedicated platform is assigned to bio-
based molecules which do not match existing petro-based
building blocks, thus paving the way to new uncharted terri-
tories. Glycerol (1) can be considered a smart drop-in, as it is

This journal is © The Royal Society of Chemistry 2024


https://doi.org/10.1039/d4gc01957a

Published on 11 July 2024. Downloaded on 3/9/2026 5:57:47 PM.

Green Chemistry

Renewaple Resources £OSSIl

W
g

\)Lon

/o)\/m E Smart Drop-in >

N\ & v

~N
Y\OH C’>- o

Ho.__oH
Kz \0' el -
o4’ B Dedicated
. G

oH

Uncharted Territory
New Market Opportunities
New Synthetic Applications and Processes
Time Consuming Incorporation

Fig. 5 Visual summary of the drop-in, smart drop-in and dedicated
bio-based platforms concept.

directly obtained from the hydrolysis of oils. Expanding the
uses of 1 is therefore one of the most efficient ways of increas-
ing the use of bio-sourced atoms in current industrial pro-
cesses, including pharmaceuticals (Fig. 5).

Epichlorohydrin (12) obtained from 1 is listed as another
smart drop-in platform. As highlighted in Fig. 2, the process
starting from propylene is much more energy intensive, relies
on dangerous reagents and requires additional steps when
compared with the process relying on 1, therefore confirming
the status of smart drop-in of 12. This clear advantage in the
production of bio-based epichlorohydrin (12), coupled with
the increasing amounts of glycerol by-product from the biodie-
sel industry, has propelled the steady rise in production of bio-
sourced 12 during recent years, specifically for the polymer
industry.”*%°

Despite these advantages, the incorporation of bio-sourced
options for the pharmaceutical industries is slow to come. Bio-
sourced compounds are tied to the fear of variability, one such
being the change of seasons.*® On occasions, the bio-sourced
glycerol obtained does not have the necessary specifications.
For example, after the flooding of biodiesel glycerol on the
market prompted DOW chemicals to close its synthetic gly-
cerol production facilities in the United States in 2005,>” some
pharmaceutical clients were unable to find bio-sourced gly-
cerol substitutes with sufficient quality to sustain their
processes.>®

This journal is © The Royal Society of Chemistry 2024
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Fig. 6 Example where potentially renewable (S)-12 is integrated into
the synthesis of an API (rivaroxaban, 21) before introduction of the regu-
latory starting material (RSM). The administrative burden for a change of
source for (S)-12 under this scenario is likely less important.

On the other hand, many pharmaceutical plants were able
to switch to by-product glycerol, with the reduced price of
material compensating for the research expenses tied to this
change.®® This points to one of the main challenges toward
incorporating bio-based atoms into already marketed drugs.
Even a seemingly straightforward switch from a petro-based
building block to its structurally identical bio-based counter-
part entails an administrative burden related to market author-
ization. Any change made to the manufacturing process of an
authorized API necessitates approval from the pertinent auth-
ority. For instance, in Europe, centrally authorized medicines
are handled through the European Medicines Agency (EMA),
while each Member State’s competent authorities (i.e. the
Federal Agency for Medicines and Health Products, FAMPH, in
Belgium)®® manage the process for nationally authorized medi-
cines. In the US, these matters are under the authority of the
U.S. Food and Drug Administration (FDA).*®

The EMA indicates that the extent of modifications to a
given process toward a marketed pharmaceutical dictates the
necessary follow-up steps to be undertaken by the Marketing
Authorization Holder (MAH). The MAH must demonstrate that
the change, e.g. in supplier, does not compromise the quality
of the finished API product.*®*" In general, variations can be
categorized into minor variations (Type IA and Type IB under

Green Chem., 2024, 26,10029-10057 | 10033
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the EMA) and major variations (Type II for EMA), each associ-
ated with an increasing administrative/economic burden for
the MAH.** Briefly, for Type IA variations, the MAH has
12 months to present the documentation to the competent
authority, but can implement the variation while continuing
to supply the API on the market, whereas for Type IB vari-
ations, the MAH must notify the variations and wait for 30
days before implementing them. A variation is considered
minor only if all of the following conditions are fulfilled: (a) it
does not change the qualitative and quantitative impurity
profile and/or the physico-chemical properties of the final API
product, (b) no alterations to the synthetic route are intro-
duced, (c) no new reagents, catalysts or solvents are used in
the process, and all intermediates remain the same and (d) the
specifications of the API product or its intermediates are
unaffected. Type II Major variations require extensive docu-
mentation and reviewing, as well as an extended timeline
(usually 60 days prior to a decision). This could also lead to
the possibility of requiring the filing of a new Drug Master File
(DMF) with a new market approval application with the neces-
sity for extensive documentation of (im)purity profiles.*
Strictly speaking, bio-based and petro-based compounds
are identical molecular entities, and there are no specific regu-
lations on replacing one for the other in a process toward a
marketed API product. However, the change of supplier or of
manufacturing site that would likely be required to switch to
bio-based does constitute a variation. Whether the impact of
such a variation is considered as minor or major will depend
on each case. The main aspect to consider will be the proxi-
mity of the synthetic step in which the change is introduced to
the final API. To better understand this difference, some fam-
iliarity with the concept of Good Manufacturing Practices
(GMP) and Regulatory Starting Materials (RSMs) is helpful.
These concepts are developed in the guidelines of the
International Council for Harmonization of Technical
Requirements for Pharmaceuticals for Human Use (ICH).*?
The (Regulatory) Starting Material (RSM) is a raw material,
an intermediate, or an API component that bears a significant
structural fragment from the final API structure (i.e., it is not a
solvent or reagent, Fig. 6).** The decision on which compound
in the synthetic pathway is the RSM is made with the regulators
and will impact the rigor with which a step will be monitored.
The RSM is selected among the steps that impact the impurity
profile of the final drug, and should have multiple steps before
arriving at the APL*® The reason is that a greater amount of
steps will provide more intermediate purification procedures,
which in turn provide greater chances of removing impurities.
Introduction of the RSM into the synthesis marks the step
under which Good Manufacturing Practices (GMP) must
begin.** GMP intends to provide a framework to ensure that
APIs meet specific quality and purity criteria. Changing struc-
turally identical petro-based to bio-based glycerol derivatives
raises concerns regarding the impurity profiles of the corres-
ponding APIs, and therefore, their Critical Quality Attributes
(CQAs). CQAs are specific physical, chemical, biological or
microbiological properties or inherent features that should be

10034 | Green Chem., 2024, 26,10029-10057
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within an appropriate limit, range, or distribution to ensure
the desired product quality.’® The manufacturing process
should identify key material attributes and process conditions
affecting API CQAs. This includes understanding the fate and
removal of impurities originating from raw materials, which is
critical for ensuring the quality of the final APL*

The proposed RSM must meet appropriate specifications
and be justified, with supporting analytical procedures suited
to the detection of impurities and their fate added in sub-
sequent steps. Changes to the specifications of RSMs are there-
fore type II variations, subjected to post-approval require-
ments. Additional purification steps may be necessary for com-
mercially available commodities to ensure consistent quality,
with specifications provided for both incoming and purified
materials.”® In general, if the synthetic pathway of a compound
has been described as part of the drug filing, any modifications
will entail a reglementary impact. While the ICH does not expli-
citly cover upstream changes, it advocates using fundamental
science and risk-based concepts to assess their impact.

Aside from its use as or to produce starting materials, gly-
cerol has been used on occasions as a solvent. Specific gui-
dance on replacing petro-based solvents with bio-based ones is
currently unavailable. Both the EMA and FDA are committed
to supporting the adoption of environmentally friendly manu-
facturing technologies, a commitment that aligns with the
European Union’s “Strategic Approach to Pharmaceuticals in
the Environment”."” However, a change of solvent will be
treated as a major variation by regulatory agencies, strongly
disincentivizing an expansion of the use of glycerol for cur-
rently approved APIs. Furthermore, some commercially avail-
able bio-based solvents have not yet been included in FDA
solvent classes*® or CHEM21 solvent selection guides.*®

The following sections review a variety of marketed APIs
according to their primary pharmaceutical and biological
activity classes, focusing notably on cardiovascular medications.
Other pharmaceutical classes include antidepressants, antihis-
taminics, UV-B protection, alimentary supplements, contrast
agents, cholerectics and antihypertensives, among others. This
review fits in the overall effort to reduce the environmental
burden associated with waste-extensive processes and their
inherent reliance on exhaustible petro-based resources. This
paves the avenue toward the incorporation of bio-based atoms
within the backbone of common pharmaceuticals.

3. Active pharmaceutical ingredients
derived from glycerol
3.1 Cardiovascular pharmaceuticals

Among the various classes of APIs featuring a glycerol-related
backbone, numerous examples of pharmaceutical blockbusters
concern cardiovascular medications (Fig. 7). Beta blocker
agents (section 3.1.1.) are one of the highest selling medi-
cations in Western countries. They are aimed at reducing heart
rate and contraction force, hence lowering blood pressure.
They usually feature a common p-amino alcohol moiety as the

This journal is © The Royal Society of Chemistry 2024
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Fig. 7 Representative examples of various classes of cardiovascular
medications that could potentially incorporate bio-based glycerol and
its derived building blocks.

central feature. Epichlorohydrin 12 and glycidol 13 became cen-
terpieces for the convenient preparation of such derivatives
through an etherification/aminolysis sequence. It is worth men-
tioning that oxirane 12, with its inherent ambivalent electrophi-
licity, is commonly preferred over 13. Section 3.1.2 concerns the
use of glycerol-based building blocks to access Na' channel
blockers. Na" channel blockers regulate cardiac action poten-
tials and are prescribed for the treatment of cardiac arrhyth-
mias. Other cardiovascular medications include anticoagulants
and vasodilators, which prevent blood clotting and lower the
blood pressure, respectively. These medications can also be
potentially accessed through glycerol-derived building blocks
and are discussed in sections 3.1.3 and 3.1.4, respectively.

3.1.1 Beta blockers. The beta blocker group of APIs gathers
drugs for the treatment of various cardiovascular conditions
such as arrhythmias, angina pectoris, and hypertension or to
prevent heart failure. p-Blockers typically feature a central
f-amino alcohol moiety 27, which generally originates from an
oxirane derivative such as 12. The general process is illustrated
in Fig. 8 and involves a glycidyl ether synthesis (toward 26) and
a subsequent aminolysis toward 27.%°

Cl Ar-OH [0}

(o]
\_<I — %O\Ar

12 26 27

HNR'R2
—_—

z
C

Fig. 8 Common synthetic route toward beta blockers 27 featuring a
B-amino alcohol moiety starting from epichlorohydrin (12).
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Among the various beta blockers derived from 12, six APIs
are part of the WHO list of essential medicines®’ and are
amongst the most prescribed drugs in the US (Table 1).>> On
top of these, twelve additional beta blockers are listed in
Table 1 alongside their structure, indications and class.

In addition to containing the familiar amino alcohol
scaffold, carteolol (41) incorporates another glycerol-derived
building block in its cyclic moiety, namely, acrylic acid (4).
Phenol-derived intermediate 46 is obtained by reacting acrylic
acid (4) with o-f unsaturated ketone 44 before reducing the
resulting intermediate with carbon-supported palladium and
hydrogen. Williamson etherification between epichlorohydrin
(12) and 46 leads to glycidyl ether 47, the latter then under-
going ring-opening aminolysis by tert-butylamine to obtain
carteolol®® (41, Fig. 9).

Aside from being a renewable source of valuable oxiranes,
glycerol (1) can act as a green polar protic solvent. As such,
and taking advantage of the protic nature of 1, Hussain,
Kumar and coworkers developed a procedure toward proprano-
lol (24) and atenolol (29) from aryl glycidyl ethers (26) and iso-
propyl amine in the presence of glycerol as both solvent and
catalyst (Fig. 10). Propranolol (24) and atenolol (29) were
obtained with 97% and 93% yields respectively in under 3 h.
Additionally, glycerol was easily recycled and retained its reac-
tivity even after up to 4 cycles: on the 5™ cycle, yields started to
drop below the 90% mark.>*

3.1.2 Na' channel blockers. Sodium channel blockers are
typically used for treating various arrhythmias. Among Na*
channel blockers, propafenone (52) and ranolazine (23) are
prepared starting from oxirane 12 to install the central
f-amino alcohol moiety. A subsidiary of BASF developed a
process toward 52 relying on the reaction of 12 with hydroxya-
cetophenone 48. The first step leads to glycidyl ether inter-
mediate 49, which is further reacted with propylamine to yield
f-amino alcohol 50 (Fig. 11). In a subsequent step, 50 is
reacted with benzaldehyde (51) and then reduced to give 52.°

Ranolazine (23), another f-amino alcohol derivative with
Na® channel blocking properties, was the 211" most pre-
scribed drug in the U.S. (2.5 million) in 2019.°® It can be
obtained by reacting 12 with guaiacol (53), another potentially
bio-based building block, leading to glycidyl ether intermedi-
ate 54 (Fig. 11). Using piperazine-derived reactant 55 in con-
junction with 54 allows ranolazine (23) to be obtained.

3.1.3 Anticoagulants. Anticoagulating agents are another
important class of cardiovascular medications. One of the
most notorious anticoagulants is warfarin, which has been
used since the 1940s; however, the emergence of deleterious
interactions of warfarin with other medications triggered a
demand for alternatives such as rivaroxaban (21, Fig. 12).

Rivaroxaban (21) was developed by Bayer Healthcare and
patented in 2007. Its preparation starts from (S)-12 and phtha-
limide 17 (Fig. 12). Intermediate 18 is next reacted with aniline
derivative 19 to yield diamino alcohol 20, which is next
cyclized with 56 toward oxazolidinone 57. Final deprotection
followed by a reaction with thiophene 58 ultimately gives 21.%”
Rivaroxaban is currently marketed by Bayer and by Janssen (in
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Table 1 Approved beta blocker medications presenting a central
p-amino alcohol moiety constructed from epichlorohydrin 12. The
medications included in WHO essential medicines are indicated with
WHO. Medications in the top 300 prescriptions in 2019 are indicated by
the number (#) ranking

Structure
RTu/Y\O, R?
Name - Indications
Metoprolol (22) J\ Angina pectoris
R': X H :
o ypertension
WHO #5 @A’ > Myocardial infarction
R: X Tachycardia
Heart failure
Carvedilol (28) R': }'{\/°]© Hypertension
WHO #33 ~o Heart failure

NG
=D

Atenolol (29) Angina pectoris
Hypertension
Myocardial infarction
Tachycardia
Hyperthyroidism
Angina pectoris
Hypertension
Myocardial infarction
Tachycardia
Migraine prophylaxis
Hypertension
Myocardial infarction
Migraine prophylaxis
Glaucoma

R':

WHO #39
R2:

Propranolol (24) \
R':

N
oY
N
NG
e
B

WHO #383

Timolol (30)

z
y
(7]

WHO #160

Angina pectoris
Hypertension
Heart failure
Glaucoma

Bisoprolol (31)
WHO @ 3

\ro
Nadolol (32) Angina pectoris
R }J< Hypertension
Arrhythmia
R2:
OH
OH
Bupranolol (33) ) ‘%J< Hypertension
R - Tachycardia
Glaucoma
R2: X
Cl
Arotinolol (34) NH Hypertension
RM: }IJ< < ; Tachycardia
\_s Glaucoma
N
\
R? s"’{"\s
Betaxolol (35) Hypertension
RU: ;4\ Glaucoma
R2: }Z@/f
Esmolol (36) ) kJ\ Hypertension
RY: it Tachycardia
o/
RZ: X©/\)‘\
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Table 1 (Contd.)

Structure
R1-u/Y\°‘R2
Name - Indications
Penbutolol (37) kJ< Hypertension
R':
RZ: X%
Pindolol (38) . ;J\ Hypertension
R2: X(EL/NH
Alprenolol (39) . }J\ Angina pectoris
RZ:
=z
Oxprenolol (40) , kj\ Angina pectoris
R Hypertension
Arrhythmia
R2:
o
Carteolol (41) Hypertension
R': :z‘J< Glaucoma
RZ: /%
o
Acebutolol (42) , ;4< Hypertension
R Arrhythmia
2 H
N

R? :)I)/ °
; ;4< Hypertension
R Angina pectoris

Celiprolol (43)

H

o
N\rrN\/
R2: o
44 H H
\)l\ —_—
S
OH
o OH
4 45 46
H
N __O
Cl 46
\_<? Base o Q/\j
—_—
%0
2 47 #+BUNH,
NH, g |
|| : >LN/\(\O NH §
(0] : H OH :
e : 0:
M
Carteolol
(Glaucoma)

Fig. 9 Preparation of beta-blocker 41, highlighting the incorporation of
acrylic acid (4) and epichlorohydrin (12).
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o PrNH, : R J\ :
.0 —_— . ) N |
Ar \/u Glycerol : /\OC\H !
26 .‘ ':
24 29
Propanolol Atenolol )
(Beta blocker) (Angina pectoris)
WHO essential

S
Ar = Ar =

Fig. 10 Synthesis of beta-blockers 24 and 29 relying on glycerol (1) as
solvent and catalyst for the aminolysis of glycidyl ether (26).

83" most prescribed
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Ranolazine Propafenpne
(Angina pectoris) (Arrhythmias)
211" most prescribed
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it o "o O N 0
N
NSLNZNY
H
48 51 53 55

Fig. 11 Synthetic pathways toward Na* channel blockers propafenone
(52) and ranolazine (23) starting from epichlorohydrin (12).

the U.S.) since 2011. It was prescribed 8.8 million times in the
U.S. in 2019 and is present on the WHO’s list of essential
medicines.”"

3.1.4 Vasodilators. Vasodilators directly act on vessel wall
smooth muscle cells, inducing their relaxation. Vasodilation
can help decrease blood pressure and is thus used in the treat-
ment of hypertension, angina pectoris and heart failure.>®

Among vasodilators, a subclass regroups various organic
molecules featuring nitrate functional groups. Metabolism of

This journal is © The Royal Society of Chemistry 2024
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Fig. 12 Synthetic route toward rivaroxaban (21) starting from (S)-epi-
chlorohydrin (12).

these derivatives leads to the generation of nitric oxide (NO), a
strong natural vasodilator. For instance, nitroglycerin (25) has
been used to treat angina pectoris for more than 150 years.
Compound 25 can be directly sourced from glycerol (1) by
using a nitration mixture (HNO;/H,SO,) (Fig. 13).>°
Nitroglycerin was prescribed more than 3.1 million times (US,
2019) and is considered a WHO essential medication.’*?

Xanthinol (62) is another vasodilator agent that can be
sourced from theophylline (59) and oxirane 12. Oxirane 12
reacts with 59 to yield chlorohydrin intermediate 60, which is
then further reacted with amino alcohol derivative 61 to
produce xanthinol (62, Fig. 14). The usual formulation
includes a nicotinate salt.®

o o !
H n n '
HNO4/H,SO, | =.N, N -
1 0°+70 0 +70 !
HO/\(\OH —_— ' /\(CO :
OH H ';l H
1 ; ) ;
25

Nitroglycerin
(Angina pectoris)
WHO essential
185! most prescribed

Fig. 13 Industrial process used for the manufacture of nitroglycerin
(25) starting from glycerol (1).
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Cl ° ("j\
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<0| _— /N :J/Y\CI
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1w : \ :
Y o0 o |
| 2 HNT OH:
e e LON—ON N
| P N’, on | ;

59 61 s ‘

62
Xanthinol

(Cerebral and peripheral
vascular diseases)

Fig. 14 Synthesis of xanthinol (62) starting from theophylline (59) and
epichlorohydrin (12).

As opposed to beta amino alcohols described above, epro-
sartan (70) is a molecule exhibiting angiotensin II receptor
blocking properties, allowing the reduction of vasoconstriction
and decrease of blood pressure through a different biological
mechanism. It is currently marketed by Abbot industries in
the US after purchasing Kos Pharmaceuticals which was evalu-
ating a scope of antihypertensive drugs.

Eprosartan (70) can be obtained following several synthetic
pathways. GSK patented a procedure which relies on 1,3-dihy-
droxyacetone (5) for the synthesis of pyrazole intermediate 64.
Dihydroxyacetone (5), a potentially glycerol-derived molecule,
is first reacted with amidine 63 in the presence of liquefied
ammonia before undergoing acetylation by acetic anhydride.
The cyclic intermediate is then reacted with benzyl alcohol
derivative 65 in the presence of a base and trifluoroacetic anhy-
dride to yield the corresponding diester 66. The latter is then
hydrolyzed by aqueous NaOH, and the alcohol thus obtained
is oxidized into its corresponding aldehyde by MnO,. The
penultimate synthetic step consists in an aldol condensation
of aldehyde intermediate 67 with thiophene derivative 68 in
the presence of LDA. The resulting alcohol is then acetylated
to yield intermediate 69. Finally, a DBU-triggered elimination
reaction results in eprosartan (70, Fig. 15). This route manages
to incorporate all three carbon atoms of 5.

3.2 Musculoskeletal medications

Myorelaxants can be divided into 3 subclasses: (a) drugs used
during surgery or assisted ventilation, (b) drugs for the treat-
ment of spasms and (c) short-term pain relievers for spasms
arising from musculoskeletal conditions.®® The latter includes
common over-the-counter medicines and gathers a variety of
drugs that can be produced from glycerol and derivatives.

For instance, guaifenesin (72) was marketed in the 1930s
and as of today is still used as an expectorant. Now available as
a generic medication, 72 was still the 256™ most prescribed
drug in the U.S. in 2019.%% Guaifenesin can be prepared from
bio-based guaiacol (53) and glycerol (1), or one of its activated
derivatives such as monochlorohydrin (10b) or oxiranes 12, 13.
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Fig. 15 Multistep synthesis of antihypertensive 70 from 1,3-dihydroxya-
cetone (5).

The most common preparation of 72 involves a straightforward

Wwilliamson ether synthesis (Fig. 16, R = OMe).*
Methocarbamol (75), a carbamate derivative of 72, can be

subsequently obtained by using diethyl carbonate (74) and

' R H
K ’ )@
53 or71 ! :
Cl H ' '
\)\,O base Ho/\K\O
10b . oH ;

72 (R = OMe) 73 (R=Me)

Guaifenesin Mephenesin

(Expectorant, myorelaxant) | (Strychnine antidote,
256t most prescribed i muscoskeletal pain)

B CECTCTTEPEFCPTRPEN . 1.74
: R : or COCl, R
e B
E H,N 0/\(\0 E OH
' OH : 53 (R = OMe)
""""""""""""""" 71 (R = Me)
75 (R = OMe) H 76 (R =Me) )ol\
Methocarbamol . Mephenesin carbamate
(Muscoskeletal pain) |  (Muscoskeletal pain) oo™
136 most prescribed 74

Fig. 16 Common synthetic pathways toward guaifenesin (72, R = OMe),
mephenesin (73, R = Me) and their carbamate derivatives methocarba-
mol (75, R = OMe) and mephenesin carbamate (76, R = Me).
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ammonia toward methocarbamol (75, Fig. 16, R = OMe).**
Methocarbamol (75) was approved by the US Food and Drug
Administration (FDA) in 1957 and is used for the short-term
management of musculoskeletal conditions.®® Now available
as a generic prescription drug, 75 was the 136™ most pre-
scribed drug in the U.S. in 2019.%°

Mephenesin (73) is structurally closely related to 72, yet its
applications have been limited to some cases of strychnine
poisoning in combination with barbiturates as an antidote.®®
It was however never prescribed as a myorelaxant, owing to
severe deleterious side-effects including respiratory conditions
and addiction. Compound 73 is currently discontinued in the
U.S. and in France, yet it still finds applications as an ingredi-
ent for ointments in various countries.®” The preparation of 73
is similar to 72 and involves the reaction of a monochlorohy-
drin 10b with phenol derivative 71 (Fig. 16, R = Me).*®

A carbamate derivative 76 is currently used for various mus-
culoskeletal pain conditions and can be directly obtained from
73 after a treatment with phosgene and ammonia (Fig. 16, R =
Me).*® Mephenesin carbamate (76) was marketed in the U.S.
starting from 1954.7°

Oxazolidinone myorelaxants can be directly derivatized
from vicinal diols such as 72 and analogs. For instance,
mephenoxalone (77) is obtained from guaifenesin (72) through
the reaction of 72 with urea (Fig. 17a).”" Mephenoxalone (77)
is prescribed for the treatment of muscular spasms and as
an anxiolytic. It was approved in the US since 1961.7
Metaxalone (79) is another oxazalidinone myorelaxant that
can also be obtained by treating 78 with urea (Fig. 17b).”
Metaxalone was approved in 1962 and is mainly used for the
management of musculoskeletal pain.”* It was the 332"¢
most prescribed drug in the U.S. in 2018 and is available as a
generic medication.”

Another 1,2-propanediol derivative related to pharmaceuti-
cals 72 and 73 is chlorphenesin 81 (Fig. 18), but while it pre-

(a) /OD
HO Y "o —Urea

OH
72 S -

77
Mephenoxalone
(Muscle spasms, anxiolytic)

\
o o

Urea

HO Y o — wY ©

OH
78 B I :
79
Metaxalone
(Musculoskeletal pain)
332" most prescribed

Fig. 17 Preparation of the oxazolidinone-based muscle relaxants (a)
mephenoxalone (77) and (b) metaxalone (79) from vicinal diols 72 and
78 in the presence of urea.
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Fig. 18 Synthesis of antibiotic and antifungal chlorphenesin (81)
through a Williamson etherification with monochlorohydrin 10b.

sents myorelaxant properties, safer alternatives are available. It
is nowadays mostly used as an antibiotic and antifungal (see
section 3.1.1, vide infra).

3.3 Antimicrobial medications

Antimicrobial drugs include all medications that kill or
weaken the growth of microorganisms and are generally classi-
fied based on the type of pathogen affected, which includes
antibiotics, antifungals, antiparasitics and antivirals. APIs that
are efficient against multiple classes of microorganisms are
defined as broad-spectrum therapeutics.”® Nowadays, anti-
microbial resistance (AMR) is considered by the WHO as one
of the biggest threats to global health, food security and devel-
opment.”” In 2019, an estimated 1.27 million deaths were
attributed to AMR.”® Drug-resistant diseases could lead to
10 million deaths per year by 2050 if no proper mitigation
strategy is established.”” The development of new anti-
microbial medications especially with narrow-spectrum appli-
cations in addition to other approaches such as phage therapy
or vaccines 1is therefore of critical importance.?°"®?
Antimicrobial API sourcing is highly dependent on petro-
based resources similarly to other APIs, yet several examples
including some essential medicines present central moieties
that can be constructed from glycerol (1) or its derived build-
ing blocks. A (partially) bio-based synthetic pathway of key
antimicrobials could secure an alternative sourcing of these
important drugs against high volatility price and availability of
raw materials.

3.3.1 Antibiotic medications. One of the main classes of
antimicrobials is those used to tackle bacteria (antibiotics).
Since the discovery of penicillin by Fleming in 1928, the devel-
opment of substances used to fight bacterial infections has
continued to be critical. Antibiotics are usually classified
according to their mechanism of action or targets; however,
specific pharmacophores can also gather several entities and
are usually related to similar targets and mechanisms.

As discussed in section 3.2, 81 was first used for its muscle
relaxant properties but is nowadays mostly used as biocide and
fungicide in cosmetic applications. It is used against Gram-
positive and Gram-negative bacteria as well as various fungi.
In 2011 it was used in more than 1300 cosmetic prep-
arations.®® Its preparation is relatively similar to other 1,2-diol
muscle relaxants and consists of a Williamson ether synthesis
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between 10b and an adapted phenol derivative 80 in the pres-
ence of a base (Fig. 18).

A major breakthrough in the advancement of antibiotics
happened in the early 2000s with the development of linezolid,
the first FDA-approved oxazolidinone used for the treatment of
bacterial infection.®* Active against a large variety of Gram-
positive bacteria, linezolid (86, Fig. 19) is used to treat skin
conditions, pneumonia and tuberculosis involving drug-resist-
ant pathogens.®

This WHO essential medicine®® is now available as a
generic medication. Linezolid was developed by scientists
from Pharmacia & Upjohn (now part of Pfizer) in the 1990s
and approved by the FDA in 2000.%® The original process-scale
synthesis of 86 involves the use of (S)-10b in conjunction with
derivative 83 (obtained from 82) to form the central oxazolidi-
none cycle toward 84 under basic conditions. Next, an amine
derivative 85 is obtained from 84 to finally form the amide
moiety of linezolid (86) with acetic anhydride (Fig. 19).>* An
alternative 7-step synthesis of 86 using (S)-epichlorohydrin
((S)-12) was recently reported.®”

Tedizolid (90, Fig. 20) is a second oxazolidinone antibiotic
structurally related to 86 that was approved in 2014 by the FDA
for the treatment of acute skin infections.®® Tedizolid (90) is
effective against Gram-positive pathogens through protein syn-
thesis inhibition and shows a higher potency for the treatment
of staphylococci- and enterococci-related infections compared
to linezolid.®® The drug was originally discovered by South
Korean company Dong-A Pharmaceuticals and developed by
Cubist Pharmaceuticals (USA, now part of Merck & Co.).”°

Preparation of 90 involves a critical intermediate (R)-88 that
can be produced from epichlorohydrin (12) through an
enantioselective reaction involving a Co-salen complex. (R)-88
is then reacted with tetrazole derivative 89, which itself is
obtained from commercially available pyridine derivative 88 in
a multistep process. Tedizolid (90) is finally obtained from (R)-
88 and 89 using LiHMDS and DMPU. The corresponding phos-

1.83
OH t-BuOK 0/\\N ’ﬁ“\
2.LDA \__, N Y OH
Ao ——— 5 ] Y0 NEL
o NsCI
(S)-10b 84 2. NH4OH
MeOH

86

Linezolid 0/\
(Skin conditions, F. - k/N o
pneumonia, tuberculosis) D\ e :@\ Jl\
WHO essential F NO, F H OBn
83

82

Fig. 19 Process-scale synthesis of linezolid (86) involving building
block (5)-10b. LDA = lithium diisopropylamide, NsCl = 4-nitrobenzene-
sulfonyl chloride.
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Fig. 20 Process-scale synthesis of tedizolid (90) and its phosphate
prodrug 91 involving epichlorohydrin (12). LIHMDS = lithiumbis(tri-
methylsilyllamide, DMPU = N,N’-dimethylpropyleneurea.

phate prodrug 91 is directly obtained from 90 using POCI;
(Fig. 20).°7%3

Another common structure frequently encountered in anti-
biotic medications is related to nitrofurans. Nifuratel (96) pre-
sents a characteristic nitrofuran moiety additionally to an oxa-
zolidinone ring. It is used as a broad-spectrum treatment for
vaginitis. Nifuratel (96) is efficient against Chlamydia trachoma-
tis and presents antifungal and antiprotozoal activity. A combi-
nation with another drug, nystatin, is frequently used to
ensure the elimination of all pathogens that could cause a
vaginal inflammation.”* Nifuratel (96) is available and
approved in various European and Asian countries. Its prepa-
ration involves epichlorohydrin (12) which is first converted to
92 using MeSH in the presence of a base. Next, hydrazine is
used to form 93 from 92, which is subsequently reacted with
carbonate 74 to form oxazolidone 94. Nitrofuran 95 is finally
reacted with 94 toward nifuratel (Fig. 21, 96).°>°°

Furaltadone (101) is only differentiated from 96 by a mor-
pholine ring in place of a methylthioether. Furaltadone (101)
is a veterinary drug mostly used to treat gastrointestinal infec-
tions of livestock. Its synthesis is similar to nifuratel (96) and
starts with epichlorohydrin (12) and morpholine (97) in the
presence of a base toward a first epoxide intermediate (98).
Treatment with hydrazine leads to 99 which is further reacted
with diethyl carbonate (74) leading to oxazolidinone 100.
Finally, 100 and nitrofuran 95 are reacted to form furaltadone
(101, Fig. 21).°7%
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Fig. 21 Synthesis of nifuratel (96) and furaltadone (101) from epichloro-
hydrin (12) and a nitrofuran derivative 95.

A recently approved nitroimidazole derivative pretomanid
(107) is another important antibiotic. It is used in the treat-
ment of multidrug-resistant tuberculosis in combination with
other antibiotics including linezolid (86). Pretomanid (107)
was developed by the Global Alliance for Tuberculosis Drug
Development located in South Africa and was approved by the
FDA in 2019 as a first-in-class medication.”®'°® A synthetic
pathway toward pretomanid (107) involves the use of (R)-glyci-
dol ((R)-13) for the production of protected epoxide 102. A
nitroimidazole derivative 103 is next reacted with 102 in the
presence of a base, leading to 104. The unprotected alcohol of
104 is next functionalized with bromobenzyl derivative 105,
affording compound 106. A final deprotection of the primary
alcohol followed by cyclization affords pretomanid (107,
Flg 22).90,101,102

Another nitroimidazole antibiotic, ornidazole (109, Fig. 23),
is used in the treatment of infections caused by anaerobic bac-
teria and is itself an intermediate for the synthesis of morini-
dazole (111). Both 109 and 111 have been found to display
broad-spectrum antiparasitic properties in addition to their
antibacterial applications. They are used in the treatment
of various types of vaginitis including trichonomiasis.'®
Morinidazole can also be used in appendicitis events.
Ornidazole (109) is available in various European and Asian
countries while morinidazole (111) was approved by the China
Food and Drug Administration (CFDA) in 2014.°° Ornidazole
(109) can be directly obtained through an acid-catalyzed reac-
tion between epichlorohydrin (12) and nitroimidazole 108. A
ring closure of 109 under basic conditions affords the corres-
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Fig. 22 Synthetic pathway toward pretomanid (107) involving (R)-glyci-
dol ((R)-13). TBDMSCIL = tert-butyldimethylsilyl chloride, DMAP = 4-di-
methylaminopyridine, TBAI = tetra-n-butylammonium iodide, TBAF =
tetra-n-butylammonium fluoride.
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Fig. 23 Preparation of nitroimidazole APIs ornidazole (109) and morini-
dazole (111) from epichlorohydrin (12). TBAF = tetra-n-butylammonium
fluoride.

ponding epoxide 110 that can be directly converted to morini-
dazole (111) through an aminolysis with morpholine derivative
97 (Fig. 23).°'**

3.3.2 Antifungals. Antifungal medications are used in the
treatment of a wide variety of mycoses such as ringworm, ath-
lete’s foot, thrush and certain types of meningitis. Antifungals
can be either local or systemic, mostly acting as inhibitors
of the synthesis of critical sterol derivatives such as
ergosterol.'®'%® Similarly to antibiotics, drug-resistance in
fungi is a serious concern and the development of novel medi-
cations or treatments is urgently needed.'®*'°” Additionally to
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chlorphenesin (81) and nifuratel (96) discussed above, other
antifungal medications can be sourced from glycerol and its
derivatives.

Terbinafine (117) is part of the allylamine family of antifun-
gal agents. It is considered as an essential medicine by the
WHO and was the 277™ most prescribed drug in the US in
2019.°"°? 1t is used in the treatment of a variety of nail and
skin infections. It is available since the 1990s in Europe and in
the US.'°%1%9 A potential synthetic pathway toward 117 starts
from epichlorohydrin (12) and secondary amine 112 to gene-
rate intermediate 113 under basic conditions. Next, 113 is
reacted with organolithium derivative 114 in the presence of a
Lewis acid (BF;-OEt,) toward p-amino alcohol 115. Terbinafine
(117) is finally obtained through the activation of 115 with
MsCl and a base followed by addition of DBU and heating
(Fig. 24)."%°

Another main class of antifungals relates to azole com-
pounds. Developed in the 1970s by Janssen Pharmaceutica,
azole antifungals rapidly emerged as an important branch of
medications treating various types of mycosis. Ketoconazole
(125b, Fig. 25), an imidazole derivative, was approved by the
FDA in 1981 and is still one of the most prescribed drugs in
the US (171, 2019).>” As of today, the use of oral ketoconazole
(125b) is strictly limited because of its hepatotoxicity and only
indicated when other alternatives are not available. The topical
use of 125b, however, is still considered safe and is employed
in the treatment of various conditions.'*® Terconazole (125a) is
another antifungal azole medication developed by Janssen
Pharmaceutica that is structurally related to 125b. It was
approved for medical use by the FDA in 1987 and is mainly

| (o]
N g
- 112
Base
g e (I

12 13

|Ms©O ’E\;A;:el | ©OH
N 4 - N 4
O 116 O 115

14
BF3+OEt,

H N
NJ
117
Terbinafine
(Onychomycosis, dermatophytosis)
12 WHO essential
277" most prescribed
Li%é
114

Fig. 24 Synthesis of antifungal drug terbinafine (117) from epichlorohy-
drin (12). MsCl = methanesulfonyl chloride, DBU = 1,8-diazabicyclo
(5.4.0)undec-7-ene.
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Fig. 25 General synthetic pathway toward antifungal azoles 125a-c
bearing a central dioxolane ring from glycerol (1). PG = protecting
group, MsCl = methanesulfonyl chloride.

used in the topical treatment of vaginitis caused by Candida
fungi.'™"*? Itraconazole (125¢) is a critically important azole
antifungal developed concomitantly with 125a and 125b in the
1970s. Itraconazole (125¢) displays antifungal activity against a
broader spectrum of pathogens than ketoconazole (125a) and
is used to treat a large variety of mycoses.'®>"'*'* It was
approved by the FDA in 1992, is part of the list of essential
medicines of the WHO and was designated as an orphan drug
by both the FDA and the EMA for the treatment of basal cell
carcinoma nevus syndrome and the prevention of invasive
aspergillosis, respectively,”"**>11¢

A general synthetic procedure toward azole antifungals
125a-c starting from glycerol (1) can be found in the original
patents from Janssen.''”''® Acetalization using 1 and arylke-
tone 118 allows the generation of the central dioxolane core

This journal is © The Royal Society of Chemistry 2024


https://doi.org/10.1039/d4gc01957a

Published on 11 July 2024. Downloaded on 3/9/2026 5:57:47 PM.

Green Chemistry

119 in which the primary alcohol is protected leading to 120.
Next, depending on the desired product, an imidazole or tri-
azole derivative 121 is employed in a substitution reaction
leading to 122. A deprotection of 122 followed by functionali-
zation using MsCl allows the generation of mesylate 123 which
can be reacted with piperazine derivative 124 to finally gene-
rate antifungal azoles 125a—c (Fig. 25).

Triacetin (126) is mostly used in cosmetic applications, as a
food additive (E1518) and as an excipient, and finds further
use as a solvent or humectant.'*® The first synthesis of triace-
tin dates back to the 19 century and it is generally produced
through an esterification using acetic acid or acetic anhydride
with an optional acid or basic catalyst (Fig. 26)."*° Antifungal
properties of 126 have been observed, due to decomposition
and the release of acetic acid by esterases located in fungi. It is
used in the treatment of superficial dermatomycoses."***?!

3.3.3 Antiparasitics. Antiparasitics are used in the treat-
ment of various diseases caused by organisms such as hel-
minths, amoebae or protozoa. Among the diverse conditions
caused by parasites, some neglected tropical diseases (NTDs)
have been highlighted by the World Health Organization to
cause significant mortality and morbidity despite negligible
considerations in global health policies.'** Occurring in sub-
Saharan regions of Africa, African trypanosomiasis (sleeping
sickness) is an NTD that provoked ca. 3500 deaths in 2015
(down from 34 000 in 1990)*** and which is caused by some
species of Trypanosoma brucei protozoa generally transmitted
by infected tsetse fly bites. After an initial stage of fever,
headaches, joint pains, and itching, a second stage ensues
resulting in confusion, poor coordination and sleeping dis-
order symptoms leading to death without proper treatment.">*
Melarsoprol (131) is a first-line treatment for the second stage
of African trypanosomiasis and is considered as an essential
medicine by the WHO.”" The synthesis of 131 is shown in
Fig. 27.

Preparation of 131 usually involves the use of dimercaprol
(127), which is itself part of the WHO’s essential medicine list.
It is employed as a chelating agent for heavy metal poisoning
(e.g., Hg, As, Pb). More recently, dithiol 127 was accepted by
the FDA as a treatment against Wilson’s disease, a condition
consisting of the accumulation of copper in the brain and liver
with neurological consequences.* Though varying methods
toward dimercaprol were developed, the first one relied on
allyl alcohol (2), which is brominated before being treated by

AcOH or Ac,0
Acid or basic cat.

Ho/\K\OH

OH

r
3

1 M mmmmmmm——————————e ‘.

126
Triacetin
(Dermatomycosis,
excipient, food additive)

Fig. 26 Common preparation of triacetin (126) from glycerol (1).
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Fig. 27 Preparation of chelating agent dimercaprol (127) and antipara-
sitic drugs melarsoprol (131) and arsthinol (132) from allylic alcohol (2),
dichlorohydrin (11a) or epichlorohydrin (12).

NaHS."?® Similarly, the treatment of dichlorohydrin 11a with a
solution of sodium and MeOH saturated with H,S can afford
127 (Fig. 27). Finally, dimercaprol can be obtained starting
from epichlorohydrin (12) and sulfur with hydrazine to yield
thiol oligomers. The latter are then treated by KOH and HCI to
obtain the corresponding monomers."*” Dimercaprol was orig-
inally used as an antidote for Lewisite, an organoarsenic
chemical warfare agent used during World War I1.'*® Arsenic
acid derivative 128a can be treated with ammonium thioglyco-
late (129) affording compound 130a. Chelation of 130a with
dimercaprol finally leads to the formation of melarsoprol
(131)."*° The same reactions can be applied to acetarsol 128b,
a drug initially used to treat syphilis, to prepare arsthinol 132,
a drug used to treat yaws and amoebiasis'*° (Fig. 27).

3.3.4 Antivirals. Similarly to the aforementioned anti-infec-
tive drug classes, antiviral medications are facing drug resis-

tance due to the constant mutations in viruses’ genomes.""
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The critical importance of versatile tools to tackle virus infec-
tions has been recently highlighted with the COVID-19 pan-
demic."®® Used to prevent cytomegalovirus infections, ganci-
clovir (135) and its r-valyl ester prodrug valganciclovir (139,
Fig. 28) are generally employed for immunocompromised
patients, ie. after an organ transplant and HIV-infected indi-
viduals, while the infection usually remains unnoticed in
healthy people.'3%134

Valganciclovir (139) is considered as an essential medicine
by the WHO.?" Synthetic processes toward both 135 and 139
share similar patterns and can start from epichlorohydrin (12)
(Fig. 28). Use of benzyl alcohol (BnOH) in conjunction with 12
under basic conditions enables the production of two 1,3-pro-
tected alcohols (Fig. 28). Following a chloromethylation with
HCI and paraformaldehyde and acetylation with AcOK, deriva-
tive 133 is obtained. N,N'-Diacetylguanine (134) is next used in
a condensation reaction with 133 to generate ganciclovir (135)
after a deprotection and a deacetylation reaction. The prepa-
ration of valganciclovir (139) follows a similar pathway and
starts with the synthesis of mono-benzylated derivative 136
from 12 (Fig. 28). Condensation between 136 and 134 leads to
137 after an acetalization followed by a deprotection in the

1. BnOH, base
2. HCl, OAc
HO-(CH,0)-H o
cl 3. AcOK
\_<cl) B"O\)\/OB"
1.134
12 133 2. Hy, Pd(OH),/C
1. BnOH, base 3. NH4OH/MeOH
2.HCl, PO A )
HO-(CH,0),-H : o )
3. AcOK : \ i
e = CT
: N“ NP NH,
o H J 2
c A _oBn ! o \/& i
136 R OH }
1.134 1?5 .
2.AcOK » Ganciclovir )
3. NH,OH/MeOH (Antiviral, cytomegalovirus)
o : o ;
1.138 H H
N H NH ¢
</ | NH 2. Hy, : < | /)\ i
N N/)\NHz Pd(OH)/C NH, JN N” “NH, |
Ho_ | : hro o
\/K’ 0Bn 5 2 \/«’OH
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Valganciclovir
(Antiviral, cytomegalovirus)
Prodrug of ganciclovir (135)
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Fig. 28 Preparation of ganciclovir (135) and its prodrug valganciclovir
(139) from epichlorohydrin (12).
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presence of NH,OH/MeOH. Installation of the r-valyl scaffold
(138) followed by a final deprotection provides valganciclovir
(139).*° valganciclovir was developed by F. Hoffmann-La
Roche and approved by the FDA in 2001."3°

Another alternative drug to deal with cytomegalovirus infec-
tions in immunocompromised hosts is cidofovir (144), which
is particularly relevant to treat cytomegalovirus retinitis con-
ditions. Cidofovir was developed by Gilead Sciences and was
approved by the FDA in 1996."*” A practical synthesis of 144
starting from (R)-glycidol (R)-13 was developed by scientists
from Bristol-Myers Squibb (Fig. 29).

A tritylation of (R)-13 followed by a ring-opening with cyto-
sine derivative 140 afforded intermediate 141. Alkylation of
141 with a tosylphosphonate reactant 142 in the presence of
NaH allowed the production of 143 which subsequently
afforded cidofovir (144) after a deprotection protocol."*®

3.4 Polymeric drugs

The impact of polymeric materials for the pharmaceutical
industry spans a variety of applications. In most cases, poly-
mers are used as delivery vehicles, such as in micellar formu-
lations, or used as conjugates with proteins, aptamers or
drugs.”® A few cases exist, however, in which the polymer
itself is the active component. This use of polymers as drugs is
attractive due to their extraordinary multivalency.'*® A subcate-
gory of polymeric drugs that can highly benefit from multiva-
lency is polymeric sequesterants."*®

The use of polymers to sequester unwanted molecules
received a significant push from the work of George
Whitesides and the foundation of GelTex Pharmaceuticals
Inc."* A few years after its foundation, GelTex
Pharmaceuticals obtained FDA approval for sevelamer hydro-

1. TrCl, base [o] 142
HO o 2140 T oA JLN NaH
H I
OH N“NHBz
(R)>-13 141
ST % 1.HClg
. j\ : 2. TMSBr T j’\
P HOOYNY TN N ! 3.NHOH ™No™NNTON
: ] | { < _ 2 |
: ¢ VNHZ H oj vNHBz
: _OH ! P,OEt
H 0° “OH ‘ 0° “OEt
144 143
Cidofovir
(Antiviral, cytomegalovirus)
i {
a2 9
| 7" wo/\P’
vNHBz 0
140 142

Fig. 29 Preparation of cidofovir (144) from (R)-glycidol ((R)-13). TrCl =
trityl chloride, TMSBr = trimethylsilyl bromide.
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chloride (RenaGel®), a polymer designed to reduce the level of
serum phosphorous in patients with end-stage renal
disease."? Sevelamer (146, Fig. 30) is synthesized by cross-
linking a poly(allylamine) (145) with epichlorohydrin (12).'**
The polymer is designed to contain a high fraction of amine
groups that, when protonated at a pH below 7, provide a poly-
cationic matrix which binds phosphate. This in turn leads to a
reduced absorption of dietary phosphorous.'** Currently seve-
lamer is the recommended alternative treatment in cases when
calcium-based phosphate binders cannot be used.'*> A second
formulation in which the hydrochloride salt is replaced by
bicarbonate (sevelamer carbonate) is also available for cases
where the acidosis was experienced as a side effect.'*®

GelTex Pharmaceuticals also developed the bile acid seques-
trant colesevelam hydrochloride (Welchol®), following a
similar rationale as for sevelamer. Physiologically, the seques-
tration of bile acids decreases lipid levels by limiting their
solubility and therefore their absorption. Furthermore, the
depletion of bile acids triggers their replenishment through
the synthesis of new bile acids which competes with that of
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Fig. 30 (a) Synthesis of sevelamer (146) through the reaction of epi-
chlorohydrin (12) with poly(allylamine) (145). The fraction of monomeric
units is reported in the FDA package insert.2 (b) Post-polymerization
modification leading to the preparation of bile sequestrant colesevelam
(149). The ratio of monomeric units is taken from the FDA chemistry
review. 14’
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cholesterol, decreasing its levels. Colesevelam is one of only
three bile acid sequestrants approved in the United States.'*®

Like sevelamer (146), colesevelam (149, Fig. 30) is syn-
thesized through the crosslinking of a poly(allylamine) (145)
with epichlorohydrin (12). However, the drug has been engin-
eered to increase interaction with bile acids by incorporating
hydrophobic sidechains. To this end, the crosslinked poly(ally-
lamine) is alkylated with (6-bromohexyl) trimethylammonium
(147) and bromodecane (148) to obtain colesevelam (149,
Fig. 30)."*° The length of the sidechains has been modulated
to provide a complementary fit to bile acids and therefore
increased affinity.’>® Colesevelam (149) has been demonstrated
to have higher potency than the other available bile acid
sequesterants.' Bile acid sequestering also helps regulate
glucose levels."*® Colesevelam (149) is the only bile acid
sequestrant to receive FDA approval for the treatment of type 2
diabetes.'>>1°?

In both cases (sevelemar and colesevelam), the use of epi-
chlorohydrin (12) as crosslinker has been considered as advan-
tageous due to its low molecular weight and its hydrophilicity.
These properties contribute to the increased water-holding
capacity of the resulting hydrogel. Its low cost and high avail-
ability further contribute to the attractiveness of this choice.’**
The interest in these polymeric drugs as sequestrants is evi-
denced by their commercial success, which led to the purchase
of GelTex Pharmaceuticals by Genzyme (2000), and eventually
by Sanofi (2011).">

3.5 Miscellaneous

3.5.1 Febuprol (choleretic). Bile, also called gall, is a liquid
produced by the liver and stored in the gallbladder. It is
excreted to promote the digestion of lipids in the small intes-
tine and the incorporation of fat-like vitamins such as vita-
mins A, D, E and K."*® Weak bile production or excretion can
therefore be correlated to essential fatty acid and vitamin
deficiencies. Additionally, the lack of fatty acid absorption
results in their progression through the intestinal tract to
reach zones unsuited for their digestion, possibly being the
source of pathologies of the large intestine.'*”

Drugs stimulating hepatic bile production such as febuprol
152 are called choleretics. Despite the preparation of febuprol
(152) being reported in 1954 by Minor et al, its use was only
patented in 1974 by Klinge-Pharma for its choleretic
properties.’*®**° Production of febuprol (152) begins by a
nucleophilic substitution of epichlorohydrin (12) by a phenol
(150) molecule in the presence of a base to yield 151, a glycidyl
ether. This molecule then undergoes ring opening by
n-butanol to swiftly obtain febuprol (152) as a solid (Fig. 31).

3.5.2 Viloxazine (ADHD). Viloxazine (159, Fig. 32) was first
reported in 1972, as a potential psychotropic agent, described
as having similarities with antidepressants and amphet-
amines, while having a lower toxicity than other known
drugs."®® It was approved by the UK as a treatment for
depression in 1974 and remained on the market for more than
30 years.'®! Its retirement from the market was due to com-
mercial reasons, and not related to safety concerns. As of 2021,
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Fig. 31 Synthetic route toward choleretic februprol (152) starting from
epichlorohydrin (12).
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Fig. 32 Synthesis of viloxazine (159), starting from epichlorohydrin (12).
The final compound can be accessed through a 4-step synthetic route,
or directly from intermediate 154 using aminoethyl hydrogen sulfate
160.

an extended release formulation of viloxazine (Qelbree™) was
approved by the FDA as a treatment for attention deficit/hyper-
activity disorder (ADHD)."®*

The synthetic scheme for viloxazine as originally reported is
shown in Fig. 32. The synthesis begins with the reaction of
o-ethoxyphenol (153) with epichlorohydrin (12) under basic
conditions. The resulting aryloxypropylene oxide (154)
reacted with benzylamine (155), followed by chloroacetyl chlor-
ide (157) and cyclization, to arrive at intermediate 158.
Reduction with a metal hydride and deprotection of the amine
affords the final compound.'®® A modification to this synthesis
uses 2-aminoethyl hydrogen sulfate (160) to access the final
product directly from intermediate 154.%%'
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3.5.3 Setiptiline (antidepressant). Setiptiline (153, Fig. 33)
is an antidepressant of the tetracycline category sold under the
brand name of Tecipul, developed and marketed by Japanese
pharmaceutical company Mochida in 1987.

The synthesis of tetracyclic 164 incorporates glycerol-
derived ethyl acrylate 8 into its preparation. The first step con-
sists in a hydroamination reaction between ethyl acrylate (8)
and secondary amine 161, yielding tertiary amine intermediate
162. Deprotonation in alpha of the ester function from 162 by
sodium ethoxide leads to cyclization and intermediate 163.
Finally, an HCl-catalyzed cyclization followed by decarbonyla-
tion with polyphosphoric acid provided antidepressant setipti-
line (164, Fig. 33)."**

3.5.4 Cromoglicic acid (asthma). Cromoglicic acid (169,
Fig. 34), also known as cromolyn, is used for the treatment of
allergic bronchial asthma. It is a prophylactic agent which has
enabled some patients to decrease or eliminate the use of
more harmful treatments such as steroids. Although not
useful in cases of asthmatic crisis, it is used as a long-term
treatment for chronic asthma. Its very low toxicity and
absence of significant side effects makes it an important
medication.'®

The chemical synthesis of cromolyn (169) uses one mole-
cule of epichlorohydrin (12) to react with two molecules of 2,6-
dihydroxyacetophenone (165) during a 48 h reflux to afford bis-
chromone (166). This compound is then reacted with diethyl
oxalate (167) to form diester derivative 168, which is hydro-
lyzed with sodium hydroxide to arrive at the final product
(169).1°167 Alternatively, the intermediate 166 can be prepared
using 1,3-dibromo-2-hydroxypropane instead of epichlorohy-
drin (12).6%1%7

0
EtONa
(o] EtOH
\)l\o/\ >
8
e . 1. HCI
! \ H 2. Polyphosphoric
' N : acid
: : -~
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Setiptiline o
(Antidepressant)
SN o
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161

Fig. 33 3-Step synthetic process toward antidepressant 164 starting
from glycerol-derived ethyl acrylate (8).
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Fig. 34 Synthetic scheme for the preparation of cromoglicic acid (169).

3.5.5 Dropropizine (antitussive). Antitussive medications
come in a variety of forms, from complex codeine and dextro-
methorphan to simpler butamirate and dropropizine (171,
Fig. 35). These drugs are often prescribed alongside other
medications such as analgesics and decongestants to treat the
symptoms of the common cold. Dropropizine (171) was first
patented in 1961 as a racemate though it has since been deter-
mined that levodropropizine is the active enantiomer, leading
to its commercialization in 2000.

The synthesis of 171 was first reported in 1962 and con-
sisted of the aminolysis of glycidol (13) by secondary amine

HO

4
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170 and Ru cat
: U( o
Dropropizine
HO 3. Base (Antitussive)

9
NaOH
1.170 and NaOH
Cl 2.CO; and cat. 172 [o)
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O} S
/\ \/\(E\
NH / OH
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Fig. 35 Synthesis of antitussive dropropizine (171) from the direct
aminolysis of 13 by 170, through ruthenium-catalyzed hydrogen bor-
rowing of solketal (9) and amine 170 or from cyclic carbonate 173
yielded from 12, 170 and CO,.
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170 in the presence of a base.'®® Despite this streamlined pro-
cedure, 171 can be obtained through other pathways. In 2016,
Kann and coworkers'®® reported a ruthenium-catalyzed hydro-
gen borrowing procedure to access beta amino alcohols from
solketal (9) and a suitable amine. One such was phenylpipera-
zine (170) which provided the desired antitussive with an 86%
yield over three synthetic steps. Five years later, Werner and co-
workers'’® found an alternative method for the production of
171 starting from epichlorohydrin (12) and amine 170. The
two were reacted in the presence of a base to obtain the
epoxide intermediate. The isolated epoxide was further used to
trap CO, in the presence of phosphonium catalyst 172 to
obtain the corresponding cyclic carbonate (173), which can be
viewed as protected dropropizine. The subsequent de-
protection step was then implemented in the presence of
NaOH to finally obtain the antitussive API. The last two steps
can be decoupled or performed as a one-pot process, the latter
however leading to a drop in yield from 95 to 61%.

3.5.6 Azelastatine (antihistaminic). Allergies are the result
of an excessive reaction of the immune system when faced
with an allergen or an antigenic molecule perceived as a sig-
nificantly superior threat to the organism than it actually is."”*
Taking antihistaminic medications can dampen or completely
prevent the symptoms of allergic reactions. One such antihista-
minic API is azelastine (181).

Azelastine (181) synthesis begins with the hydroamination
of acrylic ester 8 by 174 toward 175 in the presence of EtONa.
175 is then cyclized in the presence of a base to obtain ketone
intermediate 176 which is then subsequently coupled to benz-
hydrazide 177 and reduced by NaBH, to obtain 178. Upon acid
treatment, newly formed hydrazine 179 is released from 178.
Ketone derivative 180 finally reacts with hydrazine 179 before
undergoing reduction and cyclization into azelastine (181,
Fig. 36).

3.5.7 Prolonium iodide (hypothyroidism). Prolonium
iodide (183, Fig. 37) was first patented by Jiirgen Callsen for
Bayer in 1925, claiming that it was an iodine source with thera-
peutical applications.””®> Aside from congenital iodine
deficiency syndrome (CIDS), before understanding the impor-
tance of iodine in thyroidal activity, iodine deficiency (or con-
genital hypothyroidism) was mostly observed in isolated land
such as mountains where little marine food was available or in
populations relying on food grown on iodine-poor soils."”?
Individuals suffering from congenital hypothyroidism dis-
played mental deficiencies, deafness, stance issues and squint
among others. Iodine deficiency is now considered as a pre-
ventable cause of mental deficiency.'”*

Prolonium iodide (183) can be obtained following a two-
step synthesis, the first step consisting of aminolysis and
nucleophilic substitution of epichlorohydrin (12) by an excess
of dimethylamine to yield 1,3-bis(dimethylamino)-2-propanol
182. This intermediate is then swiftly methylated in the pres-
ence of 2 equiv. of methyl iodide to yield the desired iodide
salt 183 (Fig. 37)."7?

3.5.8 Carnitine (supplement). Carnitine (186) is a quatern-
ary ammonium compound first isolated from meat extract in
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Fig. 36 Multistep preparation of azelastine (181) starting from ethyl
acrylate (8).
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Fig. 37 Two-step preparation of prolonium iodide (183) from epichlor-
ohydrin (12).

1905, giving it its name (from the latin word “carnis” meaning
meat or flesh). It is stored in skeletal and cardiac muscles
where it can metabolize fatty acids into energy. Primary ali-
mentary sources of carnitine (186, Fig. 38) are red meat, milk,
fish and poultry. However, enough endogenous 186 is pro-
duced by the human body regardless of alimentary sources, to
the point that individuals following a strict vegetarian or vegan
diet rarely suffer from carnitine deficiency. Preterm infants,
people with genetic disorders, or older people sometimes
require carnitine (186) supplements, earning it a “New
Molecular Entity” title by the FDA in 1985.

While both p- and r-carnitine exist, only the latter is natu-
rally synthesized, with bp-carnitine inhibiting the effect of
L-carnitine. Endogenous carnitine is synthesized from lysine, a
proteogenic amino acid. In contrast to the biological pathway,
the initial industrial synthesis of carnitine starts with the ring
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Fig. 38 Industrial synthetic method toward (L)-carnitine ((L)-186).

opening of epichlorohydrin (12) by a cyanide ion to obtain
4-chloro-3-hydroxybutyronitrile (184). The resulting chlori-
nated derivative is then reacted with trimethylamine to yield
185 (carnitine nitrile chloride). The nitrile moiety is then
reacted with aqueous HCI to convert it into the corresponding
carboxylic acid to yield racemic carnitine rac-186, which then
requires chiral resolution to obtain biologically relevant
L-carnitine (L)-186 (Fig. 38)."”°

3.5.9 Calcium pantothenate/pantethine (vitamin B;). As
essential as vitamins may be to maintain proper metabolic
function, only very small amounts can be endogenously pro-
duced. They therefore need to be assimilated through dietary
intake. One of such is vitamin Bs, which is essential in the oxi-
dation and metabolism of fatty acids. Vitamin Bs supplements
for human or animal purpose are sold, mostly under the form
of calcium salts (190). Dietary supplements with cholesterol-
lowering effects are also available under the form of pan-
tethine (192), a dimer of pantothenic acid linked by cystamine
(191). Aside from its importance in the fatty acid oxidation
process, vitamin Bs is greatly exploited in the cosmetic indus-
try for its hydrating and hair strengthening properties.

Vitamin Bs (190) production begins with the amination of
acrylic acid 4 by ammonia to yield beta alanine'”® (187) which
is then neutralized by Ca(OH), into the corresponding salt'”’
(188). Finally, the amino acid skeleton is lengthened by the
reaction with lactone 189 to obtain calcium pantothenate (190,
Fig. 39), the commercial form of vitamin Bs; supplements. A
single extra step which consists in the coupling of two mole-
cules of calcium pantothenate to one of cystamine (191) in the
presence of HOBt and DCC as coupling agents'’® is required
to go from 190 to 192.

3.5.10 Misonidazole and fluoromisonidazole (radiosensiti-
zer/hypoxia PET imaging). 2-Nitroimidazoles derivatives, such
as ['*F]fluoromisonidazole 199, were developed during the
1980s as selective hypoxia-targeting positron emission tom-
ography (PET) radiotracers.'”® Upon entering healthy cells,
the nitro group of 199 undergoes reduction followed by oxi-
dation before exiting the cell. This excretion implies that
there is no radiotracer accumulation and therefore no signal
detected upon PET analysis. However, if 199 enters a tumor
cell, reduction is still performed but the oxidation is under-
mined by the hypoxic environment of the tumor cells. This in
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Fig. 39 Preparation of calcium pantothenate (190) and its dimeric form
pantethine (192) from acrylic acid (4). HOBt = hydroxybenzotriazole,
DCC = dicyclohexylcarbodiimide.

turn delays the excretion of 199 leading to the accumulation
of the tracer and therefore the detection of the tumorous
area.'®°

While 199 and other parent molecules allow the detection
of the area needing treatment, misonidazole (195) is a drug
with radiosensitizing properties, enhancing the therapeutic
impact of radiation treatment on cancerous patients. Both
molecules follow similar synthetic routes, starting from 12 or
13. In the case of 195, methyl glycidyl ether is the first inter-
mediate before undergoing epoxide opening in the presence of
2-nitroimidazole (194) to obtain 195. When synthesizing [**F]
fluoromisonidazole, 13 ring opening by 2-nitroimidazole (194)
is the first step, quickly followed by protection by dihydropyran
(197) and activation by tosyl chloride (198) of the two alcohol
moieties. The final and most important step consists of radi-
olabelling with '®F and deprotection to retain as much radio-
chemical activity as possible®'®''® to finally yield 199
(Fig. 40).

3.5.11 Iopamidol (contrast agent). Iodine-containing radio-
contrast agents such as 204 (Fig. 41) attenuate the intensity of
incoming X-rays, thus decreasing their detection after passing
through the desired area. They are used to highlight the blood
vessels or organs and their condition in the case of angiogra-
phy."®* Iopamidol 204 is one such contrast agent, which was
first introduced in 1981 by Bracco Diagnostics and has
remained on the market ever since.

The classic and initial method to obtain 204 integrates two
different potential glycerol derivatives throughout its synthetic

This journal is © The Royal Society of Chemistry 2024

View Article Online

Perspective

Cl HO OH HO
e e
12 1 13
MeOH HN% 194

NaOHaq >=N
O,N
194 N
MO @ )‘:? OH
J O,N
| OH
193 o 196
197
o o 1.197
194 \S" 2.198
N

FesmssssEssEEEEssusEs . 198 P — .

. N : : N H

)‘:? OH : 5 )‘:? OH |

1 OxN ! + O.N H

SR ok oMo SR o
195 199

Misonidazole
(Radiosensitizer)

['8F] Fluoro
Misonidazole
(Radiotracer)

Fig. 40 Diverging pathways leading to misonidazole (195) and [*°F]
fluoromisodinazole (199) from glycerol-derived epichlorohydrin (12) or
glycidol (13).

o._cl
I 1
(o) (o) o
1.AcCl 201 Cl
\)LOH 2.50C, \)LC' Base N
OH _ o\n/ —_— o\n/ I o
o o
(L)-7 200 202
: OH OH :
NH, 1.202 : i
HO OH  (BulN ; HN__O :
\)\/ 2. NaOH : ]
203 _ | 1 ]
: o i
! OH I HN :
0 Cl : \(\0”:
I I Y oH
cl 204
HN lopamidol
| o (Contrast agent)
201

Fig. 41 Synthetic pathway leading to contrast agent iopamidol (204)
incorporating two different glycerol derivatives: L-lactic acid ((L)-7) and
2-aminoglycerol (203).

pathway. Firstly, i-lactic acid ((L)-7) is acylated to protect its
hydroxyl moiety before being activated into the corresponding
acyl chloride, yielding 200. The latter is then coupled to the
iodine-bearing aromatic core 201 in the presence of a base to
obtain 202. Secondly, the two remaining acyl chloride func-
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tions on the central aromatic ring react with a pair of 2-amino-
glycerol (203) molecules in the presence of (Bu);N. Finally, the
hydrolysis of the protecting acetyl group of r-lactic acid ((L)-7)
completes the synthetic route toward iopamidol (204, Fig. 41).
Alternative methods have since been developed and published
with the aim of having safer and greener synthetic steps. One
of such relies on mechanochemistry for the reaction between
2-aminoglycerol and intermediate 202. Mechanochemistry
uses mechanical energy transfered by rapidly moving bearings
to activate the reagents in an enclosed milling reactor, instead
of solely relying on thermal energy for the chemical reaction to
proceed. This allows for a drastic reduction in solvent waste
both during the reaction as well as the workup. Lattuada and
coworkers reported in 2020 a method relying on a fivefold
excess of 2-aminoglycerol (203) over intermediate 202 in the
presence of an N-methylmorpholine as proton scavenger. No
solvent was added and after 30 min of milling, 204 was
obtained in an excellent 98% crude yield.'®

3.5.12 Methotrexate (chemotherapy). The importance of
folic acid in leukemia was noted at the end of the 1940s when
the administration of folic acid supplements led to the con-
dition worsening while reducing its intake had a positive
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Fig. 42 Preparation of methotrexate (210) incorporating bio-based 1,3-
dihydroxyacetone (5) and glutamic acid derivative (208).
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impact on the condition.'®® This observation opened the doors
to new research on therapeutic folic acid analogs to treat some
cancers. These studies converged toward methotrexate 210, an
antimetabolite with chemotherapeutic and immune system
suppressing properties, which effectively blocks the production
of DNA, RNA, thymidylic acid and proteins of rapidly dividing
cells, preventing the propagation of cancer cells."®” Despite
new chemotherapeutic drugs being developed since its first
report, methotrexate (210) is on the WHO list of essential
medicines and was the 113™ most prescribed drug in the US
in 2020.'%°

210 can be accessed from glycerol derivative 1,3-dihydroxya-
cetone (5) by reacting it with symmetrical pyrimidine 205
before oxidizing the resulting bicyclic compound into inter-
mediate 206 (Fig. 42). The remaining alcohol function is then
replaced by bromine in the presence of triphenylphosphine to
activate 207 for the following reaction with secondary amine
208. The diester can then be hydrolyzed in the presence of
aqueous NaOH followed by HCI to obtain the desired API 210
(Fig. 42)."®° 1t is noteworthy that reagent 208 is prepared from
glutamic acid ester, a DOE Top 10 recipient of bio-based mole-
cules with promising applications and the corresponding acyl
chloride.*°

3.5.13 Actinoquinol (UV-B ocular protection). Quinolines®*
and quinazolines are ubiquitous in the pharmaceutical indus-
try, being present in more than 200 active compounds, among
them 8-hydroxyquinoline derivative actinoquinol (216).
Actinoquinol (216) is sold as eye drops to prevent UV-B-
mediated oxidative damage to the cornea, preventing the early
development of cataract troubles and macular degeneration

OH
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214 H,SO
~ R: OH \i ¢
2 EtBr
NH Base goTTmmee s .
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Fig. 43 Preparation of quinoline precursors of actinoquinol (216) from
aniline derivatives (211 and 212) and glycerol-derived building blocks
acrolein (3) and 1,3-propanediol (6) as well as glycerol (1).
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Table 2 Summary of all APIs covered in this review in alphabetical
order, including their medical use and the glycerol derivative included in
the synthesis and the steps that are remaining before arrival at the final
APIL. In cases where an alternative route using a different glycerol deriva-
tive has been reported, the identity of that derivative is also included
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Table 2 (Contd.)

Glycerol Alt.
Medication name Medication type derivative Steps route
Acebutolol Beta-blocker 12 2
Actinoquinol UV-B ocular 1 2 3,6
protection
Alprenolol Beta-blocker 12 2
Arotinolol Beta-blocker 12 2
Arsthinol Antiparasitic 2 2 11a, 12
Atenolol Beta-blocker 12 2
Azelastine Antihistaminic 8 7
Betaxolol Beta-blocker 12 2
Bisoprolol Beta-blocker 12 2
Bupranolol Beta-blocker 12 2
Calcium panothenate Supplement 4 3
Carnitine Supplement 12 3
Carteolol Beta-blocker 12 2 4
Carvedilol Beta-blocker 12 2
Celiprolol Beta-blocker 12 2
Chlorphenesin Antibiotic/ 10b 1
antifungal
Cidofovir Antiviral (R)-13 6
Colesevelam Bile acid 12 1
sequestrant
Cromoglicic acid Asthma 12 3
Dimercaprol Poisoning antidote 2 2 11a, 12
Dropropizine Antitussive 12 1 13,9
Eprosartan Anti-hypertensive 5 9
Esmolol Beta-blocker 12 2
Febuprol Choleretic 12 2
Furaltadone Antibiotics 12 4
veterinary
Ganciclovir Antiviral 12 6
Guaifenesin Myorelaxant 10b 1
Iopamidol Contrast agent 7 5
Itraconazole Antifungal 1 6
Ketoconazole Antifungal 1 6
Linezolid Antibiotic (S10b 4
Melarsoprol Antiparasitic 2 2 11a, 12
Mephenesin Strychnine 10b 1
poisoning
Mephenesin Myorelaxant 10b 4
carbamate
Mephenoxalone Myorelaxant 10b 4
Metaxalone Myorelaxant 10b 4
Methocarbamol Myorelaxant 10b 3
Methotrexate Chemotherapy 5 5
Metoprolol Beta-blocker 12 2
Misonidazole Radiosensitizer 12 2
18F-Misonidazole Radiotracer 13 4
Morinidazole Antibiotics 12 3
Nadolol Beta-blocker 12 2
Nifuratel Antibiotics 12 4
Nitroglycerin Vasodilator 1 1
Ornidazole Antibiotics 12 1
Oxprenolol Beta-blocker 12 2
Pantethine Supplement 4 4
Penbutolol Beta-blocker 12 2
Pindolol Beta-blocker 12 2
Pretomanid Antibiotic (R)-10 4
Prolonium iodide Hypothyroidism 12 2
Propafenone Na' channel blocker 12 4
Propranolol Beta-blocker 12 2
Ranolazine Na' channel blocker 12 2
Rivaroxaban Anticoagulant (8)-12 5

This journal is © The Royal Society of Chemistry 2024

Glycerol Alt.
Medication name Medication type derivative Steps route
Setiptline Antidepressant 8 4
Sevelamer Phosphate 12 1
sequestrant
Tedizolid Antibiotics 12 2
Tedizolid phosphate  Antibiotics 12 3
Terbinafine Antifungal 12 4
Terconazole Antifungal 1 6
Timolol Beta-blocker 12 2
Triacetin Antifungal 1 1
Valganciclovir Antivirals 12 8
Viloxazine ADHD 12 5
Xanthinol Vasodilator 12 2

toward blindness.'?

The preparation of quinolines is mostly
performed through a Skraup synthesis which consists in the
dehydration of glycerol to generate acrolein in situ by sulfuric
acid. The latter then reacts with the desired aniline derivative.
The formed intermediate undergoes cyclization, dehydration
and oxidation to finally obtain the finished product in the
presence of nitrobenzene as solvent and oxidizing agent.

Two methods toward actinoquinol (216, Fig. 43) precursors
were reported in 2014. Len and coworkers reported a greener
alternative to this reaction by performing it under microwave
irradiation while replacing nitrobenzene, which originally
acted as solvent and oxidizer, by water.'®® This solvent switch
was however accompanied by the need for more sulfuric acid
for the dehydration of glycerol (1) and that of the final ring to
compensate for the loss of the oxidizing agent. The microwave-
assisted reaction took place over 10 min at 200 °C, affording
8-hydroxyquinoline (214) in a rather low 34% yield.

The second actinoquinol (216) intermediate synthesis was
reported by Zhang and Xu.'® The disclosed methodology is
based on the silver-mediated condensation of ene-carbonyl or
yne-carbonyl molecules with anilines to yield a broad scope of
substituted quinolines. One such ene-carbonyl substrates is
acrolein (3), which would logically be yielded from glycerol (1)
dehydration in a standard Skraup synthesis. AgOTf and HOTf
(5 mol%) in toluene sufficed to convert amine 211 and acrolein
(3) into intermediate 213 after 4 h under reflux with a 62%
yield. Interestingly, no oxidizer had to be added to the reaction
medium for the final step, with dissolved air being enough for
that task. Finally, Jiang et al'®® developed a third general
method toward quinoline derivatives, among which was 214.
This was achieved through palladium catalysis and aerobic oxi-
dation of aniline 212 and 1,3-propanediol (6) as both solvent
and reagent. The catalytic system, consisting of 5 mol% of Pd
(OAc),, 10 mol% of 2,4,6-collidine as the ligand and 20 mol%
of trifluoro acetic acid under an O, atmosphere, allowed 214 to
be obtained in 55% yield after stirring the reaction medium at
150 °C for 16 h. Intermediate 214 was then reacted toward 215
which would undergo sulfonylation to finally afford UV-B-pro-
tecting 216.
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4. Conclusions

The accessibility of extensive building block libraries derived
from the transformation of oil-derived resources at the begin-
ning of the 20th century gave rise to the ability to synthesize
complex molecules on a large scale. This in turn opened the
door to the preparation of APIs capable of treating a wide
variety of human ailments. With the passage of time, the draw-
backs of our reliance on petrochemicals have become evident.
Not only is this dependence detrimental to the environment,
but it also creates inequalities since petrochemicals are finite
and unequally distributed geographically. This realization has
motivated the efforts to establish biomass as the source of
starting materials for a new chemical industry. These efforts
have led to the identification of new bio-based platforms that
can be directly derived from biomass and transformed into
useful building blocks. Numerous reports on clever and
efficient methods to obtain useful bio-based platforms from
biomass have been published. The field has developed to the
point where concrete applications of these developments now
exist, for example, for the preparation of bio-based polymers.
Among these platforms, glycerol (1) stands out as highly avail-
able compound that is currently akin to waste, but that pos-
sesses great potential to be used as a source of bio-based
atoms.

This review aimed at focusing chemists’ attention on the
application of bio-based platforms to the field of pharma-
ceutical synthesis. Specifically, it sheds light on how the incor-
poration of bio-sourced atoms is already possible using gly-
cerol (1) and its derivatives. The therapeutic applications and
synthesis of all relevant APIs included in this review are recapi-
tulated in Table 2. In total, almost 70 different APIs were
reported, highlighting each time how already existing synthetic
pathways can provide venues to incorporate bio-based atoms.
In most examples, the potential incorporation of bio-based gly-
cerol comes in the form of its derivatization toward current
common building blocks such as epichlorohydrin (12).

There are still significant challenges before bio-sourced
APIs become a reality, especially concerning the strict regu-
lation surrounding the preparation of APIs. However, the
number of molecules that could be potentially prepared and
the variety of purposes that they cover justifies the need for a
careful consideration of this possibility. Some of the pharma-
ceuticals presented here are categorized as essential medicines
by the World Health Organization, whereas several others con-
stitute part of the list of the top 300 most prescribed drugs in
the US in 2019.

The examples presented in this review are focused on repla-
cing fragments of existing APIs with bio-sourced atoms.
However, the use of biomass offers more direct access to build-
ing blocks that were less accessible under the petro-based
paradigm. A more efficient use of bio-sourced atoms would
benefit from taking these molecules into consideration in the
early stages of the production of molecular libraries and drug
discovery. This approach could allow efforts in green chemistry
to go beyond the production of (smart) drop-in molecules that
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mimic historically relevant building blocks originating in the
petrol industry. Instead, future developments should look
toward the incorporation of so-called dedicated platforms, and
from there, to the production of entirely bio-sourced APIs.
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