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Understanding the cellular function of a protein usually requires
a means to alter the function. This is commonly done by mutating
the gene encoding the protein (genetic approach). It can also b
done by binding the protein directly with a small molecule ligand
(chemical genetic approach). Such ligands, primarily natural
products or synthetic variants of them, can either inactivate
activaté protein function. For the chemical genetic approach to
have its maximal impact, efficient methods of ligand discovery
will be required to provide, in the limit, a small molecule partner
for every gene product.

Our laboratory has recently described miniaturized cell culture
assays for screening large numbers of small molecule ligands,
potentially on a genome-wide basisHHowever, despite its success

in natural products synthesis, synthetic chemistry has not yet been

applied to the synthesis of vast numbers of compounds with struc-
tures both reminiscent of natural products and compatible with
miniaturized assays. These features of a synthesis will likely be
required in order to discover nonnatural compounds having the
binding affinities and specificities characteristic of natural prod-
ucts.

The synthetic strategy we have undertaken is to develop highly
efficient multistep syntheses of natural product-like compounds
that include several coupling steps and to use split-pool tech-
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eFigure 1. Synthesis of tetracycles and nitronas.X = H, b: X = 2,

c X=3-,d: X=4-,e X =4-CRK, f: X = 3,4-(OMe).

niqued at these steps in order to generate diverse outcomes. ThisFigure 2. Compounds derived from templatésand 5.

technique requires that one of the coupling substrates be im-
mobilized on a solid support. Our syntheses are further con-
strained by the water-compatible photolabile supports required
when carrying out large numbers {0°) of miniaturized “nano-

stereoselectivity, presumably via tandem acylation/1,3-dipolar
cycloaddition® No intermediate nitrone ester or carboxy isox-
azolidine structures were observed. The iodoaryl tetracycles

droplet” cell culture assays aimed at identifying cell permeable 4h—d and5b—d were selected for further study since the support-
ligands? This presents a considerable synthetic challenge since hound aryl iodides could be modified with commercially available
the structural elements that provide these properties (e.g., poly-reagents, avoiding the need for solution-phase syntheses of

(ethylene glycol), nitrobenzyl moieties) are incompatible with
numerous reagents used in conventional synthetic chemistry.
With these considerations in mind, we first converted shikimic
acid, 1, into both enantiomers of epoxycyclohexenol carboxylic
acid 2,° which were then coupled to a photocleavable linker on
solid support by standard methods (Figuré Ijreatment of the
resin-bound epoxycyclohexen8|,with various nitrone carboxylic
acids? 7a—f and9b—d, under esterification conditions yielded
tetracyclic compoundd4a—f and5b—d with complete regio- and
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numerous nitrone acids.

Tetracyclestb—d and5b—d are rigid, densely functionalized
compounds that can undergo further reactions to introduce a
variety of functional groups around the central octahydrobenzisox-
azole structure, notably, without the use of protecting groups. The
iodoaryl groups can serve as substrates for palladium cross-cou-
pling reactions. The electrophilic lactone and epoxide can react
with nucleophiles while simultaneously unmasking alcohols for
subsequent reactions. Furthermore, reductiveONoond cleav-
age would provide two additional handles for functionalization.
We developed several such reactions (Figure 2) with product pur-
ity ranging from~50 to > 98% following photocleavag®.Since
purification is not practical in a large split-pool synthesis, only
reactions generating products #90% purity were acceptable.

The most promising reactions were studied in detail to define
the scope, limitations, and optimal conditions for each (Figure
3). lodobenzyl tetracycletb—d were selected as scaffolds since

(7) Keirs, D.; Overton, KHeterocyclesl989 28, 841—-848.

(8) Tamura, O.; Okabe, T.; Yamaguchi, T.; Gotanda, K.; Noe, K,;
Sakamoto, MTetrahedron1995 51, 107-118.

c(ig) Photocleavage products were analyzedbNMR, FAB-MS, HPLC,
and TLC.
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Figure 3. Synthesis of 24 demonstration compounds and a 2.18 million
compound library.
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Figure 4. Building blocks used in library synthesis.

Fourth, during the encoded library synthesis belbwhe ef-
fectiveness of carbene tagging was verified by analyzing beads
from every pool at each step of the synthesis.

A large encoded library was constructed by split-pool synthesis

their palladium-mediated cross-coupling reactions were more beginning with attachment of two space¢saminocaproic acid

efficient than those involving iodophenyl tetracyclls—d. A

and glycine, to the photolinker on resin. A third portion of the

carefully controlled alkyne coupling reaction was used to convert resin was left without a spacer. The resin was pooled, divided

the aryl iodides 10) into aryl alkynes {1).1° Cycloreversion was

into two portions, and one enantiomer of epoxycyclohexenol

a persistent problem in uncatalyzed lactone aminolysis; however, carboxylic acid2 was coupled to each pool. After the resin was

2-hydroxypyridine mediated the efficient reaction of primary
amines with the-butyrolactone to afforgt-hydroxyamides12).1*

pooled and divided into three portions, iodobenzyl nitrone acids
7b—d were coupled, resulting in a total of 18 tetracyclic scaffolds.

After testing numerous acylating conditions, we found that the The synthesis was completed by reaction with 30 terminal alkynes,
unmasked secondary alcohol could be capped reliably with DIPC/ then with 62 primary amines, and finally with 62 carboxylic acids
DMAP-activated carboxylic acids to giveacyloxy amides3).12 (Figures 3 and 4) with an additional skip codon at each Step.
Split-pool synthesis provides the theoretical means to synthesize This six-step reaction sequence resulted in a collection of
the large numbers of molecules likely required for chemical compounds calculated to contain 2.18 million distinct, spatially
genetic screens, where molecules replace mutations. Howeverseparated, and encoded chemical entities. These synthetic
such syntheses present enormous analytical challenges. We havgompounds are rigid, stereochemically defined, and structurally
developed a four-step protocol in order to provide maximum diverse, characteristics common to many natural products.
confidence that a complex split-pool synthesis of encoded Furthermore, the synthesis allows the controlled release of
molecules yields the anticipated products in high purity and compounds from the individual 9 supports into nanodroplets
efficiency. First, to demonstrate the suitability of the entire Ccontaining engineered cells, features critical to the miniaturized
reaction sequence for library synthesis, we synthesized and fully cell-based assays now being used to screen this library for cell

characterized 24 compountfsl0a—f through13a—f, with the
latter providing photocleavage products in acceptable 8o

permeable, protein-binding liganéls Encouragingly, we have
already found that several members of this library activate a

purity. Second, potential building blocks at each step were testedreporter gene in mink lung celt8. We note, however, that this
by reaction with a single selected substrate. Thus, 50 alkynesSynthesis relies in part on simple acylation chemistry. Syntheses

were tested by reaction withOa, 87 amines withlla and 98

benefiting from a greater range of mild and selective synthetic

acids with12a Of these, 23 a|kyn85, 54 amines, and 44 acids methods may facilitate the routine diSCOVery of Compounds with

reacted with=90% conversion and purity (LC-MS). These
building blocks, along with a limited number of less optimal
candidates (generally=70% conversion), were selected for
inclusion in library synthesis. Third, to verify effective synthesis
in a split-pool format, we generated a small test library with

building blocks carefully selected such that the products within
each final pool would have unique masses, allowing analysis by
LC—MS. Indeed, all of the expected 456 masses were detected

(10) (a) Sonogashira, K.; Tohda, Y.; Hagihara,Tétrahedron Lett1975
4467-4470. (b) Young, J. K.; Nelson, J. C.; More, J.53Am Chem Soc
1994 116 10841-10842. (c) Collini, M. D.; Ellingboe, J. WTetrahedron
Lett 1997 38, 7963-7966. (d) Odingo, J.; Sharpe, B. A.; Oare, D., Presented

protein-binding properties rivaling those of natural products.
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