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This review seeks to explain some of the common terminology used by medicinal and
synthetic chemists. Aimed at the non-specialist, its intent is to help facilitate

discussions between chemists and their counterparts from other disciplines.

Drug discovery chemistry: a primer for
the non-specialist

Allan M. Jordan and Stephen D. Roughley

Medicinal Chemistry, Vernalis (R&D) Ltd., Granta Park, Cambridge CB21 6GB, UK

Like all scientific disciplines, drug discovery chemistry is rife with

terminology and methodology that can seem intractable to those outside

the sphere of synthetic chemistry. Derived from a successful in-house

workshop, this Foundation Review aims to demystify some of this inherent

terminology, providing the non-specialist with a general insight into the

nomenclature, terminology and workflow of medicinal chemists within

the pharmaceutical industry.

Owing to its multi-disciplinary nature, those working within drug discovery are exposed to a

considerable quantity of terminology, drawn from a wide variety of specialisms. From analysts to

computational scientists, toxicologists and pharmacologists, each scientific area tends to develop

its own dialogue and vocabulary that, to the outsider, can be complex and sometimes over-

whelming when trying to collaborate and communicate across disciplines and projects. The

synthetic chemist is by no means exempt from this endemic use of jargon. Aside from terminol-

ogy for the specific chemical entities produced in the laboratory and the functionality these

entities contain, chemists make frequent reference to the names of the reactions, techniques and

methodology used to assemble them. Though second nature to the practicing chemist, this

terminology is frequently referred to with little or no explanation or clarification to those outside

the chemistry community.

Within Vernalis, a series of informal discussions clearly highlighted the ways in which different

scientists visualise, and thus describe, key candidate compounds. For example, crystallographers

would refer to electron densities, while modellers would discuss compounds in terms of their

intermolecular interactions with their desired targets. These and other colleagues outside

chemistry would often despair as the project chemists discussed seemingly endless lists of

functional groups, core ring systems and reaction types. It quickly became apparent that while

chemists had, as part of their training, often picked up sufficient biology to allow them to at least

partly follow the biological discussions within project meetings, the non-chemists often found

chemical discussions considerably more difficult to follow, despite their best efforts. From this

starting point, we developed, implemented and evolved an in-house workshop, which we loosely

entitled ‘chemistry for non-chemists’. This allowed those interested parties to understand a little

better the mindset of the synthetic chemist, their terminology, nomenclature and the ‘toolbox’ of

reactions commonly used to construct the molecules of interest.
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BOX 1

Molecular interaction terminology
The interaction of small organic molecules with their biological
targets can be loosely divided into four predominant types:

(1) Hydrogen bonds

A hydrogen bond is a weak interaction where a hydrogen atom can be

thought of as being shared between two atoms that are frequently

heteroatoms [53]. The interaction is formed between two partners,

known as a hydrogen bond donor (HBD) and hydrogen bond acceptor

(HBA). A HBD is defined as a heteroatom with at least one attached

hydrogen whereas a HBA is defined as a heteroatom that bears a partial

negative charge. This interaction arises owing to a polarisation of the

bond connecting the heteroatom of the HBD and its attached hydrogen.

This creates a small partial positive charge on the hydrogen atom that

can interact with heteroatoms carrying a partial negative charge. Such

interactions are generally much weaker than a covalent bond between

atoms.

Though the definitions above are broadly useful, some evidence exists

for interactions where the HBD consists of a carbon–hydrogen bond,

which is strongly polarised owing to its chemical environment.

(2) Ionic bonds

Unlike hydrogen bonds, which are formed by partial charge

interactions between weakly polarised bonds, ionic bonds are formed

by the interaction of groups bearing opposite but full charges. Such

interactions, sometimes referred to as ‘salt bridges’, help determine

many biological effects, including protein shape and function. Within

proteins, five amino acid side chains are fully or partly ionised at

physiological pH and thus can carry either a positive or negative charge.

Aspartic acid and glutamic acid residues carry a negative charge and

can thus interact with positively charged side chains on arginine, lysine

or histidine side chains.

Because the majority of drug targets are proteins, these charged

residues could also form interactions with suitably charged functional

groups on a small molecule. Acidic centres that may lose hydrogen (be

deprotonated) at physiological pH, and thus yield a negative charge, are

primarily provided by carboxylic acids and phosphonic acids.

Additionally, alcohols attached directly to a phenyl ring (a phenol)

and certain heterocycles can also provide a similarly charged centre.

Similarly, many functional groups provide basic centres, which can

acquire a hydrogen atom (be protonated) at physiological pH. Amines

and guanidines are particularly common in this role. However, the

presence of charged functional groups within a molecule are not a

universal panacea for improving interactions with biological targets:

their presence in drug candidates can introduce other unwanted effects,

such as poor cell penetration and metabolic issues.

(3) p-Stacking

This form of weak bonding exists between organic compounds

containing aromatic moieties that can align themselves in a parallel

fashion [54]. Even in apolar, neutral molecules, the distribution of

electrons across the functional group is not entirely symmetrical and this

results in a slight, transient distribution of partial charges. These partial

charges can influence neighbouring functional groups, creating an

attractive force between them.

This interaction is important in biological interactions and, though each

individual interaction is itself weak, the stacking of multiple heterocyclic

rings in DNA creates an enormous stabilising effect within the structure.

Such favourable interactions can also be attained between aromatic

amino acid side chains, such as those found in tyrosine, phenylalanine

and tryptophan, alongside the aromatic and heteroaromatic function-

ality contained within drug compounds.

(4) The ‘Hydrophobic Effect’

Though most of the interactions detailed above concern interactions of

polarised bonds contained within drug molecules, these ‘polar’ regions

are only a small component of the overall molecule that will additionally

contain a number of ‘apolar’ or ‘non-polar’ regions. The interaction of

these regions with polar solvents, such as water, is intrinsically

unfavourable and highly apolar compounds may display undesirable

properties such as poor solubility. This effect is known as ‘hydrophobicity’.

Furthermore, though the binding sites of many drug targets are

decorated with polar functional groups that allow the formation of

hydrogen and ionic bonds, these sites also comprise apolar amino acid

side chains, which also interact unfavourably with the surrounding water

molecules. The binding of a hydrophobic drug to such a site can displace

the resident water molecules and substantially reduce these unfavour-

able interactions. This beneficial effect can make considerable

contribution to binding affinity [55] (Figure 8).

FIGURE 8

Simple schematics of some important molecular interactions. Red atoms signify areas of full or partial negative charge while blue atoms signify full or partial

positive charges.
It is from this course and from discussions with those colleagues

who have participated that that this primer draws its inspiration

and content. The review will focus upon three predominant

themes. Firstly, we will examine the nomenclature of compounds

and some of the terminology used in the description of their
732 www.drugdiscoverytoday.com
construction (‘synthesis’). Chemists will often refer to key mole-

cular fragments that are important for the construction of mole-

cules or are involved in their interactions with biological targets.

The review will discuss these common biologically relevant frag-

ments, to help the non-chemist identify such entities within their
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own compounds and allow some correlation of molecular archi-

tecture and biological efficacy.

Secondly, the review will discuss the methodologies and tools

used by chemists to construct the molecules required for biological

evaluation. The evolution of the apparatus used in the modern

synthetic laboratory will be discussed briefly, alongside some of

the newer techniques and technologies employed to facilitate

compound production. Specific reference will be made to common

terminology and explanations of both meaning and applicability

will be given.

Finally, the review will summarise those reaction types most

commonly employed by the synthetic chemist within the phar-

maceutical industry. Special mention will be given to the reasons

why each reaction is favoured (for example, synthetic ease or

biological relevance), with an aim to provide a basic understand-

ing of the reaction type rather than a comprehensive understand-

ing of the reaction technicalities and underlying mechanistic

considerations, which are beyond the scope and limitations of

an article such as this.

Molecule-related terminology
Functional groups
In simplistic terms, most drug candidate molecules can be

described as a core scaffold, decorated by ‘functional groups’,
FIGURE 1

Common functional groups.
defined as an atom or group of atoms responsible for the char-

acteristic properties of a molecule [1–3]. This group is one that

interacts in predictable ways with other molecules. These inter-

actions can be biologically relevant, for example by providing

hydrogen bond donors or acceptors (see Box 1), or chemically

important, particularly in terms of molecular construction. Many

of these functional groups provide ‘synthetic handles’, facilitating

the route used to construct the target compound. A selection of the

most common functional groups incorporated in biologically

relevant molecules is shown in Figure 1.

Core scaffolds
Functional groups are generally arranged around a central core or

scaffold. This core is usually a flat, rigid structure and tends to be

‘aromatic’ in nature. Originating from the fragrant (though not

always pleasant!) nature of many of these compounds, aromaticity

is a concept used to describe cyclic systems that simplistically can

be thought of as containing alternating single and double bonds

within their core framework. Though this description is not

strictly true in an atomic sense, it is sufficient for our purposes

and, for the most part, will allow the reader to spot aromatic

templates where they arise in the literature and during discussions

with their chemistry colleagues. An ‘aromatic’ framework will

often consist of a skeleton of carbon atoms, such as benzene or
www.drugdiscoverytoday.com 733
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FIGURE 2

An example of a heterocyclic ‘template hop’ or ‘scaffold hop’ between the PDE5 inhibitors Sildenafil and Vardenafil. The core heterocyclic template is highlighted

in bold, and the atoms changed in red. Note that although the formal positions of the double bonds in the 5-membered ring change, these are both aromatic

rings. The dates shown are the respective dates of approval by the FDA. This scaffold hop was predicted by the software described in reference [8].

R
eview

s
�K

E
Y
N
O
T
E
R
E
V
IE
W

naphthalene. However, most drug scaffolds incorporate strategi-

cally placed ‘heteroatoms’ (non-carbon atoms such as oxygen,

nitrogen and sulphur). Such systems are known, surprisingly

logically, as ‘heteroaromatic’ ring systems or ‘heterocycles’. The

incorporation of such ring systems serves several purposes [4–10].

For example, they may:

- Be easy to make or modify

Heterocyclic systems are much easier to prepare and modify

than carbon-based aromatic systems. It is often easier to

introduce or modify functional groups attached to these

systems.

- Modify the properties of the compound, allowing ‘fine-tuning’

Heterocyclic scaffolds often allow the introduction of hydrogen

bond acceptors and donors that, as we have already noted, are

important for biological interactions. Additionally, differing

heterocyclic templates allow for alterations in the position,

number and geometry of such interactions, in an effort to fully

optimise the interaction of the drug with its biological target.

They also allow the modification of important drug-like

properties such as solubility and metabolism.

- Alter reactivity

Certain heterocycles may offer interesting biological properties

and may be found to be biologically reactive. Alternative

heterocycles may mimic these important interactions while

offering better stability in vivo. Alternatively, different hetero-

cycles may be more compatible with the desired synthetic

strategy used to investigate the biological activity of a range of

compounds, while again offering similar in vitro or in vivo

efficacy.

- Offer novelty

Given the widespread use of high-throughput chemistry

techniques in recent years (see section on Laboratoy Equip-

ment), the chemist is occasionally confronted with the

realisation that the compound series they have spent several

months optimising has been claimed by a recently published

patent application, or the promising hit discovered as part of a

high-throughput screen has already been described and there-

fore cannot be covered by patent protection. Analysis of these

documents can offer an opportunity to exploit similar hetero-
734 www.drugdiscoverytoday.com
cyclic motifs that are outside the coverage of such patents but

which may, with a little optimisation, offer similar properties

and biologically relevant activity. This concept of ‘template

hopping’ (Figure 2) is of huge commercial value and novel

templates generated can be of considerable importance,

especially in highly competitive fields such as the inhibition

of kinases.

The above points go some way toward demonstrating the

importance of heterocyclic templates in medicinal chemistry.

Figure 3 details the structures and names of a variety of the most

common aromatic and heteroaromatic core scaffolds employed in

drug candidates.

Core scaffold nomenclature
Understanding the nomenclature of heteroatomic compounds is

not helped by the common usage of many trivial or historical

terms. However, the knowledge of a few simple rules can con-

siderably simplify the process [11,12]. For example, a heterocyclic

ring system containing an oxygen atom will usually contain either

the phrase oxa- or be derived from the trivial/historical name for

the common five-membered oxygen-containing ring system

known as a furan (from the Latin furfur, meaning bran, from where

early furan derivatives were first isolated).

Heteroaromatic derivatives containing a nitrogen atom will

often contain specific prefixes or suffixes to denote the presence

of the atom such as the pyr- prefix. This is most commonly used for

compounds derived, or conceptually derived, from pyridine. Addi-

tionally, the phrase aza- or azo- may be contained within the

name. Examples of this type depicted in Figure 3 include the

triazoles, meaning literally ‘three nitrogens’. This nomenclature

is derived from azote, meaning ‘lifeless’, an early name for nitro-

gen gas as it does not support respiration.

Heterocyclic compounds containing sulphur will often incor-

porate the phrase thio- (from thios, the Greek word for elemental

sulphur) as exemplified by the thiophenes.

Often, heteroaromatic ring systems will contain multiple het-

eroatoms (i.e. atoms that are not carbon or hydrogen). Names of

these systems are generally found to contain the concatenated

phrases for each of the individual heteroatoms. Thus, from the
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FIGURE 4

Nomenclature of fused heterocycles.

FIGURE 3

Common aromatic and non-aromatic heterocyclic core scaffolds.
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guidelines above, a thiazole will contain both a sulphur and a

nitrogen atom and an oxadiazole incorporates both an oxygen and

two nitrogen atoms.

Nomenclature of multi-ring systems
This nomenclature also applies where two smaller ring systems are

fused to generate a bicyclic system; the names of the two smaller

rings are concatentated with an -o- and the smaller ring generally

being referred to in the first instance. Thus, a fused pyrrole and

pyrimidine becomes a pyrrolopyrimidine and a fused furan and

pyridine becomes a furanopyridine. This rule holds true except in

those cases where a smaller ring is concatentated to a benzene ring;

in these cases, the benzene is usually named first, as in ‘benzo-

furan’ (Figure 4).

‘Trivial’ names
Complexities have arisen where biologically relevant hetero-

cycles were identified and characterised before a more systema-

tic approach to nomenclature was introduced. Particularly

relevant are the purines, such as adenine and guanine found

in DNA (more correctly, both derivatives are imidazopyrimi-

dines) and indole (a benzopyrrole). Chemists making modifica-

tions to these templates often refer back to the trivial name

rather than employing the more logical systematic name [12].

For example, the heterocycle formed by the introduction of a

nitrogen into the larger ring of an indole will often be referred

to as an ‘azaindole’, rather than the more technically correct

pyrrolopyridine.
Although there are many examples similar to the azaindole case

that do not follow the guidelines above, these simple notes should

allow the reader to overcome many of the complexities of nomen-

clature present in heterocyclic chemistry.

Numbering protocols
In certain examples in Figure 3, it should be noted that some

heterocycles are numbered around the ring. These numbers are
www.drugdiscoverytoday.com 735
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FIGURE 5

Ring numbering conventions. Rings are numbered to ensure heteroatoms

bear the lowest possible number. In this instance, numbering anti-clockwise

gives the lowest heteroatom numbering (Figure 4a) and is thus correct whilst
numbering clockwise (Figure 4b) does not obey the rule.
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used as part of the name in order to alleviate confusion as to the

atoms to which functional groups are attached. Although only

shown for representative systems, this atom numbering scheme

can be applied to all core scaffolds. In terms of determining the

numbering system the heaviest atom, that is the one with the

greatest atomic mass, will carry the lowest number. Therefore, in

the case of a thiazole, the heavier sulphur atom will be numbered

as atom 1 and numbering continued such that the other heteroa-

tom in the ring carries the lowest possible number. Numbering

clockwise around the ring in this example would imply the thia-

zole nitrogen atom would be denoted as atom 4 in the ring,

whereas numbering anticlockwise would denote the nitrogen as

atom 3, as required by this rule (Figure 5). This numbering system

is useful not only for differentiating between similar heterocyclic

templates (such as the 1,2,3-triazoles and 1,2,4-triazoles in

Figure 3) but can also define the point of attachment of functional

groups around the core template (Figure 6).

Saturated systems
Though the preceding discussion has focused upon aromatic and

heteroaromatic templates it is important to note that not all

biologically relevant molecules are based around aromatic cores.

These non-aromatic cyclic systems are considerably less rigid and,

in some cases, allow the molecule some flexibility to adapt the

correct spatial arrangement of functional groups to fully optimise

the geometry of interactions with the biological target. Fewer in

number than their aromatic counterparts, a selection of relevant

examples are also detailed in Figure 3. In general, these cores are
FIGURE 6

Scaffold numbering used to denote points of attachment for functional
groups and substituents.

736 www.drugdiscoverytoday.com
often less synthetically accessible than their aromatic counterparts

and their functionalisation can be much more complex. For these

reasons appropriately decorated non-aromatic cores are often

purchased, rather than constructed in the laboratory by the che-

mist.

Terminology related to methodology and workflow
Protecting groups
Though the nomenclature associated with the compounds them-

selves is perhaps used more frequently it is also useful to under-

stand some of the terminology related to the workflow of the

chemist. One such term used in this context is the concept of a

‘protecting group’. This term refers to a specific functional group

introduced not for biological relevance or later synthetic modifi-

cation, but simply to prevent reactions occurring at a functional

group contained within the molecule until the desired time in the

reaction sequence. At the relevant point this functional group can

then be removed, unmasking the functionality of interest and

revealing its reactivity. Though undoubtedly useful, chemists view

protecting groups with a degree of frustration and their use

requires careful choice. Indeed, the ‘protecting group strategy’ is

often a key part of designing a usable synthetic route.

To be usefully employed, protecting groups must:

- Be easily incorporated and removed.

The incorporation and removal of protecting groups adds at

least two steps to a synthetic route. If these groups are not

reliably incorporated and removed cleanly with little purifica-

tion, their use can have dramatic effects upon the overall yield

of a process. While this is more of a frustration at the early

research stage, it adds both cost and complexity as more

material is needed for proof-of-concept in vivo studies. This can

also be of commercial significance if the route is to be

transferred to a large-scale manufacturing process.

- Be fully compatible with the synthetic route.

The chosen group must be stable and inert to all the reaction

conditions employed in the synthetic route up to its point of

removal. The conditions used for removal must also be

compatible with the pre-existing functional groups present at

that stage in the synthesis. Although the chosen protecting

group is carefully selected, it is not unknown for unexpected,

premature removal of the protecting group to occur, or for the

deprotection conditions to cause unexpected reactions to occur

at peripheral sites of the molecule. This generally requires a re-

think of the protecting group strategy but in certain circum-

stances can require a re-think of the entire synthetic route.

In an ideal world synthetic strategies would be designed to

entirely negate the requirement for protecting groups and, indeed,

many elegant synthetic routes have been designed to achieve this

goal [13,14]. These schemes are more prevalent in the context of

manufacturing routes for clinical trials or the commercial manu-

facture of approved drugs. However, despite their drawbacks and

limitations, protecting groups form an important part of the

chemist’s toolkit.

Laboratory equipment
Although many advances in organic chemistry have been made in

recent years, the basic tools of the trade generally remain the same.

Most syntheses are still conducted in a stepwise manner in glass
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vessels, usually connected by means of precision-made conical

ground glass joints. This arrangement allows a wide range of

synthetic transformations to be conducted without additional

specialist set-ups and connection of the apparatus to inert gas

feeds (such as nitrogen or argon) allows exclusion of air, facilitat-

ing the safe use of reactive reagents that may be moisture-sensitive

and/or air-sensitive.

Combinatorial chemistry
While this traditional approach provides great flexibility and

scalability, since the 1980s there has been an increasing pressure

on chemists to deliver greater numbers of compounds in decreas-

ing timescales. One solution to this increased demand was the
BOX 2

Solid-supported chemistry
Many synthetic procedures are undertaken in solution where
reagents and reactants are dissolved to form a homogeneous
mixture. This has distinct advantages in terms of ease of analysis
and handling but also offers some disadvantages. Of general
concern to the chemist is how to isolate the desired product, and
only the desired product, in high yield from these solutions. This
aim is complicated if the reaction is troublesome and requires
either a mixture of several reagents or, more commonly, large
quantities of a specific reagent to drive the reaction to completion.
The desire to surmount these issues has played a significant role in
the development of ‘solid-phase’ chemistry.
In the early implementation of this idea a starting reagent would
be chemically linked to a solid support, often a polymeric bead
(Figure 9a). This bead, now coated with the reactant, would be
immersed in the reaction mixture and left to form the desired
product. At the end of the reaction the beads could be isolated
simply by filtration, the unwanted by-products and unused
reactants washed off and, finally, the pure product cleaved from
the bead [56]. In a multi-step synthesis, these beads could
theoretically be carried forward without cleavage, allowing the
chemist to construct complex molecules. These could then be
isolated at the very end of the synthesis in a pure form, ready for
biological assessment. Furthermore, as reagents could now be
readily separated from the desired product of each reaction, excess
reagents could be added to drive reactions to completion without
complicating later synthetic steps or purifications.
As always, such techniques were soon found to have limitations,
some of which were easier to overcome than others. For example,
the starting material for the synthesis required attachment to its
polymeric support and this linker, in a similar manner to a
protecting group, had to be tolerant of (and resistant to) all the
steps of the synthesis. It then had to be readily cleaved at the
correct point in the procedure to release the desired product.
Though many elegant chemistries were developed to meet these
needs, many of these left part of the linker attached to the target
molecule (as denoted by the group ‘Y’ in Figure 9a). In some cases,
this ‘stub’ could be chosen by design to offer a functional group that
conveyed some biological activity in the final molecule. However,
this was not always the case and much time was spent developing
so-called ‘traceless linkers’ to alleviate this issue [57–60].
Solid-phase synthesis worked very well when reactions could be
driven to completion. However, as most analytical techniques were
designed to monitor solution-phase reactions, ensuring complete
reaction had occurred was not a trivial undertaking and often
required cleavage of a small quantity of product, followed by
analysis of the resultant mixture [61]. In addition, much of the
available chemistry in the literature has been developed for use in
advent of combinatorial chemistry. In general employing solid-

supported chemistry techniques (see Box 2), synthetic routes were

designed to offer as much flexibility and diversity as possible

around a central core rather than short, efficient routes to indivi-

dual compounds designed to test specific hypotheses. In this way,

large libraries of related molecules could be rapidly prepared and

tested for biological activity [15].

Though combinatorial chemistry delivered many hundreds of

thousands of compounds, it suffered from some considerable

limitations. Of primary importance was the issue that many early

combinatorial libraries were prepared as mixtures of compounds

and it was anticipated that, where weak biological activity was

noted in a mixture, the individual components of the mixture
the solution phase and it was found that this chemistry could not
always be readily applied to the synthesis of molecules attached to
a solid support.
These issues, taken together, somewhat suppressed the
enthusiasm for solid-supported chemistry in the average
medicinal chemistry laboratory. However, in those laboratories
specialising in making large numbers of compounds (for example,
those preparing compound libraries for high-throughput
screening), the application of solid-supported chemistry by those
with the appropriate expertise allowed considerable increases in
productivity.
More relevant to the synthetic chemist has been the development
of solid-supported reagents [62–66]. In this scenario, the reactant
remains in solution and it is the reagent that is immobilised
(Figure 9b). Being solid-supported, excess reagents can still be
added to the reaction and removed easily, allowing reactions to be
driven to completion. However, as the starting material and
products remain in solution, analysis of the reaction is much more
facile and can employ the same techniques used for traditional
solution-phase chemistry. Furthermore, the issue of the
undesirable ‘stub’ left on the target molecule after cleavage from
the solid support is avoided. A further useful advantage of such
reagents is that, owing to their attachment to a bulky support,
individual reagent molecules are unlikely to come into close
enough contact to react with other similarly supported reagents,
thereby reacting only with the compounds in solution. As such,
reagents that would be mutually incompatible in solution, such as
acids and bases or oxidants and reductants, can be used
concomitantly in the same vessel to perform certain
transformations [64,66–68]. This is particularly useful in
circumstances where an intermediate in a synthesis is unstable
and cannot be isolated, but can instead be reacted further (ideally
to form a more stable derivative) in the same reaction vessel. A
closely related approach is the use of solid-supported scavengers
(Figure 9c). In this case, the reaction is performed in solution, using
either conventional or solid-supported reagents. Upon completion,
the addition of one or more solid-supported reagents (which
contain reactive functionality) react with any unused starting
material or reagent, allowing for easy removal [65,66].
Though the use of solid-supported reagents is generally easier and
requires less specialist knowledge and equipment than solid-
supported synthesis, it is worth noting that the final product may
still require purification, though this tends to be less complex than
would otherwise be the case. It should also be noted that solid-
supported reagents are considerably more expensive than their
solution-phase counterparts. Despite their usefulness in preparing
libraries of compounds for biological assessment, particularly in the
early stages of a medicinal chemistry programme, the cost of such
reagents often precludes their use in larger scale synthetic
endeavours.
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FIGURE 9

Solid-phase chemistries. (a) Solid supported synthesis; (b) solid supported reagents; (c) scavenging reagents.
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could be separated out or ‘deconvoluted’ to give a single, active

compound. However this process, which involved re-synthesising

and testing ever smaller mixtures of compounds to track down

those responsible for activity, was highly time-consuming and

often failed to deliver a single, active molecule. Observed activity

in these assays was often confounded by the synergistic interac-

tions of different molecules or the combined effect of many weakly

active compounds that could lead to a high false-positive hit rate

[16,17]. These issues led to the implementation of methods for

tracking the chemical history of each solid-supported particle

through its synthesis using methods such as radiofrequency

encoding of each particle [18,19]. In this way the mixtures of

compounds, still attached to their solid supports, could be decon-

voluted before cleavage from the resin, enabling the isolation of

single compounds rather than mixtures for screening. Though this

approach gave rise to higher quality compounds for screening, it

did require additional investments in hardware, further increasing

the cost and complexity of such syntheses and limiting its applica-

tion to dedicated synthetic teams within larger organisations.

Parallel synthesis
The issues surrounding combinatorial chemistry and a desire to

put efficient chemistry back into the hands of the bench chemist

led to ingenious ways of performing increasing numbers of discrete

chemical reactions at the same time, an approach referred to as

‘parallel synthesis’. The early systems were usually developed in-

house, and were often ingenious in design. Some of these systems

have been developed commercially and are now commonplace in

the laboratory [20]. Simply, these systems comprise drilled alumi-

nium blocks that sit atop a magnetic stirrer/hotplate. The holes in

the block are precision machined to allow a snug fit with indivi-

dual glass reaction tubes. As with traditional apparatus, these tubes

can be heated or cooled and placed under an inert atmosphere to

exclude oxygen and moisture, lending themselves to parallel
738 www.drugdiscoverytoday.com
reactions requiring air-sensitive reagents. Dependant upon the

quantity of product required from the reaction, different system

capacities are available, where a trade-off is made between num-

bers of potential reaction vessels and the working volume of each

vessel.

To allow further increases in numbers of compounds synthe-

sised, tools have been developed to allow rapid, parallel synthesis

using the solid-phase techniques discussed in Box 2. These systems

differ widely in terms of design but tend to offer a very similar set of

features, such as:
� efficient shaking of reaction mixtures
� heating and cooling of the reaction vessels
� reagent addition during the reaction
� use of inert atmospheres
� easy access to products, generally by filtration to remove the

resin-based reactants and reagents

Automated compound synthesis
A more elaborate extension to these systems is the automated

chemical synthesisers. Here, a robotic liquid-handling platform

can be programmed to add the desired quantities of reagents and

solvents to a pre-determined reaction vessel. The conditions in the

reaction vessel can be controlled and, in some cases, the product

can be isolated at the end of the reaction. While these machines

allow the production of considerable numbers of compounds, for

reasons of both cost and complexity they are generally only found

in specialist laboratories and not in a ‘normal’ medicinal chemistry

environment. Additional discussions of the design and use of such

systems are therefore outside the scope of this overview, though

the area has been the subject of recent reviews [21,22].

Microwave chemistry
In the mid 1980s, it was discovered that heating chemical reac-

tions in a conventional microwave oven appeared to greatly
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enhance the rate of reaction [23,24]. Unfortunately, the reprodu-

cibility (and thus the wider applicability) of these experiments was

often poor as it was difficult to standardise an experimental pro-

tocol across different domestic microwave ovens. However, over

the past ten years microwave devices designed specifically for the

conduct of chemical reactions have become commercially avail-

able. Such systems employ sealed, pressurised glass vessels that

experience controlled heating using high power, focused micro-

wave energy. The use of sealed tubes allows the use of temperatures

well above the normal boiling point of the solvent in use, drama-

tically reducing reaction times from hours to minutes. (There is an

oft-quoted rule of thumb that states increasing the temperature of

a reaction by 10 8C doubles the rate of the reaction. Therefore,

allowing reactions at, for example, 60 8C above the normal boiling

point of a solvent can reduce the time needed for a 24-h reaction to

just 20 min!) In general, temperatures of 80 8C above normal

boiling point are not uncommon in these systems.

This increased rate of reaction naturally allows increases in

productivity (the key driver behind most of these innovative

technologies) but also offers a positive side effect. Although these

reactions are heated to a higher temperature than is normally the

case, the fact that they are heated for a much shorter length of

time appears to reduce thermal degradation of the reaction mix-

ture. In general, reactions performed under microwave irradia-

tion often appear to have lower impurity profiles than those

conducted over longer timescales in traditional apparatus.

Furthermore, these higher temperatures and pressures can often

force a particularly sluggish reaction to occur on poorly reactive

compounds, which cannot be made to react using more conven-

tional means [25–28].

As certain materials, such as metals, are very good absorbers of

microwave energy, metal-catalysed reactions (such as the Suzuki

reaction, see ‘‘Palladium catalysed processes’’) are often enhanced

considerably by the use of microwave heating.

Purification of target compounds
Affinity (‘column’) chromatography
The application of the equipment and technology described

above has yielded increases in the productivity of the medicinal

chemist, but has served to transfer the bottleneck in compound

preparation from synthesis of compounds to their purification.

Traditionally, organic compounds have been purified by affinity

chromatography in glass columns packed with finely ground

silica [29]. This packing has a highly polar surface that forms

strong, non-covalent interactions with polar hydrophilic com-

pounds and interacts less strongly with more hydrophobic ones.

The desired compound can be selectively eluted from the column

and be obtained in a pure form by washing the column with the

appropriate choice of solvents. Recently, the health risks asso-

ciated with fine silica dust have led to the adoption of pre-pre-

pared, sealed silica cartridges for this purpose. These cartridges

can be used in the same manner as a traditional affinity column, or

can be inserted into one of the many automated or semi-auto-

mated purification systems now available, which range in com-

plexity from a simple solvent pump and cartridge holder to

devices with on-line detection of eluting components, fraction

collectors and multiple pumps allowing gradient elution, which

gives better resolution.
High performance liquid chromatography
While the purification systems described above are generally applic-

able to the majority of organic compounds, in some cases additional

purification is required.This maybebecause the compoundremains

contaminated with a compound of very similar polarity, which

cannot be separated by this method, or because the compound is

destined for an assay in which extremely high purity is required,

such as an Ames mutagenicity screen [30]. In these casespurification

by HPLC (high performance liquid chromatography) is the method

of choice [31]. Although analytical HPLC is widely used in the

laboratory for monitoring the progress of reactions and assessing

purity, its low injection capacity makes it an inappropriate techni-

que for purification. However, preparative or semi-preparative

HPLC systems, with their larger column volumes and greater capa-

city, allow gram quantities of compounds to be readily purified.

Alongside the advances in automated column chromatography,

preparative HPLC has also evolved considerably in the past 10 years.

Modern systems often incorporate ‘open-access’ software, taking

the day-to-day operation of the machinesoutof the hands of trained

analytical chemists and allowing chemists to submit their samples

for the machine to purify on an unattended basis. Indeed, some

systems will not only pre-analyse the reaction mixture, but can also

identify the most suitable purification methodology, purify the

submitted sample and even re-analyse the purified material to

confirm its level of purity.

Compound analysis
After successful purification, the chemist will confirm both the

purity and structure of the compound before registration in cor-

porate databases and submission for biological evaluation.

The use of analytical HPLC has been alluded to in the preceding

section as a means of assessing compound purity. However, it gives

little indication of the identity of the compound unless it is coupled

to a mass spectrometer. In this case, the technique is referred to as

‘LC–MS’ (Liquid Chromatography–Mass Spectrometry) and, in

addition to purity, also provides an indication of molecular weight.

Indeed, many preparative HPLC systems now incorporate ‘Mass

Detection’, where a compound is isolated by detection of the desired

molecular weight, rather than by retention time.

Whilst mass spectrometry can give some confirmation of mole-

cular identity, more substantial evidence can be obtained from

Nuclear Magnetic Resonance (NMR) spectroscopy. The routine ‘pro-

ton’ spectrum gives discrete signals for each hydrogen atom envir-

onment in the molecule, alongwith some information as to those to

which it is adjacent. Similarly, ‘carbon’ NMR experiments provide

similar information for thecarbonskeleton.However, theseareused

less routinely as they have longer acquisition times owing to the low

naturalabundanceof thenatural 13C isotopewhich,unlike themore

abundant 12C isotope, is observable by NMR spectroscopy. Addi-

tionally, there are many more complex NMR experiments giving

further informationaboutbondconnectionsandspatialorientation

of parts of the molecule to confirm ‘difficult’ or ambiguous cases.

These more advanced experiments are normally acquired and inter-

preted by an experienced analytical chemist.

Compound synthesis: methodology and terminology
The medicinal chemist will commonly be in the position where

the molecule (or family of molecules) to be synthesised has been
www.drugdiscoverytoday.com 739
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An overview of synthetic transformations favoured by medicinal chemists.
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identified beforehand. The chemist must then determine the most

efficient way to piece the derivatives together, predominantly

using a knowledge of which functional groups can be constructed

most reliably. The chemist will, in effect, work backwards, decon-

structing the compound one functional group at a time until the

point is reached where each fragment is available from in-house or

commercial sources. This approach is known as retrosynthetic ana-

lysis, or retrosynthesis. It relies upon a good working knowledge of

reliable, robust reactions that can be employed in the construction

of new functional groups and/or chemical bonds [32,33]. The

order of steps in this analysis is then reversed to plan the forward

synthetic scheme, from commercial reagents to final product, with

the individual reaction conditions used in each step drawn from

the chemist’s personal experience and those described in the

chemical literature over the past century.

This retrosynthetic analysis will generate many possible syn-

thetic pathways and the chemist will select the route that is felt to

offer the best balance of expedience, efficiency and safety. Given

the inherent dangers of using highly flammable solvents, toxic

heavy metal catalysts and reagents that may be explosive, muta-

genic or may react violently with atmospheric oxygen or moisture,
740 www.drugdiscoverytoday.com
the chemist must judge whether the potential hazards of a specific

route are acceptable and comply with local safety rules and com-

pany safety policies. As the scale of a reaction increases, environ-

mental concerns also need to be taken into account, requiring safe

disposal of increased quantities of potentially hazardous by-pro-

ducts and large volumes of used solvent. However, these concerns

are more likely to be met as a compound passes into development

and as such are less crucial in the small-scale synthesis of com-

pounds for biological evaluation.

Often, each chemist will have their own favoured set of reac-

tions and any coverage of the chemistry employed in drug dis-

covery chemistry will naturally display some element of this bias.

While a recent review has surveyed the reaction types most com-

monly used in the large scale manufacture of pharmaceuticals [34],

no such review exists for those reactions favoured in the small-

scale synthesis of drug candidates. However, informal discussions

between the authors and a small number of practicing medicinal

chemists defined a number of key reaction types that were almost

universally considered to be essential in the rapid synthesis of

compounds for bio-assay (Figure 7). With one exception, these

involved the formation of new chemical bonds, rather than the
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transformation of one functional group into another (known as a

functional group interconversion). These favoured reactions can be

simplified into two types: those involving carbon–heteroatom

bond formation and those involving carbon–carbon bond forma-

tion. It should be noted that the descriptions of these favoured

transformations may describe a particular chemical transforma-

tion, such as a ‘reductive amination’ while many others are known as

‘named reactions’ (such as the Suzuki reaction), named after the

lead investigator in the group where they were discovered or

popularised.

Carbon–heteroatom bond formation
Carbon–nitrogen (C–N) bond formation
The amine functional group is of particular importance in med-

icinal chemistry. The group offers both a hydrogen bonding

properties and the potential for increasing solubility of the com-

pound, together with a simple and widely applicable method of

forming a C–N bond.

The simplest method of C–N bond formation involves the

reaction of a pre-existing amine with a carbon atom bearing an

easily displaceable moiety known as a ‘leaving group’, often a

halogen atom such as bromine. This method of direct amination

is straightforward, but a major limitation is that the product is

more reactive than the starting material and thus over-reaction

tends to occur, leading to a mixture of products.

To overcome this issue, the chemist will more frequently under-

take a ‘reductive amination’ [35,36] (Figure 7a). Here, the amine is

reacted with an aldehyde to form an imine. This imine can be

isolated, but more often the resultant carbon–nitrogen double

bond is immediately converted to a carbon–nitrogen single bond

(a ‘reduction’). The intermediate imine does not suffer from the

issues of over-reaction described above, offering the chemist

greater control over the reaction than the seemingly more straight-

forward direct approach.

Despite the caveats described above, direct amination can be

particularly useful in certain circumstances. One key application

of this method is the reaction of amines with heterocycles, parti-

cularly those containing a nitrogen atom with a leaving group

(usually a chlorine, bromine or, on occasion, fluorine) attached

the adjacent carbon atom of the heterocycle [37] (Figure 7b). The

chemical nature of such ring systems allows facile displacement of

the leaving group to form an aminoheterocycle, in a controllable

manner that is not prone to over-reaction. Other functional

groups are also able to displace a halogen from a heterocyclic ring

system, but the case outlined above is the most likely to be

encountered.

This process is known as Nucleophilic Aromatic Substitution (or

‘SNAr’), and can be facilitated both by appropriately placed nitro-

gen atoms within the aromatic ring or by certain functional groups

(such as the nitro- and cyano- moieties) attached to the aromatic

ring.

Carbon–oxygen (C–O) Bond formation
In a manner analogous to the direct amination method described

above for the formation of C–N bonds, the hydroxy group can also

displace a leaving group attached to a carbon atom to form a new

C–O bond, in a process known as the Williamson ether synthesis

(Figure 7c) [38]. In this method, the reacting component contain-
ing the oxygen atom is only able to react once and therefore is not

prone to over-reaction, making the reaction much more control-

lable. Though this control makes the ether linkage attractive, it

differs from the amine described above in that it lacks hydrogen

bond donor functionality and tends to make a lesser contribution

toward solubility.

A more recent development of this methodology is the Mitsu-

nobu reaction that allows direct, convenient coupling of two

alcohols to form the ether linkage, negating the requirement to

first introduce a leaving group to one reagent [39,40]. This reaction

is particularly applicable to ethers where the oxygen atom is

directly attached to an aromatic system, which can be troublesome

to prepare via the Williamson synthesis.

As described in the preceding section relating to amine forma-

tion, alcohols can also participate in nucleophillic aromatic sub-

stitution processes to form aromatic ethers. Phenols (aromatic

alcohols), thiols (‘mercaptans’, in which the oxygen atom has

been replaced by a sulphur atom) and thiophenols (cf phenols),

also undergo similar reactions to give the corresponding ethers or

thioethers.

Derivatisation of carboxylic acids
The conversion of the carboxylic acid functional group into a

family of related derivatives is one of the few functional group

interconversions mentioned as a favoured reaction by the sur-

veyed chemists (Figure 7d). Functionalisation of a carboxylic acid

predominantly involves the formation of either a new C–N or C–O

bond, and therefore could be considered in either of the above two

sections. However, the versatility and scope of this transformation

merits special mention as a separate case.

Direct functionalisation of the carboxylic acid moiety can be

rather difficult, as it does not possess a particularly good leaving

group. The acid is usually converted into a more reactive form,

such as an acid chloride, promoting a much faster reaction. This

activated derivative can then be reacted with an alcohol to form an

ester, or an amine to form an amide. Indeed, the formation of an

amide is probably the most widely employed synthetic transfor-

mation in medicinal chemistry. As the basis of peptide and protein

chemistry, many routes have been developed to allow the rapid

formation of amides. These routes often employ ‘coupling agents’

which form ‘activated esters’ in situ, which can be prepared under

much gentler (and therefore more widely applicable) conditions

than those used to form acid chlorides. These conditions allow the

tolerance a wide range of functional groups and protecting groups,

making this reaction an ideal late-stage step in the preparation of

large screening libraries such as those prepared by combinatorial

chemistry. In terms of the diversity of commercially available

starting materials, ease of synthesis and overall speed of com-

pound production, few reactions allow exploration of structure–

activity relationships as expediently as the amide coupling, mak-

ing it one of the chemist’s favourite reaction types.

Amides themselves offer several useful biological properties.

They offer both hydrogen bond donors and acceptors and are also

relatively stable to metabolism. By comparison, the equivalent

oxygen derivative, the ester, is much less metabolically stable and

is readily broken down by the body. Few drugs contain ester

functionality, though this derivative is often used as a versatile

and tolerant protecting group for a carboxylic acid during
www.drugdiscoverytoday.com 741
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synthesis. Additionally, the biological lability of such groups can

be advantageous in the formation of pro-drugs [41,42]. In such

cases, the ester can be used to temporarily mask the carboxylic

acid functionality, overcoming associated issues such as poor cell

penetration. The acid itself can then be revealed by cellular

processes upon reaching the desired site of action.

It should also be noted that amides could be reduced to the

corresponding amine. The versatility and scope of the amide

coupling reaction thus allows the controlled formation of an

equally wide variety of amines. Alongside reductive amination,

this offers an additional method of alleviating the issues of reac-

tion control discussed previously.

In a directly analogous manner to that described for the deri-

vatisation of carboxylic acids, sulphonic acids can be converted to

the sulphonamide or sulphonate ester by reaction with an amine

or alcohol respectively, via the activated sulphonyl chloride inter-

mediate (Figure 7e). These derivatives offer similar physicochem-

ical properties to the corresponding carboxylic acid derivatives but

as their three-dimensional arrangement of atoms is quite different,

these sulphonyl derivatives offer alternate geometries for interac-

tions with biological targets. Despite the apparent similarity,

sulphonic acid derivatives are structurally very different and typi-

cally lead to different structure–activity relationships.

Carbon–carbon (C–C) bond forming reactions
Palladium-catalysed processes
Unlike the formation of carbon–heteroatom bonds, where the

different properties of the participating atoms facilitate reaction,

it is more difficult to form a bond between two atoms of such

similar nature as in a carbon–carbon bond. In most cases, these

bonds can only be formed in the presence of some mediating

functional group, which modifies the chemical properties of one

carbon atom sufficiently to allow a selective reaction to occur.

Though a multitude of methods exist for linking two carbon

atoms, many of these are only useful in specific circumstances.

Furthermore, many of the reagents required for these transforma-

tions require special handling, owing to their toxicity, air and/or

moisture sensitivity.

One particular type of C–C bond forming reaction has gained

overwhelming popularity owing to its wide applicability and

reliability. This methodology is the palladium-catalysed C–C bond

formation, most usually typified by the Suzuki–Miyaura reaction,

often simply known as the Suzuki coupling (Figure 7f) [43,44].

In its simplest form, the Suzuki reaction allows the direct

coupling of a halogenated aromatic or heteroatomatic ring to a

boronic acid derivative, which is usually an aromatic or hetero-

aromatic ring, an alkene or, on occasion, a non-aromatic system.

These boronic acids are themselves readily prepared from a halo-

gen-containing precursor.

Though the Suzuki reaction sits amongst a family of related

palladium-catalysed reactions [45] that are mediated by different

metal-based reagents (such as the Negishi coupling [which

employs zinc rather than boron] and the Stille coupling [mediated

by tin]), the reaction offers several clear advantages over its cou-

sins. Of primary importance is the aforementioned ease of pre-

paration of the boronic acids. Diverse selections of these air-stable

and comparatively non-toxic derivatives are widely available from

commercial sources and the coupling conditions used are both
742 www.drugdiscoverytoday.com
mild and highly chemoselective, seldom interfering with other

functionality present in the molecule. Given these advantages, the

Suzuki reaction is a key transformation in the construction of

molecular scaffolds in drug discovery.

In certain cases, palladium-mediated reactions can also be

effected without the need for the direct incorporation of an addi-

tional metallic mediator into one precursor, particularly in cases

where an aromatic or heteroaromatic bromide is coupled directly to

either an alkeneor a terminal alkyne (one inwhich there areno non-

hydrogen substituents at the reacting end of the alkyne). These

transformations are known as the Heck [46] and Sonogashira [47–

49] couplings respectively and allow the straightforward linkage of

molecular fragments with either a carbon–carbon double or triple

bond (Figure 7 g, h). Such bonds can be useful in their own right (for

example, by introducing molecular rigidity), but can also be readily

hydrogenated (reacted with hydrogen) to effect a conversion to a

carbon–carbon single bond. Though this two-step process may

appear inefficient and cumbersome, its reliability and versatility

offers a favoured method of forming a carbon–carbon single bond

between two molecular entities.

Use of Grignard reagents
Though palladium-catalysed C–C bond formation reactions are

highly prevalent in the synthesis of drug molecules, other metal-

mediated processes are commonly encountered in the construc-

tion of new molecules. For example, the magnesium-derived

Grignard reagents are widely employed owing to their ease of

synthesis and versatility. Such reagents are readily prepared by

reacting an alkyl, aromatic or, in limited cases, a heteroaromatic

system containing a halogen (usually a bromine) with powdered

magnesium metal. Though sensitive to both air and moisture,

Grignard reagents can be handled with relative ease and are a

powerful synthetic reagent.

Most commonly reacted with a functional group containing a

carbonyl (a carbon–oxygen double bond) such as an aldehyde or

ketone, the reagent appends a new carbon substituent to the

carbon of the C O bond and transforms the carbonyl oxygen

to an alcohol (Figure 7i). Reaction of such a reagent with an

aldehyde or ketone results in the formation of an alcohol with

either two substituents attached (a secondary alcohol) or three

substituents (a tertiary alcohol) respectively. Grignard reagents

can also be used to modify esters, initially displacing the alcohol

moiety of the ester to form a new ketone, which itself reacts with a

second molecule of the Grignard reagent to form a tertiary alcohol

with two identical substituents.

The Wittig reaction
The final transformation we will consider in this section is the

phosphorous-mediated Wittig reaction (Figure 7j). This transfor-

mation also acts upon aldehydes and ketones and results in the

formation of a new carbon–carbon double bond, in effect directly

replacing the oxygen of the carbonyl with the carbon atom of the

Wittig reagent [50–52]. Like the Grignard reagents above, the

Wittig reagents are formed from alkanes with an attached bromine

atom. Reaction of an alkyl bromide with triphenyl phosphine

yields an intermediate phosphonium salt, which can then react

with the aldehyde or ketone to generate the desired C C bond.

Though synthetically powerful, the reaction has some notable
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drawbacks, not least the limited commercial availability of the

initial phosphonium salts. Furthermore, the resultant phosphine

oxide by-product is often particularly troublesome to remove from

the desired product after the completion of the reaction.

Summary
Though this review touches only on a limited selection of termi-

nology, it is hoped that it will enable scientists from other dis-

ciplines to understand better the phraseology used by medicinal

chemists. The limitations of an article such as this mean that a

comprehensive and detailed discussion of the myriad of techni-

ques and reactions employed by synthetic chemists is not possible,

nor indeed appropriate. However, the authors hope the content
may act as a useful frame of reference for those outside the

chemistry laboratory, facilitating more detailed discussions of

the techniques and methodology applied to the synthesis of

molecules for biological evaluation.
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