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Abstract: Herein we report a novel strategy for the design and construction of natural and natural product-
like libraries based on the principle pfivileged structuresa term originally introduced to describe structural

motifs capable of interacting with a variety of unrelated molecular targets. The identification of such privileged
structures in natural products is discussed, and subsequently the 2,2-dimethylbenzopyran moiety is selected as
an inaugural template for the construction of natural product-like libraries via this strategy. Initially, a novel
solid-phase synthesis of the benzopyran motif is developed employing a unique cycloloading strategy that
relies on the use of a new, polystyrene-based selenenyl bromide resin. Once the loading, elaboration, and
cleavage of these benzopyrans was established, this new solid-phase method was then thoroughly validated
through the construction of six focused combinatorial libraries designed around natural and designed molecules
of recent biological interest.

Introduction libraries of natural product analogues and natural product-like
compound$. Many of these libraries attempt to emulate the
structural characteristics observed in natural products but, at
the same time, provide more rapid access to larger collections
of products that possess greater diversity and incorporate
optimized physical and pharmacological properties into their
structures. A number of different strategies have emerged for
making these libraries with the earliest efforts focused on the
dmmobilization of complex natural product skeletons (usually
derived from either semisynthesis or total synthesis) onto solid
support to be used as scaffolds which are derivatized and cleaved
to provide focused libraries. Examples of this approach include
the construction of small libraries based upon the natural

Natural products play important roles in both drug discovery
and chemical biology. In fact, many approved therapeutics as
well as drug candidates are derived from natural sources.
Additionally, natural products have been extensively used to
elucidate complex cellular mechanisms, including signal trans-
duction and cell cycle regulation leading to the identification
of important targets for therapeutic interventfAs a result
of recent advances in biology, there is now an increased deman
for new natural product-like small molecules. Specifically, the
fields of genomics and proteomics promise the rapid identifica-
tion of large numbers of gene products for which small molecule
modulators will be of both biological and medicinal intergst. ducts vohimbing paclitaxel® dictving and i
Moreover, the combination of cell biology and high throughput progucts yohimbin€ paciitaxel, sarcodictyins, and vancomy

) cin® In a related approach, the convergent total synthesis of
technology has led to the development of various cellular assays ; .
. - . X ey several natural products has been achieved on solid support,
in which small molecule libraries can be used to efficiently

identify and help study previously unknown macromolecular and the use of multicomponent building block pools in these

targets? (4) For examples, see: (a) Mayer, T. U.; Kapoor, T. M.; Haggarty, S.
Despite the increased need for new natural products, theirJ.; King, R. W.; Schreiber, S. L.; Mitchison, T.3ciencel999 286 971

isolation and structure elucidation still remain a highly labor- g?;‘l' ig)gg"z"eégnﬁnzio'g; Campbell, R.; Broach, J. &urr. Opin. Chem.
intensive processAs an alternative, chemists are now enlisting (5) For discussion, see: (a) Cordell, G. A.; Shin, Y R@re Appl. Chem.
the tools of solid-phase combinatorial synthesis to construct 1999 71, 1089-1094. (b) Corley, D. G.; Durley, R. Q. Nat. Prod.1994
57, 1484-1490. (c) Cordell, G. APhytochemistry1995 40, 1585-1612.
* Address correspondence to this author at The Scripps Research Institute.  (6) (a) Watson, CAngew. Chem., Int. EAL999 38, 1903-1908. (b)
(1) For reviews, see: (a) Cragg, G. M.; Newman, D. J.; Snader, K. M. Bertels, S.; Frormann, S.; Jas, G.; Bindseil, K. Dtug Discaery Nat.

J. Nat. Prod.1997, 60, 52—60. (b) Shu, Y.-ZJ. Nat. Prod.1998 61, 1053~ 1999 72—-105. (c) Schreiber, S. LBioorg. Med. Chem1998 6, 1127~
1071. 1152.

(2) For reviews, see: (a) Hinterding, K.; Alonsdé&2; D.; Waldmann, (7) Atuegbu, A.; Maclean, D.; Nguyen, C.; Gordon, E. M.; Jacobs, J.
H. Angew. Chem., Int. EA.998 37, 688—749. (b) Hung, D. T.; Jamison, W. Bioorg. Med. Chem1996 4, 1097-1106.
T. F.; Schreiber, S. LChem. Biol.1996 3, 623-639. (8) Xiao, X.-Y.; Parandoosh, Z.; Nova, M. B. Org. Chem1997, 62,

(3) (a) Lenz, G. R.; Nash, H. M.; Jindal, Brug Discaery Today200Q 6029-6033.
5, 145-156. (b) Razvi, E. S.; Leytes, L. Mod. Drug Discaery 200Q (9) (a) Nicolaou, K. C.; Winssinger, N.; Vourloumis, D.; Ohshima, T.;
41-42. (c) Rosamond, J.; Allsop, Acience200Q 287, 1973-1976. (d) Kim, S.; Pfefferkorn, J.; Xu, J. Y.; Li, TJ. Am. Chem. Sod.998 120,
Garrett, M. D.; Workman, PEur. J. Cancerl999 35, 2010-2030. (e) 10814-10826. (b) For a review, see: Nicolaou, K. C.; Pfefferkorn, J.; Xu,
Barry, C. E.; Slayden, R. A.; Sampson, A. E.; Lee, R. Eochem. J.; Winssinger, N.; Oshima, T.; Kim, S.; Hosokawa, S.; Vourloumis, D.;
Pharmacol.1999 59, 221—-231. van Delft, F.; Li, T.Chem. Pharm. Bull1999 47, 1199-1213.
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syntheses has resulted in the production of libraries as demon- Natural Product Derived |
strated for the prostaglandifsepothilones? musconed? (S)- Prvieged Stucture
zearalenoné!and HPEL® To achieve the construction of larger

(nontarget directed) libraries, Schreiber et al. has described[—scigprase Me:hodplogyDevelopme_ntforl: Combinatorial
several diversity-oriented solid-phase synthetic strategies used grurssisef Solid Phase Synthesis Synthesis of Focused

to create libraries of complex structures for screening in various
chemical genetic applicatior%.More recently, a solid-phase Encoded SeiandPoo
combinatorial construction of carpanone-like libraries using a Synthesis of Large Naturai
biosynthesis inspired reaction sequence was reported by*Shair. Froduortie Lbrey
Finally, while not a chemical strategy per se, various genetic A
recombination techniques have been used to re-engineer mi- T pased N;";@C’:,Z?‘%it‘;‘gi‘s”yl-—{ O acad |
croorganisms to synthesize “unnatural” natural products, espe-

cially in the area of polyketide biosynthedfs. e ik

We now introduce a strategy for the construction of natural £ Ca"didates_ _ o
product-like libraries using the conceptpivileged structures Figure 1. Overall strategy for the design, synthesis, and application
a term first proposed by Evans et al. to describe select structural®f natural product-like combinatorial libraries based upon privileged
types (originally benzodiazepines and benzazepines) that bing®rUctres:

to multiple, unrelated classes of protein receptors as high affinity t5; either unknown or recently discovered biological targets.
ligands?® These privileged structures are typically rigid, poly- e were particularly intrigued by the possibility that using
cyclic heteroatomic systems capable o_f orier_lting varied sub- scaffolds of natural origin, which presumably have undergone
stituent patterns in a well-defined three-dimensional sgitke evolutionary selection over time, might confer favorable bio-
tendencies of derivatives of these privileged structures to exhibit g¢tivities and bioavailabilities to library members. Thus, we
binding affinity toward various receptors and enzymes has madesought to identify privileged structural subunits found in
them attractive scaffolds for diSCOVQl’y |ibraries, particularly in b|0|og|ca||y active natural products and use them as temp]ates
cases when there is only limited structural information available for the construction of libraries. Our generalized strategy is
about the targef The utility of this approach is readily evident  outlined in Figure 1. Accordingly, after identification of a motif,
by the numerous libraries which are designed and constructedg suitable solid-phase methodology would be developed for the
on such scaffolds!-2? efficient loading, functionalization, and cleavage of compounds
Given the success of privileged structures in medicinal based on the structure of interest. The preliminary testing and
chemistry, we envisioned a similar application of this concept refinement of this method is proposed to be accomplished
to the construction of natural product-like libraries, especially through the solid-phase synthesis of various natural products
since the principal use of such libraries is to discover ligands and small demonstration libraries of analogues. It was reasoned
that using focused libraries as a synthetic testing ground for
(10) (a) Xu, R.; Greiveldinger, G.; Marenus, L. E.; Cooper, A.; Ellman, the solid-phase chemistry will have a 3-fold advantage in that

J. A.J. Am. Chem. Socl999 121, 4898-4899. (b) Nicolaou, K. C.; it (3) requires the testing of a wide variety of reactions in
Winssinger, N.; Hughes, R.; Smethurst, C.; Cho, SAMgew. Chem., Int. (@) req s the go € y 0

Ed.200Q 39, 1984-1989. situations where the cleavage products could be carefully
(11) (a) Lee, K. J.; Angulo, A.; Ghazal, P.; Janda, K@g. Lett.1999 analyzed to determine reaction reliability, (b) would provide
1, 1859-1862. (b) Chen, S.; Janda, K. D. Am. Chem. Sod 997 119, access to libraries focused around several natural products of

27%4_6%755 ' écr)]e%g;g’l')s;;_ggg ”('g)sf)rﬂblr‘ﬁé'&? LB rfr.]',\;l]golfe”"::anl_’ J current biological interest, thereby facilitating structure activity

Moon, Y.-C.; Ellman, J. AJ. Org. Chem1998 63, 2066-2067. studies of these molecules, and (c) should create a collection
(12) () Nicolaou, K. C.; Winssinger, N.; Pastor, J.; Ninkovic, S.; Sarabia, of several hundred unique compounds that can be added to the
F.; He, v, Vourloumis, D.; Yang, Z; Li, T.; Giannakakou, P., Hamel, E.|arger, anticipated libraries to enhance overall diversity. Comple-

Nature 1997, 387, 268-272. (b) Nicolaou, K. C.; Vourloumis, D.; Li, T.; . . L . .
Pastor, J.; Winssinger, N.; He, Y.: Ninkovic, S.. Sarabia, F.: Vallberg, H.; tion of these smaller libraries is expected to provide a basis set

i

Roschangar, F.; King, N. P.; Finlay, M. R. V.; Giannakakou, P.; Verdier- 0Of solid-phase reactions amenable to the template of interest,

(Pci;?:fgr’ 2‘?5?&823”%&&5””& 'gt-. %dds'iﬂglr?ggjr 32 .2325—”31]%-5 o, and from this pool it would be possible to select several reaction
Angew. Chem., Int. EQ998 37, 20142045 T '7 sequences usefgl fqr the construction of a Iar'ger, more dlv.erse
(13) Nicolaou, K. C.; Pastor, J.; Winssinger, N.; MurphyJFAmM. Chem. natural product-like library. This latter effort might also require

Soc.1998 120 5132-5133. _ _ additional reaction validation as well as an appropriate high
(14) Nicolaou, K. C.; Winssinger, N.; Pastor, J.; Murphy, Ahgew. throughput encoding strategy such that cleavage of the members
Chem., Int. Ed1998 37, 2534-2537. : ; . : ;
(15) Nicolaou, K. C.; Winssinger, N.; Pastor, J.; DeRooseJ.FAm. of this large library would result in a collection of spatially
Chem. So0c1997, 119, 449-450. distinct compounds in a suitable format for biological screening

(16) (a) Tan, D. S.; Foley, M. A.; Stockwell, B. R.; Shair, M. D; i i
Schreiber, S. LJ. Am. Chem. Sod999 121, 9073-9087. (b) Lee, D; as suggested in Figure 1. N . . .
Sello, J. K.: Schreiber, S. L. Am. Chem. S0d.999 121, 10648-10649. To demonstrate these pI’InCIpleS, in this and the fOIIOWIhg
(c) Lee, D.; Sello, J. K.; Schreiber, S. Org. Lett.200Q 2, 709-712. articles, we detail the construction of a 10 000-membered natural

(17) Lindsley, C. W.; Chan, L. K.; Goess, B. C.; Joseph, R.; Shair, M. product-like library based on the 2,2-dimethylbenzopyran

D- €i8?r£6r0;$§/iesv6)i%%g (lef)ZK?liiT;ZC?ﬁemtractslgga 11, 1-15. (b) template, a structural motif found in numerous natural products.

Hertweck, C.Chem. BioChen200Q 1, 103-106. In this paper, we outline our rationale for selecting the
(19) Evans, B. E.; Rittle, K. E.; Bock, M. G.; DiPardo, R. M.; Freidinger, benzopyran as a privileged structure and then describe the
R. M.; Whitter, W. L.; Lundell, G. F.; Veber, D. F.; Anderson, P. S.; Chang,
R. S. L.; Lotti, V. J.; Cerino, D. J.; Chen, T. B.; Kling, P. J.; Kunkel, K. (21) For reviews of recent libraries, see: (a) Dolle, R. E.; Nelson, K. H.
A.; Springer, J. P.; Hirshfield, . Med. Chem1988 31, 2235-2246. J. Comb. Chem1999 1, 235-282. (b) Andres, C. J.; Denhart, D. J.;
(20) The termprivileged structurehas been suggested to also include Deshpande, M. S.; Gillman, K. WComb. Chem. High Throughput
the following: benzamidines, biphenyltetrazoles, spiropiperidines, indoles, Screeningl999 2, 191-210 and references therein.
and benzylpiperidines. See: Mason, J. S.; Morize, |.; Menard, P. R.; Cheney, (22) For an example of computational library design using privileged
D. L.; Hulme, C.; Labaudiniere, R. K. Med. Chem1999 42, 3251 substructures, see: Lewell, X. Q.; Judd, D.; Watson, S.; Hann, M. J.
3264 and references therein. Chem. Inf. Comput. Sc1998 38, 511-522.
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development of solid-phase chemistry for its construction may be capable of interacting with a variety of cellular targets.
through a unique cycloloading strateffyThe versatility and In addition, the fact that many of the structures are active in
reliability of this cycloloading strategy is subsequently refined cell-based assays suggested that derivatives of the benzopyran
through the solid-phase synthesis of six small combinatorial unit remain sufficiently lipophilic to cross cell membranes, a
libraries and various other natural and designed benzopyran-key feature of any biologically relevant small molecule libréry.
type molecules of recent medicinal interest. The following paper These generalizations were corroborated by the fact that a variety
describes the application of this chemistry to the construction of designed pharmaceutical ligands containing the motif have
of a 10 000-membered natural product-like library paying recently been disclosed, including compoudds-44 (Figure
particular attention to diversity assessment, quality control, use 2): furthermore, a topographical analysis of structures of known
of a new encoding technology, and biological applicati#ns. therapeutics identified the benzopyran moiety as a preferential
The final paper of this series describes a practical parallel framework for drug desig?® A final, more subtle, advantage
solution phase approach for the diversity enhancement of thesep the use of the 2,2-dimethylbenzopyran template is that the
benzopyran libraries through the introduction of additional gjefin of the pyran ring constitutes a latent site of diversity. In
functionality on the pyran ring of the template. other words, while this olefin will not be modified in the primary
library, one could envision a range of subsequent modifications
] o that could be used to either increase library diversity or enhance
Selection of the Benzopyran as a Privileged Structure.  he properties of a particular lead structure. Such pyran olefins
From the outset, we were aware that ultlmate success (_)f theseye readily modified by hydrogenation, epoxidation, dihydroxy-
efforts was contingent on the proper choice of a privileged |560n, and aminohydroxylation giving rise to a large number

natural product motif to be used as a library template. In o higjogically active structure®,prominent examples of which

deliberating, we required a structure that was found as a subunit;, ,qe the ATP-dependent potassium channel activator cro-

in a large number of natural products with diverse biological makalini® (45, Figure 3), the anti-HIV agent suksdorfin46
activities, and this template needed to accommodate the instaI-Figure 3) and the antinéoplastic natural prmﬁrdzhpachonéé

lation of a maximum degree of diversity via solid-phase split- : o . :
: . (47). The molecular diversity implementations of these modi-
and-pool synthesis. Furthermore, the scaffold should contaln( L yimp

one or more rigid ring systems such that substituents would be ™ (3g) Bemis, G. W.; Murcko, M. AJ. Med. Chem1996 39, 2887—
presented to potential binding targets in a well-defined fashion. 2893.

Finally, we required that the template be sufficiently lipophilic . (23) L:_,l [—-};(Wan%_ H--'ﬁ;:_ih?(ng, J_--fv-li .NJ(CPhi". ?/i TL Mczhgily D-tR-;
to ensure good cell membrane penetration, and that the Majorityproq 1603 56, 600608, o SR -Nat.

of final library members be of less than 500 molecular wef§ht. (30) Kawaii, S.; Tomono, Y.; Katase, E.; Ogawa, K., Yano, M.;
A search of chemical abstracts revealed the 2,2-dimethyl- Takemura, Y.; Ju-ichi, M. Ito, C.; Furukawa, H. Nat. Prod 1999 62,

: . 587-589.
2H-benzopyran moiety to be present in more than 4000 (31) Yang, Z.-Y.: Xia, Y.; Xia, P.; Tachibana, Y. Bastow, K. F.: Lee,

compounds including natural products and designed structures. k.-H. Bioorg. Med. Chem. Lettl999 9, 713-716.
The relatively high incidence of this benzopyran unit (and its _ (32) Cao, S.-G.; Wu, X.-H.; Sim, K.-Y.; Tan, B. H. K; Vittal, J. J.;

iyt ida i i ; ; ; Pereira, J. T.; Goh, S.-Helv. Chim. Actal998 81, 1404-1416.
derivatives, vide infra) in natural products is partially attributable (33) Banskota, A. H.: Tezuka, Y.. Prasain, J. K.. Matsushige, K.: Saiki,

to the numerous prenylation and cyclization reactions in many | - kadota, S.J. Nat. Prod 1998 61, 896-900.
polyketide biosynthesis pathways. Representative members of (34) Pillai, S. P.; Menon, S. R.; Mitscher, L. A.; Pillai, C. A.; Shankel,

these natural products are illustrated in Figure 2 along with their D- '\é'él NaFt- rPFO? 1999 62, _13|5?]Tk1362-m erocycle00q 53, 453
reported biological activities. Examining the characteristics of 47‘(1_ (2))(62615%maanev\'f.v"éjgteéfsjn' o e B+ Cardalling 3. H.

compoundsl—44 (Figure 2) reveals their diverse structural McMahon, J. B.; Currens, M. J.; Buckheit, R. W.; Hughes, S. H.; Cragg,
properties, and more importantly, their wide ranging biological G. M.; Boyd, M. R.J. Med. Chem1992, 35, 2735-2743.

h : ot ; ; (36) Patil, A. D.; Freyer, A. J.; Eggleston, D. S.; Haltiwanger, R. C;
actions, suggesting that derivatives of this benzopyran motif 5 =%\ “F" Taylor, P. B.; Caranfa, M. J.. Breen, A. L.; Bartus, HJR.

Med. Chem1993 36, 4131-4138.

(37) Nakane, H.; Arisawa, M.; Fujita, A.; Koshimura, S.; OnoHEBS
Lett 1991, 286,83—85.

(38) McKee, T. C.; Bokesch, H. R.; McCormick, J. L.; Rashid, M. A.;
Spielvogel, D.; Gustafson, K. R.; Alavanja, M. M.; Cardellina, J. H.; Boyd,
M. R. J. Nat. Prod.1997, 60, 431-438.

(39) Patil, A. D.; Freyer, A. J.; Eggleston, D. S.; Haltiwanger, R. C;
Tomcowicz, B.; Breen, A.; Johnson, R. K. Nat. Prod.1997, 60, 306—

308.

(40) Kitagawa, |.; Zhang, R.; Hori, K.; Tsuchiya, K.; Shibuya,Ghem.

' Pharm. Bull.1992 40, 2041-2043.

(41) Rao, E. V,; Sridhar, P.; Rao, B. V. L. N.; Ellaiah,FFhytochemistry
1999 50, 14171418.

(42) (a) Jayasuriya, H.; McChesney, J. D.; Swanson, S. M.; Pezzuto, J.
M. J. Nat. Prod.1989 52, 325-331. (b) Jayasuriya, H.; McChesney, J. D.
’ - J. Chem. Soc., Chem. Commu888 24, 1592-1593.
(27) The search of chemical abstracts was performed on SciFinder. A (43) Fukushina, T.; Tanaka, M.; Gohara, M. Japan Tobacco, Inc., Japan,

search for the 2,2-dimethy@H-benzopyran moiety [structurfl revealed : )
approximately 4000 structures. Inclusion of compounds wherein the double .]]gg'ag%z;(g]kal Tokkyo Koho, JP 98-235173 1998062ifn. Abstr2000

bond is modified [structure] (44) See: Gerhsser, C.; Lee, S. K.; Kosmeder, J. W.; Moriarty, R. M.;

Results and Discussion

(23) Preliminary communications: (a) Nicolaou, K. C.; Pfefferkorn, J.
A.; Cao, G.-Q.Angew. Chem., Int. E200Q 39, 734-739. (b) Nicolaou,

K. C.; Cao, G.-Q.; Pfefferkorn, J. AAngew. Chem., Int. ECR0O0Q 39,
739-743.

(24) Nicolaou, K. C.; Pfefferkorn, J. A.; Mitchell, H. J.; Roecker A. J.;
Barluenga, S.; Cao, G.-Q.; Affleck, R. L.; Lillig, J. B. Am Chem. Soc.
200Q 122, 9954-9967.

(25) Nicolaou, K. C.; Pfefferkorn, J. A.; Barluenga, S.; Mitchell, H. J.;
Roecker, A. J.; Cao, G.-Q@. Am. Chem. So@00Q 122, 9968-9976.

(26) For a discussion of favorable properties of small molecule libraries
see: (a) Martin, E. J.; Critchlow, R. B. Comb. Chem1999 1, 32—-45.

(b) Lipinski, C. A.; Lombardo, F.; Dominy, B. W.; Feeneyt, P.Alv.
Drug Deliv. Rev. 1997, 23, 3—25 and references therein. (c) Teague, S. J.;
Davis, A. M.; Leeson, P. D.; Oprea, Angew. Chem., Int. EA.999 38,
3743-3748.

H R! Hamel, E.; Mehta, R. G.; Moon, R. C.; Pezzuto, J. Gancer Res1997,
mH mnz 57, 3429-3435 and references therein.
Me Me (45) (a) Fang, N.; Casida, J. H. Nat. Prod.1999 62, 205-210. (b)
0" "Me 0" "Me Fang, N.; Casida, J. Proc. Natl. Acad. Sci. U.S.A998 95, 3380-3384.
[Structure 1] [Structure 2] (46) Wang, B. H.; Ternai, B.; Polya, ®hytochemistryl 997, 44, 787—
796.

(i.e. hydrogenated, hydroxylated, aminohydroxylated, etc.) revealed an (47) Gschwendt, M.; Miler, H.-J.; Kielbassa, K.; Zang, R.; Kittstein,
additional 8000 structures. For the diversity implications of this second W.; Rincke, G.; Marks, FBiochem. Biophys. Res. Commu994 199,
search criteria, see the final paper of this seftes. 93-98.
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Antitumor 2,2-dimethylbenzopyrans

OMe
MeO. O OMe Me Me
<08 ’ Setas
(o] (oo} (0]
ﬁe Q me ° ﬁ 0 Me 0% o g Me ~ Me
Me N Me Mo Me Me
1: tephrosin®® Me 2: acronycine™® 3% 4: calanone® Me [ 6: seselin®
EDgo = 0.38 pg/ml. (KB) ICsp = 2.0 pg/mL (L1210) EDsp = 1.6 ug/mL (KB) EDgp =21.0 pg/mL ICsp = 34 UM 1Cso = 12.0 pg/mL
EDs = 0.06 pg/mL (P388) ICsp = 0.06 pg/mL (8226 myeloma) EDgo = 1.7 pg/ml (MCF-7) (P388) (HLC-2) (VCGIA)
HIV-1 reverse transcriptase inhibitors § » . . X
Metalloprotease inhibitor Inhibitor of interleukin-1 production
Me Me Me
9 O Me OH O OMe
Me o ~
S
I o
0o 0" 0 HO ; © MeO 0" “Me
OH
Me P OH
e OH O 11: daleformis®® 12: pongapinone A%
35 . 36 a7 Inhibits endothelin converting enzyme iCsp = 2.5 pg/mL
7: calanolide A 8: inophylium B 9: mallotochromene ECsg = 11.5 pg/mL ICso = 9.0 pM (anti-inflammatory activity)
ECs0 = 0.1 uM (CEM-SS) ICsp = 1.6 uM (Molt-4)  75% inhibition at 10 uM (CEM-SS)

Antibacterial 2,2-dimethylbenzopyrans

Inhibitors of electron transport acting at NADH:ubiquinone oxidoreductase
OMe

OMe

O OMe

14: drummondin A*?
MIC = 0.01 pg/mL (S.Aureus)

13: 5-methyllupinifolinol**
MIC = 0.01 pg/mL (B.subtilis)

Selective protein kinase inhibitors o.

21: rottlerin®”

Inhibitor PKCy  22: warangalone®®
Me {Cgo=3 uM

20: robustic acid*®

o] OH
Me
HO (o) Me

18: 4-hydroxy-3-hydroxylonchocarpin®®

16: deguelin®*4°
(ICg0 = 4.4 nM)

17: lonc:hocarpusone“5
(ICs0 = 4.4 M)

OMe
MeO. i
= R
MeQ Mo
07 Me

19: 4-methoxylonchocarpene“5

HO

Inhibitor cAMP-dependent PK  pg Inhibitor cAMP-dependent PK (ICoq = 4.8 1M 1Cer = 4.9 UM
1Cag = 10.0 M ) (Cso = 3.5 1M 50 nm) (ICso HM)
Miscellaneous biologically active 2,2-dimethylbenzopyran containing natural products  OH OH
OH = Q
Me HSO o}

OH

o 1
HO'
OH

oH 2652

OH
«t :O
Me H&o o o]
DNA cleaving agent 0" "Me Sg—é :O x Me
ECs0 = 4.5 pg/mL (KB) 25: shinflavanone®’ HO S 0 Me Me
Inhibitor of OCL bone reabsorption MeO 07 “Me
MeO. O. Me IC50 = 0.70 ug/mL 28: macrophyloside D5*
mMe o] o OH OH OMe
M
R . Me O Me O\ A
29:R=H  precocene | 31: artonin E5 P Me o] Me HO
30: R = OMe precocene il \nhibitor of .h'd t6 5-i MeO’ 07 “Me OH (o]
(anti-juvenile hormones) ibitor of aracl |_ona e 5-lipoxygenase OMe 33: salfredin By 5 Me 3a:
IC50 = 0.36 uM My 57 1
32: methylripariochromene Me perforatin®
Me o HO OH N
O._Me 1 Me
- QW [
S Me S N 0
d Me F 0 Me H Me
N X
50 H © G,Me OH 38: chromene amide®? o7 Me Me
35: clausenidin 36: pyrayaquinone A 37: artocarbene® 39: girinimbines“
Inhibitor of interferon-yinduced Inhibitor of tyrosinase Inhibitor of cyclooxygenase
nitric oxide generation
Pharmaceutical ligands containing benzopyran motifs N
N 43
“ [ N 3 Inhibitor of
N [ N o phosphodiesterase (V68 O2N O, Me
N NN R
R? N NCT™ v
0 = N = R ~ l HN
Me g Me Me N OMe
41 0" "Me 0" "Me Me 0]
Inhibitor of aldosterone biosynthesis® 42 OMe 44
5-HT3 receptor antagonist®® ICsp = 0.08 uM Potassium channel activator®” Bradycardia activitiy®®

KB = Oral epidermoid cancer cell ling
L1210 = Leukemia cell line
P388 = Leukemia cell line

CEM-SS = HIV-1 infected cell line
MIC = Minimum inhibitory concentration
PKC = Protein kinase C

VCGIA = Vero monkey cell line
OCL = Osteoclast-like cell line
5-HT3 = 5-hydroxytyrosine

HLC-2 = Human lung cancer celi line
1C 50 = Inhibitory concentration (50%)

_ EDsgp = Effective dose (50%)
MCF-7 = Breast cancer cell line NAD = Nicotinamide adenine dinucleotide HT29 = Human colon cancer cell line ECs = Effective concentration (50%)

Figure 2. Selected examples of benzopyran containing natural products and pharmaceutical ligands along with reported biological activities.

fications and a unique parallel solution-phase strategy for Development of Solid-Phase ChemistryWhen considering
introducing them into the current benzopyran libraries are a solid-phase method to load, derivatize, and cleave the
discussed in the third paper of this seres. benzopyran motif, we were particularly interested in developing



Combinatorial Libraries Based on Riileged Structures

s T
é“ Me /I\/i (3 Me o O ve
OH 0 \n/ Me

45: cromakalim 46: suksdorfin © 47: B-lapachone

Figure 3. Selected examples of biologically active benzopyrans in
which the pyran olefin has been modified.

a strategy whereby the loading and/or cleavage step(s) would

contribute to the complexity of the target struct@i¥eThe
versatility and efficiency of such a method is readily evident

as it reduces the extraneous (noncomplexity building) operations

typically associated with the loading/cleaving operations of a

(48) Falshaw, C. P.; Harmer, R. A,; Ollis, W. D.; Wheeler, R. E.; Lalitha,
V. R.; Rao, N. V. SJ. Chem. Soc. @969 374-382.

(49) Seo, E.-K.; Huang, L.; Wall, M. E.; Wani, M. C.; Navarro, H.;
Mukherjee, R.; Farnsworth, N. R.; Kinghorn, A. D.Nat. Prod.1999 62,
1484-1487.

(50) Waffo, A. K.; Azebaze, G. A.; Nkengfack, A. E.; Fomum, Z. T;
Meyer, M.; Bodo, B.; van Heerden, F. Rhytochemistr200Q 53, 981—
985.

(51) Kitagawa, |.; Chen, W.-Z.; Hori, K.; Harada, E.; Yasuda, N.;
Yoshikawa, M.; Ren, JChem. Pharm. Bull1994 42, 1056-1062.

(52) Ahmed, A. A.; Abou-Douh, A. M.; Mohamed, A.-EH. H.; Hassan,
M. E.; Karchesy, JPlanta Med.1999 65, 171-172.

(53) Schoenrock, U.; Untiedt, S.; Kux, U.; Inoue, K., Beiersdorf A.-G.,
Germany, German Offen. DE 96-19615576 1996041t9%m. Abstr1997,
127, 362621].

(54) Tan, R. X.; Wolfender, J.-L.; Zhang, L. X.; Ma, W. G.; Fuzzati,
N.; Marston, A.; Hostettmann, KPhytochemistryl996 42, 1305-1313.

(55) Bowers, W. SPontif. Acad. Sci. Scr. Varid976 41, 129-156.

(56) Reddy, G. R.; Ueda, N.; Hada, T.; Sackeyfio, A. C.; Yamamoto,
S.; Hano, Y.; Aida, M.; Nomura, TBiochem. Pharmacoll991, 41, 115-
118.

(57) Matsubara, T.; Bohgaki, T.; Watarai, M.; Suzuki, H.; Ohashi, K
Shibuya H.Biol. Pharm. Bull.1999 22, 1083-1088.

(58) Matsumoto, K.; Nagashima, K.; Kamigauchi, T.; Kawamura, Y.;
Yasuda, Y.; Ishii, K.; Uotani, N.; Sato, T.; Nakai, H.; Terui, Y.; Kikuchi,
J.; Ikenisi, Y.; Yoshida, T.; Kato, T.; Itazaki, H. Antibiot.1995 48, 439~
446.

(59) Tanaka, T.; Koike, K.; Mitsunaga, K.; Narita, K.; Takano, S.;
Kamioka, A.; Sase, E.; Ouyang, Y.; Ohmoto,Ahytochemistry1 995 40,
1787-1790.

(60) Wu, T.-S.; Huang, S.-C.; Wu, P.-L.; Kuoh, C.#8hytochemistry
1999 52, 523-527.

(61) Yogo, M.; Ito, C.; Furukawa, HChem. Pharm. Bull1991, 39, 328—
334.

(62) Shimizu, K.; Kondo, R.; Sakai, Rhytochemistry1997, 45, 1297
1298.

(63) De la Fuente, G.; Reina, M.; Timon, Phytochemistry1991, 30,
2677-2684.

(64) Johannes, R.; Adeleke, A.; Kumar, V.; Aladesanmi, APBy-
tochemistryl994 36, 1073-1076.

(65) Daele, V.; Paul, G. H.; Marie, J. P. R.; Laerhoven, V.; Carolus, W.
J. WO-A 9412494 Chem. Abstr1994 121, 99834].

(66) Soll, R. M.; Dollings, P. J.; Mitchell, R. D.; Hafner, D. A&ur. J.
Med. Chem1994 29, 223-232.

(67) Mackenzie, A. R.; Monaghan, S. M., Pfizer Research and Develop-
ment Co., WO-A 9420491Ghem. Abstr1994 123 55885].

(68) Gutterer, B.; Flockerzi, D.; Amschler, H.; Ulrich, W.-R.; Bar, T.;
Martin, T.; Hatzelmann, A.; Boss, H.; Beume, R.; Hafner, D.; Kley, H.-P.,

Byk Gulden Lomberg Chemische Fabrik Gmbh, Germany, European Patent

Application EP 96-111557 1996071€kiem. Abstr1998 128 140610].

(69) Tanigawa, K.; lkuyori, K.; Sato, M.; Yanagihara, K.; Yamashita,
T., Japan Kokai Tokkyo Koho, Japanese Patent JP 112093&6. Abstr.
1999 131, 129903].

(70) Ashwood, V. A.; Buckingham, R. E.; Cassidy, F.; Evans, J. M.;
Faruk, E. A.; Hamilton, T. C.; Nash, D. J.; Stemp, G.; Willcocks, XK.
Med. Chem1986 29, 2194-2201.

(71) Lee, T. T.-Y.; Kashiwada, Y.; Huang, L.; Snider, J.; Cosentino, M.;
Lee, K.-H.Bioorg. Med. Chem1994 2, 1051-1056.

(72) (a) Wuerzberger, S. M.; Pink, J. J.; Planchon, S. M.; Byers, K. L;
Bornmann, W. G.; Boothman, D. ACancer Res1998 58, 1876-1885.

(b) Li, C. D.; Li, Y.-Z.; Pinto, A. V.; Pardee, A. BProc. Natl. Acad. Sci.
U.S.A.1999 96, 13369-13374.

(73) (a) For a review, see: van Maarseveen, JCBmb. Chem. High

Throughput Screenin$998 1, 185-214.
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Scheme 1.Proposed Solid-Phase Loading, Elaboration, and
Cleavage of 2,2-Dimethylbenzopyran.

R! OH &—SeBr
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RS
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see Scheme 2) 3
R7 o<we R f 07 “Me
R® 51 50: benzopyran scaffold
Oxidation
5
AT R® I
R® Se- I =
A [syn-Elimination] Me
i} Me R” 0" "Me
R O Me R8
R® 52 53: benzopyran

4o0-Prenylated phenols (48) are immobilized through cycloloading
with a polystyrene-based selenenyl bromide resin to give
resin-bound benzopyran scaffolds (50) which can be elaborated and
subsequently cleaved via oxidation and spontaneous syn-elimination
of the selenium tether.

scaffold and also eliminates the issue of residual functionality
in the target structure resulting from the linker. Well-suited to
this application was a polystyrene-based selenenyl bromide resin
recently developed in our laboratoriéswhich is capable of
loading substrates through electrophilic cyclization reactiéns.
Thus, one could envision (as outlined in Scheme 1) the loading
of an o-prenylated phenol48, Scheme 1) through a prece-
dented® 6-endotrig cyclization to give resin-bound benzo-
pyrans B0) linked to the resin through a selenoether. Such resin-
bound scaffolds could then be elaborated (see Scheme 2) to a
variety of natural and designed structures using the functionality
of the aromatic ring. Such elaborations may include, but are
not limited to, annulations, condensations, aryl/vinyl couplings,
glycosidations, and organometallic additions as illustrated in
Scheme 2. Subsequently, the desired benzopyran derivative can
be released from solid support by oxidation of the selenide to
the corresponding selenoxide which undergoes spontasgous
elimination at 25°C. Besides its efficiency and chemical
robustness (see Table 2), linking of the pyran ring offers the
added advantage that all four positions of the aromatic ring (i.e.
R-R,* structure50 of Scheme 1) remain available for instal-

(74) (a) Nicolaou, K. C.; Pastor, J.; Barluenga, S.; Winssinge€hém.
Commun.1998 1947-1948. For preparation of related selenium-based
resins, see: (b) Ruhland, T.; Andersen, K.; Pedersen]. KDrg. Chem.
1998 63, 9204-9211. (c) Fujita, K.; Watanabe, K.; Oishi, A.; Ikeda, Y.;
Taguchi, Y.Synlett1999 11, 1760-1761. (d) Russell, H. E.; Luke, R. W.
A.; Bradley, M. Tetrahedron Lett200Q 41, 5287-5290.

(75) (a) Nicolaou, K. C.; Pfefferkorn, J. A.; Cao, G.-Q.; Kim, S.; Kessabi,
J. Org. Lett. 1999 5, 807-810. (b) Nicolaou, K. C.; Roecker, A. J,;
Pfefferkorn, J. A.; Cao, G.-Ql. Am. Chem. So200Q 122 2966-2967.

(76) For solution phase precedent of selenium-mediatezkddrig
cyclizations ofortho-prenylated phenols and related systems, see: (a) Clive,
D. L. J.; Chittattu, G.; Curtis, N. J.; Kiel, W. A.; Wong, C. K. Chem.
Soc., Chem. Commuh977, 725-727. (b) Anzeveno, P. Bl. Org. Chem.
1979 44, 2578-2580. (c) Nicolaou, K. C.; Lysenko, 4. Am. Chem. Soc.
1977 99, 3185-3187.
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Scheme 2.Potential Reaction Pathways Leading to
Structurally Diverse Derivatives of Resin-Bound ]

Benzopyrans al o

Table 1. Loading and Cleavage of 2,2-Dimethylbenzopyfans
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50: benzopyran scaffold 16 80 c H COMe H OMe 95
" Q g5 XR® A 17 8 C H COH H H 95
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Me ol R Me 19 8 C H CN H H 95
Y\\z R3INF 0" M 20 84 C H CN H OMe 95
R o7 Me f e 2L 8 C H H CN H 95
_Z 59 R" 57 22 86 C H H H CN 95
X7 R' Q 23 8 C H NO, H H 95
R = Se 24 88 C H H NO, Me 95
pA = l > Me 25 89 C H CHO H H 95
3 = 26 90 D OH CHO H H 95
R , O Me 27 91 A H CHO OH H 95
R* 58 28 92 D OMe CHO OH H 95
29 93 A Me CHO OH H 95
lation of diversity elements. This contrasts, for example, with 3(1) 8‘5" é "'_'| (é':'g aH 8:\\"/'2 355:,
the use of a more traditional linking strategy whereby the tether 35 26 C H CHO H OEt 95
would likely be attached directly to the aromatic ring through 33 97 C OMe CHO H H 95
either a phenol or aniline group. The disadvantage of the latter 34 98 C H H CHO OMe 95
approach is that it (a) would remove a position of diversity on 35 9 C H OMe H CHO o
the aromatic ring (since one position is committed to the linker) gg 18(1) g ngo : |'_|" HOMe '9'0'
and (b) would constrain all products to possessing either a 24 102 B H Br H H 90
phenolic or an amino group at that position. 39 103 B H H Br H 95
In practice, the requisite selenenyl bromide reéify Gcheme 40 104 B H H H Br 95
3) was prepared? from commercial polystyrene (1% DVB g 182 E : ||\3/|r SH g gg
cross-linked, 106200 mesh) via standard lithiatiétfollowed 43 107 B Br He H O:vle 95
by treatment with dimethyl diselenide to give methyl selenide 44 108 B | H H H 95
62, a conjugate whose oxidation with bromine in Cki@fforded 45 109 B H I H H 95
ionic species63. Upon heating in ethanol63 fragmented 46 110 B H H | H 95
47 111 B H H H I 95

providing desired selenenyl bromide re€id as a dark red

polymer with swelling properties similar to typical cross-linked aLoading conditions: 1.0 equiv of selenenyl bromide resin (1.1

polystyrene. To date, well over a kilogram of this resin has been mmol/g), 2.0 equiv of phenol, Ci€l,, 0 — 25 °C, 20 min.” See

prepared in our laboratories with loadings ranging from 0.5 to S#ppolytlng L“fto"g‘it'g” .ftor Methogs’é‘?é‘sbed. W the tPre%%rﬁ,'\‘/’lg of
o . phenolic substrate$ Purity was estimated by integration

1:75 mmol/g (as controlled by the st0|ch|ometry of the dimethyl signals of crude oxidative cleavage product.

diselenide reagent). After some experimentation, it was deter- . . . .

mined that a functionalization of 1.1 mmol/g was best suited 2¢N l0ading was determined by cleaving the reaction product

for most synthetic applications and was thus employed for all via oxidgtion of the phenylseleno group to the corresponding
further stuiljies PP ploy selenoxide (HO,, THF, 25 °C, 20 min) followed bysyn

As shown in Table 1, a large numberaprenylated phenols elimination and concomitant release of the product. Typically,

were prepared (see Supporting Information) and subsequentlya dilute solution of methyl sulfide in THF was then added to

tested in the described cycloloading reaction. In a typical loading the reaction V‘?Sse' to quench any remaining oxidant and the
experiment, a suspension of selenenyl bromide 1@4in CHy- resulting solution was concentrated in vac8dll cleavage

Cl, at 25°C was treated with a solution containing 2.0 equiv products were then analyzed’dy_NMR spectroscopy and mass
of o-prenylated phenol. Rapid resin decolorization was typically speCtrodm((ajtry (Msh)l to dltlatermme estlmfatedh p;élgg Loa(ljdlng
observed in under 5 min, presumably signifying consumption p(r)%cee bel sn;;)ot h>ll 'nﬁ caset')s excfept (f)fr Fd ene) ,ag d
of the selenenyl bromide functionality. After 20 min, the resin 100 (Table 1): While the number of scaffolds prepared an

was filtered, washed, and dried under vacuum. The success ofteSted cqnsiderably e_xcee_ds the actual number required for
' ' construction of most libraries, we sought to demonstrate, by

these studies, the generality of this loading strategy and its

(77) Farall, J. M.; Frehet, J. M. JJ. Org. Chem1976 41, 3877-3882.
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Scheme 3.Preparation of Selenium Functionalized Resin

(642
a. n-BuLi —\ _Li —
o O Q—@L' b. (MeSe), o_<j//SeMe
: . TMEDA \_7 0°C W/
60 80°C 61 62
Br C. Br2
=\ _SeBr I 0°C
Py d. EtOH + |
Q_@ \—/56 Me |BF
" 70°C 7/ &s

4(a) 0.6 equiv of n-BuLi, 1.0 equiv of polystyrene (1% cross-linked,
100-200 mesh), 0.5 equiv of TMEDA, cyclohexane, 65 °C, 4 h; (b)
(MeSe), (1.0 mmol/g polystyrene), THF, 0 °C, 20 min; (¢) 1.0 equiv
of Bry, CHCl3, 0 °C, 20 min; (d) EtOH, 75 °C, 2 h. TMEDA =
N,N,N',N'-tetramethylethylenediamine.

tolerance to almost all aromatic functionality}tRR*) without

J. Am. Chem. Soc., Vol. 122, No. 41, 200a5

correlates strongly with reduction in the activity of an ornithine
decarboxylase (ODC), an enzyme involved in the biosynthesis
of polyamine growth factor® Since ODC activity is unregu-
lated in various cancer cells, blocking its activity holds
promising chemotherapeutic and chemopreventive possibffities.
Separately, the bis-benzopyran-containing paratocarpiv8 (
Scheme 4) has been reported to inhibit tumor invasion activity
in the MCF-7/6 breast cancer cell life.In light of these
intriguing activities, we targeted these four natural produlss (
131, 134, and148) and their analogues as illustrated in Scheme
4. Hence, benzopyran$12) bearing a methyl ketone substituent
were condensed with various benzaldehyd&$9(126) to
produce, presumably, thfehydroxy ketone adducts which were
prone to spontaneous elimination to give resin-bound chalcones
11383 Chalcones containing a THP protected phenol were
treated with TsOH to reveal the free phenol, and subsequently,
all products were cleaved from the resin by treatment with

necessitating any nonproductive protecting group manipulations. hydrogen peroxide in THF. As shown, application of this
Moreover, ready access to an array of scaffolds facilitated our 'éaction sequence to scaffold$6-118 and aldehyded 19~
reaction development studies, and it convincingly illustrates how 129resulted in the formation of lonchocarpib3({), 4-hydroxy-
this selenium-based linking strategy comprises a powerful tool lonchocarpin {34, 4-hydroxy-3-methoxylonchocarpia), and

for future combinatorial chemistry investigations of almost any

natural product of the 2,2-dimethylbenzopyran family.
Solid-Phase Synthesis of Benzopyran Natural Products

and Focused Libraries Thereof.With a large set of function-

paratocarpin A 148 in 91, 82, 57, and 85% overall yields,
respectively, along with 22 analogues in yields ranging from
25 to 90%.

The second natural product-based library is outlined in

alized, resin-bound benzopyran platforms in hand, we were Scheme 5, which demonstrates the construction of linear and
positioned to begin testing reaction pathways leading to various angular pyranocoumarins similar to the natural products xan-
structural types of interest. At the same time, we were also thyletin (207, Figure 4), xanthoxyletin208 Figure 4), and
interested in evaluating the stability of the selenium tether under seselin §, Figure 4). These three coumarins and their derivatives
a variety of chemical and physical conditions. In the context of have been the focus of numerous biological investigations and
these efforts, we targeted several benzopyran-containing prod-they are reported to exhibit cytotoxic, anti-viral, and anti-platelet

ucts, including chalcones, pyranocoumarins, chromene glyco
sides, stilbenoids, polycyclic steroid biosynthesis inhibitors,
N-heterocycles, and pyranoflavones.

The first of these libraries centered on a family of benzopyran-
containing chalcones with important biological activities. Specif-
ically, lonchocarpin 131, Scheme 4), 4-hydroxylonchocarpin
(134), and 4-hydroxy-3-methoxylonchocarpibg), all isolated
from Cuberesin, have been shown to interrupt mitochondrial
electron transport by inhibition of NADH:ubiguinone oxi-
doreductase (Complex 1}.Interestingly, it has recently been
shown that inhibition of NADH:ubiquinone oxidoreductase

(78) Quenching with methyl sulfide proved most practical when cleaving

large numbers of compounds simultaneously since the reagent can b

conveniently added as a THF solution to all reaction vessels. After 10 min

the resin can be removed and the filtrate concentrated directly to provide

the desired benzopyran cleavage product. Given the volatility of methyl

sulfide, any excess was removed during evaporation leaving only the desired
cleavage product and a trace amount of DMSO (produced by oxidation of

-aggregation activities among othéf$* As illustrated, four

major reaction pathways were developed to facilitate the
split-and-pool combinatorial construction of these and other
coumarin-type structures. Individual library members were
identified by radiofrequency encoding using IRORI tags and
MacroKan technologie® 87 All four reaction pathways
commenced from resin-bound benzopyrahS5 Scheme 5)
possessing an-hydroxy aldehyde functionality. Treatment of
these scaffolds with aryl, alkyl, or alkox§-ketoesters (73—
177and180-186) in the presence of piperidine (EtCN, 96)
resulted in Knoevanagel condensation and concomitant trans-
esterification to provide lactones of tydé6 or 157, respec-
ctively.88 Moreover, treatment of scaffolti55 with substituted
phenyl acetic acids187—190) in the presence of DCC and
4-DMAP at 180°C in DMSO resulted in the formation of 2-aryl

(80) Rowlands, J. C.; Casida, J.Bharmacol. Toxicol1998 83, 214~

Me,S). This residual DMSO is inconsequential since most samples are 219.

directly dissolved in DMSO for biological screening. As described in the
following paper, it is this facile cleaving operation which greatly facilitated
the use of automation in synthesizing the 10 000-membered liBtary.
Incidentally, for individual cleavages of larger amounts of resin, one can

(81) Seiler, N.; Atanassov, C. L.; Raul, It. J. Oncol.1998 13, 993~

(82) Parmar, V. S.; Bracke, M. E.; Philippe, J.; Wengel, J.; Jain, S. C.;
Olsen, C. E.; Bisht, K. S.; Sharma, N. K.; Courtens, A.; Sharma, S. K.;

also employ a standard aqueous workup using sodium sulfite to quench Vennekens, K.; Van Marck, V.; Singh, S. K.; Kumar, N.; Kumar, A.;
the residual oxidant (see Experimental Procedures in the Supporting Malhotra, S.; Kumar, R.; Rajwanshi, V. K.; Jain, R.; Mareel, M. Bloorg.

Information for the details of both protocols).
(79) While loading failures were rare, they occurred for two specific

substituent patterns, namely when electron-withdrawing groups [EWG] were

situated either adjacent to the prenyl group [Caker adjacent to the
phenolic group participating in the cyclization reaction [Caken these
cases, the desired scaffolds typically were loaded with the EWG masked

EWG

[Case 1] [Case 2]

Med. Chem1997, 5, 1609-1619.

(83) Hollinshead, S. PTetrahedron Lett1996 37, 9157-9160.

(84) For examples, see: (a) Magiatis, P.; Melliou, E.; Skaltsounis, A.-
L.; Mitaku, S.; Leonce, S.; Renard, P.; Piér&.; Atassi, G.J. Nat. Prod.
1998 61, 982-986. (b) Xie, L.; Takeuchi, Y.; Cosentino, L. M.; Lee, K.-

“H. J. Med. Chem1999 42, 2662-2672.

(85) (a) Nicolaou, K. C.; Xiao, X.-Y.; Parandoosh, Z.; Senyei, A.; Nova,
M. P. Angew. Chem., Int. Ed. Endl995 34, 2289-2291. (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. Sod995 117, 1078710788.

(86) A full discussion of the IRORI encoding and sorting technologies
employed in these libraries is provided in the following pafSer.

(87) We thank Mr. Rick Brown of Discovery Partners International (DPI)
for a generous gift of IRORI MacroKans (K.C.N. is an advisor of DPI).
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Scheme 4.Parallel Solid-Phase Synthesis of Chalcone Natural Prod[IJBISLBL 134, and 148) and Analogues Thereb?
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&(a) 10.0 equiv of R3'505H4CHO, 10.0 equiv of NaOMe, THF:MeOH (2:1), 25 °C, 72 h; (b) 2.0 equiv of TsSOHeH,0, THF:MeOH (9:1), 25 °C, 1 h; (c) 6.0
equiv of HyO5, THF, 25 °C, 20 min. bCompounds obtained in less than 95% purity after cleavage were purified by chromatography. All products were
characterized by 'H-NMR and HRMS (See Supporting Information for data).

coumaring® of type 159, while condensation of scaffol#i55 D-xylose @35), andL-rhamnoseZ39), were prepared by a three-
with stabilized Wittig reagentsly1and172) at 165°C in N,N- step procedure consisting of peracetylation ¢ E&N,
diethylaniline afforded coumarins of tyde0.%° At this stage, 4-DMAP), removal of the anomeric acetate BuNH,, THF,
structures containing no further functionality were cleaved under 25 °C), and formation of the trichloroacetimidates {CCN,
standard conditions to provide benzopyrans of type—165 DBU, 0 °C) to afford 234, 238 and 242 respectively, as
In one of the two remaining cases, the protected phenbb6f illustrated in Scheme % Using IRORI radiofrequency tagging
was liberated (TsOH) and alkylated with halide’R178and and MacroKans, three phenol-containing scaffoleé3( 244,
179 before being oxidatively cleaved. In the other case, and251) were simultaneously coupled with each sugar. These
structures of typel57 containing an alkyl ester moiety were  couplings were accomplished by treatment of a suspension of
hydrolyzed [LiIOH, THF:HO (20:1), 50°C, 12 h] to provide the phenolic scaffolds, trichloroacetimidatesg @A molecular
the free acidl61 Unfortunately, all attempts to effect coupling sieves with BE-Et,0 at —40 °C and allowing the reactions to
of this carboxylic acid 161) with either alcohols or amines were  warm to 0°C over 12 h. The resulting resin-bound chromene
hampered by poor conversion, and as such the free acid itselfglycosides were then deprotect&28— 229 [NaOMe, THF:
was simply cleaved. Selected application of these reaction MeOH (5:1), 24 h] and cleaved under standard oxidative
pathways to scaffold466—170 using the illustrated building  conditions. Analysis of the cleavage products ¥y NMR
blocks resulted in the construction of a 37-membered coumarin spectroscopy demonstrated that the couplings proceeded with
library, as shown in Figure 4, which included the natural complete stereoselectivity for thg-glycosides in all cases
products seselirg}, xanthyletin 07), and xanthoxyletinZ08). typically with purities of better than 90%. Encouraged by the
The third library was constructed based on a chromene facility and selectivity of these glycosidations, we next targeted
glycoside 245 Scheme 6) isolated frodgeratum conyzoideé3 a more complex carbohydrate containing benzopyran, namely
Our interest in achieving the synthesis of carbohydrate-contain- macrophylloside heptaacetat26@ Scheme 7), the parent of
ing structures stems from the propensity of sugars to improve which is a chromene glycoside isolated fr@entiana macro-
the solubility and cellular targeting of small organic molecules, phylla3* Hence, the phenol d#55was first methylated (Mel,
thereby making them attractive combinatorial building blotks. NaH, DMF, 35°C, 88%) and the methyl ester of the resulting
Hence, the trichloroacetimidates of three sugauglucose 231), product @56 was hydrolyzed to reveal the requisite free

(88) (a) Yang, J.-R.; Langmuir, M. El. Heterocycl. Chem1991, 28,
1177-1180. (b) Besson, T.; Coudert, G.; Guillaumet, &.Heterocycl.
Chem.1991, 28, 1517-1523.

(89) Hans, N.; Singhi, M.; Sharma, V.; Grover, S.IKkdian J. Chem.,

Sect. B: Org. Chem. Incl. Med. Che@996 35B, 1159-1162.

(90) Ishii, H.; Kenmotsu, K.; Doepke, W.; Harayama,dhem. Pharm.

Bull. 1992 40, 1770-1772.

(91) For discussion, see: Hecht, S. Bioorganic Chemistry: Carbo-
hydrates Oxford Press: New York, 1999.

(92) (a) Forp-glucose, see: Schmidt, R. R.; Michel,Ahgew. Chem.,
Int. Ed. Engl.198Q 19, 731-733. (b) Fom-xylose, see: Mori, M.; Ito, Y.;
Ogawa, T.Carbohydr. Res199Q 195 199-224. (c) Fon.-rhamnose, see:
Kerekgato, J.; Agoston, K.; Batta, G.; Szurmai, Zarbohydr. Res1997,
297, 153-161.
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Scheme 5Radiofrequency Encoded Split-and-Pool Synthesis of Linear and Angular Pyranocodntarins
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a) 10.0 equiv of RZCGH4C(O)CHZCOZR 5.0 equiv of piperidine, EtCN, 95 °C, 2 h; (b) 10.0 equiv of RZC(O)CHZCOZR 5.0 equiv of piperidine, EtCN,
95 °C, 2 h; (c) 5.0 equiv of R%CgH,CH,CO,H, 5.0 equiv of DCC, 1.0 equiv of 4-DMAP, DMSO, 180 °C, 48 h; (d) 5.0 equiv of PhyP=C(R%)CO,Me,
EtoNPh, 165 °C, 2 h; (e) 2.0 equiv of TSOHeH,O, THF:MeOH (9:1), 25 °C, 1 h; (f) For R®-X = 178: 10.0 equiv of 178, 15.0 equiv of K,CO5, DMF, 80 °C,
12 h; For R%-X = 179: 10.0 equiv of 179, 10.0 equiv of PPhj, 15.0 equiv of DEAD, CH,Cl,, 25 °C, 24 h; (g) 6.0 equiv of HyO,, THF, 25 °C, 20 min; (h)
5.0 equiv of LIOHeH,0O, THF:H,0O (20:1), 50 °C, 12 h. "Compounds obtained in less than 95% purity after cleavage were purified by chromatography.
All products were characterized by "H-NMR and HRMS (see Supporting Information for datay. “See Figure 4 for structures of coumarin products.

carboxylic acid257 ready for the first coupling reaction. In the As a fourth combinatorial application of this linking strategy,
event, treatment of carboxylic ackb7and trichloroacetimidate ~ we undertook the synthesis of a recently reported aldosterone
2583 with BFs-Et,0 at—40°C and then warming to 8C over biosynthesis inhibitéf (41, Scheme 8) and various analogues
12 h resulted in smooth coupling to prodyéelycoside259 of it, again using radiofrequency encoded split-and-pool tech-
(91%), which underwent selective deprotection upon treatment niques. The synthesis commenced with a halegartal
with HF-py to afford 260in 89% yield. The second coupling exchang® of resin-bound aryl bromid264 by treatment with
between resin-bound substra@0and trichloroacetimidat261 excessn-BuLi at —78 °C and warming to (°C, after which
(prepared as shown in Schemg roceeded under similar  time it was cooled to—78 °C and various aldehyde27{1—
conditions affording262 in 57% yield as a single anomer. 275 were added. The reaction mixture was then warmed to 25
Finally, the disaccharide was cleaved from the resin to afford °C and stirred for 12 h (99% yield for the case of aldehyde
heptaacetylated macrophyllosid26@) in 18% isolated yield 271). The resulting benzhydrol266) were then subjected to a
over six steps based d@b5. standard Mitsunobu reaction (DEAD, # THF, 25°C) with

. various imidazole derivative@76—280) (85% yield for the case

(93) Mayer, T. G.; Kratzer, B.; Schmidt, R. Rngew. Chem., Int. Ed.

198Q 9, 731-732. (94) Ding, C. Z.Synth. Commuril996 26, 4267—-4273.
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Figure 4. Linear and angular pyranocoumarin natural produ6t{20Q7, and208) and analogues generated from Scheme 5.

of aldehyde272, amine276).56 At this juncture, those structures
derived from aldehydes other tha@2were oxidatively cleaved
to provide structures of typ268 whereas those derived from
aldehyde272 were deprotected (TsOH, THF:MeOH (9:1), 25
°C) to reveal a phenolic group at the C-3 position (100% yield
for the case of aldehyd272 and amine276). The liberated
phenol was then reacted with one of two benzyl alcoh®8il (
or 282 under Mitsunobu conditions, to furnish derivatives of
type 269 which were cleaved to afford the previously reported
compound 41, 75% overall yield based 064 and various
structural analogues.

In a fifth library, we targeted a recently disclosed phosphodi-
esterase IV inhibitor43, Figure 1 and Scheme 9) with a unique
cyano-stilbenoid structuf®. As outlined along the top of

azidotrimethyltin (toluene, 100°C, 12 h) to provide the
corresponding stannylated tetrazdle$he secondary nitrogens

of these tetrazoles were liberated by washing with aqueous
trifluoroacetic acid (TFA) and subsequently alkylated with
various alkyl halides 325-330)% Finally, the resin-bound
tetrazoles were cleaved under oxidative conditions to afford a
series of substituted tetrazole®3(1—366, Scheme 10).

To further evaluate the versatility of this selenium linking
strategy and our ability to access other benzopyran-containing
structures of interest, we undertook the solid-phase target-
directed synthesis of several molecules as outlined in Scheme
11. In the first example, bromobenzopyra®4 was converted
to the corresponding tri-butylstannan&67through a halogen
metal exchange followed by quenching wittBusSnCI24 Tri-

Scheme 9, these structures can be readily accessed by condensa-hutylstannan@67 was then reacted with several aryl iodides

tion of a resin-bound benzaldehyde with a substituted phenyl-

under palladium(0)-catalyzed coupling conditi¥hto afford

acetonitrile. Unfortunately, the required aldehyde to synthesize structures368 and 369 which were subsequently cleaved to

phosphodiesterase inhibitet3 failed to load as previously
described? We circumvented this difficulty through loading
of the corresponding aryl bromid8(3) followed by conversion
to the desired aldehyd®04through a halogen metal exchaftye
and quenching with DMF in 99% vyield. Newly constructed
scaffold 304 along with scaffold305and306 were then con-
densed with three heterocyclic phenylacetonitril@80-302)

give compounds370 (90%) and 371 (85%). Interestingly,
while these electron-deficient aryl iodides coupled quite ef-
fectively, attempts to employ either unsubstituted or electron-
rich aryl iodides resulted in low yields of the desired coupling
products.

A second example focused on the construction of benzofuran
376 (Scheme 11) through a Sonogashira/Castro-Stevens bis-

in a parallel fashion, and the resulting stilbenoids were cleaved coupling strategy? In the first event, aryl iodide372 was
to afford the previously reported phosphodiesterase IV inhibitor ¢ pjed to (trimethylsilyl)acetylene in the presence of BEE]

43 (72% overall yield as well as several structural analogues.
In our sixth and final library, we continued to address the

issue of installingN-heterocyclic functionality onto the ben-

zopyran template. Specifically, we were interested in the

synthesis of tetrazole structures similar to those found in

potassium channel activatd® (Figure 2)%7 Such tetrazoles are

readily constructed from the corresponding aryl nitriles. Hence,

a series of five nitrile-containing scaffold330—324, Scheme

10) were prepared and encoded for split-and-pool synthesis.

Initially, all compounds were pooled and condensed with

50 °C.2° The resulting alkyne was then deprotected with

(95) Duncia, J. V.; Pierce, M. E.; Santella, J. B.,JIlOrg. Chem1991,
56, 2395-2400.

(96) O'Brien, P. M,; Sliskovic, D. R.; Picard, J. A.; Lee, H. T.; Purchase,
C. F., Il; Roth, B. D.; White, A. D.; Anderson, M.; Mueller, S. B.; Bocan,
T.; Bousley, R.; Hamelehle, K. L.; Homan, R.; Lee, P.; Krause, B. R.;
Reindal, J. F.; Stanfield, R. L.; Turluck,.D. Med. Chem1996 39, 2354~
2366.

(97) Farina, V.; Hauck, S. ISynlett1991 157—-159.

(98) Chauder, B. A.; Kalinin, A. V.; Taylor, N. J.; Snieckus, Angew.
Chem., Int. Ed1999 38, 1435-1438.
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Scheme 6Radiofrequency Encoded Split-and-Pool Synthesis of Chromene Glycoside IsolateAdeyatum conyzoide@45)
and Analogues Theredf
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2(a) 5.0 equiv of trichloroacetimidate, 4.0 equiv of BF3eEt,0, 4 A MS, CH,Cl,-40 — 0 °C, 12 h; (b) 10.0 equiv of NaOMe, THF:MeOH (5:1), 25 °C, 24
h; (c) 6.0 equiv of H,O,, THF, 25 °C, 30 min; (d) 7.0 equiv of Ac,0, 10.0 equiv of Et3N, 0.1 equiv of 4-DMAP, CH,Cl,, 0 — 25 °C, 5 h; (e) 1.5 equiv of
n-BuNH,, THF, 25 °C, 8 h; () 15.0 equiv of CIsCCN, 0.1 equiv of DBU, CH,Cl,, 0 °C, 30 min. ban glycoside products were obtained in greater than 90%

purity upon cleavage and were characterized by 'H-NMR and HRMS (see Supporting Information for data). DBU = 1,8-diazabicylo[5.4.0lundec-7-ene.
4-DMAP = 4-(dimethylamino)pyridine.

Scheme 7.Solid-Phase Synthesis of Peracetyl Macrophylloside2E3¢
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oac f Ho0 OAc\ o 8o 261 NH
PEANTL N SR O ¥
C e C e
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OAC 1100 o <Me © MeO 07 “Me 4AMS
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4 (a) 10.0 equiv of NaH, 20.0 equiv of Mel, DMF, 35 °C, 48 h, 88%; (b) 10.0 equiv of LiOH, THF:H,O (10:1), 60 °C, 12 h, 94%; (c) 5.0 equiv of 258,
4.0 equiv of BF3eEt,0, 4 A MS, CH,Cl,, -40 — 0 °C, 12 h, 81%; (d) 5.0 equiv of HFepy, THF, 0 — 25 °C, 89%; (e) 5.0 equiv of 261, 4.0 equiv of
BF3¢Et,0, 4 AMS, CH,Cly, -40 — -10 °C, 12 h, 57%,; (f} 6.0 equiv of H,0,, THF, 25 °C, 20 min, 18% over six steps based on 255. TBDPS =
t-butyldiphenyisityl.

TBAFand subsequently coupled to 2-iodophenol under Pd- sponding g-dicarbonyl system via enolate formation with
(OAC)(PhsP), catalysist® Finally, the coupling product was  LHMDS followed by quenching with benzoyl cyanide to afford
cleaved under oxidative conditions to provide fuattin 52% 377in 87% yield. Condensation &77 with hydrazine hydrate
yield over four steps based @72 in the presence of a catalytic amount of acetic acid gave resin-
In the third example, acetophenoté6 (Scheme 11) was  bound pyrazoled78in 87% yield!! This pyrazole was then
converted to pyrazol@80 by initial conversion to the corre-  alkylated with Mel to furnist879and cleaved to give pyrazole

i i 102
(99) Sonogashira, K.; Tohda, Y.; Hagihara, Tetrahedron Lett1975 3801in 58% overall yield based ohl16
4467-4470.
(100) Stephens, R. D.; Castro, C. E.Org. Chem 1963 28, 3313— (101) Siddiqui, A. U.; Rao, U. M.; Srinivas, M.; Siddiqui, A. KDrg.

3315. Proc. Proc. Int.1992 24, 355-358.



9950 J. Am. Chem. Soc., Vol. 122, No. 41, 2000

Nicolaou et al.

Scheme 8. Synthesis of Aldosterone Biosynthesis Inhibitdr and Selected Analogues Ther&of
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4(a) 10.0 equiv of n-BuLli, THF, -78 — 0 °C, 2 h; then 20.0 equiv of aldehyde, -78 — 25 °C, 12 h; (b) 15.0 equiv of amine, 15.0 equiv of DEAD, 10.0
equiv of PhgP, THF, 25 °C, 48 h; (¢} 6.0 equiv of HoO,, THF, 25 °C, 20 min; (d) 2.0 equiv of TsOHeH,0, THF:MeOH (10:1), 25 °C, 1 h; (e) 10.0 equiv
of benzy! alcohol, 15.0 equiv of DEAD, 10.0 equiv of PhsP, THF, 25 °C, 48 h. bay products were chromatographically purified and characterized by
"H-NMR and HRMS (see Supporting Information for data).

Scheme 9.Solid-Phase Parallel Synthesis of Phosphodiesterase Inhitdtand Analogues Thered
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4(a) 10.0 equiv of n-BuLi, THF, -78 — 0 °C, 2 h; then 25.0 equiv of DMF, -78 — 0 °C, 2 h, 99%; (b) 10.0 equiv of phenyl nitrile, 15.0 equiv of KOEt,
THF:EtOH (4:1), 25 °C, 3 h; (¢} 6.0 equiv of H,O,, THF, 25 °C, 20 min. ban products were obtained in greater than 90% purity upon cleavage and

were characterized by "H-NMR and HRMS (see Supporting Information for data).

A fourth example involved conversion of benzoic a8l
into oxazole384 (Scheme 11). Hence, alkylation 881 was

effected by treatment with-bromo acetophenone and DBU in  and BR-EtO in xylenes at 140C to give 383 (55% yield)

DMF at 80°C to afford382in quantitative yield. Heterocycle
formation was accomplished by treatmen882with acetamide
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Scheme 10Radiofrequency Encoded Split-and-PooI Synthesis of the Substituted Tetrazole Library
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4(a) 5.0 equiv of MezSnNg, toluene, 100 °C, 12 h; (b) 1.0 equiv TFA, THF:H,0 (50:1), 25 °C, 2 h; (c) 10.0 equiv of R%X, 15.0 equiv of Et3N, MeCN, 80
°C, 12 h; (d) 6.0 equiv of HyO,, THF, 25 °C, 20 min. bCompounds obtained in less than 90% purity after cleavage were purified by chromatography.
In cases of less than 90% purity, the contaminant was typically a small amount of an isomeric product (i.e. alkylation at the 1-position rather than the
2-position of the tetrazole). All products were characterized by "H-NMR and HRMS (See Supporting Information for data). TFA = trifluoroacetic acid.

Table 2. Reaction Conditions Under Which Selenium Tether Is
Stable

temperature
Lewis acids
Bronsted acids
organometallics
reducing agents

from-78 to 195°C

SnG| BR3*OEY, ZnCh, SnCh

HCI, AcOH, TFA (ag), TsOH, PPTS

RMgX, RLi, ECulLi, Wittig

NaB#INaCNBH;, BHs THF, DIBAL,
LiBH 4, LiAI(O-tBu)sH, SnCh-2H,0

LDA, LHMDS, NaHMDS, NaH, $CO;, CsCOs,
pyridine, piperidinej-Pr.NEt, EtN, LiOH (aq),
NaOH (aqg), NaOMe, KOEt, KGBu

R-X, RC(0)X, [RC(0)}O, RCHO

Pd reagents, DCC, S®CIOCL, DEAD, PhP,
TBAF, HF-py, CLCy,Ru=CHPh

CHCI,, THF, DMF, GHs, MeCsHs, DMSO,
N,N-diethylaniline, mesitylene, MeCN, EtCN

bases

electrophiles
miscellaneous

solvents

(same conditions as in Scheme 4) to give chalc@8tg which
was subsequently treated with elemental iodine in DMSO at
180 °C for 30 min and then cleaved to afford flavoB87 in
27% overall yield froml17.2%41n a final example, the previously
synthesized seseliB) was reconstructed in an attempt to test
the stability of the linking approach to the highly practical
Grubbs olefin metathesis reaction. Hence, aldehyde scéféfid
(Scheme 11) was transformed to styr&88 by treatment with
PhsP=CH, in 100% vyield. The phenolic group 888was then
acylated with acryloyl chloride to provid&89which was treated
with Cl,Cy,Ru=CHPh to effect the ring closing metathesis
reactiont® Finally, coumarirB90was cleaved to provide seselin
(6) in 77% overall yield from166.

@ During the current and related synthetic studies in these laboratories, - onclusion

the above listed reagents and conditions were found to be compatible

with the selenoether linking strategy.

which was cleaved to afford oxazo834 in 42% yield over
three steps based @113

Pyranoflavone387 (Scheme 11) was constructed next from
methyl ketonel 17 by condensation with 4Bu)-benzaldehyde

In conclusion, we have described the rational selection of a
benzopyran-based privileged structure for use in the construction
of natural product-like libraries and the development of general
strategies for its construction and diversification. A novel
cycloloading protocol has been developed for the efficient

(102) Inspection ofH NMR spectrum 0f373 after cleavage revealed
that the product was a 1:1 mixture of regioisomers.

(103) Huang, W.; Pei, J.; Chen, B.; Pei, W.; Ye, ®etrahedron1996
52, 10131-10136.

(104) Tan, W.; Li, W.-D.; Huang, C.; Li, X.; Xing, YSynth. Commun.
1999 29, 3369-3377.

(105) Nicolaou, K. C.; Rodguez, R. M.; Mitchell, H. J.; van Delft, F.
L. Angew. Chem., Int. EA.998 37, 1874-1876.
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Scheme 11.Synthesis of Miscellaneous Benzopyran Containing Struciures
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4(a) 10.0 equiv of n-BuLi, THF, -78 °C, 2 h; then 15.0 equiv of n-BuzSnCl, -78 — 0 °C, 1 h, 100%,; (b) 0.05 equiv of Pdadbag, 0.05 equiv of P(2-furyl),,
5.0 equiv of 1-iodo-4-nitrobenzene, DMF, 100 °C, 12 h, 85%; (c) 6.0 equiv of H,O,, THF, 25 °C, 20 min; (d) 10.0 equiv of (trimethylsilyl)acetylene, 0.5
equiv of PdCl,, 0.5 equiv of Cul, DMF:Et3N (5:1), 50 °C, 12 h, 90%; (e} 5.0 equiv of TBAF, DMF, 25 °C, 12 h, 87%; (f) 2.0 equiv of 2-iodophenol, 0.5
equiv Pd(OACc)»(PPhag),, 0.5 equiv of Cul, DMF:Et3N (5:1), 80 °C, 24 h, 69%; (g) 3.0 equiv of LHMDS, 5.0 equiv of benzoyl cyanide, THF, -78 — 0 °C, 1
h, 88%; (h) 10.0 equiv of H4N,eH,0, 0.05 equiv of AcOH, THF:MeOH (2:1), 65 °C, 3 h, 87%; (i) 10.0 equiv of Mel, 5.0 equiv of NaH, THF, 40 °C, 12 h;
(j) 10.0 equiv of a-bromoacetophenone, 20.0 equiv of DBU, DMF, 80 °C, 12 h, 100%; (k) 10.0 equiv of acetamide, 1.0 equiv of BF3eEt,0, xylenes, 140
°C, 48 h, 55%; (I) 15.0 equiv t-Bu-benzaldehyde, 10.0 equiv of NaOMe, THF:MeOH (3:1), 25 °C, 48 h, 62%; (m) 10.0 equiv of I, DMSO, 180 °C, 2 h,
45%; {n) 10.0 equiv of CH,=PPhs, THF, 0 — 25 °C, 15 h, 100%,; (o) 20.0 equiv of acryloyi chloride, 20.0 equiv EtN{i-Pr),, 1.0 equiv of 4-DMAP,
CHyCl,, 25 °C, 2.5 h, 85%; (p) 0.3 equiv of CLCy,Ru=CHPh, CH,Cl,, 40 °C, 24 h. LHMDS = lithium bis(trimethylsilyljamide. TBAF =
tetrabutylammonium fluoride.

loading, elaboration, and cleavage of this general template. Theconventional linkers could withstand this array of reaction
fidelity of the devised method was validated under various conditions, and yet still be cleaved under such facile conditions
reaction conditions through the parallel and split-and-pool as those employed in the present c&8én the following paper,

synthesis of several small organic molecule libraries. As shown e describe the application of the chemistry and principles

in Table 2, these synthetic efforts have confirmed the robustnessgeyeloped in this phase of the program to the construction of a
of our selenoether tether under a range of reaction conditions,

as required for the successful synthesis of diverse natural™ (106) For a recent review of linkers, see: Guiller, F.; Orain, D.; Bradley,
product-like libraries. In fact, it is arguable whether other M. Chem. Re. 200Q 100, 2091-2157.
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10 000-membered library of biologically relevant, natural Boehringer-Ingelheim, Glaxo, Hoffmann-La Roche, DuPont,
product-like compound&! Merck, Novartis, Pfizer, and Schering Plough.
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