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Abstract. A strategic analysis of various issues which pertain to the enablement of
combinatorial organic synthesis to produce libraries of non-polymeric organic mole-
cules is given. Methods and examples of the development of solid-phase organic
chemistry and its subsequent application to combinatorial library synthesis for drug
discovery is illustrated with successful case studies. The synthetic versatility of resin-
bound amino-acid-derived imine intermediates to produces ,B-sultams and pyridines is
shown. Use of natural products as key components for creation of combinatorial
libraries is presented using Rauwolfia alkaloids and the cephalosporin nucleus as
examples.

1. Strategy in Combinatorial
Synthesis

A comparison between conventional
and combinatorial approaches to drug dis-
covery reveals an apparent discontinuity
in the strategies and tactics brought to bear
by these respective techniques [1][2].
Though the principles underlying chem-
ical reactions are of course invariant, the
practice of combinatorial organic chemis-

try as it relates to lead discovery diverges
markedly from serial compound synthe-
sis. For example, in a conventional medic-
inal chemistry approach, single compounds
of previously specified structure are itera-
tively synthesized and subjected to 'bio-
logical evaluation. In contrast, the goal of
combinatorial chemistry is to create screen-
able populations of molecules. Thus, the
potential success of the combinatorial ap-
proach is leveraged since extremely large

numbers of analogs of a previously spec-
ified substructure are prepared and
screened. The mechanics of developing a
combinatorial synthesis also affords dis-
tinct advantages. Combinatorial synthesis
on solid support greatly simplifies the
problem of product isolation, and in con-
trast to solution-phase synthesis, easily
permits use of large numbers of building
blocks (BB) and reagent excesses to drive
reactions to completion. These factors fre-
quently result in solid-phase synthesis
(SPS) providing products in higher yield
and purity than the corresponding chemis-
try in solution! Combinatorial chemical
reactions must proceed reliably in the face
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Scheme I. The Imine as a Versatile Intermediate for Solid-Phase Symhesis

of a di verse range of chemical functional-
ity. Hence an early emphasis on well-
establ ished synthetic chemistry which op-
erates 'generically' on a broad array of
substrates was indicated. Significantly, an
analysis of typical lead structures identi-
fied in medicinal chemistry clearly sug-
gests that combinatorial syntheses of such
molecules can be very short! For example,
the interconnection of three to five build-
ing blocks of MW = 150 could require as
few as two to four synthetic steps. Exper-
imentally simple reactions such as many
cycloadditions, which utilize readily avail-
able BB's to quickly give rise to structur-
ally complex molecules, seemed especial-
ly useful as starting points. We also wished
to ensure that our investment in adapting
specific chemistry for SPS was maximized

by avoiding 'dead-end' resin-bound inter-
mediates. Rather, versatile intermediates
were identified that could be routinely
usedin multiple varieties of products. Early
on, we recognized that libraries could them-
selves serve as starting materials for con-
struction of other libraries, and that com-
binatorial synthesis could be used to gen-
erate key BB' s .

In pursuing recent research, we have
attempted to unify the needs of drug dis-
covery chemistry with those demanded by
a strategic combinatorial approach to
small-molecule library synthesis. An im-
portant near term goal in our program was
to intersect historical medicinal chemistry
in terms of being able to generate combi-
natorially the same types of molecules
traditionally considered valuable in drug

discovery. The following case studies in
small-molecule library construction ex-
emplify the stratagems outlined above.

2. Case Studies in Combinatorial
Organic Synthesis

2.1. The Imine as a Versatile Synthetic
Intermediate

An essential prerequisite for perform-
ing solid-phase synthesis is the ability to
immobilize an initial building block to a
resin support for subsequent elaboration.
In the course of extensive work with pep-
tide and peptidomimetic libraries, we have
amassed a substantial collection of natural
and unnatural amino acids whose side
chains reflect a broad array of physico-
chemical properties. This amino-acid
building-block set provided a convenient
starting point for exploring the scope of
solid-phase organic synthesis, since con-
ventional peptide activation chemistries
could be used for the derivatization of
various synthesis resins.

The formation of imines via condensa-
tion of amines with aldehydes or ketones
appeared as one particularly appropriate
reaction. The imine is a highly versatile
intermediate in organic synthesis, provid-
ing a conduit into diverse nitrogen hetero-
cycles through cycloadditions, condensa-
tion reactions, and other nucleophilic ad-
ditions. We have found that several of
these classical transformations can be
adapted to a SPS approach wherein the
imine is derived from the amino group of
an immobilized amino acid to become a
reactive center (see Scheme 1). In addi-
tion, the commercial availability of thou-
sands of reactive carbonyl and amine com-
ponents provides access to theoretically
millions of imine intermediates, under-
scoring the considerable opportunities for
generating large combinatorial heterocy-
clic libraries.

2.2. Cycloaddition Reactions of Resin-
Bound [mines: Synthesis of ~Lactams
and ~Sultams

Cycloaddition chemistry can provide
efficient approaches to constructing dense-
ly functionalized molecular scaffolds
through reactions that frequently proceed
with a high degree of regio- and stereo-
chemical control [3]. Imines are well-
known as two-electron partners in a vari-
ety of [2+2), [3+2], and [4+2) cycloaddi-
tions, and wehave found these to be excel-
lent reactions for exploiting in combinato-
rial chemistry using solid-phase synthesis
techniques. The Staudinger addition of
ketenes to imines offers one of the most
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versatile approaches to structurally diverse Scheme 3. Mercapto Acyl Proline - ACE Inhibitor Library [9]
13-lactams [4]. A solid-phase variant of
this [2+2] cycloaddition has also proven to
be a robust reaction, wherein tethered im-
ines react with ketene formed in situ by
dehydrohalogenation of an acyl halide.
Combinatorial libraries of monocyclic 13-
lactam compounds have thus been gener-
ated from amino acids, aldehydes, and
various ketene precursors following the
split synthesis paradigm [5].

Extension of the above synthetic strat-
egy to the preparation of /3-sultams relies
on the feasibility of performing efficent
[2+2] cycloaddition of sensitive and reac-
tive intermediates generated in situ, name-
ly the imine and sulfene, at low tempera-
tures (_78°) on solid support. As part of
the effort to arrive at the optimal set of
reaction parameters and choice of appro-
priate sulfonyl reagent, we undertook a
gel-phase 13C-NMR study employing I3C-
labeled benzaldehyde to monitor the for- Scheme 4. Immobilized {3-Keto Esters as Versatile Intermediates
mation of /3-suItam moiety on solid sup-
port [6]. Following the synthetic protocol,
in Scheme 2, several 13-suItams were ob-
tained in good yield and purity. While the
initial studies employed polystyrene-based
Sasrin resin possessing the highly acid-
labi Ie alcohol linker (1% TFA (= trifluoro-
acetic acid) cleavable; 58-90% yield, 70-
95% purity), the synthetic sequence is
robust enough to tolerate other types of
linkers and cleavage conditions. Thus, we
have successfully synthesized ,B-sultams
using polyethyleneglycol (PEG)-based
TentaGel resin derivatized with the Holm-
es [7] a-methyl -6-n itroveratry laIcohol-
based photolabile linker. The final prod-
ucts were released from the polymeric
support upon photolysis in propan-2-01 at
365 nm. In most cases, /3-sultam products
were isolated in good yield and purity (19-
39% yield, 70-94% purity).

2.3. Cycloaddition Reactions of Resin-
Bound Imines: Synthesis of Pyrrolid-
ines via 1,3-Dipolar Additions

Imines appropriately activated by ad-
jacent electron-withdrawing groups can
undergo 1,2-prototropic rearrangements
to form azomethine ylides, a reaction first
observed in 1978 by Grigg and coworkers
for a-amino ester aldimines [8]. From a
combinatorial chemist's perspective, we
were particularly attracted by the mild
reaction conditions afforded by Lewis-
acid catalysis of this cycloaddition and by
the prospect of converting our solid-sup-
ported amino ester imines into collections
of highly functionalized proline deriva-
tives. Our successful implementation of
the I ,3-dipolar cycloaddition reaction of
resin-bound azomethine ylides to elec-

tron-deficient olefins has recently been
reported (Scheme 3) [9].

We have used this solid-phase pyrroli-
dine chemistry in a model system de-
signed to illustrate how 'focused' (or 'bi-
ased') combinatorial libraries can be used
to explore structure-activity relationship
(SAR) around an existing bioactive lead
compound. The split synthesis protocol
was used to prepare a library of pyrroli-
dines that were acylated with a set of
mercapto acid chlorides producing a col-
lection of analogs of the angiotensin-con-
verting enzyme (ACE) inhibitor, capto-
pri!. After cleavage and deprotection of
this -500-compound library, screening
through four iterations of assay and subli-
brary resynthesis (i.e. deconvolution) led
to the identification of an unusually potent

inhibitor of ACE (Kj = 160 pM; cf capto-
pril Kj = 500 pM).

2.4. The f3-Keto Ester as a Versatile
Synthetic Intermediate: Synthesis of
Dihydropyridines, Pyridines, and
Pyridopyrimidines

The dihydropyridine (DHP) nucleus is
common to numerous bioactive com-
pounds which include various vasodilator,
antihypertensive, bronchodilator, anti a-
therosclerotic, hepatoprotective, antitu-
mor, antimutagenic, geroprotective, and
antidiabetic agents. We recently devel-
oped a general method for SPS of DHPs,
based on a two- or three-component cy-
clocondensation of immobilized enamino
esters with 2-arylidene /3-keto esters, or 13-
keto esters and aldehydes, respectively
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Scheme 5. Solid-Phase Synthesis with Rauwolfia Alkaloids

Scheme 6. 792-Membered Alkaloid Libraries

strategy to indole alkaloids from the Rau-
wolfia genus as well as 7-aminocepha-
losporanic acid - an extremely important
precursor to the cephalosporin family of
antibiotics.

3.1. Rauwolfia Alkaloid Libraries
There are over 50 known, characteris-

tic alkaloids which belong to the genus
Rauwolfia, and these compounds have been
shown to have a broad range of biological
activities. Such a large family of related
natural products is an ideal starting point
for combinatorial modification, since the
effort expended to develop solid-phase
protocols for one compound should pre-
sumably be applicable to other members
of this extended class. Thus, solid-phase
library synthesis protocols were devel-
oped for the Rauwolfia alkaloids yohim-
bine and rauwolscine. Much of the prior
work on this family of compounds has
focussed on modifications of the E-ring
carboxylate and hydroxy groups in efforts
to obtain derivatives with altered biologi-
cal properties, and esterification of these
functional groups is the most common
modification. We therefore pursued a sim-
ilar strategy for their modification on a
solid support (Scheme 5). The alkaloids
were first converted to their free acids by
saponification in methanolic potassium
hydroxide. SPS Beads derivatized with
amino acids could then be acylated by
these alkaloids using HATU activation in
the presence of OlEA. Protection ofthe E-
ring hydroxy group during this step was
found to be unnecessary, as polymeriza-
tion products were not observed for either
compound. Subsequent acylation of the
hydroxy group at C(17) was performed
using a large excess of the symmetrical
anhydride of the desired carboxylic acid.
This procedure afforded functionalized al-
kaloids in moderate to good isolated yield
and was used to prepare 792-membered
libraries of both yohimbine and rauwols-
cine (Scheme 6) [13].

3.2. Solid-Phase semi-Synthesis of
Cephalosporin Derivatives

7-Aminocephalosporanic acid (7-
ACA) is an essential intermediate for the
semi-synthesis of cephalosporin antibiot-
ics, and over 70 drugs derived from 7-
ACA are marketed worldwide [14][15].
The 7-ACA nucleus has been subjected to
chemical modification for over 30 years,
and these chemical modifications have in
general focussed on only two positions of
the core molecule. We reasoned that a
combinatorial approach to the modifica-
tion of 7-ACA would have the highest
likelihood of successfully discovering

novel pharmacophores has been natural
products. In our opinion, such secondary
metabolites (and relevant substructures)
could also serve as excellent starting points
for combinatorial modification. The struc-
tural complexity of most natural products
deter analog approaches relying upon 'to-
tal synthesis'. Instead, traditional serial
synthesis methods have shown that simple
modifications to existing functionality on
a natural product skeleton can often afford
derivatives with dramatically altered bio-
logical activity. In many ways this strate-
gy parallels the combinatorial chemistry
paradigm, where simple and reliable syn-
thetic protocols consisting of a limited
number of chemical steps are employed to
introduce diversity elements into a sub-
structure of interest. We have applied this

3. Combinatorial Modification of
Natural Products

Historically, the most prolific source
of biologically active lead compounds and

[10]. This method is well suited for use in
combinatorial 'split/pool' protocols and
has been employed for the preparation of
dihydropyridine libraries [11]. An alter-
nate strategy for preparing OHPs com-
mences with immobilized ,B-keto esters
shown in Scheme 4, and offers the added
advantage that these intermediates are
amenable to combinatorial syntheses of
other bioactive heterocyclic molecules
such as pyridines and pyridopyrimidines
[ 12].
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novel cephalosporin derivatives with new Scheme 7. Natural Products in Combinatorial Chemistry
activities (Scheme 7).

7-ACA is a relatively sensitive mole-
cule and required the development of ex-
tremely mild chemistries to adapt it to
solid-phase synthesis. To suppress the base
and acid lability ofthis heterocycle, a mild
imine-protecting group strategy was de-
vised for N(7), and Mitsunobu conditions
were utilized to esterify the 13-lactam nu-
cleus to a resin denvatized with a super-
acid-sensitive cleavable linker (Scheme
8). Hydrolysis of the imine was performed
with a mildly acidic aqueous/organic sol-
vent mixture. The resulting resin-bound 7-
ACA could then be acylated and cleaved
from the solid support. This procedure
successfully minimized isomerization of
the olefin to the inactive delta-2 isomer,
and afforded N-substituted cephalosporin
derivatives in moderate to good yields
[16].

Scheme 8. 7-ACA as an Intermediate on Solid Support
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4. Conclusions and Future Prospects

Thecombinatorial preparation of smaIl-
molecule libraries has been accomplished
through the adaptation of synthetic organ-
ic chemistry to the solid-phase format.
Successful implementation of a combina-
toriallibrary approach has required a high-
ly interdisciplinary research environment-
involving chemistry, biology, automated
instrumentation, and informatics. The field
of small-molecule combinatorial chemis-
try is but a few years old, and certainly
much additional technology development
will be required before these approaches
are routinely and widely practised. Look-
ing forward, we can expect that combina-
torial chemistry will be integrated with the
other main tools of drug discovery, in-
cluding structure- and mechanism-based
design, molecular modelling and compu-
tational chemistry to ultimately define a
more powerful discovery paradigm. Fi-
nally and significantly, combinatorial tech-
nologies may ultimately find use in sur-
mounting some of the typical hurdles en-
countered in drug development (e.g. cell
penetration, metabolism, bioavailability,
pharmacokinetics - combinatorial drug
development).

Received: June 10, 1997

[1] M.A. Gallop, R.W. Barrett, W.J. Dower,
S.P.A. Fodor, E.M.Gordon,i. Med. Chem.
1994,37, 1233; E.M. Gordon, R.W. Bar-
rett,W.J.Dower,S.P.A.Fodor,M.A.Gallop,
ibid. 1994,37, 1385.

[2] E.M. Gordon, M.A. Gallop, D.V. Patel,
Ace. Chem. Rese. 1996,29, 144.

[3[ W. Carruthers, 'Cycloaddition Reactions

in Organic Synthesis', Pergamon Press, don, M.A. Gallop, f. Am. Chem. Soc. 1995,
Oxford, 1990. 117,7029.

[4] For a review, see G.!. Georg, V.T. Raviku- [10] M.F. Gordeev, D.V. Patel, E.M. Gordon,f.
mar, in 'The Organic Chemistry of ~Lac- Org. Chem. 1996, 61, 924.
tams', Ed.G.!.Georg,VerlagChernie,New [11] M.F. Gordeev, B. England, R.W. Barrett,
York, 1993, p. 295-368. E.M. Gordon, D.V. Patel, unpublished re-

[5] B. Ruhland, A. Bhandari, E.M. Gordon, suIts.
M.A.Gallop,i. Am. Chem. Soc. 1995, 118, [12] M.F. Gordeev, D.V. Patel, J. Wu, E.M.
253. Gordon, Tetrahedron Lelt. 1996, 4643.

[6] G.c. Look, C.P.Holmes, J.P. Chinn, M.A. [13] A. Atuegbu, D. Maclean, C. Nguyen, E.M.
Gallop, f. Org. Chem. 1994, 59, 7588; Gordon, J.W. Jacobs, Bioorg. Med. Chem.
W.L. Fitch, G. Detre, c.P. Holmes, J.N. 1996,4, 1097.
Shoolery, P.A. Keifer, ibid. 1994,59,7955. [14] 'Cephalosporins and Penicillins; Chemis-

[7] 'Solid Phase Synthesis of Beta-Sultams', try and Biology', Ed. E.H. Flynn,Academ-
M.F. Gordeev, E.M. Gordon, D.V. Patel,f. ic Press, New York, 1973.
Org. Chem., in press. [15] 'Beta-Lactam Antibiotics; Chemistry and

[8] R. Grigg, 1.Kemp,G. Sheldrick, J. Trotter, Biology', Eds. R.B. Morin andM.Gorman,
f. Chem. Soc., Chem. Commun. 1978, 109; Academic Press, New York, 1982, Vol. 1-
R.Grigg,V.Sridharan,Adv. Cycloadditions 3.
1993,3, 161. [16] J. Zhou,1.W. Jacobs, unpublishedobserva-

[9] M.M. Murphy, 1.R. Schullek, E.M. Gor- tions.


