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Drug discovery is a competitive discipline that requires
constant innovation and refinement as a combination of
market, patient, and regulatory concerns require that com-
pany’s balance their novel, clinically unvalidated molecular
targets with validated targets (KO, ASO, siRNA) because
the attrition rate for novel targets is substantial. The dramatic
consolidations across the pharmaceutical industry in recent
years clearly point to the complexities of modern drug
discovery. With the high attrition rates (many Phase II and
III efficacy failures) and limited human resources, drug
discovery efforts must focus on a large and diverse collection
of molecular targets, and judiciously employ enabling
technologies and new paradigms to simultaneously develop
multiple early stage programs to balance risk. Importantly,
the goal at the outset of a nascent program is to rapidly
provide target validation in vivo with a novel small molecule
or deliver a “quick kill” for the program so that resources
can be reassigned. Coupled with these concerns is the need
to establish intellectual property to support broad generic
patent claims early in the development process because
chemical space is shrinking at an alarming rate and corporate
screening collections are becoming ubiquitous.1 Combina-
torial chemistry emerged as a “white knight” with the

potential to address all of these major issues facing the
pharmaceutical industry.1–5

The 1990s witnessed a surge in combinatorial chemistry
that infiltrated both academic and industrial laboratories. In
the pharmaceutical industry, combinatorial chemistry, in the
form of classical solid-phase organic synthesis and large
compound libraries, promised to rapidly deliver new clinical
candidates and drugs for company’s struggling pipelines. By
the early 2000s, it was clear to many companies that, after
huge investments, combinatorial chemistry failed to deliver
on its promises and most industrial combinatorial chemistry
laboratories were disbanded.1 Why? Drug discovery is not
asimplenumbersgame.Synthesizinga libraryof1000-10 000
molecules does not increase the odds of discovering a
preclinical candidate. There are far too many caveats. The
first of these caveats is library design. If the scaffold on which
a 10 000-member library was prepared does not orient
appended monomers in a biologically relevant way for a
particular target, then the library will not afford active
compounds. Second, to generate a 10 000 member library
based on a single template requires a large number of
monomers, and depending on the functional groups em-
ployed, the diversity in monomers may be slight, if any,
providing a library of little diversity. As a result, all the
compounds are topologically similar, and the SAR will
appear flat or, if poorly designed for a particular biological
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target, inactive. Indeed, Sauer and Schwartz developed a
computational tool that demonstrated that single-scaffold
libraries, regardless of their size, are restricted to a limited
number of molecular shapes, as opposed to smaller libraries
designed around multiple scaffolds.6 Because molecular
shape is intrinsically linked to biological activity, the greater
the structural diversity in a library, the better the odds of
identifying ligands for a broad range of biological targets.6

Beyond structural diversity, the time required to design,
synthesize, purify, and characterize a 1000-10 000-member
library exponentially exceeded the time frame in which lead-
optimization efforts operate; therefore, the project team had
usually moved into new chemical space before the library
was finally ready to be evaluated, rendering it irrelevant
before screening occurred. Compound characterization with
large libraries was always suspect because it typically relied
solely on mass spectroscopy, suggesting the desired mass
was “in the well” with little quantiation which resulted in
many “false hits” and complex deconvulution exercises to
identify the “active component” in a well. Finally, solid-
phase chemistry and large-library synthesis required “ex-
perts” and was not embraced widely by classical medicinal
chemists. It was felt that solid-phase synthesis was only
useful for large-library synthesis because a one-step func-
tionalization required a minimum of three synthetic steps
(Figure 1): a loading step, a monomer incorporation step,
and a cleavage step (light, acid, base, or fluoride). Moreover,
each library member had an artificial “handle” at the cleavage
site (unless a traceless linker was employed) usually an
amine, acid, or hydroxyl moiety. Further contributing to the
poor acceptance of combinatorial chemistry by medicinal
chemists was the lack of direct translation of solution
chemistry to the solid phase and the need to optimize the
loading, diversity, and cleavage steps.1

While solid-phase chemistry has lost favor in small
molecule drug discovery, it remains the preferred method
for peptide synthesis, especially for peptide active pharma-
ceutical ingredients (APIs) and peptide-containing polymers.7,8

As of 2007, solid-phase peptide synthesis is the method of
choice for all phases of development for peptide pharma-
ceutical candidates, from discovery to commercial produc-
tion.7 Peptide APIs represent a significant class of pharma-
ceutical products with yearly sales in excess of $12 billion/
year with a growth rate of ∼4%, and the majority of these
(>50%) are prepared via solid-phase peptide synthesis.7 One

such peptide, Leuprolide, has achieved blockbuster status
with worldwide sales in excess of $ 2 billion/year. Without
question, solid-phase synthesis maintains a pivotal role in
modern drug discovery and development.8

Historically, the scope, mission, and technology platforms
of lead-optimization groups varied considerably across the
drug discovery industry leading to highly variable success
rates.2–5 Some organizations had clearly defined “hand-offs”
criteria that fragmented lead optimization into a hit-to-lead
phase and a chemical lead-optimization phase. Hit-to-lead
focused on optimizing screening hits, usually by library
synthesis (solution or solid phase), for target potency with
minimal concern for selectivity, ancillary pharmacology, and
pharmacokinetics (PK). Hits meeting certain potency criteria
and displaying robust structure–activity-relationships (SAR)
would then be “handed-off” to a second group for the lead-
optimization phase, wherein more classical medicinal chem-
istry (single compound synthesis and intense DMPK profil-
ing) would occur.2–5

After several years of combinatorial chemistry back-lash,
the science behind combinatorial chemistry is now at the
forefront of modern drug discovery. As a result, lead
optimization in drug discovery has changed significantly in
the past five years, and no longer needs to be fragmented
into separate hit-to-lead and lead-optimization phases; how-
ever, centralized groups with expertise in parallel and library
synthesis do add value.2–5 Major advances have been made
in high-throughput screening (HTS) technologies, which have
enabled detection of novel modes of target modulation. Once
dominated by radioligand binding assays and limited to
detection of classical agonists and antagonists by HTS,
kinetic imaging plate readers, such as FDSS and FLIPR,
allow for the identification of allosteric ligands which provide
positive and negative modulation of both known and novel
targets, offering new chemotypes and improved selectivity
and safety profiles.9,10 Chemical lead optimization, from
evaluation of screening hits to preclinical candidate identi-
fication, is now a seamless process drawing upon new
technologies for accelerated synthesis, purification, and
screening. Directed, iterative compound libraries are now
employed throughout the lead-optimization continuum with
single compound synthesis restricted to an “as needed” basis
for complex, multistep chemistry. With the incorporation of
DMPK (drug metabolism and pharmacokinetics) inputs at
the initiation of a lead-optimization program, molecules are

Figure 1. Overview of solid-phase organic synthesis.
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not solely optimized for target potency and selectivity, but
also with respect to reducing protein binding, improving
pharmacokinetics, and diminishing CYP inhibition.1–14 More-
over, “closed loop” work-flows are in place so that chemical
synthesis and primary screening data operate on a one week
turn around for hundreds of compounds/week, with DMPK
data cycling every other week to improve compound design
and provide expedited timelines for the development of proof
of concept compounds to rapidly provide “go/no go” decision
points for novel molecular targets and deliver preclinical
candidates with limited human resources. To avoid the
negative stigma surrounding combinatorial chemistry in both
industrial and academic laboratories, this new paradigm for
lead optimization is coined “technology-enabled synthesis”
or TES; however, a more accurate moniker would be
“technology-enhanced medicinal chemistry”.15–24

Advances in High-Throughput Screening Technologies

The science of combinatorial chemistry has also impacted
and influenced high-throughput screening by advocating a
philosophy that values the ability to automate complex
biological assays, allow screening of difficult-to-screen
targets and to detect novel mechanisms of target modulation.
The historical HTS paradigms valued the use of automation
to only increase throughput; however, the focus now is to
faithfully execute complex tasks with high precision and
answer many questions in parallel, a strength of combina-
torial chemistry. Modern HTS facilities employ automated
screening systems composed of state-of-the-art liquid han-
dling, plate readers, incubators, and other instruments to
support a wide-variety of cell-free and cell-based assays
ranging from enzyme assays on purified proteins to pheno-
typic screens on model organisms, such as Caenorhabditis
elegans and zebrafish embryos.9,10,25–28 Advances in analysis
software allows for information-rich assay forms, primarily
in cell-based or organism-based environments, with read
modes based on either parallel acquisition of kinetic data
using instruments like the Hamamatsu FDSS and FLIPR
kinetic imaging plate readers28 or on object-based screening
using high spatial resolution devices such as automated
microscopes or the BlueShift Isocyte.29 Both of these read
modes yield complex, information rich data sets. While the

analysis and storage of such data can be quite challenging,
major advances have been made in the development of
analysis software and storage of large, complex data sets.
The ultimate success of a drug discovery campaign is directly
linked to the ability to acquire, synthesize, store, present
compounds, and collect/analyze data from the biological
systems for which proof of concept compounds and pre-
clinical candidates hope to be discovered.9,10,25–29

Triplicate Screen to Identify Classical and Allosteric
Modes of Target Modulation. Assay miniaturization fol-
lows in the path blazed by combinatorial chemistry science.
Miniaturization of assays employing kinetic imaging plate
readers allow for the development of robust high-throughput
calcium mobilization-based assays that detect the activation/
inhibition of molecular targets through both classical and
allosteric modes of target modulation. For instance, one can
measure receptor-induced intracellular release of calcium by
using an imaging-based plate reader that makes simultaneous
measurements of calcium levels in each well of a 384-well
plate. In a novel triplicate screening paradigm (Figure 2),
either vehicle or a test compound was added to cells
expressing a receptor of interest, such as a GPCR, that has
been loaded with fluorescent dye, Fluo-4. After a brief
incubation period, a submaximally effective (EC20) concen-
tration of the orthosteric agonist was added, followed by a
nearly maximal (EC80) concentration added 1 min later. In
this manner, modern HTS scientists are able to screen for
and identify, classical agonists/antagonists, allosteric poten-
tiators, and antagonists simultaneously, maximizing the
efficiency of each screen and delivering a diverse collection
of hits for the chemists to optimize. This paradigm affords
the medicinal chemists with options, both in terms of
modulatory mechanism for their therapeutic target and in
terms of chemotype, for the lead optimization campaign in
a manner previously unavailable and predicated on the
founding principles of combinatorial chemistry.30

Of course, technology has not only advanced for the
screening of GPCRs but also for kinases and ion channels.
Kinase screening now employs both low and high concentra-
tions of ATP to identify both ATP-competitive and allosteric
inhibitors. Numerous technology platforms have recently
appeared for ion channels targets, such as highly automated

Figure 2. Triplicate screen to identify allosteric modes of target modulation: (black) vehicle along with an EC20 and EC80 of agonist;
(green) wave-form profile of an agonist; (red) wave-form profile of an antagonist (flow-up necessary to distinguish orthosteric versus
allosteric antagonist); and (blue) wave-form profile of a potentiator, also kown as a positive allosteric modulator. A single screen generates
entire spectrum of hits with dramatically different pharmacological effects on a molecular target.
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ion-works and Q-patch, which avoid the need for burdensome
and slow single patch-clamp experiments, which allow for
libraries of analogues to be screened each week against both
open and closed states of the ion channels.25–30 In short, the
science of combinatorial chemistry has fundamentally altered
HTS paradigms.

Solution Phase Parallel Synthesis for Lead
Optimization

The chemical technologies and platforms for chemical lead
optimization have undergone a major paradigm shift in the
past 10 years. In the 1990s, hit-to-lead efforts were driven
by combinatorial chemistry and characterized by large
(1000–10 000-member) solid-phase libraries which required
months to synthesize and characterize.1,31 Often, by the time
the library was ready for screening, the SAR of the program
or the lead series have moved on, and the value of the library
was minimal.1,31,32 Or in the worst case, the library was
screened, but the upon resynthesis of actives, the active
species could not readily be elucidated requiring complex
deconvolution steps and concerns over synergistic efficacy.
As a result, most pharmaceutical companies disbanded their
combinatorial chemistry groups and lead optimization relied
primarily on single compound synthesis or small collections
(less than 12) of compounds. Inspired to make the lead-
optimization process more efficient, while retaining the
classical medicinal chemistry feel, the concept of solution-
phase parallel synthesis began to gain favor, and technologies
rapidly began to accrue to enable this new approach.33–40 In
the last five years, major advances were made in the
availability of polymer-supported reagents and scavengers
and the advent of precision controlled single-mode micro-
wave synthesizers for organic synthesis, along with the
development of robust mass-directed preparative HPLC
purification platforms have revolutionized and accelerated
lead optimization by taking advantage of the science of
combinatorial chemistry.24,33–41

Solution-Phase Parallel Synthesis (SPPS). SPPS employs
the principles of excess from combinatorial chemistry to drive
reactions to completion, but in contrast to classical solid
phase chemistry, the product remains in solution where
reaction progress can be monitored by traditional methods

(TLC, LCMS). Key to the success of SPPS was the
development of both resin-bound reagents and “scavenging
reagents”. Scavenging (quenching) reagents are highly ef-
fective tools for the rapid purification and isolation of the
desired product(s) from a solution phase reaction by forming
either covalent or ionic bonds with excess reactants or
reaction byproduct. In general terms, scavenging can be
considered a “phase-switching” technique, wherein a chemose-
lective reaction is employed to switch the phase of one
product relative to another by virtue of a “tag” attached to
the scavenging reagent.33–41 There are three major classes
of scavenging reagents categorized by the nature of the phase
tag: solid-phase polymers, ionizable functional groups, and
fluoroalkyl chains.33–43 In a typical scenario, an excess of
reactant B is combined with A to provide product P, along
with B and other reaction byproducts X, in a homogeneous
solution phase reaction. Then, B and X are chemoselectively
removed from solution in a subsequent scavenging step with
a scavenging reagent 1 linked to a phase tag. After separation
of the resulting phases, the product, P, is obtained in high
purity by simple evaporation of the solvent (Figure 3).
However, in today’s high-throughput medicinal chemistry
laboratories, all compounds are purified by HPLC to ensure
robust, reliable SAR is obtained and that analytically pure
samples are available for DMPK assays. The only instances
where scavenged-only libraries are employed is hit explosion
from an HTS screen, where SAR is not driving program
decisions, but instead, prioritizing which series to initiate
hit-to-lead programs.

The most commonly used tags are solid-phase polymers,
and hence, a wealth of literature centers on the applications
of polymer-supported scavenger reagents to transfer a captive
species from the organic liquid phase to the solid-phase for
removal by filtration. Indeed, this approach has gained
widespread acceptance because of the commercial availability
of a diverse array of electrophilic and nucleophilic polymer-
supported scavenging reagents, along with an abundance of
polymer-supported reagents. Moreover, because of site
isolation (>99% of functional groups within core of resin
bead), “cocktails” of polymer-supported reagents and scav-
engers can be used simultaneously.33–43

Figure 3. Solution-phase parallel synthesis and phase switching.
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Another commonly used tagging strategy involves linking
a scavenger to an ionizable functional group, such as a
COOH (pKa < 5) or an NR2 (pKa > 10). In this instance,
the captured species can be selectively phase transferred by
either of two methods. Classically, pH-adjusted liquid/liquid
extraction was employed to transfer the desired product into
the organic liquid phase with the tag transferring into the
liquid phase. More recently, solid-phase extraction (SPE) on
an ion-exchange cartridge emerged as a parallel synthesis
friendly approach that transfers the desired product into the
SPE cartridge eluent.36 SPE is a very attractive method for
purification because a crude reaction mixture is simply
applied to a disposable silica plug, grafted with either a
sulfonic acid (SCX ) strong cation exchange) or a tertiary
amine (SAX ) strong anion exchange), and neutral mol-
ecules are eluted off with methanol, while ionizable func-
tional groups are retained on the SPE cartridge. Unfortu-
nately, this strategy impacts the diversity of a library by
limiting the presence of ionizable groups to either neutral
or orthogonally charged library members.37

Fluorous chemistry, pioneered by Curran and co-workers,
represent a third tagging strategy. Relying on the affinity
that fluoroalkyl chains have for each other and the phobia
that they exhibit toward both organic molecules/solvents and
aqueous solvents, researchers began examining fluorous tags
as a means of phase switching.43 Initially, efforts centered
on “heavy” fluorous tags (60% or more fluorine content by
molecular weight, i.e., eighteen or more difluoromethylene,
CF2, groups) that used liquid/liquid phase separation to isolate
fluorous-tagged molecules from untagged organics. Typi-
cally, a three-phase liquid/liquid extraction, requiring an
organic layer, aqueous layer, and a fluorous layer (a
perfluorohexane such as FC-72) delivers pure material. More
recently, fluorous solid-phase extraction (FSPE) employing
fluorous silica gel (reverse-phase silica gel with a fluoro-
carbon bonded phase) has been developed to effectively
separate both “heavy” fluorous-tagged molecules, as well as
“light” fluorous-tagged molecules (4-10 CF2 groups), from
untagged organics. The FSPE columns, referred to as
FluoroFlashcolumns, retain the fluorous-tagged material
when eluted with a fluorophobic solvent, such as 80/20
MeOH/H2O, allowing the untagged organic molecule to
rapidly elute from the column. Homogeneous reaction
kinetics, generality with respect to charged and neutral
functional groups, and a variety of efficient phase-separation
options have spurred a dramatic increase in the development
of fluorous scavenging reagents and protocols.43

Microwave-Assisted Organic Synthesis (MAOS). Mi-
crowave-assisted organic synthesis (MAOS), fueled by the
development of precision controlled, single-mode microwave
reactors with robotic autosamplers for serial synthesis, has
had a profound impact on organic and parallel synthesis.
Reaction times are reduced by orders of magnitude; a
diminution in side product formation is typically observed,
and MAOS reactions are readily scalable. Moreover, MAOS
reactions tend to be general in scope and lend themselves to
the synthesis of libraries to rapidly develop SAR. These
advantages, easily appreciated when considering established
routes with successful reactions, are even more valuable

when working out robust conditions for novel reactions and
allowing one to approach reaction development from a
combinatorial chemistry perspective. Exploratory reactions
can be conducted in minutes to hours instead of days and
speculative, higher-risk ideas can be pursued with minimal
time investment, yet with complete testing of a hypothesis.
Indeed, MAOS allows any chemistry to be pursued in parallel
(via 60-position autosamplers) and allows chemistries his-
torically avoided for library synthesis (mulitcomponent
reactions, organometallics, transition-metal -catalyzed cou-
plings, etc.) to be completed successfully in minutes.24,44,45

Other MAOS instruments allow for parallel microwave
heating employing rotor systems46 or special materials that
allow multiple MAOS reactions to occur simultaneously,47

which work by heating reaction vessels first instead of the
reaction materials themselves as in the serial autosamplers.

Beyond the speed advantage two additional merits of
MAOS and modern reactors should be highlighted: precision
and reaction scope. As has been noted in this text and
elsewhere, the benefits of MAOS have been studied in
multimode “kitchen microwaves” for decades; what pre-
vented acceptance in the wider community was irreproduc-
ibility because of a lack of pressure and temperature control.
In addition, kitchen microwaves use multimode resonators,
which lead to a heterogeneous field and local “hot” spots,
but despite this disadvantage, early work demonstrated the
utility of MAOS. Modern systems (Figure 4) provide a
homogeneous field, precise control of temperature and
pressure, and little resemblance to kitchen microwaves.
Importantly, the mechanism of heating in a microwave
reactor is quite different from classical thermal convection
heating with a heating mantle or oil bath. MAOS relies on
dipolar oscillations and ionic conduction, that is, molecular
friction, to generate heat and afford uniform heating of the
sample. In contrast, conventional thermal heating relies on
heat transfer from the walls of a reaction vessel and affords
nonuniform heating of the sample (Figure 4). This uniform
heating and rapid time to set temperature delivers reproduc-
ible results with fewer side products, and as a result, higher
chemical yields.24

MAOS technology has also significantly impacted library
design and synthesis and can be considered a “diversity
engine”.17 For example, when presented with a small
heterocycle as a hit from an HTS, MAOS technology allows
one to not only rapidly synthesize and evaluate substitutions
on the parent heteocyclic scaffold but also to synthesize and
evaluate multiple heterocyclic templates with diverse sub-
stituents in parallel (Figure 5).44,48 Therefore, a single library
will contain multiple heterocyclic cores, with varying degrees
of basicity and topology, while at the same time broadening
the generic scope for composition of matter patents.44,48 This
is but a single example of how MAOS has influenced and
impacted modern parallel synthesis and is highly reminiscent
of library strategies employed in early combinatorial chem-
istry.

Library Purification: The Evolution of Mass-Directed
Preparative HPLC. Despite the purity obtainable by SPPS
scavenging (typically >90%) and the high purities obtained
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by MAOS (also typically >90%), modern lead-optimization
programs require >95% purity of all compounds that
contribute to the development of SAR and that advance into
DMPK assays. This is in sharp contrast to classical combi-
natorial chemistry where library purity was allowed to dip
to ∼70% in most laboratories, which required resynthesis
to establish robust SAR. In the 1990s, many laboratories
employed UV-directed preparative HPLC and, often, mul-
tichannel units to increase throughput. While this approach
worked, purification of a single sample might lead to >30
fractions per sample, which then required analysis by
analytical LCMS to identify which fractions contained the
desired product.36,49 In 2000, several vendors launched
preparative LCMS units that offered mass-directed fraction-
ation. Now, purification of a single crude sample afforded
only one or two pure fractions, a significant advance. Further
modifications for library purification included DMSO slugs
to bracket sample injections or “at-column dilution” to
provide robust chromatography and prevent in-line sample

precipitation before the column. These modified systems
were capable of purifying, in a single pass, 60-80 com-
pounds per day with purity levels exceeding 98%; however,
the systems required an expert chromatographer to develop
custom gradients for each sample in a library.41,49 Recently,
several vendors launched analytical-to-preparative (A2Prep)
LCMS software packages that addressed the need for a
dedicated, expert chromatographer to operate each prep
LCMS instrument. With analytical-to-preparative software,
a file containing the compound ID and exact mass for each
sample in a library to be purified is uploaded into the
preparative LCMS system, which then electronically accesses
the analytical LCMS data and extracts the retention time of
the mass of interest from the crude sample chromatograms.
The preparative LCMS system analytical-to-preparative
software then calculates a customized gradient for each
sample in a library and therefore reduces the need for an
experienced chromatographer to achieve excellent first pass

Figure 4. Microwave assisted organic synthesis: (A) a single-mode microwave reactor for organic synthesis and (B) comparison of surface
temperature between microwave and conventional heating.

Figure 5. MAOS as a diversity engine to rapidly access diverse heterocyclic scaffolds from common intermediates with abbreviated reaction
times and high chemical yields.
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purification results. This feature also allows the instrument
to run unattended overnight and further increases operational
efficiency.

Modern Postpurification Sample Handling and Com-
pound Characterization. Modern parallel synthesis, that is,
high-throughput medicinal chemistry, laboratories have bor-
rowed a page from the industrial revolution (i.e., the
automotive industry) and developed highly efficient assembly
lines for postpurification sample handling and compound
characterization. Automated weighing systems with bar-code
readers scan and record weights on unique bar-coded vials
into which pure compounds from the preparative LCMS
systems are transferred for concentration in a sample
evaporator (Figure 6). After the drying step, the bar-coded
vials with pure, solid sample are transferred to a liquid
handling robot. This instrument scans each bar code, weighs
the vial, and determines the net weight of the pure product.
This data file is merged with a registration file containing
the molecular weight of the compound, and the system
software then calculates the volume of DMSO required to
dilute the samples to a preset concentration for screening.
The system then dilutes the samples, transfers the DMSO
stock solution to a 96-well plate, and generates an electronic
plate map file for submission to the primary screen, in vitro
drug metabolism assays, pharmacokinetic cassettes, and for
flow-cell NMR (vide infra). With this highly automated
workflow, a single scientist can oversee the postpurification
sample handling of thousands of samples per week.1–5,41

Lack of complete and in some cases any quantitative
compound characterization has been a major shortcoming
of combinatorial chemistry and early high-throughput me-
dicinal chemistry laboratories, which led to poor adoption
by traditional medicinal chemists. Technology has once again
advanced so that every member of a compound library can
be fully characterized to the same standard as a single
compound prepared by a traditional medicinal chemist. After
purification by preparative LCMS, a final analytical LCMS
is generated for each sample at two wavelengths (214 and
254 nM), and also evaporative light scattering detection
(ELSD) is performed. The LCMS vials are then delivered
to a QTOF mass spectrometer system with a 100-position
autosampler and UPLC frontend for accurate mass measure-
ment (high-resolution mass spectroscopy) determinations. 1H
NMR spectra are obtained for each sample. Initially, NMR

tubes were prepared for each sample, and chemists took
advantage of NMRs with autosamplers. More recently, flow-
cell NMR and solvent suppression software allows for quality
NMR spectra to be obtained from DMSO stock solutions in
96-well plate.50 Importantly, this ensures high purity samples,
prepared in directed libraries, to drive lead-optimization
programs and generate quality SAR at the same level as
compounds prepared by singleton synthesis.

Accelerating Drug Metabolism and Pharmacokinetics

Streamlining and reducing drug discovery timelines re-
quires that chemical lead-optimization campaigns involve
more than just target potency optimization. New technology,
inspired by combinatorial chemistry science, allows early
lead optimization campaigns to address and consider multiple
parameters and inputs for each round of iterative library
synthesis. These inputs allow for the rapid development of
potent compounds with drug-like profiles, as opposed to just
compounds with optimized potency. These data also provide
quick kills (go/ no go) to individual leads or series and allow
the lead-optimization effort to redirect resources to more
productive compounds/chemical series.1–5,12–24

A great deal of time, effort, and attention has been applied
to the miniaturization and DMSO compatibility of in vitro
drug metabolism assays with tremendous success. Today, a
48-member library in a 96-well plate of DMSO stock solution
can be rapidly evaluated in cytochrome P450 inhibition
assays (CYP3A4, 2D6, 2C9), protein binding assays (rat,
dog, human), logP, hERG binding, and other standard assays
to assess drugability.12–15,51,52 Previously, medicinal chemists
were forced to select a limited number of compounds to
evaluate in these assays, and often only the most potent
analogs would be chosen for screening. Unfortunately, the
most potent compounds were not necessarily the ones with
the most promise as preclinical candidates. Being able to
acquire these data for an entire library provides opportunities
to pursue leads within a series with the most balanced
potency and DMPK profiles. This is of critical importance
in lead optimization to ensure that drug-like leads are being
pursued and further refined to avoid falling into a potency
well from which drugability is difficult to obtain. Similarly,
cassette dosing of compounds in liver microsomes and
hepatocytes enables evaluation of an entire library in short

Figure 6. Automated sample handling. Custom bar-coded vials, automated weighing stations, and dilution robots enable hundreds of
compounds to be processed and delivered to biologists each day.
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order.12–15,51,52 This is especially valuable in the lead
optimization of a back-up clinical candidate program,
wherein the clinical candidate is the positive control and new
compounds (typically 5-6 per cassette) are viewed quali-
tatively as more or less stable than the first clinical candidate
(Figure 7). Once an in vitro/in vivo correlation can be
established for a given series, these rapid cassette experiments
can drive a lead-optimization program and require only
intermittent in vivo experiments.12–15,51,52

Resource and practical constraints prohibit acquiring single
rat and dog (PK) pharmacokinetics (i.v. and p.o.) for every
member of a library; however, the compound with the best
PK may not be the most potent analog in a library, and
knowledge of this data is crucial for lead optimization. In
fact, chemical lead optimization programs have been guided
solely by optimization of PK. With the success of in vitro
cassette paradigms for microsomal and hepatocyte stability,
the concept was recently extended to in vivo PK in rats and
dogs (Figure 8) so that an entire library could be evaluated
in vivo employing a limited number of animals.12,15,53

However, there are some caveats. Combinatorial oral dosing
to determine oral bioavailability (%F) in cassette format
generally proved to be not very reproducible nor in agreement
with single PK experiments. In contrast, i.v. cassette dosing,
in both rats and dogs, proved highly reproducible and within
the error of a single PK experiment and is a valuable tool to
determine qualitative rates of clearance between five to six
new compounds and an internal control of known clear-
ance.12,15,53 PK cassettes employ an overall low dose of test
compounds to minimize potential drug-drug interactions.
These rapid cassette experiments prioritize which compounds
from a library should then be studied in single i.v./p.o. single
animal PK studies. As shown in Figure 8, compound 2 has
qualitatively lower intrinsic plasma clearance rate in a rat
PK cassette experiment than an internal control compound
with known bid (twice daily predicted dosing) PK (Cl ) 12

mL/min/kg), whereas the other four compounds in the
cassette have higher clearance and need not be studied
further.

Expedited, Closed Loop Work Flow for Lead
Optimization

Combining all of the above-mentioned technologies and
paradigms for synthesis, screening, and DMPK evaluation
affords an aggressive, expedited process for chemical lead
optimization derived again from the founding principles of
combinatorial chemistry.1,16–25 This protocol allows 1–2
synthetic chemists to support a chemical lead-optimization
effort with accelerated timelines delivering proof of concept
compounds within 6 months and clinical candidates within
12 months of the initiation of a lead-optimization campaign.

Independently, the technologies and strategies described
herein provide improvements for chemical lead optimization;
however, when they become closely aligned with screening
and DMPK resources in a closed loop paradigm, the impact
on drug discovery is exponential (Figure 9). Starting from
an HTS hit, considerable attention is first devoted to library
design, without question the most important component of
a successful lead-optimization effort. Library design changes
over the course of a lead-optimization campaign. The initial
design strategy is to explode SAR around a screening hit
and to be as diverse as possible with respect to monomer
input and analog synthesis to rapidly identify productive
changes for further optimization. In addition, this component
of lead optimization is often conducted in parallel, wherein
a single chemist will simultaneously synthesize diversity

Figure 7. Liver microsome cassette experiment. Simulataneous
evaluation of a positive control (or first clinical candidate, compound
1 in the graph above) and five test compounds (compounds 2–6)
from a library in a single-well experiment in fortified rat liver
microsomes after a 2 h incubation period (dog, nonhuman primate,
and human microsomes afford similar results). From this experi-
ment, compound 5 is about as stable as the first clinical candidate
and therefore is an interesting compound. In contrast, compound 6
is unstable in microsomes and need not be considered further. This
rapid, qualitative assessment of stability allows entire libraries to
be evaluated.

Figure 8. Pharmacokinetic evaluation of libraries: cassette dosing
in rats to qualitatively evaluate clearance rates relative to a bid
control compound. In this case, a compound with known bid PK
is employed as a positivie control and five new compounds are
evaluated relative to the control compounds intrinsic clearance.
Compound 2 in the cassette is qualtitatively equivalent or better
than the bid control, so it will be followed up in a single i.v./p.o.
PK experiment. The other four test compounds have higher
clearance than the control and do not need to be evaluated further.
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libraries around four to six hits to expediently identify the
best leads for further optimization. After this initial diversity-
oriented explosion, library design must become more focused
to impact drug discovery goals: random libraries do not
accelerate programs. It is important to approach directed
library design from a medicinal chemistry perspective and
assemble the library as a collection of single compounds
designed to address a particular issue. For example, the
design of a 24-member library should involve careful thought
regarding what would the first four single compounds to
synthesize be to test a hypothesis, increase potency, improve
PK, etc. Then, for each of the first four analogs synthesized,
consider what the next four analogs should be if the first
changes were productive or nonproductive. This exercise in
library design generates quality data that drives a lead-
optimization program toward proof of concept compounds
and clinical candidates very quickly.1,16–25

Another key feature of the closed loop approach to lead
optimization involves division of labor and the transfer of
samples from medicinal chemists to the analytical chemists.
In this paradigm, the medicinal chemists design and syn-
thesize the compound libraries (24-96 compounds) and
obtain analytical LCMS reports for each member of the
library. At this point, the medicinal chemists transfers
the crude samples to the analytical chemists who purify the
libraries by mass-directed preparative HPLC to >98% using
analytical-to-preparative software, perform all postpurifica-
tion sample handling and coordinate submission of samples,
in a 96-well plate format, to the biologists and DMPK
personnel for screening (vide supra).16–25,54 If resources
allow, this division of labor affords opportunities for the
medicinal chemists to focus on library design, develop and
optimize new chemistries, and pursue multiple lead series
in parallel.1,16–25,54

The success of this paradigm hinges on rapid screening
and dissemination of data to the medicinal chemists so that
the next iteration of library synthesis can be initiated. To
facilitate this, the delivery of compounds is coordinated with
the biologists and assays are run the same day that the
compound libraries are delivered. Biological data is then
returned within 24 h of receipt of the libraries. This allows
lead optimization to operate on a one week turn around
between the initiation of chemical synthesis and the genera-
tion of primary assay data. Secondary or selectivity data
typically trail primary data by 1–2 days. As these data trigger
the need for DMPK information, DMPK data typically
follows one week after the initial assay data is obtained.
Overall, this expedited process parallels traditional singleton
medicinal chemistry work flows but generates data on

hundreds of compounds in the time it used to take to evaluate
just a few compounds. Moreover, this protocol allows 1–2
synthetic chemists to support a chemical lead-optimization
effort with accelerated timelines delivering proof of concept
compounds within 6 months and clinical candidates within
12 months of the initiation of a lead-optimization campaign.
It is important to note that this lead-optimization paradigm
requires collaboration, close and frequent communication
with biology and DMPK colleagues, sophisticated data-
bases to store the volumes of data generated, and a major
investment in technology.1,16–25

Conclusion

The science that established combinatorial chemistry
as important new discipline in the 1980s and 1990s, has
re-emerged and infiltrated every subdiscipline within
modern drug discovery and has profound impact. The
application of combinatorial chemistry science has revo-
lutionized high-throughput screening paradigms, chemical
lead optimization, library purification and postpurification
sample handling, as well as in vitro and in vivo drug
metabolism and pharmacokinetic assays. Although no
longer in the spotlight and heralded as the savior of the
drug industry, combinatorial chemistry is alive and well:
actually, combinatorial chemistry science is more prevalent
and widespread than ever before.
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