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Using Stable Isotopes to Solve Problems in
Combinatorial Chemistry
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Traditionally, searching for lead drug candidates was done by
screening existing synthetic compound collections or natural
materials (plants, microbial extracts, etc.). In attempts to optimize
structure/activity relations or minimize side effects, promising lead
compounds were (and continue to be) modified one by one, guided
(where possible) by computer-aided design based on the fitting of
drug candidate structures to the three-dimensional structures of
their biological targets such as enzymes, receptors, etc. These 3D
structures are, in many cases, determined by using X-ray crystallog
raphy or by using multidimensional NMR (a technique greatly aided
by the application of stable-isotope labeling). Although the
traditional approach is labor intensive, time consuming and very
expensive, an impressive arsenal of pharmaceutical agents presently
available to medical science attests to its success over the course of
the past 50 years or so, and it is unlikely that these methods will be
totally abandoned any time soon.
Nevertheless, as a result of needs for more efficiency in creating
compounds for screening, virtually all pharmaceutical companies
and many academic laboratories are now using combinatorial
chemistry as a tool to supplement more traditional methods of drug
discovery. In part, this increased need for compound creation results
from advances in screening techniques that permit automatic,
simultaneous screening of thousands of candidates.
Many reviews have been written on combinatorial chemistry,4-10
and it is our intention in this essay to focus briefly on ways in
which stable isotopes have been used as an adjunct to this
technique. To our knowledge, this aspect of combinatorial
chemistry has not previously been summarized.
In combinatorial chemistry, large arrays (“libraries”) of structurally
related compounds are synthesized by sequentially coupling
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Virtually unheard of five years ago, combinatorial chemistry
has grown to become today one of the hottest, fastest-moving
areas of synthetic chemistry and biochemistry. Prompted by a
continuing need to identify lead compounds for use as medicines,
developments in combinatorial chemistry now permit the rapid
generation of potentially vast numbers of compounds that can,
in principle, be screened for interesting biological activity.1-3
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collections of related
components. Two
basic methods3 are
commonly used to generate combinatorial libraries: parallel
synthesis and split synthesis.

In parallel synthesis, test compounds are synthesized
simultaneously, step by step, in separate containers (often a
microtitre plate containing small wells). Parallel synthesis can be
done either in solution or on a solid support (which may simplify
isolation of the synthesized library components at the end of the
synthesis). Use of microtitre plates (with plate reading by microplate
reading devices) facilitates the screening of synthesis libraries for
promising lead compounds. The identity of synthesized compounds
can generally be deduced from the location of their well (or other
container), assuming that straightforward, well-established
reactions are used and no unexpected chemistry occurs. (The
relative advantages and disadvantages of solution vs solid-phase
parallel synthesis have been discussed elsewhere; see reviews.)
Automatic compound-synthesizing equipment has been developed
for carrying out parallel syntheses of combinatorial libraries.
Computers are commonly used to keep track of synthesis
histories and the results of post-synthesis screening assays.
In contrast, split synthesis, often termed “one-bead-onecompound” combinatorial synthesis,11 is performed by using solidphase techniques somewhat analogous to those used in modern
solid-phase peptide or oligonucleotide synthesis. As illustrated
below, in preliminary steps, various types of monometric starting
units, A (A1,A2,A3...) are connected to beads via an appropriate
(continued)
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linker that is a critical part of the synthetic apparatus. Each bead is
connected to only one type of monomeric starting material. The
linker must be compatible with subsequent chemistry to be used,
compatible with screening, allow disconnection of the final test
compounds from the bead and/or allow coding that permits
tracking of the synthesis. As discussed later, linkers incorporating
stable isotopes can be the key to deciphering the identity of library
compounds.
As the synthesis proceeds, beads from preceding steps are
combined and then divided for reaction with the next group
of monomeric units, i.e. B1,B2,B3...or C1,C2,C3...etc.
At the conclusion of the above-depicted scheme, the result would
be a combinatorial library consisting of 27 unique, polymer bound
trimers, ABC.
By using the split-synthesis technique, the total number of coupling
steps required to prepare a library is greatly reduced, as compared
with parallel synthesis. At the end of two coupling steps, starting
with three unique (but chemically related), bead-bound monomers
A and three unique forms of monomers B and C (which would also
normally be chemically related), the combinatorial library consists
of 27 bead-bound trimers, each bead having bound to it only one
unique trimer (of course, each bead would contain multiple copies
of this trimer). (This does not count steps required to prepare the
initial polymer-bound monomers, or mechanical combination/
division steps.)
At the completion of the split combinatorial synthesis, beads
would be separated and then screening performed, either with
test compounds attached or after disconnection is performed.
As a result of the combined/divided strategy of split combinatorial
synthesis, the structures of test compounds cannot be deduced

from their location in a synthesis apparatus or microtitre plate, and
some means of identification must be used to assign structures (one
would not need to determine the structures of all compounds in
the library, only of promising lead compounds). For such purposes,
various coding or ragging schemes have often been used.
These will be discussed later.

Application of Stable Isotopes in
Preparing Combinatorial Libraries
Typically, reactions carried out on solid-phase supports are driven
to completion by using excess reagents. This works very well in
the well-established methods for the syntheses of peptides and
oligonucleotides. However, for other solid-phase synthetic
chemistry, particularly when applied to small molecule synthesis,
there is often a need to follow reactions (at least in the early
development of a combinatorial synthesis strategy). Several
approaches to this end, using stable-isotope labeling, have
been recently published.
A group at Affymax Research Institute12 has reported using
13
C-enriched compounds to monitor solid-phase preparations,
using a technique they call “Fast 13C NMR.” In essence, this
technique involves monitoring reactions taking place on resin
samples, placed in NMR inserts, by using 13C NMR. For example,
formation of 4-thiazolidinone was followed on resin using resinbound glycine (2-13C) (Figure 2).
The signal enhancement from using 13C-enriched substrates allowed
them to obtain 13C NMR spectra with excellent S/N with very few
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Figure 5.

transients. Similarly, a stepwise reductive amination was followed by
a triple-labeling scheme (Figure 3).
Sarkar and coworkers13 at SmithKline Beecham have also shown
ways in which the use of 13C labeling of precursor molecules can
be advantageous in monitoring the progress of solid-phase
syntheses. By using magic-angle spinning, they were able to
minimize linebroadening due to magnetic susceptibility that
normally might be expected to be a problem with a heterogeneous
sample (although the Affymax results did not show this problem).
Combined with “Nano.NMR probe” techniques14,15 and by using
isotope-filtered NMR, Sarkar’s group was able to selectively observe
the 1H resonances of the methoxy groups of a 3,5-dimethoxy
benzoate bound to a single bead of Wang resin (100 mm
diameter).

they were able to follow the
benzoylation of aminomethyl
polystyrene resin. Similarly, the
progress of synthesis of a short
peptide could be monitored
by IR, using a chain extender
L-Lysine, Nα-Fmoc,Nε-t-BOC
labeled in the t-BOC sidechain
protecting group with t-BOC
(D9), and following the increase
in intensity of the C-D
absorbance. In samples
with multiple protected lysines,
the number of lysines could
be determined by measuring
the intensity of the C-D
absorbance at completion
of the synthesis. Considering
the wide range of deuteriumlabeled compounds available
from CIL, this technique clearly
has potential for use in
following solid-state reactions.

A group at Sandoz16 and Schreiber and coworkers17 have also
reported the use of magic-angle spinning techniques for analysis of
resinbound samples, and clearly the incorporation of stable-isotope
labeling would greatly enhance the sensitivity of these applications.
Opella’s group,18 and others19-22 have also recently reported NMR
techniques for the study of resin-bound peptide structures that may
have other applications in combinatorial chemistry. Extension of
these techniques to more extensively labeled (e.g. uniformly 13C
labeled) molecules could have considerable utility in elucidating the
structures of members of combinatorial libraries without detaching
from the beads or in monitoring and controlling combinatorial
synthesis reactions.

While the above spectral
techniques (with or without
isotopic labeling) have some
application in elucidating the
structures of compounds
attached to beads in
Figure 6.
combinatorial chemistry, in
most cases, the structures and
spectra will be too complicated or
there will not be enough resin-bound material to assign structures.

Russell and coworkers at Zeneca Pharmaceuticals23-24 have used IR
spectroscopy in combination with deuterium labeling to monitor
solid-phase reactions. Although, in general, IR spectra of complex
molecules are themselves quite complex, this group has taken
advantage of the nearly unique spectral region (from 2300-2200
cm-1) in which carbon-deuterium stretching frequencies appear.
Unlabeled molecules, with few exceptions, would have no
interfering absorbance in this region. By using benzoyl chloride (D5),

To allow assignment of structures of attached compounds in some
bead-one compound combinatorial chemistry, various tagging or
coding strategies have been invented. The first of these, by Lerner
and Brenner,25 and developed independently by an Affymax
group,26 entailed synthesis of an oligonucleotide chain in parallel
with the synthesis of library compounds (e.g. peptides). Thus,
the bead would have two independently growing chains, one
containing the peptide (or other library member) and the other,

Encoding of Combinatorial Libraries
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synthesized in alternating
steps, an oligonucleotide
chain. By elucidating the
oligonucleotide sequence
using established ladder
techniques, one could deduce
the identity of units added to
the other chain. Many other
encoding/tagging schemes
have been devised and
reviewed elsewhere, and in
this review, we focus on only
one, recently reported by the
Glaxo group,27 which uses
stable-isotope labeling.
In Geysen’s work, a stable
isotope-labeled coding
element is incorporated into
the linker which binds library
components to the polymer
bead (Figure 5). The code is
read by mass spectrometric
techniques, after cleavage
Figure 8.
of the linker from the bead.
Alternatively, NMR can be
used, in some cases, to read the code while still connected to the
bead. The approach does not require adding a coding element at
each stage of the synthesis, as long as the synthesis involves only
two addition steps beyond connection of the starting unit to the
linker.
For example, in their technique termed “single peak positional
encoding,” a code block, consisting of a dipeptide comprised
of various stable isotope labeled and unlabeled forms of glycine
and alanine, is used. In this scheme, only the total mass of the
dipeptide, rather than labeling position (or even isotope used)
would be important. In their published illustration of the technique,
not all conceivable labeled forms of either amino acid were used,
only readily available 13C,15N-labeled forms, e.g. alanine (13C1)
and (13C3 ,15N) but not (13C3) or (13C2). Also only gly-gly or gly-ala
dipeptides were used as illustrations. Thus there is scope for
expansion of the number of coding elements, e.g. by adding
deuterium labeling and multielement labeling, or by adding
other amino acids, e.g. leucine. Even so, ten coding elements
were shown (see Figure 6).
To encode the library, each unique dipeptide is used to encode a
unique monomer A1,A2.... After the usual type of split synthesis
as outlined in Figure 1, the identity of the third monomer C1,C2....
is defined by the pool from which a particular bead is obtained.
After the cleavage of link 2 and activity testing of the library,
link 1 of promising leads is cleaved, followed by MS analysis of
the dipeptide. This allows identification of monomer A. The total
mass of the hit compound AxBxCx, also determined by MS, allows
assignment of the identity of monomer B, provided that all forms
of B used in the combinatorial synthesis have different masses. By
using only the ten dipeptides shown in Figure 6, a fully encoded

library of 1000 products can, in principle, be produced and
decoded. In a variant of the above coding scheme, use is made
of mixed isotopically distinct code monomers at each step of
introduction of the coding element. For a code consisting solely
of the dipeptide gly-gly, by using various combinations of only
unlabeled or 13C1 or 13C2 glycine, 25 distinct mass spectral patterns
(a type of “bar code”) are possible (several examples are shown in
Figure 6). By varying the ratios of labeled glycines used in the bar
code (in 9% increments), as many as 3,750 distinct bar codes
could be created. Other coding scenarios, also decodable by MS
techniques, were presented.
The Glaxo group also described an isotope-encoding technique
that could be decoded by NMR techniques. In the example
presented, varying ratios of 13C-labeled and unlabeled acetate
were incorporated into their linker. The ratio code was analyzed by
comparing the peak height of the enriched acetate with residual
13
C in the unlabeled methylene units of the polyethylene spacer of
the resin. Obviously a wide range of other labeling options would
be possible, as long as the tagging compound exhibited unique
13
C chemical shifts and sufficient taggant was used for obtaining
a spectrum. This technique is related to the work of Look,12 Sarkar,13
and others described above, but with the labeling being in the
linker rather than in the library compound itself. A group at
SmithKline Beecham27C has also used NMR methods for decoding
mass-encoded combinatorial libraries.
The mass spectrometric technique would seem to be more capable
of rapid screening of large libraries. In any case, it is clear that
isotopic encoding of combinatorial libraries has much, as yet
underutilized, potential for use as an alternative or adjunct to
other coding methods now in use. CIL offers a wide range of
13
C,15N, D-labeled materials potentially useful for such purposes.

SAR by NMR
Recently introduced by Fesik and coworkers28-35 at Abbott
Laboratories as a new technique for discovering ligands that bind
strongly to proteins or other biomolecules of medical interest, this
method is conceptually related to combinatorial chemistry, but
differs substantially in practice.
The technique is a “linked fragment” approach to identifying
high activity ligands, wherein ligands are synthesized from
components that have been optimized for binding to protein
subsites. Optimization is performed by observing 15N- or 1H-amide
chemical shift perturbations in the 15N-heteronuclear singlequantum correlation (15N-HSQC) spectra of the 15N-labeled protein
upon addition of test ligands. Proteins can, in principle, be readily
labeled by using modern molecular biological methods, involving
biosynthesis in the presence of 15N-labeled amino acids or labeled
growth media such as CIL’s BioExpress.® Screening of large numbers
of test compounds (individually, or in groups) can be performed,
e.g. Abbott’s group reported screening 1,000 compounds per day
in groups of ten.
After identifying lead compounds, analogs are screened to
optimize binding to a particular binding site. Next, a different
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ligand is identified that binds to a neighboring site by observing
chemical shift changes for a different set of amide resonances,
and optimization is again performed. After determining the location
and orientation of bound ligands in the ternary complex by NMR
or X-ray methods, test compounds in which both ligands are
conjoined are synthesized. Since the binding affinity, expressed as
Kb, of a linked compound is, in principle, essentially a product of
the binding constants of the unlinked fragments, corrected for
linking contributions, it was possible to generate compounds
having Kbs in the low nanomolar range by linking fragments having
micromolar binding affinities. This was demonstrated for ligands
binding to the FK506 binding protein,28 and by the discovery of
high-activity inhibitors of stromelysin.29,30 The approach is outlined
in Figure 8.

The technique differs from more conventional combinatorial
chemistry in that only a few (linked) compounds need to be
synthesized, because most screening and optimization is done with
(presumably) readily available, existing compound collections prior
to linkage. These methods would, of course, be limited to watersoluble ligands and to isotopically labeled biomolecules of relatively
low molecular weight (MW<30kD) that can be studied by highresolution NMR and that can be labeled by available labeling
methods. However, the Abbott paper is obviously a groundbreaking development that will see increased use for discovery
of useful medicinal agents.
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