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Abstract

Recent trend in the chemistry of heteroisobenzofurans such as fubifi&:dns, furo[3,4bJindoles, furo[3-4e]
pyridines including their methods of generation, trapping of these species as partners in [4+2] cycloaddition, and their
applications in the synthesis of some natural and non-natural products of biological significance is reviewed.

Keywords: Heteroisobenzofuran, Diellder reaction, ellipticine, heterolignan, constrained anabasine, murrayaquinone
A, thiamarmelerin and thiafarfugin A.

1. Introduction

Isobenzofurans, represented by the parent bejfizEn (1), have long been recognized as an
interesting class of reactive intermediates in organic synthesis. Several excellent reviews on the
chemistry of these species have been publisi&as highly reactiveo-quinodimethanes, they

can participate in both inter- and intramolecular cycloaddition reactions. Suitably substituted
isobenzofurans have served as useful intermediates for the synthesis of natural products such as
resistomycid* and anthracyclinon€$,inner-functionalized cavity moleculé$!* steroid
analogues?® oxasteroid analogué$azasteroid analogué&spolycyclic nitrogen heterocycl&¥s®

and otherg*2*
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Fig.1. Parent members of known heteroaromatic isobenzofurans.
In contrast, heteroanalogues of isobenzofuran have received much less attention, although this

situation is rapidly changing in recent years. The heteroaromatic isobenzofurans reported so far
include furo[3,4b]furan ), thieno[2,3€]furan (3), furo[3,4-dloxazole @), furo[3,4d]isooxazole

"Dedicated to Prof. S. C. Bhattacharyya.
* Author for correspondence.
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(5), furo[3,4d]thiazole @), furo[3,4b]benzofuranT), benzo[4,5]thieno[2,8}furan @), furo[3,4-

blindole 9), furo[3,4-b]pyridine (10), furo[3,4<]pyridine (11), furo[3,4-d]pyridazine (2), furo[3,4-
d]quinoxaline (L3) and furo[3,4e€]cinnoline (L4)-based systems (Fig. 1). It seems that heteroisob-
enzofurans should have wider applicability since they can provide an attractive route to polycyclic
heteroaromatics of biological interest. In this article, we will focus on the chemistry of hetero-
aromatic isobenzofurans including their methods of generation, reactivity profile as well as their
applications in natural and non-natural product synthesis. This review is essentially comprehensive
with the exception that early reports ?°-3213*2 and14*-*"have been left out from the purview

of our discussion.

2. Generation of heteroaromatic isobenzofurans

The parent members of most heteroaromatic isobenzofurans as pictured in Fig. 1 are as yet unknown
exceptl1® and12.”® However, stable derivatives of a number of heteroisobenzofurans have been
made. The choice of a particular synthetic method for the preparation of a heteroaromatic
isobenzofuran not only depends on the availability of the starting materials and the overall yields
of the process, but also on the ease with which the method can be carried out. The currently
available methods for the generation of heteroaromatic isobenzofurans are discussed hereinunder.

2.1.By thermolysis

Heteroaromatic isobenzofurans can be generated by flash vacuum thermolysis (FVT) of suitable
substrate$>**This process requires very high temperatures usually in the range-&5450.

In general, two variations of this method have been reported in the literature, one using thermolysis
of 1,4-epoxides, the other involving epoxyhexynes.

2.1.1.From 1,4-epoxides

The generation of the parent furo[Zfpyridine @16, R = H) by FVT of 5,8-epoxy-5,6,7,8-
tetrahydroisoquinolinel6, R =H) and its reactivity in a Diels—Alder reaction was first reported

by Wiersumet al. (Scheme 1 These authors isolated it as a white crystalline material, stable
only at low temperature, but undergoing rapid polymerization at about room temperature. Structural
assignments fat6 (R = H) came from it8H NMR as well as trapping experiments with maleic
anhydride omN-phenylmaleimide. An application of Wiersum’s FVT technique is found in a
synthesis of the dimethyl analoguel®f(R = Me)®

N R
7 600-650°C 7,
N _~ Ny A==
R R
15 16 (R = H, Me)

Scheme 1. Generation of furo[3}pyridines3®3
2.1.2.From epoxyhexynes

A number of heteroaromatic isobenzofurans are available by FVT or short-time thermal treatment
of epoxyhexyne&“*?For example, furan-based epoxyhexyhg) under short-time thermolysis
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or FVT conditions (STT: 35, ca 10s; FVT: 45, ca 10° torr) gives an isomeric mixture of
furo[3,4-bjfurans E)- and ©)-18 (Scheme 2§>*'E-18 (R*= RR = H or R = H, R = TMS) exists
as a stable yellow crystalline material.

However, thermolysis of phenylcyano-substituted epoxyhex¢d®Bgives furylindene1
and22 in addition to furo[3,4]furans E)- and g)-20 Table 1.4

B, R'—
R~ H R =TMS (E)-18 1

Scheme 2. Generation of furo[3#furans® 4

Table |
Product distribution in the thermolysis of phenylcyano-substituted epoxyhexynes

4
R /o R CN R Ph
oo %EF

19 (2)-20 (E)-20

ratio of the products R =H 22:0:30:22
R=TMS 28:3:48:0

These reactions presumably proceed via a 1,7-dipolar cyclization of carbonyP$lide
cycloallene derivativ@4, the latter subsequently rearranging to furofgfdrans via a pathway
involving carbene intermediates (Schemé'3).

This short-time thermolysis method is equally useful for the synthesis of thiemtfi s,
furo[3,4-b]benzofurans as well as benzo[4,5]thieno[@f8fans, e.g. the formation @6, 26, 27
and28 (Scheme 4§-42

2.2.By acid-catalyzed cyclization

Another strategy for the generation of heteroaromatic isobenzofurans involves acidic treatment of
suitable hydroxy-carbonyl or acetoxy-carbonyl compounds as represented by the structural motifs
29 or 30 (Scheme 5§:°* This method has been extensively used in the synthesis of elliptic-
ine;* “isoellipticing® as well as hetero analogues of 1-arylnaphthalene lighatthough this

method works well foR9or 30, the acidic treatment of the corresponding hydroxy-acetal precursors
provides the desired products in very low yiefts.
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Scheme 3. Mechanistic rationdte.
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Scheme 4. Synthesis of thienofurans, furobenzofurans and benzothienéfdtans.
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Scheme 5. Heteroaromatic isobenzofurans by acid-catalyzed cycliZzation.
2.2.1. From hydroxy-carbony! precursors

Acid-catalyzed cyclization of hydroxy-carbonyl precursors provides a direct route to heteroaromatic
isobenzofuran&->2Gribble’s group has established the utility of this method for the preparation
of several furo[3,43]indoles31-37 (Fig. 2)* 4548
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Fic. 2. Several examples of furo[3pfindole derivatives.

The synthesis of the parent compo®ichas proven to be the most difficult in this seffes.
Nonetheless, it has been achieved by the treatment of hydroxy-carbony! pré8uitopotassium
fluoride/hydroquinone/acetic acid in 28-46% yield (Scheme 6). In some cases, especially for
hydroxy-carbonyl precurs@9, the cyclization leading to furo[3}indole (32) was facilitated
even during chromatographic purification of the crude product over silica gel. In contrast, cyclization
of regioisomeric hydroxy-ketorn&0 to 33 under a variety of conditions, such asC6,H, HCI,
etc. proved unsuccessful. However, the facile cyclizatiagti,ofven without acidic treatment, to
dimethyl analogu&6 is noteworthy. This may be a consequence of the well-known Thorpe—
Ingold Effect wherein cyclization is both kinetically as well as thermodynamically favoured by
alkyl substitution in the open-chain substrate.

CH

OHACOH, KF,
| hydrogquinone @\—/E: A ICH,Cl,
> —»
'T‘ CHO  7g.46% | 99%
SOzPh SO,Ph N cH,
sozphCHg SOzPh
o a1
|
OH _2, CH, CHs
28% =
SOZPh SOzPh 0 ACRCh,, ‘ 0
39 N OH 99% N
CF,COH - Me
OH EtOH Me O
—X—
OMe
40 SOzF’h 33 SOZPh 4p OMe 43

Scheme 6. Synthesis of 4H-furo[Hfindoles from hydroxy-carbonyl compourtig® 48 4

Related work by Shiue and Fang has also resulted in the synthesis of fbtini{@oles, e.g.
the formation of43.4%! In this work, a number of precursors includd®@were prepared by a
novel Smj-promoted hydroxyalkylation of indolo-3-carbonyl compouritise same synthetic
concept has been applieddtor the generation oftais-4H-furo[3,4-bjindole (45), a useful precursor
in the synthesis of a DNBis-intercalating ager(#6) (Scheme 71

2.2.2.From acetoxy-carbonyl precursors

Acetoxy-carbonyl precursors can serve as an alternative source of heteroaromatic isobenzofurans.
Iwasaki and coworkers reported the synthesis of furdjBrdloles by acidic treatment of the
corresponding acetoxy-carbonyl precur$drd.Thus, treatment of acetoxy-aldehy@dd) with a

catalytic amount of trifluoroacetic acid (TFA) in refluxing benzene glgas 36% yield (Scheme 8).
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44a X'=X2=0,X3=X4=H,0H (CHz)s
b X3=X4=0, X!=X2=H,0H
c X'=X2=0, X3=X4=H,0H
d X'=X4=0, X2=X3=H,0H

Scheme 7. Synthesis of a bis-4H-furo[B]#dole *

CHO
cat. TFA, PhH 0
l OAc 36% N7 o=
N l Ph
PhO,S Ph PhO,S
47 48

Scheme 8. Synthesis of a furo[&jdadole from an acetoxy-carbonyl precur8op*

Various other heteroaromatic acetoxy-aldehydes such@asetoxy-3,4-dimethoxybenzyl)
pyridine-3-carbaldehyde, etc. are amenable to this protocol. However, in these cases the respective
heteroisobenzofurans are formed only as transient species (see Section 4.4).

2.3.By Grignard reagent-promoted cyclization

A less-common but nevertheless a convenient procedure for the generation of heteroaromatic
isobenzofurans involves Grignard reagent-mediated cyclization of a suitable precursor. In 1986,
Friedrichsen and Schéning developed this methodology for the first time to synthesize thieno[2,3-
cJfurans®® **Thus, treatment of thienyl-2-oxazolinium iodid®@)with phenylmagnesium bromide
followed by an acidic work-up yields thieno[2;Buran (50) as tiny yellow needles in 85% yield
(Scheme 9).

Ph
Ph
/-y ©OH 1.PhmgBr _
s 0 _2.H+ 4 0
N 85% ST
Me- A Ph
49 50

Scheme 9. Synthesis of 1,3-diphenylthieno[@f@rard> ¢
2.4.By Hamaguchi—Ibata reaction

The Hamaguchi—Ibata reaction@émidodiazocarbonyl precursors has recently become a method
of choice for the generation of heteroaromatic isobenzofif£fghis facile synthesis proceeds
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by transition metal-catalyzed decompositiom-@midodiazocarbonyl precursors and subsequent
trapping of the resultant carbenoid intermediates by the adjacent carbonyl group. This approach
seems to be of wide applicability and many functional groups are unaffected under reaction
conditions. In 1986, Chen and Beak first applied this methodology for the transient generation of
1-amino-6-azaisobenzofurdahln a related sequence, several furoisoxazoles have also been
generated by Friedrichsen and cowork&r8.For example, rhodium(ll) acetate [RBAC).)-
catalyzed decomposition Bl gives furoisoxazol&2 (Scheme 10Y’ Suitability of this protocol
for the generation of furo[3,8}indole > ® furo[3,4-d]thiazole$* ®° as well as furo[3,4-
oxazole&%is of interest.

Ph Me Ph
Rhy(OAC), 5
\O S

Ph
52

Scheme 10. Synthesis of a furo[3llsoxazole by Hamaguchi-Ibata reactfén.

Recently, we have also been able to prepare the first highly stable fuclp#;dline by a
Hamaguchi-Ibata reaction. Thus, exposure of substituted diazoacetic533tés ( mol%
Rh,(OAC), in CH,CI, at rt for 1 h yields azaisobenzofurdd)in 50% yield (Scheme 1£}.%8
Another recent report on the synthesis of furofgkknzofurans, such &5 by a Hamaguchi—
Ibata reaction is also notewortfty.

ol COMe N COMe COMe COMe
7 N2 Rhy(OAc AN
0% 07> COMe 78% 0
Cl NEt ol NEt OMe
53 54 55

Scheme 11. Applications of Hamaguchi-Ibata reaétiéh.
2.5.Via the Pummerer reaction

Pummerer reaction of heteroaromatiketosulfoxides represents a promising synthetic tool for
the synthesis of heteroisobenzofurans. This strategy developed recently by Kappe and
Padw# entails the generation of anthiocarbocation and its interception by a neighbouring
carbonyl group to give thio-substituted heteroaromatic isobenzofifraimis, exposure of
thiophene-derived ketosulfoxidg6) to the classical Pummerer conditions, i.e. refluxing acetic
anhydride gives a mixture of products containing 23% of the desired thienbif@cheme 12).
However, best results were obtained by employing a mixture of acetic anhydride, a catalytic
amount ofp-toluenesulfonic acid (PTSA) in refluxing toluene.

This possibility of generating heteroaromatic isobenzofurans has also been exploited in the
synthesis of two regioisomeric furo[3¢lindoles (58 and59) (Scheme 13¥° Furo[3,4¢]indole
(58), which is not as stable as the thienofuf@n), can be obtained in a high state of purity by
rapid work-up and chromatographic purification of the reaction mixture. But if kept at room
temperature for several days, significant decomposition is observed. Incidentally, the generation
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Scheme 12. Thieno[2&furan via the Pummerer reactiéh.

of furo[3,4<]indole (59) is found to be less efficient than that of the regioisomeric furoindole
(58), the likely reason being steric crowdingsa

ACZO A020
PTSA _PTSA 0
0 78 % 36% N

PhOS H Phozs PhOZS S POS  SH!
2

59
Scheme 13. Furo[3,dlindoles via the Pummerer reactin.

3. Reactivity profile

The synthetic utility of heteroaromatic isobenzofurans stems from their ability to undergo Diels—
Alder reactions with dienophiles. The nature of heteroaromatic isobenzofurans and dienophile
partners plays a vital role in the cycloaddition reactions. In general, the two components should
have complementary electronic character. Thus, the ease of cycloaddition with an unactivated
dienophile depends particularly on the reactivity of the heteroaromatic isobenzofuran itself. In
order to gain some insight into the reactivity of heteroaromatic isobenzofurans, some theoretical
investigations on the transition state of Diels—Alder reactions have been carried out by Friedrichsen
et al.In this section, Diels—Alder reactions of various heteroisobenzofurans are presented.

CN o
R — o f 0
ICENPh R
/T o o) 7T NPh
o= L
60 |COMe 61
I R
COzMe
CN (CN // CN
R
R 9 [ < Cose o) O/ CO,Me
) CO,Me MeO,C. | | X
S [ L comMe| — - COMe \ CO,Me
MeO,C O COzl\C/I:SZMe
63 64

Scheme 14. Cycloaddition reactions of substituted furdjBitans?® 4
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3.1.Furo[3,4-b]furans

The utility of furo[3,4b]furans in synthesis is evident from their Diels—Alder reactivity. In 1988,
Eberbacret al** ** prepared the first substituted furo[jfurans and found the systems to be
sufficiently reactive to participate in [4+2]-cycloaddition reactions. For example, in the reaction
of furo[3,4-b]furan (60) (R = TMS) withN-phenylmaleimide, only the 1:2 addition compo®2d
(R=TMS) is formed via the corresponding 1:1 addiictR = TMS) (Scheme 14%.%

However, the addué3 (R =TMS) obtained from the Diels—Alder reaction of furo[Blfsans
(60) (R =TMS) and dimethyl acetylenedicarboxylate is not stable under the reaction conditions
and undergoes a Diels—Alder reversion to give the furylbistetrahydrofuran deri@iveR =
TMS) in 70% yield® ** Interestingly, the corresponding bisadd68t(R = H) from a similar
reaction of60 (R = H) is found to be somewhat more stable, though the overall reaction is less
clean.

3.2.Thieno[2,3-c]furans

Thieno[2,3¢]furans have been shown to be useful dienes in Diels—Alder reactions. Friedrichsen
and Schoning have observed that 4,6-diphenylthiengjfj&an (50) and dimethyl acetylene-
dicarboxylate undergo a [4+2] cycloaddition reaction at a rate comparable with the corresponding
diphenyl substituted isobenzofuran (Scheme®18ut when thienofurarf50) is treated with
unsymmetrical dienophiles such as methyl acrylate, no regioselectivity is obgerved.

Ph CO,Me Ph
_ CO,Me
(1o« | — L19
S CO,Me
Ph COzMe Ph 2

50
Scheme 15. Diels—Alder reaction of 4,6-diphenylthienoff@-an %

Eberbachet al** have found that cyanovinyl-substituted thienofurans may participate in a
[4+2] cycloaddition reaction, e.g. the formatior6éf(Scheme 16).

gy CO:Me _»CN
_ CO,Me
v o * | — > [/ |
T
S CO,Me ) CO,Me
25 65

Scheme 16. Trapping of a cyanovinyl substituted-thienoftiran.

In recent studies, Kappe and Pafftrapped thio-substituted thienofurans with dienophiles
such as maleic anhydride or N-phenylmaleimide in the presersébfenesulfonic acid, e.g.
the formation of 66 (Scheme 1?)With the somewhat less reactive methyl acrylate ethylthio-
substituted thienofurars{) gives a single regioisomév in the presence of Sc(OTfrhe use of
Sc(OTf) is not mandatory here, although its presence improves the yield.
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Scheme 17. Reactivity profile of ethylthlo—substituted thienoftfran.

Schoning and Friedrichsen have describedntsitu generation of thieno[2,8furans by the
acid-catalyzed cyclization protocBl.”™" "?When hydroxy-carbonyl precurs68 is treated with
2% acetic acid in refluxing toluene, tricyclic produdl is formed viain-situ generation of
thieno[2,3¢]furan (69) and subsequent intramolecular cycloaddition followed by ring-opening
and dehydration (Scheme F8)hienofurar72 with a built-in olefinic tether, and generated as a
transient intermediate frol by a Pummerer reaction, undergoes an intramolecular Diels—Alder
reaction followed by ring-opening—dehydration to give the tricyclic proasitt

/T OH ’ 7 T 0o 7] 4
CHO s~/ | S S
68 Et 69 70
O«S | SEt SEt
. | 7T ol — > /7
7\ = S
S
71 O 72

Scheme 18. Intramolecular trapping of transient thienaff8ans527°

3.3.Furo[3,4-d]oxazoles

Density functional theoretical (DFT) studies show that the furafRy#azole 4) is less reactive

in Diels—Alder reactions as compared to isobenzofdr3#ninterestingly, 1-alkoxy-3-alkoxy-
carbonyl-substituted furo[3,djoxazoles are less reactive than their unsubstituted counterparts.
Despite low reactivity, furo[3,4oxazole reacts with typical dienophiles suchNaphenyl-
maleimide and 1,4-naphthoquinone, e. g. the formationstf(Scheme 19). Thus, furo[3,4-

o
OMe OH o “ OMe @
N & N
4 2
e # Q % e ji MHO
MeOL o 002Me MeO,C O
76 75

Scheme 19. Furooxazoles in intermolecular Diels—Alder rea&tion.
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d]oxazoles offer a convenient route to a variety of annulated benzoxazoles. Incidentally, exposure
of 74 to p-benzoquinone takes an interesting course leadiig.%

In order to explore the synthetic utility of furo[3#oxazoles in intramolecular cycloaddition
with unactivated dienophiles, Reck and FriedrichSsnbjected?7 to metal-catalyzed decom-
position using rhodium(ll) acetate (Scheme $Mlowever, this reaction yielded only some
cyclopropane derivative& in low yield indicating that these substrates are not reactive enough
to undergo intramolecular cycloaddition reaction with an unactivated olefin.

Me OMe

OMe O
N N 0 Rhy(OAC), N o
Me—¢ ]%‘—X— |\/|e—(/O [N Me—(/o |
(@]
o f
(@] ) In
o ot/n o]

77 n=12 78

Scheme 20. Intramolecular cycloaddition of furo[@]dxazoles’®

3.4.Furo[2,3-d]isoxazoles

From a theoretical point of view, relative reactivity studies predict that the parent fuip[2,3-
isoxazole is the most reactive heteroaromatic isobenzofuran when compared to tirof&dele,
furo[3,4-d]thiazole or furo[3,4e]indole® Thus, Friedrichsen and coworkefs®® showed that
substituted furo[3,4flisoxazoles can take part both in inter- and intramolecular cycloaddition
reactions, e. g. the formation ©® and80 (Scheme 21).

Me Ph (|3 Me PhH o)
N 0O + [ Nph 4> ( NPh
0 | N E
52 Ph (6] 79 Ph O
0 (6]
Me Me
i Y —>
N oA | N
CO,Me CO-Me 20 CO,Me

Scheme 21. Furo[3,dlisoxazoles in inter- and intramolecular cycloaddition reactibtis.

3.5.Furo[3,4-d]thiazoles

Computational studies on furo[3dithiazole indicate that this system is entirely planar and less
reactive than isobenzofuran its#iSubstituted furo[3,4f]thiazoles like furo[3,4d]oxazoles have

been shown to undergo Diels—Alder reactions with dienophiles, though they have been investigated
much less. For example, the cycloaddition reactid®ilafith 1,4-naphthoquinone gives yellow
needles 082 in a moderate yield (Scheme 22).
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OMe OMe O
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Scheme 22. Diels—Alder reactivity of a furo[2i#hiazole5

3.6.Furo[3,4-blindoles

1-(Phenylsulfonyl)-#-furo[3,4-blindoles, e. g83 (R = H, Me) behave as reactive dienes in
Diels—Alder reaction&® ®Theoretical investigation suggests that the reactivity of the parent
furo[3,4-bjindole is lower than that of isobenzofuran and furo[@jdexazole®® With highly
reactive dienophiles such as benzyne, generated from 2-fluorobromobenzene and magnesium,
furoindole 83 (R = H) gives HH-benzop]carbazole84 (R = H), albeit in a poor yield
(Scheme 23j§* “Gribble and coworket$**® explained that the low yield in this reaction is due

to competing exchange metallation at C-3 (or C-1) because a similar reaction with 1,3-dimethyl-
furoindole83 (R=Me) proceeds with excellent yield. Reaction of furoindoles with an unsymmetrical
dienophile can, in principle, gives two regioisomeric adducts. Theoretical studies indicate that in
the HOMO 0f85, C-3, has a higher coefficient than at C-1. If this result is matched with the
coefficients for the LUMO of, f-unsaturated carbonyl compounds like methyl acrylate, one can
predict which regioisomer should form. Thus, treatment of furoindoles su&hwith methyl
acrylate in the presence of Al@Jives a single isomd@6.*®

R
= O,
NN
N
gg SOPNR PhOzS R 84 R=H (38%)
Me o Me R = Me (91%)
CO,Et 3 CO.Et
o BN G S w e
— — =
N Ve 63% N
gs SO2Ph PhO,S Me 86

Scheme 23. Furoindoles in intermolecular Diels—Alder reaétitn®

Kappe and Padwahave also studied the Diels—Alder reactivity of some thio-substituted
furoindoles. For example, a synthesis of pyrrolocarba@levas achieved by a Diels—Alder
reaction of58 with N-phenylmaleimide (Scheme 22).

SEt
O + NPh—>
N
SO,Ph SOzPh
58 87

Scheme 24. Utility of an ethylthio-substituted furoind@le.
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The most pioneering example of the intramolecular cycloaddition chemistry of furoindoles
involves the Cu(acag)z-catalyzed decomposition 88 in refluxing toluene giving pyrano[3,2-
c]carbazole89in 32% yield (Scheme 28jRecently, Gribblet al”*synthesized benzajcarbazole
and benzdf|carbazole ring systems via the intramolecular Diels—Alder reaction of furoindoles,
e. g. the formation d30.

' COM "\l
Me CO,Me Me 2Vie Me COMe

= 1. TFA, PhH
_0 ;g'\r/]'e 2. DDQ, PhH
N 3. NaOH, MeOH __
PhO,S 1% PhOZS T ose%

Scheme 25. Furoindole in intramolecular cycloaddition reactfofis.
3.7.Furo[3,4-blbenzofurans

From a theoretical aspect, it has been found that the transition state en&Egisg for the
intermolecular Diels—Alder reactions of furo[&jbenzofurang7 and91)are 5-6 kcal maolhigher
than that for isobenzofurdnand, therefore, furo[3dbenzofurans should be lagsactive than the
corresponding isobenzofurans (Scheme®26).

= A (ts) (Kcal )
o 1 — O
= 15.4

1

CI e «| O |
+ —_—
0 . 20.6

7 COOMe CO,Me

=
Sw g *ﬁ#
0O
Me
91 ©

Scheme 26. Theoretical investigation on furoldenzofurang?®

Although less reactive than isobenzofuran, furofdienzofuran(91) can undergo Diels—
Alder reactions withN-phenylmaleimide, 1,4-naphthoquinone and 1,4-benzoquinone in the
presence of Znlas a Lewis acid catalyst, e. g. the formatio82{Scheme 27)° With oxyallyl
species, generated from 2,4-dibromopentanone with Nal-Cu, a [4+3] cycloaddition rea@fion of
is observed and compouB8is obtained as a mixture of isométs.

From a computational point of view, the intramolecular cycloaddition reactRisexpected
to proceed preferably in an exo-fashion because of the higher transition state energy for the formation
of the endo adduct than for the corresponding exo aftilictis, on treatment 84 with Rh,(OAC),
and subsequently with Zndioxabenzo[a]fluoren@®7)is formed probably via an exo-cycloadd-
ition reaction with subsequent loss of water (Scheme 28).
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COMe (e] MeQ,C
Znl
O ze - OO —2— ﬁ‘O
O S
OMe o
91 92
COZMe
CO,Me 0 Me
_ 1. Nal-Cu
O + \)J\/ 2.A O |
= _—
(¢] e}
OMe Br Br Me
91 93 OMe

Scheme 27. Substituted furo[Fbenzofurans in intermolecular cycloaddition reacti#ins.

002Me

Scheme 28. Intramolecular Diels—Alder reaction of a furoffpénzofurarf®

Eberbach and coworkéfshave also studied the Diels—Alder reactivity of furo[8]4-
benzofurans and presented an interesting photochemical reaction of benzofuro-annulated
oxanorbornadien88 (Scheme 29). For example, irradiation9&fin the presence df-phenyl-
maleimide gives the polycyclic compou@@épresumably via [2+2] photocycloaddition, 1,3-dipolar
cycloreversion and subsequent endo-selective trappifgpghenylmaleimide.

COZMB COQMe
=0 COMe NPh CO,Me
o= COMe CoMe _ O
1]
Bu \/CN NC_/ BU /tBu \_CN

27

Scheme 29. Photochemical reaction of benzofuro-annulated oxanorborrfadiene.
3.8.Furo[3,4-c]pyridines

The parent furo[3,4]pyridine (11) shows similar reactivity in Diels—Alder reaction as to open
isobenzofuran itseff: Wiersumet al® first reported the synthetic potential of furo[Z}pyridine

(11) in the synthesis of substituted isoquinolines and polycyclic aza-aromatics. For example,
treatment of furopyridinél with 1,4-naphthaquinone gives the corresponding add@t/hich

on exposure to methanolic HCI givE&l as a yellow-orange solid (Scheme 30). Another interesting
application of furopyridine is found in a synthesis of 4-aza-2,7-dimethylcycloprdibaaet-
thalene102*

Recently, we have found that Diels—Alder reaction of the exceptionally stable azaisobenzofuran
(54) with unsymmetrical dienophiles such as methyl acrylate, acrylonindles-nitrostyrene,
etc. proceeds with high regio- and stereoselectivity, e. g. the formati@B8ahd104 (Scheme
31) 5" %8 Frontier molecular orbital (FMO) studies have fully corroborated these stereochemical
results®®
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(0] (0] ¢]
MeCOH
PN = HCl Z
O —_— | —
Ny A=t .O N ﬁ‘o N “C
11 0

Br Br(Cl) TiCly
7 N o + = BuL|
N A= CI

Scheme 30. Furo[3dpyridines in intermolecular Diels—Alder reactiotis®

Ph
HO COMe CO,Me ( HQ COaMe
cl J e
\_coMme N/ 0 O.N
coMe _ CHClrt. NS CH,Cly,1t
NEt, ————>
103 54

Scheme 31. Regioselective cycloaddition reactions of a fura[Byidine %

However, with dimethyl maleate and fumarate, cycloaddition of furopyridnalso gives
interesting stereochemical results. For dimethyl maleate, the major endo-adduct simply eliminated
a water molecule on standing to give the fully aromatic sp&€igswhich is the minor product
from dimethyl fumarate addition (Scheme $82FMO studies indicate that the secondary orbital
effect between & of 54 and the C(O) of dimethyl fumarate will be stronger thayo€54 and
the C(O) of dimethyl fumaraf.Thus, in the transition state, one of the ester groups of dimethyl
fumarate is oriented closer to the diethylamino groupdpf

CO,Me HQ_COzMe COMe
Cl_~3a CO,Me Cl_ CO,Me
N O + | CH,Cl,,rt + N I
NTas N CO,Me
ci NEtz  "COMe Cl NEt, Cl NEt,
54 with maleate 1:9 105
with fumarate 9 :1

Scheme 32. Stereochemical results in the cycloaddition reactions of a fudlp[8idine %
4. Applications of heteroisobenzofurans in natural and non-natural product synthesis

In contrast to isobenzofurans, heteroisobenzofurans have not found much use in the synthesis of
natural and non-natural products. However, the limited works published in the literature are
summrized in this section.

4.1.Ellipticine

One of the most interesting applications of heteroisobenzofurans is found in a synthesis of the
potent anticancer pyridocarbazole alkaloid ellipticih@gj. In an initial attempt, Gribbletal.*®
utilized the cycloaddition of 1,3-dimethyl-4-(phenylsulfonyhHuro[3,4-b]indole 85) with 3,4-
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pyridyne as the key step of synthesis (Scheme 33). However, the adduct was formed essentially as
an inseparable 1:1 mixture of two regioisomeric prodii@6and107in 38% yield; treatment of

the mixture with NaBENaOH/MeOH gave ellipticind 08 and isoellipticinel09 in 23% and

29% yield, respectively

O X NaBHy NaOH
Y MeOH reflux

PhOzS PhOZS Me PhOZS Me
85 106 X=N,Y=CH 108 X =N, Y =CH
107 X=CH,Y=N 109 X=CH,Y=N

Scheme 33. Synthesis of ellipticine and isoelliptiéne.

However, the trimethylsilyl trifluoromethanesulfonate-induced reaction of furoir@ced
dihydropyridonel10 gave lactanill regioselectively in 89% yield (Scheme 3%Bubsequent
reduction ofL11with LiAIH , and Pd/C-catalyzed tandem dehydrogenation/ debenzylation yielded
ellipticine 108, but in 18% yield. Incidentally, Guitian’s synthesis of ellipticine is an improvement
of the first approach of Gribble and coworkers (see Schenf@ B3re is a little strategic novelty
in the 3,4-pyridyne cycloaddition step; indeed, they took advantage of the polar effect of the
chloro-substituent present in position 2 of 3,4-pyridyne.

Me O

1.TMSOTY
R 2NaHCO; O N’ O
=

PhOZS
110 R= M3006H4CH2 111
Scheme 34. Synthesis of ellipticiffe.
4.2.Murrayaquinone A

Another application of heteroisobenzofurans is found in a synthesis of the carbazole alkaloid
Murrayaquinone A, which was isolated fravturraya euchrestifolidHayata. In 1993, Miki and
Hachiken accomplished a synthesis of Murrayaquinone A via the regioselective cycloaddition
reaction of furo[3,4s]indole 113with methyl acrylate (Scheme 3%)Their strategy involves the

(0] OTBDMS
COMe
TBDMSCI =
| O —— O
COzMe N base N
N “Ph co.M
112 Ph 113 l — ,CO:Me
Q OH OTBDMS
COMe CO,Me
A = o (e | L X8
} N N
“ph L
Murrayaqumone A 15 114 "Ph

Scheme 35. Synthesis of murrayaquinon@ A.
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generation of 4-benzyl-1-tert-butyldimethylsiloxy-4H-furo[3,4-b]indold. 3 by lithium
tris(trimethylsilyl)amide-mediated deprotonation of lactaéh2followed by o-silylation with tert-
butyldimethylsilyl chloride (TBDMSCI) and regioselective trapping of this in-situ-generated
furoindole by methyl acrylate. The adddd#, thus formed, on treatment with boron trifluoride
etherate gave methyl 9-benzyl-4-hydroxycarbazole-3-carboxyldt® (vhich was further
transformed into murrayaquinone A.

4.3.Thiamarmelerin and thiafarfugin A

Thiamarmelerin and thiafarfugin A represent two sulfur analogues of the furanosesquiterpenes
(-)—marmelerin118 (X = O) and farfugin A121 (X = O), respectively. In connection with the
synthesis of thieno[2,8}furans, Schoning and Friedrichgeff have carried out the syntheses of
these analogues. Their approach is based on the intramolecular cycloaddition reaction of alkenyl
thieno[2,3¢€]furans (117 and120) (Scheme 36}:7* Here, the desired thieno[2¢}urans were
generated by acid-catalyzed cyclization of corresponding hydroxy-carbony! preciirSarsd

119 respectively.

Me M
lene €
Me AcOH Me
OH\] My _
/A O Me reflux Me—’ 0
Me S ! S S
118 X =0, ( Marmelerm
116 117 X=8, Thlamarmelenn
Me CHO Me Me

Me Me Me
I\ on /T o f /
BN | Lo s
Me Me Me

121 X =0, Farfugin A

19 120 X = 8, Thiafarfugin A

Scheme 36. Synthesis of thiamarmelerin and thiafarfuginA.
4.4.Heterolignans

In 1984, Iwacet al’’ reported a synthetic approach to the heterolignans as described in Scheme
37. Sequential lithiation of pyridir@hthalide122 with LDA and subsequermtsilylation with
TBDMSCI generates 3-(silyloxy)pyrido[3.difuran (123) as a transient intermediate, the
interception of which with dimethyl fumarate gives addu@4and125stereoselectively, but in

poor yields. Treatment of addut24 with p-toluenesulfonic acid in refluxing benzene afforded

the corresponding heterolignagé.

Iwasaki and coworkers have also described the synthesis of heteroanalogues of 1-arylnaph-
thalene lignans by acidic treatment of an acetoxy-carbonyl compound and subsequent trapping
with dimethyl acetylenedicarboxylattExamples include the preparation of heterolighai
(Scheme 38). The compout@d7 shows strong antihyperlipidemic activity.

Kappe and Padwhave also attempted to synthesize heterolignans by a Pummerer reaction-
based methodolog{.For examples of this approach, see Scheme 17.
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CO-Me . I
O 1 LDA 0SiMe,Bu J( OSiMe,tBu OSiMeoBu
= 2. TBDMSCI A~ = MeO,C
| 0o ——m o —— >
R A S
Ar
122 123 A 124 Ar stOHl 125 Ar
0,
80% OH
“ COzMe
Ar = p-methoxyphenyl S CO,Me
126 Ar
Scheme 37. Synthesis of a isoquinoline ligian.
OH
y CHO DMAD % COMe
/SLOAC cat. TFA/PhH s~ 3
A Ar s CO,Me
Ar
Ar = 3,4-dimethoxyphenyl 127

Scheme 38. Synthesis of a heteroligttan.

4.5.Conformationally restricted analogues of nicotine and anabasine

We have applied the unique advantage of intramolecular Diels—Alder chemistry of fuge[3,4-
pyridines in the synthesis of conformationally restricted analogues of nicotine and an&basine.
Such compounds have assumed increasing importance in recent years in view of their importance
as neuronal acetylcholine receptors (nAChR$jThus, exposure of diazoacetic est@Bto 1

mol% RRB(OACc), in refluxing benzene for 1 h gives the bridged anabds0eia intramolecular
cycloaddition followed by ring opening @29and subsequent proton transfer (Scheme 39).

MeO,C M
MeO,C N, 5 €0, 0\4 MeO,C T.%C
/ |
Ny N Rhy(OAc), 7N 7 N 7 N
| Me > | Me—> | ' — | !
Cl Cl
128

Cl cl crSy-cr Me crSycl Me

129 130

Scheme 39. Synthesis of a conformationally restricted analogue of andbasine.

5. Outlook

The foregoing compilation clearly demonstrates the potential of heteroisobenzofurans for the
synthesis of polycyclic heteroaromatics. In comparison to the chemistry of isobenzofurans,
heteroaromatic isobenzofurans still remain at an infant stage and a number of possible hetero-
isobenzofurans are yet to be developed. It is hoped that the challenge for the coming years will lie
not only in developing new heteroisobenzofurans, but also in designing novel heteroaromatic
assemblies of biological significance. Thus, interest in this area will continue presumably via the
development of innovative new processes.
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