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Selenium-Based Solid-Phase Synthesis of
Benzopyrans II: Applications to Combinatorial
Synthesis of Medicinally Relevant Small
Organic Molecules**

K. C. Nicolaou,* Guo-Qiang Cao, and
Jeffrey A. Pfefferkorn

In the preceding communication we described a novel
selenium-based simultaneous cyclization and loading (cyclo-
loading) strategy for the solid-phase combinatorial synthesis
of natural products containing the 2,2-dimethylbenzopyran
moiety.ll Given the vast number and diverse biological
activities of these benzopyran natural products, it is reason-
able to consider whether this structural motif might be of
value in the construction of designed pharmaceutical agents,
particularly since natural-product-based mechanistic investi-
gations have revealed that such structures interact with a
variety of protein and nucleic acid cellular targets.’l Not
surprisingly, a search of the patent literature revealed a host of
pharmaceutical ligands that contain the 2,2-dimethylbenzo-
pyran skeleton (Scheme 1). Among these are the potassium-
channel activators 1 and 2,0 aldosterone biosynthesis inhib-
itors 3 and 4,1 5-hydroxytryptamine-3 receptor antagonist 5,
phosphodiesterase IV inhibitor 6,1 and the ampicillin-derived
antibacterial agent 70" However, in spite of the potential
utility of this substituted benzopyran motif in ligand design,
only a limited number of solid-phase methods for its
construction has been reported.®! Hence we investigated
whether our current cyclo-loading approach might be a useful
tool in medicinal chemistry for future combinatorial inves-
tigations of this class of compounds. Since structures 1-7,
unlike the natural products previously described, are struc-
turally quite diverse and possess a variety of heteroatom
functionalities, we sought to effect the solid-phase function-
alization of several of the previously described resin-bound
benzopyrans!!! with various heteroatom-based functional
groups in order to produce scaffolds embodying their
structural features. Herein we describe the synthesis of
several representative scaffolds as well as a solid-phase
synthesis of androsterone biosynthesis inhibitor 4 (Scheme 1)
and a small library of analogues using radiofrequency
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Scheme 1. Representative examples of potential pharmaceutical candi-
dates incorporating the 2,2-dimethylbenzopyran moiety.
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directed split-and-pool technology!” as an illustration of the
wide applicability and efficiency of this strategy.

The initial focus of these efforts was on the construction of
several aromatic and heteroaromatic substituted benzopyrans
resembling the core structures of the potassium-channel
activators 1 and 2 (Scheme 1).B! Four prototypes (13, 21, 29,
and 35, Scheme 2) were constructed, each synthesis com-
mencing from a different resin-bound benzopyran platform
(8, 15, 24, and 31, respectively). Thus, tetrazoles 13 and 14
were constructed from cyanide 8 by treatment with azido-
trimethylstannane at 100°C to give stannylated tetrazole 9,
which was hydrolyzed with TFA (for abreviations of reagents
and protecting groups see legends in schemes) to provide 10 in
quantitative yield!'® over two steps.'l Derivatization of
tetrazole 10 was accomplished through alkylation by treat-
ment with an appropriate alkyl halide and Et;N at 80°C to
give 11 and 12 in 85 and 87 % yields, respectively.l'l These
tetrazoles were then subjected to standard oxidative release
conditions (H,0,)! to afford 13 and 14 in 52 and 65 % yields,
respectively, based on 8.

In the second example, acetophenone 15 was converted into
pyrazoles 21-23 (Scheme 2) by initial conversion of the
methyl ketone functionality into the corresponding S-dicar-
bonyl system through formation of an enolate with LHMDS
followed by quenching with an appropriate acyl cyanide to
afford 16 and 17 in 87 and 75% yields, respectively.
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Scheme 2. Solid-phase synthesis of heterocyclic and aryl-substituted 2,2-dimethylbenzopyrans: a) azidotrimethyltin (5.0 equiv), toleune, 110°C, 12 h, 100 %;
b) TFA (2.0 equiv), THF:H,O (10:1), 25°C, 2 h, 100 %; ¢) R'Br (10.0 equiv), Et;N (20.0 equiv), MeCN, 80°C, 12 h, 85-87 %; d) H,0, (10.0 equiv), THF, 25°C,
30 min, 13 (52%), 14 (65% ), 21 (65% ), 22 (58% ), 23 (49%),29 (42%), 30 (46% ), 35 (62%), 36 (75%); ¢) LHMDS (3.0 equiv), R'C(O)CN, THE, — 78 —0°C, 1 h,
88-75%; f) hydrazine hydrate (10.0 equiv), AcOH (0.01 equiv), THF:MeOH (2:1),65°C, 3 h, 87—65%; g) Mel (10.0 equiv), NaH (5.0 equiv), THF, 40°C, 12 h,
95%:; h) RIC(O)CH,Br (10.0 equiv), DBU (20.0 equiv), DMF, 80°C, 12 h, 100 %; i) acetamide (10.0 equiv), BF;- Et,O (1.0 equiv), xylenes, 140°C, 48 h, 50—
55%; j) nBuLi (10.0 equiv), THFE, —78°C, 2 h; then, nBu;SnCl (15.0 equiv), THF, — 78 -0°C, 1 h, ca. 100 %; k) [Pd,dba;P(2-furyl);] (0.05 equiv), 4-R'C¢H,I
(5.0 equiv), DMF, 100°C, 12 h, 85-90%. TFA = trifluoroacetic acid, DBU = 1,8-diazabicyclo[5.4.0Jundec-7-ene.
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Condensation of 16 and 17 with hydrazine hydrate and
catalytic amounts of acetic acid gave resin-bound pyrazoles 18
and 20 in 87 and 65 % yields, respectively.l'*] These pyrazoles
could also be further derivatized through alkylation as
demonstrated by the conversion of 18 —19 upon treatment
with Mel/NaH in DMF at 60°C. Finally, the constructed
heterocycles were cleaved from the resin under oxidative
conditions to afford 21-23 in 65, 58, and 49% overall yields,
respectively, based on 15.04

The third example involved conversion of benzoic acid 24
into oxazoles 29 and 30 (Scheme 2). Hence, alkylation of 24
was effected by treatment with several a-bromo ketones and
DBU in DMF at 80°C to afford 25 and 26 in quantitative
yields. Heterocycle formation was accomplished by treatment
of 25 and 26 with acetamide and BF;-Et,O in xylenes at
140°CI to give 27 and 28 (50 and 55 % yields, respectively),
which were then cleaved under standard oxidative conditions
to afford oxazoles 29 and 30 in 42 and 46 % yields over three
steps based on 24.

In the fourth example bromobenzopyran 31 was converted
into the corresponding tri-n-butylstannane 32 through a
halogen —metal exchange with nBuLi at —78°C followed by
quenching with nBu;SnCl (Scheme 2).1'! Tri-n-butylstannane
32 was then treated with several aryl iodides under palla-
dium(o)-catalyzed coupling conditions!'”) to afford structures
33 (90 %) and 34 (85 %), which were subsequently cleaved to
give 35 and 36 in excellent yields and purities. Interestingly,
while these electron-deficient aryl iodides coupled quite
effectively, attempts to employ either unsubstituted or
electron-rich aryl iodides resulted, so far, in only low yields
of the desired coupling products.

The facility of the latter halogen —metal exchange prompt-
ed us to consider additional reaction manifolds of the resin-
bound lithiobenzopyran (derived from 31) for the construc-
tion of other potentially useful substituted benzopyran
structures, particularly amides, alcohols, and benzophenones
(for example, 40, 44, and 47, Scheme 3).[')l Bromobenzopyran
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31 was once again converted into the corresponding lithium
anion and then treated with a series of electrophiles. For
example, the quenching of 37 with aryl isocyanates led to
amides 38 and 39 in yields greater than 95 %. The addition of
aromatic aldehydes followed by warming to 25°C provided
access to benzylic alcohols 42 and 43 in 90 and 88 % yields,
respectively, whereas quenching with ethyl benzoate allowed
direct access to benzophenones such as 46 in 82 % yield.

As a final illustration of how the current benzopyran
cycloaddition-loading strategy could be useful in expediting
drug discovery efforts, we set out to demonstrate a solid-phase
synthesis of aldosterone biosynthesis inhibitor 44! along with a
small library. The initial synthesis of 4 commenced with the
described halogen —metal exchange of 31 (Scheme 4) to give
37, which was then treated with 3-(THPO)-benzaldehyde and
allowed to warm from — 78 to 25°C over 12 h to afford 48 in
99 % yield over two steps. The benzylic alcohol of 48 was then
displaced with imidazole employing standard Mitsunobu
conditions to afford tetracycle 49 in 85 % yield. After removal
of the THP protecting group, phenol 50 was treated with
3-pyridylmethanol under Mitsunobu conditions to afford 51
(95% yield) from which the targeted compound 4 was
released by treatment with H,O, (75% yield over six steps
based on 31). Application of this route using IRORI Micro-
Kans and radiofrequency encoded split-and-pool technolo-
gyl allowed for the construction of a small library of related
compounds (57-64, Scheme 5).['l In general, the lithio
species (37, Scheme 5) was treated with aromatic aldehydes
to furnish alcohols 52, which underwent Mitsunobu reaction
with a variety of amines (R’NH) to give structures 53.
Substrates containing a THP-protected phenol were then
deprotected and the phenolic hydroxyl groups were reacted
with benzyl alcohols (R*OH) under Mitsunobu conditions to
give structures 55, which were subsequently oxidatively
cleaved to provide benzopyrans 57 - 64.

The chemistry described in this and the preceding commu-
nication!] demonstrate the versatility and applicability of a

RO
N
N X
O Me
40: R=H
41: R = OMe

OH

Scheme 3. Solid-phase synthesis of substituted 2,2-dimethylbenzopyrans: a) nBuLi (10.0 equiv, 1.6M in hexane), THF,
—78°C, 2 h;b) phenyl isocyanate (15.0 equiv), — 78 —25°C, 30 min, 90 -95 % over two steps; ¢) aryl aldehyde (15.0 equiv),
—78—25°C, 12 h, 88-90% over two steps; d) ethyl benzoate (15.0 equiv), —78 —25°C, 30 min, 85% over two steps;

e) H,0, (10.0 equiv), THF, 25°C, 30 min.
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Scheme 4. Solid-phase synthesis of the aldosterone biosynthesis inhibitor 4: a) nBuLi (10.0 equiv, 1.6M in hexane), THF, —78°C, 2 h; b) 3-(THPO)-C.H,-
CHO (20.0 equiv), THF, — 78 —25°C, 12 h, 99 % over two steps; ¢) Ph;P (10.0 equiv), DEAD (10.0 equiv), imidazole (20.0 equiv), CH,Cl,, 0 —25°C, 48 h,
85%; d) TsOH - H,O (1.0 equiv), THF:MeOH (10:1), 25°C, 2 h, 100 %; ¢) Ph;P (20.0 equiv), DEAD (20.0 equiv), 3-pyridylmethanol (20.0 equiv), CH,Cl,,

25°C, 20 h, 95%; f) H,0O, (10.0 equiv), THF, 25°C, 15 min, 75% over six steps based on 31. DEAD =diethyl azodicarboxylate, TsOH-H,0 =p-
toluenesulfonic acid monohydrate.
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Scheme 5. Solid-phase radiofrequency encoded split-and-pool synthesis of structural analogues (58 —65) of aldosterone biosynthesis inhibitor 4. Reagents
and conditions: a) nBuLi (10.0 equiv, 1.6M in hexane), THF, —78°C, 2 h; b) R'C4H,CHO (10.0-20.0 equiv), THF, —78 —25°C, 12 h, 80-90% over two
steps; ¢) PhyP (10.0 equiv), DEAD (10.0 equiv), R’NH (20.0 equiv), CH,Cl,, 0 —25°C, 48 h, 75 -85 %; d) H,0, (10.0 equiv), THF, 25°C, 15 min; ¢) TsOH -
H,O (1.0 equiv), THF:MeOH (10:1), 25°C, 2 h, (ca. 100%); f) Ph;P (20.0 equiv), DEAD (20.0 equiv), R*OH (20.0 equiv), CH,Cl,, 25°C, 20 h, 90-95%.

new solid-phase, seamless linking strategy for the rapid
construction of complex structures. The reported selenium-
based method makes use of both the loading and cleavage
steps to impart complexity and functionality into the target
molecules and can be used to produce both natural products
and designed molecules efficiently and in a specific or
combinatorial fashion. The practical nature of the steps
involved, the fact that no selenium compounds are released
into the solution phase, and the high efficiency and purity in
which the final products are obtained should make the

758 © WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2000

reported strategy a favorite method for combinatorial syn-
thesis to be applied in chemical biology studies and the drug
discovery process.
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Hydrogen-Transfer Catalysis with Pincer-Aryl
Ruthenium(@) Complexes**

Paulo Dani, Thomas Karlen, Robert A. Gossage,
Serafino Gladiali, and Gerard van Koten*

Complexes of pincerlike aryl ligands such as 1-3 belong to
a new class of homogeneous catalytic systems that contain a
stable metal —carbon ¢ bond.[> % Such organometallic com-
plexes have already been used in a number of metal-mediated
organic transformations, for example, dehydrogenation,?!
asymmetric allylic alkylation,? asymmetric aldol condensa-
tion,?«d Heck reactions,'""! atom-transfer radical polymer-
ization (ATRP), and Kharasch addition (ATRA).?1 Addi-
tionally, the terdentate pincer ligand stabilizes complexes with
unusual geometries or oxidation states.2*]
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Reduction by means of hydrogen-transfer reactions has
recently attracted much attention because of its practical
simplicity and potential use at ambient pressure.’! Further-
more, the use of an alternative source of hydrogen may result
in different reactivity patterns.! Coordination complexes
containing bidentate ligands are normally used as catalysts in
hydrogen-transfer reactions.” Herein we report that the
pincer-type arylruthenium(i) complexes 1-3,° containing
the monoanionic, terdentate bis(amino)aryl [C¢H;(CH,-
NMe,),-2,6]- (NCN) and bis(phosphanyl)aryl [CsH;(CH,-
PPh,),-2,6]~ (PCP) ligands, are highly active catalysts for the
reduction of various ketones to the corresponding alcohols
with /PrOH as the hydrogen source and KOH as the promoter
[Eq. (1)]. Representative types of ketones were chosen to
evaluate the performance of 1-3 in such processes. Dialkyl
(aliphatic and cyclic), alkyl aryl, and diaryl ketones were all
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