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1. Introduction

The expansion of synthetic methodology in recent years
has greatly facilitated the preparation of molecules that would
once have been considered an insurmountable synthetic
challenge. In turn, the drug discovery industry, where large
numbers of molecules are prepared and tested as potential
new medicines, is one of the principal end-users and
beneficiaries of this enlarged toolkit. Developing a drug
suitable to treat patients effectively remains an enormous and
well-documented[1,2] challenge. Our ability to address the
issues which determine drug success or failure (e.g. safety,
efficacy, pharmacokinetics and metabolism, speed to market
etc.) is critically reliant on synthetic chemistry methodology
to make the right molecules quickly and predictably. The
impact of organic synthesis and the desired properties[3, 4] of
molecules at key phases of the drug discovery process is
shown schematically in Figure 1. Initial starting points
(termed “hits” or “leads”) are often found by screening of
compounds from chemical libraries which are usually reliant
on robust chemical methodology for their production. Once

initial hits have been identified, the
“lead optimization” process aims to
improve their drug-like profile through
the synthesis of many designed analogs
by using a range of chemistries. With
the need to deliver medicines to pa-
tients quickly, time available for ex-
pansion of substrate scope or reaction

optimization is usually limited and inevitably robust, predict-
able chemistries find the most utility. Typically many hun-
dreds or even thousands of compounds are synthesized in the
search for a clinical candidate drug. The ultimate choice of
molecule is critical as it cannot be changed in development
without large amounts of additional work. Once a single
clinical candidate molecule has been identified, scale-up and
process chemistry then devises often extremely elegant and
efficient syntheses to deliver the final compound on multi-kg
scales.

Many studies[3, 4] now show the significant effect of the
physicochemical properties of drug molecules on their like-
lihood of success in development. For maximum benefit,
synthetic methodologies should be well suited to the delivery of
molecules with these properties—but are current methodolo-
gies well positioned to do this?

2. Properties of Successful Hits and Drugs

The link between physicochemical descriptors and drug-
like properties was identified some time ago[5,6] with, for
example, the Lipinski description that orally available drug
molecules usually have mw< 500 and LogP< 5 (together
with limits on hydrogen bonding groups) often being used as a
mnemonic to describe small-molecule drug-like space (it is
often overlooked that the Lipinski rules provide a guide to

The pharmaceutical industry remains solely reliant on synthetic
chemistry methodology to prepare compounds for small-molecule
drug discovery programmes. The importance of the physicochemical
properties of these molecules in determining their success in drug
development is now well understood but we present here data
suggesting that much synthetic methodology is unintentionally
predisposed to producing molecules with poorer drug-like properties.
This bias may have ramifications to the early hit- and lead-finding
phases of the drug discovery process when larger numbers of
compounds from array techniques are prepared. To address this issue
we describe for the first time the concept of lead-oriented synthesis and
the opportunity for its adoption to increase the range and quality of
molecules used to develop new medicines.
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minimizing absorption issues only). More recent studies[7–9]

have shown, however, that compounds close to the Lipinski
limits actually have a lower probability of success in develop-
ment with significantly lower mw and LogP values favored in
successful medicines. These observations have led to several
revised guidelines suggesting, for example, that molecules
with LogP< 3 and polar surface area[10] > 75 �2 will show
greater safety in pre-clinical studies[9] or that molecules with
mw< 400 and LogP< 4 appear to be more successful in a
range of assays of drug-like character.[7] The risks associated
with excessively lipophilic molecules and a clear correlation
between lipophilicity and number of off-target biological
activities has also been noted.[3]

Whilst the chance of success in development of a drug may
depend on many properties of the molecule, the detrimental
effect of excessive hydrophobicity/lipophilicity (i.e. high
LogP) is probably the most critical factor.[3, 11–13] Unlike
molecular weight however, it is one that is not easily
estimated by inspection or calculated without specific tools
(there are several free, publicly available tools to calculate
LogP).[14] LogP is formally the log of the ratio of concen-
trations of a solute between immiscible phases, often water
and octanol. It can more easily be considered as the relative
ease with which a molecule will dissolve in an organic solvent
relative to water with higher values representing less polar,
more lipophilic molecules. This hydrophobic behavior can
result in poor aqueous solubility[15–17] but also favors the

binding of drug molecules to either their protein targets (i.e. a
relatively more hydrophobic environment relative to bulk
solution) and/or the apolar environment of cellular mem-
branes, often the location of many biological targets which
may mediate toxic effects. The strategy of increasing lip-
ophilicity to gain better binding to a drug target is thus often
used to increase apparent drug potency but almost certainly
also results in a greater probability of binding to other,
undesired drug targets. This promiscuous binding can lead to
undesired biological effects, which may translate to toxicity
and side effects contributing to the high failure rate of these
types of compounds. Whilst making molecules too lipophilic is
a more common issue leading to increased risk, making
molecules highly polar (e.g. negative LogP) may also
introduce issues as these polar molecules may have difficulty
crossing cellular membranes unless specific transporting
mechanisms are operating.[18–20] Some targets in, for example,
anti-bacterial research, however, are thought to require more
polar molecules to efficiently reach their sites of action.

Controlling the lipophilicity of drug substances is thus of
central importance to the drug discovery process and LogP
values in the range 1–3 are now thought to give the best balance
of properties for most oral drugs.

To produce drug molecules in the historically lower-risk
areas of property space (i.e. LogP� 1–3 with molecular
weight < 400) the properties of molecular starting points (hits
or leads) needed to deliver these drug candidates can be
identified. Regrettably, it is extremely rare that a molecule
found as an initial hit from a biological screen will be suitable
to be the final drug candidate; usually a large amount of lead
optimization will be required. This process aims to improve
many properties of the potential drug including 1) potency at
the drug target; 2) selectivity over unwanted biological
activities and toxicities; and 3) drug metabolism and pharma-
cokinetic properties. Historic precedent has shown that this
lead optimization process is usually accompanied with an
increase in molecular weight and lipophilicity of the lead[21–23]

as medicinal chemists add complexity and size to the molecule
to search for additional molecular interactions to achieve the
goals set out above. In order to allow for this flexibility and
property inflation during the lead optimization process and
still deliver a final drug molecule with preferred properties, an
area of physicochemical space known as “lead-like” space can
be defined[21, 24] and is shown schematically in Figure 2. In
general, lead-like molecules will usually have well-controlled
properties i.e. LogP values in the range �1 to + 3 and
molecular weight in the range 200 to 350 gmol�1 (i.e. 14 to 26
non-hydrogen atoms). Though drug molecules dosed through
non-oral routes may in some cases be tolerant of wider ranges
of physical properties, lead-like molecules still represent the
best starting points to allow maximum flexibility through
optimization. It is noteworthy that many early combinatorial
chemistry libraries produced larger molecules which require a
lead optimization vector opposite to that usually seen in order
to reach optimal drug-like space.

There are of course many successful drugs with properties
outside of those described above but in general these
molecules rely on specific transport mechanisms for their
pharmacology or else have unique biological action able to

Figure 1. The role of organic synthesis in the drug discovery process.
mw = molecular weight in Da; LogP =Log(partition coefficient in
water/n-octanol).
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overcome other issues. Exploiting molecules outside drug-like
space is often a risky and niche approach but can nonetheless
be successful when underlying pharmacology and mechanism
of action are well understood.

2.1. Size and Complexity

An additional advantage of looking at smaller, less
complex molecules for hits is that these molecules sample
chemical space more efficiently[22,25, 26] and have a greater
chance of fitting a given drug binding site (albeit potentially
with a weaker binding constant). It has been estimated that
for every extra heavy atom added to an organic molecule, the
number of biologically relevant potential structures increase
by around a factor of 10[27–29] thus there are approximately 107

more molecules with mw� 400 relative to those with mw
� 300, so by screening sets of lower molecular weight
compounds a relatively greater proportion of accessible
chemical space can be sampled thereby increasing the chance
of finding hit molecules. The field of fragment-based drug
design[30, 31] takes this concept further using structure-based
design and sensitive biophysical techniques to identify and
optimize small-molecule fragments usually in the molecular
weight range 100–250 Da. By analogy to the Lipinski Rule of
5, fragments are often described using a modified Rule of 3.[32]

2.2. Shape

In addition to molecular weight and lipophilicity consid-
erations, a final parameter which has shown increased
relevance to drug discovery recently[33, 34] is the degree of
three-dimensional shape and aromatic character of the
molecule. A clear detrimental effect of increasing the number
of aromatic rings in a molecule on its aqueous solubility has
been noted[15, 34] along with a further observation that as drug
molecules progress through development, it is the more

highly aromatic ones which preferentially suffer problems in
development and ultimately fail.[33] Though the degree of
aromaticity may also be related to the LogP of molecules,
there remains a clear signal that excessive levels of aroma-
ticity are historically associated with undesirable outcomes
and properties leading us to suggest a limit of a maximum of
three aromatic rings on lead-like molecules and an aspiration
that lead-like molecules should contain a lower proportion of
sp2 carbon atoms than typical historically. Given the prepon-
derance of sp2–sp2 palladium-catalyzed cross-coupling meth-
odologies which have made routine the synthesis of aromatic,
aryl–aryl systems, one must wonder if this is an example of
synthetic methodology which by means of its success and
robustness has unwittingly negatively impacted the drug
discovery process by facilitating the preparation of less drug-
like molecules.

2.3. Sub-Structural Considerations

A further factor critically important in determining the
“attractiveness” of a molecule as a starting point for drug
discovery is the presence or absence of particular functional
groups or sub-structures which are known to present issues to
the drug discovery process. Many functional groups are
obviously undesirable due to chemical stability issues (e.g.
acid chlorides, most organometallics) but the large amounts of
collective experience of medicinal chemists has also identified
large numbers of groups which have the potential to bring
problems to the drug discovery process such as potential for
toxicity, unwanted interactions with biological systems or
general instability. Summarizing these observations, in gen-
eral, a molecule is perceived as carrying risks if it suffers from
some form of reactivity which can be manifest in several ways:
1) Lack of chemical stability—the molecule decomposes on

storage or in solution and its integrity cannot be guaran-
teed making interpreting biological data difficult and
presenting significant quality control issues for production
and clinical supply. Stability within biological systems is
also often considered, e.g., esters are frequently cleaved
enzymatically in vivo though metabolic instability is often
something that can be addressed during the course of lead
optimization.

2) Electrophilicity—electrophilic molecules often show a
propensity to hydrolyse or react with bio-nucleophiles
(e.g. DNA, cysteine, serine or lysine residues in proteins)
leading to degradation of the drug and irreversible
modification of biomacromolecules which may lead to
unwanted immune responses amongst other issues. Some
successful drugs are designed to react irreversibly[35]

though only a minority of drug design efforts opt to use
this mechanism.

3) Potential for redox chemistry—if a molecule is able to
easily change oxidation state, the potential for unwanted
interference in mitochondrial coupling systems exists. In
addition, many bioassays utilize redox systems and redox-
active small molecules may interfere and give confounding
biological responses in these assays.[36]

Figure 2. From recent analyses, optimal oral drug-like space can be
defined in broad terms shown by the central, red oval. As optimization
tends to progress by addition of complexity and lipophilicity (arrow),
starting points should be in lead-like (or fragment-like) areas of
property space.
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Molecules which contain sub-structures suggestive of one
or more of the issues outlined above represent less attractive
starting points for drug discovery as they carry a real or
theoretical risk which must be addressed in addition to all the
other usual challenges encountered in turning a hit molecule
into a drug. Because of this additional hurdle, these molecules
are usually avoided by medicinal chemists: Given that the
number of potential drug starting points is practically infinite,
there should be no need to consider chemically reactive
molecules.

Several attempts have been made to capture lists of these
reactivity-based filters: A major public domain list of
undesirable functional groups is that compiled by Shoichet,
Simeonov et al.[37] and used at the NIH Chemical Genomics
Center.[38] A set of thiol-reactive functional groups has been
identified through application of NMR techniques by Hajduk
et al.[39] whilst an additional set of chemotypes that often
interfere in high-throughput assays has been identified by
Baell et al.[40] For the removal of molecules containing
undesired functional groups, GSK uses a comprehensive set
of > 300 structural filters which we term the GSK B filters.
These filters have been defined and evolved over a number of
years based on the collective experience of a wide range of
medicinal chemists. Despite the detailed nature of these
filters, all stem from the three concepts of undesired reactivity
outlined above. The GSK B filters broadly mirror the themes
seen in the NIH set and some of these filters we use in
addition to the NIH sets are described in the Supporting
Information (Table S1). For the analyses below, we focus
mainly on the GSK B functional group filters (and give
selected results from application of the NIH set).

2.4. Lead-Likeness

Bringing all these concepts together, we can define some
simple properties which broadly describe lead-like space
(Table 1). Whilst these criteria define molecules which give

optimal quality starting points for a wide range of drug
discovery programmes, molecules with properties outside
these ranges still offer significant value to drug discovery.
Indeed molecules with specific, non-lead-like or drug-like
properties are sometimes needed to interact with particular
types of biological target (e.g. protein–protein interactions).
Despite this, GSK�s experience on looking for hits against
novel biological targets has shown that lead-like molecules
generally act as a rich source of optimizable molecules.

In proposing these guides for lead-like space, we acknowl-
edge the hazards of suggesting specific property ranges to
define utility though we contend the guides here provide a
useful description of lead-like space. Molecules with proper-
ties that fall significantly outside lead-like space are much less
likely to have high value as starting points for a wide range of
drug discovery optimization efforts.

Given the critical role of synthetic methodology in
facilitating the synthesis of starting points for drug discovery
we sought to assess how current and emerging synthetic
methodology is suited to delivering the lead-like molecules
drug discovery efforts optimally desire.

3. Analysis of Existing Commercial Compound
Collections

A common source of novel starting points for drug
discovery programmes used by academic and industrial
medicinal chemistry groups is commercial compound vendors
who provide a vast selection of small molecules for purchase
in quantities suitable for biological screening. Some 4.9
million unique compounds from these vendors (Table S2,
Supporting Information) were analyzed for lead-likeness. Our
analysis (Figure 3) indicates that only a very small proportion
(2.6%) of these commercial offerings are within lead-like
space, as defined above, with the majority of compounds

failing one or more of the filters relating to molecular weight,
lipophilicity or undesirable substructures suggesting that
commercial libraries, whilst potentially more drug-like, are
not generally lead-like. A similar study by Shivanyuk and co-
workers[41] on 7.9 million commercially available compounds
suggested that 16% were lead-like—the larger proportion
arising from their more generous physicochemical definition
of lead-like space and more relaxed set of functional group
filters.

Figure 3. Analysis of lead-likeness of commercially available com-
pounds from selected vendors (n�4.9 million compounds) using GSK
lead-likeness guides. The length of each colored band represents the
effect of the successive application of various filters. When applied
independently, each filter removes between 65–83% of the com-
pounds. Approximately 69.5% of the data set fell outside of lead-like
space due to molecular weight (mainly mw�360; blue); of those
compounds remaining, around half had inappropriate LogP (mainly
LogP>3, red bar) and the majority of the rest contained undesired
functional groups (fail GSK B filters; green band), leaving 2.6% (ca.
125000 compounds) (purple band) of the compounds that passed all
the filters. See also Tables S3a,b in the Supporting Information.
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In order for compound vendors to prepare and cost-
effectively supply thousands of compounds in multi-mg
amounts they rely heavily on robust, predictable method-
ology for compound production. To sample the range of
existing and emerging methodology on which compound
vendors and all practitioners of medicinal chemistry rely, we
sought to analyze representative ranges of contemporary
literature to identify the prevalence of methodologies able to
facilitate the population of lead-like space.

4. Analysis of Synthetic Methodologies

In an attempt to measure the extent to which modern
synthetic chemistry practice accesses lead-like space, we
undertook three types of literature survey (Figure 4) across
different subsets of synthetic chemistry literature published in

2009. In the first, we analyzed all of the reaction products
reported in the 2009 volume of Journal of Organic Chemistry
(issues 1–24). From some 1495 papers, ca. 32700 compounds
were indexed with “preparation” in CAPlus (via SciFinder[42]

[metals, unusual isotopes, and commercially available mole-
cules removed]). From these, a total of 13194 compounds fell
within our 200–360 molecular weight range of which 5267
compounds satisfied lead-like LogP limits (i.e. �1�LogP�
3). These compounds were subsequently passed through a
variety of structural filters to remove reactive or otherwise
undesirable functional groups. The NIH filters removed 28%
of compounds; the Baell filters 2%; and GSK B 86.9%. Using
the GSK B filters as a measure of how experienced medicinal
chemists would view the molecules, from > 32000 reaction
products reported in Journal of Organic Chemistry in 2009,
only around 692 (2.0 %) (purple band, Figure 4) would be
viewed as lead-like. Additional filters such as targeting more
three-dimensionally shaped molecules and avoiding over-

population of structurally similar molecules have not been
applied but would reduce these figures further.

Our second analysis surveyed a wider range of journals
likely to contain significant amounts of new synthetic
methodology (Organic Letters, European Journal of Organic
Chemistry, Journal of Organic Chemistry, Tetrahedron Letters,
Tetrahedron Synthesis, and Synlett), focusing on references
with the words “new” and “synthesis” (or related terms) in
the title/abstract. This analysis identified the preparation of
13454 compounds which were filtered as above to give 249
(1.8%) lead-like molecules.

Our final method of literature analysis made use of the
annual survey of chemical library synthesis by Dolle and
colleagues[43] in the Journal of Combinatorial Chemistry which
provides a valuable snapshot of synthetic chemistry as it is
currently applied to array and library construction (i.e. the
application of robust chemistries). We analyzed the 2009
survey for lead-likeness in the following way. The 196 libraries
not designed against specific biological targets (i.e. Tables 7–
10 of ref. [43]) were visually inspected for lead-likeness. A
total of 87 arrays with high scaffold molecular weight and/or
undesirable chemotype were readily discarded, as it was clear
the array would be unable to meet our definition of lead-
likeness. The references for the remaining 109 libraries were
inspected and the products for each (as indexed in Sci-
Finder)[42] extracted and analyzed for lead-likeness as de-
scribed above. Over half the arrays (61) still occupied non-
lead-like space entirely (see Table S5, Supporting Informa-
tion). However, from a total of 4926 compounds made in
these 109 arrays, 353 (7.2%) compounds met our lead-
likeness definition. Despite this relatively low proportion of
lead-like compounds, 9/109 arrays gave products (shown in
Figure 5) of which > 30 % were lead-like, suggesting method-
ologies to produce the desired compounds robustly can
indeed be identified. The main reasons for non-lead-likeness
were an excess of lipophilicity, and the presence of overtly

Figure 4. Analysis of lead-likeness in synthetic organic chemistry
literature 2009. The effect on successive application of lead-like filters
(filters as in Figure 3) on numbers of compounds from three sources
of data are shown (see text for details). In all cases, a low proportion
(2–7%) of described compounds are lead-like. See also Table S4 in the
Supporting Information.

Figure 5. Some libraries[44–52] highlighted from ref. [43] with higher lead-
like character. (X = N, O; Y = N, CH; R1–R4 = various substituents).
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electrophilic centers (often Michael acceptors) in the final
molecules. In some instances, a change in the choice of
building blocks or capping groups to include smaller, more
polar ones would lead to a more lead-like array. However, as
we show below, synthetic chemistry in array format tends to
discriminate against the successful synthesis of these com-
pounds—it is quite possible that many of the arrays were
designed to produce larger numbers of lead-like compounds,
but have drifted out of it owing to synthetic attrition.

We acknowledge that the foregoing literature analyses
have potential limitations but without subjective inspection of
every published paper, the output of contemporary method-
ology development work is very difficult to summarize. Whilst
we do not advocate that the synthesis of lead-like molecules
should be the only or even main driver of synthetic method-
ology development, it is clear the physicochemical properties
of the majority of molecules being prepared today are far
removed from those of greatest value to the identification of
new medicines suggesting that chemistries able to populate
lead-like space are both limited and difficult to develop.

5. LogP Drift in Array Synthesis

To investigate further the potential for synthetic method-
ology to favor less lead-like molecules, we analyzed a diverse
set of 25 arrays synthesized by GSK in 2010 where we knew
both the array reactions which successfully delivered desired
products as well as those which failed. Arrays are usually
designed to have products with a wide spread of structural
features and properties, but if array success is significantly
below 100 % (a common occurrence) there is a scope for the
LogP/mw profile of the completed array to deviate signifi-
cantly from that of the originally designed array.

The 25 arrays studied used many of the robust chemistries
most typically found in medicinal chemistry[53] and arrays,[54]

such as reductive aminations, acylations, Pd-mediated cross-
couplings and SNAr reactions. The average designed array size
was around 160 compounds (range 20–426), from which an
average of 53 % of products were successfully isolated in pure
form. Analysis of the LogP and molecular weight profiles of
the completed and designed arrays (Table S6, Supporting
Information) showed the mean mw of successful products did
not change significantly from those of the designed arrays.
Significant effects were however seen with LogP, the exact
property medicinal chemists now seek to control so closely.
For 23/25 of the arrays, the mean and median LogP of the
completed compounds was higher than those designed (Fig-
ure 6), with the increase for 13/25 of the arrays being
statistically significant (z< 0.05, one-sided z-test; see Ta-
ble S7 in the Supporting Information for further data).

We refer to this clear trend of preferential success of
higher LogP products from an array as “LogP drift”.
Although the magnitude of the mean LogP drift (ca. 0.22
log units, from 1.20 to 1.42) is not large, it is persistent and a
sensitive marker of an array�s outcome. The maximal LogP
drift depends on the percentage of an array that is completed
and the LogP distribution profile of the designed array. For an
array covering a large range of LogP values, the mean drift of

a partially completed array has the opportunity to be larger
than one covering a smaller range of values. We calculated the
LogP drift for each array as a percentage of the maximal
theoretical drift based on the number of compounds success-
fully synthesized (i.e. a value of + 100 % would mean that
only the most lipophilic products were isolated whilst�100%
would suggest that only the least lipophilic products were
seen). The mean of these figures is around + 33% (or + 48%
for those arrays with z< 0.05, Table S8 and Figure S1,
Supporting Information), representing a consistent and
meaningful shift in the profile of an array towards a more
lipophilic state relative to that designed. In other words, the
more polar products in an array tended to systematically fail
more often in synthesis.

This analysis seeks to identify trends in array outcomes
only and several caveats prevent further, detailed conclusions
being drawn. For example, some arrays receive a greater
amount of pre-production validation and, once in production,
a greater degree of manual intervention to complete the
synthesis of more troublesome members of an array—effects
which may both act to modulate any inherent LogP drift.
Array methodologies carried out under differing conditions
(solvents, reagents, etc.) may be differentially susceptible to
LogP drift though the data set is too small to begin to identify
such observations reliably. Whilst this effect is seen clearly
here in arrays, one must speculate if the same factors are at
work in determining the relative probability of success in
discrete, non-array reactions which may disfavor the synthesis
of molecules with preferred lead-like or drug-like properties
and unwittingly favor synthesis of other, less attractive
molecules.

Put another way, LogP drift is a quantification of the
anecdotal observation that many methodologies are relatively
intolerant to a wide range of functional groups in substrates.
As introduction of functional groups usually increases polar-
ity, it follows that this functional group intolerance leads to a
polarity intolerance and selective production of less polar
molecules. There are a number of likely causes of LogP drift,

Figure 6. Mean LogP drift (DLogP units) for a range of 25 arrays.
Mean LogP drift is the difference of the mean LogP of a completed
array and the mean LogP of the designed array (* denotes z<0.05). A
positive LogP drift indicates that the set of compounds actually
synthesized in an array were on average more lipophilic than those
designed.
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such as insolubility, poor extraction into organic solvents,
coordination to metal catalysts, functional group incompat-
ability and problems in chromatographic purification.

Our quantitative identification of LogP drift may offer an
explanation as to why much modern synthetic methodology is
developed in physicochemical space far removed from lead-
like but the fact remains that applying such methodology to
the synthesis of more polar molecules is often difficult or even
impossible. This gap in the armory of methodology suggests
that there is a great opportunity for practitioners of new
synthetic methodology to develop and apply new approaches
which will have immense impact on the drug discovery
process.

6. Lead-Oriented Synthesis

Over the last two decades, advances in chemical method-
ology have identified novel ways of efficiently producing large
numbers of novel molecules: Early combinatorial synthesis
libraries relied on diverse capping groups for their overall
diversity[55] but often, in their efforts to increase library size by
the addition of multiple points of diversity, lie outside of lead-
like space on grounds of size and lipophilicity. More recently,
diversity-oriented synthesis (DOS), first described by
Schreiber and co-workers[56] achieves diversity by elegant
use of cascades producing large numbers of molecular
scaffolds using a small set of transformations. Many early
DOS libraries were again large in size[57] to allow for the high
degree of diversification sought and have found applications
in chemical biology and the discovery of chemical probes. It is
too early to say whether any of these DOS approaches will
yield successful medicines in the clinic. Though the lead-
likeness of DOS libraries is frequently low they are instead
often likened more to natural products which themselves
have been a rich source of medicines[58] which may in some
cases operate outside of Lipinski Rule of 5 space.

Thus, whilst existing approaches can efficiently produce
diverse drug-like molecules, our ability to produce large
numbers of smaller, attractive molecules remains limited
prompting us to consider the concept of lead-oriented syn-
thesis (LOS). In contrast to target-oriented synthesis, which
targets just one compound; diversity-oriented synthesis,
which targets scaffold diversity mainly in drug-like space;
and combinatorial chemistry, which targets large numbers of
compounds, lead-oriented synthesis must be able to deliver
molecules with specific molecular properties with utility in the
drug discovery and optimization process. As we have
described above, lead-oriented syntheses need to pay partic-
ular attention to the physicochemical and functional group
properties of the target molecules while also maintaining the
synthetic efficiency to allow their cost effective utilization.

The challenges associated with designing successful LOS
approaches are significant as witnessed by the low number of
publications ideally suited to the preparation of lead-like
molecules. Important factors which must be tackled in the
development of new LOS sequences are summarized in
Table 2.

Tolerance towards polar substituents is perhaps the most
important factor to address with many existing arrayable
chemistries suffering in this regard (i.e. showing a positive
LogP drift) making increased functional group compatibility
a key goal. Despite this significant challenge some groups are
now tackling this actively.[59] Unprotected polar functionality
is often (though not always)[60] poorly compatible with many
reagents owing to reasons of reactivity, insolubility in non-
polar solvents, or coordination to a catalyst.

The drug discovery process seeks to identify molecules
able to efficiently interact with biological systems and
frequently these interactions are through polar or hydrogen-
bonding interactions. These polar interactions tend to rely on
functional groups such as weakly acidic OH and NH bonds or
Lewis base/hydrogen bond acceptors which are typically the
kinds of groups which also interact with chemical reagent
systems leading to poor tolerance under reaction conditions.
For lead-oriented syntheses to be of greatest value, they
should be able to mediate novel transformations in the
presence of such biologically relevant functional groups as for
example, heterocycles (e.g. pyrazole, imidazole, pyridine,
pyridone, etc.), acidic NH groups (e.g. amides, sulfonamides),
other Lewis bases (e.g. nitriles, sulfones, etc.) or Brønsted
bases (e.g. amines). Attractive lead-oriented syntheses should
also ideally construct these biologically relevant sub-struc-
tures in a manner able to produce a diverse set of products
with lead-like properties.

Advances in the range of chemistries which can be carried
out in polar solvents (e.g. water) may help this, and some
preliminary data (I. Churcher, unpublished observations)
suggests that LogP drift may be lessened or even reversed for
reactions carried out in largely aqueous media. With an
emphasis on more polar reaction products we must also not
overlook the importance of product isolation and purification
which itself can be a contributing factor to LogP drift. Many
traditional purification techniques ranging from normal and
reverse phase chromatography through to simple organic/
aqueous work-up procedures often encounter issues with
excessively polar or water-soluble molecules which may
prevent their efficient isolation.

An additional factor to consider is that potentially chemi-
cally reactive functional groups such as alkynes, esters,
Michael acceptors, and nitro groups often remain as vestigial
“scars” on molecules left over from a need to increase
reactivity in a key bond-forming step. Whilst these reactive
groups can in turn often be used to introduce further
functionality or diversification, the presence of multiple such
groups can necessitate extensive transformation to deliver
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attractive molecules devoid of undesired structural features, a
process which reduces the attractiveness of the sequences.
Similarly protecting groups (acetals, carbamates, silyl ethers)
often remain in reaction products (note though the rise in
traceless techniques)[61,62] requiring extra chemical steps for
their removal which may severely limit the practical applica-
tion in an array format. Lead-oriented syntheses which do not
leave excessive residual undesired reactive centers or super-
fluous protecting groups are therefore of particular value.

7. Summary and Outlook

Medicinal chemistry relies heavily on robust synthetic
methodologies to prepare libraries of potential starting points
and to modify these molecules in the search for drug
candidates, but there is a risk that much of our established
methodology is not ideally suited to preparing molecules with
optimal properties. There is evidence to suggest that current
array chemistry relying on precedented synthetic method-
ology has an unintentional bias towards the synthesis of less
drug-like products leading to a preponderance of these
molecules. Contemporary methodology is not affecting this
bias but by adopting the principles of lead-oriented synthesis,
novel methodologies that address these issues can be
identified and fully exploited.

Over recent years, the drug discovery community has
better defined the kinds of molecules associated with
increased clinical success but has perhaps not effectively
communicated these observations to the key partners who so
influence the drug discovery process, namely those groups
working on novel synthetic methodologies. For drug discov-
ery to increase its productivity, closer links must be forged
between the synthetic chemistry and drug discovery com-
munities to help better define the contemporary challenges
and identify the best ways of tackling them. Whilst it would of
course be inappropriate to suggest that all new methodology
should be aimed at making molecules of direct interest to
drug discovery, the application of new methodology to the
preparation of bioactive molecules ultimately aimed at
improving human health remains one of the major applica-
tions of organic synthesis in both academic and industrial
laboratories. Given the increasing importance of the transla-
tional nature of much basic research, the drug discovery
community can greatly help this by being clear on the kinds of
molecules which will have the biggest impact on the search for
new medicines.

As well as the property guides we have discussed, for
maximum utility, methodologies must be robust, reproducible
and possess a good substrate scope so that they may be used
with confidence in the often time-constrained environment of
drug discovery and/or be commercializable for preparing
hundreds or thousands of attractive molecules. Without this
robustness and predictability, methodology will have limited
application to drug discovery.

The concepts of lead-oriented synthesis we describe here
represent significant challenges. To develop new LOS meth-
odologies will not be easy as finding methodology suitable to
make large numbers of small, polar molecules is much more

difficult than to make heavy, non-polar ones but this is a
challenge the collective creativity of modern synthetic
chemists is well placed to address. In discussions with a
number of scientists at the forefront of the search for novel
methodologies, there has been a willingness to recognize and
tackle the challenges of LOS and a realization of the benefits
this strategy can deliver for all.

The challenge now is to make the concept of LOS
sustainable and impactful: many readers may be sceptical of
the introduction of yet another concept to organic chemistry
that describes a seemingly familiar phenomenon. We believe,
however, there will be a step change increase in the utility and
application of new methodologies which embrace the con-
cepts of LOS. There is an opportunity for entrepreneurial
synthetic organic chemists to profit from LOS, safe in the
knowledge that the compounds they make will have greater
application and a much higher utility in delivering progress in
biomedical research in academic and industrial drug discov-
ery settings. Should new, robust LOS approaches be identi-
fied, translation to the production of ranges of molecules for
screening will be required which will perhaps lead to
innovative funding models involving both the group initiating
the methodology and commercial organisations with the
ability to expand the availability and utility of the molecules.

Designers of new methodology wishing to discuss our
thoughts on the lead-likeness of molecules derived fom their
novel approaches should feel free to contact us.

The crisis of productivity of the drug discovery process has
been well documented and dire warnings as to the very
existence of the industry, which still employs large numbers of
synthetic chemistry PhDs and graduates, have been made. To
ensure the continued ability to develop and bring important
new drugs to patients, the efficiency of the discovery process
must improve and as we have shown here, synthetic chemistry
can play a pivotal role in this improvement. Through closer
awareness and collaboration, we hope the full might of novel
synthetic methodology can be brought to bear to assist in the
task of bringing new medicines to the patients that need them.
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