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Combinatorial synthesis can be conducted in two The lead compounds derived from large molecular
distinctively different ways; the product can be gener- libraries (e.g.. those produced by recombinant techni-
ated either by parallel synthesis so that its components ques) arc generally identified after receptor—affinity
are available individually or it may be prepared as a selection, followed by direct or indirect sequence
mixture of compounds. Maintenance of spacial segrega- analyses. Some libraries are constructed with concur-
ti(m'of the individual reacFion products prov.idcs the rently introduced identifying groups such as peptides,
particular advantage of their dircct comparability, but oligonucleotides, or halogenated aromatic compounds.
limits the size of the number of components for One of the recently explored possibilities to sccure
practical reasons. If mixtures are chosen, this number product identification involves solid-phase synthesis in

may be much larger; lead identification, however, is
then no longer a direct process.

microreactors containing imbedded memory devices,
addressable via radiofrequency transmission to an
external receiver. Alternate provisions for lead identi-
fication, the so-called deconvolution strategics, must be

*Facsimile: (201) 235-2663. ¢-mail: hubert.maehr@ roche.com built into the synthetic methodology.
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While recombinant peptide libraries are expected to
continue to play a crucial role in exploiting potentially
new drug targets resulting from human genomic
research, there is presently a trend toward smaller
libraries, produced on a milligram scale, often as
mixtures, and targeting compounds with molecular
weights usually not exceeding 500 dalton. The building
blocks used in their synthesis deliberately exclude
cncoded amino acids.

Accommodating this trend, the present account reviews
combinatorial technology with the aid of set theory.
Conscquently, concise descriptions of both synthesis
and lead-identification strategies arc possible. The
focus centers on molecular libraries prepared as
mixture whose components are devoid of solid supports
or identifying tags.

1. Introduction

The methods for drug discovery have changed drasti-
cally during the past years. To appreciate and visualize
this change, including the increasing popularity of
combinatorial chemistry, drug research and develop-
ment should be understood as a value-added process.
The intrinsic premarketing drug value (IDV) of an
entity can then be vicwed as a function of a set of
essential steps, s = {sy, s, ..., 3.}, that reflects the drug
research and development phase as shown in abbre-
viated form in Figure 1. For a chemical compound to
acquire the status of a marketable drug, its IDV must be
unity, an cvent that commands a successful outcome at
every challenge point s;. Since s; € {s}, any s; provides
an cssential contribution that must be positive and is
expressed as s; # (). If an event s; = 0 occurs, the 1DV
reverts to zero. The rescarch and development phasc is
therefore afflicted with an inherent propensity for
failure. Moreover, the price of failure increases as the
event s; = 0 moves closer to the final cvent s,,.

The search for a marketable drug should therctore
commence with a large number of chemical entities so
that the probability to find a substance that satisfies the
condition s; # 0 is increased. Once such lead structures
have been identified, a success rate at the challenge
points must be sustained and accomplished within a
predetermined time frame. As a result, rapid, or even
partially concurrent, onslaughts at the challenge points
is essential. The intricacy of the rescarch and develop-
ment phase is underlined by the observation that of
5000 compounds that satisfy the condition s; # 0 only
five enter clinical trials, and of those five only one will
achieve a IDV = 1.! These statistical facts explain the
frequent exploitation of reduced-risk scenarios. One
example is the acquisition of an advanced drug lcad
from an external source. Several members of the set {s}
are then already certified to conform with the condition
s; # 0 and an event characterized as s; = () has not yet
becn encountered. Another one entails the develop-
ment and production of the enantiopurc form of an
existing racemic drug, often referred to as a ‘racemic
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Figure 1. Premarketing drug value as a function of pharmaceutical
rescarch and development activities.

switch’.” Most common, however, is the explosion of
research activity at the periphery of a successful or
promising competitor’s drug in the hope to find an
improved drug version and perhaps even a patent
loophole.

Classical drug research usually starts with novel natural
products or derivatives thereof, or with new chemical
entitics synthesized as well-characterized compounds,
often preceded by elaborate planning stages. These
candidates are frequently tested directly in in vivo
models. Surely, a favorable test result for such a
compound places it relatively high on the IDV scale.
Since the entity exhibited a favorable response in an
animal model, it must have reached efficacious blood
levels, it is obviously devoid of acute toxicity at the level
tested. and molecular optimization may be less im-
portant in view of the individual attention the com-
pound has received.

Modern drug research is based on rational drug design.
The deep insights into biological processes underlying
individual disease states that have been gained recently,
cnables the search for ligands that bind to a ligate such
as a receptor, an antibody, enzyme, transcription factor,
growth factor, or any other consequential host mole-
cule. The ensuing test methods have evolved into
automated high-throughput screens capable of analys-
ing a huge number of compounds in a short time and
gencrating an unprecedented number of compounds
that satisfy the condition s; # 0. Traditionally, a
medicinal chemist produced an average of ca. 30 new
and fully characterized compounds per year. At such a
rate of sample generation it is obviously no longer
possible to provide enough testing material commensu-
rate with the capacity that modern screening facilities
provide. In dircct response to this demand, large sample
quantitics, often mixtures of related compounds, are
gencrated either by some biological system or by
reiterative synthetic processes carried out in the
chemical laboratory furnishing ‘combinatorial libraries’.
Regardless of their geneses, leads from these sources
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will typically enter the IDV scale at a low level: The
successful translation of efficacy in a high-flux bioscreen
to a desired drug action in vivo is highly problematical
and uncertain. Moreover, the chemical constitution of a
library’s member is usually unrefined.

Combinatorial technology”™ serves not only the dis-
covery, but also the chemical optimization of lead
substances and the corresponding efforts difter. While
structural requirements are deliberately vague in the
scarch for new bioactive compounds, encouraging the
use of sizable libraries of elements with widely different
propertics, subsequent drug development is based on
the substantial features of a lead structure that imposes
constraints on the library’s components that need to be
accessible individually. In either case, the transition
from a lead’s chemical structure to that of the final drug
is accelerated if the difference between them is as
narrow as possible, or, expressed differently, if the need
for lead optimization is minimal. The awareness that
research at the s, level is of low risk and that the
original lead structure should be closely related to that
of the final drug, fosters new attitudes. Libraries of
peptides, oligonucleotides, and other linear biopoly-
mers are being de-emphasized. Rather, library con-
struction, even for drug discovery purposes, may
commence with specially selected building blocks, often
not commercially available, with the goal to enhance an
envisioned recognition center or to probe for pharma-
cophoric activity in a broader sense. The use of
privileged elements, frequently reflecting structural
featurcs of natural products or established drugs, are
either incorporated as preformed units by the building
block concept, or generated as part of the library
construction.!™'" These experiments are combined,
with increasing frcquency, with forays into new bond-
formation technologics in solid phase,'*!’ adaptlon of
established tools to combinatorial chemistry in llqu1d
phase,"™' or on soluble polymeric supports,® and
deployment of highly automated and robotic synthesi-
zers.

2. Definitions and Nomenclature

The term combinatorial chemistry has become popular
for two reasons. First, it emphasizes the use of
collections of countable numbers of discrete chemicals
or ‘building blocks’, which are used in synthesis as sets
and where the order in the sct does not matter.
Secondly, the term implies the combinatorial (or
Cartesian) product of these sets to form a new set,
commonly referred to as the combinatorial library.

The mathematical aspects of combinatorial chemistry
can therefore be treated simply by the fundamental
principles of counting. Assume that a molecule com-
prises six molecular subunits to form the sequence X1-
A-X2-B-X3-C. Suppose three of these units are avail-
able in sets (e.g.. A = {A), As, ... , A}, B={B},B,, ...,
B}, and C = {Cy, Cs, ..., C.}) so that A, B, and C are
represented in a, b, and ¢ different ways, respectively.

The term (X1-aA-X3-bB-X5-cC) then portrays all
molecules that can be synthesized from the available
sets, and the resulting collection, the combinatorial
library, contains abc elements.

‘Library’ is a finite set of different but related Synthetlc
products called elements, members, or components.”
‘N’ is a reagent group, that is, a finite set of n different
reagents or molecular building blocks but belonging to a
specific reactivity class (e.g., amines, carboxylic acids,
etc., so that N = {N, N,, ..., N,,}).

Experimental chemistry requires that two types of set N
are differentiated. In one, the elements are present as a
mixture, in the other they are separate from each other,
they are present in individual containers, as it were.
Mathematically, this differentiation can be simulated by
considering N as a set and as a partition of that set,
respectively, where each element occupies one cell in
the partition. Thus, ("N) = {N}, N», ..., N, }, is a finite
set of n components, present as a mixture and in
equimolar quantities. The internal superscript in ("N)
denotes that the elements are present as a mixture.
Such blends are occasionally referred to as cocktails. An
individual member of a set, whose identity is estab-
lished, is distinguished by a subscript, thus N, € ("N)
(i.e., Ny is a known element in the set N, and ® C N C
where & is the null set and € is the universal set that
contains all possible molecular building blocks).
Further, p("N)=p equal parts of the mixture ("N).

We now consider the same set, where the individual
components are present separate from each other, as a
partition of set N containing the maximum number of
cells; the elements are mutually exclusive and their
union is N: "(N) = {(N;), (N2), (N3), ... , (N,)}. The
physical separation of the elements in the set is
emphasized by the superscript outside of the parenth-
eses; this external superscript again reveals the number
of elements in the set. It is also implied that all elements
are present in equimolar amounts.

ABC is a molecule where the molecular moieties A, B,
and C are linked in the sequence A-B-C.

(Ax "By = {Ay By, Ay Bo, ..., A By} (ie., a set of
molecules of the type AB, where A, is known and
invariant but B = {By, By, ... , By}). All eclements are
present as a mixture as su%gested by the internal super-
script at B. It follows that “(Ay B) = {Ak B, Ac B, ...,
ABptiitisa partition of the set (A ’B); the number of
cells in this partition is revealed by the external super-
script b.

(“A "B) = a set (collection, library) of molecules of the
type AB, where all members are present as a mixture;
each A component is covalently linked to a B
component, observing that A = {A|, Ay, ..., A,} and
B = {By, B,, ..., By}. The superscript attached to each
variable molecular moiety reveals how many variants of
it are present within the set. The total number of
elements in the set is the product of the internal super-
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scripts. In other words, (“A "B) represents the
combinatorial (or Cartesian) product of the two sets
A and B, which is the set of all ordered pairs of their
elements, for example, (A/B)).

“A"B) = {(A\B), AB,, ..., A|B,), (A:B1, ABs, .. .
AsBp), .y (AB1, AuBo, ..., ABp)}, that is, “(A "B) is a
partition of the set (“A "B) containing a cells where
each cell is distinguished by a single invariant clemcnt,
A, taken from the set “(A) so that the partition is
appropriately referred to as the A-partition. This A-
partition may also be expressed as “(A "B) = {(A, "B),
(A, "B), ..., (A, "B)}. Analogously, the B-partition of
the same sct takes the form: "(“AB) = {(“AB,), (“AB.),
.., (“AByp)}; here B; is invariant in a given cell, but A is
present as a set. The B-partition contains b cells.

The definition of the combinatorial product of two scts
as the collection of all ordered pairs extends trivially to
ordered triples and z-tuples embracing multidimen-
sional samplc spaces. A library of the molecular type
ABC ... Z, wherein cach position is variable, can thus be
represented by (“A "B “C ... “Z). The total number of
the set’s members is given by the product of the
superscripts associated with the individual, variable
molecular moieties. The absence of an external super-
script indicates that all members arc present as a
mixture.

Of particular interest in combinatorial chemistry is the
arrangemcnt of a set in the form of thosc partitions that
are sorted with respect to the specific molecular
moieties that were employed as reagent groups in the
synthesis. For the general set (“A "B “C ... “Z) these
partitions are as follows:

YA ’I’B ‘C..7Z) = {(A,"B“C ...7°Z),(A."BC..77Z). ...,
(A, "B C ..°7)},

PUABCC...7Z) = {(“AB,‘C..7Z), (“AB-,C ..7Z). ...,
(“A B, °C ... "Z)},

‘“A"BC..°Z)y = {(“A"BC, ..7Z),(“A"BC> ..°Z). ...,
(“A"B C, ...?Z)}, etc., and

“APBC .. Z) = {(“A"BC .. Z), (“A"B ‘C ...
Z,), .. (“A"B“C ... Z.)}.

In the context of this paper, we refer to these specific
clement distributions simply as ‘partitions’. Morc
specifically, the first line represents a partition whose
cells are ordered with respect to the elements of sct A
and is therefore referred to as the A-partition. The
subscquent expressions denote the B-, C-, and Z-
partition of the set. The number of cclls in cach
partition is given by the corresponding superscript.
Mixing the cells of any partition reconstitutes the parcnt
set (“A "B “C .. *Z). Similarly, (X1 X2 *"X3) de-
lincates a partition of the set (°X1 *X2 *"X3) as six cells,
cach containing 20 compounds; these are defined in
terms of X1 and X2, while the multiplicity of 20 is due
to the diversity in X3: 23(X1 X2 *"X3) = {(XI, X2,

UX3), (X1, X2, 2'X3), (X1, X253 2°X3), (X1, X2, 2X3),
(X15 X2, %'X3), (X1, X25 *'X3)}.

The two external superscripts correspond, respectively,
to the first and second variable moieties of the mole-
cular type X1-X2-X3. The term >(X1 X2 *°X3) is thus
E(e))f(cgr;'cd to as the X1, X2-partition of the set (*X1 *X2

Partitions designated by numerical external superscripts
could occasionally be ambiguous with respect to the
correlation between superscript and the corresponding
clement. Internal notations associated with certain
clcmcqts would the'n clarify the situation, so that the
term “*(ABC,Dy “E) unambiguously defines the parti-
tion since C, and Dy refer to individual elements and
are thus invariant, but the term **(ABCD 3E) is
inadequate.

Branched molecules are treated in analogy to the
conventional chemical symbolism, which would denote
2-phenylbutane as (CHs)C(CH3)(C,H5). Branches are
defined by brackets, however. Thus, X[A][B] = a
molecule of the type A-X-B where X is derived from
a bifunctional agent that binds covalently both A and B.
The cxpression A[B][C]|D] symbolizes a branched
specics where A is a trifunctional agent; it is the
branching scaffold from which substituents B, C, and D
emanate.??

It has already been pointed out that the description of a
combinatorial synthetic step usually implies equimolar-
ity of the reaction partners. The conversion (*A) + B —
("AB). therefore, implies a reaction of an equimolar
mixturc of the five members of set (TA) with B,
employing five molecular cquivalents of B with respect
to A;, in the sense of ("A) + 5B — ("AB). The reaction
symbolism remains obviously unchanged if (CA) is
present in solid phase and is allowed to react with an
excess of B to enforce reaction completion.

3. Synthetic Processes

The practical synthesis of organic-chemical combina-
torial libraries requires the concurrent completion of
many similar chemical reactions, for example, “(A) +
"(B) — “’(AB). Libraries of more complicated mem-
bers may require not just one, but sets of consecutively
performed condensation steps employing the products
of the previous set as the educt in the next set. A typical
second coupling reaction could be formulated as
“P(AB) + ¢(C) — “’“(ABC). These condensations
can be carried out either in liquid or solid phase. In one
method, the individual reaction sequences (e.g., A; + B;
— A;Bj, and AB; + Cx — A;B,C,) can be conducted in
scgregated spaces, such as multLple reactors,” pins,* 1"
beads,”>2¢ microre'actors,”‘”'2 tea bags,” and on
macroscopic™"*! and microscopic®* surfaces. This
technique is generally referred to as parallel synthesis.
The term “”“(ABC) reveals the individuality of the set’s
members and attests to the use of this synthetic method.
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Some of the above mentioned spaces in which the
chemical reactions are performed, such as multiple
reactors and tea bags, can also serve for the practice of
the other method, where the individual sets of these
reactions are performed cach at one reaction site,
leading to mixtures of reaction products, for cxample,
(HA) + Bk - (uABk).

The concise descriptions of both the chemical events
leading to combinatorial libraries and the subsequent
lead-identification programs are of profound impor-
tance. Employing the definitions outlined in section 2, a
terminology is now feasible that allows the description
of all combinatorial chemical processes commensurate
with the present state of the art.

To pave the way for further discussions, it is, however,
necessary to categorize the synthetic operations. In a
rudimentary step, pure reactant A reacts with pure B to
yield AB. Since neither A nor B are sets of compounds
(no mixtures are employed), the process is called an M{)
operation. To render the description more general, the
term M{ is further modified to reflect the number of
components that take part in the reaction and are
represented in the product. Thus, A + B — AB is a
two-component condensation, abbreviated as 2C. The
overall process is described as M@-2C. If one of the
reaction partners in a given synthesis is employed as a
mixture, for example. (“A) + B — (“AB), the step is of
the M1-2C category. Analogously, a conversion invol-
ving both educt and reactant as mixtures belongs to the
M2-2C type.™

The conversion (“AB) + (‘C) — (“AB “C) is a special
form of an M2-2C process. The reaction loci in the
members of the set (“AB) are identical and arc only
modified in their reactivity by the variant, but distant, A
moieties. To highlight this special feature, we designate
such a process as M2%-2C. Clearly, an M2*-2C process
may be more manageable in terms of reaction
uniformity than one of the M2-2C category as it
resembles an M1-2C step of the form AB + (‘C) —
(AB “C). The characterization of the steps (“AB) +
“(C) — “(“ABC) as ¢ MI1*-2C operations is sclf-
explanatory.

3.1. M2-2C Syntheses

Multicomponent mixtures can be prepared, in the most
simple case, by the reaction of a mixture of educts with a
reagent group as a mixture, such as (“A) + ("B) — (“A
"B). Let us assume that the synthesis is initiated by the
reaction of one equivalent of a monofunctional starter
unit E (e.g., a functionalized resin) with a mixture of 20
different, monoprotected amino acids, 1:20 equivalent
of each, and the reaction is allowed to go to completion,
E + (*X) — E(*"X). Deprotection and repetition of
the coupling step with the same mixture would now
produce 400 new products, E('X) + (*X) — E(*"X

X), in one step and in one-pot, and after four further
repetitions a mixture of 20° hexapeptides, E(*“X X
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Figure 2. Theorctical number of products (#) derived from typical
combinatorial processcs.

20X 20X X 2X), would result, provided that all
coupling reactions proceeded to some extent. If the
cduct E were bifunctional and not symmetric, allowing
bidirectional and simultaneous chain cxtensions, a
maximum of 20° x 20 = 20° peptide products could
be obtained already after three steps, E[*"X "X
“X][2"X 2"X X]. A hypothetical educt with six equally
reactive and non-cquivalent functional groups could
yield the same number of products,
E2X]PXIPX XX )2, after a single conden-
sation step. Thus, the total number of products P,
theoretically produced is a function of the number of
sequentially performed coupling steps, s, the number of
components, #, employed in each condensation stcp,
and the number of reactive sites (nonsymmetric
branches), b, in the educt. If # is constant during the
entire synthetic scquence, then P = n™. The effect of b
and s on P, where P is expressed as a multiple of #, is
illustrated in Figure 2.

Although leading to a higher degree of molecular
diversity, in a single step, than an M1-2C process, the
disadvantages of M2-2C syntheses in combinatorial
assemblages arc obvious: Each macroscopic condensa-
tion step involves many substrates and rcagents; the
concurrence of ab different rate constants for the
condensation (“A) + ("B) — (“A "B) underlines the
expected difficulty to achieve complete reactions.
Further, an M2-2C process, in its simplest form
produces a mixture of the type (“A "B) without the
intermediacy of the corresponding partitions “(A "B) or
P(“AB), so that identification of the active substance
cannot proceed via their evaluation. Nonetheless, the
‘mixed amino acid method’ has been used in the
synthesis of peptide libraries (section 3.2.3), where the
mixture of carboxyl-activated amino acids are no longer
present in equimolar ratios; rather, the concentrations
are now adjusted to reflect their respective reactivities
(i.e., the concentration of an educt is inversely propor-
tional to the expected reaction rate constant).™ M2-2C
steps are readily identificd by the involvement of
reaction partners, or reaction sites, which are distin-
guished by internal superscripts, for example, (“A) +
("B) — (“A"B), or (A, "B) + (‘C) — (A, "B Q).
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3.2. M1-2C Syntheses

This synthetic category refers to the condensation of a
mixture of components with one particular reactant as
expressed by (‘A) + B — (“AB), or A + ("B) — (A "B).
Although apparently similar, there are profound
diffcrences between these two processes both in terms
of practicality and product constitution. One of these
schemes may be preferred over the other. As an
example, it may be easier to condense a mixturc of
amines with a particular activated ester than to prepare
a mixture of activated esters and to allow the mixture to
react with a single amine. If the element B bears a latent
functional group for further reaction, then a compar-
ison between (“AB) and (A ”B) reveals yet another
important difference: (“AB) may be employed'in M1*-
2C and M2*-2C processes, whereas (A “B) is restricted
to reactions in the sense of MI-2C and M2-2C
operations.

The successful identification of the bioactive compo-
nent in an organic-synthetic combinatorial library is
usually provided by a structured synthetic protoco! that
furnishes at least onc partition of the set. The synthesis
of the molecular library must also procced with an
absolute minimum of side-reaction; any unknown
product that gives a positive response in the screening
phase can cause serious complications. A simple, but

l

ingenious solution to achieve the result of an M2-2C
process with maximum reaction homogeneity, but
employing an M1-2C protocol, has been advanced by
Furka et al.**~® and was termed PMM (proportioning-
mixing method). The method is also known as ‘divide,
couple, and recombine™’ and ‘split synthesis’.*® An
application of the method is shown below in section
3.2.1.1; it is applicable to solid and liquid-phase
syntheses alike, but offers particular advantages for
the solid-phase technique; there is the facility of easy
portioning, and further, a set of reactants linked to a
solid support can be deprotected as a mixture and
subjected repeatedly to condensation conditions until
all resin-bound reactant sites have reacted.

3.2.1. Synthesis of the last partition of a set.

3.2.1.1. Split synthesis on solid support. The synth-
esis of the library (A °B °C) serves as an example and is
illustrated in Figure 3. Element assembly involves the
addition of B to A and C to AB. The molecular moieties
A, B, and C are each present in sets of five. Con-
struction commences by attaching the members of the
first rcagent set, °(A), to the solid support, R. This is
accomplished by dividing the solid support into five
equal portions and to couple cach with the individual
members of the set °(A) until the reactions are
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Figure 3. Synthesis diagram of the C-partition of the set ("A °B °C). The building blocks of type A are symbolized by triangles, B by rectangles,
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shown.
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complete: SR + *(A) — R °(A). The five resin batches
are combined, mixed, and redistributed into five equal
parts: R °(A) — 5 R(°A). The latent functionalities in
the A moietics are then activated, either at this time
point or prior to the redistribution, and each portion is

coupled with a different member of the second set *(B):
5 R(’A) + °(B) — R (CA B).

As apparent, the resin-bound moieties that participate
in this coupling step differ from each other, as they are
derived from the set ("A), but onl! one particular
component B recacts with cach R(A) aliquot. The
condensation with the individual components of the set
’(B) can therefore be repeated, if required. The
contents of the five reaction vessels are combined,
mixed and redistributed into five cqual parts: R (CA B)
— 5 R(°A °B). The deprotection and condensation step
with the individual members of the new set °(C)
Proceeds according to the expression 5 R('A °B) +
(C) — R (A °BC). Cleavage of the individual
rcaction mixtures from the solid support affords the
last, or C-partition of the sct, °(°A *BC) and blending of
the five cells yiclds the set (CA °B “C).

In summary, the library (‘A "B C) is assembled by two
M 1-2C protocols, ("A) + *(B) — *(°AB), and (A °B) +
(C) — °CA °BC), involving a total of 2 x 5
condensation reactions. Assuming ideal conditions for
all reactions, the mixture (°A B >C) could be prepared
by two M2-2C processes involving only two consecutive
coupling steps, virtually in a one-pot process, as follows:
(CA) + °B) — CA"B): CA"B) + (°C) — (°A "B °Q).

3.2.1.2. Split synthesis in liquid phase. While react-
ion completion can be enforced on solid supports by
repetition of the individual coupling steps, for example,
R(“A "B) + C; — R(“A "B()), to arrive eventually at
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the conversion R(“A "B) + “(C) — R “(“A "BC), there
is no practical equivalent for reactions in solution. M1-
2C processes in liquid phase are only successful under
prevalence of favorable condensation conditions for all
set members that take part in a library construction and
must therefore be preceded by meticulous process
development.*

Depending upon the actual chemical steps involved, the
schematic plan for the liquid-phase synthesis of the last
partition may be as described in section 3.2.1.1 or may
be a modified version thereof: Without the need to link
one reagent group to a solid support, the construction
of the set ("A °B °C) can also commence by pooling the
elements of the reagent set °(B) and redistribution of
the mixture into five equal parts. Each part is then
allowed to react with a specific member of the set *(A):
3(A) + (°B) — (A °B). The five reaction mixtures are
combined and their latent functional groups activated,
(A "B) — (°A "B); the bulk is redistributed into five
equal parts and each part is then cougled with a specific
member of the set °(C): 5 A °B) + °(C) — A °BC).

3.2.2. Synthesis of the penultimate partition. The pen-
ultimate partition of the example set is >(CAB °C) and
its synthesis is shown in Figure 4. As revealed by the
notation, the synthesis requires the intermediacy of the
partition (CAB) of the set (A °B). Two reasonable
avenues, adaptable to both liquid- and solid-phase
methods, lead to the goal. The first one Proceeds by the
condensation *CAB) + (°C) — “(CAB °C) as shown in
Figure 4. It should be noted that this step is of the M2*-
2C type; each cell of the set *(PAB) comprises members
with a unique moiety B; that undergoes bond formation.
Clearly, repetitions of the condensation step with (°C)
to enforce reaction completion is not acceptable. The
advantage of enhanced product uniformity in the
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Figure 4. Synthesis diagram of the B-partition of the set (*A °B °C). For symbol legend see Figure 3.
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sccond one, prefcrably conducted on solid support, is
compromiscd by the need for robotics, especially for the
construction of larger libraries. The process commences
again with the partition R *(CAB) whose ccll contents
arc condensed individually with the elements of the
reagent group C: R °(CAB) + (C) — R **(ABC). The
reactions involved are of the M1*-2C typce and the
resulting products represent the B,C-partition of the sct
R(°A °B °C):

R *(PABC) =

{RCAB,C)). RCAB,C,).
RCABLC)), RCABLCy),
R(AB;C)), RCAB:Cs),
RCAB,C)). R(CAB,C-),
R(CABsC)). RCABCa),

R(ABCs):
R(AB-Cs):
RCAB:Cs);
REABLCs):
R(CAB:Cs)}.

R(PAB,C3),
RCAB-C;),
RCAB:C3),
R(PAB4C»),
R(FABsC),

R(AB,C,),
R(AB,C,).
R(PAB:C,).
R('ABLC)),
R('AB:CY),

The rows of this table can be summarized as SR(CAB;
°C) = R(PAB °C), and the columns as SRCA B C)) =
R °(°A °BC) where B; and C; represent any specific
element of the sets (°B) and (°C), respectively. In other
words, the contents of the 25 vessels can be sorted and
pooled with respect to either B or C, leading to the B-
or C-partition, respectively. The process of sorting and
pooling with respect to B implies the combining of
those containers with variable C but invariant B
clements, and corresponds to pooling along rows: R
(ABC) — {R(AB, °C), R(°A B, °C), RCAB; ),
R(°AB, °C), RCABs "C)} = R (CAB “C), which is the
B-partition of the set. Sorting and pooling with respect
to C implies the combining of those containers with
variable B but invariant C elements; that is, pooling
along columns leads to the C-partition: R *"(PABC) —
{R(CA "BC,), RCA "BC,), R(A *BCs), R(CA "BCy).
R(’A "BCs)} = R *(°A "BQO).

3.2.3. Synthesis of the other partitions. The stratcgies
for syntheses in solid and liquid phases are alike. The

4 q 4

(°B)

synthesis of the A-partition of the set (’A °B°C), which
is (A "B °C), requires *(A °B) as educt. Coupling of
cach cell of this partition with each member of the set
(C) furnishes 25 reaction mixtures in the form of the
A,C-partition, *(A *B) + 3(C) — %A °BC) and is
summarized below:

*YA TBC) =

{(A1'BCp). (A 'BCa). (A °BCi), (A, °BCy), (A “BCs)
(A2 "BCy), {A:°BC2). (A2 °BC3),  (A:2°BCy).  (A: *BCs);
(A5 BC)). (A3"BCy), (A3 'BC3). (A3 °BCy),  (A; "BCs);
(A "BCD. {A4TBCy). (A 7BCi), (A4 BCy),  (As "BCy);
(As “BC)), {As°BCs),  (As “BCi),  (As “BCy),  (As "BCs)}.

The rows of this table can be expressed as (A; °B 5C)
= (A °B °C), and the columns as £(°A *BC)) = °(CA
"BC). Subsequent sorting and pooling with respect to A
(pooling along rows) leads to (A "B °C). Figure 5
shows the product distributions of the final and
intermediate set partitions.

Employing the principles of the split synthesis renders
the last partition of any set directly. The synthetic
complexity for the production of other partitions of the
set (“A "B “C ... *Z) increases with increasing distance
from the last, or Z-partition. The schematic protocols
for the synthesis of all partitions of the set (“A ”B “C
“D), inclusive of M2-2C processes (shown in dotted
lines), are summarized in Figure 6.

If the use of the set (‘D) as the reagent in an M2*-2C
process is chemically feasible, the C-partition synthesis
involves only ¢ reactions 'in addition to those that
produced the intermediate “(“A "BC). Should it be
required that each cell of the intermediate partition
‘(“A "BCQ) reacts individually with the members of the
set Y(D), then cd additional reaction steps are necessary.
The B-partition, ”(”AB ‘C), can be obtained either in b
steps using (“C) or in bc steps utilizing the individual
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Figure 5. Synthesis diagram of the A-partition of the set ("A "B “C). For symbol legend sce Figure 3.
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Figure 6. Synthesis diagram of the A-, B-, C- and D-partitions of the set (“A "B “C “D). The synthesis of the D-partition by the split synthesis is
shown horizontally. the others vertically. 2 mix all cells, -« : redistribute into ¢ equal parts, [A]: combine with respect to A.

members of the set “(C) with "“(“ABC) as intermediate.
The synthesis of "(“AB “C “D) proceeds in bd steps via
the B,D-partiton. Similarly, the A-partition synthesis
requires a steps toward “(A "B), ac steps to “(A "B <C),
and ad steps to “(A "B “C “D).

Unless the sets involved in the combinatorial processes
are small, syntheses of partitions other than the last and
penultimate one, must rely on the use of robotics. It
should be mentioned, however, that M2-2C processes
have been employed, apparently successfully, in the
constructions of all six partitions of hexapeptides®**"~**
and orthogonal combinatorial libraries*’ as elaborated
in sections 3.1 and 4.4.1, respectively.

3.3. M(-C2 Syntheses

The rudimentary chemical reaction between two sets of
compounds that are present each as single entities and
applied as such in synthesis, is an important operation
in combinatorial chemistry and is generally referred to
as parallel synthesis. Sets of advanced lead candidates
can no longer be tested as mixtures; consequently, final
lead optimization is typically accomplished using M
processes to obtain products such as “(AXy) and
“P(AX\B), where X, may be a pharmacophore and A
and B modifying groups thereof. The intended product
diversity is now more restricted and usually focused on
a specific molecular feature.

To build the array, each element of the set “(A) is
divided into b equal parts and each aliquot is placed
into an individual chamber of a multiple reactor where
it is allowed to react with a specific element of the set B.
The corresponding conversions can be summarized as

“(A) + "(B) — “’(AB). Condensation reactions of
these types are used not only for biological evaluation
but also for the construction of certain set partitions as
discussed in sections 3.2.2 and 3.2.3. Selective pooling of
reaction products mimics M1-2C and M2-2C processes
with complete reaction control.

3.4. Multicomponent condensations

Multicomponent condensations can be used to great
advantage in the generation of libraries as shown by
Armstrong.'* Description of the processes can be
readily accommodated with the available tools. Al-
though multicomponent condensations are typically
conducted in multiple reactor arrays using single
entities each as reaction component, the use of mixtures
in not inconceivable. Thus, a C3 process, such as an
azomethine—ylide cycloaddition to an alkene, employing
1/2 equivalent each of two different aldehydes (A) but
using the B-aminocarbonyl (B) and alkene (C) compo-
nents as single entities, can be described as

(*A) + B + C — (CABCy)

and the category as M1-C3. Similarly, an Ugi reaction,
normally conducted as an M{)-4C step could be carried
out as an M1-4C process by employing a pair of
carboxylic acids while maintaining one amine, ketone
and isonitrile component each. If carried out in a 96-
well format, employing 192 different acids, one reaction
set would furnish 192 products in pairs: “°(PA) + By +
C, + Dy — *(PAB, C\ Dy).
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4. Identification of Active Components

As one departs from the straight-forward evaluation of
libraries whose components are individually addressa-
ble (e.g., those obtained by multiple M processcs) it
becomes necessary to find the active components in
mixtures, such as sets of reaction products or partitions
thereof. The evaluation of these mixtures requires a
number of assumptions concerning both their syntheses
and the biological assays employed. We have to assume
equimolarity of the set’s elements, absence of interac-
tions between them, and perfect conduct at binding
sites during the assay. Most notably, it is presupposed
that the building blocks’ contributions to the bioactivity
of each member of the set are specific and additive.
Ideally, the number of bioactive members of a library is
relatively small and the differences in bioactivities arc
large.

Attempts to identify the most bioactive member in a
library of compounds such as ABC ... Z focuses on the
relative contributions of building blocks represented in
each variable position. Bioassays of set partitions that
are ordered with respect to the sets of building blocks
used in the synthesis, will identity subsets of building
blocks that are of relevance. Such a subsct of building
blocks is designated iy, where the subscript identifics
the original library partition from which the subsct is
derived; thus, iy € N = {N;, N,, ... , N,}. Lead
identification from the combinatorial product of these
subsets is based on the fundamental theorem in
combinatorial analysis: given o elements in set is, B
elements in set ig, etc. and ® elements in set iy, there
are o0 x B x .. x o ordered Z-tuples (“A PB ... ©Z)
representing the pool of lead compounds. Since the
bioassay of a set partition not only identifies the cells of
biological significance, as specified by iy for the N-
partition, but also provides a quantitative measure, the
combinatorial product of these sets can be ordered with
respect to the magnitude of the predicted bioactiv-
ities.** Applications of this concept will be illustrated in
the following sections.

4.1. Evaluation of all partitions

The simultaneous analysis of all partitions is unique in
two aspects. First, the entire selection process is based
on the presence of all combinations of building blocks,
and secondly, the process can be completed in one step.
The method was first used by Houghten in his
‘positional scanning’.*"*? Let us first use a probability
argument to elaborate on the concept of lead identifica-
tion by analysis of all partitions. For simplicity, we
assume that only one bioactive substance is present in
the entire library. The synthesis of all partitions of a sct
such as (“A *B °C) provides (a + b + ¢) cells comprising
a total of abc components. If one would randomly select
a single member from the set (“A ”B “C), the probability
to choose the ‘active’ one in one trial is l/abc. If the
bioscreen highlights a particular cell of the A-partition,
the probability P, to find the active component in that
cell by randomly choosing one member, is 1/bc.

Similarly, the cell of the B-partition that exhibits
bioactivity allows selection of the active compound with
a probability Pg = 1/ac, and from the analogous cell of
the C-partition with the probability P = 1/ab. Using
the assay results of the A- and B-partitions, limits to two
the number of cells from which the active compound
can bc selected. The corresponding probability for the
correct choice is now increased to Pag = Pab = 1/c. A
correct selection based on two bioactive cells, one from
the B- the other from the C-partition, occurs with the
probability Pgc = Pyc = 1/a. If the screening results of
all three partitions are available, there are three cells from
which the active compound can be chosen, one cell from
cach partition, and the probability to correctly identify the
active substance is Pabc = Pgac = Pcab = 1.

In reality, however, an ‘active’ library can typically show
significant biological responses in many cells of a given
partition thus complicating the selection process.
Returning to the example set (CA °B °C), we first
assume that the mixture elicited a positive response in a
bioscreen. The A- and B-partitions (Figs 4 and 5) werc
then synthesized and evaluated simultaneously with the
already available C-partition (Fig. 3). Figure 7(A) illus-
trates the corresponding hypothetical screening results.

Cells with low bioactivity are typically ignored but for
argument’s sake we shall consider first all, and then
parts of the available data. The search for the lead
candidate of the library ("A °B °C) is then equivalent to
the task of identifying and finding one particular cm® of
space, representing the most bioactive molecule A;B;Cy,
in a cube with a volume of 125 cm® which defines the
sample space. In addressing such a situation we have to
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Figure 7. (A): Assay results of the'A-, B- and C-partition of the set
(°A "B °C); (B): Lead identification via the combinatorial product
ia X ig X ic. The sets i, shown as coordinates, are derived from the
assay data of the corresponding partitions.
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build the combinatorial product of the entire sample
space, ia x ig X ic, wherein each set contains the same
number of elements as the cells of original set partition
used for the assay. This combinatorial product, accom-
modating 5° ordered triples, each representing an
element of the library, is illustrated in Figure 7(B).
The A-, B-, and C-partitions provide the three co-
ordinates, and hence the exact location, of each
individual cm?® of space, and the assay results, in the
form of the three sets ia, ig, and ic, quantify the entries
on each coordinate. For example, compound A;B;C,,
expected to derive its bioactivity from contributions of
its building blocks in the three increments proportional
to 18, 40, and 10, should exhibit the theoretical value of
68:(3 x 25) = 0.9. The compound represented by the
neighboring cube, A;B,C,, would receive the value (18
+ 20 + 10):(3 x 25) = 0.6, and so on. The predicted
sequence of the elements of the set (A °B °C) ranges
from the most active component AsB;C, with a value of
1.3 to the least active A4B;C; with a value of 0.3. The
compilation is most easily accomplished via a tree
diagram in a spread-sheet program such as Excel or
Lotus. Allowing a short notation for specific elements,
for example A4B;C; = 431, the 12 leading components
in the example set, by considering all available assay
values, are 512 > 515 > 312 > 542 > 315 > 545 > 112
> 342 > 522 > 212 > 115 > 345. Upon reduction of the
sets of the type in, which are employed in the cons-
truction of this virtual pool of bioactive substances,
fewer members are contained therein, and, as antici-
pated, the predicted sequence within the selection
exhibits some alterations. With a threshold value of
20, for example, 12 lead candidates can be predicted on
the basis of iA = {A5, A3}, iB = {Bl, B4, Bz}, and i(‘ =
{C,, Cs}, and their order is 512 > 515 > 542 > 312 >
545 > 315 > 522 > 342 > 525 > 345 > 322 > 325. The
sequence reveals the unchanged dominance of the
previously identified two leads. Restricting the subsets
further and allowing only As, By, and ic = {C5, Cs} to
enter the combinatorial product, limits the prediction to
the two candidates, 512 > 515, which are accentuated in
Figure 7(B).

In view of the experimental effort required for the
synthesis of the partitions other than those of the Z-
and (Z-1)-type, this method of lead identification is
obviously attractive if the library under investigation has
only two variable elements. The hypothetical assay
results for the A- and B-partitions of the example
library (A °B) are shown in Figure 8(A). Lead identi-
fication by construction of the product sct in x ig as
depicted in Figure 8(B) is now particularly simple in
view of its two-dimensional nature. By considering a
threshold value of 14, two sets are obtained, ia = {A,
Az} and ig = {B,, B4}. The line intensities shown in
Figure 8(B) are directly proportional to the bioactivities
of the cells of the corresponding partitions, so that
intersections of bolder lines reveal elements of higher
bioactivity as emphasized by larger circles, suggesting
the sequence A;B; > A,B; > A3B, > A,B,." The
power of this method has been recognized and demon-
strated. In one example an amide/ester library of the
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Figure 8. (A): Assay results for A- and B-partitions; (B): Identifica-
tion of bioactive components via the combinatorial product of sets ia
= {As A3} and iz = {Ba, As}.

type (*’A *’B),*" in another, a carbamate library (°A °B)
was evaluated.*

4.2. Evaluation of the last partition followed by set
reductions*®

Since the last partition of a set is most readily obtained
synthetically, it is advantageous to build the identifica-
tion protocol on the corresponding intermediate sets.
To illustrate the concept, the synthetic example
described previously would typically be studied accord-
ing to the diagram shown in Figure 9(A), where the
actual synthetic steps employed in the construction of
the general library (“A °B C) are delineated by solid
lines. The first step in the identification process
invariably involves the analysis of the C-partition (e.g.,
Fig. 3). The test results will then establish the C-moiety,
Cy, or an entire subset ic whose members contribute
significantly to the bioactivity. The next step commences
with the A-partition of the set (“A “B). Each cell of this
partition is allowed to react with the selected member
Cy of the subset ic to lead to the A-partition of the first
reduced set, “(A "BC,). The assay results of this
partition will then identify the set in. To identify ig,
the second reduced set in the form of the partition
P(ABCy) is required. The syntheses commence with
the most grominent member Ay, which is allowed to
react with ”(B), to give the partition °(A;B), where A, €
ia. Further couplings with C, complete the partition of
the second reduced set “(ABCy). Its evaluation
identifies iz and hence predicts a lead candidate
ABCy = ABsC, as seen in Figure 9(B) for the
example set (°A "B °C).
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In section 4.1 we pointed to the advantage of the
simultaneous availability of the entire three-dimen-
sional sample space containing abc elements. Inspection
of Figure 9(B) illustrates how specific, consecutive
selections, one from each of the sets ic and ig, gradually
reduce the sample spaces that are available for the
selection process. Once a single unit from the set ic has
been chosen (e.g., C,) the remaining sample space
contains only ab elements, and after a further, single
selection from the set ig (e.g., Bs) only a elements
remain as defined by the partition of the second
reduced set.*” As a result, the set i, is biased by the
previous selection Cy from ic, and ip is prejudiced by
the selection of Ay from is. One could therefore argue
that the generation of a series of lead candidates, by the
inclusion of these sets iy and ig in the combinatorial
product iy x ig X ic, may be flawed as it does involve
the recreation of a three-dimensional sample space
containing two subjective coordinates. Under the
assumption of building block additivity, however, the
simulation of the three-dimensional sample space
embracing all abc elements is permissible. Clearly, the
identification of a lead candidate is of primary concern
in a deconvolution strategy. Predictions of the order of
the library’s elements in terms of their bioactivitics,
however, can be a powerful tool for the discovery of
trends within the set. The succeeding paper provides an
illustrative application of this method.””

With the aid of the tools described, the lead identifica-
tion program of a more complex library can be

A e s a B A B A B Oy

- T i 4 i |

v 2 Ci l-mmmmme 1 -----s !

b(A;: B) ': H (‘A bB cc) -
G |

v
v memee- %A "B C,) = A-partition of 1. reduced set
A, B C,) = B-partition of 2. reduced set
1

leee 3= > (Ak By Ck)

iy

R
! } }!i}inl il

Element in set iy Element in set i,
derived from 2. reduced set  derived from 1. reduced set

r
I

N b wON =

UOHILEY-D) WIOJ] PBALISP

|
)

i

!
|

J1 J8s Ul juswei3

Figure 9. (A): Identification of bioactive components in the set (‘A "B
‘C) by evaluation of the C-partition, followed by partitions of two
reduced sets. Solid lines show the synthesis of the original library and
its C-partition, dotted lines indicate the generation of the reduced
sets, and dashed lines portray the action sequence after the library was
shown to be bioactive; 1: test C-partition to get Cy, 2: test partition of
first reduced set to get A, 3: test partition of second reduced set to get
By. (B): Example of lead identification in set (°A B °C) commencing
with the assay data of the C-partition (ic = C,), followed by the first
(in = As) and the second (i = B,) reduced set revealing the lead
AsB,Cs. The bioassay data for the two reduced sets are assumed to be
identical with those of the A- and B-partitions shown in Figure 7.

described analogously. Consider, for example, a library
of 8000 hexapeptides containing 20 different amino
acids. Let us assume that the members of this set are
defined in terms of three amino acids (B;, B, and B3)
but contain the preceding three (X1, X2, and X3) in all
possible arrangements. The construction of this set
(X1 X2 X3 B,B,B3) can be accomplished by
application of the %plit synthesis leading first to the X3-
partition, 20(20X1 20%2 X3 B,B;B5;). The assay results of
this partition will point to the set ixs from which X3,
can be selected. A return to the X2-partition of the set
(X1 2°X2), available from the s(ynthesis of the original
set, will permit the reactions ’(**X1 X2) + X3, —
(X1 X2 X3,) and consecutive condensations with
B,, By, and B; furnish the partition 2°(*"X1 X2 X3,
B,B,B;) leading, based on the bioassay, to the set ix»
from which X2, can be chosen. The next step
commences with the set 2°(X1) whose members are
consccutively coupled to X2, X3y, By, B,, and Bj,
furnishing ixs and X3, via 2°(X1 X2, X3, B;B,B;).

Reduced sets as a tool in lead identification were first
used by Geysen as part of the mimotope strategy,’'~?
also referred to as ‘iterative deconvolution’.>?

4.3. Evaluation of the last and penultimate partitions
followed by set reductions

As discussed previously, lead identification is acceler-
ated by the simultaneous analysis of all partitions. One
of the disadvantages associated with this approach lies
in the relative inaccessibility of partitions that are
remote from the last one as illustrated in Figure 6. The
penultimate partition of any set of the type *(.. "X Y
*Z), however, may be accessible either by the reaction

X Y) + CZ) = (XY 7Z), or (X Y) + A(Z)

- Y XY Z) - (.. "X Y *Z) involving M2*-2C or
M1#-2C processes, respectively. Two partitions of the
set can then be evaluated simultaneously, so that the
identity of iy and iz become known at the outset.
Building on the resulting optimized terminal sequence
Yy Z,, the assay results of the first reduced set,
prepared according to *(X) + Y. — *(XYy), and

“(XYy) + Zy — (XY, Zy), furnishes the set ix from

which Xy is selected. If a library has additional variable
positions, the protocol of reduced-set synthesis is self-
explanatory, for example, (W) .+ Xy — "(W Xy), “(W
Xk) + Yk s W(W Xk Yk), and W(W Xk Yk) + Zk — W(W
Xk Yk Zy), leading to iw and Wy.

The diagram of the synthetic processes and the
contribution of the products toward the identification
of the bioactive member is illustrated as a simple
example in Figure 10(A). Returning again to the
example library (A °B °C) and using the assay data
shown in Figure 7, the B- and C-partitions furnish,
considering a threshold value of 35, ig = {By, B4, B2}
and ic = {C,, Cs}. Their combinatorial product
identifies six ordered pairs, shown as B,C, > B,Cs >
B4Cy > B4Cs > BzC2 > B2C5 (Flg 10B)
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Figure 10. (A): Identification of bioactive components in the set (“A
"B “C) by evaluations of the C- and B-partitions, followed by the
partition “(ABy, Cy) of the reduced set. For line legend see Figure 9; 1:
test C-partition to get C,, 2: test B-partition to get By, 3: test partition
of first reduced set to get Ag. (B): example of lead identification.

Each of these could be used as educt for the syntheses
of a reduced set of the type “(AB;C;) furnishing, upon
bioassay, a set ia. Restricting the choice to the most
prominent pair, namely B,C,, suggests synthesis of a
reduced set in the form of the partition *(AB;C,).
Biological evaluation identifies i = {As, As} and
hence the lead candidate AsB,C,.>* As illustrated in
Figure 10(B), this method of analysis again reconsti-
tutes a three-dimensional sample space generated by
the product of igc and the ir-axis.”® Of these multi-
plicands, the ig, ic-plane is generated in the presence of
all elements; the axis represented by the set i, however,
is based on a specific selection from the set ig ¢ and is
therefore biased by this choice. Thus, the resulting
three-dimensional sample space contains only one
subjective coordinate. Discounting the effort required
for the synthesis of the last and penultimate partitons,
this method of prediction of the leads’” order should be
an attractive tool.

4.4. Evaluation of orthogonal partitions

4.4.1. Orthogonal partitions of the entire sample space.
As outlined in section 3.1, M2-2C synthetic processes
can generate large libraries entailing a minimum of
experimental effort. Since the mixtures are generated in
one step, lead identification would pose a particularly
complex situation, especially if large reagent sets are
involved. Addressing this problem, Tartar et al.*’
proposed a theoretically interesting application of M2-

2C protocols. Consider the synthesis of the library SZSN
N #N) by the two steps ( SNQ + (®N) — (®N *N)
and (*N #N) + (¥N) — (¥*N N ®N). Assuming ideal
reaction conditions, the resulting product would con-
stitute a mixture with 15,625 components but lacking a
rational avenue for lead identification. Thus, the
required reagent set “(N) = {a, b, ¢, d, ... , y} is
partitioned into five cells according to the diagram
shown in Figure 11, so that *(N) = °(°N), where °(°N)
=5(A) = {Al, A2, A3, A4, A5}, and the subsets Al =
{a, £, k, p, u}, A2 = {b, g, 1, q, v}, etc. We refer to this
partition of the set >(N) as ‘type A’ to accommodate
the letter used by the authors. The partition of set N is
then repeated, ‘orthogonally’ to the one of the A-type,
as revealed in Figure 11: (N) = >(°N), where (°N) =
5(B) = {B1, B2, B3, B4, B5}, and the subsets Bl = {a,
b, ¢, d, e}, B2 = {f, g, h, i, j}, etc. We refer to this
partition of the set *(N) as ‘type B’.

As a consequence of the orthogonal relationship
between the A- and B-type partitions, each cell of the
type-A shares exactly one element with any cell of the
B-type partition. The cell Al = {a, f, k, p, u}, for
example, shares only the element f with the cell B2 = {f,
g, h, 1, j}. Each of the five cells of the A-type partition is
then condensed, by application M2-2C protocols, with
each of the cells of the A-type partition to furnish 25
mixtures of dimers embracing all possible arrangements
of the A-cells, ranging from (Al Al) to (A5 A5): Al +
Al — (Al Al), Al + A2 — (Al A2), etc. Let A
represent any column, and B any row in the orthogonal
partition of the set N (Fig. 11), so that ’(A) = 2A and
"(B) = XB, then the synthetic array of dimers is
identical with the Cartesian product *(A) x (A) =
*>(AA); since °(A) is actually a partition of N containing
five cells, there are 25 mixtures of dimers and since each
of these cells is represented by five building blocks,
there are 25 x 5 x 5§ = 625 dimers of type N;N;
contained therein. In other words, the product array is a
partition of the set (**N #*N). Further condensations of
each of these 25 mixtures with all five cells of the A-type
Eartition, individually, then yields the product *(A) x
°(A) — '*(AAA) in the form of 125 mixtures of trimers

S(A)
A1 A2 A3 A4 A5

(811 a|1 b ¢ 4dée
B21f g h i |j
*B){B3{k I m n o
B41 p r s t
LBS— u v w X Yy

Figure 11. Orthogonal partition of the set *(N) = {a, b, ¢, d, ..., y}.
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as shown below. Each of these 125 mixtures contains
components with three variable positions, represented
five times each, so that there are a totalof 125 x 5 x 5
x 5 = 15,625 individual compounds present.

(Al Al Al) (Al A2 Al) (AL A3 Al) (Al Ad Al) (Al AS Al)
(Al Al A2) (Al A2 A2) (Al A3 A2) (Al A4 A2) (Al AS A2)
(Al Al A3) (Al A2 A3) (Al A3 A3) (Al Ad A3) (Al A5 A3)
(Al Al Ad) (Al A2 Ad) (Al A3 Ad) (Al Ad Ad) (Al AS Ad)
(AL Al AS) (Al A2 A5) (Al A3 AS) (Al Ad AS) (Al A5 AS)

(A2 Al Al) (A2 A2 Al) (A2 A3 Al) (A2 Ad Al) (A2 AS Al)
(A2 Al A2) (A2 A2 A2) (A2 A3 A2) (A2 Ad A2) (A2 AS A2)
(A2 Al A3) (A2 A2 A3) (A2 A3 A3) (A2 Ad A3) (A2 AS A3)
(A2 Al Ad) (A2 A2 Ad) (A2 A3 Ad) (A2 Ad Ad) (A2 A5 Ad)
(A2 Al AS) (A2 A2 AS) (A2 A3 AS) (A2 Ad AS) (A2 A5 AS)

(A3 Al Al) (A3 A2 Al) (A3 A3 Al) (A3 Ad Al) (A5 A5 Al)
(A3 Al A2) (A3 A2 A2) (A3 A3 A2) (A3 Ad A2) (A5 AS A2)
(A3 Al A3) (A3 A2 A3) (A3 A3 A3) (A3 Ad A3) (AS AS A3)
(A3 Al Ad) (A3 A2 Ad) (A3 A3 Ad) (A3 Ad Ad) (A5 AS Ad)
(A3 Al AS) (A3 A2 AS) (A3 A3 AS) (A3 Ad AS) (AS A5 AS)

(Ad AL Al) (A4 A2 Al) (A4 A3 Al) (A4 Ad Al) (A4 AS Al)
(Ad Al A2) (Ad A2 A2) (Ad A3 A2) (A4 Ad A2) (A4 AS A2)
(Ad Al A3) (A4 A2 A3) (A4 A3 A3) (A4 Ad A3) (Ad AS A3)
(Ad Al Ad) (Ad A2 Ad) (A4 A3 Ad) (A4 Ad Ad) (Ad A5 Ad)
(Ad Al A5) (A4 A2 AS) (A4 A3 AS) (A4 Ad AS) (A4 AS AS)

(AS Al Al) (A5 A2 Al) (A5 A3 Al) (AS Ad Al) (A5 AS Al)
(AS Al A2) (A5 A2 A2) (A5 A3 A2) (AS Ad A2) (A5 A5 A2)
(AS Al A3) (A5 A2 A3) (A5 A3 A3) (AS Ad A3) (AS AS A3)
(AS Al Ad) (A5 A2 Ad) (AS A3 Ad) (AS Ad Ad) (A5 AS Ad)
(A5 Al AS) (A5 A2 A5) (AS A3 AS) (AS Ad AS) (A5 AS AS)

The synthesis of 125 mixtures is then repeated employ-
ing the five cells of the original set’s B-type partition
leading to'**(BBB). Due to the orthogonal relationship
between the sets of cells, any one of the 125 product
mixtures derived from the partition of the A-type will
only share one of its 125 elements (trimers) with any of
the 125 elements taken from any of the 125 products
derived from the synthesis employing the B-type cells.
As an example, the product mixture (A3 A2 A4) which
is composed of the cells A3 = {c, h, m, r, w}, AZ = {b,
g, I, g, vl and A4 = {d, i, n, s, x} shares only one
element with, say, (B4 B3 B1). The latter product
mixture is constructed from the cells B4 = {p. q, r, s, t},
B3 = {k, I, m, n, o} and Bl = {a, b, ¢, d, c}.
Consequently, the only common element is (r I d).

In reality, one would expect that both the A- and B-type
partitions provide a plethora of bioactive cells each, so
that two sets of mixtures of the type (AAA) and (BBB)
are identified. Allowing a mixture such as (Al A2 A3)
be represented by the three-digit number 123, then the
significant members of these sets i5 and ip, which serve

for lead prediction, consist of members, each repre-
sented by three digits, and each digit reflecting a set of
five building blocks according to Figure 11. The
combinatorial product of these two sets of three-digit
numbers, i X ig, yields ordered pairs of three-digit
numbecrs that are related to each other orthogonally.
Each pair can therefore identify a lead candidate.
Moreover, since each set member can be associated
with an assay value, each ordered pair that is part of the
combinatorial product can be assigned the sum of two
assay values. Consequently, ranking of the candidates in
terms of their bioactivity is again theoretically feasible.

To briefly illustrate the concept, three cells in both the
A- and B-type partitions are assumed to exhibit
particularly high bioactivities and are selected for the
identification process, namely (A2 A3 Al) [10}], (A4 A4
Al) [6], (A3 Al A2) [2], (B5 B4 B2) [8], (B2 B1 B4) [5],
and (B3 Bl B3) (3], where the number in brackets
represents an arbitrary assay value. The combinatorial
product consists of nine ordered pairs of three-digit
numbers, each pair identifying a three-letter word,
deciphered according to the code contained in Figure
11, and hence describing a distinct chemical entity. Nine
members are thus identified and listed in decreasing
order of activity: vrf, gep, xsf, Ick, idp, wpg, ndk, haq,
mal.

In spite of its theoretical appeal, one disadvantage
associated with such an orthogonal combinatorial
library is the need for sequential, M2-2C synthetic
steps. Further, there is a limitation as to element
selection for the variable position in the core molecule:
All building blocks are derived from a common set N =
{Ny, N3, ..., N,;}, leading to libraries of the type ("N "N
"N) where \/n is an integer x. Library types ("N P 7QQ)
and ("N PN “N), where n, p, and g are arbitrary integers,
arc thus excluded. Another problem will surface
whenever many components with significant bioactiv-
ities are present in a given mixture as the protocol can
only predict one candidate from each intersection
between any (AAA) and (BBB). Thus, one candidate
must be selected from a relatively large sample space.
Let *(A) = XA and (B) = XB, and restrict the
consideration to libraries of trimers, then the sample
space which is subject to the selection process is x” =
ny/n, so that x> cn®, where n’ is the entire sample
space.

4.4.2. Evaluation of the last partition in conjunction
with orthogonal partitions. The weakness of M2-2C
syntheses with regard to product homogeneity has been
emphasized in section 3.1. This problem is obviously
compounded if two M2-2C processes are conducted in
sequence as required in the strategy described in section
44.1. To avoid two consecutive M2-2C steps, the
following alternative is feasible. Aiming for the same
combinatorial space as described in section 4.4.1 but
compressing the space from which elements are
selected by the orthogonal strategy, the first step
consists of the synthesis of the last partition of the set,
in the form of **(**N °N N), by the split synthesis: (**N)
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+ ZS(N) . 25(25N N), 25(25N N) N (25N ZSN), (ZSN 25N)
+ P(N) — Z(*N 2N N). Analysis of the 25 cells of this
partition will furnish the biologically relevant element
set iy from which N is selected to identify the subset
(*N N N,). Proceeding with the orthogonal partitions
of the set (N) and the syntheses of the dimer mixtures
“3(AA) and *(BB) as described in the previous section,
the necessity to conduct a second M2-2C step no longer
exists. The two product groups (AA) and **(BB) are
coupled to Ny to furnish 25 new products each, which
serve for lead identification: *(AA) + N, — (AAN,)
(BB) + Ny — *(BBN).

The composition of “(AAN,) is shown below.

{A1 A1 Ny}, {Al A2 N}, {A1 A3 Nit, {Al Ad Ny},
{Al A5 Ny},

{A2 A1 N\}, {A2 A2 Ni}, {A2 A3 Nyt {A2 A4 Ny,
{A2 AS Ny},

{A3 A1 N}, {A3 A2 N}, {A3 A3 Ny}, {A3 A4 NiJ,
{A3 AS Ny},

{A4 AT N}, {A4 A2 Ni}, {A4 A3 Ni}, {A4 A4 N},
{A4 A5 Ni},

{AS A1 N}, {AS A2 Ni}, {AS A3 Ny}, {AS A4 N},
{AS AS Nyt

In contrast to the 2 x 125 analyses required for the
orthogonal combinatorial libraries described in section
4.4.1 that contain 125 components each, this alternate
method presented here requires the analyses of the 25
cells of the partition *(*N N N) followed by only
2 x 25 additional samples. While the 25 samples of the
partition 25g25N Z5NN) contain 625 compounds each,
the subsets 2(AAN,) and »*(BBN,), resulting from the
orthogonal partition, comprise only 25 species each. It
should be noted that this protocol is not restricted to
libraries of the type ("N "N “N), but can be applied to
mixtures of the type ("N "N ”P) where n differs from p
and where p is any integer.

4.4.3. Evaluation of the last partition in conjunction
with a reduced set and orthogonal partition. Driven by
the goal to eliminate M2-2C processes and to extend
the combinatorial space from ("N "N "N) to ("N 7P 7Q),
a further option is realized by restricting the orthogonal
strategy to the N-position. Thus, N, P, and Q may be
dissimilar, and p and g may be any integer, while the
restriction that /# = an integer persists. Synthesis
commences with the last partition, (*N) + ?(P) —
PPN P) — (¥N7P), (PN "P) + 4Q) — “(*N"P Q).
Bioassays will furnish iq and hence Qy, permitting the
synthesis of a reduced set, (*N P) + Q, —”(*N P Q)
that leads to ip and hence to P,. With the most
promising terminus P,Q, at hand, *(N) is then
partitioned orthogonally as described in section 4.4.1
and Figure 11. Subsequent condensations with P, and
Q, according to the scheme *(A) + P, — (A Py), and
(A P + Qp — *(A Py Q,) are repeated with the cells
of the B-type partition, without the need for any M2-2C
protocols, to furnish the sublibraries detailed below:

{Al P, Qi}, {B1 P, Qi},
{A2 P, Qit, {B2 P, Q},
{A3 Py Qi}, {B3 P, Qy},
{A4 P, Qi}, {B4 P, Qy},
{A5 Py Qul, {B5 Py Qut

A specific example is shown in Figure 12. The bars
represent the hypothetical bioscreening results of the
cells of the A- and B-type partitions and provide the
sets io and ip, respectively. Identification of Ny for the
final candidate Ny P, Qy, from the set in, proceeds
again by generating the combinatorial product is x ig
of the assay data as shown in Figure 12. All 25 members
of the resulting set iy are ranked without the assump-
tion of a threshold value. The order of activity is shown
in numerical sequence ranging from one to 25, within
the central square. The most active member is nP, Qy
due to the prominence of (A4 P, Q) and (B3 P, Qy),
followed by kP Qy. The assay data of these A- and B-
type sublibraries lead to product sets expected to
identify the lead compounds more reliably than the
orthogonal strategies discussed previously.

4.4.4. Evaluation of last and penultimate partitions in
conjunction with orthogonal partition. In another
variation of the protocol elaborated above, libraries of
the type ("N 7P “Q) can be evaluated again by applying
the orthogonal strategy exclusively to position N. The
last and penultimate partitions of the set (*N 7P “Q),
are assembled in the conventional fashion: (**N) + ”(P)
_ p(ZSN P) -, (ZSN pP)’ (25N /)P) + (/(Q) _ q(25N rp Q),
and”(*N P) + (“Q) — ”(**N P 9Q). Assays of these two

x X
g O
o oo
< o]
< <

Figure 12. Assay data for A- and B-type partitions of the set (**NP,
Qy) are shown by bars. Crosspoints identify the elements and their
ranking in terms of bioactivity is indicated by the sequence 1-25.
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partitions furnish ip and ip so that the subsequent
orthogonal partition process for the evaluation of the
last position is the same as discussed above in section
4.4.3. The considerable advantage of the simplified
orthogonal synthetic strategy is partly offset by the need
of products available by application of the split
synthesis. These requirements include ("N "N P) in
section 4.4.2, "N ”P Q) in 4.4.3, and /("N PP Q) and
P("N P “Q) in 4.4.4.

4.4.5. Comparison of orthogonal strategies. In conclu-
sion, the assay data treated in section 4.4.1 were based
on x* mixtures of the type (AAA) and (BBB) taken
from the collections ***(AAA) and ***(BBB), wherc N
= {a, b, ..., n}, where /n is an integer x, and *(A) =
{Al, A2, ..., Ax}, and *(B) = {B1, B2, ..., Bx}. In
section 4.4.2 the sample complexity that is subject to the
orthogonal strategy was reduced to the form ("N "N ”Pg
where samples of the type (AANy), contained in x
mixtures, were generated. An alternate protocol,
detailed in section 4.4.3, produces mixtures of the type
(AP, Q) containing only x cells, ie., there are x
individual mixtures AP,Q,, each containing only one
variable moiety while the molecular portion (P Q) is
invariant throughout all cells of the A- and B-type
partitions. The collections *(AP,Qy) and *(BP,Qy) that
lead to the identification of the last unsolved molecular
position are again prevalent in section 4.4.4, but the
prelude to that stage is base on the simultancous
evaluation of two partitions generated by conventional
methods.

If we continue to limit our considerations to trimeric
elements, the entire sample space is n°. The sample
space that is subject to lead selection by the orthogonal
strategy was a fraction thereof in section 4.4.1, namely
ny/n = x*. In section 4.4.2 this fraction was reduced to
n, and in sections 4.4.3 and 4.4.4, the space was further
reduced to /n. It is anticipated that accuracy of lead
prediction by the orthogonal strategy will increase with
decreasing sample space.

5. Summary and Outlook

Combinatorial organic-synthetic processes and the steps
required toward the identification of the bioactive
products are discussed with the aid of set theory. This
treatment leads to short and accurate descriptions of all
operations. A library, for example, (‘A "B “C ... “Z),
containing compounds with Z variable molecular
moieties and introduced by consecutive coupling reac-
tions, can be regarded as a set, presentable in the form
of Z partitions whose cells are ordered with respect to
the variable moieties. The first solution to the identi-
fication problem of the bioactive component in the sct
consists of the synthesis and simultaneous analysis of all
Z partitions. Assuming that the moiety Z is the last of
the building blocks added in the course of the library
construction, then a second solution is found in the
synthesis and analysis of the last or Z-partition,
followed by reiterative set reductions in conjunction

with the analysis of the resulting partitions. A third
solution commences with the synthesis and evaluation
of the last (Z) and penultimate (Z-1) partitions of the
set. Simultaneous analyses of these partitions will
identify the active moieties in positions Z and Z-1 of
the molecule ABC ... Z, so that lead identification in a
set composed of members with only two variable
positions can then be realized from the product set
derived from the significant assay data. Sets composed
of members featuring additional variable positions can
be solved in terms of their remaining degenerate
positions after Z-2 consecutive set reductions. The
most recent proposal for lead identification is based on
orthogonal partitions of element sets and leads to two
sets of libraries that complement each other in such a
manner that the identification is conceivable from one
collection of assay results. To cover the sample space
("N "N "N) requires two consecutive M2-2C synthetic
operations and the total number of steps is 2n(1 +
V/1).”® Restricting the orthogonal methodology to two
positions addresses the combinatorial space ("N "N #P)
and reduces the complexity of the complimentary
orthogonal partitions on which lead identification is
based. The required number of M2-2C operations is
reduced to one and the total number of steps to 5n +
p.°" Restricting the orthogonal partition to N in the
molecular motif ("N P “Q), while utilizing the last
partition and one reduced set for bioevaluation,
eliminates the need for M2-2C syntheses entirely. As
a result, the sample complexity that is subject to analysis
is further reduced and the assembly requires only 2p +
q + 4\/n reaction steps™ for its construction. Assuming
n = p = i, and comparing the combinatorial spaces™® in
terms of the required number of synthetic operations
under the conditions elaborated above, reveals that this
number decreases in the sequence ("N "N "N) > ("N "N
"P) > ("N 7P 1Q). These differences diminish, however,
with decreasing n.

Considerable effort has been expended to determine
which of the lead-identification method should give the
most reliable prediction. In one study it was concluded
that the evaluation, based on the last partition in
conjunction with reduced sets, was more reliable than
the analysis via all partitions.®” Another one suggested
that the two methods were comparable in their
efficacy.®' It is our opinion that a judgment as to the
reliability of a certain method may not be made a priori.
If the chemical synthesis and the bioassay would
procecd under ideal conditions, and if all building
blocks used in the construction of a library such as (A
"B “C) would indeed exhibit additive properties related
to thc expression of bioactivity, all methods of lead
identification discussed here should be of comparable
accuracy. Certain libraries, in conjunction with a given
bioassay, exhibit biopotencies reflecting remarkable
building block additivity and apparently ideal conduct
at the binding sites in the assay system, while others do
not. Lead prediction in the former case can be expected
to be much more successful that in the latter regardless
of the protocol used. The synthetic reliability to produce
materials of undistorted product distribution is also
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critical; products prepared by M2-2C processes are
usually suspect in this regard.

Smaller libraries will obviously be more amenable to a
deconvolution program than large ones. The spread of
the actual assay values will also be consequential:
Screening results of a certain partition of a set, as well
as the bioactivities of individual compounds within a cell
of such a partition, can be regarded as probability
distributions. It is anticipated that more meaningful
lead candidates will emanate from libraries where the
variances of these collections are relatively small.

Pharmaceutical companies compete on the basis of
product innovations and their developments. It has now
been recognized that superior process development
capabilities, occasionally discounted as a research and
development determinant of secondary importance, can
directly and positively impact product innovation.®? The
evolution of combinatorial technology supports this
conviction. Combinatorial chemistry has its roots in
process research where its major components, such as
robotics, high-yielding bond-formation protocols, solid-
phase reaction technology, etc., were originally devel-
oped for other purposes. As an established tool,
however, combinatorial chemistry advances product
innovation by providing novel molecular entities (s;
level) and enhancing product development (s3 level).
Indeed, new process and product innovations may
mutually benefit each other. Process innovations in
nucleic acid synthesis enabeled antisense technology
and created the potential for antisense drugs; at the
same time, antisense technology is used in the analysis
of gene function and gene expression with the potential
for contributions to genomics and gene therapy, thus
aiding in the discovery of drugs of a different dimen-
sion. Similarly, a new synthetic route for a certain drug
candidate may furnish novel building blocks or privi-
leged structural elements for the construction of new
chemical compound libraries via combinatorial chem-
istry which, in turn, may lead to new development
candidates. Further, combinatorial technology may
serve as a tool in process research, as in the catalyst
selection process, for example.

As pointed out in section 1, the chemical structures, as
provided by combinatorial processes, are usually
unrefined so that the time lines in the development
phase come under pressure. Rapid process develop-
ment and process innovation capabilities can compen-
sate for these delays. As the competitive position is
based on high levels of both product and process
innovations, industrial enterprises can be weighed
against each other by their relative position on the
surface plot shown in Figure 13. Accordingly, the
greatest competitive advantages for the future will be
enjoyed by a company that assumes the highest position
on this surface: it has many new molecular entities in
various phases of development and leads in the area of
process innovations. These capabilities support rapid
process development, whenever that need arises.

R&D Superiority
(Competitive Advantage)

Figure 13. Integral role of process and product innovations in R&D
performance.

Combinatorial chemistry may serve as a vehicle for
upward advancement on this surface.

Historically, drug discovery was based on the evaluation
of a single chemical entity versus a single disease target
at a time. The advent of combinatorial technology
changed this ratio as it is now customary to test a library
of compounds against a single target. Building on the
established concepts, there are opportunities for further
innovations in combinatorial chemistry, probably cen-
terin(g2 first on miniturizations, advanced library de-
sign,” and development of new chemical technologies
in solid phase. A new milestone, however, will be set on
the biological side when a chemical compound library
can be evaluated simultaneously and routinely against a
multitude of disease targets. The terms, notations and
deliberations outlined in this paper should further
combinatorial processes, their cause, development,
description, registry, and choice of deployment.
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