9954 J. Am. Chem. So@000,122,9954-9967

Natural Product-like Combinatorial Libraries Based on Privileged
Structures. 2. Construction of a 10 000-Membered Benzopyran
Library by Directed Split-and-Pool Chemistry Using NanoKans and
Optical Encoding

K. C. Nicolaou,* J. A. Pfefferkorn, H. J. Mitchell, A. J. Roecker, S. Barluenga, G.-Q. Cao,
R. L. Affleck, T and J. E. Lillig*

Contribution from the Department of Chemistry and The Skaggs Institute for Chemical Biology,
The Scripps Research Institute, 10550 North Torrey Pines Road, La Jolla, California 92037,
Department of Chemistry and Biochemistry, bbsity of California, San Diego, 9500 Gilman D,
La Jolla, California 92093, and IRORI, a bision of Discaery Partners International Company,
9640 Towne Centre Dre, San Diego, California 92121

Receied June 7, 2000

Abstract: Having developed a reliable and versatile solid-phase strategy for the split-and-pool synthesis of
naturally occurring and designed derivatives of the benzopyran template (see preceding paper), we now report
the construction of a 10 000-membered natural product-like compound library for chemical biology studies.
Concomitantly, we report an early application of the IRORI NanoKan optical encoding system for the high
throughput nonchemical tagging and sorting of library members during split-and-pool synthesis. The overall
synthetic strategy for library construction is discussed and the individual reaction pathways are examined in
the context of specific library members, illustrating reaction conditions as well as yields and purities. The
issues of building block selection and quality control of library members are also addressed and, finally, potential
applications of the library to chemical biology are discussed.

Introduction conditions as well as yields and purities of cleavage products.
The selection of library building blocks will also be addressed.

In this series of papers, we introduce a strategy for the design|n addition, the integration of this chemistry with the new
and synthesis of small molecule libraries based on naturally nonchemical encoding technology is described along with its
occurring privileged structural motifs® To illustrate this  application to the high-throughput synthesis, sorting, cleavage,
strategy, we targeted the 2,2-dimethylbenzopyran moiety as anand concentration of library members. Last, the issue of quality

inaugural natural product-like template. Having already devel- control will be addressed and the applications of this library to
oped a reliable and versatile solid-phase strategy for the split- chemical biology will be discussed.
and-pool synthesis of naturally occurring and designed deriva-
tives of this scaffold, we now report the construction of a
10 000-membered natural product-like compound library for
chemical biology studies. Concomitantly, we report the first  Library Design and Development.The selection of reaction
published application of the IRORI NanoKan optical encoding pathways and building blocks was governed by the goal of
system for the high-throughput nonchemical tagging and sorting ultimately obtaining a library of compounds that emulated the
of library members during split-and-pool synthesis. structural types observed in benzopyran-containing natural
We will begin by examining the design of the overall products. Prominent structural features of this class include the
synthetic strategy and then discuss each reaction pathway infollowing: both rigid and flexible skeletons, multiple aromatic
the context of a specific library member illustrating reaction rings (including heterocycles) with various substituents (hy-
A ] ST author atThe Serons R Fhstitut droxyl, alkoxy, keto, and ester), saturated and unsaturated alkyl
* ress corresponaence (o tnis author al € SCripps Researcn Insttute. . ; : H
tIRORI, a Discovery Partners Intemnational Company. side chains, carbohydrates, molecular weights between 200 and
(1) Nicolaou, K. C.; Pfefferkorn, J. A.; Roecker, A. J.; Cao, G.-Q.; 600, and an average of 3 to 6 heteroatoms per strukture.
BaEIL;enga,l S.; Mitchell, lfﬁ.ﬁJJ.kAm. Chem. SOIQOOQ 122, 9939h—9”953. choosing reaction sequences to generate structures with these
2) Nicolaou, K. C.; Pfefferkorn, J. A.; Barluenga, S.; Mitchell, H. J.; ioti ; ; A ; .
Roecker. A, J.. Cao, G.-Ql. Am. Chem. So@00Q 122, 9968-9976. characteristics, the following flve key criteria were considered:
(3) A preliminary communication of this optical encoding concept has (&) Structural resemblance of liorary members to natural products
been disclosed (see: Xiao, X.-Y.; Zhoa, C.; Potash, H.; Nova, MnBew. as described above; (b) overall diversity and complexity of the
Comic Srcodng S e cmetieam poppremyions bocke.on e T8 () rlabiltyofreacton sequerces (. yield and puriy
surface of these blocks was grafted aminomethylated polystyrenel, and theOf final cleavage prOdl_JCts)_; (d) ava"ab"'tl( of building bI_OCkS;
blocks were employed in the synthesis of a small oligonucleotide library. and (e) potential to simplify the synthesis through split-and-
The present method differs from this early system in that the NanoKan pool techniques.
microreactors now encapsulate the polymer (as opposed to having it grafted
on the surface) making the current method compatible with a wider range  (4) For a review of combinatorial diversity, see: Kauvar, L. M.; Laborde,
of commercial and specialized resins. E. Curr. Opin. Drug Disceery Dev. 1998 1, 66—70.
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Scheme 1.Overall Synthetic Sequence for the Construction of a 2,2-Dimethylbenzopyran-Based Heterogeneous Natural Product-l& Library
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Figure 1. Building blocks employed for construction of natural product-like library based on the benzopyran template.

The complete reaction manifold employed for constructing substituents. The effect that varying the aldehyde position can
this library is outlined in Scheme 1 with the corresponding have on molecular architecture is illustrated in Figure 2, wherein
building blocks shown in Figure 1. As illustrated, a heteroge- four scaffolds §CAF-1, SCAF-5, SCAF-7, andSCAF-8), each
neous synthetic strategy was selected commencing from ninewith an aldehyde group in a different position, were subjected
aldehyde-containing benzopyran scaffolds§cheme 1) from to the same reaction sequence (described in Scheme 4) to
which all library members were derived. These scaffolds were provide compound23—26 (Figure 2) with quite different
either loaded directly from the correspondimgprenylated shapes.
benzaldehydesSCCAF-1 through SCAF-6, Figure 1) or con- The nine aldehydes represented the starting point of all
structed from the corresponding aryl bromi&CAF-7 through synthetic operations and, as shown in Scheme 1, proceeded
SCAF-9, Figure 1)! The decision to use a common functionality directly to a synthetic branch point where three reaction
(i.e. an aldehyde) for the starting point of all reactions reduced pathways (organometallic addition, reductive amination, and
the number of overall processes required as well as the numberKnoevenagel condensation) were utilized to provide structures
of o-prenylated phenold( Scheme 1) that had to be synthesized. of types 3, 4, and 5, respectively. The functional groups
The aldehyde functional group was specifically selected owing generated by these three operations were subsequently enlisted
to its ability to be engaged in a variety of diversity building for installation of secondary elements of diversity. Hence, the
reactions many of which introduce a second functional group alcohols 8), amines 4), and phenolsg, R* = OH) were all
which can be, in turn, further derivatized. Diversity was acylated (with acid chlorideS1 — C15, Figure 1) to give esters
introduced into scaffolds themselve3QAF-1 throughSCAF- (12, Scheme 1), amided 3, R = C(0O)], and phenolic esters
9, Figure 1) by varying the position of the aldehyde on the [14, X = C(O)], respectively. In addition, the secondary amines
aromatic ring as well as by adding various alkyl and alkoxy (4, Scheme 1) and phenoB){vere reacted with various sulfuryl
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to a small portion (ca. 8%) of library members in such a way
as to mimic the types of benzopyran glycoside conjugates
observed in naturé.

Specific Reaction Pathwaysln light of the complexity of
the overall synthetic strategy, it was deemed important to trace
the fate of individual compounds through each of the pathways
to better illustrate reaction conditions, yields, and estimated
purities of the final products. Later in this paper, we detail how
the NanoKan Optical Encoding platform, recently developed
by IRORI, a Discovery Partners International Company, was
used for automated tagging, sorting, cleaving, and concentrating
of the library? A key element of this automation platform is
the microreactors (termed NanoKans) which encapsulate aliquots
of resin for individual library members. Thus, to accurately
simulate the actual synthetic conditions expected to be encoun-
tered during the library construction (particularly reaction

Me O N kinetics), all test reactions described below were conducted in
Me o _ these (or related) microreactors.
O Q The first reaction of the branch point involved addition of
H O/U\ls) alkyl and aryl organometallics to the starting aldehyde scaffolds
26 MeO ) to form secondary benzyl alcohols or benzhydrols. In the

Figure 2. Representative examples of the same reaction sequenceP€Vious paper, we reported the construction of similar benzyl
generating structurally distinct products based upon the use of four @lcohols through a halogemetal exchange of a resin-bound
different aldehyde scaffoldSSCAF-7 — 23, SCAF-8 — 24, SCAF-5 bromide and subsequent quenching with various aldehyOes.
— 25, SCAF-1— 26). See Scheme 4 for reaction sequence. the basis of comparative experimentation, however, we found
that the addition of the organometallic species to a resin-bound
chlorides B1—B10, Figure 1) to provide sulfonamide&3, X aldehyde proceeded with higher purity and tolerated a greater
= SO, and sulfonatesi4, X = SO, respectively. Secondary  variety of functionality than the reverse approach previously
alcohols 8) were also reacted with various imidazole derivatives used. As an example, aldehyde conjuga@AF-2 (Scheme 2)
(F1—F8, Figure 1) through a Mitsunobu reaction to produce was constructed by treatment of benzaldet®/dwith selenenyl
heterocycles 7, Scheme 15. Additionally, several structural ~ bromide resin. The resulting scaffold was then reacted with
types bearing either an alcohol or phenolic functionality were 4-chlorophenylmagnesium bromid®18) in THF at 0°C to
glycosidated (with trichloroacetimidat&l—G5, Figure 1§ to afford benzhydrol28 (98% conversion based otH NMR
provide carbohydrates of general ty@sl5, and16 (Scheme analysis of cleavage product). This alcohol was then used in
1). Once complete, all compounds were released from the resintwo separate reaction paths, the first of which required treatment
into separate wells of microtiter plates using an automated of 28 with isovaleryl chloride C3) in the presence of gl and
version of the oxidatiorrelimination protocol. 4-DMAP to afford esteR9 which was cleaved giving benzopy-
The evolution of this synthetic strategy was heavily influenced ran 31 in greater than 90% purity as suggestedbyNMR
by our earlier experiences during the syntheses of severalspectroscopy (illustrated in Scheme 2). In a second reaction,
focused libraries as described in the previous paper. In fact, thealcohol28 was treated with PJP, 2-methylbenzimidazolé=6),
adoption of a number of the current reaction pathways (specif- and DEAD to generate structud® which was cleaved (aqueous
ically: organometallic addition, Knoevenagel condensation, workup) to provide amin®2 in an estimated 80% purity*{d
Mitsunobu reaction, and glycosidation) was a direct result of NMR spectroscopyj It is noteworthy that théH NMR spectra
the earlier investigations. Other pathways from the previous shown were obtained from the cleavage of single NanoKans
library studies were excluded because of either lack of available each encapsulating 8.0 mg of resin and, therefore, represent the
building blocks (i.e. pyranocoumarin library) or poor reaction actual amount of compound expected for all members of the
reliability (i.e. chalcone library). It is noteworthy that the final library. The ability to obtain such spectra attested to the
reductive amination sequence employed herein was not usedidelity of the reaction sequences and confirmed fitaNMR
in the construction of earlier libraries. Its inclusion in the current spectroscopy could indeed be employed to assist in the
effort reflects the many diverse building blocks that it can characterization of the final 10 000-membered library.

accommodate as well as the very high fidelity with which the ¢ second reaction of this branch point involved conversion

reaction proceeds. The combination of the selected pathwaysyt the aldehyde scaffolds to various amide and sulfonamide
resulted in a collection of compounds with similar structural

o i derivatives through a sequence involving reductive amination
characteristics to the parental natural products in terms of ;¢ exemplified in Scheme 3. Thus, resin-bound aldehyde
number and types of rings, I|poph|I|C|.t)'/, types of substituents, SCAF-5 (Scheme 3) was prepared by loading of benzaldehyde
and average molecular weight. In addition, sugars were attacheds3 oni the selenium resin and then condensing the resulting

(5) Soll, R. M.; Dollings, P. J.; Mitchell, R. D.; Hafner, D. /&ur. J. product with 4-fluoroaniline (THF, 68C, 5 h) to generate the
Med. Chem1994 29, 223-232. corresponding imine which was reduced in situ by addition of

(6) For preparation of trichloroacetimidates, see:p(&lucose: Schmidt, ; ; ; 0
R. R.; Michel, J.Angew. Chem., Int. Ed. Engl98Q 9, 731-732. (b) sodium cyanoborohydride to form secondary an8dén 98%

b-Xylose: Mori, M.; Ito, Y.; Ogawa, TCarbohydr. Res199Q 195, 199— conversion fH NMR). This amine 84) was treated separately
224. (c)L.-Rhamnose: Kéigarto, J.; Agoston, K.; Batta, G.; Szurmai, Z.  with 4-nitrobenzenesulfonyl chlorideB6) and cyclopropane-

Eartbomr/]dr- R?(S-é;’gz 29“;' 55%:_#61- Ed)ttiéhg?ngosfélir oleBpler, (A)-? carbonyl chloride €1) in the presence of both £ and
retzschmar, K.Bioorg. Med. em. Le 7, — . (e . . . .
b-Lactose: Hasegawa, A.; Morita, M. Kojima, Y.; Ishida, H.; Kiso, M. 4-DMAP to provide sulfonamid85 and amide36, respectively.

Carbohydr. Res1991, 214, 43-53. Cleavage of these products afforded sulfonan3idand amide
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Scheme 2.Reaction Pathway Leading to Est&% and

OMe
Me._ O
a. Q—Sesr Me
H
Se
SCAF-2 (O

cl
O O Bng
e o @N‘Hﬂe
d. EtN, c. DEAD,\ N

O Me H
c3 4-DMAP PhsP F6
OMe OMe
Me._ O Cl Me. O Cl
W O vl X L

Se Se
é 29 o Me é 30 NYMe
O Me N
Je Hy0, e. Hx0p
OMe OMe
Me

o cl Me_O cl
M
w1 219999

»,Me
O Me N
TN T T
31
|
i

(ppm)

3a) 2.0 equiv of 27, CHxCly, 25 °C, 1 h, 100%; (b) 15.0 equiv of
4-chlorophenyimagnesium bromide (D18), THF, 0 — 25 °C, 2.5 h,
98%; (€) 15.0 equiv of 2-methylbenzimidazole (F6), 10.0 equiv of
Ph3P, 15.0 equiv of DEAD, THF, 25 °C, 24 h, 80 %; (d) 20.0 equiv of
isovalery! chioride (C3), 20.0 equiv of EtzN, 1.0 equiv of 4-DMAP,
CH,Cly, 25 °C, 12 h, 90%,; (e) 6.0 equiv of HyO,, THF, 25 °C, 20 min.
4-DMAP =  4-dimethylaminopyridine, DEAD =  diethyl
azodicarboxylate. TH-NMR (400 MHz) were recorded in CDCl; (see
Supporting Information for expansions).
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Scheme 3.Reductive Amination Pathway Leading 87 and
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(@) 2.0 equiv of 33, CH,Cl,, 25 °C, 1 h, 100%; (b) 20.0 equiv of
4-fluoroaniline (A8), THF, 65 °C, 4 h; (c) 25.0 equiv of NaCNBH3,
THF:MeOH (10:1), 65 °C, 6 h, 98%; (d) 20.0 equiv of 4-nitrosulfony!
chioride (B5), 20.0 equiv of Et3N, 1.0 equiv of 4-DMAP, CH,Cl,, 25
°C, 12 h, 90%; (e} 20.0 equiv of cyclopropanecarbonyl chloride (C1),
20.0 equiv of Et3N, 1.0 equiv of 4-DMAP, CH,Cl,, 25 °C, 12 h, 90%;
(f) 6.0 equiv of HyOp, THF, 25 °C, 30 min. 4-DMAP =
4-dimethylaminopyridine, 'H-NMR (600 MHz) were recorded in
CDCl; (see Supporting Information for expansions).
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Scheme 4.Reaction Pathway Leading to Stilbenoi23 and
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a(a) 2.0 equiv of 39, CH,Cl,, 25 °C, 1 h, 100%; (b} 10.0 equiv of
n-Buli (1.6 M in hexanes), THF, -78 — 0 °C, 2 h and 20 equiv of
DMF, -78 — 0 °C, 2 h then 1 M HCI (aq), 0 °C, 10 min, 99%; (c) 10.0
equiv of 3-OMe-4-OTHP-phenylacetonitrile (E15), 20.0 equiv of KOEt
(1.0 M in EtOH), THF, 25 °C, 8 h, 92%; (d) 2.0 equiv of TsOH,
THF:MeOH (9:1), 25 °C, 1 h, 100%; (e) 10.0 equiv of
3-(triftuoromethyl) benzenesuifonyl chloride (B7), 20.0 equiv of Et3N,
1.0 equiv of 4-DMAP, CH,Cl,, 25 °C, 12 h, 75%; (f} 10.0 equiv of
2-thiophenecarbonyl chloride (C15), 20.0 equiv of Et3N, 1.0 equiv of
4-DMAP, CH,Cl,, 25 °C, 12 h, 80%; (g) 6.0 equiv of HoO,, THF, 25
°C, 20 min. TsOH = p-toluenesulfonic acid.

38 in greater than 90% purities as suggested by NMR
spectroscopy.
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Figure 3. *H NMR spectra of stilbenoid23 and 45 constructed as
illustrated in Scheme 4H NMR (500 MHz) were recorded in CDEI
(see Supporting Information for expansions).

treated withn-BuLi (—78— 0 °C, 2 h) and then quenched with
DMF (—78—0°C, 2 h)8 Cleavage of a portion afOrevealed
that this transformation had occurred with 99% conversion. The
resulting resin-bound aldehyd# was then condensed with
3-OMe-4-(OTHP)-phenylacetonitrileE(L5) in the presence of
KOEt to afford E-stilboene41 in 92% conversiond NMR
spectroscopy). The acid labile THP protecting group was then
removed by treatment with TsOH (100% conversion), and the
resulting phenol was reacted with 3-(trifluromethyl)benzene-
sulfonyl chloride B7) and 2-thiophenecarbonyl chlorid€15)
under identical conditions used for the secondary alcohols.
Cleavage of the resulting compounds afforded stilbeiend
23in 75 and 80% estimated purities, respectively, over six steps
as estimated byH NMR spectroscopy (see Figure 3 f&
NMR spectra of compounda3 and 45).

The construction of all library members proceeded through
one of the above three reaction pathways. However, certain
building blocks employed in these pathways contained other
functionality that allowed for the installation of additional
diversity elements. Of particular interest was the coupling of
several structure types with assorted mono- and disaccharide
units (G1—G5, Figure J as illustrated in Scheme 1. As men-
tioned in the preceding paper, carbohydrates are known to
improve the solubility and cellular targeting of small molecles;
consequently, we sought to incorporate these moieties into a
small portion of the library to enhance both the structural
diversity and pharmacological potential of library members. An
example of this strategy is outlined in Scheme 5 for the synthesis
of stilbene glycosideS§1 and52. As shown, scaffol SCAF-5
was constructed from phendb and condensed with 4-OTHP
phenyl acetonitrileE14 in the presence of KOEt to provide
stilbene47. The THP-protected phenol, introduced during the

The third reaction of this branch utilized a Knoevenagel condensation, was then liberated by treatment with TsOH, and
condensation of the aldehyde scaffolds to produce stilbene-typethe resulting phenol was glycosidated using conditions devel-

structured.As illustrated in Scheme 4, scaffold was prepared
by loading of bromophenoB9 to give SCAF-7 which was

oped previously for the synthesis of a natural chromene
glucoside isolated fronAgeratum conyzoidedn the event,

(7) Ohsumi, K.; Nakagawa, R.; Fukuda, Y.; Hatanaka, T.; Morinaga,
Y.; Nihei, Y.; Ohishi, K.; Suga, Y.; Akiyama, Y.; Tsuji, . Med. Chem.

1998 41, 3022-3032.

(8) Ding, C. Z.Synth. Commuril996 26, 42674273.
(9) For discussion, see: Hecht, S. Bioorganic Chemistry: Carbo-
hydrates Oxford Press: New York, 1999.
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Scheme 5. Reaction Pathway Leading to Glycosideksand
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8(a) 2.0 equiv of 46, CH,Cl,, 25 °C, 1 H, 100%; (b) 10.0 equiv of
4-OTHP-phenylacetonitrile (E14), 20.0 equiv of KOEt (1.0 M in
EtOH), THF, 25 °C, 8 h, 90%,; {c) 2.0 equiv of TsOH, THF:MeOH
(9:1), 25 °C, 1 h, 100%; (d) 5.0 equiv of trichloroacetimidate G1, 4.0
equiv of BF3#Et,0, CH;Cly, -40 — 0 °C, 12 h, 85%; (e) 10.0 equiv
of NaOMe, THF:MeOH (2:1), 25 °C,12 h, 100%, f) 6.0 equiv of H,O,,
THF, 25 °C, 20 min. 'H-NMR (400 MHz) were recorded in CDCl3 (51)
and CD30D (52) (see Supporting Information for expansions).
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Scheme 6.Reaction Pathway Leading to Glycosifié&
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(@) 10.0 equiv of 3-THPO-phenyliithium (D20), THF, -78 — 0 °C, 1
h, 96%; (b)10.0 equiv of benzoyl chloride (C5), 20.0 equiv of EtzN,
1.0 equiv of 4-DMAP, CH,Cl,, 25 °C, 12 h, 100%; (c) 2.0 equiv of
TsOH, THF:MeOH (9:1), 25 °C, 30 min, 100%; (d) 5.0 equiv of
trichloroacetimidate G1, 4.0 equiv of BF38Et,0, CH,Cly, -40 — 0 °C,
12 h; (e) 6.0 equiv of H;O,, THF, 25 °C, 20 min, 90%.'H-NMR (500
MHz) were recorded in CDCl; (see Supporting Information for
expansions).

phenol48 was coupled with trichloroacetimida®16 in the
presence of BFELO and 4 A molecular sieves while warming
from —40 to 0°C over 12 h to afford peracetylated glycoside
49, Oxidative cleavage of the resin in one microreactor
containing 49 provided peracetylated glycosidgl in 90%
estimated purity (seéH NMR spectrum) indicating that the
glycosidic coupling had occurred with high selectivity for the
[-glycoside. Additional microreactors containidg were then
treated with NaOMe in THF for 12 h at 28C to affect
deprotection o#9 to 50 which was then released by standard
oxidative cleavage affording glycosi@ in an estimated 85%
purity. A second glycoside example is illustrated in Scheme 6
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wherein scaffoldSCAF-1 (from Scheme 5) was treated with
3-OTHP aryllithium D20 to generate benzhydr&3 in 95%
yield. Esterification of the secondary alcohol &8 was
accomplished by treatment with benzoyl chloridé5) to
provide structures4, the phenol of which was then liberated
by treatment with TsOH to afforl5. Using the same conditions
as above, phend5was coupled with trichloroacetimida@16
in the presence of BFfEL,O and 4 A molecular sieves while
warming from—40 to 0°C over 12 h to afford peracetylated
f-glycoside56 which upon cleavage afforded glycosiBe in
90% estimated purity (se# NMR spectrum of57). Due to
complications from functional group overlap, glycosidated
structures such &7 which contained ester moieties were not
deprotected; instead, these compounds were cleaved directly an
incorporated into the library as the peracetylated glycosides.
Selection and Validation of Building Blocks. With the
various reaction pathways established, the next step was to sele
suitable building blocks for use in each sequence. In evaluating
potential components, both reaction reliability and product

J. Am. Chem. Soc., Vol. 122, No. 41, 20061

most likely be obtained in acceptable purities (Re80%) for
biological studieg?®

Several interesting reactivity trends were noted during these
screening studies. First, during the organometallic testing, both
alkyl and aryl Grignards exhibited higher conversion and purities
than their alkyl- or aryllithium counterparts. Second, testing of
the reductive amination sequence revealed that highest conver-
sions were observed for the anilines and benzylamines inde-
pendent of the nature of the aryl substituents. The worst
performing amines tended to be the heteroaromatics which
displayed low conversion and/or low purities. This is likely
attributed, in part, to the fact that most of the heteroaromatic
amines tested were available only as salts which had to be
Jeutralized during the reaction. Despite this neutralization,
solubility remained a consistent problem which was exacerbated
by the diffusion requirements of the microreactors thereby
contributing to the low conversions observed for those reactions.

f these heteraromatic amines, oriy18—A20 performed
sufficiently well to warrant inclusion in the library. Third, testing
of the acid chlorides and sulfuryl chlorides with either amines,

diversity were considered. In most cases, a greater number ofgiconols, or phenols revealed no obvious reactivity trends as
bquln_g b_Iocks were tested than were actually used such_thata" reagents displayed high conversion and purities. Fourth,
low vyielding candidates could be excluded. In choosing quring testing of the substituted phenyl acetonitriles in the
components for preliminary testing, we deliberately included condensation reaction it was found that the electronically neutral
both alkyl and aryl moieties encompassing different electronic or electron-deficient substrates reacted faster than their electron-
substituents and varying degrees of lipophilicity. Building block  rich counterparts, but given sufficient reaction time all proceeded
pools were evaluated in two types of tests to be describedto nearly complete conversion. Interestingly, the desired trans
consecutively using the organometallic addition react®m( stereochemistry was predominantly observe@@o) in almost

3, Scheme 1) as a representative example. Hence, a collectiorall of the cases tested. Finally, the imidazole derivatives and
of 25 organometallic reagents including hydrides, alkyl- and the trichloroacetimidates generally performed equally well in
aryllithiums, and alkyl, alkenyl, vinyl, and aryl Grignards were their respective test reactions regardless of structural proper-
initially screened. These reagents were evaluated by reactionties.

with a representative aldehyde scaffold. In the event, resin-bound Library Encoding, Synthesis, and Cleaving Strategy.A
scaffold SCAF-1 (Figure 1) was loaded on resin in MicroKans  critical element of any split-and-pool library synthesis strat-
and subsequently reacted individually with each organometallic egy is the manner in which the individual compounds are
candidate. The resulting benzyl alcohol products were then encoded such that one can rapidly identify the structures of
pooled and acetylated (40, 4-DMAP) before being sorted and  individual library members and avoid the time-consuming task
cleaved into individual vials. The cleavage products were then Of mixture deconvolutiod? Two general techniques have
examined by TLC (see Figure 4), ES-MS, atid NMR traditionally been used for this task: chemical encoding and
spectroscopy. In general, any building block exhibiting less than Nonchemical encoding. Chemical encoding relies on the itera-
90% conversion to a single product was excluded at this point. tive coupling of chemical tags (typically oligonucleotides,
Subsequently, we sought to ensure that each reaction type (i.ePeptides, or binary small molecule systems) to orthogonally
organometallic addition, reductive amination, etc.) would work functionalized beads during the library synthesisThese
reliably on each of the nine scaffolds. We were particularly Chemical tags can be analyzed (either on or off the bead) by

interested here in preemptively uncovering any steric or
regioselectivity problems before they could compromise the
actual library synthesis. As an example, a representative
organometallic reagent [i.e. phenylmagnesium bromiziey]

was individually reacted with all nine aldehyde scaffolds

(SCAF-1 through SCAF-9), each loaded onto resin held in

separate microreators. The resulting benzhydrols were then

acetylated as described above and cleaved for analysis. In thi
case, all nine scaffolds exhibited excellent converso85%)
and no problems were noted. This two-step screening proces

from which 20 were selected) and Knoevenagel condensation

appropriate analytical techniques with their constitution being
a consequence of the synthetic path that the compound from
that bead followed? The advantages of chemical tagging
include the relatively low initial and per compound costs as
well as the large library sizes that can be accommodated. On
the downside, this technique requires additional synthetic steps
to attach the requisite tags; moreover, the sensitivity of the tags

may limit the range of chemical transformations which can be

SUsed in the library construction. In some cases, the decoding of

these chemical tags can also be a tedious and time-consuming

; S . rocess.
was then repeated for the reductive amination (45 amines testeds,p

As an alternative to the chemical strategy, various nonchemi-
cal encoding techniques have been developed which attempt to

(25 nitriles tested, from which 15 were selected) sequences as;gcord the synthetic history of compounds by physical mé&ns.

shown in Figure 4. In addition, the loading/cleavage of all

scaffolds was evaluated and all sugars were tested in a
representative glycosidation reaction. All test reactions and the
resulting TLC plates for the chosen building blocks are

illustrated in Figure 4. In general, most reactions and their
requisite building blocks exhibited better than 90% conversion
in each test, suggesting that the final library compounds would

(10) For discussion of requirements of library purity, séeComb. Chem
1999 1, 11A-12A.

(11) For a general review, see: Czarnik, A. @urr. Opin. Chem. Biol.
1997 1, 60-66.

(12) For a review of chemical encoding, see: Barnes, C.; Scott,
R. H.; Balasubramanian, Rec. Res. De Org. Chem.1998 2, 367—
379.

(13) Xiao, X.-Y.; Nova, M. P.Comb. Chem1997 135-152.
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2D Laser
Optical
Encoding

Figure 5. The IRORI family of microreactors.

Particularly useful in these laboratories has been the technologya

of radiofrequency (RF) encodifycoupled with microreactor
technology developed at IRORI, now a subsidiary of Discovery
Partners International Company, in 1995ln this system,
polypropylene microreactors with porous side panels are use

to encapsulate a solid-phase resin and a radiofrequency addre
sable semiconductor tagging device which is capable of receiv-

ing, storing, and emitting RF signals to a suitably interfaced
computert? In this way, the RF tag can be used to direct its

resin aliquot through a predetermined reaction pathway. In our

own combinatorial studies, we have employed two types of
microreactors (see Figure 5): MacroKans (capable of holding
ca. 300 mg of resin) and MicroKans (capable of holding ca. 30
mg of resin). In these systems, multimilligram amounts of
cleavage products can be isolated (typically-800 mg for
Macrokans and 810 mg for MicroKans)-® In practice, this
radiofrequency encoding system is well suited for the rapid
construction of libraries of up to several thousand members.
To accommodate larger libraries, a high-throughput variant

of this technology has recently been developed by IRORI using

optical encoding in place of the radiofrequency encodifibis

technology involves microreactors (termed NanoKans) contain-

ing a laser-etched ceramic grid (22 12) which can be read

optically for encoding/decoding purposes (see Figure 5). The

advantages of this NanoKan platform compared with the
radiofrequency system, described above, are the reduced expen
of the tags and the complete automation of filling, sorting,

washing, and cleaving processes, thereby reducing the labor an

cost involved for synthesizing large libraries. During a library

synthesis, as shown in Figure 6, the above-described NanoKan

are initially filled with ca. 8 mg of resin and then sealed with

encoded ceramic caps. The NanoKan microreactors are sorte

into vessels where the requisite reactions are performed

Subsequently, the microreactors are pooled, washed, and re

sorted into vessels for the next reaction. Upon completion of

(14) (a) Nicolaou, K. C.; Xiao, X.-Y.; Parandoosh, Z.; Senyei, A.; Nova,
M. P. Angew. Chem., Int. Ed. Endl995 34, 2476-2479. (b) Moran, E.
J.; Sarshar, S.; Cargill, J. F.; Shahbaz, M. J. M,; Lio, A.; Mjalli, A. M. M;
Armstrong, R. W J. Am. Chem. S0d.995 117, 10787-10788.

(15) These ranges are based upon an average resin functionalization o

1.2 mmol/g.

S
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NanoKan System

(‘4\

Sorter
Resin Filler /1

- / Washer

Synthesis

Archive

Plate Loader

Figure 6. The IRORI NanoKan system.

the reaction sequence, the microreactors are sorted into bar
coded cleavage plates (96 NanoKans per plate). Finally, using
the automated Clevap system, the products in the NanoKans
re released from the resin into standard 96-well microtiter plates
where they are automatically concentrated. Since these Nano-
Kans hold ca. 8 mg of resin each, cleavage typically affords
ca. 1-2 mg of each library member. This quantity of material

dallows for analysis of representative members by standard
sz;_malytical techniques (including NMR spectroscopy) and use

of the library in multiple biological screens. Moreover, since
the final cleavage products are released into standard 96-well
microtiter plates, the entire library is formatted for immediate
biological screening with standard liquid handling technologies.
It was the use of this highly automated system that allowed for
the complete synthesis of the present 10 000-membered natural
product-like library in 8 days.

The use of either the IRORI radiofrequency or optical
encoding systems offers both advantages and disadvantages as
compared to the more traditional chemical tagging encoding
strategies. One advantage is that these physical encoding
methods require no extraneous chemical manipulations during
the library synthesis nor do they limit the types of chemistries
which can be performed on library members (as is sometimes
the case in chemical encoding due to tag instability). Addition-
ally, all library members are readily identifiable, and cleavage
of the individual microreactors affords sufficient quantities of
products such that standard analytical techniques can be
employed to fully characterize library members. On the
downside, this physical method of encoding has a higher initial

SE

cost as compared to chemical encoding. In addition, the effects

é’f the microreactor environment on reaction kinetics must be

addressed during the reaction validation process. Finally, even
with the NanoKan system, the nature of physical encoding
imposes a practical limit on library size in the range of 200 000

dnembers as compared to the larger libraries available using

chemical encoding.

Library Synthesis. With the encoding strategy selected and
all reactions and building blocks validated, synthesis of the
actual library commenced. As outlined in Scheme 7, 10 215
NanoKans were loaded with ca. 8 mg of selenenyl bromide resin
(1.1 mmol/g functionalization) each and optically encoded using
an appropriate algorithm (see Supporting Information for
SynthMan algorithm). A preliminary sort of these 10215
NanoKans provided nine individual batches to be loaded with
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Scheme 7.Flowchart for Synthesis, Washing, Sorting, and achieved by treatment of a suspension of NanoKans and
Cleavage of the Benzopyran-Based Natural Product-like phenylacetonitriles in THF with KOEt at 25 over a period
Library Using the IRORI NanoKan System of 5 h. Upon completion of these 55 reactions, the NanoKans
were combined, washed, and sorted to afford new pools for
reactions with 15 acid chlorides, 10 sulfuryl chlorides, and 8
amines (Mitsunobu inversion), along with miscellaneous mi-
croreactors destined either for cleavage or glycosidation in a
later step. The sulfuryl chloride81—B10) and acid chlorides

L (C1—C15) were reacted under identical conditions by treating
[S_F‘ [SCZAF] |SC3AF1 [SC4AF] [scsAF| FGAF |TC7F| Fﬁ [?(3?‘ a suspension of NanoKans and¥tin CH,Cl, at 0 °C with
1 | I I | ' l l the reagent and 4-DMAP, followed by warming to 25 and

stirring for 12 h. The Mitsunobu reactions were carried out by

addition of PRP, aminesk1—F8), and DEAD to a suspension

Resin Filling 10,215 Kans

Sorting & Scaffold Loading

20

10,215 Kans of NanoKans in CHCI, at 25°C followed by agitation for 48
Washing & Sorting h. At this point, the microreactors were re-pooled and sorted,
Reductive Amination Condensation resulting in 5 sets for glycosidation reactions and the remainder
Organometallic | Addition for cleavage. The glycosidation reactions were conducted using
Pools E‘E the previously established conditions whereby a suspension of
D1-D20 E1-E15 microreactors, trichloroacetimidate&{—G5),6 and 4 A mo-

lecular sieves in CkCl, at —40 °C was treated with BFELO
and allowed to warm to OC over a 12 h period.

10.29% Kans Whe_n the reactions were co_mpleted, all NanoKans_ were
Washing & Sorting sorted into Clevap plates (96 microreactors per plate with one
microreactor per well) which were fitted with bar coded
receiving plates. The assemblies were then taken in sets of 23
1Acylaﬁ0n lSulfurylation 1Mitsun0bu and cleaved using the automated Clevap system (see Figure 6).
In each event, the individual wells of the plates containing the
NanoKans were filled with a solution of hydrogen peroxide in
THF (6.0 equiv) and the suspension was degassed under vacuum
and allowed to react for 30 min, after which time the solution
was transferred (via centrifugatis) to the receiving plates. A
9,900 Kans solution of methyl sulfide in THF (15.0 equiv) was then

| dispensed into the individual wells and transferred to the
receiving plates. This latter addition functioned both as a wash

Pools Pools Pools
Ci-C15 B1-810 F1-F8

Glycosidation | of the resin and as a quench of the excess oxidant. Finally, the
10.215 Kans NanoKans were rinsed with GBl, and the wells of the
G165 ' microtiter plates were then concentrated under vacuum centrif-
NanoKan Plate Loading, ugatis fa 2 h to provide the targeted compounds with one
Cleaving, Concentration member in each microtiter plate well. The location/structure of
10,215-Membered Natural Product-like Library individual compounds was readily traceable using the archives
in 96-well Plates (1 compound per well). generated from the loading of the cleavage plates (see Figure
6).

Quality Control Assessment of the Library. With the
chemistry complete, it was necessary to assess the integrity and
purity of library members so as to ensure that biological
screening studies would not be confounded by false positives
or other complications which might arise if the composition of
library members was not sufficiently establisHéd o ensure
against this problem, four types of quality controls (QC) were
employed during the library development and construction
process. The first of these controls occurred prior to the actual
library synthesis where, as described in the above section, all
building blocks and scaffolds were tested and validated to ensure
high conversion for individual steps. The three remaining quality
control checks occurred either during or after the library
synthesis and sought to address three criteria, including the
following: (a) “in situ” monitoring of reactions during library
synthesis to ensure complete conversion; (b) performance of
automated cleavage protocol (as compared to standard cleavage
protocol used previously in the earlier focused libraida
terms of both compound purity and yield; and (c) overall library
purity and integrity as determined by analysis of a representative

scaffolds SCAF-1 through SCAF-9. In each event, 1135
microreactors were suspended in/£Cl} and treated with a CH

Cl, solution of theo-prenyl phenol at 25C for 1 h, after which
time the solvent was removed and the NanoKans thoroughly
washed and dried (see Experimental Section for details).
Scaffolds containing an aryl bromide (i.8CAF-7 through
SCAF-9) were then pooled and converted to the corresponding
aldehydes by treatment witltBuLi at —78 to 0°C over 2 h
followed by quenching with DMF at-78 to 0 °C over an
additiond 2 h period. At this stage, all microreactors were
pooled and subjected to a global sort resulting in 55 different
sets of NanoKans: 20 to be reacted with organometalds(
D20), 20 to be condensed with amines1(—A20), and 15 to

be condensed with phenylacetonitril&l(-E15). As previously
described, the 20 organometallic addition reactions were effected
by treatment of a suspension of NanoKans in THF & Qvith

a 1.0 M solution of reagents followed by stirring at© for 30

min and 25°C for 4 h. The reductive aminations were effected
by heating a suspension of microreactors and amines in THF
at 70°C for 4 h followed by the addition of sodium cyanoboro-
hydride and methanol (10 vol %) and heating for an additional (1) Fitch, w. L.Annu. Rep. Comb. Chem. Mol.®rsity 1999 2, 33—
6 h at 70°C. Last, the Knoevenagel condensations were 39.
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Figure 7. Structures of the systematically selected QC set (1% of library) used to monitor reaction completion and cleavage fidelity. All compounds
were analyzed byH NMR and HPLC (see Supporting Information for data) with estimated purities as shown. In addition, all structures were
confirmed by MS except for compounds, 97, 141, and 149 for which no parent or fragmentation peak was observed.
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5% sampling of library members. A key component to criteria. [gi,ngard oxidative cleavage of compound 74

(a) and (b) was a set of 100 systematically selected library oPn
members (see Figure 7 for structures) which were chosen such .o wos
that each reaction used to construct the library was represented “"(\)@»uf@

by at least one of these compourtd3.he selected compounds
were actually encoded in quadruplicate (i.e. at the start of the| , l l

library synthesis there were four separate copies with each copy| N N iM\L_l ;
in its own NanoKan). Three of these four copies were used for & & & & 8 T IS T T 4
analytical purposes while the fourth remained in the final library
so that the quality control studies would not result in a void.

To effectively monitor “in situ” reaction progress during the .o @ .

library synthesis, the first of the three QC sets of these w AT *

compounds (Figure 7) were encapsulated in black NanoKans
as compared to the standard white NanoKans which allowed

F

Automated oxidative cleavage of compound 74

OFh

them to be visually sorted out during a reaction. Thus, during | } N l W
(or after) each reaction, one of the designated black QC & = & & &AW T s a s
NanoKans was removed and subjected to cleavage such that i

the conversion of that reaction could be estimated. If analysis Figure 8. Comparation of standard and automated cleavage of
of the cleavage product revealed the reaction to be incomplete,comPound74. *H NMR (500 MHz) were recorded in CD€l
all of the NanoKans in that reaction vessel were resubmitted to

the reaction conditions using fresh reagents to drive the reaction© Nnotable differences attributable to accumulated impurities.
to completion. A representative example is shown in Figure 8, where'the

NMR spectra of benzopyraf cleaved manually (top spectrum)
and cleaved automatically (bottom spectrum) were identical
except for small differences in the amounts of residual solvents

A second quality control concern regarded the fidelity of the
automated cleavage protocol. Of particular interest was whether
the automated system would introduce additional impurities . )
(leached from either the apparatus itself or the cleavage plates)("e' THF, DMSO, and E0). Furthermore, the average yield

into the compounds. Hence, the second and third copies of '[hesé)f each_ of_the two QC sets was determined by carefully drying
QC control compounds (Figure 7) were carried through the and weighing 30 compounds from each set. The average amount

entire reaction sequence and then sorted out at the end. Th f compound released for the manually cleaved NanoKans was

first of these two QC sets was cleaved manually using the ound to be 1.8 mg. Assuming an average molecula_r weight %f
standard oxidative treatment and methyl sulfide quench (de- 400, this recovery represented an average overall yield of 51%

scribed in the preceding pagewhile the second set was cleaved  °©Ve€' 3 fo 7 steps depending on the ide”t.‘ty of the particular
using an identicachemical protocal but in the Clevap ap- compound. The average amount of material released from the

paratus. These two sets of QC compounds were then analyzed\lanoKans cleaved automatically was determined to be 1.6 mg
for purity and integrity by TLC, MS, HPLC, antH NMR. In or about 89% of the value released during the manual cleavage

addition, the averaged yields of each QC set were determined.swdies' The similarity in compound purity and yield between
i : o . oo these two QC sets attested to the efficiency and utility of the
The final quality control criteria required estimating the

overall purity of the library through analysis of a representative automated Clevap system.

5% sample of members. These 500 compounds consisted of Finally, inspection of the data from the 5% library sampling
the 100 used above (Figure 7) along with 400 additional [e.g. criteria (c) above] provided a decisive measure of overall

randomly selected compounds. All 500 compounds were library quality. As previously described, these 500 compounds
analyzed by TLC, HPLC, and MS. Purities were estimated from Were analyzed by HPLC, TLC, and MS. In addition, 1% of the

the HPLC data based on integration and reported as 90%, 80%iPrary was also analyzed byH NMR. During the mass
70%, 60%, 50%,<50%, or 0%. Purities were also assigned spectroscopy studies, confirmatory peaks for 458 of the 500

based on NMR data (when available). In making the NMR compounds (92%) were identified. In addition, HPLC analysis
evaluations, residual water or DMSO was not considered, andfound that 347 of the 500 compounds (69%) were of 80% purity
examination of the signals of the aromatic and vinyl protons ©°F 9reater while 418 of the 500 compounds (84%) were of 70%
along with other distinguishing signals was used to estimate PUIity or greater as determined by integratiérin addition,
each compound’s relative purity. Tabular HPLC, TLC, MS, and evaluation of a 1% library sampling (see Figure 7)'syNMR
NMR data as well as HPLC traces (5% of library) dhtiNMR suggested that 75% of the compound samples were of 80%
spectra (1% of library) for crude cleavage products are provided Pty O greater while 82% of the samples were of 70% purity
in the Supporting Information. or gregtell. o ) ) ) )
Inspection of the results of these QC analyses provided Besides confirming overall library quality, this analysis also

encouraging evidence that the targeted library had indeed beer{evgaled severallinteres.ting reactivity trends. First, in terms.of
obtained in high fidelity and good overall purity. First purity, the reductive amination and Kneovanagel condensation

comparison of the TLC, HPLC, antH NMR data for the sequences appear to have outperformed the organometallic

compounds in the two sets of QC compounds that were cleaved2ddition sequence. In fact, the only notable failures in the
both manually and automatically [e.g. criteria (b) above] reductive aminations stemmed from the heterocyclic amines

revealed the purities of the two sets to be strikingly similar with A18—A20 (Figure 1) likely due to limited solubility as discussed
previously. As expected, the Kneovanagel condensations pro-

(17) The compounds shown in Figure 7 are a subset of the 500 library
members used in the quality control studies. Examination of their structures ~ (18) The assessment of purities of glycosides derived from organometallic
and purities provides a concise overview of the structural characteristics of addition reactions by HPLC dH NMR was partially obscured by the fact
library members as well as the purities observed for different types of library that the compounds were synthesized as a 1:1 mixture of diastereomers
members. Complete tabulated data for all 500 QC compounds can be foundsince the carbon of the benzylic alcohol was racemic. The reported purities
in the Supporting Information. for these compounds are, therefore, best estimates given this fact.
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ceeded in good conversion and stereoselectivity with both thereof) are being screened in both in vitro enzyme inhibition
electron-deficient and electron-rich phenyl acetonitriles. Some- assays as well as in several cell and animal systems through
what unexpectedly, compounds sampled from the organometalliccollaborations with laboratories at The Scripps Research Insti-
addition route were slightly less clean (average purities in the tute, The National Institutes of Health, and other academic
range of 76-80%) than was anticipated based upon the building institutions with initial interest in anticancer, antibacterial, and
block validation studies where all reagents tested exhibited antiviral targets. Preliminary results from these studies suggest
purities of 90% or greater. Notwithstanding these minor thatthese library members are in fact cell-permeable and capable
perturbations, these sampling studies confirmed that, overall, of high-affinity interactions with biological target8 Additional
members of this library were sufficiently pure to be used for results from these investigations will be reported in due course.
biological screening.
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