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1. Introduction be difficult or impossible using traditional solution methods,
and allows the possibility to rapidly synthesize druglike

heterocyclic structures, which frequently appear in natural molecgles w!thout tedious and time-consuming punﬂca?!on.
and synthetic productsThese heterocyclic compounds show I this review, we focus on methods for the synthesis of
various pharmacological properties, and modifications of the P€nzoannelated oxygen heterocycles on solid supports,
core structures, that is, by substitution, provide a high degreeP&cause benzoannelation is an efficient method for the
of structural diversity, which has proven useful in the search diversification of heterocycles of biological valifeThe
for new therapeutic agents. Because of this, the synthesized?€nZ0 moiety is an integral part of numerous heterocyclic
heterocycles have received special attention within combi- {2rgét molecules. In an earlier publication, we reviewed the
natorial chemistry, which has matured to become a key tool SYnthesis of benzoannelated nitrogen heterocyélem

in many aspects of chemistry in general and in drug discovery OVerview on the synth§S|_s of aromatic heterqcycles, mgludl.ng
process in particula:® Since the beginning, combinatorial ~ ©Xygen heterocycles in liquid phase, was given by Gilchrist
libraries have been developed using primarily parallel N 1999:2

synthesis and specific techniques, that is, resin-based chem- The chapters in the present review have been subdivided
istry. The rapid generation of small-molecule libraries can according to the preparation of five- and six-membered
be executed effectively by employing combinatorial or benzoannelated oxygen heterocycles.
simultaneous-parallel synthesis on solid suppbrihe

combination of solid-phase organic synthesis (SPOS), the 2. Five-Membered Benzoannelated Oxygen
development of high-throughput screening (HTS), and even Heterocycles

ultrahigh-throughput screening (UHTS) has greatly increased
the number of substances that are being tested and hav
emerged as a valuable tool in the search for novel lead
structures:® Furthermore, SPOS offers the opportunity to
synthesize druglike molecules via novel routes, which may

Biologically active compounds are often derived from

2.1. Benzofurans.The benzofuran core is found in a large
Sumber of naturally occurring biologically active compounds.
A small selection of biologically and pharmacologically
active benzofuran compounds is shown in Figure 1. For
example, a variety of benzofuran derivatives, such as
* Corresponding author. E-mail: braese@ioc.uka.de. Ebenf.uran 1), have been invesftigated as eSt.mgen receptor
T Friedrich-Wilhelms-UniversitaBonn. (ER) ligands*® Another example is prostaglandin D2 receptor
*Universita Karlsruhe. agonist2, which belongs to a potent new class of antiallergic
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Figure 1. A selection of natural compounds and biologically active compounds based on the benzofuran core.

agents. It has been shown that agogBistuppresses various o

allergic inflammatory responses, such as those observed in j O
conjunctivitis and asthma modéfsThe potent and selective N © OH
Candida albicans Nnyristoyltransferase inhibitors RO-09- Q \3 O

4609 @) and RO-09-48794) exhibit antifungal activity Q 42
against Candida albicansin vitro.!®> The selective NK Hg
receptor antagonist Cl 1025)(was reported in 199%. A raloxifene (12) 13

potent selective PDE 4 inhibitor as antiasthmatic target is Figure 2. Raloxifene (2) and the benzofuran based analogues
the methoxybenzofura6.'” The dihydrobenzofuran lignan 1323

7 has proven to be a potential antitumor agent, which inhibits

tubulin polymerizatiort® The pterocarpangcontaining both novel silyl ether linker for solid-phase synthesis (Scheme
a benzoannelated five-membered and a benzoannelated sixt).2* After immobilizing silane 15 onto resin 14, they
membered oxygen heterocycle show cytotoxic effects againstsynthesized the benzofuranis following an established
HIV-1.1° The pterocarpan$ contain a five- and a six-  solution-phase protocol via ortho-formylation, addition of
membered benzoannelated heterocycle, which are annelate@ara-lithiated anisole (fronpara-bromoanisole), Dess
over theb[furan],c[pyran] bond to each other. In contrastto Martin oxidation to the ketone, and deprotection of the
pterocarpans, the antiatherosclerotic agértsntain a furan hydroxyl function to yield the alcohdl?. Treating phenol
and a pyran structure benzoannelated by the same benzen&7 with variousa-bromoketones, a number of solid-bound
ring.2° Further examples of benzofurans with an additional diketonesl8were synthesized. After cyclization with DBU
heterocycle in the side chains with pharmacological activities and cleavage with TBAF, the benzofurai®were obtained
are the angiotensin Il antagonist GR117289)f* and the in 40—57% overall yields for Y= t-Bu, Ph, 3-MeG-CgHj,

k-opioid analgesic41.2? 4-MeO—CgH,, 4-ClI—CgH4, and 4-CE—CsH4, and no prod-
Computer modeling studies of the benzofurd3sindi- ucts were obtained for ¥= 2-MeO—-CsH, and 4-CN-CeHa.

cated that these structures would fit the ligand-binding site  In 1997, Balasubramanian et al. introduced solid-supported

of ER-o in a flipped orientation relative to raloxifené?) intramolecular radical cyclizations to synthesize benzofurans

(Figure 2). In this instance, the 6-hydroxy, 5-aroyl, and (Scheme 2}°In this reaction, carboxylated polystyrene resin
3-substituent groups ib3 mimic the 6-hydroxy, 3-aroyl, and 21 was applied for the immobilization &0, and an excess
2-aryl groups of raloxifenel), respectively? of AIBN was used to force the cyclization reaction to
The first solid-supported benzofuran synthesis was re- completion.t-BuOH was added in order to suppress the
ported by Boehm and Showalter in 1996, who developed aformation of thes-hydride elimination product. In the case



Reviews Journal of Combinatorial Chemistry, 2005, Vol. 7, No. 249

Scheme 1.Solid-Phase Benzofuran Synthesis Using a Traceless Silyl Ether Linker by Boehm and SRéwalter
OMe

iPr 1) a) n-BuLi, TMEDA,
Cl-g] Et,0, 0 °C
g \@\ :Pr ipr b) anhydrous DMF, 0 °C
2) 4-bromoanisole, n-Bulli,
o@”w OCH,0CH3 0©/\0' \@\ THF, -78 °C
imidazole, DMF, rt 3) 1-hydroxy-1,2-benziodoxol-
OCH0CH; ™ 311 H)-one (IBX),
DMSO/THF, rt

i 4) 5% TFA in CH,Cly, 0°C

OMe OMe

BrCH,COY, (i-Pr),NEt, = Pr “Pr
o -S 1) DBU, NMP, 80 °C
NMP, 80 °C 0 coy O N_coy
2) TBAF, DMF, 65 °C g

Y = -Bu, Ph, 2-MeO-CgH, 12
3-MeO-CoH, 4-MeO-CaHa, v
o o overall yield 0-57%
4-CF4-CoHyg

Scheme 2.Solid-Phase Benzofuran Synthesis Using Intramolecular Radical Cyclization Reactions by Balasubramanfan et al.

0
OH 21a,b o\p pH
DIC, pyridine, DMAP, H 1) BugSnH, #-BuQOH,
/(r HOBt, DMF, 20°C, 24h 12N i © AIBN in toluene, i
2) SnCly,*H,0, DMF, o 100°C,20 h o
20°C, 24h 2) NaOMe/MeQH, rt
22a, b (>95% over two steps) 23
O = carboxylated polystyrene resin (a) or amount of AIBN: for a) =1 equiv.
TantaGel™-COOH resin (b) for b) & mol%

Scheme 3. Solid-Phase Synthesis of 2-Substituted Benzofu8ss-e via the Palladium-Catalyzed Heteroannelation of
Acetylenes26a—e by Fancelli et af®

1) OOH . THF, NaOH (aq.),
HOQC\CE' DEAD, PPhy, rt, 16 h Q k@( =R 26a-e Q PrOH, rt “°2°m
R
e 2) 30% NH; (ag.), THF, Pd{PPh3),Cly, Cul, o

MeQOH, 20°C, 16 h TMG DMF, 50 °C, 16 h
24 27a-e 28a-e
Q-oH =TentaGel™ s-0H R = (CHo)sCH3, t-Bu, Ph, (CH,)5Cl, (CH2):0H, overall yield 40-70%
(particle size 130 um, capacity 0.3 mmol/g) CH3NH3, CH3NEt;, CH;NHCONHC(CH3)s,

CHNHCOOC(CHa)s

Scheme 4.Solid-Supported Benzofuran Synthesis by Zhang and Mary#hoff

O H
Q. A NNy 1 CHPA(PPN), ELN. CONH,
Ug ; 2,
R : H o = 80°C, 8h i A
sk gbp:)cstE;' DMF, a 2) ra;ooéfa TFAICH,Cl, S
. ) min
R R R

29a (R = H) 31a, 31b 32a (purified yield 83%)
29b (R = Cl) 32b (purified yield 81%)

of TentaGel-COOH resin, 6 mol % of AIBN was sufficient On the basis of solid-supported indole synthesis and the

for high conversion ¥90%). results of Larock and Stinn’s benzofuran formation in
In 1997, Fancelli et al. reported the solid-phase synthesissolution phase from 1988,Zhang and Maryanoff reported

of 2-substituted benzofurans via the palladium-catalyzed the construction of benzofurans on the solid phase via

heteroannelation of acetylen28,?® which was previously  palladium-mediated cyclizations in 1997when two dif-

established in solution-phase benzofuran synthesis (Scheméerent ortho-iodo phenols29a and 29b were immaobilized

3).27 After immobilization of benzoic aci@4 on TentaGel, on functionalized Rink amide resB0 and followed by an
resin 25 reacted with the acetyleneé%6 under palladium intramolecular Heck-type reaction and cleavage with TFA
catalysis resulting in cyclization to the benzofur@idsAfter to yield the benzofuran82a and32b in excellent purities

cleavage, the benzofura@8 were obtained in moderate to  and purified yields up to 8283%.
good vyields. In 1997, Du and Armstrong published the synthesis of
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Scheme 5.Solid-Phase Synthesis of Benzofurans via a Svhédiated Cyclization by Du and Armstrotty
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OMe
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Table 1. Benzofurans Synthesized by Du and Armstréng

product R R? R3 yield (%)
37a H H H 57
37b H Ph H 63
37c H 2-MeO—CgH, H 58
37d H H Me/=CH, (9:1p 61
37e H Me Me/=CH, (7:3f 60
37f H H CH,OH/=CH;, 4216
379 H H —CsHg— 51
37h Me H H 41
37i Me H morpholinyl 11
37j 37

aQverall yield.? Inseparable mixture.

benzofuran derivatives on solid phase via a smédiated
radical cyclization reaction (Scheme3)The benzoic acid

R? e
/0

1 '

R ik o R1 R2
t-BuN=P{NMe,)3, X O/\N P\ 2R3
N-methylpyrrolidinone, H i

OH 50°C Ol
OMe
36
AN
0
OMe
37j

Starting from polymer-supporteattho-iodo phenol<i0, the
cyclization substrate$2 and43 were prepared by treatment
with the allyl bromides4la—c and methyl propiolate,
respectively. Radical cyclization followed by cleavage
resulted in excellent yields of the benzofura—c (95—
97%, Scheme 7) and in moderate yield for the isobenzofuran
46a(30—40%). Using the Rink linker on polystyrene resin,
the isobenzofurandé6aand46b were obtained in yields up

to 95%. To increase library diversity, a tandem radical
addition/cyclization reaction was introduced. After optimiza-
tion, the benzofurand4a—c were obtained in moderate to
good vyields (Scheme 7). Palladium-mediated synthesis
yielded the isobenzofura#6b in moderate yields.

In 1998, Wang and Huang reported the solid-phase

34 was coupled to the deprotected Rink resin. The acetateSynthesis of five- and six-membered nitrogen and oxygen

group of resin bound4 was cleaved to yield phen@b.
Radical cyclization with Smland TFA cleavage gave eight
benzofuran87a—j in yields up to 63%. In two cases, two

heterocycles via a palladium-catalyzed annelation (Scheme
8).34 For the synthesis of oxygen heterocycles, 4-carboxy-
2-iodo phenolst7 were immobilized onto Rink resirg).

isomers in yields up to 61% of isomeric mixtures different Palladium-catalyzed cyclization with die6@ and cleavage

were obtained (Table 1).

with TFA yielded benzofuraslin excellent yield and high

In 1998, Du and Armstrong used this method on TentaGel PUrity.

S bound benzoic acid38 (Scheme 6§ In a similar manner,
radical cyclization with Smland TFA cleavage provided
benzofuran89a—e in poor to moderate yields.

A further application of radical chemistry to solid-
supported synthesikand a palladium-mediated cyclizatin

Rottlander and Knochel reported a cyclative cleavage
approach toward benzofurans in 1999 (Schem® 8)ter
immobilization of iodoarene$3 on modified Wang resin
52, an iodine-magnesium exchange was carried out. Dif-
ferent benzaldehyde$6a—f were added to the arene

was reported by De Mesmaeker et al. in 1998. A number of magnesium speciésb, yielding the corresponding alcohols
hydroxyiodo phenols were immobilized on a polystyrene 57a—f. Cyclative cleavage with TFA led to the benzofurans
resin via an ester linker having a secondary amide spacer.58a—f in high purities and excellent yields.

Scheme 6.TentaGel S Supported Benzofuran Synthesis by Du and Armstrong

0
A OH
1) R*7OR' | sml, R
HMPA, THF, R2

a DY\@fl f i, 2h HO,C
o o 2) 20% TFAICH,Cl, o
38 39a (R", R? = Et, 33%)
39b (R', R? = n-Pr, 20%)
39¢ (R'= Me, R? = (CHy)sNEty, 45%)
(
(

39d (R'= H, R? = n-Pr, 5%)
39e (R', R? = -CgHyq-, 7%)
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Scheme 7. Solid-Supported Synthesis of Benzofuralsa—c, 45a—c and Isobenzofurand6a and 46b by Radical Cyclization
Reaction,e;agdem Radical Addition/Cyclization Reaction and Palladium-Mediated Cyclization Reaction by Berteina and De
Mesmaeke?

®
N

form=0,n=2:

r o A
s g O~ R
NJMO OH 10 equiv. R ~~_-Br #Ma-c
Me 4 : 7 0
0] I Schwesinger base, dioxane, ®[f I
) rt, 24 h 0 ?
40 o] 42

1) 3 equiv. n-BusSnH,

1) 15 equiv. allyl-n-Bu;Sn,

for m,n=1: 1.5 equiv. AIBN, 0.6 equiv. AIBN, benzene,
6 equiv. methyl propiolate, benzene, reflux, 46 h reflux, 46 h
6 equiv. NMO, dioxane, 2) 6 equiv. MeONa, 2) 6 equiv. MeONa,
r, 48 h MeOH/dioxane 1:4, MeOH/dioxane 1:4, rt, 24 h
t, 24 h
\/@(\0/&\\/002&19 0 o
®Tro | HO — HO
’
o] R R
1) 3 equiv. n-Bu;SnH, 1) 0.3 equiv. Pd{QAc);, 0.6 equiv. PPh;, 44a (R =H, 78%) 45a (R =H, 97%)
0.6 equiv. AIBN, 2 equiv. n-BuyNCI, 4 equiv. K,CO3, , I 1=
benzene, reflux, 46 h DMA (0.05 M), 100 °C, 27 h IR =Ne. 40 IR SMa B
2) 6 equiv. MeONa, 2) 6 equiv. MeONa, MeOH/dioxane 1:4, 44c (R =Ph, 10%) 45¢c (R' =Ph, 95%)
MeOH/dioxane 1:4, rt, 24 h
,24h
CO,Me CO,Me
a 46b
(30-40%)
Scheme 8.Rink Resin-Supported Benzofur&d Synthesis by Wang and Huaig
L /\/\/ 50
e | Rink resin (48), EDCI, Q Pd(OAC),, LiCl, o
2 \O\/ HOBY, CH,Clo/MeOH, rt K@E DIPEA, DMF, 100 °c " NW
) 10% TFA/CH-CI
OH e o
a7 51 (90% yield, 88% purity)

Scheme 9.Solid-Phase Benzofuran Synthesis Using a Cyclative Cleavage Approach bynBettend Knoché?

(0]
NH w i-PrMgBr, L 56a-f
53 (0] THF/INMP 40:1, (0] Ar (0] 10% TFA/CH4CI
O/\UJLCGlg O O - O . 2Vl | o
BF3eEt;0 (cat.), -40 °C, 90 min -40°C, 2 h, HO rt, 10 min

Brivig

THF, rt, 40 min then MeOH A
Ar r
52 54 55 57a-f 58a-f
Ar &= 4--Pr-CgH, 92-99% purity
b = 2-Me-CgH, 90-98% yield
¢ = 4-MeO-CgH,
d 4-CF3-CgHy
= 3-Cl-4-F-CgH5
f = 1-Napthalenyl

Scheme 10.Cyclofragmentation Release Pathway for the Benzofuran Synthesis by Nicolaotf et al.

. 0 ) [
Ph—§ (@] 0 Base Ph—§ (0] 9 (o)

J O (T [T csown g8
(6} (6}

59 60 61 62

In 2000, Nicolaou et al. introduced a solution and solid- is followed by a selective epoxide opening and a 5-exo-trig
phase synthesis of functionalized 3-arylbenzofug®by a cyclization. The elimination of formaldehyde and a phenyl-
novel cyclofragmentation release strategy, as shown insulfimate anion yielded the benzofur&® whereas the
Scheme 16@° This unexpected reaction was found instead protonated specie®l-H was not observed (Scheme 10).
of the formation of dihydrobenzofura#il-H. The deproto- After optimization of the liquid-phase reaction, Nicolaou
nation of the methylene group next to the sulfonic function et al. transferred this approach to the solid-supported



152 Journal of Combinatorial Chemistry, 2005, Vol. 7, No. 2

Reviews

Scheme 11.Solid-Supported Benzofuran Synthesis Using a Cyclofragmentation Release by Nicoladf et al.

OPhSAO 0

OGSH 1) DBU, BrCH,CI, 25 °C, 12h
\_/  2)Cs,CO, DMF, 95°C, 12h
OH 0O

“« J0

R
65a: R=H
65b: R = Me
65c: R=Cl

R

Table 2. Wang Resin-supported Benzofuran Synthesis by
Hartley et aP’
DMAP, THF

O’\OH _
2) Cp,TilP(OEt)5l, 70

CH(SPh),
68
™
oTBS

THF, 30 min, rt

Qo s

1) RCOzH 69, i-PrN=C=Ni-Pr,

1) TBAF, THF, 3 h, rt
2) TFAM-0 (1:1), CHQC'Q:

CI=
(0]

TBDMSO

30 min, rt
72 73
benzofuran R overall yield (%)
73a CHs 38
73b Ph(CH). 83
73c PhCH 38
73d Ph 69

&

1) trimethylsulfonium iodide
KOf-Bu, THF/DMSO 1:1,

0t025°C,2h i O N
2) mCPBA, NaHCOj, CH,Cly, o
25°C, 12h
3) KOt-Bu, DMF, 0 to 25 °C,
66 15 min 67a-c

up to 29% yield

64. Cyclofragmentation release yielded benzofuréna—c

in moderate overall yields (Scheme 11). Nicolaou et al. also
described a procedure in which benzophenones were pre-
pared on solid phase starting from immobilizedtho-
hydroxybenzaldehydes. The benzofurans could be prepared
via a cyclofragmentation pathway in overall yields of 29%,
with purities of the products 95%.

In 2000, Hartley et al. reported the traceless synthesis of
2-substituted benzofurans via alkylidenation of esters on solid
support’ Starting with the immobilization of four carboxylic
acids69 on Wang resiré8, the resulting esters were treated
with thioacetal71 and the titanocen@0 to yield enol ethers
72. The phenol§2 were deprotected and cyclatively cleaved
to give the benzofuran&3in moderate to good yields (Table
2).

As previously mentioned, computer modeling studies
carried out by Hubbard et al. predicted that the benzofurans
13 and raloxifen 12) should have similar biological proper-
ties (Figure 2¥3 Motivated by these studies, Smith et al.

synthesis of benzofurans. Examination of the proposed introduced the synthesis af8 and 80 on solid supports
mechanism suggested that the requisite solid support could(Scheme 123 After immobilizing 2,4-dihydroxyphenyl
be tethered to the scaffold through a thiophenol group. ketones by attaching them to dihydropyran (DHP) réSin,
Starting from polystyrene (1% DVB cross-linked), different the 2-hydroxy moiety was alkylated with bromoaceto-

hydroxy benzophenonéba—c were immobilized on resin

phenones’5 and cyclized to the benzofuramé using a

Scheme 12.Preparation of Benzofurar& and 80 on Solid Supports by Smith et &l.

Br.

OO o 75 (7 equiv.)
R’ DBU (10 equiv.),
NMP, 80 °C, 2 h 0

: Q
R? = OCOPh

74
R1
0]
AN
1) CICH,CH,N(CHy)s,
HO o M\ K>CO4, DMF
iyt

2) CH,Cl/MeOH/TFA

\ (5:1:1) &

78para (R = 1-naphthyl)
78meta (R' = 1-naphthyl)

76

CH,Clo/MeOH/TFA
(5:1:1)

2 R? HO

BuNH> (10 equiv.)
toluene

Y CH,Clo/MeOH/TFA

5:1:1
».OH ( ) HO

79 80 (R' = 1-naphthyl)
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Table 3. General Procedure of the Solid-Supported
Synthesis of the Benzofurans 84y Hartley et af®

TiC
1)R2 | Pz
Merrifield resin Diversity --=
Ta H R OTMS
Qo b — =
hil THF, t, 21 h

o]
g1}

2) Washing procedure

no special linker
(ester)

acid-labile enol ether

1

Qo R
| 1% TFA/CH,Cly,
R2 . 3h 212 R2 R1
R OTMS R’ o
83 84
benzofurane R R? R3 yield (%)

84a (CHy),Ph H H 80
84b CH=CMe, H H 67
84c 4-CsH,—OMe H H 60
84d (CHo)-Ph OH H 74
84e CH=CMe, OH H 70
84f 4-CgH,—OMe OH H 43
84g (CHy)2Ph F H 91
84h CH=CMe, F H 58
84i 4-CsH,—OMe F H 47
84j (CHo)-Ph H NE 54
84k CH=CMe, H NEt; 69
84l 4-CgH,—OMe H NEbL 33

a For synthesis of titanocer82 and washing procedure, see ref
40.%Yields of benzofuran84 based on loading of commercial
Merrifield resin.

N-methyl-pyrrolidinone solution of DBU (a modification of
the Boehm-Showalter proto@é). After cleavage with TFA

in CH,Cl,/MeOH, the products were obtained in a 35%
overall yield. Smith et al. introduced eight differerftdgroups
and 40 variations of Rgroups to generate a 320-compound
library.

Recently, Hartley et al. reported the synthesis of 2-sub-

Journal of Combinatorial Chemistry, 2005, Vol. 7, No. 253

strategy shown in Table 8. The titanium benzylidene
reagents82 can be generated by the reduction of the
according thioacetaf$. Using this strategy, Hartley et al.
created a 12-membered library of benzofur8dsRelease
of the benzofuran84 from the resin involved either cyclative
cleavage or use of a postcleavage modification.

McKiernan and Hartley introduced this pathway also for
the synthesis of boronated benzofur®@s'?> The boronate
titanium alkylidene reagen&9 were formed via boronation
of the according brominated thioacetal or via boronation of
the brominated thioacetal precursor and following formation
of thioacetal (Scheme 13). The titan borona&8svere then
used in the solid-phase benzofuran synthesis following the
protocol described in Table 3 combined with a Suzuki cross-
coupling reaction to increase the benzofuran diversity. Good
to excellent yields and high purities for the benzofurans were
obtained.

In 2003, Liao et al. described a novel catalytic system of
AgOTs/CuCHYTMEDA for the homocoupling of aliphatic
acetylenes on solid-supports, as shown in SchentéArbm
monomeric 93 to the coupled and cleaved dimerfis,
conversions up to 85% were observed in high purities (up
to 90%).

Recently, Liao et al. reported the convergent solid-phase
synthesis of symmetrical bentyfuran’s dimerizer** In-
spired by the work of Schreibét,Liao et al. described a
general approach for the construction of bebjfafan-based
dimeric molecules. The products were obtained using So-
nogashira reactiorf§ palladium-mediated carbonylative an-
nulations?’ and olefin cross-metathesisas key steps
(Scheme 15). High-capacity silyl-linker-based polystyrene
macrobeads were applied as solid suppriche benzdj]-
furan scaffold is often found in natural compounds and has
a wide range of biological activiti€§:*° Using the pathway
depicted in Scheme 15, Liao et al. synthesized a library with
conversions of 8695% for all intermediates and #B0%
for the final productsl07.

Very recently, Yang and co-workers disclosed the syn-
thesis of conformationally restricted 2,3-diarylbergfirans

stituted benzofurans and indoles using functionalized titanium by the palladium-catalyzed annelation oftho-alkynyl-
benzylidene reagents on solid supports following the generalphenols110 as a combinatorial approach on solid supports

Scheme 13.Boronated Benzofurar80 and Synthesis of Boronate Titanium AlkylideB6 by McKiernan and Hartletf?
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Scheme 14.Synthesis of Bis-benzb[furan-Linked 1,3-Diyne$5 by Liao et al*3

F4C
R 3
0 P—NMe
// CO, CF3CH,0H R Mo ‘Nj
. , GF3CH;0H, = e
‘S-‘i”_’o Pd(PPhs),-dppp gfo 4 kem
il CsOAc, DMF, 0 =—XH
Ome 49°C.24h OMe THF, rt, 48 h
91 92
XH = OC,H,40H, C3HgOH, CH(CH3)CH,OH
OMe
0
(i-Pr)2S -4
X gl & [ife
CuCly, AgOTs, I 1) HF/Py 5% in THF, o JUHECRRALD 20
TMEDA, DBU C) i, 1h X———X
CH,Cly, rt, I 2) Me;SiOMe, 0.5h  MeO OMe
17h
Ao
iPis HO OH
1<FT }o0l
[0] N R
o]
OMe
94 95

(Scheme 16}° After optimization of the palladium ligand

R= ph, ,D-CH:;—CGH.‘, p-C4Hg—C6Hm p—MeO—CeH4,
m-MeO-CgHy, p-CF3-CgHy, t-Bu, thiophenyl

phthalide moiety is the principal antiasthmatic component

system, a 210-membered library of 2-substituted 3-arylbenzo-of phthalide derivatives okngelicaextraction$® In addition,
[blfurans 112 was synthesized in a split pool sequence since most of these chiral natural products are found only

starting from five different iodophenols on be&@8 seven
acetylenesl09 and six aryl iodides. The products were
obtained in purities from arouné50% up to>80%. The

aryl iodides with electron-withdrawing groups gave better

as one enantiomer and biological activity is strongly de-
pendent on their configuration, the asymmetric syntheses of
these active compounds is currently highly desirable.

For the synthesis of 3-substituted benzobutyrolactones, two

annelation results than the other types, what is in agreementtrategies are conceivable. Strategy | (Scheme 17) is the

with the results of the solution-phase reactions.
2.2. Benzobutyrolactones (Phthalides)Another class of

addition of ortho-metalated ester$25 (X = OR), amides
125 (X = NRy), or their synthons to aldehydd6 and

oxygen heterocycles found in various natural products and cyclization to130. Strategy Il is the treatment of formyl-
bioactive compounds is the benzoannelated butyrolactonessubstituted benzoic acid29with organometallic reagents,
(phthalides). The 3-alkylated phthalides are found in natural such as alkyllithiun®? alkylzinc,”® alkylsodium?* alkyltita-

products, such as fuscinaribl2),%! 3-butylphthalide {13),
(—)-hydrastine (-)-narcotine) 123,52 (—)-noscapiné? (—)-
typhaphthalide 119,54 spirolaxine (14),% (+)-monasco-
dilone (116),%¢ isoochracinic acid17),%” cryphonectric acid
peracetate methyl esteld1),%® vermistatin (24),%° (—)-
rubiginone H (22,50 alcyopterosin E120),%* and cytospor-
one E (15% (Figure 3).

Phthalides possess a wide range of biological activity.

They exhibit activity at the opiod receptor<J-hydrastine
(123) or the human CCRS5 receptor, an important anti-HIV-1
target that interferes with HIV entry into cells (fuscinarin
(112).5 Some members of this group are cytotoxic (vermi-
statin (L24), alcyopterosin EX20))%* or antibacterial (e.g.,
cytosporone E 115°% and related compoun®®. 3-Bu-
tylphthalide (13, a constituent in the Chinese folk medicine,
was isolated from celery seed %iland has been used for

nium’? or Grignard reagents.The corresponding lactones
130are formed during or after acidic workup. This strategy
is particularly interesting for an asymmetric version to
achieve enantiomerically enriched phthalides. Organometallic
reagents such d28can be purified before use (i.e., removal
of salts) and, hence, increase the asymmetric induction. In
contrast, the more complex and immobilized organometallic
reagentd.27-M have to be prepared in situ, and the formation
of complexes with chiral ligand is inhibited. In addition, the
speciesl28can be symmetric in the case of divalent metals
(i.e., RZn).

The first strategy was introduced onto the solid phase by
a number of group$' In 1999, Janda et al. presented
benzamideortho-lithiation for the synthesis of a phthalide
library (Scheme 18} Different amino methyl resins
prepared fromN-(4-vinylbenzyl)phthalimide, styrene, and

seasoning and flavoring purposes, shows anticonvulsantthree different polytetrahydrofuran-based resin cross-linkers

action® increases the duration of anesthé$iand exhibits
cerebral anti-ischemic actidd Various naturally occurring
phthalides, such as 3-butylphthalide fréxngelica sinensis

(such asl34) by suspension polymerization and following
cleavage with hydrazine were benzoylated at the resulting
amino functionality. Afterortho-lithiation with n-BulLi, the

roots or synthetic 3-alkenylphthalides, show relaxant effects aldehyded4.32a—h were added to give the phthalidé33a—
on animal tracheal smooth muscle, indicating that the h. In 2001, Garibay et al. reported the directedtho-
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Scheme 15.Diagram of Split Pool Synthesis of Symmetric Dimeric Molecules by Liao ét al.
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aFor reaction conditions, see literatdfe.

lithiation on the solid phase and the preparation of a phthalide carboxylic acids136aor acid chloridesl36b onto amino

library.” Starting with either immobilization of aromatic

methylated polystyren&35 the resulting benzamidek37
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Scheme 16.Strategy and Reaction Conditions for the Solid-Phase Synthesis of 210 Benzdfadamg Yang et ak°

Split R2 Pool Split Pool
Ar

1) Sonogashira X Z
O’ \Or _coupling O’ | = 2) Deprotection 3) Annulation  4) Cleavage o mRz
RZ—== 109 7 0oH >0
R

Conditions:
1o 1) 0.3 equiv. PdCI5(PPH3)5, 0.2 equiv. Cul, i
DIEA, acetylene 109, CH5CN, 25°C, 24 h
X = OC;H4NCOC,H,;, OC;H4NCOCH,, 2) NHoNHo/THF (0.1 M), 25 °C, 4 h
OCHg, OCH;CH(CH;CgH5)NCOC;H, 3) 2.2 equiv. Pdy(dba); 4.4 equiv. bpy, Arl,

CSOAc, DMF, 25°C, 48 h

4) HF/Py (5% in THF), 25 °C, 1 h,
then Me;SiMe 0.5 h

R" = Me, OMe, Cl
= CsH5, 4—MB-C(5H4, 4—M90-06Hq, 4-F30—CSH4‘
2-F-CgHa, 4-F-CgHa, CHoCHoCHLCN
Ar = 4-Me-CEH4I 3-Ct-CSH4: S-MeO-CEH4, 4-F30-CEH4,
4-CI-CgHy, 4-CH3CO-CgH,

were ortho-lithiated with an excess ofi-BuLi or PhLi to The introduction of a MBHA linker or a DHP linker failed
form the dianionl38 The addition of aldehydes or ketones to provide the desired products.
and heating of the alcohdi39 generate the phthalidéslo Recently, Tois and Koskinen reported the solid-phase

in poor to moderate yields. Under optimized reaction |ithiation of TIPS-protected 5-carboxyindolis5 with the
conditions, a 100-member phthalide library was formed with following addition of aldehydes in order to form phthalidés.
yields up to 76% and purities 90%. After immobilization of145ontoJandalel-NH; resin under
Garibay et al. introduced metalodine exchange as an standard conditions, the resulting product was ortho-lithiated
ortho-metalation technique to give phthalides with yields of with n-BuLi, and the reaction was quenched with different
35% (for n-BuLi) and 12% (fori-PrMgCl) (Scheme 20% substituted aldehydes (Scheme 21). After heating in toluene

o % L Lod b

Fuscinarin (112) Butylphtalide (113) Spirolaxine (114) Cytosporone E (115) Monascodilone (116) Isoochracinic acid (R = H) (117)
Herbaric acid (R = OH) (118)
(0]
OAc o MeO
o]
AcO 0
0 OMe Vi
AcO b b/
(0]
ONO,
COzMe /
Typhaphthalide (119)  (-)-Alcyopterosin E (120)  Cryphonectric acid Rubiginone H (122) (-)-Hydrastine (Narcotine) (123) Vermistatin (124)

peracetate methyl ester (121)
Figure 3. Some naturally occurring 3-alkyl and 3-aryl phthalid&$?

Scheme 17.Strategies for the Synthesis of 3-Alkyl Phthalides

(0]
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Scheme 18.Solid-Phase Phthalide Synthesis by Janda.éfal

0
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Scheme 19.Directed ortho-Lithiation and Preparation of Phthalidd® by Garibay et al®

(0] .
NEt; (for 136a) or 0] Li
X DIC (for 136b) __n-Bulior PhLi_
O/\NHfRV@)\ CHoCly, 2 h, 1t O/\ELKCL THF, 0°C, 5min O/\Nklil
R’ R'

135 136a (X = Cl) 137 138
136b (X = OH)
0
2)1\ toluene,
N S 90°C. 16h,
TRE, 1
0 °C for 30 min, R2 R3 rR? R R

then 25°C for 1 h 140

isolated yields 6-34%
R'=tBu

R? = R% = Ph, p-Me0Q-CgH,, p-Cl-CgH,
Scheme 20.Solid-Phase Synthesis of Phthalitlé3 Using Metal lodine Exchange by Garibay et’al.

0
I 1) n-BuLi or i-PrMgCl, THF, 0 °C, 5 min

o}
2) 4,4'dichlorobenzophenone (142), THF, o O
QN 0 °C for 30 min, then 25 °C for 1 h
H

3) dioxane, 85 °C, 16 h

n-BuLi:  35% yield cl Q
Cl
143

i-PrMgCl: 12% yield
141

to 90 °C, the two regioisomeres of the corresponding deprotection/cyclization and cleavage, the furoquinoli&s
phthalides148 and 149 were obtained in a ratio of 20:80 were obtained in moderate to good yields.

with moderate yields in all cases. Brase et al. reported a cyclative-cleavage approach yielding
In 2004, Albericio and co-workers published the solid- benzobutyrolactones (phthalid€$)lhe immobilizedortho-

phase syntheses of furopyridine and furoquinoline systéms. formyl benzoic acidl56 was treated with different organo-

The key step is deprotection/cyclization as shown in Schememetallic reagents under various conditions. The re$bs

22. Immobilized iodophenols were coupled to quinolines via and 157 were introduced in a Sakurai-type reaction with

a Sonogashira coupling reaction, providih§0. After the various allylsilaned60a—d (Scheme 23). In addition, Bsa



158 Journal of Combinatorial Chemistry, 2005, Vol. 7, No. 2 Reviews

Scheme 21.Solid-Phase Lithiation of TIPS-Protected 5-Carboxyindb#® and Addition of Aldehyde to Form the
Corresponding Phthalideist8 and 149 by Tois and Koskineff2
g0 R
1) HOBY/DIC, CH.CIlo/DMF, rt

0
HO-C
2 o il H
N 3) RCHO, THF, 0 °C-rt HO r~1| N
H T

TIPS R IPS IPS
144 145 146 147
R
0 0
I 0
toluene, 90 °C o RY . AN
N N
R TIPS TIPS
148 149

ratio 20:80 in all cases

isolated yield of two regioisomers
R = p-Me0O-CgH; 25%

R = p-CI-CgH4 23%

R =p-CF3-CgHy 31%

R = m-BnO-CgH, 36%

R = 3-Pyridinyl 27%

Scheme 22.Solid-Phase Syntheses of Furoquinoline Systéssby Albericio et al’®

Cl
K-CO5, 18-crown-6 Q/O

A\ DMF/H,0 (18:1), 60 °C
1
R AcO  N=

(9]

|
AICl;, CH,Clp, 25 °C _ HOZ X
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X
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Scheme 23.Solid-Supported Phthalide Synthesis Using a Cyclative Cleavage Approach'sy &ral’’

o R
r' for 156:
HO 154 (R:= H) o R R2MgX, 0 Q
155 (R "= OM: 1 s
o _OHC { e) 5 R’ THF,-70°C,20h o’\o o
o Cs,CO3, DMF, 50 °C, 24 h O a RZ=Me MO
OHC b: R? = Et " R2
c Rz = i-Pr R?
153 156 (R'= H) : 22 z g—hBu 158a-f-Mg 159a-f

157 (R'=0Me)  f R? = (E)-2-Propenyl
N, O-ligands: N, N-dimethyl aminoethanol (161)

for 156 and 157:
R? for 156:
Rzzzn. N, O-ligand (20 maol%),
Mes;Si
8 '\/K o THF toluene 3:10 °C, 40 h
. P2 =
TiCly, THF/CHZClz1:1, rt, bR =B
40 h c R =i-Pr
d: R? = n-Bu
o R Q
R1
o] Q
R’ R2
163gj (R' =H, R®=H, CH,OCOCH;, CH.CI, SiMes) 165b-d 166b,d

164g,i,j (R' = OMe, R® = H, CH,CI, SiMe)

et al. showed that an asymmetric approach using a chiralproducts (Scheme 24j.The 2,2-dimethylbenzopyrans es-

N,O-ligand with a paracyclophane backbob@2 providing pecially are of great interest from a pharmacological point
165b—d was possible. The results are given in Tables 4 and of view. The benzopyran HLC-2168)7° shows antitumor
5. activity, and mallotochromenel§9) is an HIV-1 reverse
transcriptase inhibitot? Both compounds are highly potent.
3. Benzoannelated Six-Membered Heterocycles Compound170 was extracted fronBacillus subtilis and
shows antibacterial activi§t. Other examples are the DNA
3.1. Benzopyrans (Chromanes, ChromenesBenzo- cleaving agentl71® and the potassium channel activator

pyrans are found not only in a wide range of biologically 16782 The cannabinoid-{)-A%THC (172 is a biologically
and pharmacologically active compounds, including natural active compound isolated from the plaBannabis satia.
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Table 4. Phthalide Synthesis by Addition of Metal Organic  yielded the resin-bound phenbf5. The annulation reaction

Reagents to Immobilizedrtho-Carboxybenzaldehyde by was carried out by heating resliv5with 1,4-hexadiené 76
Brase et af'’ in the presence of 10 mol % of Pd(OAC)LICI, and
~ yield, diisopropylethylamine in DMF at 100C, yielding resin-

_ ) purity % bound chroman&77. Cleavage was obtained upon treatment
resin reagent ligand _ product(%) (% ee) with 10% TFA in CHCl, and afforded the chromarfer8
156 MeMgCl 165a 89 15 (trans/cis= 5.3:1) in good yield (84%) and good purity
156 i-PrMgCl 165¢c 87 16 (88%).

156 n-BuMgCl 165d 85 23 : ) )

156 PhMgCI 165e 85 13 A different route toward the solid-phase synthesis of
156 (E)-CH;CH=CHMgCI 165f 74 15 benzodihydropyrans was reported by Craig €f dlhe key
156 EtZn 161 165b 80 14 (0) step in this approach was a hetero Diefdder reaction
igg nggn g%igg 1222 gg % 88 between benzaldehydes and resin-boottiinodimethane.
156 n-Bu,Zn 161 165d 82 35(0) Benzocyclobutenol181 was used as the precursor for
156 n-BuyZn ($,9-162 165d 86 25(35) o-quinodimethane, as depicted in Scheme 26. Hydroxy-

methylpolystyrenel79 was treated with NaHMDS and
Table 5. Phthalide Synthesis Using a Sakurai-Type Reaction trichloroacetonitrile, leading to resi80. Benzocyclobutenol

by Brase et al’’ 181 underwent reaction with resih80 in the presence of
resin R product  purity (%)  yield (%) catalytic TfOH, providing resin-boun@-quinodimethane
156 H 163g 95 73 182 Hetero Diels-Alder reactions between a variety of
156  CH,OCOCH; 163h 85 67 dienophiles183 and resin180 were performed at elevated
157 CHCI 163i 90 69 temperature, providing resin-bound dihydrobenzopyfs4s
157 SiMes 163 86 o1 Cleavage from the polymer support was performed under
157 H 1649 88 51 - o . . . .
157  CH.CI 164i 76 24 acidic conditions using either Brgnsted or Lewis acid
157  SiMes 164j 75 60 nucleophile combinations, yielding the dihydrobenzopyrans

185a—f in moderate to good yields and with excellent

It interacts with the human cannabinoid receptors CB1 and stereoselectivity for the anti-isomer.
CcB283 3.3. ChromenesA solid-phase route for the synthesis of

3.2. Chromanes.The chromane (hydrobenzopyran) core the 2,2-dimethylbenzopyran moiety and the elaboration of
structure frequently appears in natural products and is of the resin-bound scaffold has been published by Nicoféou.
major pharmaceutical interé$tAn approach to the solid- In a series of preliminary studié® selenyl bromide resin
phase synthesis of indolines, tetrahydroquinolines, hydroben-187was treated with excess of ortho-prenylated pheh86
zofurans, and chromanes via palladium-catalyzed annelationproviding resin-bound dihydrobenzopyrat&9via a [6-endo-
was reported by Wang and HuaffgAlthough most of their trig] cycloaddition. The benzopyrai®la—c were released
work was focused on the synthesis of benzoannelatedfrom the solid support upon oxidation with 8, and
heterocycles containing nitrogen, a single example on the subsequent syn-elimination from intermediate ré8ii High
chromane synthesis was given. yields (>91%) and high purities X95%) were obtained

As depicted in Scheme 25, iodinationmhydroxybenzoic regardless of the electronic environmed®ig 191b or
acid 173was achieved via a modified literature procedfire 1919 of the phenolic substrate. After preliminary studies,
and led to 4-hydroxy-3-iodobenzoic acld4. Coupling to the cycloloading strategy was investigated thoroughly by
Rink resin @8) was performed using EDCI and HOBt and testing various ortho-prenylated phenols, resulting in the

Scheme 24.A Selection of Biologically Active Benzopyrans
HO,C

X
N-N R? = Me
N
N N (6] Me
||?1 Me
0" "Me |
Me Me
167 HLC-2 (168)

potassium channel activator

from B. subtilis 170 171 (-)-2%-THC (172)
DNA cleavage agent
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Scheme 25.Solid-Phase Synthesis of Chromahiés as Reported by Wang and Hu&hg

OH OH OH
Nal. NaoCl | Rink resin (48), EDCI, ! X" 178 0% TFA
MeOH, -20° C HOBt, CH,Cl,/MeOH, rt Pd(OAc),, LICI, DIPEA, CH,Ch, 1t, 1 h
DMF, 100 °C
CO,H CO,H O-HNOC

-HNOC

173 174 175 177

Scheme 26.Solid-Phase Synthesis of Substituted Chromanes by Craig®ét al.

0
1) NaHMDS, THF NH 181 gl

1h, 1t gl HO J:@ R'” H 183
O\OH 2) ClsCCN O\O CClz " TfoH, rt, 16 h O’\o Toluene, 105-110 °C

0°Ctort, 16 h H,Cl : 14h
5 o 180 CH,Clo/hexane (1:2) 18
a) TFA, EtsSiH,
or
R b) Me3Al in hexane, CH;Cly R’
or
\é/:/@ ¢) SnCl,, MeySiAllyl m
Qb w
d) SnCl, TBDMSOC(:CH,)t-Bu
184 185a-f
Table 6. Dihydrobenzopyrans Prepared by Craig et’al. selective protein kinase inhibitor and artoninI®9),°® which
chromane R R2 yield (%) is an inhibitor of arachidonate 5-lipoxygenase.
185a 4-O,NCgH,4 H 41 3.5. BenzopyranonesThe benzopyranone ring system has
185b 4-O,NCgH, CHs 26 been found in a number of naturally occurring compounds
1858 4-ONCeH,  CH,CH=CH, 24 (i.e., flavonoids) which possess biological activity of phar-
igge "\‘/;SZO'Z\‘((::GH“ ﬁHZCOt'B“ ig maceutical interestt A combinatorial approach toward the
185f 4-BrCsH, CHs 18 synthesis of a library of compounds containing the benzo-

pyranone moiety was published by Harikrishnan and
creation of two libraries, one consisting of 35 benzopyt#ns Showalter in 1999¢ Initially, solution-phase methodology
and the other one of 47 benzopyr&fsThe acquired resin-  was developed, in which benzyl alcohol was used as a
bound benzopyran was subsequently used as a scaffold irsurrogate for hydroxymethyl polystyrene. Using the diiso-
the synthesis of several benzopyran-based combinatorialpropylsilyloxy linker, this methodology was applied during
libraries (for example, a 52-membered libr&haimed at the solid phase synthesis of a nine-member 2,3-disubstituted
the development of new NADH/ubiquinone oxidoreductase benzopyran-4-one library (Scheme 28). As previously de-
inhibitors, and a 10 000-member libr&# constructed by  scribed by Boehm and Showaltér MOM-protected p-
directed split-and-pool chemistry). bromophenol197 was subjected to lithiumhalogen ex-
3.4. Benzopyranones and Cumarined.ike the benzopy-  change and treated with dichlorodiisopropylsilane, providing
rans, the benzopyranone structures have also been found imrylchlorosilanel98 Hydroxymethyl polystyrend 79 was
a large number of natural products (Figure 4), and they alsotreated with arylchlorosilan298 and imidazole in DMF to
show notable properties, for example, the antitumor agent provide the resin-bound silyl eth&89. Formylation 0f199
tephrosin 192),%° the HIV-1 reverse transcriptase inhibitor was achieved via ortho-lithiation followed by quenching with
inophyllum B (193),°° and the antibacterial 5-methyllupini- ~DMF to produce resir200. The resin-bound aldehyd00
folinol (196).9* 5-Methyllupinifolinol (196) was also ex-  was treated with benzylic Grignard reagents, providing the
tracted fromB. subtilis Other interesting pharmacologically corresponding alcohols, which were oxidized by subsequent
active compounds are robustic acifi94),°> which is a treatment with IBX to the ketone201l Deprotection was

Scheme 27.Solid-Phase Synthesis of Benzopyrans via Cyclo-Loading Strategy as Described by Nicoladi# et al.

. Se R +q H H
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tephrosine (192)

artonin E (195)
Figure 4. Examples of biologically active benzopyranones containing natural products.

inophyllum B (193)
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O OMe

5-methyllupinifolinol (196)

Scheme 28.Solid-Phase Synthesis of 2,3-Disubstituted Benzopyran-4-ones by Harikrishnan, Boehm, and SH&tvalter
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0.01 M TBAF, iPr i-Pr
1 NEE R b Si
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Table 7. Yields and Purities Obtained in Synthesis of

Brueggemeier et al. applied a resin capture strategy for

2,3-Disubstituted Benzopyran-4-ones Library by Boehm and the synthesis of benzopyranorfésThe purpose was to

Showaltef4

develop a strategy for the synthesis of new anticancer agents

benzopyranone R R2 yield(%)  purity (%) containing the benzopyranone ring moiety. In this strategy,
205a H H 65 99 the resin-bound secondary ami2@7 was used to affect the
205b H CHs 57 97 cyclization of alkynyl ketone208 as depicted in Scheme
205¢ H CH,CHs 46 100 29. A solution of alkynone206 in EtOH was added to a
205d OCH,  H 34 o8 THF/EtOH solution containing piperazinyl res07. The
205e OCH; CH, 32 88 : , g pip Yyl ressuy.
205f OCH; CH,CH; 20 51 formation of enaminone resi208 was verified by IR
205g Cl H 73 91 analysis, revealing the presence of a carbonyl group. Cy-
205h Cl CHs 74 93 clization was achieved by heating re€@8in methanol for
205i Cl CHCH; 30 08 y g

achieved with TFA, providing the phen@02 Treatment

16 h to give benzopyranon@§9a—d.

3.6. Coumarins.A solid-phase synthesis of coumarins was
reported by Watson and Christiansen in 1998Ising the

with amide acetals in THF at elevated temperature gave theKnoe\/enage| condensation reaction, a small library of

resin-bound benzopyranon283 Cleavage was carried out

coumarin-3-carboxylic acids was synthesized. The synthesis

via three different procedures, providing two different classes is outlined in Scheme 30. Ethyl potassium malor2it@was
of products. Silanol204 were obtained by treatment with  attached to a Wang resi6&) to give resin211, which was
diluted TBAF solution, and traceless cleavage with either then treated with the substituted salicylic aldehy@&8in
CsF or TBAF yielded benzopyranon265.

pyridine and a catalytic amount of piperidine. Cyclative



162 Journal of Combinatorial Chemistry, 2005, Vol. 7, No. 2 Reviews

Scheme 29.Synthesis of Benzopyranones via Resin Capture Strategy by Brueggemeié? et al.

0 1
QI i i
o
R i 207 O\/l/\NUK/@\ MeOH, reflux m
TBSO R? N\/ TBSO = = R2
208

THF:EtOH (1:1),

206 16 h

209a : R'=Ph, R?=H, 82 %
209b : R'=CH,CH,Ch,Cl, R%=H, 75 %
209¢ : R'=cyclohexenyl, R?=H, 70 %

209d : R'=Ph, R?=OMe, 76 %

Scheme 30.Solid-Phase Synthesis of Coumarin-3-carboxylic Acdg by Watson and Christians&n

o
0o o H //] 0 o
0
i )J\/U\ s HO™ X Q s~ i _R1
OH KO (o] 0 0 R? 0] | (0] i 50% TFA HO Z
o QI M — ¥ nouo, Q)
EDCI, t, 16 h 0 0 piperidine/ O 1h ol s S
pyridine HO <
i, 16 h R2
Wang resin (68) 21 213 214

Table 8. Yields and HPLC Purities Obtained in Library Synthesis of Substituted Coumarin-3-carboxylic Acids 214 by Watson
and Christiansefi

Coumarin ~ R! R’ yield [%)] (purity [%]) Coumarin ~ R! R’ yield [%)] (purity [%])
214a H H 36 (%) 214h 4-MeO H 40 (68)

214b -1 H 39(93) 214i 4-MeO 6-MeO  40(70)

214c 3-MeO H 16 (92) 214 sBr H 35.83)

214d 3Br  S-Br 36(74) 214k SMeO H 3597)

24de 3Br s-Cl 39(69) 141 sl H 3997)

214 3 s 34(92) 2 4m o 3798)

214g 4-OH H 28 (96)

cleavage of resi?03was induced by treatment with TFA, spectroscopy. This principle was demonstrated by the solid-

providing 13 substituted coumarin-3-carboxylic acikis4 phase synthesis of an amide-bearing coumarin (Scheme 32).
in good purities (68-98%) and low to moderate yields (16 The fluoro-containing linker 3-fluoro-4-(hydroxymethyl)-
40%), as depicted in Table 8. phenoxyacetic acid2Q0) was prepared from 2-fluoro-4-

The Knoevenagel condensation reaction was applied underpropoxybenzoic aci@21and was coupled to a TentaGel S
similar conditions in the asymmetric solid-phase synthesis NH; resin using a pentafluorophenyl ester. Acylation of resin
of (3'R/4'R)-di-O-cis-acyl 3-carboxyl khellactones by Xia et 222 with bromoacetic acid provided res223 The bromo-
al®” Khellactones have been shown to possess biologicalacetate223 was substituted wittm-butylamine, and after
activities, including antifungal, antitumor, and antiviral amidation of224with ethyl malonyl chloride, resi@25was
effects against HIV-1 replicatiofi.Ethyl potassium malonate  obtained. Knoevenagel condensation2@5 with salicyl-
210 was attached to a Wang resi6g], followed by a aldehyde provided the resin-bound coum&26 which upon
Knoevenagel condensation between resin-bound ethyl ma-treatment with either TFA or LIOH was cleaved from the
lonate 211, and o-hydroxyarylaldehyde15 in pyridine resin, providing227in 27 or 55% yield, respectively. Gel-
containing piperidine gave the resin-bound khellactone phase'® NMR spectroscopy proved to be particularly
scarfold 216 Resin 217 was obtained from216 by a efficient for monitoring the cleavage step.

Sharpless asymmetric dihydroxylation reaction using (DHQ)  3.7. Tricyclus Including a Six-Membered Oxygen
PHAL as the ligand and Os@s a catalyst. Residl8was Heterocycle.Phenolic naphthoisoxazole, lil228, has been
achieved via acylation d217. Cleavage was performed by applied as scaffold in the synthesis of novel estrogen receptor
treatment of resi?18with TFA. A small set of compounds  modulators. To investigate the potential of benzopyrano-
consisting of 3-carboxyl khellactones was prepared by this isoxazoles as steroid mimetic templates, the solid-phase
procedure in overall yields of 2344%. synthesis of substituted benzopyranoisoxazoles, su2B%s

A third example of the Knoevenagel condensation reaction was developed by Chao et al (Scheme 83 Commercially
being used in the synthesis of a coumarin was reported byavailable 2-(4-formyl-3-methoxyphenoxy)ethyl polystyrene
Svensson et & The syntheses of three fluorinated analogues 230 was treated with butylamine and sodium triacetoxy-
of linkers commonly used in solid-phase peptide chemistry borohydride to generate resin amirg1l 3-Formyl-4-
were described. The fluorinated linkers provided a basis for hydroxybenzoyl chloride232) was coupled to resir231
on-bead analysis of reactions via gel-phaSe NMR using 2,6-lutidine. A small percentage<%%) of ester
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Scheme 31.Solid-Phase Synthesis of Khellactor#k9 by Xia et al®’
0

H
HO 0 0
O,\OH +Ko/k/zu1\oo/\ o\ M 21;\ 0\0 o
0

ft, 16 h 0" Piperidinelpyridine 070 0
i, 16 h .
Wang resin (68) 211 216
o]
2
K4Fe(CN)], 0504, 0" NF 1) RZCOOH, DIC O\O |
K,COj, (DHQ),-PHAL, oo o 2) DIEA, DMAP 50% TFA in CH,Cly
t-BuOH/H,0, rt 1h
HO
OH
217 218 219
o 0
=
HO” NF HO
070 o (o o) o]
) 0 "
0.__0 0]
o] | 0
.
o]
o]
219a (40%) 219b (44%) 219c (30%)
o] o]
HO HO =
0] 0] 0“0
0 0
o)
0 0
o]
219d (24%) 219e (31%) 219f (29%)

Scheme 32.Solid-Phase Synthesis of an Amide Bearing a Coumarin Moiety by Svenssoffet al

o i poug

F 0 Br HN

J Ho BrCH,CO,H, DIC, \)LO n-Butylamine, \)LO

Q. 221 yo,c - o HOB, DMAP, THF . o-CH:CN.0° C . -

pentaflucrophenal,

DIC, EtOAC o_NHoc) O—NHOC) O—NHOC)
220 222 223 224
(TentaGel S NH,)
n-BuO
J
EtO N nBuO
U O,I)\ o r'u\)J\O TFAH,0 (2:1) n-Bu O
CICOCH,CO,C,Hs 0 F 0 salicylaldehyde /jg\ or . o Nigeaelh
DIPEA, CH,Cly, 0° C _J piperidine, CHyCN o o E o 1MLOH, OH
O~NHOC reflux ) THF:MeOH:H,0 o 0
QNHOCT (314
225 226 S 227

formation between resin-bound phenol and excess acidhydroxylamine hydrochloride and triethylamine. An intramo-
chloride was observed. After saponification of the ester to lecular 1,3-dipolar cycloaddition was achieved with NBS and
the desired resin-bound pher283 a Mitsunobu reaction  Et;N in DMF generating resin-bound benzopyranoisoxazole
between resin-bound pher283and propargyl alcohd34 238 Cleavage was obtained with 15% TFA in &,
using sulfonamide betair@85gave resir236. Resin-bound  yielding benzopyranoisoxazolez39a—i in good overall
aldoxime237was obtained upon treatment of re2B6with yields and high purities (Table 9).
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Table 9. Overall Yields and Purities of Substituted

N-O o] N-O
[ Y O on R1\NH [ R® Benzopyranoisoxazoles Reported by Chao é%l.
OH O‘ o “R? benzopyranoisoxazole R R2 yield (%) purity (%)

239a H H 44 99

. . . 239%b Me H 44 95
Figure 5. Benzopyranoisoxazole scaffolds described by Chao et 239¢ Et H 34 98
al 1 239d nPr H 55 99
239e Ph H 33 92

4. Tetracyclic Framework and Carpanones 239f H Me 34 92

. 2399 H C10H21 31 96

4.1. Tetracyclic Framework. The replacement of one or 239h H Ph 37 99
more carbon atoms of a steroid molecule with heteratoms 239i i-Pr  Ph 43 96

brings about notable modifications in its biological activity,

and numerous studies exist that deal with the total and partialColumn chromatography over silica gel yielded products
synthesis of so-called heterosteroids as well as their phyS|-248a—e in good purity 995%) and acceptab|e overall y|e|d3
ological activities'”* The 11-oxoadenocortical hormones and (32—42%)). In a combinatorial manner, five carboxylic acids,
heterosteroids, in which the methylene group at position 11 two cyclopentadienyl anions, and nine benzoquinones were
has been replaced by a heteroatom, are of special interesteacted to generate a library of 90 different heterosteroids
(Figure 6)1°? The hormone analogue 17-acetoxy-11-0X- (of which five examples are given in Scheme 34). Subsequent
aprogesterone2d1) shows little progestational activity but  in vitro screening of the library revealed ttf2t8apossesses

has significantly enhanced ovulation inhibitory activity. In - moderate inhibiting activity against a variety of NCI cancer
addition, 11-oxaestradioR40) shows extremely low estro- gl lines.

genic (uterotropic) activity and possesses antifertility activ-
ity.103 11-Oxasteroids, which have antiinflammatory, anti-

androgenic, or corticoid activities, have been repotféth P
2000, Hong et al. reported a traceless solid-phase synthesis Q
of a tetracyclic framework as a precursor for heterosterfds.
They developed a fulvene hetero [ 3] cycloaddition HO o
i 6
methOdOIOgy for the SyntheSIS of cyclopem:]ahromeneg’ 11-oxaestradiol (240) 17-acetoxy-11-oxaprogesterone (241)

and applied this methodology in a traceless solid- phaseF igure 6. Hormone analogues 17-acetoxy-11-oxaprogesterone
synthesis of a 11-heterosteroid library, which in addition to (241) and 11-oxaestradiob@0).203

being quite efficient is the first report on a [6 3]
cycloaddition performed on solid phase (Scheme!3%). 4.2. Carpanones.Carpanoned49) is a hexacyclic mol-
Carboxylic acids243 were immobilized on polystyrene  ecule with five contiguous stereogenic centers which shows
amino resin242 via coupling under standard conditions no formal element of symmetry and no optical activity
(DCC, HOBt, DMAP). The resin-bound amid244 was (Figure 7)17 It was first extracted from the bark of the
treated with EJOBF, and then with sodium cyclopenta- Carpano tree from an island in the Pacific Ocean. In 1973,
dienide245 yielding resin246. A hetero [6+ 3] cycload- Chapman et al. reported an elegant biomimetic syntiéksis.
dition was achieved upon addition of fulvene re2#6to a A concise synthesis of carpanone using solid-supported
solution of benzoquinon247in benzene, resulting in the reagents and scavengers was introduced by Ley and co-
release of heterosteroid®8a—e from the solid support.  workers in 2002°7° With the goal of constructing a split

Scheme 33.Solid-Phase Synthesis of Benzopyranoisoxazak&Reported by Chao et &1°

1) 3-Formyl-4-hydroxy- OH
0 benzoyl chloride (232), 2
Butylamine, NaHB(OAc)s O,-\NHA\/\ 2 6-lutidine, R
O)LH 1,2-dichloroethane, CH3Clz, 11, 15 h O, S/O
i, 15h 2) 10% LiOH (aq) in PhaP NP N~
dioxane (1:1), it, 1 h
230 231 235
CH,Cly, 1t, 15 h
3 3
R
0 |O HON 0 |'?|’0
R
oL, O’\“*@fl o QYY1
o R? Eth MeOH rt, 48 h S
i, 15h
236 237 238
o] N-O

/
15% TFA Z R
. - MNH 3
CH,Cls, 30 min
QTR
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Scheme 34.Traceless Solid-Phase Synthesis of 11-Heteroste@#8s—e by Hong et alko

o]
" R |
1) El308F4 THF, 0° C H
247
Q,NHz R1)’I\OH 243 Q/N Q/N | R' o]
DCC, HOBt 2) 3
; Na', THF, RT
DMAP, Et;N, CH,CI it
2 cie 12h \|f
2 245 2
242 244 R s R
(Amino methyl
polystyrene)
CH3
0 Q CH3
0 OO
(o] HO Cl HO
OH
248a 248¢c 248e

pool library of carpanone-like molecules, a biomimetic solid- treated with Phl(OAg)to promote oxidative heterocoupling.
phase synthesis was developed by Shair et al. in 2000The electronically preferred transition st&&2 provided the
resin-bound tetracycle&53 via inverse electron demand
Diels—Alder cycloaddition. Resin-bound tetracycl@$3
were treated with HF-pyridine and then pM#OMe to yield

the carpanone&54a—e in good yields. The synthesis is
outlined in Scheme 35. Table 10 provides an overview of
the different compounds prepared and the corresponding
yields obtained.

(x)-carpanone (249)

Figure 7. Natural product carpanone49 isolated from the
carpano treé?%” 5. Conclusion

(Scheme 35)%° Using similar chemistry as implicated in the The solid-phase synthesis of benzoannelated oxygene
biosynthesis of carpanone and other members of the benz-heterocycles that have been reported to date illustrates several
oxanthenone class of natural products, five different car- different approaches to the challenging preparation of librar-
panones were synthesized. A mixture of electron-deficient ies containing bioactive products and incorporates the
phenols251and resin-bound electron-rich phen@B0was synthesis of many novel chemical structures. Due to the

Scheme 35.Biomimetic Solid-Phase Synthesis of Carpanone-Like Molecules Reported by Lindsle{f¥t al

MF:L Wj@f o
CH,Cl,-THF,
o,s. 0/\",N\)L 2576, 2h

250 251
1
& sl k
N
o/ O/Y £l Et i 119 Diels-Alder
(0]
(0]
electronically R? electronically
il mismatched 252 matched L]
0 H
0]
Q. H Ho._J\ N
Lo UL N N
Si N S
- H’\g 1) HF-pyridine -

2) TMSOMe
THF, 25° C R?

253 254a-e
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Table 10. Carpanone-Like Molecules Reported Prepared via DEAD

Solid-Phase Synthesis by Lindsley et®l. DHP
Carpanone R! R? yield [%] DHQ
[ DIC
254a i-Bu %*u“@ 78 DIEA/DIPEA
Br DMAP
(o] Br
DMF
254b Et 77
;*p@ DMSO
0 DvB
254c¢ 5/\/0\/© g)kOMe 81 EDCI
ee
[0} .
0 equiv
254d Et %OD 77 ER
o
Et
Me Fmoc
Me
254e Me g/onge 79 ae
h

i ) . o HMDS
impressive pharmacological activities of some heterocycles, yypa

such as benzofurans, phthalides, benzopyrans, or benzogyogt
pyranones, oxygen heterocycles have been the target ofyp|c
intense synthetic efforts. A great number of approaches yts
toward the synthesis of benzoannelated heterocycles in liquidigx
and solid phase have been reported, including severali-pr
strategies for the solid-phase synthesis of benzoannelatedr
oxygen heterocycles. For benzofurans, cyclative cleavagem
pathways, palladium-catalyzed heteroannelation reactions,MBHA
radical cyclization reactions, cyclofragmentatiaelease mCPBA
pathways, or cyclative cleavage approaches should beMe
mentioned. Another strategy incorporates functionalized MeOH
titanium benzylidene reagents on solid supports. A second 'V'_eS
class of five-membered benzoannelated oxygen heterocyclesn
the phthalides, can also be obtained via a cyclative cIeavage’\"o'\’| _
approach. Like the five-membered benzoannelated oxygen"BuLi
heterocycles, the six-membered rings can be achieved b
palladium-catalyzed cyclization reactions. In the case of the
six-membered rings, the hetero Diel&lder reaction is an
effective pathway. The Knoevenagel condensation reaction:l'
was successfully applied for the synthesis of coumarins.
Further benzoannelated oxygen heterocycles were also
synthesized on solid supports, as shown in carpanones angby,
tetracyclic systems. The area of the synthesis of benzoan-py .
nelated oxygen rings continues to grow, and solid-phase pj,
chemistry will provide more and better methods for the dppp
synthesis of benzoannelated heterocycles, allowing thepy
preparation of new libraries containing novel compounds. rt

NMR
Pr

SPOS
Abbreviations ;I’
Ac acetyl t-Bu
AIBN 2,2'-azobisisobutyronitrile t-BuLi
Ar aryl TBAF
bpy bipyridine, 2,2bipyridyl TBS
Bn benzyl Tf
Bu butyl TFA
Bz benzoyl THF
cat. catalytic TMEDA
Cp cyclopentadienyl T™MG
Cy cyclohexyl T™MS
DBU 1,8-diazabicyclo[5.4.0Jundec-7-ene Ts

DCC N,N'-dicyclohexylcarbodiimide UHTS

Reviews

diethyl azodicarboxylate
dihydropyran

dihydroquinine
N,N'-diisopropylcarbodiimide
diisopropylethylamine
4-(dimethylamino)pyridine
dimethylformamide

dimethyl sulfoxide
divinylbenzene
1-ethyl-3-(3-dimethylaminopropyl)carbodiimide
enantiomeric excess

equivalents

estrogen receptor

ethyl

9-fluorenylmethoxycarbonyl

gas chromatography

hour

hexamethyldisilazane
hexamethylphosphorictriamide
1-hydroxybenzotriazol

high performance/pressure liquid chromatography
high-throughput-screening
1-hydroxy-1,2-benziodoxol-3(1H)-one
isopropyl

infrared

meta
methylbenzhydrylamine
metachloroperoxobenzoic acid
methyl

methanol

mesityl

minute

methoxymethyl

n-butyllithium
N-methylmorpholine oxide
N-methyl-2-pyrrolidinone
nuclear magnetic resonance spectroscopy
n-propyl

nucleophile

ortho

para

phenyl

1,4-phthalazinediyl diether
pinacolato
1,3-diphenylphosphinopropane
pyridine, pyridyl

room temperature

solid-phase organic synthesis
temperature

time

tert-butyl

tert-butyllithium
tetrabutylammoniumfluoride
tert-butyldimethylsilyl
trifluoromethylsulfonyl
trifluoroacetic acid
tetrahydrofuran
N,N,N,N-tetramethylethylendiamine
1,1,3,3-tetramethylguanidine
trimethylsilyl

p-toluenesulfonyl
ultrahigh-throughput-screening
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