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Preface to the Series

Topics in Heterocyclic Chemistry presents critical accounts of heterocyclic com-
pounds (cyclic compounds containing at least one heteroatom other than car-
bon in the ring) ranging from three members to supramolecules. More than
50% of billions of compounds listed in Chemical Abstracts are heterocyclic com-
pounds. The branch of chemistry dealing with these heterocyclic compounds
is called heterocyclic chemistry, which is the largest branch of chemistry and
as such the chemical literature appearing every year as research papers and
review articles is vast and can not be covered in a single volume.

This series in heterocyclic chemistry is being introduced to collectively make
available critically and comprehensively reviewed literature scattered in vari-
ous journals as papers and review articles. All sorts of heterocyclic compounds
originating from synthesis, natural products, marine products, insects, etc. will
be covered. Several heterocyclic compounds play a significant role in main-
taining life. Blood constituent hemoglobin and purines as well as pyrimidines,
the constituents of nucleic acid (DNA and RNA) are also heterocyclic com-
pounds. Several amino acids, carbohydrates, vitamins, alkaloids, antibiotics,
etc. are also heterocyclic compounds that are essential for life. Heterocyclic
compounds are widely used in clinical practice as drugs, but all applications of
heterocyclic medicines can not be discussed in detail. In addition to such appli-
cations, heterocyclic compounds also find several applications in the plastics
industry, in photography as sensitizers and developers, and in dye industry as
dyes, etc.

Each volume will be thematic, dealing with a specific and related subject
that will cover fundamental, basic aspects including synthesis, isolation, pu-
rification, physical and chemical properties, stability and reactivity, reactions
involving mechanisms, intra- and intermolecular transformations, intra- and
intermolecular rearrangements, applications as medicinal agents, biological
and biomedical studies, pharmacological aspects, applications in material sci-
ence, and industrial and structural applications.

The synthesis of heterocyclic compounds using transition metals and us-
ing heterocyclic compounds as intermediates in the synthesis of other organic
compounds will be an additional feature of each volume. Pathways involving the
destruction of heterocyclic rings will also be dealt with so that the synthesis of
specifically functionalized non-heterocyclic molecules can be designed. Each
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volume in this series will provide an overall picture of heterocyclic compounds
critically and comprehensively evaluated based on five to ten years of literature.
Graduates, research students and scientists in the fields of chemistry, pharma-
ceutical chemistry, medicinal chemistry, dyestuff chemistry, agrochemistry,
etc. in universities, industry, and research organizations will find this series
useful.

I express my sincere thanks to the Springer staff, especially to Dr. Marion
Hertel, executive editor, chemistry, and Birgit Kollmar-Thoni, desk editor,
chemistry, for their excellent collaboration during the establishment of this
series and preparation of the volumes. I also thank my colleague Dr. Mahendra
Kumar for providing valuable suggestions. I am also thankful to my wife Mrs.
Vimla Gupta for her multifaceted cooperation.

Jaipur, 31 January 2006 R.R. Gupta



Preface

In the series of Topics in Heterocyclic Chemistry, the volume of Bioactive
Heterocycles aims to present comprehensive reviews on selected topics of
synthetic as well as naturally occurring bioactive heterocycles.

The present volume comprises six chapters of the following specialized
reviews.

The first chapter, ‘Directed Synthesis of Biologically Interesting Heterocycles
with Squaric Acid Based Technology’ by Masatomi Ohno and Shoji Eguchi cov-
ers squaric acid and its derivatives as versatile synthons for target-oriented and
diversity-oriented synthesis. The introduction of designed functional groups,
followed by ring conversion induced thermally or by reactive intermediates can
construct a various bioactive heterocycles including bioactive natural prod-
ucts.

The second chapter ‘Manganese(III)-Based Peroxidation of Alkenes to Het-
erocycles’ by Hiroshi Nishino presents a very comprehensive review on novel
Mn(III)-based peroxidation chemistry, and related bioactive heterocycles based
on the works of his group. The content includes synthesis of functionalized
1,2-dioxane derivatives from various 1,3-dicarbonyl compounds including ni-
trogen heterocycles. The spectroscopic feature, the formation mechanism of
1,2-dioxan-3-ol ring system, chemical transformations and synthetic applica-
tions are also discussed.

The third chapter ‘A Frontier in Indole Chemistry: 1-Hydroxyindoles, 1-
Hydroxytryptamines, and 1-Hydroxytryptophans’ by Masanori Somei presents
a very comprehensive review on chemistry of 1-hydroxy-indoles, -tryptamines,
and -tryptophans as a frontier in indole chemistry. In fact, these new members
of indole derivatives were not much known about 30 years ago in the long
histry of indole alkaloids and related chemistry. Nowadays, these new families
of indole compounds have been demonstrated to play their important role
in life and nature by the pioneering works of Somei and his coworkers. The
interesting biological and pharmaceutical activities have been found in these
derivatives.

The fourth chapter ‘Quinazoline Alkaloids and Related Chemistry’ by Shoji
Eguchi provides a perspective review focusing on developements of the syn-
thetic methodologies and their synthetic applications. A brief historical back-
ground, aza-Wittig methodology, microwave-assisted synthesis, solid-phase
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synthesis, and a variety of new synthesis of quinazoline compounds by organo-
metallic reagents, metal-catalyzed reactions, heterocyclizations, pericyclic re-
actions etc are briefly reviewed. Selected topics of total synthesis of various
types of quinazoline alkaloids including substituted type like febrifugine and
heterocycle-fused type such as pyrroloquinazolines, indolopyridoquinazo-
lines, pyrazinoquinazolines, pyrroloquinazolinoquinolines by these method-
ologies are discussed.

The fifth chapter ‘Bioactive Heterocyclic Alkaloids from Marine Orgin’ by
Masakin Kita and Daisuke Uemura presents a very comprehensive review on
novel heterocyclic marine alkaloids with very intriguing structures and useful
biological properties like anti-osteoprotic activity focusing on isolations, struc-
tural, synthetic, biological, and biogenetic studies mainly by Uemura group.
The contents are believed to attract much attention by organic chemists, hetero-
cyclic chemists, synthetic chemists, and workers in medicinal, pharmaceutical
and bioscience fields.

The sixth chapter ‘Synthetic Studies on Heterocyclic Antibiotics Containing
Nitrogen Atoms’ by Hiromasa Kiyota presents a very comprehensive review on
a variety of heterocyclic antibiotics and phytotoxins. Early and recent examples
of synthetic studies of glutarimide antibiotics, antimycins, and tabtoxins and
related bioactive heterocycles based on the works of his group are retrospec-
tively reviewed. The content is believed to attracts much interest of synthetic
chemists as well as heterocyclic chemists and researchers in life science fields.

I hope that our readers find this series to be a useful guide to modern hete-
rocyclic chemistry. As always, I encourage both suggestions for improvements
and ideas for review topics.

Nagoya, March 2006 Shoji Eguchi
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Abstract A variety of methods for organic transformation starting from squaric acid
have been developed in this decade. These are based on conversion of pseudoaromatic
3,4-dihydroxy-3-cyclobutene-1,2-dione into the more reactive 4-hydroxy-2-cyclobutenone
by introduction of the required (or desired) functional groups followed by key ring trans-
formation, the rearrangement being stimulated thermally or induced by a reactive inter-
mediate. These strategies can construct a variety of bioactive heterocycles when func-
tional groups contain heteroatoms or heterocycles. Interestingly, squaric acid is rendered
as an acid part, for example, of an amino acid, and this bioisostere concept is extended
to various heterocycle-containing squaramides (3,4-diamino-3-cyclobutene-1,2-dione
derivatives) as bioactive conjugate compounds. This review article covers biologically
interesting heterocyclic compounds accessible with the squaric acid based technology.

Keywords Bioisostere · Cyclobutenone · Electrocyclic reaction · Reactive intermediate ·
Squaric acid
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1
Chemistry of Squaric Acid with 3-Cyclobutene-1,2-Dione Skeleton

Squaric acid (1) is categorized as an oxocarbon having a four-membered
ring [1] (Fig. 1). Despite being a small molecule, it possesses unique 2π-
pseudoaromaticity [2–5], which brings high acidity (pKa1 = 0.52, pKa2 =
3.48) as an organic acid, and polyfunctionality, including two hydroxyl and
two carbonyl groups conjugated across a double bond. Peculiar hydrogen-
bonded network and chelated structures in some acid derivatives have been
occasionally discussed [6–12]. The unique structure is utilized in electronic
devices, for example, as a donor–acceptor triad called “squaraine” (2) [1, 13–
15]. The dicationic nature of the cyclobutene ring necessary for aromatic
character is combined with the donating nature of aromatic and heteroaro-
matic rings to produce SHG properties, for example [16]. Dimer 3 is a new
candidate designed for extension of conjugation plane [17, 18].

On the other hand, the unique structure of 1 has also been applied in or-
ganic synthesis as an attractive C4-synthon. The relief of ring strain can serve
as a significant driving force in its ring-transformation reaction and this is in
fact accomplished by two processes. The first is conversion of the stable aro-
matic cyclobutenedione system to the more reactive hydroxycyclobutenone
system; where required or desired substituents can be introduced into the
ring system. The second is ring expansion from a four-membered ring to
five ∼ seven-membered rings in either concerted or stepwise manner. This
methodology has been exploited in the synthesis of various bioactive carbo-
and heterocycles [19–23]. Another feature of using 1 to develop bioactive
compounds is based on variation of substituents on squaric acid esters and
amides, where the cyclobutenedione ring is still retained. In fact, semisquaric
acid (4), which is known as moniliformin, is a primitive derivative with bi-
ological activity (mycotoxin) [24]. According to the concept, for 1 to play

Fig. 1 Squaric acid and its derivatives [1–18]
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a role of bioisostere (e.g., semisquaric acid is considered to have similarity to
pyruvic acid in structure), research has pursued the possibility of 1 as a re-
placeable moiety for an acid part of natural products such as amino acids
and nucleic acids, and for a certain part of pharmacoactive compounds (see
later). As a synthetic tool, the use of 1 has recently been demonstrated in
asymmetric reduction adopting the cyclobutenedione as a ligand with a chiral
center [25, 26].

2
Derivatization of Squaric Acid to 4-Hydroxy-2-Cyclobutenone Skeleton

Squaric acid itself is almost useless for this aim because of its intrinsic aro-
matic stability and difficult solubility in organic solvents. Instead, its esters 5
are the most convenient compounds from which derivatization reactions
start. While acid 1 and its esters are now commercially available, (cf. 1 is now
produced on a commercial basis by Kyowa Hakkou Kogyo Co. Japan [27]).
The esterification method for 1 is improved [28] and preparation of dimethyl
squarate 5 (R = CH3) is recorded in Organic Synthesis [29].

There are several approaches for derivatization of squaric acid (1). The
traditional major route relies on the nucleophilic reaction of the eligible
esters 5 with organolithium and organomagnesium reagents; their add-
ition to 5 is known to be sufficiently selective to give 1,2-addition prod-
ucts 6 (4-substituted 4-hydroxy-2-cyclobutenones) from the former and
1,4-addition products 7 (3-substituted cyclobutene-1,2-diones) from the lat-
ter [30]. When acid-catalyzed rearrangement of 6 to form 7 with one com-
bined substituent (R1) at C-3 is followed by the repeated nucleophilic addition
to combine another substituent (R2), this series of reactions gives rise to
2,4-doubly substituted 4-hydroxy-2-cyclobutenone 8 [31, 32]. Trisubstituted
4-hydroxy-2-cyclobutenone 11 can be prepared via acetal intermediates 9
and 10 [33] (Scheme 1).

Organotin and copper species are also used for the derivatization of 5 by
cross-coupling reactions (typically shown as 5 → 12 → 13) [34–38]. The
α-carbanion generated at the position adjacent to cyclobutenedione ring is
a different derivatization route via nucleophilic addition (14 → 15 → 16) [39]
(Scheme 2).

The derivatization method is compensated by the electrophilic addition re-
action using organosilicon reagents [40–43]. Thus, the squaric acid family of
derivatives, e.g., dichloride 17, methyl ester chloride 18, amide chloride 19,
and diester 5 are the partners of the reactions with allylsilanes, silyl enol
ethers, and silyl ketene acetals (Scheme 3). In this case, 1,2- and 1,4-addition
to 20 and 21, respectively, are regulated by the substitution pattern of unsat-
urated organosilanes, kind of Lewis acid catalysts, and the reactivity of acid
derivatives. The less congested is the reaction site, the more preferable is 1,2-
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Scheme 1 Derivatization of squaric acid: traditional nucleophilic conditions [30–33]

Scheme 2 Derivatization of squaric acid: organometallic routes via coupling reac-
tions [34–39]

addition in allylsilanes and silyl enol ethers. TiCl4 catalyzes 1,2-addition and
ZnCl2 1,4-addition in silyl ketene acetals regardless of the substitution pat-
tern. Only silyl enol ethers and silyl ketene acetals are reactive with diester 5
via 1,4-addition. In addition to the above carbonyl group activation, the ac-
etal 10 is also a useful candidate for generating the electrophilic center under
these conditions. Thus, besides typical organosilanes, azide functions can be
introduced with BF3-catalysis (vide infra).

Similar electrophilic Friedel–Crafts-like reactions allow the most reactive
dichloride 17 to furnish 1,4-diarylcyclobutenedione derivatives [44, 45]; for
example, 1,4-thieno[3,2-b]pyrrole-substituted cyclobutenedione 23 was pre-
pared by this method and an oxygen-inserted conjugation system 24 was
attained as a photochromic devise [46] (Scheme 4).

Apart from these methods based on the squaric acid family, direct forma-
tion of cyclobutenedione rings by [4 + 2] and [2 + 2] cycloaddition reactions
is a plausible approach to variably substituted 4-hydroxy-2-cyclobutenone
systems [47–54].
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Scheme 3 Derivatization of squaric acid: electrophilic conditions using unsaturated
organosilanes [40–43]

Scheme 4 Derivatization of squaric acid by Friedel–Crafts-like reaction: an example [46]

3
Ring Transformation of the Derivatized Cyclobutenone

3.1
Varied Reactivity in Ring Opening and Ring Closure

The intrinsic reactivity of small rings is ascribable to ring strain relief
in nature, and in squaric acid chemistry it is accomplished by conversion
of rather stable cyclobutene-1,2-dione to the more reactive 4-hydroxy-2-
cyclobutenone [55, 56] as described in the previous section. At the same
time, this conversion step fulfills the regiospecific introduction of substituents
required for the targeted heterocyclic structure. Thereby, the set-up four-
membered ring is now subjected to directed synthesis through variable ring
transformation reactions.

These involve tandem ring opening and ring closure steps, which are con-
certed or non-concerted. The typical concerted process is 4π-electrocyclic
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ring opening of cyclobutene to 1,3-butadiene. This was discussed in terms
of torquoselectivity by Houk [57–64]. According to his theory, π-donor sub-
stituents (R = O–, OH, NH2) prefer outward rotation while π-acceptor sub-
stituents (R = BMe2, CHO) should rotate inwardly on the thermal process
(Fig. 2). Recent discovery has extended this concept; a silyl substituent accel-
erates and promotes inward rotation despite the resulting steric congestion,
and a stannyl substituent does similarly [65, 66].

Fig. 2 Torquoselectivity in 4π electrocyclic ring opening (thermal conditions) [57–64]

4-Hydroxy-2-cyclobutenone adheres to the above prediction [55–64]. In
this case, it is important that the inwardly-directed substituent (i.e., OH is
an outward-directing group) is capable of participating within the molecule.
Moreover, a highly reactive vinylogous ketene function occurs instead of
butadiene formation to assist efficient ring-closure through intramolecular
interaction. When an unsaturated bond is located at the 4-position, the con-
secutive process is thermally allowed 6π-electrocyclization (Fig. 3).

Fig. 3 Sequence of 4π–6π electrocyclic ring opening and ring closure [19–23]

This strategy is very powerful and fruitful for the directed synthesis
of both carbo- and heterocycles, and successful examples have cumula-
tively been reported until now [19–23]. The major contribution has come
from the Moore and Liebeskind groups. Among many efforts devoted
in this area, the recent typical example [polysubstituted naphthoquinone,
Echinochrome A (30)] constitutes a characteristic feature for the method of
directed synthesis including 26 → 27 and 28 → 29 as key steps [67]. Ferro-
cenyl quinone and 5-O-methylembelin were also synthesized according to this
methodology [68, 69] (Scheme 5).

In the case of monosubstituted cyclobutenone 31, the adduct with
lithiovinylsuofone 32 was reported to undergo an extraordinarily facile tan-
dem 4π–6π electrocyclic process (33 → 34) at – 78 ◦C to give cyclohexenone
36 [70]. The photochemical process may oblige the opposite direction on a hy-
droxyl group to be oriented inwardly; actually cyanohydrin 37 was reported
to give butenolide 39 as a result of an intramolecular addition reaction of
(Z)-hydroxyvinylketene 38 [71] (Scheme 6).
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Scheme 5 Synthesis of echinochrome A: a typical example for 4π–6π electrocyclic ring
opening and ring closure [67]

Scheme 6 Tandem 4π–6π electrocyclic concerted process at low temperature [70] and
under photochemical conditions [71]
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If the substituent is allylic and hence homoconjugative, intramolecular
[2 + 2] cycloaddition is progressive to form bicyclo[3.2.0]heptenone as shown
in Fig. 4 [19–23]. This is the second pattern of the ring transformation based
on squaric acid.

Fig. 4 Intramolecular [2 + 2] cycloaddition to bicyclo[3.2.0]heptenone [21]

The third pattern was developed by Paquette, who studied the possibility
of the concerned reaction extensively and established the cascade rearrange-
ments route [72]. The scenario of the cascade rearrangement is:

1. 1,2-Addition of a pair of alkenyl anions (either the same or different) to
a squarate ester in an anti and/or syn manner

2. Charge-driven 4π conrotatory opening to coiled 1,3,5,7-octatetraene fol-
lowed by 8π recyclization for anti-adduct, and straightforward oxy-Cope
rearrangement for syn-adduct

3. Transannular Aldol condensation for the final ring closure to bicycles

The prototype as shown in Fig. 5 was extended to more sophisticated molecu-
lar design such as a polyquinane skeleton.

Fig. 5 Cascade rearrangements following twofold addition of alkenyl anions to squarate
esters [72]

On the other hand, ring strain relief is triggered by reactive intermediates,
and as a matter of fact, this is the alternative option. The reactive interme-
diates are carbocation, carbon radical and carbene, and their hetero-analogs.
Once generated at the position adjacent to C-4, they mediate sequential ring
expansion to a five-membered ring [23]. The similar story may be depicted by
metal catalyses [73, 74].
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Fig. 6 Ring transformation induced by reactive intermediates [23]

The above ring transformation strategies have also been investigated by
beginning with preparation of cyclobutenedione and cyclobutenone skeletons
rather than employment of squaric acid [75–77].

3.2
Thermal Concerted Process

Thermal ring expansion of polysubstituted 4-hydroxy-2-cyclobutenones,
which can be prepared from squaric acid ester (see the previous section), has
been extensively studied and its synthetic value has now been confirmed. The
early works have been reviewed several times for the cases of cyclobutenones
that have unsaturated bonds at the 4-position, such as (cyclo)alkenyl, alkynyl,
and aromatic groups [19–23].

Especially, directed synthesis of heterocycles is feasible by placing het-
eroatoms such as nitrogen and oxygen at the appropriate position. When
hetero double bonds are located at the 4-position, tandem 4π–6π electro-
cyclic reactions (Fig. 3) can afford six-membered heterocycles. This is the
case for a C= O bond to give α-pyrone. Thus, treatment of cyclobutene-
dione [e.g., 5 (R = i-Pr)] at – 78 ◦C with O-TBDMS-cyanohydrin/LiHMDS
followed by low-temperature quench and workup directly gave α-pyrone 41,
which is often found in bioactive compounds [37, 78]. A particularly inter-
esting aspect is the ability of the intermediate 4-acylcyclobutenone 40 to
rearrange to 41 at or below room temperature as most ring expansions of 4-
aryl or 4-vinylcyclobutenones require heating at higher than 100 ◦C. This is
attributed to greater polarization of the C= O bond (Scheme 7).

Scheme 7 Synthesis of α-pyrone: tandem 4π–6π electrocyclic concerted process with
a C= O function [78]
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The C= N version was realized by using azaheteroaryl substituents at
the 4-position [79]. The required cyclobutenones 43 were prepared by the
addition of the corresponding 2-lithioheteroaromatics (or Pd-catalyzed cross-
coupling with 2-stannylheteroaromatics). The usual ring opening followed
by intramolecular cyclization of the C= N bond of azaheteroaromatics
onto the vinylketene end occurred faithfully to give quinolizin-4-ones 45a,
imidazo[1,2-a]pyridin-5-ones 45b, and thiazolo[3,2-a]pyridin-5-ones 45c
(Scheme 8).

Scheme 8 Synthesis of fused pyridones: tandem 4π–6π electrocyclic concerted process
with C= N functions [79]

Furan and thiophene have also been utilized in this type of transformation
as building blocks. In the same manner, prerequisite structures prepared by
cross-coupling as well as traditional carbanion addition were converted ex-
pectedly into benzo- and dibenzofurans and their thiophene analogs (i.e., 47
→ 48) [80]. Likewise, sesquiterpene furanoquinone 51 was synthesized [81],
and the total synthesis of the indolizidine alkaloid, septicine 54, was per-
formed with the key step 52 → 53 for the pyrrole case [82] (Scheme 9).

Dihydropyridine is another building block. Construction of the pyri-
doacridone ring system, which is found in marine alkaloids and often exhibits
an array of biological activities (e.g., amphimedine), was accessible from con-
densation of 5 (R = i-Pr) with 1-BOC-2-lithio-1,4-dihydropyridine 55 (note:
the N atom has no nucleophilicity toward the ketene group that is formed
transiently upon thermolysis). Neat thermolysis of the 1,2-adduct 56 pro-
duced an oxazolone-fused dihydroquinoline 57 as a result of the expected
tandem 4π–6π electrocyclizations. The subsequent removal of the protecting
pyrrole group and oxidative aromatization, with loss of the oxazolone ring,
afforded the aimed-at heteropolycycle 58 [83] (Scheme 10).

The xanthone core is present in a large family of natural products with
broad biological activities. Highly substituted xanthone systems with linear
and angular fusion were designed along the cyclobutenedione route [84, 85].
First, the requisite benzopyrone-fused cyclobutenedione structure (such as 61)
was constructed by addition of dithiane anion 59b of salicylaldehyde 59a to
dimethyl squarate 5, followed by acid-catalyzed cyclization with elimination
of methanol. The next step of adding unsaturated organolithium (61 → 62)
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Scheme 9 Tandem 4π–6π electrocyclic concerted process with furan, thiophene, and pyr-
role rings [80–82]

Scheme 10 Tandem 4π–6π electrocyclic concerted process with a dihydropyridine
ring [83]

occurred selectively at the carbonyl group opposite the bulky dithiane moi-
ety. The key ring opening step (62 → 63) proceeded even at room temperature
(practically reflux was applied in THF) to give the target molecule after depro-
tection. Another method for obtaining angularly fused xanthones was done
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by successive treatment of 3-anisoylcyclobutene-1,2-dione with heteroaryl-
lithium and methyl triflate and prolonged heating of the adduct (mesitylene,
reflux). In a related work using 3-benzoylcyclobutene-1,2-dione, the adduct 64
having a p-dimethylaminophenyl group at the 4-position underwent unusual
rearrangement to a furan derivative 66 due to participation of an allenylketene
iminium ion intermediate 65 [86] (Scheme 11).

Scheme 11 Synthesis of xanthone core by tandem 4π–6π electrocyclic concerted pro-
cess [84, 85] and an unusual rearrangement to form furan [86]

Alternative synthesis of six-membered oxygen-heterocycles was demon-
strated in examples of chroman and pyranoquinone, which constitute a large
class of biologically active natural products. Here, allenyl and alkynyl groups
were utilized as the substituents at the 4-position. An approach to chro-
man depends on combination of the 4π–6π electrocyclic reactions and an
intramolecular hetero Diels–Alder reaction [87]. The prerequisite structure
was constructed by introduction of a designed alkyne 67 to 5 (R=Me)
followed by F–-promoted isomerization to the allenyl function at C-4 (68
→ 69). The key thermal reactions (50 ◦C, 36 h) involving both electro-
cyclic ring opening of 69 and consecutive intramolecular [4 + 2] cycloaddi-
tion of o-quinone methide 70 afforded the hexahydrocannabinol analog 71
(Scheme 12).

In the case of an alkynyl substituent, the targeted pyranoquinone 76 was
obtained by thermolysis (toluene reflux 1.5 h) of the adduct 72 prepared
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Scheme 12 Synthesis of hexahydrocannabinol analog by combination of 4π–6π electro-
cyclic reactions and hetero Diels–Alder reaction [87]

from lithiated alkynyl glycopyranoside and 5 (R=Me), involving a more
complicated route (Scheme 13). The rearrangements featuring the alkynyl
substituent were envisaged to proceed via the mechanism in which ketene 73
and diradical intermediates 74 and 75 participate. The electrocyclization
was succeeded by 6-exo radical cyclization and H-abstraction to lead to the
quinone ring [88]. Interestingly, it was pointed out that such diradical inter-
mediates formed during thermolysis of 4-alkynylcyclobutenones contributed

Scheme 13 Synthesis of pyranoquinone by 4π–6π electrocyclic reactions followed by
cyclization of the diradical intermediate [88, 89]
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DNA cleavage (mimic of esperamicin) [89]. The related diradical mechanism
was operated in the photoannulation reaction of 2-aryl-3-isopropoxy-1,4-
naphthoquinone available from 5 (R = i-Pr) and was fruitful in synthesis of
dimethylnaphthogeranine E [90].

Furaquinocins are a class of antibiotics composed of naphthoquinone
fused with an angular five-membered oxygen ring bearing the isoprenoid
side chain. After the enantio- and diastereoselective construction of di-
hydrobenzofuran and introduction of an unsaturated side chain via the
Horner–Wadsworth–Emmons reaction, assembly of the naphthoquinone
was achieved by the squaric acid based technology (addition of designed
organolithium 78 to 77a/hydrolysis/heating of 79a at 110 ◦C/air oxida-
tion/desilylation) to give furaquinocin E (80a). Different substitution patterns
for biological testing were performed by changing those of squaric acid; the
regioisomer (80b) of natural product E was accomplished by reversing the
chemoselectivity from imine (i.e., 77a) to pristine carbonyl group (i.e., 77b)
and structural isomers (80c, 80d) by placing the same substituents [91]
(Scheme 14).

Scheme 14 Synthesis of furaquinocins: assembly of furanonaphthoquinone by 4π–6π
electrocyclic reactions [91]

In analogy with the foregoing construction of six-membered oxygen-
heterocycles, several nitrogen versions were also developed. Synthesis of
benzophenanthridine and isoquinoline resembles that of 76 as shown in
Scheme 13, and alkynyl substituents bearing a nitrogen atom incorporated in
the side chain were applied in these reactions with a similar mechanism. For
example, chelilutine analog 82 (related to antitumor NK109) was produced by
the use of an N-propargylnaphtylamine block, and isoquinolinetrione 84 by
the use of an N-propargylacrylamide block [92, 93] (Scheme 15).



Squaric Acid Based Technology 15

Scheme 15 Synthesis of six-membered nitrogen heterocycles in analogy with the oxygen
version [92, 93]

Synthetic strategy for tetrahydroquinolinequinone 87 is similar to that
for 63 (Scheme 11). Fusion with a piperidine ring at C-3/C-4 by introduction
of hydroxypropyl and N-benzylamino groups at these sites, and subsequent
cyclization by the Mitsunobu reaction (5 → 85) was followed by the usual
sequence (85 → 86 → 87) [94] (Scheme 16).

Scheme 16 Synthesis of tetrahydroquinolinequinone in analogy with the xanthone
core [94]

Finally noted in this type of ring transformation is construction of
porphyrin–quinone architectures. This was performed by introduction of
a porphyrin residue at C-3 by the coupling reaction of 12 with some bro-
moporphyrins (cf. Scheme 2) and the prescribed conversion to quinone
derivatives, fascinating as potential anticancer agents [95, 96].

The electrocyclic reaction in which unsaturated substituents participate at
C-2 of cyclobutenedione provides a somewhat different cyclization mode. The
thermal rearrangements of 2-dienylcyclobutenones 88 and 3-(o-vinylphenyl)-
cyclobutenediones 92 underwent well-precedented 4π–6π electrocyclic reac-
tions, but within the diene moiety to phenolic intermediates 90 and 94. These
were allowed to react intramolecularly to give benzofurans 91 and naphthofu-
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ranones 95, respectively [97, 98]. This work represents a new aspect of squaric
acid chemistry (Scheme 17).

Scheme 17 Thermal rearrangements of 2-dienylcyclobutenones and 3-(o-vinylphenyl)-
cyclobutenediones [97, 98]

When the substituents of o-vinylphenyl and isobutenyl groups were placed
at C-2 and C-3, respectively, such as 96, thermolysis (70 ◦C) preferred
tandem 8π–6π electrocyclic reactions between these substituents to give
a tetracyclic cyclobutenone 98. This underwent the precedented ring trans-
formation/oxidation and, ultimately, photofragmentation with expulsion of
isobutylene to give angular furoquinone 99, for example, by the use of 2-
lithiofuran. In the case of an alkynyl group at C-3, thermolysis gave an
alkenylidenefuran [99–101] (Scheme 18).

Scheme 18 Tandem 8π–6π electrocyclic reactions of 2-(vinylphenyl)-3-isobutenylcyclo-
butenone [99–101]

The cascade rearrangements following double addition of alkenyl anions
to the squarate ester was initiated by Paquette from the clue of Asensio’s find-
ing that twofold addition of organolithium (MeLi, PhLi, etc.) leads to the facile
electrocyclic ring opening to 1,4-diketones [102]. This expedient method for
construction of complex polycycles is achieved by a simple one-pot process
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amenable to regioselective operation, stereochemical control, self-immolative
chirality transfer, 1,5-asymmetric induction, and chemical modulation [72].
In this regard, synthesis of oxa- and aza-heterotricycles was exemplified in
the case where 2-lithiated dihydrofuran and dihydropyrrole were used as the
alkenyl anions. The stereochemical course was completely dissected on the
basis of cascades as shown in Scheme 19 (see also Fig. 5) [103, 104]. Total
synthesis of hypnophilin (triquinane epoxide) has proved the method to be
a valuable synthetic tool [105, 106].

Scheme 19 Dissected cascade rearrangements with 2-lithiodihydrofuran as an alkenyl
anion [103, 104]

A different approach to triquinane was made by Moore [107–110]. His
synthetic route includes the intramolecular [2 + 2] cycloaddition of the
vinylketene intermediate as shown in Fig. 4. If the bicyclo[3.2.0]heptenone
from this reaction is designed to have an alkenyl-substituent at the bridge-
head (i.e., 101 → 102 → 103), the next oxy-Cope rearrangement is satis-
fied by adding another alkenyl group (i.e., 104) to give the triquinane 106
(Scheme 20).

As a matter of fact, the above preparative reaction to obtain the framework
of bicyclo[3.2.0]heptenone is already in hand. Indeed, the ring closure step
after electrocyclic ring opening of 4-hydroxy-2-cyclobutenone is not limited
to fully conjugated systems; synthetic variants are realizable with other prox-
imally placed ketenophiles. When an allyl group was located at C-4, the ketene
underwent an intramolecular [2 + 2] cycloaddition reaction with this double
bond to give the bicyclo[3.2.0]heptenone derivatives [111, 112].
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Scheme 20 Different route to triquinane via oxy-Cope rearrangement of bicyclo[3.2.0]
heptenone [107–110]

While an allylic portion has hitherto been introduced under usual nucleo-
philic conditions, allylsilanes 108 are the reagent of choice as an alter-
native under electrophilic conditions. The electrophilic center was gener-
ated from cyclobutenedione monoacetal 107 with BF3 catalyst, being al-
lowed to react smoothly to give regiospecifically allylated product 109. This
was obtained as a protected form and utilized directly for the following
thermal ring opening to give the expected [2 + 2] cycloadducts 111 in
a high yield. A triquinane framework 112 was also accessible by this route
from one-carbon homologation of the adduct with diazoacetate, when cy-
clopentylmethyltrimethylsilane (108, R1 – R2 = CH2CH2CH2) was employed
as a starting reagent. A tricyclic oxygen-heterocycle 114 was constructed
by the same sequential reactions using 6-hydroxy-2-hexenyltrimethylsiane
(108, R1 =H, R2 = CH2CH2CH2OH) [42] (Scheme 21). Interestingly, reac-
tivity of cyclobutenones having both phenyl and allyl groups at C-4 (ob-
tained by BF3-catalyzed reaction of 4-phenyl-4-hydroxycyclobutenone with
allylsilane) was judged to be competitive between the thermal [2 + 2] cy-
cloaddition and 6π-electrocyclic ring closure under equilibrated conditions
(cyclobutenone� vinylketene), although inward rotation is preferred for the
allyl substituent on the basis of torquoselectivity arguments [43].

The 2-chloro-4-hydroxy-2-cyclobutenone with an acylmethyl substituent
at C-4 (115) was available from the electrophilic reaction of ester chloride 18
with silyl enol ether and silyl ketene acetal (Scheme 3). This was also found
to be thermolabile to give a rearranged product, γ -acylmethylenetetronate
118 [113]. In this case, the cyclization occurred by choosing the hydroxyl
function as a proximal ketenophile from an equilibrated mixture. Although
the [2 + 2] cycloaddition mode might be a possible route to a β-lactone ac-
cording to the favored outward rotation of a hydroxyl group (115 → 116a),
the equilibrium could be shifted by lactonization and dehydrochlorination to
thermodynamically stable (Z)-tetronate (116b → 117 → 118) (Scheme 22).
Photochemistry of the same compound resulted in the formation of chlorine-
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Scheme 21 Allylation under electrophilic conditions and thermal rearrangement to bicy-
clo[3.2.0]heptenone [42]

Scheme 22 Thermal and photochemical conversion of 2-chloro-4-hydroxy-2-cyclobute-
none [113]

retained 2(5H)-furanone 119 from the sequence of favored inward rotation of
a hydroxyl group, lactonization, and 1,3-hydrogen shift.

This protocol was applied to the total synthesis of antibacterial and an-
titumor (E)-basidalin. The precursor 120 was made by TiCl4-catalyzed add-
ition of dichloride 17 to silyl enol ether of 3,3-dimethyl-4-penten-2-one
(used as a protected form of aldehyde function). Then, the more reactive
chlorine atom at C-3 was replaced with an amino group, and key ring ex-
pansion was successfully performed by heating (reflux, xylene/pyridine) to
give tetronamide 122. This is formed stereospecifically in E-form due to in-
tramolecular hydrogen-bonding, mimicking the biogenetic route of naturally
occurring 5-ylidene-2(5H)-furanone (in contrast to thermodynamically con-
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trolled Z-form as observed above). Final deprotection afforded (E)-basidalin
(123) [113] (Scheme 23).

Scheme 23 Synthesis of (E)-basidalin mimic to the biogenetic route [113]

For the preparation of 4-amino-2(5H)-furanone as above, the disfavored
outward rotation of hydroxyl group was compensated for by adding an acid
such as trifluoroacetic acid to assist cyclization [114]. Notably, 4-aryl-4-
hydroxy-2-cyclobutenone bearing o-carboranyl substituent at C-2 also gave
rise to the corresponding 2(5H)-furanone (124 → 125) rather than the usual
quinone, indicating that direction of rotation is affected even by substituent
at C-2 [115]. Anyhow, the product has potential utility for boron neutron
therapy. Analogously, in a cyclobutenone system other than squaric acid, in-
tramolecular addition of hydroxyl group to in situ formed ketene was also
reported to give a lactone ring (126 → 127) [116] (Scheme 24).

Scheme 24 Analogous thermal rearrangements of cyclobutenones to form lactone
rings [115, 116]

Dithiane and oxirane substituents at C-4 are documented to be other
ketenophiles, yet the thermolytic products were not composed of the ex-
pected medium rings but of contracted rings because of further reactions
under the reaction conditions [117].
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3.3
Reactive Intermediate Induced Process

Small ring compounds, in general, have considerable strain within the
molecule and the ring strain relief is capable of driving the ring opening re-
actions to lead to the formation of ring expansion products. These trends
are described in the foregoing thermal electrocyclic process. However, such
chemical behavior is not limited to the concerted manner. As is well known,
the reactive intermediate generated at the position adjacent to a strained ring
induces ring opening to other transient intermediates, which are fated to fall
into the ring expansion products. This scheme is represented by four- to five-
membered expansion in squaric acid chemistry, and candidates of reactive
intermediates range from radical and cation to carbene and nitrene (Fig. 6).

For heterocycle synthesis, first investigated was the oxygen radical-
mediated reaction. The cycloalkoxy radical is a fascinating intermediate
suitable for 4-hydroxy-2-cyclobutenone, since it can be readily generated
from a parent alcohol, and the formed oxy radical is so reactive that
C – C bonds adjacent to the radical center are efficiently cleaved to pro-
duce a carbonyl and an unsaturated acyl radical (β-scission). Recyclization
via addition of the radical to the radicophilic carbonyl end constitutes an
effective approach to ring transformation. The action of lead tetraacetate
on the alcohol is a preferable method for the aimed reaction. Thus, sim-
ple treatment of 4-hydroxy-2-cyclobutenone 128 with this reagent at room
temperature gave acetoxy-substituted 2-(5H)-furanone 134 as a ring expan-
sion product; 5-alkylidene-2-(5H)-furanone 135 was accomplished when the
4-substituent has an α-hydrogen to eliminate [118]. The outcome is explained
by the sequence of β-scission of the initial 4-oxo-2-cyclobutenoxy radical 130,
5-endo-trig-cyclization of the resulting acyl radical 131, and final reductive
elimination of lead(II) acetate from 133 (Scheme 25). The fact that the same

Scheme 25 Ring expansion to 2-(5H)-furanone induced by oxy-radical intermediate [118]
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reaction took place with HgO/I2 indicated the distinct participation of a free
radical mechanism.

The versatility of the present furanone synthetic method was demon-
strated in the stereoselective synthesis of the Z-isomer of multicolanate
(139) [118] (Scheme 26). The prerequisite compound 137 was prepared by
successive treatment of appropriate organomagnesium and organolithium
reagents, and it was transformed smoothly with lead tetraacetate to the target
molecule (the incomplete acetate product 138 was subjected to elimination
reaction with DBU).

Scheme 26 Synthesis of (Z)-multicolanate by simple treatment with Pb(OAc)4 [118]

In connection with this search, the chemical behavior of the carbon-
centered radical was also examined [118]. The similar hydroxycyclobutenone
140 bearing Barton’s ester at C-4 was photolyzed (W-lamp) to again give
a 5-endo-cyclized product, 4-cyclopentene-1,3-dione 145, prior to enol-keto
tautomerization (Scheme 27).

Scheme 27 Ring expansion to 4-cyclopentene-1,3-dione induced by carbon-centered rad-
ical [118]
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Although this ring does not include a hetero atom, biological activity is
known in some derivatives. Human chymase inhibitor methyllinderone (148)
was obtained from 4-alkynyl-4-hydroxycyclobutenone 146 by Shionogi’s
group [119], and antimicrobial gloiosiphone A (dimethyl derivative, 151) was
elaborated by Paquette with new methodology involving BF3-catalyzed ring
expansion of hydroxycyclobutenone 149 having an acetal-functionalized cy-
clopentenyl group at C-4 [120, 121] (Scheme 28). New routes to iodo- and
silylalkylidenecyclopentene-1,3-diones have also been developed by us [122,
123].

Scheme 28 Synthesis of methyllinderone [119] and dimethyl gloiosiphone A [120, 121]

It is worth noting here the remarkable reactivity of the unsaturated acyl
radical 152a. The Baldwin rule predicts that 5-endo cyclization is not fa-
vored. However, actually, this mode (131 → 132) was found to be advan-
tageous, and no product was obtained from essentially favored 5-exo cycli-
zation (131 → 132exo). According to several calculations, the net cycli-
zation is best explained by non-radical ring closure from ketene-substituted
α-carbonyl radical 152b to the cyclized radical 153 (i.e., nucleophilic attack
of OH on C= C= O with a dipolar π-radical-stabilized transition structure
154TS) [124]. Independently, the similar chemical behavior of the ketenyl rad-
ical was reported by Pattenden [125, 126] (Scheme 29).

Additional reactions involving the electron-deficient oxygen center were
carried out by employing a hypervalent iodine reagent, because the facile
displacement on iodine with nucleophiles (e.g., NH2 and OH) and the super-
leaving ability of newly formed iodine intermediates endows the electron-
deficient center of these heteroatoms. Whereas this type of rearrangement has
already been found for nitrogen, the case for oxygen was provided for the first
time by the reaction of 4-hydroxy-2-cyclobutenone to 2-(5H)-furanone [127].
PhI(OAc)2 is the reagent of choice, and a better result was attained in reflux-
ing methanol to give the 5-methoxy-2-(5H)-furanone 158; Scheme 30 illus-
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Scheme 29 Preferential 5-endo cyclization and estimated unusual cyclization mode
(nucleophilic attack and π-radical stabilization) [124]

Scheme 30 Ring expansion to 2-(5H)-furanone induced by electron-deficient oxygen cen-
ter [127]

trates a plausible mechanism. First, nucleophilic displacement on a hyperva-
lent iodine with the hydroxyl group of the substrate 128 generates another
hypervalent iodine intermediate 155, which generates an electron-deficient
oxygen center susceptible to eliminative ring opening to an acyl cation inter-
mediate 156. Second, recyclization of this acyl cation with carbonyl oxygen is
a facile process for giving a furanone cation 157, which is trapped with the
solvent nucleophile to give the final product 158. With R= furyl group in 128,
the product was a mixture of the usual furanone 159a and furylidenefura-
none 159b (2 : 1). It should be noted here that the carbocation version of this
type of ring transformation has already been substantiated in the reaction
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of 149 → 150 (Scheme 28, by Paquette). In the 4-(2-hydroxymethylphenyl)-
substituted case, eight-membered lactone 161 was obtained via a different
mechanism involving glycol cleavage of hemiacetal 160.

Carbene (carbenoid)-mediated ring transformation was exemplified in the
reaction of diazo-functionalized hydroxycyclobutenone 162 [129]. While fu-
ranone 165 and cyclopentenedione 166 were found to be products from the
reaction of 162 depending on the decomposition conditions (acid-catalysis:
TfOH, BF3 etc., metal-catalysis: Rh2(OAc)4, photolysis, thermolysis), two
facts are worthy of note. In the Rh2(OAc)4-catalyzed reaction, a metalla-
cyclic intermediate 169 was suggested to cause selective formation of 166;
a similar one was proposed in the reaction of cyclobutenedione with ferro-
cenyl chromium carbene complex, from which potentially antitumor-active
ferrocenylidenefuranone was obtained despite much lower yield [128]. In
the thermal reaction, a new type of ring transformation was observed; rela-
tively stable diazoacetate derivative (162: R= Ot-Bu) underwent 8π elec-
trocyclic ring closure (1,7-dipolar cycloaddition) and prototropy to give
the 1,2-diazepinedione 172 after usual 4π-electrocyclic ring opening to di-
azovinylketene intermediate 170 (Scheme 31). Seven-membered carbon ring
formation based on squaric acid technology was precedented with the use of
a cyclopropyl substituent [130].

Along with the carbene case, nitrene-mediated ring transformation took
advantage of azido-functionalization (Ohno et al. unpublished data). Intro-

Scheme 31 Ring expansion of diazo-functionalized cyclobutenones: 1,7-dipolar cyclo-
addition to diazepinedione [129]
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duction of an azido group was accomplished by an electrophilic substitu-
tion reaction using the acetal 173 and trimethylsilyl azide catalyzed with
BF3 ·Et2O. Typically, the 2-phenyl substituted case was examined for thermal
decomposition. Thus, heating azide 174 for 30 min in refluxing xylene gave
a maleimide derivative 180 after treatment of the primary product with water.
This maleimide is likely to be formed from 2-aza-2,4-cyclopentadienone 177,
to which there are two possible routes, either via extrusion of nitrogen fol-
lowed by nitrene-induced ring expansion (175 → 176) or via consecutive
4π–8π electrocyclic rearrangements followed by extrusion of nitrogen (178
→ 179). More importantly, the above experiment indicates that polysub-
stituted 2-aza-2,4-cyclopentadienone 177 can survive even at higher tem-
peratures. In fact, without addition of water, it could be isolated as a yel-
low crystal after concentration of the solution. Whereas the parent 2-aza-
2,4-cyclopentadienone is known to be anti-aromatic (life time: ca. 2 s at
30 ◦C) [131, 132], the observed extreme stability of 177 is attributed to dou-

Scheme 32 Ring expansion of azido-functionalized cyclobutenones: formation of stable
2-aza-2,4-cyclopentadienone and its reaction with some nucleophiles (Ohno et al. unpub-
lished data)
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ble resonance between the carbonyl group and both ethoxy groups. Despite
such thermodynamic stability, 177 is reactive enough to give nitrogen hete-
rocycles with some nucleophiles: maleimide acetals 181 (with alcohol), cyclic
amidines 182 (with amine), a bicyclic nitrogen-heterocycle 183 (for example,
with ethylenediamine), and a tetramic acid analog 184 (for example, with
lithium malonate) (Scheme 32).

4
Squaric Acid Bioisostere

In the previous section, the utility of squaric acid is described from the
viewpoint of developing biologically active substances, especially focusing
on synthetic strategies for ring transformation to various heterocycles. The
structure of cyclobutenedione itself is also intriguing and occasionally ex-
ploited for studies on biologically interesting molecular design. One reason
is the peculiar acidic functionality of squaric acid. Therefore, “bioisostere”
with this ring investigates how the acid derivatives show their activity relative
to naturally occurring products or pharmacologically interesting products.
These compounds are mainly attained by functional interconversion of acid
ester to acid amide (i.e., squarate to squaramide). This section deals with
chemistry of biologically active cyclobutenediones bearing heterocycles at the
C-2 and/or C-3 position.

Amino squaric acids 186 and 188, the relatives of natural amino acids,
represent an intuitive example of bioisostere, although the heterocycle is
absent in these molecules. These were obtained by radical reaction of
2-stannylcyclobutenedione [133] and carbanion addition to squarate es-
ter [134, 135] (Scheme 33).

Scheme 33 Squaric acid bioisostere: synthesis of amino squaric acid [133–135]
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A new type of modified oligonucleotides containing a squaryl group was
also developed as a novel mimic of the phosphate group [136, 137]. A modi-
fied thymidine dimer derivative T3′sq5′ T (189) having a squaramide linkage
was synthesized by two-step substitution with 5 (R= Et) and incorpo-
rated into oligodeoxynucleotides. The DNA duplex [5′-d(CGCATsqTAGCC)-
3′/5′-d(GGCTAATGCG)-3′] was found to be distorted at the modified
dimer site but preserved the base pairing ability. Continued work with
U2′sq5′ T (190) indicated unique base-pairing ability for oligonucleotides
with G at the site opposite to the T of U2′sq5′ T (Fig. 7). These results sug-
gest that there is the possibility to create a new class of antisense/antigene
molecules and nucleotide analogs based on squaric acid–nucleoside (base)
conjugates.

Fig. 7 Structural similarity of squaric acid ester and amide and the structures of oligonu-
cleotide analogs containing a squaramide linkage [136, 137]

Prior to these findings, the key coupling reaction using squarate esters
[5 (R= Et) → 191 → 192] had been put into practical use by the pioneer-
ing work of Tietze. This featured use of a slight excess of amines, excellent
yield, stepwise introduction of two amine components, and easy analysis by
UV spectroscopy [138]. This methodology has been applied to the synthe-
sis of (neo)glycoconjugates, in which the cyclobutene-1,2-dione skeleton is
used as a linker between saccharide and protein. In a recent work hydropho-
bic didecyl squarate 5 (R= C10H21) was reported to be a reagent to handle
with ease for purification, as shown in conjugation to BSA (193 → 194), for
example [139] (Fig. 8).

Among recent developments in glycoconjugates applied for drug im-
munotherapy and so on [140], a variety of oligosaccharide–squaramide–
protein (e.g., bovine, human, and chicken serum albumins) conjugates have
been prepared with the Tietze’s squarate ester methodology and tested
for their bioactivity [141–157]. The glycoconjugates with special functions
were also documented: for example, 1,4,7,10,13-pentaazacyclopentadecane
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Fig. 8 Tietze’s method for conjugation between two amines with squarate ester and
an example for squaric decyl ester glycoside conjugation to BSA (bovine serum albu-
min) [138, 139]

core 195 with five squaramide-linking glycoconjugates as a high affinity
pentavalent receptor-binding inhibitor for cholera toxin due to the 1 : 1
association [158, 159]; GdIII complex of inulin-1,4,7,10-tetraazacyclododecan-
1,4,7-triacetic acid conjugate 196 linked with squaramide as a contrast
agent in magnetic resonance imaging [160]; anthracycline glycoside 197
with a squaramide linker as a modified antibiotic [161] (Fig. 9); cholesterol
glycoside with a squaramide linker as an additive to cationic liposome for-
mulation [162]; and photophore (Nakanishi diazirine)–ligand (moenomycin
derivative)–biotin with a squaramide linker as a photoaffinity label [163, 164].
It is interesting that such squaramide linking was also used for networking of
chitosan to form a hydrogel [165].

Along this line, pharmacologically interesting cyclobutenedione deriva-
tives are also synthesized and screened in relation to the lead compounds.
Diazabicyclic amino acid phosphonate 199 was identified as N-methyl-
d-aspartate antagonist for the treatment of neurological disorders such
as stroke and head trauma; this was found out from bioactive model
4-(3-phosphonopropyl)-2-piperazinecarboxylic acid (198) [166]. Bioisosteric
replacement of the N-cyanoguanidine moiety of pinacidil (200) with di-
aminocyclobutenedione template afforded the prototype 201 of a novel se-
ries of adenosine 5′-triphosphate-sensitive potassium channel openers with
unique selectivity for bladder smooth muscle in vivo [167, 168]. In a series
of very late antigen-4 integrin antagonists, incorporation of the cyclobutene-
dione ring as an amino acid isostere (i.e., 203) was designed in relation to
existing active thioproline CT5219 (202) [169, 170]. Pibutidine hydrochloride
(or IT-066) (205), developed from the lead lafudidine (204) was launched
as a potent H2-receptor antagonist for the treatment of peptic ulcers [171–
173]. Indole-based derivative BMS-181885 (206) was recorded as a potential
antimigraine agent, elicited by binding to 5-HT receptor [174] (Fig. 10).
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Fig. 9 Some squaramide-linked glycoconjugates with special functions [158–161]

In the squaraine chemistry, biologically interesting heterocyclic squaryl-
ium dyes are also being explored (Fig. 11). Potential usefulness in photo-
dynamic therapy was envisioned by effective singlet oxygen generation of
benzothia(selena)zole-derived squarylium dye 207 and halogenated squaryl-
ium dye [175, 176]. Some chemosensors for some metal ions were based
on the red-fluorophore of azacrown-appended squarylium dyes 208. Related
podand-based (H-aggregation) squarylium dyes 209 were demonstrated to
detect alkaline and earth-alkaline metal ions (Na+, K+, Mg2+, Ca2+) selec-
tively [177, 178]. Carbohydrates and proteins were monitored by labeling with
properly functionalized symmetric and asymmetric dyes (e.g., 210) [179–
182].
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Fig. 10 Some heterocyclic derivatives of squaramide designed in relation to the lead com-
pounds [166–174]

Fig. 11 Biologically interesting squaraines conjugated with heterocycles [175–182]
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5
Concluding Remarks

Squaric acid is in principle a pseudoaromatic and therefore stable four-
membered compound designated as 3,4-dihydroxy-3-cyclobutene-1,2-dione.
Characteristic square planarity brings it high acidity, a peculiar network,
and a donor–acceptor triad. Nevertheless, its intrinsically strained and highly
oxygenated character makes it extraordinarily useful in synthesis. Once the
cyclobutenedione skeleton is converted into the hydroxycyclobutenone skele-
ton, it can undergo further ring transformation either by thermal concerted
rearrangements (chiefly depending on electrocyclic ring opening and ring
closure) or by reactions induced by a reactive intermediate (including cation,
radical, and divalent species). The directed synthesis of various heterocy-
cles is accomplished by virtue of incorporation of heteroatom(s) on one or
more of four possible sites of the four-membered ring and execution of the
above ring transformation. Fortunately, the methods developed for intro-
duction of substituents range from nucleophilic to electrophilic conditions
and from ionic to radical and organometallic coupling reactions. It is evi-
dent from the cumulative successes shown in this review article that squaric
acid plays the role of a useful synthetic C-4 building block for construc-
tion of biologically interesting oxygen, nitrogen, and sulfur heterocycles, if
combined appropriately with corresponding heteroatoms. Bioactive hetero-
cycles can also be provided by derivatization of the cyclobutenedione ring
as retained. This utilization comes from the bioisostere concept and from its
versatility as a linker of bioconjugates. In these cases, a squaramide form is
often employed in the acid interconversion. Conclusively, the small molecule
of squaric acid is able to produce a big effect on the synthesis of biologically
interesting heterocycles.
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Abstract Synthesis of endoperoxides and hydroperoxides using tris(2,4-pentanedionato)
manganese(III) or manganese(III) acetate is described. The reaction of various alkenes
with tris(2,4-pentanedionato)manganese(III) at ambient temperature in air gives 4-acetyl-
1,2-dioxan-3-ols. The manganese(III) acetate-catalyzed aerobic oxidation of various al-
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kenes in the presence of various 1,3-dicarbonyl compounds also gives the corresponding
1,2-dioxan-3-ols. The basic skeleton of naturally occurring heterocycle-fused endoperox-
ides can be produced by the manganese(III)-catalyzed aerobic oxidation. On the other
hand, a similar reaction using barbituric acids, pyrazolidinediones, and hydroxyquinoli-
nones gives bis(hydroperoxyethyl) derivatives. In addition, the direct hydroperoxidation
of the cyclic amides occurs in the absence of alkenes. The spectroscopic features, stereo-
chemistry, mechanism for the formation of 1,2-dioxan-3-ols, and synthetic application
are also mentioned.

Keywords 1,2-Dioxan-3-ols · Aerobic oxidation · Endoperoxidation · Hydroperoxidation ·
Manganese(III) acetate

1
Naturally Occurring 1,2-Dioxane Derivatives

Unbelievably, the 1,2-dioxane scaffold is sometimes found in nature [1, 2].
Chemists have imagined that the 1,2-dioxane derivatives would be unstable in
air since the oxygen–oxygen bond dissociation energy is estimated to be only
34 kcal/mol [3]. However, artemisinin isolated from Artemishia annua [4–
11] and yingzhaosu isolated from Artabotrys unciatus [12–16] are the most
famous 1,2-dioxane analogs and have very strong antimalarial activity like
quinine, chloroquine, and mefloquine [17] (Fig. 1). The 1,2-dioxane deriva-
tives, found in Eucalyptus grandis and related species in Australia, inhibit
root formation in cuttings [18–20] and also possess an auxin-like activity
(promontory) as well as an abscissic acid-type activity (inhibitory) [21, 22]
(Fig. 2). Marine sponges contain the antitumor cyclic peroxy ketals and a se-
ries of related ketals, such as chondrillin and plakorin, isolated from Pla-
kortis lita [23–33]. Plakortis sp also produces diverse 1,2-dioxolanes, such as
plakinic acids [34–36] (Fig. 2). Many further 1,2-dioxane derivatives may be
found in the natural environment in the near future.

2
History of the Discovery of the 1,2-Dioxane Synthesis
Using Manganese(III) Complexes

Manganese compounds are used as oxidant and catalyst in the various
electron-transfer reactions in vivo involving the Mn(II), Mn(III), or Mn(IV)
oxidation states. In particular, manganese complexes play an important role
as oxygen carrier, similar to iron and copper porphyrins such as hemoglobin
and hemocyanin. Manganese compounds have a peculiar nature for the reac-
tion with molecular oxygen.

Manganese(III) acetate dihydrate, Mn(OAc)3 ·2H2O, was first used in an
organic synthesis by Bush and Finkbeiner [37] and Heiba and Dessau [38],
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Fig. 1 Natural and artificial antimalarial agents of cyclic peroxides and quinoline alkaloids

producing 4-butanolides (Scheme 1). Thereafter, many chemists applied
manganese(III) acetate to organic syntheses and developed synthetic tech-
niques [39–46]. However, there is a significant disadvantage, manganese(III)
acetate dihydrate is totally soluble only in hot acetic acid. In fact, the man-
ganese(III) acetate dihydrate is prepared and recrystallized from glacial acetic
acid. In most reactions, acetic acid is used as the solvent and the best results
are obtained, although some exceptions have been reported [47, 48]. Further-
more, the manganese(III) oxidation complicates the reaction since the direct
inner- or outer-sphere one-electron-transfer oxidation of the substrate (for
example, producing 1,2-glycol monoacetates and/or ketones [49–59]) and the
free-radical reaction of enolizable ligands (producing butanolides) competi-
tively take place at the same time [60–72] (Scheme 1). Therefore, the use
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Fig. 2 Naturally occurring cyclic peroxides

of manganese(III) acetate might not be convenient from the viewpoint of
organic synthesis, except for the 4-butanolide synthesis.

On the other hand, tris(2,4-pentandionato)manganese(III) (manganese(III)
acetylacetonate), Mn(acac)3, is soluble in both polar and nonpolar solvents,
although its oxidation ability is weaker than that of manganese(III) ac-
etate [73]. Tris(2,4-pentandionato)manganese(III) is slightly soluble even in
water, but disproportionates into manganese(II) and (IV), similarly to man-
ganese(III) acetate. The complex is stable in organic solvents, however, the
ligand-exchange reaction takes place since the complex is labile in a protic
solvent such as acetic acid. It is expected that the corresponding ligand rad-
icals may be formed when the reaction accompanies a one electron-transfer
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Scheme 1 Typical oxidation of alkenes with manganese(III) acetate in acetic acid

oxidation. Therefore, it is possible to prepare a new carbon–carbon bond
using the ligand radicals [74].

On the basis of the character mentioned above, the oxidation of alkenes
with tris(2,4-pentandionato)manganese(III) was carried out in acetic acid
at room temperature, even though the reaction is generally carried out
at elevated temperatures in order to increase the oxidizing ability of the
manganese oxidant. Incidentally, the mild reaction in air led to the dis-
covery of the 1,2-dioxane synthesis [73]. A liquid 4,5-dihydrofuran was
obtained in good yield by the reaction of 1,1-diphenylethene at an ele-
vated temperature (normally reflux temperature), whereas the same reac-
tion at room temperature in air gave a colorless solid product in high
yield (Scheme 2). The NMR spectra of both products were quite differ-
ent. Spectroscopic data and elemental analysis indicated that the colorless
solid has a hydroxyl functionality and one more oxygen than the corres-
ponding 2-hydroxytetrahydrofuran. At that time, it was postulated that the
structure of the colorless solid product must be either a hydroperoxide or
endoperoxide (Fig. 3). However, in the 1980s, high-resolution FT-NMR spec-
troscopy and FAB mass spectrometry were not commonly used in the or-
ganic laboratory, even an expensive X-ray single crystal diffraction analysis
was not generally employed to characterize organic compounds. Further-
more, although a qualitative test using potassium iodide-starch paper for
hydroperoxides, oxidation using lead(IV) acetate, and reduction with tri-
phenylphosphine were examined, the results were not clear enough to de-
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Scheme 2 Oxidation of 1,1-diphenylethene with tris(2,4-pentanedionato)manganese(III)

termine the peroxide structure. Accordingly, the structure was temporary
deduced to be hydroperoxytetrahydrofuran since it was known that most
endoperoxides formed by the addition of alkenes with singlet oxygen were
usually unstable (Fig. 3) [73].

In September 1989, a single crystal of the colorless solid product recrystal-
lized from ethanol was subjected to X-ray crystallography at the University
of Houston, USA, and the exact structure was determined to be 4-acetyl-
3-methyl-6,6-diphenyl-1,2-dioxan-3-ol (Fig. 4). Thus, the products obtained
by the reaction of the alkenes with tris(2,4-pentanedionato)manganese(III)
at room temperature in air were concluded to be functionalized endoper-
oxides [75].

Since manganese(III) complexes are labile in coordination solvents, it
was then conceived that manganese(III) acetate, which has an oxygen-
centered triangular structure, must cause a ligand-exchange reaction with
1,3-dicarbonyl compounds to produce new manganese(III)-1,3-dicarbonyl
enolate complexes in situ, and a similar reaction, such as the 1,2-dioxane
synthesis using tris(2,4-pentanedionato)manganese(III), might take place.
In fact, manganese(III) acetate is insoluble in glacial acetic acid at room
temperature, however, it gradually dissolved in a solution of acetic acid con-
taining 1,3-dicarbonyl compounds. This strongly suggested the formation
of a new manganese(III) complex. In this way, it was inevitably found that

Fig. 3 Deduced hydroperoxide and endoperoxide structures
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Fig. 4 ORTEP drawing and stereoscopic view of 4-acetyl-3-methyl-6,6-diphenyl-1,2-
dioxan-3-ol

Scheme 3 Synthesis of 1,2-dioxan-3-ol using Mn(acac)3 or Mn(OAc)3

the 1,2-dioxane derivatives were also formed by the reaction of alkenes with
1,3-dicarbonyl compounds in the presence of manganese(III) acetate under
mild conditions (Scheme 3). It was a significant discovery that octahedral
manganese(III)-1,3-dicarbonyl enolate complexes also serve as molecular
oxygen carriers analogous to the square planar manganese(III)-porphyrin
and -salen complexes.

Thereafter, the discovery led to the synthesis of many functionalized 1,2-di-
oxane derivatives and dioxane-fused heterocyclic analogs.

3
Formation of 1,2-Dioxanes Using Tris(2,4-pentanedionato)manganese(III)

Tris(2,4-pentanedionato)manganese(III) was easily prepared by the direct
oxidation of 2,4-pentanedione with potassium permanganate [76]. The syn-
thesis of 1,2-dioxane was normally carried out as follows: To a solution of
1,1-diphenylethene in glacial acetic acid was added freshly prepared tris(2,4-
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Scheme 4 Reaction of alkenes with tris(2,4-pentanedionato)manganese(III) in acetic acid
at room temperature in air

pentanedionato)manganese(III) at a molar ratio of 1 : 1, and the solution
stirred at ambient temperature in a round-bottomed flask equipped with
a calcium chloride drying tube until the brown color of the Mn(III) species
turned a transparent pale yellow. The solvent was removed in vacuo and
the residue triturated with water followed by extraction. After separation by
silica gel TLC or column chromatography, crystalline 1,2-dioxan-3-ol was ob-
tained in excellent yield (Scheme 4) [77]. Other 1,1-disubstituted ethenes also
gave similar results. However, the yields from the reaction of aliphatic ter-
minal alkenes and cyclic alkenes were poor. In addition, under an oxygen
atmosphere, formally produced ligand radicals were preferentially oxidized
before reacting with the alkenes, and the formation of the 1,2-dioxan-3-oles
was consequently prevented. It was found that the best results were ob-
tained by the reaction in air at room temperature (23 ◦C). The formation of
1,2-dioxane is characteristic for manganese(III). Other transition metal com-
plexes, such as Cr(III), Fe(III), Co(III), Ni(II), and Cu(II), do not produce
the reaction [77].

For the synthesis using tris(2,4-pentanedionato)manganese(III), the
1,2-dioxan-3-ol scaffold was limited to bear only an acetyl and methyl func-
tionality derived from 2,4-pentanedione without alkenes. Therefore, in order
to apply the synthesis of various endoperoxide analogs, the behavior of man-
ganese(III) acetate in acetic acid at ambient temperature in the presence of
1,3-dicarbonyl compounds needed attention.
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4
Combination of Manganese(III) Acetate with 1,3-Dicarbonyl Compounds

4.1
Reaction Using 1,3-Diketones

Instead of tris(2,4-pentanedionato)manganese(III), manganese(III) acetate
dihydrate was used in the reaction of alkenes with 1,3-dicarbonyl com-
pounds [75, 77, 78]. The adopted reaction conditions were similar to those
for the reaction using tris(2,4-pentanedionato)manganese(III). A mixture
of 1,1-diphenylethene, 2,4-pentanedione, and manganese(III) acetate was
stirred in acetic acid at room temperature in air until the brown color of
Mn(III) turned colorless, giving the same endoperoxide in good yield. This
method threw light on the synthesis of the functionalized 1,2-dioxan-3-ols
by allowing the choice of combination of various alkenes and 1,3-diketones
(Scheme 5).

1-Hydroxy-2,3-dioxabicyclo[4.4.0]decan-7-one, the analog of the root for-
mation inhibitor (G factor) [18–20], was produced by the reaction with
1,3-cyclohexanedione. Other cyclic diketones also afforded the corresponding
bicyclic endoperoxides (Scheme 6) [79].

Interestingly, for the reaction of the 1,3-cyclopentanedione, a double
endoperoxidation took place and octahydro-3,4,7,8-tetraoxabenz[c]indene-
4a,6a-diols were obtained (Scheme 7) [79]. The most characteristic feature in
the spectral data was the absence of any carbonyl signals in the 13C NMR
spectrum as well as in the IR spectrum. The double endoperoxidation could
not stop the corresponding monocyclization stage.

Since treatment of 4-acetyl-3-methyl-6,6-diphenyl-1,2-dioxan-3-ol and
1-hydroxy-4,4-diphenyl-2,3-dioxabicyclo[4.4.0]decan-7-one with a mixture of
1,1-diphenylethene and manganese(III) acetate did not afford any spirodiper-

Scheme 5 Reaction of various alkenes with 1,3-diketones in the presence of man-
ganese(III) acetate in acetic acid at room temperature in air
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Scheme 6 Reaction of alkenes with cyclic 1,3-diketones

Scheme 7 Reaction of alkenes with 1,3-cyclopentanedione

Fig. 5 Postulated double endoperoxidation products

oxides or cyclic diperoxides (Fig. 5), the double endoperoxidation is charac-
teristic of the 1,3-cyclopentanedione.

4.2
Reaction Using β-Ketoesters

The reaction using β-ketoesters resulted in 1,2-dioxan-3-ols in a compara-
ble or better yield than that using the 1,3-diketones (Scheme 8) [80–82]. The
cyclic peroxidation occurred at the more electrophilic ketocarbonyl carbon
than the ester carbonyl carbon.

Cyclic β-ketoesters and aryl-substituted cycloalkenes also afforded the cor-
responding bicyclic endoperoxides and spirodioxanes (Scheme 9).

When the reaction was carried out using more than one equivalent of man-
ganese(III) acetate, the yield of the cyclic peroxides was sometimes medium
or poor, and a considerable amount of by-products was formed. The major
by-products were dihydrofurans, benzophenones, and glycol monoacetates.
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Scheme 8 Reaction of various alkenes with β-ketoesters in the presence of manganese(III)
acetate in acetic acid at room temperature in air

Scheme 9 Synthesis of bicyclo- and spiro-dioxanes from β-ketoesters

The dihydrofurans derived from the overoxidation of the intermediate car-
bon radicals and the others occurred from the direct oxidation of the alkenes
during the electron-transfer mechanism (Scheme 1). In order to depress the
side reactions, it was found that a catalytic amount of manganese(III) ac-
etate was enough to produce the cyclic peroxidation reaction. The reaction
proceeded only in the presence of manganese(II) acetate in air, although it
took a longer reaction time [79–82]. Since the active species in the aero-
bic oxidation is manganese(III), the presence of various cooxidants, such as
cobalt(III) acetate, potassium permanganate, lead(IV) acetate, copper(II) ac-
etate, chromium(VI) trioxide, thallium(III) acetate, ammonium cerium(IV)
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Scheme 10 Synthesis of methylene-tethered bisdioxanes from oligomethylene di(3-
oxobutanoate)s

nitrate, and iron(III) perchlorate, accelerated the oxidation of Mn(II) to
Mn(III). The combination of manganese(II) acetate and a catalytic amount
of manganese(III) acetate was the most effective for the cyclic peroxida-
tion. Consequently, a 95% yield of the 1,2-dioxan-3-ol was achieved along
with 3% 4,5-dihydrofuran in the reaction of 1,1-diphenylethene with ethyl
3-oxobutanoate using one equivalent of manganese(II) acetate containing
a 0.1 equivalent of manganese(III) acetate.

When the reaction was applied to oligomethylene di(3-oxobutanoate)s,
oligomethylene-tethered terminal bis(1,2-dioxan-3-ol)s were obtained in
moderate yields [82](Scheme 10).

When a similar reaction of 1,1-diphenylethene with ethylene di(3-oxobu-
tanoate) was stopped for 2.5 h, an intermediate monodioxane was obtained in
60% yield. The reaction that continued for 20 h resulted in the correspond-
ing bis(1,2-dioxan-3-ol) in 52% yield together with the monodioxane (2%).
Furthermore, the isolated monodioxane was allowed to react with the alkene
under the same reaction conditions to produce the bis(1,2-dioxan-3-ol). Ac-
cordingly, it was suggested that the formation of the bis(1,2-dioxan-3-ol)s
apparently occurred during the stepwise mechanism.
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4.3
Reaction Using Acetoacetamides

The manganese(III)-based oxidative endoperoxidation was applied to the
β-ketoamide system. The reaction using various acetoacetamides was car-
ried out in the presence of 1,1-disubstituted ethenes, producing crystalline
carbamoyl-substituted 1,2-dioxanes in quantitative yields (Scheme 11) [83].
Interestingly, when the 1H NMR spectrum of the carbamoyl-substituted
dioxane was measured in DMSO-d6, the signal intensity of the equatorial
methyl group at the C-3 position that appeared at the higher field gradu-
ally decreased, while that of the axial methyl group shown at lower field
increased The mixture reached equilibrium after 12 h at room tempera-
ture. This phenomenon obviously shows that the carbamoyl-substituted
1,2-dioxanes exist as an equilibrium mixture of two epimers at the C-3
position (Scheme 12). Normally, the hydroxyl group of the 1,2-dioxan-3-
ol ring system is in an axial-like orientation due to the anomeric effect
(Fig. 4) [75, 77]. However, in the carbamoyl-substituted dioxane deriva-
tives, hydrogen bonds can be formed between the hydroxyl group at the
C-3 position and the equatorial carbamoyl group at the adjacent position,
and therefore, the equilibrium as shown in Scheme 12 lies very far to the
right. In particular, using the N,N-disubstituted acetoacetamides or ortho-
substituted N-arylacetoacetamides resulted in the predominant production
of the carbamonyl-substituted 1,2-dioxanes having an equatorial hydroxyl
group.

Scheme 11 Reaction using acetoacetamides
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Scheme 12 Equilibrium of carbamoyl-substituted 1,2-dioxane stereoisomers

4.4
Reaction Using Sulfinyl-, Sulfonyl-, and Phosphinoyl-2-propanones

It was found that the 1,3-dicarbonyl compounds were effective for use in
the synthesis of 1,2-dioxan-3-ols. In order to pioneer its synthetic utility,
the endoperoxidation of alkenes using sulfinyl-, sulfonyl-, and phosphinoyl-
substituted 2-propanones, which are the congener of the 1,3-dicarbonyl

Scheme 13 Synthesis of 1,2-dioxan-3-ols using sulfinyl-, sulfonyl-, and phosphinoyl-2-
propanones
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compounds, were investigated. The reaction at room temperature (23 ◦C)
practically did not take place, but needed a higher reaction temperature
(32–48 ◦C) for the reaction to progress. The reaction of phenylsulfinyl-
2-propanone with alkenes was carried out at 32 ◦C in the presence of
manganese(III) acetate to give the corresponding 4-(phenylsulfinyl)-1,2-
dioxan-3-ols together with a small amount of benzophenones and gly-
col monoacetates (Scheme 13) [84]. A similar reaction at 48 ◦C using
phenylsulfonyl-2-propanone, (4-methylphenyl)sulfonyl-2-propanone, and
dimethoxyphosphinoyl-2-propanone also afforded the corresponding diox-
anes, along with a small amount of by-products.

The sulfinyl- and sulfonyl-substituted dioxanes were obtained as a mixture
of two stereoisomers. The C-3 hydroxyl group of the major stereoisomer was
axially oriented, and the sulfinyl, sulfonyl, and phosphinoyl groups at the C-4
position were placed equatorially, based on the 1H and 13C NMR spectra [84].

4.5
Reaction Using Acylacetonitrile Building Blocks

Since it is known that α-protons of the acylacetonitriles are more acidic than
those of the methyl ketones, it was logical to use the acylacetonitrile building
blocks during the first stage of the aldol-like condensation for the synthe-
sis of heterocyclic compounds such as the 4H-pyran, 2-pyridone, and furan
derivatives [85–95]. Therefore, it was expected that acylacetonitriles would be
oxidized by manganese(III) acetate in a similar manner to the oxidation of
α-cyanoacetic acid [65, 96–99] and 1,3-dicarbonyl compounds [100] to give
acylcyanomethyl radicals, ·CH(COR)CN, which would attack the alkenic dou-
ble bonds to produce heterocyclic compounds in one step [73, 75, 77, 80, 101–

Scheme 14 Synthesis of cyanodioxanes using acylacetonitrile building blocks
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104]. Benzoylacetonitrile was oxidized with manganese(III) acetate in the
presence of 1,1-diphenylethene at room temperature in air and gave 4-cyano-
3,6,6-triphenyl-1,2-dioxan-3-ol in 86% yield (Scheme 14) [105]. This was
a very simple and convenient reaction for forming substituted 1,2-dioxanes
without any by-products and with only simple temperature monitoring in
air as a stipulation. Accordingly, the reaction was applied to many alkenes
and acylacetonitriles, and the corresponding cyanodioxanes were obtained in
satisfactory yields, except for two cases using styrene and 2-(5-methylfuryl)-
substituted acylacetonitrile (R3 = 2-(5-methylfuryl)) (Scheme 14) [106].

Scheme 15 Synthesis of bis(dioxanyl)arenes using acylacetonitrile building blocks

Scheme 16 Two exceptions using acylacetonitriles
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Using aromatic compounds containing two acylacetonitrile functionalities
led to the production of bis(dioxanyl)arenes at room temperature in moder-
ate yields as shown in Scheme 15.

For the reaction of styrene with benzoylacetonitrile, 2-cyano-1,4-diphenyl-
butane-1,4-dione was isolated in 31% yield, while the reaction of 1,1-di-
phenylethene with 2-(2-cyano-1-oxoethyl)-5-methylfuran gave 2-cyano-4,4-
diphenylbutanolide in 83% yield and no 1,2-dioxanes were detected. Both
exceptions are explained by the fact that the corresponding dioxane,
once formed during the reaction, would be decomposed in acidic media
(Scheme 16) [78, 80, 106].

4.6
Reaction Using Cyclic Amides: 2,3-Pyrrolidinediones,
2,4-Pyrrolidinediones, 4-Piperidine-3-carboxylates, and 2,4-Piperidinediones

Nitrogen heterocycles widely occur in nature and as structural subunits in
many families of alkaloids, and possess wide-ranging biological and pharma-
ceutical activities. The 2,3-pyrrolidinediones, 2,4-pyrrolidinediones (tetramic
acids), 4-piperidine-3-carboxylates, and 2,4-piperidinediones are a particu-
larly important subgroup, and are well known for their potent antibiotic,
antiviral, antifungal and cytotoxic activities [107–116]. The pyrrolidinedione
derivatives were also synthesized as endothelin receptor antagonists [117,
118]. The 1,2-dioxane scaffold containing nitrogen heterocycles is partic-
ularly important in nature as a metabolite and biologically active sub-
stance [1, 2, 119–121]. Some plants produce 1,2-dioxane derivatives in order
to protect themselves and their territory (Fig. 2) [4–11, 13, 18–21, 122, 123].
Artemisinin (quighaosu) is a unique antimalarial drug consisting of the 1,2,4-
trioxane skeleton (Fig. 1) [4–16], and it was reported that the synthesized
N-substituted azaartemisinins were more active than the naturally occur-
ring artemisinin [5]. Since the 2,3-pyrrolidinediones, 2,4-pyrrolidinediones,
4-piperidine-3-carboxylates, and 2,4-piperidinediones exist as the enol form,
they could be effective candidates for forming carbon radicals during the
manganese(III) acetate oxidation [99, 124]. Therefore, the Mn(III)-catalyzed
aerobic oxidation of these heterocycles would be expected to produce aza-
dioxabicyclic compounds. The synthesis of the heterocycle-fused endoperox-
ide framework has attracted considerable attention from the viewpoint of the
development of new antibiotics, in spite of its instability.

Alkenes and 2,3-pyrrolidinediones were treated with manganese(III) ac-
etate to give the desired 1-hydroxy-8-aza-2,3-dioxabicyclo[4.3.0]nonan-9-
ones, which were obtained in good yields (Scheme 17) [125, 126].

A similar reaction of various alkenes with 2,4-pyrrolidinediones was
carried out in acetic acid at room temperature under a dry air stream
in the presence of manganese(III) acetate to give the 1-hydroxy-8-aza-
2,3-dioxabicyclo[4.3.0]nonan-7-ones in good to quantitative yields [127,
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Scheme 17 Synthesis of 1-hydroxy-8-aza-2,3-dioxabicyclo[4.3.0]nonan-9-ones

128]. The reaction normally finished within 12 h depending on the 2,4-
pyrrolidinediones used (Scheme 18).

In order to prepare structurally interesting azabicyclic peroxides, the
synthesis of dumbbell-type compounds, which connected two azabicyclic
peroxides in the methylene or oxamethylene chain, was attempted since
such bioactive peroxides have been isolated from some marine sponges
(Fig. 2) [1, 2, 24, 25]. Dialkyl N,N′-oligomethylenebis(2,3-pyrrolidinedione-4-
carboxylate)s were allowed to react with 1,1-diarylethenes in the presence
of manganese(III) acetate in a dry air stream. Although a long reaction

Scheme 18 Synthesis of 1-hydroxy-8-aza-2,3-dioxabicyclo[4.3.0]nonan-7-ones
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time was needed to complete the aerobic oxidation (24–54 h), since the
substrates were not soluble in acetic acid, the corresponding dialkyl N,N′-
oligomethylenebis(1-hydroxy-4,4-diaryl-8-aza-2,3-dioxabicyclo[4.3.0]nonan-
9-one-6-carboxylate)s were produced in good yields. It was observed that
the longer the methylene chain length of the N,N′-oligomethylenebis(2,3-
pyrrolidinedione)s, the higher the yield of the corresponding bis(8-aza-2,3-
dioxabicyclo[4.3.0]nonan-9-one)s (Scheme 19) [129]. A similar reaction of
the dialkyl N,N′-oligooxamethylenebis(2,3-pyrrolidinedione-4-carboxylate)s
also gave the corresponding azabicyclic peroxides connected by an oligoox-
amethylene chain in acceptable yields (Scheme 20).

As good results were obtained using the five-membered nitrogen-hetero-
cycles, the reaction was applied to the six-membered nitrogen-heterocycles,
the 4-piperidine-3-carboxylates, and 2,4-piperidinediones. Since free 4-pipe-
ridine-3-carboxylates and 2,4-piperidinediones were too sensitive for the
manganese(III) oxidant to survive under the reaction conditions [130–132],
the N-protected 4-piperidine-3-carboxylates and 2,4-piperidinediones were
used. When the 4-piperidone-3-carboxylates were allowed to react with the
1,1-disubstituted alkenes in the presence of a catalytic amount of man-
ganese(III) acetate in air at room temperature, the 1-hydroxy-8-aza-2,3-
dioxabicyclo[4.4.0]decane-6-carboxylates were produced in good to moder-
ate yields (Scheme 21) [133].

A similar reaction of alkenes with 2,4-piperidinediones was carried
out using a catalytic amount of manganese(III) acetate until the 2,4-

Scheme 19 Manganese(III)-catalyzed reaction of N,N ′-oligomethylenebis(2,3-pyrrolidi-
nedione-4-carboxylate)s with alkenes
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Scheme 20 Manganese(III)-catalyzed reaction of bis(2,3-pyrrolidinedione-4-carboxylate)s
with 1,1-diphenylethene

Scheme 21 Manganese(III)-catalyzed aerobic oxidation of 4-piperidone-3-carboxylates in
the presence of alkenes
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Scheme 22 Manganese(III)-catalyzed aerobic oxidation of a mixture of alkenes and 2,4-
piperidinediones

piperidinediones were completely consumed. After chromatographic sep-
aration, the corresponding 3-dioxabicyclo[4.4.0]decan-7-ones were iso-
lated in excellent to good yields, except for the reaction using 1-nonene
(Scheme 22) [134, 135].

5
Hydroperoxidation Using Manganese(III) Acetate

Since the nitrogen-heterocycle-fused dioxabicyclic compounds were obtained
by the reaction of 2,3-pyrrolidinediones, 2,4-pyrrolidinediones, 4-piperidine-
3-carboxylates, and 2,4-piperidinediones, the manganese(III)-catalyzed en-
doperoxidation was applied to other pharmaceutically important cyclic
amide derivatives, such as the barbituric acids, pyrazolidine-3,5-diones, and
4-hydroxy-1H-quinolin-2-ones. However, the corresponding azadioxabicyclic
compounds were not formed, but the hyroperoxidation unexpectedly oc-
curred.

5.1
Reaction Using Barbituric Acids

The barbituric acid derivatives, which have been known as hypnotic seda-
tives [136], were chosen as the first of the heterocyclic 1,3-dicarbonyl com-
pounds for study because they consist of a cyclic diamide structure. The
reaction of barbituric acid with 1,1-diphenylethene was conducted in acetic
acid at room temperature in air using a catalytic amount of manganese(III)
acetate. Surprisingly, solid products were easily obtained as a diastere-
omixture, meso and racemic. Although the diastereomers could not be
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Fig. 6 ORTEP drawing of 5,5-bis(2-hydroperoxyethyl)barbituric acid (R1 = R2 = Ph,
R3 = H)

Scheme 23 Manganese(III)-catalyzed double 2-hydroperoxyalkylations of barbituric acids

separated into individual isomers, the structure was determined by spec-
troscopy, elemental analysis, and finally X-ray crystallography. As a result,
it was found that the solid products were not 1,2-dioxanes, but 5,5-bis(2-
hydroperoxyethyl)barbituric acids (Fig. 6) [137].

Similar reactions of other barbituric acid derivatives with alkenes gave
the corresponding 5,5-bis(2-hydroperoxyethyl)barbituric acids in quantita-
tive yields (Scheme 23). Using thiobarbituric acid also afforded a similar
bis(hydroperoxide) in good yield.

5.2
Reaction Using Pyrazolidine-3,5-diones

Derivatives of the pyrazolidine-3,5-diones possess a wide variety of biolog-
ical and pharmaceutical activities along with other uses (e.g., color agents,
photographic light-sensitive and thermal printing materials [138, 139]). Es-
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pecially, interest in the synthesis and pharmacological evaluation of numer-
ous pyrazolidine-3,5-diones as AT1 angiotensin II receptor antagonists and
study of the inhibition of the enzyme activity for prostaglandin H synthase
has increased [140, 141]. In order to synthesize functionalized pyrazolidine-
3,5-dione derivatives with potent biological activities, the pyrazolidine-3,5-
diones were selected as the second choice of heterocyclic diamides in the
manganese(III)-catalyzed aerobic oxidation. Therefore, the reactions were in-
vestigated with particular attention being paid to the use of a combination
of a catalytic amount of manganese(III) acetate and air. In this case, the ox-
idation also led to free double hydroperoxides in excellent yields, instead of
cyclic peroxides as in the reaction of the barbituric acids (Scheme 24) [142,
143].

The structural assignment of the bis(hydroperoxyethyl)pyrazolidine-3,5-
diones was based on their 1H NMR, 13C NMR, and IR spectra, as well
as their elemental analyses. The exact structure of one of these was also
confirmed by X-ray crystallography. The most characteristic feature of
the bis(hydroperoxyethyl)pyrazolidine-3,5-diones was that two hydroperoxy
groups are individually hydrogen-bonded to the two amide carbonyl oxygens
since the interatomic distance between the carbonyl oxygen and the peroxy
oxygen was found to be 2.688 Å [143]. The hydrogen bonding is stronger in
the solid state than that in solution. A similar stabilization of the hydroperoxy
group was also observed in 5,5-bis(hydroperoxy-2,2-diphenylethyl)barbituric
acid in which the corresponding interatomic distances were 2.73 Å and
2.81 Å, respectively [137]. The hydroperoxy O – O bond length (1.465 Å) in
the bis(hydroperoxyethyl)pyrazolidine-3,5-dione was analogous to those of
the bis(hydroperoxyethyl)barbituric acid (1.450 Å and 1.464 Å). In addition,
unlike many alkylhydroperoxides, the bis(hydroperoxyethyl)pyrazolidine-
3,5-diones as well as the bis(hydroperoxyethyl)barbituric acids were found
to be thermally stable at ambient temperature [144] and to prolonged ex-

Scheme 24 Manganese(III)-catalyzed double 2-hydroperoxyalkylations of 1,2-disubstitu-
ted pyrazolidine-3,5-diones
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posure to sunlight or visible light [145], which could also be attributed to
stabilization by strong hydrogen bonding.

5.3
Reaction Using 4-Hydroxy-1H-quinolin-2-ones

A variety of quinoline alkaloids exists in plants, and it is known that the
quinoline alkaloids exhibit a wide range of biological activities [146]. Natu-
rally occurring quinine and artificial chloroquine are the most well-known
antimalarial agents using the quinoline skeleton (Fig. 1) [147–149]. Since the
development of the reaction scheme of the quinoline-fused cyclic peroxides
might also be significant in order to find a new class of artificial antimalarial
reagents, the 4-hydroxy-1H-quinolin-2-ones were selected as the third choice
of heterocyclic 1,3-dicarbonyl compounds in the manganese(III)-catalyzed
aerobic oxidation.

Use of a 0.1 equivalent of manganese(III) acetate toward the substrate
4-hydroxy-1H-quinolin-2-one did not afford the expected cyclic peroxide, but
the bis(hydroperoxide) analogous to the manganese(III)-catalyzed autoxida-
tion of the barbituric acids and pyrazolidine-3,5-diones. Prolongation of the
reaction period and the use of 0.5 equivalents of the catalyst resulted in in-
creased yields (Scheme 25) [150].

X-ray crystallography indicated that the two hydroperoxy groups seemed
to be stabilized by intramolecular hydrogen bonding with the quinoline-
dione carbonyls since the interatomic distance between the carbonyl oxy-
gen and peroxy oxygen was 2.712 Å and 2.756 Å, respectively. A simi-
lar stabilization of the hydroperoxy group was observed in the 5,5-bis(2-
hydroperoxyethyl)barbituric acid (2.73 Å and 2.81 Å) and 4,4-bis(2-hydro-
peroxyethyl)pyrazolidine-3,5-dione systems (2.688 Å) [137, 142, 143].

Scheme 25 Manganese(III)-catalyzed aerobic oxidation of 4-hydroxy-1H-quinolin-2-ones
in the presence of 1,1-diarylethenes
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Scheme 26 Manganese(III)-catalyzed aerobic oxidation of 3-substituted 4-hydroxy-1H-
quinolin-2-ones in the presence of 1,1-diarylethenes

In order to find other products, the rest of the residue was scrutinized,
and the quite unique [4.4.3]propellane-type cyclic peroxides were isolated
(Scheme 25). The peroxy O – O bond length (1.464 Å) was analogous to that
of the reported crystalline 1,2-dioxanes (normally 1.44–1.47 Å) [77, 128, 133].
Although the use of the N-nonprotected quinolinones (R = H) resulted in
a complex mixture, only the [4.4.3]propellane-type cyclic peroxides were iso-
lated (Scheme 25).

Since it was found that the α-carbon of the amide carbonyl in the
4-hydroxy-1H-quinolin-2-ones was very easily oxidized by manganese(III)
to form double hydroperoxyalkylated quinolinediones, even when an excess
amount of the quinolinones were employed under very mild aerobic oxi-
dation conditions, the 3-substituted quinolinones were prepared. Aerobic
oxidation with alkenes was investigated in an effort to prevent the double hy-
droperoxyalkylation from taking place and to produce the cyclic peroxide.
This process was successful and the corresponding quinoline-fused endoper-
oxides were obtained in good yields (Scheme 26). However, the quinolinones
substituted by a bulky group rather than by the methyl group preferentially
gave the corresponding acyclic monohydroperoxides [150].

5.4
Manganese(III)-Catalyzed Direct Hydroperoxidation
of Heterocyclic 1,3-Dicarbonyl Compounds

4-Butyl-1,2-diphenylpyrazolidine-3,5-dione (phenylbutazone), a nonsteroidal
antiinflammatory drug, is an efficient reducing cofactor for the peroxidase
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activity of prostaglandin H synthase [141]. Phenylbutazone inhibits the pro-
duction of lipid mediators causing inflammation, but paradoxically per-
forms this via the intermediacy of the peroxy radical and hydroperoxide,
which may themselves be proinflammatory. In the isolated heart prepar-
ations of guinea pigs and in rabbit hearts in vivo 4-butyl-4-hydroperoxy-1,2-
diphenylpyrazolidine-3,5-dione shows a significantly stronger cardiodepres-
sive and coronary-constricting effect than phenylbutazone itself, 4-butyl-4-
hydroxy-1,2-diphenylpyrazolidine-3,5-dione, or the ring-opened decompos-
ition product of the hydroperoxide [151]. These phenomena could shed light
on the significance of the hydroperoxylated phenylbutazone regarding the
antiinflammatory or other biological activities of the phenylbutazone (e.g.,
in rheumatoid arthritis [139, 152]) and could explain the side effects associ-
ated with phenylbutazone, such as gastric irritation and toxicity. A number
of reagents have been utilized for the introduction of an oxygen functional-
ity at the 2-position of the 1,3-dicarbonyl compounds [153–161]. However, in
all of these cases, only the hydroxyl functionality could be introduced at the
2-position of the 1,3-dicarbonyl compounds. The direct peroxidation of the
4-monoalkylpyrazolidine-3,5-diones including phenylbutazone was then ex-
amined using the manganese(III)-catalyzed aerobic oxidation in the absence
of alkenes. Stirring a 1 mmol solution of different 4-monoalkylpyrazolidine-
3,5-diones in acetic acid in the presence of a catalytic amount of man-
ganese(III) acetate under an aerobic atmosphere gave the direct hydroper-

Scheme 27 Manganese(III)-catalyzed direct hydroperoxidation of heterocyclic 1,3-di-
carbonyl compounds
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oxylated pyrazolidine-3,5-diones in quantitative yields (Scheme 27) [162].
The structural assignment of the 4-hydroperoxypyrazolidine-3,5-diones was
based on the 1H NMR, 13C NMR, and IR spectra, elemental analyses, and
finally X-ray crystallography.

To examine the applicability of the manganese(III) acetate-catalyzed
α-hydroperoxidation of other biologically important heterocyclic 1,3-di-
carbonyl compounds, the reaction of the 5-monosubstituted barbituric
acids and 3-butyl-4-hydroxy-2-quinolinone was carried out under simi-
lar aerobic conditions. Very similar autoxidation results were obtained,
giving the corresponding hydroperoxides in excellent or moderate yields
(Scheme 27).

6
Spectroscopic Feature and Stereochemistry of 1,2-Dioxan-3-ols

The cyclic peroxides and hydroperoxides obtained by the manganese(III)-
based aerobic oxidation was characterized by 1H NMR, 13C NMR, and IR
spectroscopies, FAB MS spectrometry, and combustion analysis. The absolute
structure of the crystalline peroxides was determined by X-ray crystallogra-
phy. The spectroscopic feature of the cyclic peroxides is that two quaternary
carbons attached to the oxygen atom appear at 110–80 ppm in the 13C NMR
spectrum. On the other hand, in the case of the hydroperoxides, only one
quaternary carbon attached to the oxygen atom appears at 88–85 ppm. The
chemical shifts of the characteristic peaks in the 13C NMR spectrum are sum-
marized in Figs. 7 and 8.

The absolute structure of some cyclic peroxides and hydroperoxides were
established by the X-ray crystallographic measurement. The O – O bond
lengths of the cyclic peroxides and hydroperoxides were 1.43–1.47 Å, which
were similar to those of the reported crystalline 1,2-dioxanes [3, 163–165].
Some O – O bond lengths are shown in Figs. 7 and 8.

The stereochemistry of the hydroxyl group in the synthesized cyclic perox-
ides is also characteristic. In the solid state, the hydroxyl group was arranged
in an axial-like orientation due to the anomeric effect [166] based on the
X-ray crystallographic analysis (Fig. 4) [77, 128, 133, 143].

Since the 1,2-dioxan-3-ol is a hemiketal structure, it is considered that it
exists as an equilibrium mixture of an OH-axial and an OH-equatorial diox-
ane in solution (Scheme 28). In fact, the phenomenon was observed in the
case of the 4-carbamoyl-1,2-dioxan-3-ols (Schemes 11 and 12) [83]. It seems
that the equilibrium depends on the balance of the anomeric effect and the
strength of the hydrogen bonding between the hydroxyl group and the car-
bonyl function.

Methylation of the 1,2-dioxan-3-ol in the presence of p-toluenesulfonic
acid gave two stereoisomers in 95% yield, and the isomer ratio was 42 : 58
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Fig. 7 Characteristic 13C NMR chemical shifts and O – O bond length of some cyclic
peroxide derivatives

(Scheme 29) [167]. The stereoisomers could be isolated by fractional recrys-
tallization from ethanol. The major methyl ether was MeO-equatorial dioxane
and the minor MeO-axial based on the X-ray crystallography.

In CDCl3 solution of the minor dioxane, NMR analysis showed that it ex-
isted as an equilibrium mixture of twisted boat conformers. Adding shift
reagent, Eu(FOD)3, resulted in the MeO-axial chair conformer (Scheme 30).
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Fig. 8 Characteristic 13C NMR chemical shifts and O – O bond length of some hydroper-
oxides

Scheme 28 An equilibrium mixture of 1,2-dioxan-3-ol in solution

Scheme 29 Methylation of 1,2-dioxan-3-ol
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Scheme 30 Conformer equilibrium of the minor MeO-axial dioxane in CDCl3

7
Mechanism for the Formation of 1,2-Dioxan-3-ols

1,2-Dioxan-3-ol derivatives are formed at ambient temperature during
the aerobic oxidation catalyzed by the Mn(II)–Mn(III) redox system. The
manganese(III)-enolate complex A would be formed by the reaction of
1,3-dicarbonyl compounds with manganese(III) acetate during the first stage
(Scheme 31). In fact, the corresponding enolate complex could be isolated by
the reaction of manganese(III) acetate with 4,4,4-trifluoro-1-phenylbutane-
1,3-dione in acetic acid at 23 ◦C for 1 h [106]. The enolate complex formation
is the rate-determining step [44, 124] and the key to the catalytic reaction.
When alkenes are present in the reaction system, complexes between the
alkenes (electron donor) and the manganese(III)-enolate complex (electron
acceptor) are immediately formed in situ and a one-electron-transfer oxi-
dation easily occurs to produce the corresponding carbon radicals B and
release manganese(II) acetate [124]. The carbon radicals B take up dissolved
molecular oxygen in the solvent to form the peroxy radicals C. The per-
oxy radicals C could be reduced by the manganese(II)-enolate complex D,
which would be formed by the ligand-exchange reaction of the released man-
ganese(II) acetate with 1,3-dicarbonyl compounds, followed by cyclization to
finally produce the thermodynamically stable OH-axial 1,2-dioxanes [168].
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The manganese(III) species A should be reproduced in the reaction sys-
tem, and the catalytic cycle must be continued until the added alkenes and
1,3-dicarbonyl compounds are completely consumed [46, 77, 79, 80, 83, 106,
125–128, 134, 135, 142, 143]. The mechanism for the formation of peroxides is
summarized in Scheme 31.

The formation of manganese(II)-enolate complex D is essential for the
catalytic reaction since the complex D is lightly oxidized by the peroxy
radicals C, dissolved oxygen, or other added metal oxidants (such as man-
ganese(III) acetate, cobalt(III) acetate, potassium permanganate, lead(IV) ac-
etate, chromium(IV) trioxide, thallium(III) acetate, ammonium cerium(IV)
nitrate, copper(II) acetate, and iron(III) perchlorate) though the oxidation
of manganese(II) acetate itself is very slow in air at ambient tempera-
ture [80]. Therefore, it is possible to use manganese(II) acetate instead of

Scheme 31 Mechanism of the manganese(III)-catalyzed aerobic oxidation
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manganese(III) species for the aerobic oxidation [79–82, 137]. The hydroper-
oxidation of cyclic amides could also be explained by a similar mechanism for
the manganese(III)-catalyzed aerobic oxidation. The cyclization between the
hydroperoxy group and amido carbonyl group might not occur because the
electrophilicity of the amido carbonyl carbon is poor.

In contrast, when the reaction is carried out at elevated temperatures using
a stoichiometric amount of manganese(III) acetate, the reaction is dramati-
cally changed. The formed carbon radicals B would be quickly oxidized by
manganese(III) species in the reaction at elevated temperature due to the
absence of dissolved molecular oxygen and the presence of sufficient man-
ganese(III) acetate or cooxidant such as copper(II) acetate [44]. As a result,
carbocations E would be produced and would cyclize at the carbonyl oxygen
to give furan or lactone derivatives [135, 169–173].

8
Chemical Transformation of the Synthesized 1,2-Dioxane Derivatives

1,2-Dioxan-3-ols can be converted into various functionalized hetero-
cyclic compounds (Scheme 32). For example, the acid-catalyzed decom-
position of the 6,6-disubstituted 1,2-dioxan-3-ols quantitatively gave the
2,3,5-trisubstituted furans [78–82]. The reaction could be accounted for
as the consequence of an oxygen–oxygen bond cleavage by acid and the
migration of a phenyl group at the C-6 position, followed by cyclization
and elimination of a phenol. The migratory aptitude was in the order
4-MeOC6H4 > 4-MeC6H4 > Ph = 4-FC6H4 > 4-ClC6H4 = 4-BrC6H4, which was
found from the competitive phenyl migration in the reaction of 1,2-dioxan-3-
ols bearing two different substituents at the C-6 position.

Treatment of the 4-acetyl-1,2-dioxan-3-ols with alkali resulted in the
deacetylated 1,2-dioxan-3-ols via the retro-Claisen condensation by hydrox-
ide ion followed by recyclization [79].

The palladium-catalyzed hydrogenolysis of azabicyclic peroxides led to
the formal extrusion of one of the peroxide oxygens and produced the cor-
responding tetrahydrofuranols in quantitative chemical yields [83, 129, 174].
The reduction of the 1,2-dioxan-3-ols using triphenylphosphine also afforded
tetrahydrofuranols, which were further dehydrated to yield the correspond-
ing dihydrofurans [77].

The hydroxyl group of the 1,2-dioxan-3-ols could be substituted by
a methoxyl, acetoxyl, and chloro group [73, 167]. The Grignard reaction of
the 3-methoxy-1,2-dioxane-4-carboxylates afforded the corresponding alco-
hols [80]. Further, the 4-bromoacetyl-3-methoxy-1,2-dioxanes could also be
converted by the reaction of acetamide, hydrazines, thioureas, thioamides,
4-amino-5-mercapto-1,2,4-triazole, and 2-aminothiophenol into heterocycle-
substituted 1,2-dioxane derivatives [167].
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Scheme 32 Chemical transformation of the synthesized 1,2-dioxane derivatives

9
Summary

The synthesis of functionalized 1,2-dioxane derivatives was developed using
the tris(2,4-pentanedionato)manganese(III)-alkene system and the man-
ganese(III) acetate-1,3-dicarbonyl compound-alkene system. The endoper-
oxidation catalytically proceeded in air under very mild reaction conditions
and the excellent yield of the endoperoxides was achieved. In addition,
heterocycle-fused or -substituted dioxanes could be synthesized according to
the manganese(III)-catalyzed endoperoxidation. The hydroperoxidation also
occurred in the reaction of the cyclic 1,3-diamides with alkenes. Furthermore,
the direct hydroperoxidation of the cyclic 1,3-diamides was effective in the
absence of alkenes.
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However, all types of alkenes are not always used in the peroxidation. The
most efficient alkene is the 1,1-disubstituted alkene due to the stability of
the intermediate tertiary radicals B in Scheme 31. Aliphatic terminal alkenes
such as n-hexene are a poor substrate. In addition, ambient air is the best
atmosphere for the catalytic autoxidation since overoxidation occurs under
an oxygen atmosphere.

Antimalarial testing was performed for the five synthesized 1-hydroxy-
8-aza-2,3-dioxabicyclo[4.4.0]decane-6-carboxylates (R1 = Et, NEt2, cyclo-
hexyl, or Ph; R2 = Et; R3 = R4 = 4-ClC6H4 in Scheme 21). Unfortunately,
the azadioxabicyclo[4.4.0]decane-6-carboxylates did not show any activity
against Plasmodium falciparum, but a cytotoxicity toward FM3A [175]. How-
ever, it was found that both 4,4-bis(2-hydroperoxy-2,2-diphenylethyl)-1,2-
diphenylpyrazolidine-3,5-dione (Scheme 24) and 4-benzyl-4-hydroperoxy-
1,2-diphenylpyrazolidine-3,5-dione (Scheme 27) showed a weak antimalarial
activity [162].
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Abstract Many new members of the 1-hydroxyindole, -tryptamine, and -tryptophan
families are prepared. They demonstrate totally different reactivities from those of
the corresponding indoles upon electrophilic substitution reactions. They also undergo
nucleophilic substitution reactions that are unprecedented in indole chemistry. Doors
to various kinds of new reactions and novel products open depending on the substrate
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structures and reaction conditions. 1-Hydroxyindoles, -tryptamines, and -tryptophans
show a variety of biological activities, which makes this chemistry worth exploring for
the development of new drugs.

Keywords Indole · Electrophilic substitution · Nucleophilic substitution ·
DFT calculations · Biologically active compound

1
Introduction

It is said “Necessity is the mother of invention”. We believe that “Imagi-
nation is also the mother of invention”. About 30 years ago when we con-
ceived the “1-hydroxyindole hypothesis” [1–7], it was an imaginary story
because it involved two impossible problems set against common sense in
indole chemistry at that time [8]. The first problem was the lack of both
synthetic and natural products having 1-hydroxyindole skeletons. In add-
ition, no one knew how to synthesize the unknown 1-hydroxytryptamines
and -tryptophans. The second was the prediction that they would undergo
unprecedented nucleophilic substitution reactions.

Presently, the chemistry of 1-hydroxyindoles, -tryptamines, and -trypto-
phans seems to have become a gold mine in which we can find new facts and
reactions everywhere. In this review, we would like to report briefly on the
progress we have made since our previous reviews (up to the end of August,
2005) avoiding any overlap with their contents [5–7].

2
Synthesis of 1-Hydroxyindoles, -Tryptamines, and -Tryptophans

In 1989, we created a simple and general synthetic method (Somei’s Method)
for 1-hydroxyindoles [5–7, 9] consisting of the following two steps: (1) reduc-
tion of indoles to 2,3-dihydroindoles; (2) their oxidation with 30% H2O2 (or
urea-hydrogen peroxide addition compound) in the presence of a catalytic
amount of sodium tungstate dihydrate (Na2WO4 ·2H2O) or sodium phos-
photungstate (2Na2O ·P2O5 ·12WO3 ·18H2O). Throughout the following text,
we abbreviate the oxidation step as “the tungstate method”. Employing this
method, many new members of the 1-hydroxyindole family have been discov-
ered since our previous reviews [5–7].

2.1
1-Hydroxy- and 1-Methoxy-2,3-dimethylindoles

1-Hydroxyindoles having an electron-donating group on the indole ring are
generally unstable [5]. 1-Hydroxy-2,3-dimethylindole (1a) is not easily pre-
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pared and is even more difficult to store (Scheme 1) [10]. Although the
application of the tungstate method to 2,3-dihydro-2,3-dimethylindole (3),
obtained from 2,3-dimethylindole (2), generates 1a in the reaction mixture,
its isolation is cumbersome. During the work-up, 1a is oxidized rapidly to
3-hydroxy-2,3-dimethyl-3H-indole N-oxide (4) under air. The structure (4) is
determined by X-ray single-crystal analysis.

Once the unstable 1a is converted to 1-acetoxy-2,3-dimethylindole (1b) in
situ, its isolation and purification is easy because of its stability. 1-Methoxy-
2,3-dimethylindole (1c) is also a stable compound. Mild hydrolysis of 1b gives
rise to pure 1a. As a result, the half-life of 1a in CHCl3 at room temperature
under air is shown to be about 4 h. In the pure state in the refrigerator, the
half-life of 1a is determined to be 24 h [10].

Scheme 1 Synthesis of 1-hydroxy- and 1-methoxy-2,3-dimethylindoles

2.2
1-Hydroxy-5- and -6-Nitroindole-3-carbaldehydes, and Analogs

Compounds (5a and 6a, Scheme 2) are useful synthetic intermediates as
shown later in Sect. 3.3.2. In order to obtain 5a, three routes are explored
starting from indoline (7) [11]. Since 1-hydroxy-6-nitroindole (8a) is readily
available in two steps from 7 according to our method [12], the Vilsmeier–
Haack reaction of 8a is first attempted in vain and gives disappointing results
with the formation of many products.

Scheme 2 Synthesis of 1-hydroxy-5- and -6-nitroindole-3-carbaldehydes, and analogs
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As a second route, we have tried the ether cleavage of the 1-methoxy group
in 1-methoxy-6-nitroindole-3-carbaldehyde (10b), which is obtained from 8a
through 1-methoxy-6-nitroindole (9) [13]. Although the treatment of 10b
with trimethylsilyl iodide is unsuccessful, BBr3 is found to generate 5a. The
yield is, however, not improved to more than 40% under various examined
reaction conditions. With this point in mind, we have decided to change the
alkyl group on the 1-hydroxy oxygen from a methyl to a benzyl group. Ben-
zylation of 8a with benzyl bromide/K2CO3 affords 1-benzyloxy-6-nitroindole
(8b, 95%). Subsequent Vilsmeier–Haack reaction of 8b affords 1-benzyloxy-
6-nitroindole-3-carbaldehyde (11, 96%). Benzyl ether cleavage of 11 with
BBr3 proceeds successfully as expected, culminating in the formation of 5a
(97%).

As a third route, we conceived the idea to attack the methyl carbon of
the 1-methoxy group in 10b with a base relying on the acidic nature of
1-hydroxyindole compounds [14]. The idea has actually been realized by
employing 1,4-diazabicyclo[2.2.2]octane (DABCO) as explained in detail in
Sect. 3.3.2.

This new reaction is successfully applied for the preparation of 1-hydroxy-
5-nitroindole-3-carbaldehyde (6a, 96%) from 6b that is obtained in 97% yield
by the Vilsmeier–Haack reaction of readily available 1-methoxy-5-nitroindole
(12) [5–7, 9].

2.3
5- and 6-Acetylamino-1-methoxytryptamines

Nb-Acetyl-5-acetylamino-1-methoxytryptamine (13) is prepared with an
overall yield of 32% in eight steps from tryptamine (14, Scheme 3) [15].
Nb,1-Diacetyl-2,3-dihydrotryptamine (15) is obtained from 14 through Nb-
acetylation (97%), reduction with Et3SiH/CF3COOH (98%) [16], and sub-
sequent acetylation of N(1) – H (78%). 5-Nitro compound (16, 81%), ob-

Scheme 3 Synthesis of Nb-acetyl-5-acetylamino-1-methoxytryptamine
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tained by nitration of 15, is then converted to Nb-acetyl-2,3-dihydro-5-
nitrotryptamine (17, 93%).

Oxidation of 17 with m-chloroperbenzoic acid (MCPBA) gives rise
to Nb-acetyl-1-hydroxy-5-nitrotryptamine (18, 70%). In this oxidation
step, MCPBA is superior to the tungstate method. Methylation of the 1-
hydroxy group with Me2SO4 and subsequent reduction of the resultant 19
(93%) with Sn/Ac2O/AcOH affords 13 (89%). Interestingly, reduction of
19 with Zn/Ac2O/AcOH generates 13 (34%) and 4-acetoxy-Nb-acetyl-5-
acetylamino-1-methoxytryptamine (20, 16%), a Bamberger rearrangement
product.

For the preparation of Nb-acetyl-6-acetylamino-1-methoxytryptamine
(21) two routes have been developed [15]. The first is seven steps from in-
doline (5) with an overall yield of 38%. The second is eight steps with a 34%
overall yield starting from tryptamine (14).

In the first route (Scheme 4), indoline (5) is nitrated to 6-nitro-2,3-
dihydroindole (22, 92%). Application of the tungstate method to 22 and
subsequent methylation provide 1-methoxy-6-nitroindole (9, 77%) via 8a.
A Vilsmeier–Haack reaction (94%), followed by nitroaldol reaction (85%),
leads 9 to 1-methoxy-6-nitro-3-(2-nitrovinyl)indole (23) through 1-methoxy-
6-nitroindole-3-carbaldehyde (10b). After selective reduction of the nitro-
vinyl part of 23 with NaBH4, the resultant 1-methoxy-6-nitro-3-(2-nitro-
ethyl)indole (24, 84%) is treated with Zn/HCl and then Ac2O to give 21 (81%).
Reduction of 24 with Zn/AcOH produces 6-amino-1-methoxytryptamine
(25, 30%).

In the second route (Scheme 5), tryptamine (14) is transformed to
Nb-trifluoroacetyl-2,3-dihydro-6-nitrotryptamine (28) by the successive tri-
fluoroacetylation (99%), reduction (99%), and nitration (75%) through 26
and 27. Application of the tungstate method to 28 and subsequent methyl-
ation afford Nb-trifluoroacetyl-1-methoxy-6-nitrotryptamine (30, 73%) via
Nb-trifluoroacetyl-1-hydroxy-6-nitrotryptamine (29). After alkaline hydro-
lysis, acetylation of the resultant 31 (99%) affords 32 (90%). Reduction of 32

Scheme 4 Synthesis of Nb-acetyl-6-acetylamino-1-methoxytryptamine from indoline
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Scheme 5 Synthesis of Nb-acetyl-6-acetylamino-1-methoxytryptamine from tryptamine

with Zn/HCl provides Nb-acetyl-6-amino-1-methoxytryptamine (33, 91%).
Finally, acetylation of the 6-amino group of 33 provides the desired product
(21, 72%). Compounds (25 and 33) are useful building blocks for the future
preparation of a variety of 6-substituted 1-methoxytryptamines.

2.4
5-Bromo-1-hydroxytryptamines

5-Bromo-1-hydroxy-Nb-methoxycarbonyltryptamine (34) is obtained in
seven steps with a 17% overall yield from tryptamine (14) (Scheme 6) [17].
1-Methoxy-Nb-methoxycarbonyltryptamine (35), available from 14 in
four steps [5–7], is converted to 5-bromo-Nb-methoxycarbonyltryptamine
(36, 50%) employing our nucleophilic substitution reaction with 47%
HBr [18]. Subsequent reduction (93%) with Et3SiH/CF3COOH, followed by
oxidation with 30% H2O2/sodium phosphotungstate, gives rise to 34 (66%)
through a 2,3-dihydroindole (37).

Scheme 6 Synthesis of 5-bromo-Nb-methoxycarbonyl-1-hydroxytryptamine

2.5
1-Hydroxytryptophans

Reduction of Nb-acetyl-l-tryptophan methyl ester ((S)-38, Scheme 7) with
NaBH3CN/AcOH [19] provides Nb-acetyl-2,3-dihydro-l-tryptophan methyl
esters (39a and 40a, 1.4 : 1) in 68% yield as a mixture of diastereomers.
These diastereomers (39a and 40a) are easily separated with high per-
formance liquid chromatography (HPLC). Their stereochemistries are de-
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Scheme 7 Synthesis of (S)-Nb-acetyl-1-hydroxy- and -1-methoxytryptophan methyl esters

termined as shown in Scheme 7 comparing each 1H – NMR spectrum with
the known set of diastereomers of Nb-tert-butoxycarbonyl-2,3-dihydro-l-
tryptophan methyl esters (39b and 40b), whose absolute stereochemistries
were determined by the Vranken group [20].

The tungstate method is successfully applied to both 39a and 40a result-
ing in the generation of the same product, Nb-acetyl-1-hydroxy-l-tryptophan
methyl ester ((S)-41), in 69 and 67% yields, respectively [21]. The application
to the mixture of diastereomers (39a and 40a) without separation gives (S)-41
(69%) as reported previously [22]. Subsequent treatment of (S)-41 with ex-
cess ethereal CH2N2 yields Nb-acetyl-1-methoxy-l-tryptophan methyl ester
((S)-42, 94%) [22]. Optical purity of (S)-42 is established to be more than 99%
ee by its analysis using chiral column chromatography.

2.6
N-[2-(1-Alkoxyindol-3-yl)ethyl]-1-alkoxyindole-3-acetamides

N-[2-(1-Methoxyindol-3-yl)ethyl]-1-methoxyindole-3-acetamide (43a), its
N-methyl analog (43b), and N-[2-(1-methoxyindol-3-yl)ethyl]indole-3-acet-
amide (51) are prepared by the following route (Scheme 8) [23].

Condensation of tryptamines (14,44) with indole-3-acetic acid (45) pro-
vides N-[2-(indol-3-yl)ethyl]indole-3-acetamides (46a, 81%; 46b, 98%). Re-
duction of 46a with Et3SiH/TFA produces bis-2,3-dihydroindole derivative
(47a, 90%), while the reduction with NaBH3CN gives rise to 47a (42%) and
48 (45%), a product reduced selectively at the tryptamine pyrrole part.

Scheme 8 Synthesis of N-[2-(1-alkoxyindol-3-yl)ethyl]-1-alkoxyindole-3-acetamides
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Reduction of 46b with Et3SiH/TFA produces similarly N-methyl-bis-2,3-
dihydroindole (47b, 85%). Employing the tungstate method, 47a,b and 48
are converted to N-[2-(1-hydroxyindol-3-yl)ethyl]-1-hydroxyindole-3-acet-
amides (49a, 51%; 49b, 39%) and N-[2-(1-hydroxyindol-3-yl)ethyl]indole-3-
acetamide (50, 55%), respectively. Subsequent methylation of 49a,b and 50
affords 43a (91%), 43b (72%), and 51 (100%).

3
Chemical Reactions of 1-Hydroxyindoles, -Tryptamines, and -Tryptophans

3.1
Alkylation with sec-Alkyl Halides and tert-Butyldimethylsilyl Chloride

Alkylation of 1-hydroxyindoles, -tryptamines, and -tryptophans is readily
achieved with various prim-alkyl halides in the presence of bases due to the
acidic nature [14] of these 1-hydroxyindole compounds. Diazoalkanes are
also useful alkylating reagents [5–7].

As for the introduction of a secondary alkyl moiety to the 1-hydroxy
oxygen, the usual alkyl halide method has given poor results. However, em-
ploying preformed cesium salt of 1-hydroxyindoles in DMF, this difficulty has
been overcome (Scheme 9) [24]. Thus, the reaction of Nb-methoxycarbonyl-
1-hydroxytryptamine (52) with methyl 2-bromopropionate, 2-bromopropane,
cyclohexyl bromide, and 1-phenethylbromide gives birth to the corres-
ponding 1-(1-methoxycarbonyl)ethoxy (53a, 88%), 1-(2-propyl)oxy (53b,
87%), 1-cyclohexyloxy (53c, 19%), and 1-(1-methyl)benzyloxy derivatives
(53d, 80%), respectively. 1-t-Butyldimethylsilyloxy-Nb-methoxycarbonyl-
tryptamine (54) can be obtained by the conventional t-butyldimethylsilyl
chloride and imidazole method [24].

Scheme 9 Alkylation with sec-alkyl halides and tert-butyldimethylsilyl chloride

3.2
Electrophilic Substitution Reactions

Upon electrophilic substitution reactions, the introduction of either a meth-
oxy or a hydroxy group onto the 1-position of the indole nucleus causes
alteration of its positional reactivity [5–7]. Halogenation and Friedel–Crafts
acylation are presented as additional examples.



A Frontier in Indole Chemistry 1-Hydroxyindoles 85

3.2.1
Halogenation and Acylation

Electrophilic substitution reactions of 1-methoxyindoles proceed in a quite
different way from that of the corresponding N(1) – H indoles [25]. For ex-
ample, bromination of Nb-methoxycarbonyltryptamine (55) with 1.2-mol eq.
of Br2/NaOAc/AcOH affords 2-oxindole (56, 44%), 36 (3%), 5,7-dibromo-
(57, 3%), and 2,5-dibromotryptamines (58, 4%) (Table 1).

Under similar reaction conditions, 35 generates many products such as
7-bromo- (59), 2,7-dibromotryptamines (60), 57, 7-bromo- (61), 5-bromo-2-
oxindoles (62), 56, 2-bromotryptamine (63), and 58, depending on the bromi-
nation conditions (entries 1–3). 1-Hydroxy-Nb-methoxycarbonyltryptamine
(52) shows almost the same results as 35. It should be noted that the ratio of
all of the 7-brominated indoles to the total products, observed in the bromi-
nation of 1-hydroxyindole derivatives (35 and 52), is much higher than that of
the N(1)–H compound (55).

Melatonin (64) shows characteristic positional selectivity upon bromina-
tion depending on the quantity of Br2 (Table 2) [26]. With an increase in
the quantity of Br2 from 1 to 2-mol eq., the product distribution changes
from 4-bromo- (65), 2-bromo- (66), and 2,4-dibromomelatonins (68) to 65,
2,6-dibromo- (67), and 68 (entries 1 and 2). When 3-mol eq. of Br2 is em-
ployed, 2,4,6-tribromomelatonin (69) is obtained as a sole product in 94%
yield (entry 3).

Once a methoxy group is introduced onto the N(1) of melatonin, namely
in the case of 1-methoxymelatonin (70), remarkable differences in the po-

Table 1 Bromination of Nb-methoxycarbonyltryptamine and its 1-hydroxy analogs

Entry Bromine Yield (%) of 7-Br Total
(mol eq.) 59 60 57 61 62 56 63 58 (total) yield

1 0.7 23 9 0 1 0 9 8 7 33 57
2 1.2 0 22 12 3 5 5 0 10 37 57
3 3.0 0 0 0 0 7 0 0 0 many spots
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sitional reactivity are observed upon bromination. As can be seen from
Table 3, 7-bromo- (71), 4,7-dibromo- (72), 2,4,7-tribromo- (73), 2,4,6,7-
tetrabromomelatonins (74), 68, 69, 3,4,7-tribromo- (75), and 4,7-dibromo-2-
oxindoles (76) are produced depending on the quantity of Br2 [25].

The results shown in Tables 2 and 3 clearly demonstrate that the 1-methoxy
group promotes selective bromination at the 7-position. This phenomenon
can be explained by the following working hypothesis, either electrophilic (A)
or nucleophilic mechanisms (B), as illustrated in Fig. 1 [25].

In the former mechanism, the bromonium ion initially approaches the in-
dole ring and forms a π-complex (C). Then a coordination bond develops
between the bromonium ion and the lone pair of 1-methoxy oxygen that is

Table 2 Bromination of melatonin

Entry Bromine Reaction Yield (%) of 7-Br Total
(mol eq.) time (h) 65 66 67 68 69 Recovery (total) yield

1 0.95 5 8 28 0 15 0 34 0 85
2 1.9 2.5 10 0 34 49 0 0 0 93
3 3 1.5 0 0 0 0 94 0 0 94

Table 3 Bromination of 1-methoxymelatonin

Entry Bromine Yield (%) of 7-Br Total
(mol eq.) 71 72 73 74 68 69 75 76 Recovery (total) yield

1 0.95 11 10 0 0 2 0 0 2 4 23 29
2 1.9 0 11 37 0 0 0 0 16 0 64 64
3 3.0 0 0 13 15 0 6 9 5 0 42 48
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Fig. 1 A possible mechanism for the regio-selective bromination at the 7-position

deviated from the indole molecular plane with an angle θ as shown in Sect. 4.
As a result, the bromonium ion is attracted close to the 7-position and forms
a σ -complex (D) at the 7-position. In the latter mechanism, a nucleophilic
substitution reaction takes place through transition state (B), where the bro-
mide ion attacks the nearby 7-position with the concomitant liberation of the
oxonium group from the 1-position [25].

Iodination of methyl indole-3-carboxylate (77a) with KI/NaIO4 afforded
5-iodo- (78, 58%), 6-iodo- (79, 25%)-, and 7-iodoindole-3-carboxylates
(80, 2%) as reported previously [27], while the same reaction of methyl
1-methoxyindole-3-carboxylate (77b) provided methyl 5-iodo-1-methoxy-
indole-3-carboxylate (81, 72%) as a sole product (Scheme 10).

Additional halogenation of 78 and 81 exhibits interesting results [28].
Bromination (1.3-mol eq.) of the former in AcOH provides methyl 6-bromo-
5-iodoindole-3-carboxylate (82, 56%) and the corresponding carboxylic acid
(83, 18%). On the other hand, bromination of the latter gives complex
mixtures of products under various reaction conditions. Relatively clean
reaction takes place with Br2 (1.3-mol eq.) in AcOH at 100 ◦C providing
methyl 6-bromo- (84, 17%), methyl 2-bromo-5-iodo-1-methoxyindole-3-
carboxylates (85, 33%), 5-iodo-1-methoxyindole-3-carboxylic acid (86, 7%),

Scheme 10 Halogenation of methyl indole-3-carboxylates
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6-bromo- (87, 6%), and 2-bromo-5-iodo-1-methoxyindole-3-carboxylic acids
(88, 5%) together with unreacted 81 (16%).

The above results show that the bromination of 78 proceeds regioselec-
tively at the 6-position, while the introduction of a methoxy group onto
the 1-position changes the positional reactivity and tends to favor the
2-position.

Friedel–Crafts acylation of 77b with chloroacetyl chloride and AlCl3
in nitrobenzene provides cleanly methyl 5-chloroacetyl- (90a, 52%) and
6-chloroacetyl-1-methoxyindole-3-carboxylates (91a, 20%) with the ratio
of 2.5 : 1 (Scheme 11) [28]. Under similar reaction conditions, Nakatsuka
and co-workers reported the chloroacetylation of methyl 1-methylindole-3-
carboxylate (89) to give 90b and 91b in the ratio of 3 : 1 [29]. Comparing
these results with ours, it would be safe to conclude that the introduction of
a methoxy group onto the N(1) prefers the 6- to 5-substitution in Friedel–
Crafts acylation.

Scheme 11 Chloroacetylation of methyl indole-3-carboxylates

3.2.2
Preparation of 3a-Substituted Pyrrolo[2,3-b]indoles

Utilizing the unique features of 1-hydroxy- and 1-methoxyindoles, three
kinds of useful routes for preparing 3a-alkoxy-1,2,3,3a,8,8a-hexahydro-
pyrrolo[2,3-b]indoles have been developed [30].

The first route is the treatment of 1-hydroxy-Nb-methoxycarbonyl-
tryptamine (52) in refluxing Ac2O giving rise to 3a-acetoxy-8-acetyl-
1-methoxycarbonyl-1,2,3,3a,8,8a-hexahydropyrrolo[2,3-b]indole (92, 72%,
Scheme 12), whose structure is proved by X-ray single-crystal analysis [30].
The key step is a [3,3] sigmatropic rearrangement of the 1-acetoxy group of
93 to the 3-position providing the imine (94).

Mild hydrolysis of 92 produces 8-acetyl-3a-hydroxy-1-methoxycarbonyl-
1,2,3,3a,8,8a-hexahydropyrrolo[2,3-b]indole (95a, 96%). Various 3a-alkoxy
derivatives, for example 95b (95%), can be prepared by the alkylation of the
3a-hydroxy group with alkyl halides and NaH.

A second route involving either chlorination or bromination and sub-
sequent substitution with water has been developed [30]. The reaction of
1-methoxy-Nb-methoxycarbonyltryptamine (35) with NCS (1-mol eq.) in
MeOH affords 3a-chloro-1,2,3,3a,8,8a-hexahydro-8-methoxy-1-methoxycar-
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Scheme 12 Preparation of 3a-substituted pyrrolo[2,3-b]indoles from 1-hydroxy-
tryptamines

bonylpyrrolo[2,3-b]indole (96a, 92%) as a sole product. Similar reaction
of 35 with NBS (0.9-mol eq.) in MeCN provides 3a-bromo-1,2,3,3a,8,8a-
hexahydro-8-methoxy-1-methoxycarbonylpyrrolo[2,3-b]indole (96b, 85%)
cleanly. Treatment of 96a or 96b with silver cyanide in MeCN/H2O yields
the same product, 8-acetyl-3a-hydroxy-1-methoxycarbonyl-1,2,3,3a,8,8a-
hexahydropyrrolo[2,3-b]indole (97, 85%, 94%, respectively). Alkylation of 97
with alkyl halides and NaH affords 98.

A simple one-step synthetic method from 35 for the desired product (98)
has been created as the third route [30]. Addition of iodine to the solu-
tion of 35 in morpholine and an appropriate alcohol as a solvent at room
temperature generated 98a–i in excellent yields as shown in Table 4. In this
reaction, use of 10-mol eq. of iodine is recommended to achieve high product
yields (compare entry 2 with 1). The reagent system is selected among various
trials including Br2, Br2/NaOAc, 4-dimethylaminopyridinium tribromide,
NIS, iodine/triethylamine, iodine/K2CO3, iodine/NaHCO3, iodine/pyridine,
iodine/NaI, iodine/NH4Cl, and iodine only in various solvents.

Although the N(1) – H compound (55) provides the 3a-alkoxypyrrolo[2,3-
b]indoles such as 99a and 99b upon the reaction with iodine/morpholine in
either MeOH or EtOH, their yields are always inferior, accompanied by tar
formation, to those of the 1-methoxy compound (35). Compound (99b, 96%)
is also obtained by the catalytic reduction of 98b. Since the acetylation of 99b
provides 95b (95%), all of the structures are correlated and determined un-
equivocally. These findings suggest that the presence of the methoxy oxygen
at the 1-position on the indole nucleus makes the intermediate (100) more
stable than the corresponding immonium salt (101).
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The above iodine-morpholine reaction has been successfully applied for
the preparation of optically active methyl 1,2,3,3a,8,8a-hexahydropyrrolo[2,3-
b]indole-2-carboxylates having a halogen or an oxygen functional group at
the 3a-position (Scheme 13) [31].

Treatment of (S)-42 with iodine and morpholine in MeOH results in the
formations of (2S,3aS,8aS)- (102a, 6%) and (2S,3aR,8aR)-methyl 1-acetyl-
1,2,3,3a,8,8a-hexahydro-3a,8-dimethoxypyrrolo[2,3-b]indole-2-carboxylates
(103a, 48%). When isopropyl alcohol is employed as a solvent, 102b
(6%) and 103b (34%) are obtained. The reaction of (S)-42 with NCS
in MeCN generates (2S,3aS,8aS)- (102c, 42%) and (2S,3aR,8aR)-methyl
1-acetyl-3a-chloro-1,2,3,3a,8,8a-hexahydro-8-methoxypyrrolo[2,3-b]indole-
2-carboxylates (103c, 42%). Upon the reaction with NBS, (2S,3aS,8aS)- (102d,

Table 4 A novel synthetic method for 3a-alkoxy-1,2,3,3a,8,8a-hexahydropyrrolo[2,3-b]in-
doles

Entry Iodine Solvent Reaction Product Yield (%) of Recovery Total yield

(mol eq.) (ROH) time (h) 98 R 98 (%) (%)

1 1.5 MeOH 21 a) Me 36 45 81

2 10 MeOH 1/6 Me 98 0 98

3 10 EtOH 1/6 b) Et 97 0 97

4 10 Me2CHOH 1/3 c) CH(Me)2 90 0 90

5 10 Me3COH 1/3 d) CMe3 80 0 90

6 10 3/2 e) 92 0 92

7 10 1/3 f) 90 0 90

8 10 1/2 g) 96 0 96

9 10 1/6 h) 97 0 97

10 10 3/2 i) 89 0 89

Scheme 13 Preparation of 3a-substituted pyrrolo[2,3-b]indoles from (S)-1-methoxytrypto-
phan derivative
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8%) and (2S,3aR,8aR)-methyl 1-acetyl-3a-bromo-8-methoxy-1,2,3,3a,8,8a-
hexahydropyrrolo[2,3-b]indole-2-carboxylates (103d, 81%) are obtained.
Productions of (2S,3aS,8aS)- (102e, 52%) and (2S,3aR,8aR)-methyl 1-acetyl-
3a-hydroxy-8-methoxy-1,2,3,3a,8,8a-hexahydropyrrolo[2,3-b]indole-2-carb-
oxylates (103e, 51%) are achieved by reacting 102c and 103c with AgCN in
MeCN/H2O.

3.3
Nucleophilic Substitution Reactions

Nucleophilic substitution reactions are rarely observed in indole chem-
istry [32]. We have disclosed that 1-hydroxy- and 1-methoxyindoles can
undergo nucleophilic substitution reactions that are impossible in the corres-
ponding indole compounds [1–8].

Depending on the structures, the reactivity of 1-methoxyindoles in the
nucleophilic substitution reactions changes dramatically. The approximate
order of increasing reactivity is summarized in Fig. 2 with respect to typi-
cal compounds. From these data, we can conclude that the introduction of an
electron-withdrawing group or a halogen onto the indole ring increases the
reactivity significantly.

Fig. 2 The reactivity order of 1-methoxyindoles with nucleophiles

3.3.1
Effect of an Acid on the Reaction of 1-Hydroxytryptamines

Various acids promote the substitution reaction of 1-hydroxyindoles, 1-hy-
droxytryptamines, and 1-hydroxytryptophans with nucleophiles. We have
demonstrated that pKa of the organic acids has a remarkable effect on
the reaction employing 1-hydroxy-Nb-methoxycarbonyltryptamine (52) as
a substrate [33]. As can be seen from Table 5, neither propionic nor acetic
acids have sufficient acidity for inducing the substitution reaction. They yield
a slight quantity of dehydroxylated tryptamine (55) (entries 1–2). As the acid-
ity increases, the yield of 5-hydroxytryptamine (104a), a product of nucleo-
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Table 5 Effect of an acid on the reaction of Nb-methoxycarbonyl-1-hydroxytryptamine

Entry Solvent pKa Reaction Yield (%) of Total Yield

(Acid) Time (h) 104a 104b 105 55 Recovery (%)

1 MeCH2COOH 4.9 24 0 0 0 11 40 51

2 MeCOOH 4.8 24 0 0 0 5 91 96

3 HCOOH 3.2 14 8 54 0 0 0 62

4 Citric Acid∗ 3.1 1 34 0 0 13 6 53

5 ClCH2COOH 2.9 4 12 0 0 20 0 32

6 Taurine∗∗ 1.5 12 23 0 0 18 38 79

7 Cl2CHCOOH 1.3 0.5 12 0 6 0 0 18

8 CF3COOH 0.2 1/12 59 0 5 5 0 69

∗ Citric Acid: HOC(COOH)(CH2COOH)2. ∗∗ Taurine: H2NCH2CH2SO3H.

(dl)-41 Citric Acid∗
–––––––––––––––––––––––→ (dl)-187 + (dl)-38

philic substitution reaction, increases. Strong acids tend to generate kabutane
(105) and 55 as by-products (entries 7–8).

Although the pKa is 3.2, HCOOH has an interesting feature. The yield
of 104a is seemingly low, however, a large quantity of 104a is present as its
1-formyl derivative (104b). Consequently, the nucleophilic substitution reac-
tion of 52 is attained most successfully with HCOOH (entry 3).

In our 1-hydroxyindole hypothesis, we had predicted that 5-hydroxy-
tryptamines (serotonins) and 5-hydroxytryptophans were supplied from the
1-hydroxytryptophan residues in the tryptophans-containing peptides by the
mediation of acids that are linked with the TCA (Kreb’s) cycle [2, 5–7].

Now, we have examined citric acid (pKa, 3.1), which is widespread in
living organisms. To our delight, in the presence of citric acid, 1-hydroxy-
Nb-methoxycarbonyltryptamine (52) and (dl)-1-hydroxytryptophan deriva-
tive ((dl)-41) actually react with H2O giving 104a (entry 4), and (dl)-187
(39%) and (dl)-38 (9%), respectively. Taurine (pKa1, 1.5) affords 104a
as well (entry 6). Pyruvic acid, oxaloacetic acid, 2-oxoglutaric acid, and
phosphoric acid are other predicted candidates as mediators in vivo. The
study whether or not they mediate the nucleophilic substitution reaction of
1-hydroxytryptophans is now under investigation.
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3.3.2
Reaction of 1-Methoxy-6-nitroindole-3-carbaldehyde

1-Methoxyindole-3-carbaldehyde (10a) undergoes nucleophilic substitution
reactions in sharp contrast with indole-3-carbaldehyde that does not react
with nucleophiles under forcing reaction conditions. The most reactive re-
actant among the thus-far obtained 1-hydroxy and 1-methoxy derivatives
is 1-methoxy-6-nitroindole-3-carbaldehyde (10b) as shown in Fig. 2. So, the
nucleophilic substitution reactions of 10b in DMF are examined for the
synthesis of new 2,3,6-trisubstituted indoles. The representative results are
shown in Scheme 14 [13].

In the presence of a strong base (NaH, KH, KOt-Bu), the nitrogen-, sulfur-,
carbon-, and oxygen-centered nucleophiles attack 10b regioselectively on the
2-position in excellent yields giving rise to 2-substituted 6-nitroindole-3-
carbaldehydes (106–116). Better still, the nitro group at the 6-position can be
transformed into various functional groups.

The reaction of 10b with p-chlorophenoxyacetonitrile (117) produces
4-amino-3-p-chlorophenoxy-2-p-chlorophenoxymethyl-7-nitropyrimido[1,2-
a]indole-10-carbaldehyde (118, 71%). X-ray single-crystal analysis of its
derivative proves the structure [13].

In the reaction of 10b with piperidine in DMF, a novel methyl ether
cleavage reaction of the 1-methoxy group occurs in addition to the nucleo-
philic substitution reaction, resulting in the formation of 1-hydroxy-6-
nitroindole-3-carbaldehyde (5a, 10%) and 2-piperidinyl product (109, 59%,
Scheme 15) [11].

Scheme 14 Nucleophilic substitution reaction of 1-methoxy-6-nitroindole-3-carbaldehyde
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Scheme 15 Nucleophilic substitution reaction of 1-methoxy-6-nitroindole-3-carbaldehyde
with amines

When 1,4-diazabicyclo[2,2,2]octane (DABCO) is employed as a reac-
tant, the predominant ether cleavage reaction takes place and only 5a
(90%) is obtained as noted in 2.2. Application of the reaction to daikon-
phytoalexin (10a) produces 1-hydroxyindole-3-carbaldehyde (5b, 42%) [5]
and 1-[2-(4-methylpiperazin-1-yl)ethoxy]indole-3-carbaldehyde (119, 49%).
The isolation of 119 suggests a mechanism where the nitrogen of DABCO
first attacks the methyl carbon of the 1-methoxy group in 10a affording
N-methylammonium salt (120) and the oxide (121) of 5b. Then 121 attacks
the carbon adjacent to the positively charged nitrogen of 120 resulting in the
formation of 119 [11].

The reaction of 10b with methylamine in DMF produces 3-methyl-7-
nitroquinazoline-4-one (122, 25%) as a sole isolable product with tar, which
is formed by the initial attack of methylamine on the 3-position of 10b. The
structure is proved by X-ray single-crystal analysis [34].

The above results demonstrate that the reaction site of 10b changes de-
pending on the species of nitrogen-centered nucleophiles. Nitrogen anions
favor the 2-position. The methyl carbon of the 1-methoxy group is favored
by tert-amines. On the other hand, sec-amines attack both sites, while prim-
amines attack the 3-position.

3.3.3
Solvent Effect on the Reaction Site

Solvents are known to exert large effects on reaction rates, equilibrium con-
stants, chemical reactions, and so on [35].

We have discovered that, in the reaction of 1-methoxy-3-(2-nitrovinyl)in-
dole (123a) with nucleophiles (Scheme 16), the choice of the solvent also
governs the reaction site [36]. The compound (123a) has two reaction sites.
One is the β-carbon of the nitrovinyl side chain at the 3-position giving the
Michael addition product. The other is the 2-position with concomitant lib-
eration of the 1-methoxy group producing 2-substituted indoles.
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Scheme 16 Solvent effect on the reaction site of 1-methoxy-3-(2-nitrovinyl)indole

The substrate (123a) is available by the nitroaldol reaction of 1-methoxy-
indole-3-carbaldehyde (10a). Employing THF as a solvent, the reaction of
123a with NaOMe or NaOn-Pr at 0 ◦C provides the Michael addition products,
1-methoxy-3-(1-methoxy-2-nitroethyl)indole (124a, 90%) and 1-methoxy-3-
(2-nitro-1-n-propyloxyethyl)indole (124b, 92%), respectively. Similar reac-
tions of 123a with sodium allyl oxide, potassium 1,1-dimethylallyl oxide, and
sodium 3-butyn-1-oxide in THF produce 124c (58%), 124d (81%), and 124e
(95%), respectively. It is interesting to note that the reaction of 123a with
potassium 1,1-dimethylallyl oxide at reflux instead of 0 ◦C generates a novel
cyclic product (125, 55%) probably through the expected intermediate (124d).
The structure of 125 is proved by X-ray single-crystal analysis of its deriva-
tive [36].

We know in some reactions the employment of a different base results
in a different product from the original one. The reaction of 123a with
1,1-dimethylpropargyl alcohol in THF, employing KOt-Bu as the base, forms
a novel cyclic product (126, 35%). A similar reaction using NaH as the base in
THF affords a conjugate addition product (127, 75%). The fact that the treat-
ment of 127 with KOt-Bu provides 126 (60%) clearly shows 126 is formed
through 127 [36].

In dipolar aprotic solvents, 123a reacts with nucleophiles regioselectively
at the 2-position with concomitant liberation of the 1-methoxy group. Treat-
ment of 123a with either NaOMe or NaOn-Pr in DMF generates 128a (85%)
and 128b (45%), respectively. In these reactions, formation of conjugate add-
ition products to the β-carbon atom of the nitrovinyl side chain is not ob-
served at all. In addition, it should be noted that the N(1)–H compound
(123b) does not undergo a nucleophilic substitution reaction even under forc-
ing reaction conditions [36].
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The reaction of 123a with allyl alcohol/NaH in DMF produces 2-allyloxy-3-
(2-nitrovinyl)indole (128c, 65%) and (dl)-3-allyl-3-(2-nitrovinyl)-2-oxindole
(129, 6%) as expected. Alternatively, compound (129) can be obtained by
heating 128c at 144 ◦C on celite by the Claisen-type rearrangement (95%).
Unexpectedly, the reaction of 123a with sodium allyl oxide in N-me-
thylformamide or DMF at around 105 ◦C gives rise to 128d (58%) and 128e
(49%), respectively. In both cases, formation of 129 is not observed at all [36].

3.3.4
Reaction of 1-t-Butyldimethylsilyloxytryptamine

Generally speaking, a Si – O bond (370 KJ/mol) is stronger than a N – O
bond (163 KJ/mol). We can therefore expect that 1-t-butyldimethylsilyloxy-
tryptamine (54) would function as a good substrate for the preparation of
5-substituted tryptamines (130) with a concomitant liberation of t-butyldi-
methylsilanol from N(1) upon reaction with nucleophiles.

Contrary to expectation, both nucleophiles, NaCN and NaN3, provide only
1-hydroxytryptamine (52) as shown in Table 6 (entries 1 and 2) [24]. In
MeOH/H2O (2 : 1) NaI affords 52 as well (entry 3), while in MeOH/H2O
(1 : 10) formation of 52 is not observed at all (entry 4) instead the starting
material is recovered. In every case, a product with a nucleophile in the indole
nucleus is not detected. The reaction of 54 with TBAF provides 52 in quanti-

Table 6 Reaction of 1-t-butyldimethylsilyloxytryptamine with nucleophiles

Entry Nucleophile Solvent Reaction Yield (%) of Total yield
(mol eq.) system time (h) 52 Recovery (%)

1 NaCN (10) MeCN – H2O 1.5 98 0 98
(1 : 1, v/v)

2 NaN3 (10) MeCN – H2O 2 82 16 98
(1 : 1, v/v)

3 Nal (10) MeOH – H2O 24 65 33 88
(2 : 1, v/v)

4 Nal (10) MeOH – H2O 216 0 82 82
(1 : 10, v/v)

5 TBAF ·3H2O (2) THF 1 97 0 97
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Table 7 Reaction of 1-t-butyldimethylsilyloxytryptamine with acids

Entry Reaction conditions Yield (%) of Total yield
36 59 55 52 (%)

1 47% HBr –t-BuOH (1 : 1, v/v) 31 15 30 0 76
2 47% HBr –t-BuOH – HCONH2 0 0 0 91 91

(1 : 1 : 1, v/v)

tative yield. These results suggest that the Si – O bond of 1-hydroxyindole is
remarkably weaker than we expected. However, the TBDMS group is shown
to be useable for the protection of the 1-hydroxy moiety.

When 54 is treated with hydrogen halides, rapid nucleophilic substitution
reactions take place within 10 min at room temperature (Table 7). In the re-
action with HCl/t-BuOH, 5-chloro- (131, 60%), 7-chlorotryptamines (132,
4%), and tryptamine (55, 3%) are produced. The reaction of 54 with HBr/t-
BuOH affords 5-bromo- (36), 7-bromotryptamines (59), and tryptamine (55)
(entry 1). In the same reaction, the employment of formamide as a solvent
dramatically changes the reaction pathway to yield 1-hydroxytryptamine (52)
as a sole product (entry 2) [24].

3.3.5
Acid-Promoted Nucleophilic Substitution Reaction

The unprecedented nucleophilic substitution reaction on the indole nitrogen
N(1) was discovered when 1-hydroxyindoles were reacted with good nucleo-
philes in 85% HCOOH [1–7]. Since then, this type of reaction has been widely
observed among the reactions of 1-hydroxytryptamine derivatives and many
examples have been accumulated.

Upon reaction with indole as a good nucleophile, (dl)-1-hydroxytrypto-
phan methyl ester (dl-41) and 1-propyloxy-Nb-methoxycarbonyltryptamine
(53b) provide the corresponding 1-(indol-3-yl)indoles, 133 (51%) and 134
(38%), respectively (Scheme 17) [37]. Neither the introduction of a sterically
hindered group on the Nb-position nor the existence of a substituent on the
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Scheme 17 Nucleophilic substitution on the N(1) position of indole

indole benzene part alters the reaction pathway. Thus, 135 and 34 give rise to
the expected products, 136 (73%) and 137 (34%), respectively.

The compound (49a) reacts with indole in 85% HCOOH to produce N-{2-
[1-(indol-3-yl)indol-3-yl]ethyl}indole-3-acetamide (138, 7%), N-[2-(indol-3-
yl)ethyl]- (139, 3%), and N-{2-[1-(indol-3-yl)indol-3-yl]ethyl}-1-(indol-3-
yl)indole-3-acetamide (140, 39%). In a similar reaction, the compound (50)
provides 138 (52%) and a dehydroxylated product (46a, 8%).

The structure of the nucleophile is an important factor for governing the
reaction pathway [38]. Phenol (141a) can react with 52 as a nucleophile in
85% HCOOH to give 142a (20%) and 104 (11%) (Scheme 18). In a similar
reaction with anisole (141b), 52 affords 142b (15%) and 104 (26%).

When veratrole is employed in the reaction with 52, interesting results
are observed [38]. In addition to the expected products, 143 (10%) and 55
(13%), Nb-methoxycarbonyl-5-(3,4-dimethoxyphenyl)tryptamine (144, 9%)
is isolated. This type of C – C bond formation on the indole nucleus becomes
a major one when 52 is reacted with 2-naphthol culminating in the forma-
tions of 145 (16%), 55 (13%), 146 (5%), and 147 (4%).

The reaction site is influenced by the substituent of the benzene part
as well (Scheme 19). In the reaction of Nb-methoxycarbonyl-5-bromo-1-
hydroxytryptamine (34) with phenol in 100% HCOOH, 148 (37%), 149 (6%),
and 36 (11%) are produced.

Nb-Acetyl-5-acetylamino-1-methoxytryptamine (13) is of special interest
because of its nature to change the reaction site depending on the nucle-
ophile [33]. When 13 reacts with 2-naphthol in 85% HCOOH, Nb-acetyl-5-
acetylamino-1-(2-hydroxynapht-1-yl)- (150, 19%), Nb-acetyl-5-acetylamino-
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Scheme 18 Nucleophilic substitution reaction of Nb-methoxycarbonyl-1-hydroxytrypt-
amine

7-(2-hydroxynapht-1-yl)- (151, 68%), and Nb-acetyl-5-acetylaminotryptami-
nes (152, 13%) are isolated. In the reaction with indole, 13 produces 152
(62%) as a major product together with Nb-acetyl-5-acetylamino-6-(indol-
3-yl)tryptamine (153, 13%). Its structure is determined by leading it to the
tri-Boc derivative (154, 45%) and by observing the deshielded C(7) proton
compared to the 1H – NMR spectrum of 153.

Scheme 19 Nucleophilic substitution reaction of 1-hydroxy- and 1-methoxytryptamines
having a substituent on the indole nucleus
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The reaction conditions are another factor for altering the reaction path-
way. When 52 is treated with mesyl chloride (1.3-mol eq.) and triethyl amine
in the presence of a nucleophile, the products are totally different from
those of the above-mentioned reactions (Scheme 20) [39]. In the presence
of pyrrole, 1-methoxycarbonyl-1,2,3,3a,8,8a-hexahydro-3a-(pyrrol-2-yl)-8H-
pyrrolo[2,3-b]indole (155, 40%), -3a-(pyrrol-3-yl)-8H-pyrrolo[2,3-b]indole
(156, 15%), and Nb-methoxycarbonyl-5-(pyrrol-2-yl)tryptamine (157, 8%)
are formed. Although the reaction of 52 with thiophene, a less-effective nucle-
ophile than pyrrole, is not a clean one with concomitant tar formation, the ex-
pected 1-methoxycarbonyl-1,2,3,3a,8,8a-hexahydro-3a-(thiophen-2-yl)-8H-
pyrrolo[2,3-b]indole (158, 10%) and 55 (10%) are isolated. When furan is
employed as a nucleophile, 1-methoxycarbonyl-1,2,3,3a,8,8a-hexahydro-3a-
(furan-2-yl)-8H-pyrrolo[2,3-b]indole (159, 11%) and 55 (10%) are obtained.

Scheme 20 Preparation of 3a-substituted pyrrolo[2,3-b]indoles with an heteroaryl group

3.3.6
Reaction with Enamines

With an attempt to develop a synthetic method for pyrrolo[2,3-b]indoles
having a C – C bond at the 3a-position like 160, TsCl (or MsCl) is added to
a mixture of 1-hydroxymelatonin (161), 1-(4-morpholinyl)cyclohexene (162),
and Et3NinCHCl3. An unusual reaction has occurred, though it’s based on
the nature of 1-hydroxyindole skeletons: products are Nb-acetyl-3-hydroxy-
5-methoxy-2-(4-morpholinyl)-3H-indole-3-ethanamine (163a, 37%), 2-[3-(2-
acetylaminoethyl)-5-methoxy-3H-indol-3-yl]cyclohexanone (164, 4%), and
melatonin (64, 8%) (Scheme 21) [40]. The same reaction of 1-hydroxy-Nb-
methoxycarbonylindole-3-ethanamine (52) provides 3-hydroxy-Nb-methoxy-
carbonyl-2-(4-morpholinyl)-3H-indole-3-ethanamine (163b, 44%) and Nb-
methoxycarbonyl-6-tosyloxyindole-3-ethanamine (165, 11%).
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Scheme 21 Reaction of 1-hydroxytryptamines with enamines

When the enamine component is changed from 162 to 1-(1-pyrrolidinyl)-
cyclohexene (166), 52 affords 3-hydroxy-Nb-methoxycarbonyl-2-(1-pyrroli-
dinyl)-3H-indole-3-ethanamine (167, 38%) as a sole isolable product. Simi-
larly, 1-hydroxy-N,N-dimethylindole-3-acetamide (168a) provides 3-hydroxy-
N,N-dimethyl-2-(1-pyrrolidinyl)-3H-indole-3-acetamide (169, 21%) and
N,N-dimethylindole-3-acetamide (168b, 26%). The structure of 167 is deter-
mined by X-ray single-crystal analysis.

Scheme 22 A plausible mechanism for the tosyl chloride-mediated reaction of 1-hydroxy-
tryptamines with enamines
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A plausible mechanism for the formations of 164, 165, and 167 is shown
in Scheme 22 [40]. Following the route a, an initially attempted reaction
pathway, the tosylation of 52 occurs. Subsequent nucleophilic attack of the
enamine (166) on the resultant tosylate (170) at the 3-position can afford 164
through 171 after work-up. Compound (165) is the product of [3,7] sigmat-
ropic rearrangement of 170.

On the other hand, following the route b, the tosylation of the enamine
(166) would occur simultaneously with the attack by the 1-hydroxy oxygen
of 52 to generate the intermediate (172), in which the nitrogen lone pair
orbital of pyrrolidine can interact with the π-orbital (2,3-bond) of indole.
Subsequent acid catalyzed O – N bond cleavage results in the formation of 173
following the electron movement as shown by the curved arrows. The highly
electron-rich compound (173) would be oxidized to the final product (167)
through intermediates (174) and (175) under atmospheric oxygen.

3.3.7
Preparation of 5H-pyrrolo[2,3-f ]benzoxazoles, -[2,3-f ]benzothiazole,
and 8H-pyrrolo[3,2-g]benzothiazole

Novel compounds having either 5H-pyrrolo[2,3-f ]benzoxazole, 5H-
pyrrolo[2,3-f ]benzothiazole, or 8H-pyrrolo[3,2-g]benzothiazole skeletons
are now available utilizing 1-hydroxyindole chemistry (Scheme 23) [39].

A simple treatment of Nb-acetyl-5-acetylamino-1-methoxytryptamine
(21) with 85% HCOOH affords 7-(2-acetylamino)ethyl-2-methyl-5H-pyr-
rolo[2,3-f ]benzoxazole (176a, 32%), Nb-acetyl-6-acetylamino-5-hydroxy-
tryptamine (177a, 16%), and Nb-acetyl-6-acetylaminotryptamine (178a,
15%). A failure of the attempt to cyclize 177a to 176a suggests that the oxygen
in the molecule (176a) comes from the acetylamino oxygen of 21 [39].

Interestingly, 7-(2-acetylamino)ethyl-5H-pyrrolo[2,3-f ]benzoxazole (176c,
16%) is isolated together with 176b (23%), 177b (18%), and 178b (17%)

Scheme 23 Preparation of 5H-pyrrolo[2,3-f ]benzoxazoles, -[2,3-f ]benzothiazole, and 8H-
pyrrolo[3,2-g]benzothiazole
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upon treatment of Nb-acetyl-5-propanoylamino-1-methoxytryptamine (179)
with 85% HCOOH. Its production could be explained by the prior for-
mation of the intermediate, Nb-acetyl-5-(N-formyl-N-propanoyl)amino-1-
methoxytryptamine (180). The structure of 176c is confirmed by direct
comparison with the product obtained by the reaction of 33 with 85%
HCOOH [39].

A novel intramolecular nucleophilic attack of the thioamide sulfur on the
7-position of the indole nucleus is realized to provide 7-(2-acetylamino)ethyl-
2-(2-naphtyl)oxy-5H-pyrrolo[2,3-f ]benzothiazole (182, 32%) and 6-(2-acetyl-
amino)ethyl-2-(2-naphtyl)oxy-8H-pyrrolo[3,2-g]benzothiazole (183, 25%),
when Nb-acetyl-1-methoxy-6-N-(2-naphthyloxy)thiocarbonylaminotryptam-
ine (181) is treated with 85% HCOOH [39].

4
X-ray Analysis, Theoretical Calculation, and Working Hypothesis

At the very beginning of the study, we had predicted in our 1-hydroxyindole
hypothesis that 1-hydroxyindole compounds should undergo unprecedented
nucleophilic substitution reaction and the reaction must be responsible for
the generation of serotonin (melatonin, etc.) in our central nervous sys-
tem [1–7].

Theoretically, however, why could 1-hydroxyindole compounds undergo
nucleophilic substitution reactions? Let’s consider the well-known reaction of
diazonium salt (E, Fig. 3). Liberation of the nitrogen molecule leaves positive
charge on the carbon initially diazonium group attached as shown in F. Be-
cause the positively charged vacant sp2 orbital is orthogonal to the p-orbitals
forming a 6π-electron aromatic system, electron delocalization does not
occur. As a result, resonance structures such as G and H cannot be generated.

Fig. 3 Theoretical consideration of indol-1-yl cation
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This is the reason why diazonium salts do not undergo nucleophilic substi-
tution reactions at the carbon to which the diazonium group is not attached
initially.

Similar discussions are applicable for the acid-mediated reaction of
1-hydroxyindole compounds (I, Fig. 3). A proton adds to the 1-hydroxy oxy-
gen. Subsequent liberation of H2O leaves the indol-1-yl cation (J), where the
positively charged sp2 orbital of N(1) is orthogonal to the p-orbitals consist-
ing of the 10π-electron indole ring. On the basis of the above theory, the
generation of resonance structures such as K and L, and the nucleophilic
substitution reaction at the 5-position (L) are nonsense [41].

We have thus far demonstrated that only 1-hydroxyindoles having
a C – C – N side chain at the 3-position can undergo nucleophilic substitu-
tion reactions [1–7]. To explain the paradox between the above theory and
experimental results, we have conceived the following factors as a working
hypothesis.

The first factor is named “bishomoallylic conjugation” [41]. In the con-
formation (M) as shown in Fig. 4, the lone pair on the bishomoallylic Nb-
nitrogen could interact with the π∗ orbital of the C(2) – C(3). The Nb lends
a little electron density to the π∗ orbital, thereby making the π-bond weaken
and the N(1) free from the C(2) – C(3) π-bond resulting in the formation of
the sp3-like nitrogen. Now the 6π-electrons of the isolated benzene can delo-
calize to the positively charged sp3 nitrogen. Consequently, the nucleophilic
substitution reaction at the 5- and/or other positions of the indole nucleus
becomes possible.

The second factor is the following: either the lone pair on the N(1) or the
O – N(1) bonding electrons are able to interact with both the 6π-benzene or-
bital and the π∗ orbital of the C(2) – C(3) if the O – N(1) bond deviates from
the plane of the indole (N, Fig. 4). In addition, the resulting sp3-like lone pair
orbital of the N(1) can form a hydrogen bond with the 1-hydroxy hydrogen.

In 1-hydroxyindole molecules where the Nb-nitrogen stretches away from
the indole nucleus like O, they cannot assume a conformation similar to M.
At the same time, when the second factor of the molecule becomes weak by
chance, indole nitrogen becomes sp2 hybridized and naturally a nucleophilic

Fig. 4 Working hypothesis for explaining the deviation of the O – N(1) bond from the
indole molecular plane
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substitution reaction on the indole N(1) does not take place. The balance of
the above factors would govern the reaction pathway.

In order to determine whether or not the 1-hydroxy oxygen deviates with
an angle θ from the indole molecular plane, X-ray single-crystal analyses of
four stable crystalline compounds ((dl)-41 [22], 184, 185, and 19) are carried
out [41]. The results shown in Fig. 5 demonstrate that the N(1) – O bonds
in Nb-acetyl-1-hydroxytryptophan methyl ester ((dl)-41) and N,N-dimethyl-
1-hydroxyindole-3-acetate (184) have angle θs of 15.2◦ [22] and 10.9◦, re-
spectively. On the other hand, the corresponding angle θs of 185 and 19 are
2.3◦ and 4.1◦, respectively, showing their N(1) – O bonds are almost on the
same plane of the indole [41] (Acheson and co-workers have reported that
1-benzoyloxyindole also has a pyramidal nitrogen atom [42]).

Molecular orbital calculations based on B3LYP/6-31G(d,p) are made to
confirm the angle θ [41]. The angle θs of (dl)-41 and 184 are calculated to be
in the range of 7–9◦ in the most stable conformation, while those of both 185
and 19 are about 4◦. These results are in accord with those obtained by X-ray
analysis.

The difference in angle θ observed among the four compounds is small
but real. Consequently 1-hydroxyindoles (186, Fig. 6) having a C – C – Nb side
chain are classified into two subtypes. Subtype A compounds have angle θs
near 10◦, while subtype B compounds have no substantial angle θs.

On the basis of comparison of the above results with the actual reaction
profiles of the four compounds ((dl)-41, 184, 185, and 19), it would be nat-
ural to conclude that only subtype A compounds undergo acid-promoted

Fig. 5 X-ray analyses of four compounds and their angle θ
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Fig. 6 Classification of 1-hydroxyindoles into two subtypes and their reaction profiles

nucleophilic substitution reactions [41]. The typical example is (dl)-41 which
gives rise to 187 (60%) and 188 (16%). Under the same reaction conditions,
subtype B compounds provide kabutanes, dimeric indoles, and dehydroxy-
lated products with no detectable formation of compounds originating from
nucleophilic substitution. For example, 185 generates 189 (19%), 190 (3%),
and 191 (10%).

In conclusion, the deviation of the N(1) – O bond from the indole mo-
lecular plane is responsible for the nucleophilic substitution reactions of the
1-hydroxytryptamine and 1-hydroxytryptophan derivatives.

5
Biologically Active Compounds

We had predicted in our 1-hydroxyindole hypothesis that the introduction of
a hydroxy or an alkoxy group onto the 1-position of biologically inactive in-
dole compounds makes them become biologically active compounds [1–7].
In addition, the application of the idea to the known biologically active in-
doles has their original activities improved or modified for the discovery of
new drugs [1–7].

With these basic concepts, we have given birth to various biologically
active compounds thus far and some examples are shown in our previous re-
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views [1–7]. Notably, we have shown that simple 1-hydroxytryptamines are
fundamentally inhibitors of blood platelet aggregation (for our new lead com-
pounds for cerebral infarction and myocardial infarction see [43, 44]). New
compounds with potent activity are in preparation for patent application.
Excluding these, we would like to introduce some of our biologically active
compounds in this section.

Yohimbine (192a, Fig. 7) is a widely known α2-blocker effective in treating
erectile dysfunction (ED). They have been used all over the world. A slight
modification of its mother skeleton and the introduction of an alkyl group
onto its N(1) position are shown to change its biological activity [45]. There-
fore, we are interested in the preparation of 1-hydroxyyohimbine (192b)
and its derivatives. As expected, 192b and some derivatives (192c–f) are α2-
blockers as potent as yohimbine [46, 47].

Compounds (193a,b–199a,b) have also been discovered to be α2-block-
ers [46, 47]. When the activity of yohimbine is made a standard for 100,
those of 193a and 194a are 87.7±8.53 and 17.8, respectively. The activity of
compound (195a, 100.0± 0.00) is found to be equal to or more potent than
yohimbine (192a) [46, 47]. The 1-hydroxy compounds (193a and 195a) are
stronger than the corresponding N(1)H compounds (193b and 195b), while
194a is weaker than 194b. In a series of Nb-acyltryptamines (196–199), dif-
ferences in activities are small between 1-hydroxy and N(1)H compounds.

Fig. 7 Biologically active 1-hydroxyindoles and analogs (1)
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It is important to note that in these compounds the activity depends on the
length of the Nb-alkyl side chain: the longer the side chain the stronger the
activity [46, 47].

In our project to develop a drug for osteoporosis, we have created
1-hydroxytryptophan ((dl)-41) and 1-hydroxytryptamine derivatives (52,
185, and 30). Among them, (dl)-41 and 52 have the same trend not only to
stimulate osteoblasts, but also to suppress osteoclast activity in the cultured
scales of goldfish [48, 49]. On the other hand, compounds (185 and 30 sup-
press both osteoblasts and osteoclasts. During the study, we have succeeded
in creating potent and promising compounds for osteoporosis [50, 51].

From the point of view of developing an anti-cancer drug, some potent
1-hydroxyindole derivatives have been discovered through the test using hu-
man tumor cells. Further study is in progress (Somei and co-workers, per-
sonal communication, 2006).

An attempt at developing an antifungal drug leads us to find 1-hydroxy-
(200) and 1-methoxyindole derivatives (201a,b, 202, and 203) as shown in
Fig. 8 (Somei and co-workers, personal communication, 2006). These have ac-
tivity against gram-negative bacteria; Erwinia carotovora and Xanthomonas
oryza. They also have mild activity against filamentous fungi; Pythium de-
baryanum, Phytophthora infestans, Pyricularia oryzae, Botrytis cinerea, and
Rhizoctonia solani. Compounds (204a,b) are active against Erwinia caro-
tovora and 204a is more potent than 204b. As for the inhibition of IAA-
induced ethylene formation with the rice seedling test, compound (205)
shows weak activity.

Phytoalexin is also an interesting compound. The plant family, Cruciferae,
utilizes 1-methoxyindole compounds as phytoalexins. We expected there was
a chance to find new agrochemicals among analogs of 1-methoxyindole-3-
carbaldehyde [52] (10a, daikon-phytoalexin [53]). So, we have thus far pre-
pared a lot of related compounds. Some of them are 5a,b, 6a–f , 10b, 119,
206a–d, 207a,b, and 208a,b. These are found to have mild activities (Somei
and co-workers, personal communication, 2006).

Melatonin (64) is a hormone secreted from the pineal gland and is well
known to control the circadian rhythms. Its multimodality of biological ac-
tivities [49, 54–59] has led us to synthesize unprecedented 1-hydroxy- (161)
and 1-methoxymelatonin (209a) from melatonin [26] as lead compounds for
new drugs [46, 47, 50, 51]. Quite recently, Tsotinis and co-workers reported its
analogs (209b,c) as melatonin receptor agonists [60].

We have been engaged in a project for a long time aimed at increas-
ing the harvest of farm products. During this study, we have discovered
that 4-iodoindole-3-carbaldehydes (210a–c), 2-bromoindole-3-carbaldehydes
(211a–c), 2-(3-hydroxy-3-methylbuten-1-yl)indole-3-carbaldehydes (212a–c),
and 2-(3-hydroxy-3-methylbuten-1-yl)-3-(2-nitrovinyl)indoles (213a–c) are
potent plant-growth regulators and promote root growth of various plants
(Somei and co-workers, personal communication, 2006). 1-Methoxy analogs
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Fig. 8 Biologically active 1-hydroxyindoles and analogs (2)

(210b, 211b) are more potent than the N(1)–H compounds (210a, 211a). In
a test using seeds of rice and cucumber, for example, 211a elongates their
roots 1.8 times longer than that of the control. With these and related deriva-
tives in hand, we have begun a challenge this summer to make the Gobi desert
greener in Neimenggu, Inner Mongolia, by making the native plants’ roots
longer and closer to the ground water level.

In conclusion, the initially imaginary world of 1-hydroxytryptamines and
-tryptophans has become a real frontier in indole chemistry. Since this unde-
veloped world is rich in treasures, we hope many investigators come together
to hunt down and own some of its valuable jewels. Our discoveries are only
a part of the infinite abundance of treasures.
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Abstract Recent progress in quinazoline alkaloids and related chemistry was reviewed fo-
cusing on developments of the synthetic methodologies and their synthetic applications.
A brief historical background, aza–Wittig methodology, microwave-assisted synthesis,
solid-phase synthesis, and a variety of new syntheses of quinazoline compounds by
organometallic reagents, metal-catalyzed reactions, heterocyclizations, pericyclic reac-
tions, etc. are briefly reviewed. Selected topics of total synthesis of various types of
quinazoline alkaloids including substituted type like febrifugine and heterocycle-fused
type such as pyrroloquinazolines, indolopyridoquinazolines, pyrazinoquinazolines, and
pyrroloquinazolinoquinolines, etc. by these methodologies are discussed.
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1
Introduction

1.1
Quinazoline Pharmaceuticals

Quinazoline (1) is 1,3-diazanaphthalene. It is also known as 5,6-benzopyri-
midine or benzo[a]pyrimidine, or phenmiazine [1], and its 4-oxo derivative is
called 4(3H)-quinazolinone (2) [2–4] (Fig. 1). Quinazoline and quinazolinone
derivatives have continued to attract a widespread interest for a long time due
to their diverse pharmacological activities such as antibacterial [5, 6], anti-
tubecular [7], antifungal [8], antihyperglysemic [9], anti-inflammatory [10],
bronchodilatory [11], cholineesterase inhibitor [12], antifolate [13, 14], anti-
tumor [15–17], protein kinase inhibitor [18] and many others [2, 17]. A vast
number of quinazoline derivatives have been synthesized to provide synthetic
drugs and to design more effective medicines. There are a number of re-
views [2–4, 19–29] and monographs [30–32] on quinazoline and quinazoline
alkaloids.

As the actual example, methaqualone (3) [33–35] is perhaps the most
well-known synthetic quinazoline drug, which was first synthesized in

Fig. 1 Quinazoline, 4(3H)-quinazolinone, and examples of quinazoline-based medicines
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1951 [34] and was used as sedatives and hypnotics as somewhat modified
etaqualone [36] and mecloqualone [37, 38] (Fig. 1). The effective α-adrenergic
blocker, prazosin (4) [39], bunazosin [40], and doxazosin (5) [41] (Fig. 1)
are useful medicines for antihypertensives. KF31327 (6) was developed as
a heart disease remedy and an impotence medicine [42, 43]. ZD1839 (iressa)
(7) is known as a potent EGFR (epidermal growth factor receptor) kinase in-
hibitor with excellent bioavailability and is clinically used for the treatment of
nonsmall cell lung carcinoma [18].

1.2
Natural Quinazoline Compounds

The occurrence of the quinazoline skeleton in various natural sources as
alkaloids, fungal metabolites, and marine natural products has generated in-
terest of many groups on account of their useful biological properties and
often very intriguing structures. For example, the unique novel structure
of tetrodotoxin known as one of the most powerful non-protein neurotox-
ins from the Japanese fugu (puffer fish), Sphoerdes rubripes and S. phyreus
was finally elucidated as the labile complicated quinazoline derivative (8)
(Fig. 2) in 1964 by Hirata et al., Tsuda et al., and Woodward et al., respec-
tively [44–47]. It is of interest that the same toxin was also found in the
Californian newt or salamander, Taricha torosa [48] and others [49, 50].
Total synthesis of (±)-8 was achieved by Kishi in 1972 [51], and asym-
metric synthesis of (–)-8 has been achieved by Isobe et al. [52], and
also by Du Bois et al. [53] in 2003. Quinazoline alkaloids are continu-
ously updated in Natural Product Reports [21–28], and comprehensive
reviews are available [19, 20, 29–32]. Quinazoline alkaloids have been iso-
lated from several families in the plant kingdom, as well as from bacteria
and animal species, and many are biogenetically derived from anthranilic
acid [54].

The first quinazoline alkaloid to be isolated was vasicine (peganine) (9) in
1888, produced by Indian medicinal tree Adhatoda vasica, and later isolated
from other species along with the related pyrrolo[2,1-b]quinazoline alka-
loids, vasicinone (10) and deoxyvasicinone (11), etc. [21, 55, 56]. A variety of
other quinazoline natural products have been isolated, characterized and syn-
thesized thereafter. Some of these examples including simple 2-substituted
4(3H)-quinazolinones such as 12 [57] and 13 (–)-chrysogenine [58, 59] are
shown in Fig. 2. N(3)-Substituted derivatives are also included as antimalar-
ial (+)-febrifugine 14 and (+)-isofebrifugine 15 isolated as the active in-
gredient of Chinese medicinal plant Dichora febrifuga [24, 25, 60–63]. Un-
fortunately these are also toxic to man. This has led to extensive syn-
thetic studies and biological screening of many quinazoline derivatives (see
Sect. 3.6). Familiar quinazolin alkaloid rutaecarpine (16) [64, 65] and evo-
diamine are known as the active compounds of Evodia rutaecarpa, used in
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Fig. 2 Examples of quinazoline natural products
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Chinese medicine Wu-Chu-Yu and interesting pharmacological properties of
16 have been found [66]. The indolopyridoquinazoline skeleton has been
found also in various sources as the congeners such as 1,2-dihydroxy [67],
2-methoxy [68], 3-hydroxy [69], 7-hydroxy [70], and 7,8-dihydroxy rutae-
carpines, etc. [71]. Indolo[2,1-b]quinazoline-6,12-dione known as the an-
tibiotic tryptanthrin (17) has also a long history [72], and it was iso-
lated from various sources [73] including Strobilanthes Crusia O. Kuntze,
used as a traditional remedy for dermatophytic infection such as athlete’s
foot in Okinawa [74], and yet new interesting biological activities such
as inhibition of HGF (hepatocyte growth factor) production have been
found [75].

The structural diversity of fungal quinazolines has been broadened with
the discovery of asperlicin (20) along with asperlicins B, C, D, and E, pro-
duced by Aspergillus alliaceus, which is a potent cholecystokinin (CCK)
antagonists [76–79]. A series of new quinazoline alkaloids fused with ben-
zodiazepinone were also isolated from a fungus culture of Penicillium sp.,
wherein benzomalvin A (18) is prototypical member [80, 81]. The simplest
sclerotigenin (19) was recently isolated from organic extracts of sclero-
tia of Penecillium sclerotigenum (NRRIL,3461) [82], and many other ben-
zodiazepinoquinazoline alkaloids such as circumdatin A–G were also iso-
lated from the fungus Aspergillus ochraceus [83–85]. The quinazoline al-
kaloid hinckdentine A isolated from the marine bryozoan Hincksinoflustra
denticulate collected from the eastern coast of Tasmania contains a novel
hexahydroazepino[4′ ,5′:2,3]indolo[1,2-c]quinazoline ring system providing
a challenging synthetic target [86]. A group of quinazoline alkaloids involv-
ing the pyrazino[2,1-b]quinazoline-3,6-dione substructure was found also
in fungal metabolites. For example, the simplest member glyantrypine (21)
was isolated from Aspergillus clavatus [87]. Fumiquinazolines A–E, F (22)
and G (23) were isolated from a strain of Aspergillus fumigatus found in
Pseudolabrus marine fish [88, 89]. Fumiquinazolines H and I were isolated
from a fungus (Acremonium sp.) [90]. Fiscalines A–C were also isolated from
Neosartorya fischeri [91, 92]. Novel spiro-type pyrazinoquinazolines such as
spiroquinazoline from Aspergillus flavipes [93], alantrypinone (24) [94], and
serantrypinone (25) [95], both from Penicillium thymicola were isolated.
N-Acetylardeemin [96] having the pyrazinoquinazoline substructure isolated
from Aspergillus fischeri is known as one of the most potent MDR (multi-
drug resistance) inhibitor [97, 98]. These alkaloids often exhibit very interest-
ing biological properties and have drawn considerable interest of synthetic
chemists as discussed in Sect. 3. Several new pyrroloquinazolinoquinoline
alkaloids luotonin A (26), B (27), and E (28), etc. featuring a unique struc-
ture with a quinoline and a quinazoline fused together have been isolated
from the aerial parts of Peganum nigellastrum (Zygophyllaceae) [99, 100].
Among them 26 has triggered considerable synthetic works due to its bio-
logical activity such as topoisomerase I inhibitor [101] like antitumor camp-



Quinazoline Alkaloids and Related Chemistry 119

tothecin [102] and has been reviewed recently [29]. Details are given in
Sect. 3.5.

Studies on quinazoline compounds and quinazoline natural products have
a long history as above, however, remarkable progress of synthetic method-
ology applicable to synthesis of quinazoline alkaloids and related molecules
has been attained during the last decade. In this review article, the topi-
cal synthetic methodologies such as, for examples, iminophosphorane me-
diated synthesis (aza–Wittig methodology), use of organometallic reagents,
microwave assisted synthesis, and solid phase synthesis, etc. will be discussed
retrospectively in Sect. 2. Some selected examples of quinazoline alkaloids
synthesis by these methodologies will be discussed in Sect. 3. On the other
hand, quinazoline skeleton has been utilized very elaborately for the design-
ing of unique aziridination reagent [103, 104], quinazolinap ligands to use as
the asymmetric catalyst [105], heterocalixarenes [106] and electrolumines-
cent devices [107], etc., however, these topics are not discussed in this article
due to limitations of space.

2
Progress in Synthetic Methodology of Quinazolines

The topical synthetic methodologies such as iminophosphorane mediated
synthesis (aza–Wittig methodology), microwave-assisted synthesis, solid-
phase synthesis, and application of organometallic reagents, etc., will be dis-
cussed retrospectively focusing on the pathways to quinazoline, quinazoline-
4-one and their derivatives.

2.1
Aza–Wittig Methodology in Quinazoline Synthesis
(Iminophosphorane Mediated Synthesis)

The utilization of the aza–Wittig method for the synthesis of heterocyclic
natural products is spreading out to a variety of nitrogen heterocycles from
simple alkaloids to complex functionalized natural products [108–111]. In
this review, emphasis will be placed on our results in this area, and in addition
on related areas. Topics to be covered include recent progress of quinazoline
syntheses by the aza–Wittig method (i.e., iminophosphorane mediated syn-
thesis) focusing on the tandem Staudinger/intramolecular aza–Wittig reac-
tion including quinazolinone annelation, chemoselectivity in the cyclization.
Application to synthesis of quinazoline natural products such as benzoma-
lvins, and some related examples based on the so-called Eguchi aza–Wittig
protocol will be discussed in Sect. 3.
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2.1.1
The Aza–Wittig Reaction

The aza–Wittig reaction [112–117] is the nitrogen analog of the Wittig olefi-
nation process and involves the reaction of an iminophosphorane [118–121]
with a carbonyl group. The reaction provides an excellent method for the
construction of carbon-nitrogen double bonds via inter and intramolecular
aza–Wittig reaction.

The reaction is useful in the synthesis of acyclic imines [122–124] and
heterocumulenes [112–117] and in the intramolecular formation of carbon-
nitrogen double bonds in heterocyclic synthesis [112–117]. On the other
hand aza–Wittig type reactions of iminophosphoranes with carbon dioxides,
carbon disulphides, isocyanates, isothiocyanates and ketenes render access
to functionalized heterocumulenes as highly reactive intermediates able to
undergo a plethora of heterocyclization reactions [112–117].

Stability, basicity, and nucleophilicity of iminophosphoranes are mainly
determined by the substituents at the nitrogen atom. General reactivity
trends of N- and P-substituted series (R′ and R′′, respectively) are summa-
rized as follows [108–110, 112, 118–121]:

R′N= PPh3 � ArN= PPh3 � R′CON= PPh3 ∼ R′SO2N= PPh3

R′N= P(R′′)3 > R′N= P(Ar)3 > R′N= P(OR′′)3 > R′N= P(OPh)3

Carbonyl groups of aldehydes, ketones, acid halides, and heterocumulenes are
generally reactive [108–110, 112–117]. In the intramolecular version, amide,
imide, and ester carbonyl groups are also reactive giving rise to imino-
cyclization (see Sect. 2.1.3) [112–117].

2.1.2
Synthesis of Quinazoline Skeleton
by the Aza–Wittig Reaction Followed by Various Cyclizations

The intermolecular version has been utilized for various heterocyclic syn-
theses including quinazoline ring via initial imine formation followed by
electrocyclization, cycloaddition, and nucleophilic cyclization, etc. as de-
veloped by Molina (tandem aza–Wittig/cyclization strategy) [115], Saito
(aza–Wittig/electrocyclization method) [125, 126] and Wamhoff (three-
component reaction) [112]. These general principles include pyrimido annu-
lation as summarized in Scheme 1. Following these general strategies, a num-
ber of quinazoline derivatives such as dihydroquinazolines (29a,b) [126],
(30a–c) [127], quinazolin-4-one derivatives (31a,b) [128], (32a,b,c) [128, 129],
(32a) [130, 131], and 33 [132–135] are synthesized starting from anthranilic
acid derivatives or the corresponding iminophosphorane or the pyrimidine
derivative (I) (Fig. 3).
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Scheme 1 Principles of tandem aza–Wittig/heterocyclizations

Fig. 3 Examples of quinazolines prepared by tandem aza–Wittig/electrocyclization, hete-
rocyclization, three-component reaction

Rossi et al. have utilized the tandem aza–Wittig/electrocyclization prin-
ciple for synthesis of quinazoline ring (35) and (36) starting from N-imidoyl
iminophosphorane (34) [136, 137] (Scheme 2). Other unique synthetic strate-
gies with N-vinyliminophosphoranes by Nitta [138], Palacios [139], and
benzotriazolyl derivatives by Katrizky [140] have also been developed
demonstrating the maturity and excellent prospects of iminophosphorane-
mediated syntheses.
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Scheme 2 Example of tandem aza–Wittig/electrocyclization [136, 137]

2.1.3
The Intramolecular Aza–Wittig Reaction

The intramolecular version of the aza–Wittig reaction provides a direct route
to heterocyclic ring (Scheme 3). The reactivity depends on substituents Y and
R′ at the carbonyl group, and on Z and R′′ at the iminophosphorane; thus,
a useful application has to consider the followings:

1. the ring size (formation of 5–7-membered rings � 4-membered ring),
2. the carbonyl reactivity (COR, COAr, RCOOR, RCONRCOR � RNCOR),
3. the substituents on P (PR′′

3 > P(Ar)3 > P(OR′′)3),
4. the substituent on N (CH2, Ar, C= C, CO),
5. the ring strain: OS value ≤ 20 kcal/mol (the difference of heat of formation

between unsaturated and saturated analogs) [113, 114].

The ring closure to a non-cumulated sulfoxide via an intramolecular aza–
Wittig type reaction to construct S= N linkage has been reported recently by
Hemming et al. [141].

Scheme 3 Principle of intramolecular aza–Wittig method

2.1.4
Quinazolinone Annelation

We had interest in utilizing 2-phosphoranylideneamino-benzoyl derivatives
as building blocks, particularly in view of anthranilic acids as important
biological precursors of various alkaloids such as glomerine, vascine, and mi-
crobial products like tryptanthrin and anthramycine [54].
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Thus, acylation of N-methylamides 38 with 2-azidobenzoyl chloride 37
(readily available from 2-azidobenzoic acid [142]) forms imides 39a–c, which
upon treatment with triphenylphosphine (TPP) in the course of consecu-
tive Staudinger reaction/intramolecular aza–Wittig reaction yield exclusively
3-methylquinazolin-4(3H)-ones 40a–c quantitatively (Scheme 4) [143, 144].
This procedure provides simple and efficient quinazolinone annelation of
amides and lactams.

The intramolecular iminocyclization of N-(2-azidomethylphenyl)succin-
imide 41a and -glutarimide 41b proceeds cleanly with TPP to afford fused
quinazolines 42a and 42b, respectively, in high yields (Scheme 5) [145]. On
the other hand, the iminocyclization of 43b to 44b requires the use of TBP
and heating at 140 ◦C. Reduction of the nitro group of 44b affords antitumor
agent batracylin (NSC-320846) 44c (Scheme 5) [146].

A facile route to benzoannelated macrocyclic 1,4-diamines has been de-
veloped via quinazolinone annelation of lactams, followed by reductive ring

Scheme 4 Quinazolinone annelation method [143–145]

Scheme 5 Imination of imidecarbonyl, synthesis of batracylin [146]
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Scheme 6 Bisquinazolinone annelation and reductive ring enlargement [147, 148]

enlargement [147, 148]. Synthesis of 16-membered tetrabenzotetraazamacro-
cycle 47 is an example of molecular design based on quinazoline quina-
zolinone annelation. Bisquinazolinone annelation of dianthranilide gave
bisquinazolinone 45 (82%), which was converted to 47 via reductive ring
enlargement with BH3 ·THF, and to dihydroquinazoline derivative 46 with
NaBH4CN reduction (Scheme 6).

Examples of quinazoline alkaloids synthesis by the quinazolinone annela-
tion method are given in Sect. 3.

2.2
Microwave-Assisted Synthesis of Quinazoline Compounds

Microwave-assisted organic synthesis is becoming popular with organic
chemists and comprehensive reviews are available in recent year [149, 150].
Microwave heating is very convenient to use in organic synthesis. The heat-
ing is instantaneous, very specific, and there is no contact required between
the energy source and the reaction vessel. Recent interest has been focused
on “dry media” synthesis and particularly on solvent-free procedure using
various mineral oxides [151, 152] and solvent-less reactions with neat re-
actants in the absence of a catalyst or solid support [153]. Furthermore,
the diversity generating potential of multi-component reactions (MCRs) has
been recognized and their utility in preparing libraries to screen for func-
tional molecules is well appreciated. Consequently, the design of novel MCRs
is an important field of research [154, 155]. In this section some selected
literature examples of quinazoline synthesis by these methodologies is dis-
cussed.
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2.2.1
Microwave-Assisted Niementowski Quinazoline Synthesis

The striking improvement in the Niementowski quinazoline synthesis [156,
157] has been fulfilled using microwave irradiation by Besson et al. [158, 159]
(Scheme 7). Using microwave irradiation and/or Appel’s salt, new efficient
routes to various substituted and fused quinazolines have been developed by
Besson et al. [158, 159] and also by others [160, 161].

Scheme 7 Microwave-assisted Niementowski quinazoline synthesis [158, 159]

2.2.2
Microwave-Assisted Multi-Component One-Pot Synthesis of Quinazolines

One-pot synthesis of 4(3H)-quinazolinones from 48, amines, and formic acid
(or orthoesters) was developed by Rad-Moghadam et al. in 1998 [162], and
recently more detailed procedures using inorganic solid support and neat
one-pot procedure under microwave irradiation have been developed by Dan-
dia et al. [163] (Scheme 8), and Liu et al. [164]. Also facile one-pot synthesis of
2,4(1H,3H)-quinazolinediones has been developed recently as a green chem-
ical procedure by Nikpour et al. [165].

Scheme 8 One-pot synthesis of 4(3H)-quinazolinones [162–165]

2.3
Solid-Phase Synthesis of Quinazoline Compounds

The use of polymer-supported reagents in organic synthesis effectively re-
duces workup and purification to a simple filtration. Polymer-supported
reagents can also be used in conjunction with the microwave heating, that has
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become an increasingly popular tool for combinatorial synthesis as well as
green chemical synthesis in recent years [153, 166–168]. Solid-phase hetero-
cyclic chemistry has been reviewed recently by Krchňák and Holladay [168].
Application of this methodology for synthesis of quinazoline compounds is
increasing rapidly, however, only a few examples are discussed in this section
(see also Sect. 3.4.2).

2.3.1
Polymer-Supported Aza–Wittig Reaction

A perfluoroalkyl-tagged triphenylphosphine and aminomethyl polystyrene
based solid-phase bound phosphine were applied for the parallel synthesis of
4(3H)-quinazolinones (2) via the intramolecular aza–Wittig reaction by Ban-
nwarth et al. [169]. Both reagents provide a library of 2 by a simple work-up
procedure in good yields. A diverse library of benzodiazepine-quinazolinone
alkaloids (the circumdatin family, cf 3.3) has been prepared by Thomas with
a polymer supported phosphine-mediated intramolecular aza–Wittig reaction
as the key step, a novel modified Eguchi aza–Wittig protocol (Scheme 9) [170].
The multi-arrayed library generation strategy starts out from readily accessi-
ble benzodiazepinediones 50 and anthranilic acids, and all library members
were purified by preparative reversed-phase HPLC, yielding 283 isolated pure
products 51a,b and 52a,b from 384 individual reactions.

Scheme 9 Benzodiazepine-quinazoline alkaloids library by polymer supported phosphine-
mediated aza–Wittig reaction [170]

2.3.2
Solid-Phase Synthesis of Quinazoline Derivatives

To date, a number of solid-phase syntheses of 4(3H)-quinazolinones [171],
quinazoline-2,4-diones including monothioxo analogs [172, 173], quinazo-
lines [174, 175], and dihydroquinazolines [176–178] have been developed. As
a recent example, synthesis of 2-arylamino-3,4-dihydroquinazolines (56) by
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Scheme 10 Solid-phase synthesis of 2-arylamino-3,4-dihydroquinazolines [177]

Lam et al. is outlined partly in Scheme 10 [177]. The nitro group of resin-bound
intermediate 53 was reduced to 1,3-deiamine 54 which gave 55 by carbodiimide-
mediated cyclization. Final products 56 (19 examples) were obtained after TFA
cleavage followed by HPLC in 46–83% yields with 72–94% purity.

2.4
Other New Synthesis of Quinazoline Derivatives

Among a number of synthetic reactions of quinazoline derivatives [2–4, 19–
32], some selected recent examples are discussed below briefly.

2.4.1
Quinazoline Synthesis by Use of Organometallic Reagents

Useful routes to various quinazolines from 2-aminobenzonitrile 57 using
organometallic reagents have been developed by Bergman et al. [179, 180]
(Scheme 11). Synthesis of quinazoline derivatives by direct lithiation method

Scheme 11 Quinazoline derivatives from 2-aminobenzonitrile using Grignard reagents
[179, 180]
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has been reviewed [3], and was utilized for synthesis of luotonin A (see
Sect. 3.5).

2.4.2
Metal Catalyzed Synthesis of Quinazoline Derivatives

Since Watanabe’s synthesis of 4(3H)-quinazolinones in 1993 via transition-
metal catalyzed reductive N-heterocyclization [181], several catalytic methods
for quinazoline synthesis have been developed [182–186]. For example,
palladium-catalyzed cyclocarbonylations of halides with appropriate re-
actants provided regioselective synthesis of 4(3H)-quinazolinone deriva-
tives [182] and indoloquinazolines [184]. Also selenium-catalyzed reduc-
tive N-heterocyclization to quinazolinones has been developed by Sonoda
et al. [183]. Copper-catalyzed heteroannulation with alkynes has been de-
veloped as highly region- and stereoselective route to 2-(2-arylvinyl)-1,2,3,4-
tetrahydroquinazolin-4-ones 64 by Kundu et al. [185] (Scheme 12). Recently,
condensation of anthranylamide with various aldehydes to 4-quinazolinones
has been found to give excellent yields in the presence of cupric chlo-
ride [186].

For synthesis of quinazoline derivatives, various coupling reactions have
been utilized after synthesis of quinazoline-2,4(1H,3H)-diones via palladium-
catalyzed oxidative coupling by Hirota et al. [187]. For example, synthesis
of diarylquinazolines by iron-catalyzed cross-coupling reaction [188], and
diaminoquinazolinones by palladium-catalyzed amination [171] have been
developed. Synthetic applications to quinazoline alkaloids are given in Sect. 3.

Scheme 12 Synthesis of 2-(2-arylvinyl)-1,2,3,4-tetrahydroquinazolin-4-ones [185]

2.4.3
Quinazoline Synthesis
by Intramolecular Nucleophilic Heterocyclization Reactions

A new efficient synthesis of 3-arylquinazolin-4-ones 68 from anthranylamides
65 has been developed by Natsugari et al. (Scheme 13) [189]. The cyclization
of 66 by method A based on Mazurkiewicz–Ganesan cyclization [190–194]
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Scheme 13 Intramolecular heterocyclization route to 3-aryl-4(3H)-quinazolinones [189]

gave 68 in 46–94% yields after two-step process as shown but a tedious chro-
matographic separation was required. Method B based on the protocol in
a patent literature [195] using modified conditions provided more efficient
and convenient route to 68 for improved yields and easier work-up. The ester
group of 68 was converted to the corresponding carboxamides. Other unique
quinazoline syntheses by defluorinative nucleophilic cyclizations have been
reported by Hynes et al. [196], Kotsuki et al. [197], and by defluorinative
rearrangement by Uneyama et al. [198]. Synthesis of aminoquinazolines by
heterocyclization was developed also by several groups [199–201].

2.4.4
Quinazoline Synthesis by Pericyclic Reactions

After Rossi’s synthesis of quinazolines via 6π-electrocyclization (see
Scheme 2), a few but unique quinazoline synthesis by electrocyclization were
reported [202, 203]. On the other hand, rapid analogue synthetic methods of
substituted 1,2,3-triazolo[1,5-a]quinazolines based on cycloaddition/conden-
sation of 2-azidobenzoic acid or related compounds were developed by

Scheme 14 Cycloaddition route to 1,2,3-triazolo[1,5-a]quinazoline [205]
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Tennant [204], Smalley et al. [205], and Jones et al. [206]. For example,
1,2,3-triazolo[1,5-a]quinazolines 70 were obtained in moderate yields by
base-catalyzed cycloaddition/condensation reaction (Scheme 14) [205]. Syn-
thesis of 4(3H)-quinazolinones and -imines via 1,3-dipolar cycloaddition has
been reported also [207, 208]. Novel formation of quinazolines via thermal
ring contraction of 3H-1,4-benzodiazepines is found by Sashida et al. [209].
Synthesis of quinazoline alkaloids by cycloadditions is discussed in Sect. 3.

2.4.5
Other Notable Examples of Quinazoline Synthesis

Quinazoline synthesis using carbon dioxide under mild conditions has been
developed by Mizuno et al. [210, 211]. The simple solvent free synthesis of
quinazoline-2,4-diones under supercritical carbon dioxide and a catalytic
amount of base provides an industrially benign approach and meets the chal-
lenges of green chemistry as previously discussed the microwave-assisted
and/or solid-phase syntheses (see Sects. 2.2 and 2.3).

3
Synthesis of Quinazoline Alkaloids

As stated in Sect. 1, there are a number of reviews [19–29] and mono-
graphs [30–32] on the quinazolines and quinazoline alkaloids. Also the syn-
thesis of heterocyclic natural products by the aza–Wittig method has been
reviewed recently by Eguchi [108–110], and Fresneda and Molina have re-
viewed timely the application of iminophosphorane-based methodologies for
the synthesis of natural products [111]. In this section, selected topics on syn-
thesis of quinazoline alkaloids will be discussed retrospectively focusing on
these synthetic methodologies.

3.1
Pyrroloquinazolinone Alkaloids

3.1.1
Vasicinone and Related Alkaloids

Application of quinazolinone annelation method (see Sect. 2.1.4) to pyrro-
lidinone 71 provides a facile synthesis of deoxyvacisinone 11 [143–145]
(Scheme 15). Cyclization of 2-azidobenzoyl derivative 72 via iminophos-
phorane 73 to 2,3-dihydropyrrolo[2,1-b]quinazolin-9(1H)-one (11) proceeds
more rapidly with tributylphosphine (TBP) than with TPP in accordance with
the general reactivity trend; however, steric effects should also be considered
as an important factor in these aza–Wittig reactions.



Quinazoline Alkaloids and Related Chemistry 131

Scheme 15 Simple synthesis of deoxvasicinone [143, 144]

Quinazolinone annelation of the O-protected chiral pyrolidinone 74 (de-
rived from L-aspartic acid) forms pyrrolo[2,1-b]quinazolin-9(1H)-one 75;
subsequent desilylation affords (S)-(–)-vasicinone 10, which is identical with
the natural l-product (Scheme 16) [212, 213]. Asymmetric oxidation of de-
oxyvasicinone 11 (via the imine enolate) with either (R)- or (S)-Davis’ ox-
aziridine reagent (10-camphorsulfonyloxaziridine) [214, 215] provides a con-
venient route to both enantiomers, thus confirming the recently revised stere-
ochemistry of natural vasicinone (Scheme 16) [212, 213]. Recently another
approaches to optically active pyrrolo[2,1-b]quinazolinones 10 have been re-
ported by Kamal et al. (lipase-catalyzed resolution) [56], and Argade et al.
(asymmetric synthesis from (S)-acetoxysuccinic anhydride) [216]. One-pot
synthesis of 11, and related alkaloids has been also developed by utilizing
microwave irradiation by Liu et al. [217]. Biogenetically patterned short-
step synthesis of pyrroloquinazolinone alkaloids is well established by On-
aka [218], and for many other synthesis, see the references cited in these
papers.

Scheme 16 Synthesis of (S)-(–)-vasicinone [212]
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3.1.2
Chemoselectivity of Intramolecular Aza–Wittig Cyclizations

The chemoselectivity of bifunctional systems is important for the selective
ring construction by intramolecular aza–Wittig reactions. The selective cycli-
zation of methyl 1-(2-azidobenzoyl)-5-oxo-L-prolinate 76a with TBP and TPP
involves the ester carbonyl group rather than the imidoyl carbonyl group
affording 77a selectively; but both 77a and 78a are formed with triethylphos-
phite based on the product ratios 77/78 as determined by 1H NMR spectra
of the reaction mixture (Scheme 17, Table 1) [219, 220]. The isolated 77a
is sensitive to moisture and is converted quantitatively into 78a by treat-
ment with a catalytic amount of conc. HCl in THF at rt for 3 h. The imi-
docarbonyl group of amide 76b is more reactive yielding 78b exclusively.
The product ratio of 7-membered rings 77a,b versus 6-membered rings

Scheme 17 Chemoselectivity of intramolecular aza–Wittig cyclization [219, 220]

Table 1 Chemoselectivity of the Staudinger/aza–Wittig tandem reaction of 76a,b [219,
220]

Entry 76: X R Reaction conditions a Yield [%] b 77:78 c

1 OMe Bu rt, 3 h 79 88:12
2 OMe Ph rt, 4 h 63 97:3
3 OMe OEt rt, 6 h 45 36:64
4 OMe OEt rt, 6 h; 80 ◦C, 12 h 69 36:64
5 NEt2 Bu rt, 3 h; 80 ◦C, 4 h 91 trace:> 99
6 NEt2 Ph rt, 4 h; 140 ◦C, 6.5 h 98 trace:> 99

a In benzene or xylene, 1.1 equivalent of R3P
b Yields were determined after conversion into 78
c Determined by 1H NMR



Quinazoline Alkaloids and Related Chemistry 133

78a,b depends on the carbonyl function and on the steric effect exerted by
the substituents of the phosphorane reagents [144]: The bulkier TBP and
TPP form predominantly 77a; the 6-membered 78a is formed preferentially
with the smaller triethylphosphite. These results may be useful for the syn-
thetic design of alkaloids and related heterocycles. It should be mentioned
also that thus readily obtainable 78a,b are the deoxyvasicinone derivatives,
a quinazolinone analogue of recently isolated natural product linaric acid
79 [221].

3.2
Indolopyridoquinazoline- and Indoloquinazoline Alkaloids

3.2.1
Rutaecarpine

A successful simple application of the quinazolinone annelation is the short
step synthesis of rutecarpine 16, an indolopyridoquinazoline alkaloid of
Evodia rutaecarpa, from 2,3,4,9-tetrahydro-1H-β-carbolin-1-one 80 via 2-
azidobenzoyl derivative 81 (Scheme 18) [222]. Even after Kametani’s practical
iminoketene/amides condensation synthesis [227, 228], many other synthetic
routes to 16 and related systems utilizing Fischer indole synthesis [223–225]
or cyclocondensation [65, 226, 229, 230], etc. have been developed; among
these syntheses, above quinazolinone annelation route is one of the most
facile and concise one. Recently very concise Pd-assisted biaryl coupling route
to 16 as well as to luotonin A (26) and B (27) has been developed by Harayama
et al. [231, 232] (see Sect. 3.5).

3.2.2
Tryptanthrin

The simple synthesis of antimycotic alkaloid tryptanthrin 17 via the quina-
zolinone annelation is summarized also in Scheme 18. Quinazolinone annela-
tion of commercially available isatin 84 under the shown conditions gave
17 in 43% overall yield (Scheme 18) [222]. As the second route, oxindole
82 was annelated to indolo[2,1-b]quinazolin-12(6H)-one 83, which could be
converted to 17 by air-oxidation but only in the modest yield [222]. Recently
an efficient procedure for synthesis 17, 16 and luotonin A (26), etc. has been
reported using cyclocondensation of iminochloride and methylanthranylate,
followed by further manipulations by Jahng et al. [229]. Several known attrac-
tive routes to 17 involves cyclocondensation of isatin with isatoic anhydride
by Mitscher et al. [230], (Ru)3(CO)12-catalyzed reductive N-heterocyclization
by Watanabe et al. [182, 223].
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Scheme 18 Synthesis of rutaecarpine and tryptanthrin [222]

3.3
Quinazolinobenzodiazepine Alkaloids

A series of quinazoline alkaloids fused with 1,4-benzodiazepinone are iso-
lated from different fungal species or their cultures. These alkaloids including
benzolmalvine A (18) [80, 81], sclerotigenin (19) [82], circumdatin F [83–85],
asperlicin (20) [76–79] and their analogues consist of two anthranilic acid
and an amino acid forming a novel quinazolino [1, 7]benzodiazepine ring
systems. They show interesting biological effects [76–85] and their total syn-
theses have been studied actively by several groups. Selected examples will be
discussed below.

3.3.1
(–)-Benzomalvin A

Eguchi et al. have successfully applied the intramolecular aza–Wittig method
to the synthesis of the neurokinin receptor antagonists (–)-benzomavin A 18
and B 90, which contain a 1,4-benzodiazepine ring and a 4-quinazolinone
ring, and can be regarded as L-phenylalanine derivatives composed of two
anthranilic acid moieties [233, 234]. This synthesis utilized the 1,4-benzo-
diazepine synthesis [235, 236] combined with the quinazolinone annelation
reaction as explained in Scheme 19. Amino acid ester 85 provided (–)-ben-
zomalvin A 18 with 99.7% ee (based on HPLC analysis) [237–239]. Bromi-
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Scheme 19 Synthesis of benzomalvins A and B [233, 234]

Fig. 4 Isomerization of (–)-benzomalvin A [234]
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nation of 18, followed by dehydrobromination gave benzomalvin B as an E/Z
mixture.

(–)-Benzomalvin A was found to be very unstable in solution affording
a 76 : 24 equilibrium mixture of major and minor conformers at 23 ◦C for
280 h in CDCl3 as determined by 1H NMR spectra (Fig. 4). The NOE measure-
ments, and X-ray crystallographic analysis of the separable minor conformer,
supported the assigned spatial proximity between N-Me and H-7 as shown.
The minor conformer was shown to be (+)-invertmer based on the optical
rotation [233, 234].

3.3.2
Asperlicins, Circumdatin F, and Sclerotigenin

The quinazolinone annelation procedure described above by acylation of an
amide group with 2-azidobenzoylchloride (37) followed by the Staudinger/
intramolecular aza–Wittig tandem reaction together with intramolecular aza–
Wittig methods (see Sect. 2.2.2) has become known as the Eguchi aza–Wittig
protocol [26, 111, 240] after its successful applications by Snider et al. to
the synthesis of quinazolinobenzodiazepine alkaloids (Scheme 20) and the
pyrazino[2,1-b]quinazoline scaffold in the fumiquinazoline alkaloids (see
Sect. 3.4.1) and to the preparation of ardeemin by Danishefsky et al. (see
Sect. 3.4.3). As shown in Scheme 20, this method has been utilized for the
synthesis of asperlicin C (93a), circumdatin F (93b) and sclerotigenin (19) by
selective acylation of the more acidic anilide nitrogen of benzodiazepinediones
91 without the need for protecting groups, followed by TBP-induced cyclization
of the 1-(2-azidobenzoyl)-1,4-benzodiazepine-2,5-dione derivative 92 [241].

Utilizing the Eguchi aza–Wittig protocol Snider et al. achieved the total
synthesis of the more complex antibiotic (–)-asperlicin 20, known also for
its potent cholecystokinin antagonist activity [76–79] (Scheme 21) [242].
L-Tryptophan-derived benzodiazepinedione 94 is converted into the fused
quinazolinone 95.

Scheme 20 Synthesis of asperlicin C, circumdatin F, and sclerotigenin [241]
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Scheme 21 Synthesis of asperlicin [242]

Epoxidation of 95 with Davis’ oxaziridine reagent [214, 215], followed by
NaBH4 reduction and DDQ oxidation affords 96, which upon deprotection
by hydrogenolysis gives asperlicin 20 (15 steps from L-tryptophan with 8%
overall yield).

Total synthesis of asperlicin C and E via condensation route by Bock et al.
is well known [76–79, 243]. The first total synthesis of asperlicin D via both
cyclodehydration and intramolecular aza–Wittig routes has been fulfilled
very recently by Al-Said et al. [244], and the iminophosphorane intermedi-
ates having secondary amide protons have been shown to provide a one-step
entry to quinazolino[1,4]benzodiazepine ring system like asperlicin D (a po-
sitional isomer of asperlicin C). A facile route to N-benzylsclerotigenin has
been reported also by this group [245]. On the other hand, total synthesis of
circumdatin F (19) (and circumdatin C) via dehydrative cyclization (or ben-
zoxazine) route has been also fulfilled by Bergman et al. [246].

3.4
Pyrazinoquinazoline Alkaloids

Several groups of quinazoline alkaloids involving pyrazino[2,1-b]quinazoline-
3,6-dione substructure are found in fungal metabolites. These include
glyantrypine (21) [87], fumiquinazolines A–E, F (22), G (23) [88, 89], H
and I [90], and fiscalines A–C [91, 92]. Novel spiro-type pyrazinoquina-
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zolines such as spiroquinazoline [93], alantrypinone (24) [94], and ser-
antrypinone (25) [95] are also included. N-Acetylardeemin [96] having the
pyrazinoquinazoline substructure is known as one of the most potent MDR
inhibitor [97, 98]. Like this example, these alkaloids often exhibit very inter-
esting biological properties (see Sect. 1) and have drawn considerable interest
of synthetic chemists. Recently comprehensive review on the chemistry of
pyrazino[2,1-b]quinazoline-3,6-dione by Avendaño and Menéndez has ap-
peared [20], and in this section, some of selected examples are discussed.

3.4.1
Fumiquinazolines, Glyantrypine, and Fiscaline B

Snider et al. has utilized the quinazolinone annelation method (see Sect. 2.2)
for the first synthesis of (+)-fumiquinazoline G 23 [248] (the natural product
is the (–)-enantiomer; however, a 3 : 2 equilibrium mixture is obtained with
base from either fumiquinazoline F or G [89]). (+)-Fumiquinazoline G 23 is
the simplest member of a quinazolinone fused to a piperazine-2,5-dione ring.
Snider et al. has developed a general procedure for photochemically depro-
tectable N-(2-nitrobenzyl)piperazine-2,5-dione 97b, which provides a short
and efficient synthesis of fumiqunazoline G (23) (Scheme 22) [241]. Sub-
sequently, more efficient synthesis of (–)-fumiquinazoline F (22) and (–)-
glyantrypine (21) has been developed by Avendano, Menendenz, Söllhu-
ber et al. (Scheme 22) [252–255]. The regioselective acylation of unpro-
tected 3-arylmethylpiperazine-2,5-diones 97a and 97c (derived from methyl
tryptophanate) with TMSCl, Et3N, and 2-azidobenzoylchloride (37) is fol-

Scheme 22 Synthesis of fumiquinazolines F, G, and glyantrypine [247–255]
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lowed by the intramolecular Staudinger/aza–Wittig protocol (Scheme 22).
The Staudinger/intramolecular aza–Wittig reaction proceeds cleanly afford-
ing 21–23 in good yields [252–255]. Fiscalin B [91, 92] was synthesized
via direct alkylation of N-Boc-3-indolylmethyl bromide of 1-isopropyl-2,4-
dihydro-1H-pyrazino[2,1-b]quinazoline-3,6-dione by this group [255].

On the other hand, new dehydrative cyclization route of tripeptides based
on the Mazurkiewicz protocol [190–192] leading to fumiquinazolines F 22,
G 23, and fiscalin B has been developed by Ganesan et al. [191, 192]. This
Mazurkiewicz-Ganesan cyclization of starting tripeptides has been proven to
proceed via the iminooxazine intermediate followed by rearrangements to
the pyrazinoquinazolinones by Snider [250] and Hart [256, 257], and were
used for synthesis of fumiquinazolines (A, B, I [249], or C, E, and H [250]),
alantrypinone [256, 257] (see Sect. 3.4.4), and quinazolinobenzodiazepine al-
kaloids [244–246], etc. Wang, Ganesan, and Sim has applied this method to
solid-phase synthesis of fumiquinazolines [258] and related alkalolids [259]
(see Sect. 3.4.2).

3.4.2
Verrucines A, B, and Anacine

The first total solid-phase syntheses of verrucines A, B, and anacine [260–
262] have been fulfilled utilizing the Mazurkiewicz–Ganesan cyclization by
Wang and Sim (Scheme 23) [259]. Starting with Fmoc-L-Gly(Trt)-Sasrin-

Scheme 23 Solid-phase total synthesis of verrucins A, B, and anacine [259]
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resin (98), (+)-verrucines A (100a), B (100b), and (+)-anacine (100c) were
synthesized in seven steps. These syntheses proved unambiguously that 100a
and 100b are the derivatives of D-phenylalanine and L-glutamine, and 100c
and its natural diastereomer as 1,4-syn- and anti-quinazolines but not orig-
inally proposed benzodiazepines [261].

3.4.3
Ardeemin and N-Acetylardeemin

The quinazolinone annelation method has been applied to piperazinedione
101 derived from L-tryptophan methyl ester by Danishefsky et al. for the syn-
thesis of ardeemin 102a and N-acetylardeemin 102b [96], one of the most
potent known agents for reversal of multiple drug resistance (MDR) [97, 98]
featuring a hexahydropyrrolo[2,3-b]indole scaffold substituted at the benzylic
ring junction with the 1,1-dimethylallyl (“reverse-prenyl”) group [263, 264]
(Scheme 24). Acylation of 101 with KHMDS and 37 works well to give the
corresponding imide in variable yields (50–80%); for technical reasons, on
larger scale preparations the use of 2-azidobenzoic anhydride is preferred
over the acid chloride 37 [264]. The Staudinger/intramolecular aza–Wittig
reaction of the imide product with TBP gave aredeemin 102a, which was
acetylated to 5-N-acetylardeemin 102b (9 steps with 12.5% overall yield
from bis(Boc)tryptophan methyl ester). A seco analogue of ardeemin has
been synthesized by Menéndez et al. also using the quinazolinone annelation
method [265]. De-“prenyl” ardemeen has been synthesized also by Söllhu-
ber et al. by stereoselective acid-promoted cyclization of 1,4-anti-4-alkyl-

Scheme 24 Synthesis of ardeemine and N-acetylardeemine [264]
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1-(3-indolylmethyl)pyrazino[2,1-b]quinazoline-3,6-diones in four steps 45%
overall yield starting from N-2-aminobenzoyl-D-Ala methyl ester [266]. For
straightforward synthesis of didehydro analogues of N-acetylardeemin from
tryptamine is reported by Avendaño et al. [267].

3.4.4
Alantrypinone, etc.

Novel spiro-type pyrazinoquinazoline alkaloids such as spiroquinazoline
from Aspergillus flavipes [93], (+)-alantrypinone (24) [94], and (–)-seran-
trypinone (25) [95], both from Penicillium thymicola possess a tricyclic
pyrazinoquinazolinedione base bridged by a 3-methyleneoxindole substruc-
ture. The unusual structural feature and biological property [93] lead to
efforts of two groups toward their total synthesis. Hart et al. fulfilled total
synthesis of ent-24 via N-acyliminium ion cyclization that converts enamide
103 [255] to bridged indole 104 (Scheme 25) [256, 257]. Subsequent NBS-
mediated oxidative rearrangement of the bridged indole 104 to the oxindole
led to the spirocyclic structure of ent-24 in 12% overall yield from isatoic an-
hydride by 10 steps. However, ent-17-epi-alantrypinone 105 was formed in
50 : 50 to 40 : 60 ratio to ent-24 [256]. On the other hand, Kende et al. has
fulfilled a concise total synthesis of (±)-alantrypinone 24 by unique hetero
Diels–Alder route (Scheme 26) [268, 269].

The Diels–Alder reaction of azadiene 106 prepared from 1-methyl-2,4-
dihydro-1H-pyrazino[2,1-b]quinazoline-3,6-dione [255] with 3-methylene-
oxindole 107 proceeds smoothly in chloroform at rt to afford exo- (108)
and endo-isomer (109) in 55 and 18% yields, respectively. Mild hydrolysis of

Scheme 25 Synthesis of ent-alantrypinone [256, 257]
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Scheme 26 Hetero Diels–Alder route to (±)-alantrypinone [268, 269]

these adducts gave (±)-alantrypinone 24 and (±)-17-epi-alantrypinone 110,
respectively (Scheme 26). Based on thermal equibration results in various
conditions, the interesting epimerizations between 108 and 109, and 24 and
110 are rationalized by an intramolecular rearrangement involving an anionic
retro-Mannich reaction [268, 269]. (For synthesis of oxygen-briged spiro-type
fumiquinazolines C, and H see [248, 250])

3.5
Pyrroloquinazolinoquinoline Alkaloids

3.5.1
Luotonins A, B, and E

Luotonin A (26), a novel pyrroloquinazolinoquinoline alkaloid isolated from
the aerial parts of Peganum nigellastrum Bunge by Nomura et al. [99, 100],
showed a cytotoxic activity against mouse leukemia cells (P-388) and an
inhibitory activity against topoisomerase I and II [101]. The biological ac-
tivity of luotonin A coupled with the structural similarity with the topoi-
somerase inhibitor camptothecin (111 in Scheme 27) [102] have triggered
a number of synthetic approaches to this alkaloid and of course also ana-
logues thereof. Very comprehensive review on luotonin A by Ma et al. has
appeared recently [29], and here, only selected examples of total synthesis
will be discussed focusing on synthetic routes. A number of total synthe-
ses of luotonin A reported heretofore are classified into three main routes by
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ring-construction strategies. Route I constructs B (or B, C) ring by Friedlän-
der quinoline synthesis [270, 271], and or by intramolecular Povarov reac-
tion [272] (Scheme 27). Route II constructs ring C by Heck coupling [273–
275], and or by Mitsunobu cyclization [276] (Scheme 28), and route III con-
structs C, D (or D) rings by cycloadditions including Kametani quinazolinone
synthesis by amide condensation [227] (Scheme 29).

Friedländer condensation of pyrrolo[2,1-b]quinazoline-3,9-dione (112)
with anthranylaldehyde 114 gave luotonin A 26 in 36% yield (Scheme 27) [277–
279].

Dione 112 was obtained from 10 (Jones oxidation, 56%), 11 (SeO2 oxi-
dation, 42%), and 113 (ozonolysis, 63%). One-pot synthesis of 26 from 10
is devised also [277]. Intramolecular hetero Diels–Alder (Povarov) approach
has been developed by Twin and Batey [280]. Intramolecular Povarov reac-
tion between aldehyde precursor 116 prepared from acetate 115 with aniline
under the shown conditions afforded 26 in 51% yield presumably after in situ
oxidation of the initially formed 1,2-dihydroquinoline (Scheme 27).

The route II approaches are summarized in Scheme 28. The very con-
cise synthesis of luotonin A 26 as well as rutaecarpine 16 (see Sect. 3.2.1)

Scheme 27 Route I synthesis of luotonin A [277–280]
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via a biaryl coupling using Heck reaction [273–275] has been developed by
Harayama et al. [231, 232]. The required 3-[2-bromoquinolin-3-yl]-4(3H)-
quinazolinone 118 was prepared by N-alkylation of 2 with the quinolyl
bromide 117, and the intramolecular biaryl coupling of 118 with the Pd
reagent afforded 26 in good yields (Scheme 28). Synthesis of luotonin B 27
was fulfilled also by the NBS-mediated regioselective hydroxylation of
26 [231, 232]. On the other hand, Mhaske and Argade fulfilled total syn-
thesis of luotonins A (26), B (27), and E (29) by utilizing regioselective
quinazolinone-directed ortho lithiation of quinazolinoylquinoline 119 as the
key step (Scheme 28) [281]. The reaction of dilithiated intermediate 120 with
formaldehyde yielded the desired 121 in high yield. The Mitsunobu cycli-
zation [276] of 121 furnished 26 in 95% yield. The reaction of 120 with
DMF furnished 27 via intermediate 122. The PCC oxidation of 121 fur-

Scheme 28 Route II synthesis of luotonin A, B, and E [231, 232, 281, 282]
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nished also 27. On treatment with TsOH/MeOH, 27 was converted to luotonin
E 28. Similar synthesis of luotonins A, B, and E without use of lithiation
has been reported also by Chavan and Sivappa [282]. They succeeded acid-
catalyzed cyclodehydration of 121 to afford 26 without use of the Mitsunobu
conditions that require laborious column chromatography to obtain pure
luotonin A.

The route III involves an efficient total synthesis of luotonin A via in-
tramolecular hetero Diels–Alder reactions by Ihara et al. [283, 284], and
several syntheses of luotonin A utilizing well-known Kametani’s quina-
zolinone synthesis via iminoketene cycloadditions or analogues as the fi-
nal key-step by several groups [229, 285–288] (Scheme 29). In the hetero
Diels—Alder route, a key precursor, N-(2-cyanoquinolin-3-ylmethyl)-2-
methoxybenzamide (122) prepared from the corresponding 2-bromo deriva-
tive by palladium-catalyzed coupling with copper (I) cyanide underwent the
intramolecular hetero Diels–Alder reaction via a putative intermediate 123
in the presence of chlorotrimethylsilane and zinc chloride to furnish luo-
tonin A (Scheme 29). On the other hand, first total synthesis of luotonin A via

Scheme 29 Route III synthesis of luotonin A [283–288]
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quinazolinone annelation of 3-oxopyrrolo[3,4-b]quinoline (124) has been re-
ported by Ganesan et al. in 1998 [285]. They prepared required amide 124
by Danishefsky procedure [289] but the reaction with 2-sulfinylaminobenzoyl
chloride (126a) under the Kametani’s conditions [227, 228] was not success-
ful due to the insolubility of 124. Use of lithium bis(trimethylsilyl)amide for
deprotonation of 124 allowed successful quinazolinone annelation with 126a
in THF at rt for 2 h to furnish 26 in 85% yield (Scheme 29) [285]. Dallavalle
et al. developed one-pot, three-step synthesis of 26 from 124 [286]. They
prepared 124 by Friedländer condensation of N-allylpyrrolidine-2,3-dione
127 with anthranylaldehyde 114, followed by deprotection of allylic group
after palladium-catalyzed isomerization to enamide function (Scheme 29).
A one-pot sequence of acylation of 124 with 2-nitrobenzoylchloride (126b)
(NaH, THF, 60 ◦C, 1 h), reduction of the nitro group (Fe, AcOH/EtOH, re-
flux, 2 h) and subsequent ring-closure led to 26 (38%) [286]. Mw-assisted
rapid synthesis of 26 (85% yield) via the cyclocondensation of the amide
124 with isatoic anhydride 126c has been fullfilled by Yadav et al. under
solvent-free conditions [287]. Jahng et al. developed facile synthesis of 26 as
well as rutaecarpine and tryptanthrin via cyclocondensation of iminochlo-
ride derived from lactams with methyl anthranylate 126d. Application of
this quinazolinone annelation for 124 furnished 26 in 88% yield [229].
A unique hetero Diels—Alder synthesis of the key intermediate 124 was
developed by Stevenson et al. [288]. A Lewis acid catalyzed [4 + 2] cy-
cloaddition reaction between azetin 128 and imine 129 yielded quinoline
derivative 130, which underwent base-catalyzed cyclization to give the amide
124 in a high yield (Scheme 29). For synthesis of luotonin A analogues
and SAR studies, see the review of Ma et al. [29] and references cited
therein.

3.6
Antimalarial Quinazoline Alkaloids Having a Piperidine Ring

3.6.1
Febrifugine and Isofebrifugine

Febrifugine (14) is the antimalarial alkaloid that is isolated from Dichroa
febrifuga (Chinese name: Cháng Shan) or Hydrangea umbellate with iso-
febrifugine (15) [60–63]. Recently, Kobayashi et al. corrected the error in the
absolute stereostructure of 14 and 15 as shown in Scheme 30. It is well known
that 15 is transformed into 14 by heating [60]. Due to their attractive bio-
logical activity, a number of syntheses of these alkaloids have been reported
to date [290–299]. In this section, some of selected topics will be discussed
briefly.

Kobayashi et al. fulfilled first asymmetric synthesis of febrifugine utilizing
tin(II)-catalyzed asymmetric aldol-type reaction and lanthanide-catalyzed
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Scheme 30 Synthesis of stereoisomers of febrifugine and isofebrifugine [290, 291]

Mannich-type three-component reaction as the key steps (Scheme 30) [290,
291].

The key intermediate 132 was prepared by a novel aqueous three-
component reaction involving 131-R, 2-methoxyaniline, 2-methoxy-3-(p-
methoxybenzyloxy)-1-propene using ytterbium dodecyl sulfate, Yb(DS)3
(Lewis acid-surfactant-combined catalyst). Piperidine derivatives 133-trans
and 133-cis were prepared from 132, and coupled with 4-hydroxyquinazoline
(2) using potassium hydroxide, respectively [300], followed by deprotec-
tion afforded antipode of natural febrifugine and isofebrifugine, respectively.
Similarly another pair of 14 and 15 were prepared from 131-S. These unam-
biguous total syntheses of stereoisomers revised the absolute configurations
of natural febrifugine and isofebrifugine from (2′S,3′R) and (2′R,3′R) to
(2′R,3′S) and (2′S,3′S) (Scheme 30). Thereafter, many unique synthetic routes
to 14 and 15 have been developed by several groups. For example, Kobayashi
et al. has developed more flexible new routes to febrifugine and isofebrifugine
using the Sc(OTf)3 (or other Lewis acid)-catalyzed coupling reaction between
tin(II) enolate (or silyl enol ether) of 3-acetonyl-4(3H)-quinazolinone and
2,3-diacetoxy-N-benzyloxycarbonylpiperidine as the key-step [292, 296–298].
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Fig. 5 Examples of febrifugine metabolites and their antimalarial activities against P.
falciparum in vitro [62]

Other new syntheses of 14 and/or 15 have been developed using dioxabicy-
clo[3.2.1]octenone chiral block by Ogasawara et al. [293], yeast reduction by
Takeuchi et al. [294], 1,3-dipolar cycloaddition by Hatakeyama et al. [295],
and the reductive deamination/recyclization reaction of the proline derivative
with SmI2 by Honda et al. [299], etc.

Although febrifugine 14 demonstrated outstanding antimalarial activity,
both in vitro and in vivo with no resistant parasite to 14 reported, its use
as an antimalarial drug has been precluded due to its strong emetic prop-
erties and other undesirable side effects [301]. Many analogues of 14 and
15 are searched with the goal of preserving the strong antimalarial activity,
while dramatically reducing side effects. Oshima et al. analyzed the metabo-
lites of 14 and 15, etc. by mouse liver S9 and have synthesized their analogues
for the biological tests [62]. Some of these examples are shown with their
antimalarial activity (a) and cytotoxity (b) in Fig. 5. Compounds 134 and
136 having 6-hydroxyl group exhibited powerful antimalarial activities. Com-
pounds 134 and 135 exhibited comparable or stronger antimalarial activity
than the clinically used medicines, chloroquine (137) and artemisinin (138)
against P. berghei in vivo (mice), and furthermore, 134 was less toxic than the
parent alkaloid 14. From these findings, 134 has been suggested to be a good
candidate as a new antimalarial drug by Oshima et al. [62].
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4
Concluding Remarks

Recent progress in quinazoline alkaloids and related chemistry has been
reviewed retrospectively. Emphasis is placed on recent developments of
synthetic methodologies of quinazoline compounds, including aza–Wittig
methodology, microwave-assisted synthesis, solid-phase synthesis, and other
new synthetic reactions of quinazoline compounds using organometallic
reagents, metal-catalyzed reactions, heterocyclizations, and pericyclic reac-
tions. Syntheses of quinazoline alkaloids by the aza–Wittig methodology
focusing on the application of the intramolecular Staudinger/aza–Wittig pro-
tocol, and some other methodologies are discussed. The efficient and re-
gioselective construction of quinazoline alkaloids and related ring-structures
has been shown to be successful even for synthesis of highly polyfunctional
quinazoline alkaloids.

Plants and other natural resources used as traditional medicines have been
widely explored in drug discovery. Bioassay-directed isolation followed by
identification and characterization of bioactive compounds leads a develop-
ment for new medicinal drugs. Quinazoline alkaloids are one of attractive
natural products leading to many drug developments. During the improve-
ment stage of such lead compounds, rational drug design-based modification
affords synthetic analogues with increased activity, decreased toxicity, or im-
proved pharmacological availability as exemplified by suggestion of a good
candidate as a new antimalarial drug from antimalarial quinazoline alka-
loid febrifugine (Sect. 3.6). From this point of view, simple and convenient
method for selective synthesis of quinazoline compounds such as quina-
zolinone annelation combined with microwave-assisted synthesis and use of
polymer-reagents would be in demand continuously as one of the indispens-
able strategies for development of new drugs and related fine materials.

Acknowledgements The author express his sincere gratitude to the dedicated, hardwork-
ing, skillful efforts of his coworkers whose names appear in references cited. The author
would like to express his appreciation to the Ministry of Education, Science, Sports and
Culture, Japan for the generous support by Grants-in-Aid for Scientific Research.

References

1. Merck Index (2001) 13th edn, No 8141. Merck Publishing Group, Rahway, NJ
2. Reddy PS, Reddy PP, Vasantha T (2003) Heterocycles 60:183
3. El-Hiti GA (2000) Heterocycles 53:1839
4. El-Hiti GA, Abdel-Megeed MF (2005) Heterocycles 65:3007
5. Jantova S, Stankovsky S, Spirkova K (2004) Biol Bratislava 59:741
6. Tran TP, Ellsworth EL, Stier MA, Domagala JM, Showalter HDH, Gracheck SJ,

Shapiro MA, Joannides TE, Singh R (2004) Bioorg Med Chem Lett 14:4405



150 S. Eguchi
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Abstract Many kinds of alkaloids with extraordinary structures and significant biological
activities have been isolated from marine organisms. This work features the structures,
biological activities, and biogenesis of novel heterocyclic marine alkaloids, which con-
trol biologically and physiologically intriguing phenomena. Pinnatoxins and pteriatoxins,
potent shellfish poisons, were isolated from the Okinawan bivalve Pinna sp. and Pte-
ria sp. Norzoanthamine hydrochloride, isolated from the colonial zoanthid Zoanthus
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sp., suppresses decreases in bone weight and strength in ovariectomized mice. Sym-
bioimine, an amphoteric iminium metabolite from the dinoflagellate Symbiodinium sp.,
inhibits osteoclast differentiation. Other novel alkaloids, such as pinnamine, pinnaic
acids, halichlorine, and zamamistatin, are also described.

Keywords Heterocyclic marine alkaloids · Shellfish poison · Anti-osteoporosis ·
Super-carbon-chain compound

1
Introduction

Alkaloids are nitrogen-containing compounds that occur naturally not only
in plants but also in microorganisms, marine organisms, and animals. Many
kinds of alkaloids with extraordinary structures and significant biological ac-
tivities have been isolated from marine organisms [1, 2]. They continue to
provide lead structures in the search for new drugs or biological probes for
physiological studies. As new and more complicated diseases are encountered
worldwide, the importance of novel bioactive alkaloids has increased due to
their potential application in chemotherapy.

Many kinds of bioactive nitrogenous compounds, such as peptides, indols,
oxazoles, and thiazoles, have been identified from marine invertebrates [3, 4].
The true origins or progenitors of these metabolites have been suggested to be
microorganisms, i.e., microalgae, bacteria, and fungi. These microorganisms
are carried through symbiosis, association, a food chain, and other forms of
nutrient-dependency with host animals [5–7]. Consequently, the isolation of
bioactive metabolites from cultured marine microorganisms, such as symbi-
otic dinoflagellates and bacteria, as well as from their host animals, has been
well investigated. Several alkaloidal metabolites isolated from cyanobacteria
have been suggested to help to inhibit predation by marine herbivores, such
as fish and sea urchins. However, the real role of most marine bioactive alka-
loids in the ecosystem has not been well clarified.

In our ongoing search for bioactive metabolites from marine organisms,
several novel heterocyclic alkaloids, such as pinnatoxins, norzoanthamine,
pinnaic acids, zamamistatin, and symbioimine, have been isolated. This work
features the structures, biological activities, and biogenesis of these bioactive
heterocyclic marine alkaloids, along with up-to-date topics.
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2
Pinnatoxins and Pteriatoxins, Potent Macrocyclic Iminium Toxins
from an Okinawan Bivalve

2.1
Isolation and Structure of Pinnatoxins

Shellfish of the genus Pinna live mainly in shallow waters of the temperate
and tropical zones of the Indian and Pacific Oceans [8]. The adductor mus-
cle of this bivalve is eaten in Japan and China, and food poisoning resulting
from its ingestion occurs frequently. Although it has been suggested that this
poisoning is caused by bacterial infection or neurotoxins, the true causative
agent was ambiguous. Chinese investigators have reported that a toxic extract
from P. attenuata, referred to as pinnatoxin, is a Ca2+ channel activator [9].
We have successfully isolated pinnatoxin A (1), a mixture of pinnatoxins B
and C (2, 3), and pinnatoxin D (4) from P. muricata as a major cause of food
poisoning [10–13].

The structures and stereochemistries of pinnatoxins have been clarified by
extensive analysis using NMR experiments and positive ion ESI MS/MS. Pin-
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natoxins consist of a 20-membered ring, i.e., with 5,6-bicyclo, 6,7-azaspiro,
and 6,5,6-triketal moieties in their structure. In particular, they contain a car-
boxylate anion and an iminium or ammonium cation. Recently, Kishi’s group
achieved the total synthesis of 1 and ent-1 [14], and the absolute stereochem-
istry of pinnatoxin A (1) has been confirmed. Interestingly, while natural 1
showed significant acute toxicity, its antipode ent-1 was not toxic [15].

Pinnatoxins B (2) and C (3), the most toxic constituents in the pinnatoxin
series, were isolated as a 1 : 1 mixture [13]. The molecular formula of both
pinnatoxins B (2) and C (3) was determined to be C42H64N2O9 by ESIMS,
which reflects a 29 MS unit (CH3N) increase compared to that of pinnatoxin
A (1). In positive ion ESI MS/MS analysis, a series of prominent fragment ions

Fig. 1 ESI-MS/MS fragmentation pattern of pinnatoxins B (2) and C (3)

Scheme 1
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were generated by a cyclohexane ring-opening reaction (retro-Diels–Alder
reaction), followed by bond cleavage of carbocycles (Fig. 1).

The stereochemistry of the macrocyclic moiety in pinnatoxins B (2) and
C (3) was determined as follows. Reduction of the imino group in 2 and 3
with NaBH4 followed by oxidative cleavage with NaIO4 provided aldehyde 6
(Scheme 1). Aldehyde 6 was also obtained by the reduction of iminium and
a carboxylic acid moiety in pinnatoxin A methyl ester (5) followed by oxida-
tion of the resulting alcohol. Since the spectroscopic data of 6 derived from
2 and 3 and that from 5 were identical, the relative stereochemistry of the
macrocyclic core in 2 and 3 was confirmed to be the same as that in pinna-
toxin A (1).

2.2
Biological Activity and Biogenesis of Pinnatoxins

Pinnatoxin A (1) showed potent acute toxicity against mice (LD99 180 µg/kg
(i.p.)) with characteristic neurotoxic symptoms. Pinnatoxin A activated Ca2+

channels. Pinnatoxins B (2) and C (3) were the most toxic constituents in
the pinnatoxin series, which makes them as potent as tetrodotoxin (LD99
22 µg/kg). Although pinnatoxin D (4) showed weaker acute toxicity than the
other pinnatoxins (LD50 > 10 µg/MU), 4 showed the strongest cytotoxicity
against the murine leukemia cell line P388 (IC50 2.5 µg/ml).

The backbone of pinnatoxins and their analogues could be configured
from C1 to C34 in a single carbon chain, in a polyketide biogenetic pathway
(Fig. 2) [10]. This biosynthetic proposal entails an intramolecular Diels–Alder
reaction to construct a cyclohexene ring (G-ring) followed by imine forma-
tion to establish a 6,7-spiro-ring system. Because of the structural similarity
of the imine moiety adjacent to the spirocyclic core, other macrocyclic imines,
i.e. pteriatoxins, spirolides, gymnodimine, may also be biosynthesized via the
same intramolecular Diels–Alder reaction. Indeed, Kishi and his coworkers
achieved the total synthesis of 1 using a biomimetic intramolecular Diels–
Alder reaction as shown in Scheme 2 [14].

Fig. 2 Proposed biogenesis of pinnatoxin A (1)
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Scheme 2

2.3
Pteriatoxins, Pinnatoxin Analogs from the Okinawan Bivalve Pteria penguin

In our study of shellfish poisons, we observed that a moray eel vomits the vis-
cera of the Okinawan bivalve Pteria penguin. We found that the aqueous EtOH
extract of viscera of P. penguin showed potent acute toxicity against mice
along with severe convulsion. Guided by this toxicity, pteriatoxins A (7), B,
and C (8, 9: a 1 : 1 mixture) were isolated as extremely toxic and minor com-
ponents [16]. Although the isolated yields of pteriatoxins were too low (less
than 20 µg) to deduce their structures by usual NMR analysis, a nano-mole-
order structure determination of pteriatoxins was achieved by a detailed
analysis of ESI MS/MS. As a consequence, pteriatoxins were determined to
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be pinnatoxin analogs containing a cysteine moiety. The position of duplicate
signals in the 1H NMR spectrum suggested that pteriatoxins B (8) and C (9)
are C-34 epimers, like 2 and 3.

Pteriatoxins A (7), B, and C (8, 9) showed significant acute toxicity against
mice with LD99 values of 100 and 8 µg/kg, respectively. The toxic symptoms
of pteriatoxins were also similar to those of pinnatoxins. Extracts from the di-
gestive glands of several species that are closely related to Pinna sp., including
P. muricata, P. attenuata, P. atropupurea, and the commonly eaten shellfish At-
rina pectinata, all produced the same symptoms of poisoning in mice. Thus,
these shellfish may become toxic as a result of feeding on common toxic or-
ganisms such as dinoflagellates.

2.4
Pinnamine, an Alkaloidal Marine Toxin from Pinna muricata

In a continuation of our work on pinnatoxins, a novel marine alkaloid, pin-
namine (10), was isolated from the Okinawan bivalve P. muricata. Pinnamine
exhibited acute toxicity against mice, with characteristic toxic symptoms,
such as scurrying around and convulsion (LD99 0.5 mg/kg) [17]. The struc-
ture of pinnamine (10) was determined to be a unique alkaloid containing
a 9-azabicyclo[4.2.1]nonane moiety and a dihydro-γ -pyrone ring. The abso-
lute stereostructure was determined by an analysis of the circular dichroism
spectrum [18].

The structure and toxic symptoms of pinnamine resemble those of anatoxin-
a (11) [19, 20], a potent postsynaptic depolarizing neurotoxin known as very
fast death factor (VFDF), and atropine [21], a representative suppressor of the

Scheme 3
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parasympathetic nervous system. Thus, the toxic expression of pinnamine,
similar to that of atropine, may result from excitability of the cerebrum.

Recently, an enantioselective synthesis of pinnamine (10) has been
achieved (Scheme 3) [22]. The 9-aza-bicyclo[4.2.1]nonane moiety in 10 was
constructed by convergence of the β-keto ester into the silyl enol ether fol-
lowed by Lewis acid treatment. Synthetic pinnamine was found to correspond
uniquely to the natural compound based on a comparison of their spectral
data including their CD spectra.

3
Norzoanthamine, A Significant Inhibitor of Osteoclast

3.1
Structure of Zoanthamines

Norzoanthamine (12), zoanthamine (13), and its homologues 14–21 were
isolated from the colonial zoanthid Zoanthus sp. [23–26]. The relative stereo-
chemistry of norzoanthamines was determined by X-ray analysis. The ab-
solute stereochemistry of norzoanthamine was established by a modified
Mosher’s method [27].

Interestingly, equilibration was observed between the lactone structure
and iminium structure on norzoanthamine (12). The NMR spectrum of nor-
zoanthamine hydrochloride in CD3OD implied the presence of an iminium
structure (22, δC-10 = 193.3) but not a lactone structure 12 in norzoanthamine
(Scheme 4). The zwitter iminium structure was also demonstrated by trans-
formation into methyl ester 23 by the treatment of 12 with CH3I – Ag2O. On
the other hand, hydrolysis of 23 with aqueous HCl led to the recovery of
12. Recently, zooxathellamine (21) was isolated from the cultured symbiotic
dinoflagellate Symbiodinium sp. [28]. As with norzoanthamine (12), 21 also
adopted a zwitter ion structure with carboxylate and iminium moieties in
D2O, but had a lactone structure in either CDCl3 or CD3OD.

3.2
Biological Activities of Zoanthamines

IL-6 (Interleukin-6) is known to stimulate osteoclast formation, and the
suppression of secretion can be effective in the prevention of osteoporosis.
Norzoanthamine (12) and norzoanthamine hydrochloride (22) inhibit IL-6
induction at values of 13 and 4.7 µg/ml, respectively [29]. Meanwhile, the ef-
fect of norzoanthamine hydrochloride (22) on bone weight and strength was
tested in ovariectomized mice, an animal model of postmenopausal osteo-
porosis (Fig. 3). Norzoanthamine hydrochloride (22) (0.08 mg/kg/day, p.o.)
significantly suppressed the decrease in femoral weight caused by ovariec-
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tomy [30, 31]. The primary spongiosa did not significantly increase, and the
morphology of the metaphysis remained nearly normal. It is known that uter-
ine hypertrophy is a serious side effect of 17β-estradiol [32]. In contrast,
norzoanthamine hydrochloride (22) did not have an estrogen-like side effect
on reproductive organs. Thus, the action mechanism of norzoanthamine hy-
drochloride is suggested to differ from that of estrogen.

Osteoporosis is caused by an imbalance between bone resorption and bone
formation, which results in bone loss and fractures after mineral flux oc-
curs [33]. The frequency of fracture is significantly increased in patients with
osteoporosis, and hip fracture in elderly patients with osteoporosis is a very
serious problem because it often limits their quality of life [34]. In addition to
preventing the loss of bone mass, maintenance of the mechanical strength of
bone tissue is a very important point to consider in the development of anti-
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Scheme 4

Fig. 3 Effect of norzoanthamine hydrochloride (22) on humeralis morphology in ovariec-
tomized mice

osteoporotic drugs. From this point of view, norzoanthamine hydrochloride
(22) is considered to be a potent candidate.

3.3
Biogenesis of Zoanthamines

On the basis of their molecular formulas, zoanthamines have been regarded
as terpenoids, but the biogenetic pathway of zoanthamines remains unclear.
We have proposed a polyketide biogenetic pathway for zoanthamines, as
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Fig. 4 Proposed biogenesis of zoanthamine

shown in Fig. 4 [23]. A single carbon chain precursor (C1 to C24) could be
cyclized to give a complex polycyclic structure, like 13. Meanwhile, feeding
experiments with a labeled compound for zooxathellamine (21) have been
examined, and a polyketide biosynthetic pathway has been supported [28].

Recently, a total synthesis of norzoanthamine (12) has been achieved using
an intramolecular Diels–Alder reaction as a key step for constructing the
requisite chiral triene [35]. This synthesis may be a powerful tool for advanc-
ing the study of norzoanthamine as a therapeutic drug.

4
Pinnaic Acids and Halichlorine, Novel Marine Azaspirocycles

4.1
Pinnaic Acids, Potent cPLA2 Inhibitors

Specific inhibitors of phospholipase A2 (PLA2) have been considered as po-
tential drugs for the treatment of inflammation and other disease states, since
PLA2 is linked to the initial step in the cascade of enzymatic reactions that
lead to the generation of inflammatory mediators [36, 37]. Marine natural
products such as manoalide [38] and luffariellolide [39] have been reported to
be potent PLA2 inhibitors [40, 41]. A cytosolic 85-kDa phospholipase (cPLA2)
exhibits specificity for the release of arachidonic acid from membrane phos-
pholipids [42–44]. Therefore, compounds that inhibit cPLA2 activity have
been targeted as anti-inflammatory agents.

Pinnaic acid (24) and tauropinnaic acid (25) were isolated from the vis-
cera of P. muricata [45]. Both 24 and 25 have a unique 6-azaspiro[4.5]decane
moiety. The gross structure of 24 was also confirmed by a comparison of
the EI-MS fragment peaks with the corresponding peaks of 25. The relative
stereochemistry of 25 was deduced from phase-sensitive NOE correlations.
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Pinnaic acid (24) and tauropinnaic acid (25) inhibited cPLA2 activity in
vitro with IC50 values of 0.2 mM and 0.09 mM, respectively. The activities of
pinnaic acids were not so strong, but were still interesting, since cPLA2 in-
hibitors are rare.

4.2
Halichlorine, An Inhibitor of VCAM-1 Induction

Adhesion molecules are involved in the process of adhesion between cells and
the extracellular matrix in the formation of multicellular bodies. The activ-
ity of adhesive molecules is very important for the maintenance of function
and performance [46]. The clinical application of adhesion molecules as anti-
inflammatory agents and immunosuppressive agents are possible, provided
that the function of the adhesive molecules can be controlled.

A simple model of multistage adhesion between leukocyte and vascular
cells is proposed. This process can be classified into four stages, i.e., (1)
rolling, (2) triggering, (3) strong adhesion, and (4) transmigration. VCAM-1
(vascular cell adhesion molecule-1) is affected during the phase of strong ad-
hesion [47]. Thus, drugs that block the induced expression of VCAM-1 may
be useful for treating atherosclerosis, coronary artery diseases, angina, and
noncardiovascular inflammatory diseases.

Halichlorine (26) was isolated from the marine sponge Halichondria
okadai Kadota [48]. Halichlorine consists of a sterically hindered 15-mem-
bered lactone, an azabicyclo[4.4.0]ring, and a 5,6-spiro ring moiety. The rela-
tive stereochemistry of 26 was confirmed mainly by the coupling constants
and NOESY spectral data. Furthermore, an oxidative degradation product
of 26 was synthesized from d-(–)-tartaric acid to determine the absolute
stereochemistry of halichlorine [49]. Halichlorine inhibits the induction of
VCAM-1 at IC50 7 µg/ml. Although VCAM-1 and ICAM (intercellular adhe-
sion molecule 1) belong to the same immunoglobulin superfamily, halichlo-
rine does not affect ICAM (IC50 > 100 µg/ml).
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4.3
Biogenesis and Synthesis of Pinnaic Acids and Halichlorine

The structure of pinnaic acid (24) from the bivalve P. muricata has been
shown to be closely similar to that of halichlorine (26) from the marine
sponge H. okadai. Each carbon atom has been tentatively numbered accord-
ing to the supposed biogenetic formation of the N-C23 bond. Thus, these
two bioactive metabolites may each be biosynthesized by symbiotic marine
microorganisms.

Both pinnaic acids and halichlorine have attracted the attention of syn-
thetic chemists. To date, 15 research groups have published synthetic stud-
ies [50]. The Danishefsky group has achieved the total synthesis of pinnaic
acid [51, 52] and halichlorine [53, 54] in an asymmetric manner. Since pin-
naic acid is a zwitterionic molecule, the NMR spectrum is quite sensitive to
the measurement conditions. Recently, a racemic total synthesis of pinnaic
acid (24) has been achieved (Scheme 5) [55]. A detailed comparison of the
1H-NMR spectra of both synthetic and natural samples supported Danishef-
sky’s revision of the configuration at C14.

Scheme 5
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5
Zamamistatin, a Significant Antibacterial Bromotyrosine Derivative
from a Marine Sponge

Bacteria and diatoms are present soon after immersion in seawater, resulting
in a biofilm that covers the surface. The establishment of this microfouling
biofilm layer is soon followed by macrofouling by barnacles, mussels, and
algae. To prevent such macrofouling, several metallic compounds, such as
bis(tributyltin)oxide (TBTO), have been used in antifouling paints. However,
since their use is restricted to prevent environmental pollution the devel-
opment of environmentally acceptable antifouling agents has been expected.
From marine algae, which are known to be one of the largest producers
of biomass in the marine environment, several substances with potent an-
tifouling activity have been isolated, such as fatty acids, lipopeptides, amides,
alkaloids, terpenoids, lactones, pyrroles, and steroids [56].

We have especially searched for compounds to prevent microfouling,
which would consequently prevent such macrofouling [57]. Antibacterial ac-
tivity against the marine bacteria Rhodospirillum salexigens SCRC 113 strain
with adhering properties was selected as a bioassay to identify such com-
pounds. In our continuing search for such compounds, zamamistatin, a novel
bromotyrosine derivative, was isolated from the Okinawan sponge Pseudocer-
atina purpurea [58]. Zamamistatin exhibited significant antibacterial activity
against R. salexigens (21 mm, 1.6 µg/disk).

The molecular formula of zamamistatin was determined to be C18H18Br4
N2O6. Observation of only nine carbon signals by 13C NMR and its opti-
cal rotation value suggested that zamamistatin was an optically active dimer
with a C2 symmetrical structure. On the basis of the analysis of 2D-NMR
spectra, the structure of zamamistatin was elucidated to be 28, possess-
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ing an exo-type dimer of an isooxazoline ring like aerothionin 29 [59, 60].
Recently, however, zamamistatin has been re-isolated and its structure has
been revised [61]. A dihydro-1, 2-oxazine methyl ester 30 and a isoxazo-
line methyl ester 31 [62] were synthesized as model compounds. The spiro-
carbon signal (C-6) for 30 and 31 appeared at δC 92.4 and 79.9, respectively,
while the carbon signal in the natural compound appeared at δC 74.3. Thus,
the structure of natural zamamistatin has been revised to be 27, an endo-
type dimer of an aza-oxa-spiro[6.6] unit possessing a dihydro-1,2-oxazine
ring moiety.

6
Symbioimines, Potential Antiresorptive Drugs

Large polyol and polyether compounds, such as palytoxin, halichondrin,
ciguatoxin, and maitotoxin, are characteristic marine secondary metabolites.
These compounds are composed of a long carbon backbone functionalized
by oxygen, and have been called “super-carbon-chain compounds” [63].
Interestingly, several super-carbon-chain compounds consist of a single
chain starting from a carboxylic acid (C-terminus) and an amine moi-
ety (N-terminus, which are sometimes acylated), thus they can be con-
sidered to be huge amino acids, i.e., palytoxin (32) (115 straight carbon
chain) [64], zooxanthellatoxin-A (33) (106 carbons) [65], and azaspiracid 1
(34) (40 carbons) [66, 67] (Fig. 5). This concept may also be applicable to
pinnatoxins and zoanthamines, which could be biosynthesized from a sin-
gle carbon chain precursor possessing a terminal amino group, as shown
in Figs. 2 and 4.

The symbiotic marine dinoflagellate Symbiodinium sp., which is a type
of zooxanthellae, is found in a wide range of marine invertebrates, and pro-
duces several large bioactive polyol compounds, such as zooxanthellatoxins
and zooxanthellamides [65, 68–70]. In our continuing search for biologi-
cally active compounds, two unique amphoteric iminium compounds were
isolated from this dinoflagellate: symbioimine (35) and neosymbioimine
(36) [71–73].
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Fig. 5 Super-carbon-chain compounds with a terminal amino group
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6.1
Structure of Symbioimines

IR spectrum of symbioimine (35) showed absorption bands for hydroxyl
(3450 cm–1), iminium (1690 cm–1), and sulfate (1240, 1140, 1050 cm–1)
groups. The 13C NMR signal at 188.0 (C-5) implied the presence of an
iminium functionality in this water-soluble amphoteric compound. Its struc-
ture, which consists of a characteristic 6,6,6-tricyclic iminium ring possessing
an aryl sulfate moiety, was deduced by 2D-NMR analysis (Fig. 6).

The relative stereochemistry of 35 was deduced as follows. The large mag-
nitudes of J1a,2 = 12.0 Hz, J2,3 = 11.1 Hz, J3,4 = 11.1 Hz, J4,9 = 11.9 Hz, J7a,8a =
12.9 Hz, and J8a,9 = 12.9 Hz suggested that all seven of these protons, H-1a,
H-2, H-3, H-4, H-7a, H-8a, and H-9a, were oriented in anti arrangements
with respect to the tricyclic ring. Thus, three six-membered rings may show
trans ring fusion with each other and that the methyl group (C-19) may
be oriented in a pseudo-equatorial conformation with respect to the six-
membered iminium ring with a twist-boat conformation. NOEs were ob-
served for H-4/H-14 and H-4/H-18, suggesting that the aryl moiety may be
oriented in a pseudo-axial conformation with respect to the cyclohexene ring
with a twist-boat conformation. Finally, the stereostructure of 35 was con-
firmed by X-ray crystallographic analysis. The absolute stereochemistry of
35 was confirmed to be 2R, 3R, 4S, 9R, 12S, based on the value of the Flack
parameter 0.03(13).

Neosymbioimine (36) was found to be a congener of 35 possessing a 6,6,6-
tricyclic iminium ring, an aryl sulfate moiety, and three methyl groups.

Fig. 6 Planar and stereo structure of symbioimine (35) based on 2D-NMR analysis
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Scheme 6

6.2
Biogenesis of Symbioimines

The unique structures of symbioimines, including a 6,6,6-tricyclic iminium
ring, can be explained by the plausible biogenetic pathway shown in
Scheme 6, [72, 74]. An intramolecular exo transition-state Diels–Alder re-
action followed by imine cyclization could form the carbon framework of
35 and 36 stereospecifically, as in the case of pinnatoxins (Fig. 2). Since the
6,6,6-tricyclic iminium ring moiety of neosymbioimine (36) is composed
of 15 carbons including three methyl groups, a sesquiterpene biosynthesis
pathway can be considered. However, due to its inconsistency with the prod-
ucts in the normal sequential head-to-tail condensation of two molecules
of isopentenyl diphosphate with dimethylallyl diphosphate, we proposed the
polyketide synthesis pathway for construction of the characteristic C1–C12
moiety in 35 and 36. From this point of view, the tricyclic ring in sym-
bioimines can be considered to be biosynthesized by a cyclic imine formation,
endo-transition state Diels–Alder reaction to provide cis-6,6,6-tricyclic ring
stereospecifically, followed by epimerization. Studies of the biosynthetic path-
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ways of symbioimines using isotope-labeled precursor incorporation studies
are currently underway.

6.3
Biological Activities of Symbioimines

Symbioimine (35) inhibited osteoclastogenesis of the murine monocytic
cell line RAW264, which can differentiate into osteoclasts following treat-
ment with receptor activator of nuclear factor-κB ligand (RANKL) (EC50 =
44 µg/mL) [71]. RANKL induces the formation of osteoclast-like multinucle-
ated cells in cultures of bone marrow cells [75]. Symbioimine (35) inhibited
an increase in sRANKL-induced TRAP activity of preosteoclast cells. Mean-
while, it did not affect cell viability even at 100 µg/mL. Thus, symbioimine
is a potential antiresorptive drug for the prevention and treatment of osteo-
porosis in postmenopausal women.

Symbioimine (35) also significantly inhibited cyclooxygenase-2 (COX-
2) activity (32%) at 10 µM. Meanwhile, it had only weak inhibitory abil-
ity (5%) toward COX-1 at 10 µM [72]. The overexpression of COX-2 has
been observed in many kinds of tumors, and its role in carcinogenesis
and angiogenesis has been extensively investigated [76, 77]. Several COX-
2-selective inhibitors, such as rofecoxib, celecoxib, and sulindac, have been
developed. Because of its moderate subtype specificity, symbioimine (35) may
be useful for the development of new nonsteroid anti-inflammatory drugs
(NSAID) to treat COX-associated diseases, such as inflammatory diseases
and cancer.

7
Conclusion

Along with the development of new analytical instruments and techniques
over the past 30 years, a variety of marine alkaloids have been isolated and
characterized from natural resources. Further chemical and biological stud-
ies on these marine alkaloids should contribute to a deeper understanding of
their roles in nature. Also, intensive studies involving the comprehensive eval-
uation of these molecules may lead to the creation of a new field in bioscience.
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Abstract A variety of heterocyclic antibiotics and phytotoxins have been found to date.
Total and semi-synthesis of these natural products and related analogous compounds are
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essential for the elucidation of structure–activity relationships and the development of
useful agrochemicals and medicines. Early and recent examples are described, includ-
ing synthetic studies of glutarimide antibiotics (cycloheximide and related aliphatic and
macrolactone derivatives), antimycins (antimycin A and related diolides), and tabtoxins
(amino acids with a hydroxy β-lactam ring).

Keywords Antibiotics · Antimycins · Glutarimides · Tabtoxins · Total synthesis

Abbreviations
AA Antimycins A
aq. aqueous
DCM Dichloromethane
cat. Catalyst
CHX Cycloheximide
DEPC Diethylphosphoryl chloride
DHP 3,4-Dihydro-2H-pyran
(DHQ)2PHAL 1,4-Bis(9-O-dihydrochininyl)phthalazine
DIAD Diisopropyl azodicarboxylate
dil. Diluted
EDCI N-Ethyl-N ′-(3′-dimethylaminopropyl)carbodiimide
DNB 3,5-Dinitrobenzoyl
HOBt 1-Hydroxybenzotriazole
MMPP Magnesium monoperoxyphthalate
MPM p-Methoxyphenylmethyl (PMB)
MS4A Molecular sieves 4 Å
NMM N-Methylmorpholine
oxi. Oxidation
quant. Quantitative
sat. Saturated
SAR Structure–activity relationships
TBS t-Butyldimethylsilyl
TβL Tabtoxinine-β-lactam
TEMPO 2,2,6,6-Tetramethylpiperidinyloxy radical
TES Triethylsilyl

1
Introduction

A variety of heterocyclic antibiotics and phytotoxins have been found to date.
These compounds or their derivatives are essential for daily life as useful
agrochemicals and medicines. Total and semi-synthesis of these natural prod-
ucts and related analogous compounds are important for the elucidation of
structure–activity relationships and for further development of novel and ef-
fective agents. This chapter reviews synthetic studies of biologically active
heterocyclic natural products containing nitrogen atoms in their structures,
such as glutarimides, antimycins, and tabtoxins.
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2
Glutarimide Antibiotics, the Cycloheximide Family

Cycloheximide (CHX, naramycin A, actidione; 1) is one of the most famous
antibiotics because of its unique, strong and broad antimicrobial spectra, and
has been used as a protein synthesis inhibitor or a fungicide [1–4]. To date,
a number of related compounds having a β-substituted glutarimide moiety
have been isolated [4]. In this chapter, recent works on synthesis of the glu-
tarimides are reviewed.

2.1
Cycloheximide and Derivatives

A variety of cycloheximide derivatives with a modified cyclohexanone ring,
an aromatic ring, an aliphatic chain, or a lactam ring, have been synthesized.

2.1.1
Stereoisomers of Cycloheximide

Analogous compounds related to cycloheximide (CHX, 1) have been inves-
tigated in the effort to reduce its high toxicity. Oritani’s group reported
the synthesis and antimicrobial activities of ten out of 16 (24) possible
stereoisomers of cycloheximide (1) [5–7], including natural naramycin B
(2) [8] and isocycloheximide (3) [9] (Fig. 1). The synthetic scheme was
similar to that of 1 [10–12]. They prepared optically active anti- and syn-
2,4-dimethylcyclohexanones by using microbial resolution originally de-
veloped by Oritani [13]. As shown in Scheme 1, racemic 1,2-cis-2,4-trans-
2,4-dimethylcyclohexanol [(±)-4] was resolved to enantiomerically pure ac-
etate (–)-5 and (+)-30 using culture broth of Bacillus subtilis var. niger
in high yields [14]. The alcohol (–)-5 was oxidized to ketone 6 and this
was coupled with aldehyde 7 [15]. Aldol reaction via Li-enolate afforded
naramycin B (2) and (–)-(6S, αS)-1 as major products. On the other hand,
four possible isomers were formed almost equally using Ti-enolate, but in

Fig. 1 Natural cycloheximide derivatives
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low yields. Scheme 2 shows the preparation of isocycloheximide (3) and its
isomers. Asymmetric hydrolysis of racemic acetate (±)-8 gave (–)-acetate
[(–)-10] with 92% ee [16]. Optical purity of (–)-10 was enriched by recrys-
tallization of the corresponding DNB ester, and oxidation gave pure ketone
(+)-11. Aldol reaction provided natural 3, neocycloheximide 12 [11] and α-
epiisocycloheximide 13 [17]. The enantiomers of these three compounds were
prepared similarly [7]. Antimicrobial assays against a yeast Saccharomyces
cerevisiae and the rice blast disease fungus Pyricularia oryzae revealed that 1,
2, and ent-13 (4-epi-1) showed strong growth inhibitory activity.

In addition, they prepared racemic steroisomers of des-methyl analogs of 1
(14 to 17, Fig. 2). As a result, only 4-desmethylcycloheximide (±)-15 with the
natural relative stereochemistry of CHX showed weak activity against S. cere-
visiae and Aspergillus niger and Cochliobolus miyabeanus [18]. Consequently,
4S, αR-configuration is at least responsible for the CHX activity.

Scheme 1 Oritani’s synthesis of cycloheximide, naramycin B, and stereoisomers
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Scheme 2 Oritani’s synthesis of isocycloheximide and stereoisomers
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Fig. 2 Desmethyl cycloheximide analogs

2.1.2
Hydroxylated Derivatives, Streptovitacins A and C2, and E-73

Streptovitacins A (STV-A, 18) [9], B (19), and C2 (20) [9, 19] isolated from
Streptomyces griseus, and E-73 (13-acetoxycycloheximide, 21) [20] from S. al-
bulus are oxygenated derivatives of 1 (Fig. 3). Oritani et al. synthesized 18,
20, and 21 to investigate the effect of oxygen functionalities on antimicrobial
activities [21, 22].

As shown in Scheme 3, they prepared two possible stereoisomers of
20 [21]. Introduction of a methyl group by Grignard reaction to (+)-(R)-
pulegon (22) gave 23, which was subjected to ozonolysis to afford 24. The
tertiary hydroxyl group was protected as TMS ether (25) and subsequent aldol
reaction with aldehyde 7 provided (–)-(2R,4R,6R,αS)-STV-C2 (20a) as a single
diastereomer. On the other hand, racemic ketone (±)-11 was hydroxylated via
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Fig. 3 Streptovitacins

enol acetate 26 using MMPP to give (±)-24, which afforded (±)-(2R∗,4S∗,6S∗,
αS∗)-STV-C2 (20b).

Scheme 4 indicates the synthesis of STV-A and E-73. Hydroxy ketone 27
was converted to 28 and the tertiary hydroxyl group was protected as TMS
ether (29). Introduction of a 2-methyl group (30) and aldol reaction with 7
afforded a mixture of (±)-STV-A [(±)-18] and α-epi-18 (15 : 85). Using Ti-

Scheme 3 Oritani’s synthesis of streptovitacin C2
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Scheme 4 Oritani’s synthesis of streptovitacin A and E-73

enolate as shown in Scheme 1, the product ratio became 18/α-epi-18+6-epi-18
= 35 : 65. These isomers were hardly separable but pure samples were pro-
vided by HPLC and recrystallization. Compound (±)-18 was converted to
E-73 [(±)-21] in three steps [22]. Only (±)-18 showed a weak growth in-
hibitory activity against S. cerevisiae [21, 22].

2.1.3
Aromatic Ring Derivatives, Actiphenol and Actiketal

The antimicrobial activity of cycloheximide derivatives with an unsaturated
double bond in the cyclohexanone ring decreased as inactone (31) [23] and
actiphenol (32) [24]. On the other hand, actiketal (RK-441S, 33), a unique
benzofuran-type derivative, was isolated from a culture extract of Strepto-
myces pulveraceus subsp. epiderstagenes [25]. This compound showed in-
hibitory activities towards Con A-induced blast formation in spleen cells
(100% at 20 nM), and towards the incorporation of [3H]thymidine into
epidermal growth factor-stimulated Balb/MK cells (IC50 14.5 µM). Kiyota–
Oritani’s group first tried a semi-synthesis from 32 (Scheme 5) [26], i.e.,
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Scheme 5 Kiyota–Oritani’s synthesis of actiketal

β-oxo-32 corresponds to 33. Preparation of 32 from cycloheximide 1 was ac-
cording to Johnson [27]. However, all attempts to oxidize the β-position of 32
failed. A palladium-mediated oxidative coupling reaction [28] of 34 [29] with
dimethyl glutaconate (35) gave 36 in a 57% yield. The double bond of the
glutaconate residue was selectively hydrogenated (37), and the diester was
transformed to glutarimide 38 [30]. Finally, osmium oxidation of the dou-
ble bond of the furan part [31] afforded an over-oxidized product, actiketal
(33) [26, 32].

2.1.4
Aliphatic Derivative, Streptimidone

Among a group of aliphatic derivatives 39–42 [33–36], streptimidone (39),
isolated from various Streptomyces species [37, 38] and Micromonospora
coerulea [39], showed strong antimicrobial activity against eukaryotic
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cells [38]. Oritani et al. synthesized all four diastereomers of streptimidone
to investigate its antimicrobial activity (Scheme 6) [40]. Alcohol (S)-43 [41]
derived from methyl (S)-3-hydroxy-2-methylpropanoate (99.9% ee) was con-
verted to aldehyde 44, and this was coupled with phosphine oxide reagent
45 [42] to afford diene 46. The TBS protecting group was removed, and
the resulting hydroxyl group was oxidized to give ketone 47. Finally, an
aldol reaction of 47 with 7 [43], gave the unnatural enantiomer of strep-
timidone, (±)-(2′S,5′R)-39, and its 2′-epimer. The overall yields were 6.8%

Scheme 6 Oritani’s synthesis of streptimidone
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and 4.4%, respectively. The natural (+)-streptimidone and its 2′-epimer were
similarly prepared. Optical purity of these products were 90% ee. The an-
tifungal activity of the four stereoisomers towards Saccharomyces cereviciae
and Cochliobolus miyabeanus indicated that 2′R,5′S, especially in the 5′S con-
figuration (the same orientation as that in CHX, 1), was necessary for the
activity [40].

2.1.5
Lactam Derivative, Epiderstatin

Epiderstatin (48), having a unique alkylidene lactam, was isolated as a potent
inhibitor of the signal transduction induced by epidermal growth factor in
quiescent Balb/MK cells [44–46]. However, the activity was later found to be
due to contaminating 13-acetoxycycloheximide 21 [47]. The (3S, 5S)-absolute
stereochemistry of 48 was established by X-ray analysis [48]. Dow’s first syn-
thesis also confirmed the relative stereochemistry [49] (Scheme 7).

Dimethyl glutarate (49) was converted to monothioglutarimides trans-
and cis-50 as a 1 : 1 mixture. Glutarimide fragment 53 was derived from
51 [15] via diazo ketone 52. The mixture 50 was treated with NaH and con-
densed with 0.5 equivalents of 53, the S-alkylated intermediate 54 being re-
arranged [50], to give epiderstatin 48 and cis-48 as a 3 : 1 mixture. Treatment
of the single isomer cis-50 gave a 1 : 3 mixture. They determined the relative
stereochemistry based on these results. Ubukata et al. followed this method
and resolved four stereoisomers by chiral HPLC [47].

Ubukata’s synthesis [51] started with ammonolysis followed by Swern oxi-
dation of (±)-55 [52] to give nitrile aldehyde 56. Wittig–Horner reaction of 56
with phosphonate 58 derived from glutarimide acetic acid 57 [27] gave 59.
The nitrile was converted to amide 60, which was subjected to selenolac-
tamization [53] to afford 61. Oxidation–elimination of the selenenide moiety
gave 48 a diastereomeric mixture.

2.2
Macrolactones and Hydroxy Acids

Since the discovery of lactimidomycin (62) [54], which showed strong cy-
totoxicity against murine melanoma (B16-F10, IC50 0.03 µg/mL), several
CHX derivatives with an unsaturated macrolactone ring or the corresponding
open-chained hydroxy acid have been isolated to date (Fig. 4). 14-Membered
lactone migrastatin (63), isolated from Streptomyces sp. MK929-43F1, is a po-
tent inhibitor of human tumor cell migration [55–57]. The relative and ab-
solute stereochemistry of 63 was determined by a modification of Mosher’s
method [58] and X-ray crystallographic analysis of the corresponding N-p-
bromophenacyl derivative [59]. Later, 12-membered lactone congeners isomi-
grastatin (64) [60] and its L-cycteine conjugates NK30424A/B (65a/b) were
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Scheme 7 Synthesis of epiderstatin
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Fig. 4 Migrastatin and related compounds

isolated [61, 62]. Their open-chained hydroxy acid derivatives dorrigocin A
(67) and B (68) were also reported [60, 63–65]. Very recently Shen et al. re-
vealed that isomigrastatin (64) is the main product of Streptomyces platensis
NRRL18993, and that the other derivatives 63, 66, and 67 could be derived
from 64 via H2O-mediated rearrangement [66]. They also reported other mi-
nor derivatives and determined the absolute stereochemistry of compounds
64–67 [67].

2.2.1
Total Synthesis of Migrastatin

Danishefsky et al. reported the total synthesis of migrastatin (63) (Scheme 8)
[68–70]. Their synthesis started from tartrate derivative 68. Partial reduction
by DIBALH and the resulting formyl groups were vinylated to give diol 69,
which was then converted to aldehyde 70 [71]. Construction of two additional
stereocenters was achieved by hetero Diels–Alder reaction mediated by
titanium tetrachloride to afford γ -pyrone 71. This was transformed to al-
cohol 73 via diol 72. The other two stereocenters were constructed by
Evans’ anti-aldol reaction [72] (74), and removal of the chiral oxazo-
lidinone moiety gave alcohol 75. This was converted to phosphonate 76,
and subsequent Wittig–Horner reaction with aldehyde 7 provided 77,
which was further condensed with acid 78 to give ester 79. Ring-closing
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Scheme 8 Danishefsky’s total synthesis of migrastatin
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metathesis (RCM) was accomplished by using Grubbs’ 2nd generation cat-
alyst [73] to form macrolactone 80. Deprotection of the TBS group gave
(+)-migrastatin (63).

2.2.2
Migrastatin Analogs

Danishefsky et al. also prepared migrastatin analogs and investigated the
structure–activity relationships (SAR) studies for chamber cell migration as-
say with human endothelial cells (HUVECs) [70, 74]. Scheme 9 shows the
synthesis of two analogs. The intermediate 73 was converted to azide 81 and
bromide 84, which were respectively transformed to macrolactam 83 and
macroketone 87 analogs lacking the glutarimide moiety. Among the analogs
prepared, these two compounds in particular showed stronger activity than
the parent compound 63.

Scheme 9 Synthesis of migrastatin analogs

2.2.3
Synthetic Studies of Dorrigocin A

There has been only one report on the synthesis of these derivatives by other
groups. Le Brazidec et al. reported the synthesis of C1–C13 fragment of un-
natural 2,3-dihydro analog of dorrigocin A [75] (Scheme 10). Julia–Kocieñski
olefination [76] of 88 with 89 afforded 90, which was subjected to Evans’
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Scheme 10 Synthetic studies of dorrigocin A

syn-aldol reaction to give 91. Removal of the chiral auxiliary (92) and chain
elongation gave hydroxy acid 93.

3
Antimycins and Related Antibiotics

Since 1946, a series of antibiotic antimycins A (AA, 94-1a∼94-9) have
been isolated from various Streptomyces species [77–80] (Fig. 5). Antimycin
A complex, a mixture of derivatives, has been widely used for biochem-
ical studies. As it inhibits the electron transfer of ubiquinol–cytochrome c ox-
idoreductase [81], many scientists have investigated their structure–activity
relationships and mechanism of action [82–89]. The related deacyl com-
pounds, deisovalerylblastmycin (95a) [90], urauchimycins 95b and 95c [91],
and kitamycins 95d and 95e [92] were isolated from Streptomyces species.
In addition, the corresponding l-serine derivatives, UK-2A∼2D (96a–d) [93]
and UK-3A (97) [94], were added to this series.

3.1
Early Syntheses of Antimycin A3b

3.1.1
Kinoshita’s First Synthesis of Antimycin A3b

The curious dilactone structure of AA, made up of l-threonine and the highly
substituted hydroxy acid, has been an ideal target for synthetic chemists. The
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Fig. 5 Antimycins A and related compounds

first total synthesis of (+)-antimycin A3b (blastmycin, 94-3b) was achieved
by Kinoshita et al. in 1970 [95, 96], however, separation of the diastereomers
of 100 was necessary and the yield of macrolactonization to 101 was very
low (0.8%). They also reported the improved synthesis of (+)-AA3a and (+)-
deisovalerylblastmycin (95a) in 1976 and 1979 as shown in Scheme 11 [97,
98]. Sugar derivative 102 was converted to l-threoninyl ester 104 via fu-
ranose 103. Macrolactonization was accomplished by using Mukaiyama–
Gerlach’s method [99, 100] and the resulting diolide 105 was transformed to
(+)-AA3b (94-3b) and deisovalerylblastmycin (95a). They also prepared (–)-
blastmycinolactol (108) and (+)-blastmycinone (109), degradation products
of antimycin A3ab [101].
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Scheme 11 Kinoshita’s first synthesis of antimycin A

3.1.2
Synthetic Studies in the 1980s

Nakata–Oishi’s group reported the synthesis of the dilactone intermediates
(+)-105 and (±)-109 (Scheme 12) [102]. The key steps of Wasserman and
Bambale’s formal synthesis were alkylation of oxazole 112 and photooxy-
genation of the oxazole moiety of 115 [103]. Mulzer et al. [104] prepared
all possible stereoisomers of blastimycinolactol 108 by using highly selective
Nozaki–Hiyama–Kishi reaction [105]. Many of the synthetic studies of 108
and 109 reported to date are omitted in this review.
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Scheme 12 Formal synthetic studies of antimycins A
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3.2
Recent Syntheses of Antimycins

3.2.1
Oritani’s Synthesis of (–)-Antimycin A3b

Oritani et al. prepared unnatural enantiomer (–)-antimycin A3b (ent-94-3b)
and its deformylamidodehydroxy analog using chelation-controlled alkyla-
tion as the key step (Scheme 13) [106–108]. Aldehyde 113 [103] derived from
ethyl (S)-lactate was treated with allylic stannyl compound under chelation
control (MgBr2) to give all-syn product 120 [104, 109]. The ratio of 120 to
other diastereomers was 95 : 5. The hydroxyl group was protected as benzyl
ether and the MOM ether was cleaved to afford 121. The formed hydroxyl
group was inverted by Mitsunobu reaction to give 122. Then, the d-threonine
residue 123 [110] was coupled with 122 to afford 124 in 87% yield. Direct
introduction of 123 to 121 failed. The double bond of 124 was cleaved to
give the enantiomer of Kinoshita’s intermediate ent-104 [98]. This compound
was deprotected and condensed with acid 126 by using DEPC. In this step
the 7-position was partially epimerized but the 7-epimer was not acylated
in the next step, probably due to the steric hindrance. Finally, the unnatu-
ral enantiomer, (–)-AA3b [(–)-ent-94-3b] and, in the same manner, deformyl-
amidodehydroxyantimycin A3b [(–)-ent-127] were synthesized. In addition,
natural enantiomer (+)-105 was prepared for the formal synthesis. These un-
natural enantiomers (–)-ent-94-3b and (–)-ent-127, compared with natural
antimycin mixture, scarcely inhibited the growth of Saccharomyces cereviciae
nor the electron transport of rat liver mitochondria. Miyoshi et al. reported
the importance of formylamido and hydroxyl substituents on the phenyl ring
for the latter activity [87].

3.2.2
Tsunoda’s Synthesis of Antimycin A3a and A3b

Tsunoda et al. reported the synthesis of both enantiomers of AA3b, and de-
termination of the absolute configuration of the AA3a side chain [111, 112].
Their key step was the asymmetric aza-Claisen rearrangement reaction [113]
of amide 129 derived from (R)-α-phenethylamine [(R)-128] (Scheme 14). The
thermal 3,3-sigmatropic rearrangement proceeded to give 130 as a four di-
astereomeric mixture, from which (7S, 8R)-130 and (7R, 8S)-130 were isolated
as an inseparable mixture (82 : 18). Iodolactonization and subsequent deiodi-
nation of 130 afforded lactone 131 of 64% ee. Hydrolysis of the lactone ring
and prenylation gave 132. The d-threonine moiety 133 was introduced by
Mitsunobu reaction, followed by deprotection to give 134 (64% ee). Macro-
lactonization using Mukaiyama–Gerlach method [99, 100] and purification
provided ent-135 of ∼ 100% ee, which was condensed with acid 136 to afford
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Scheme 13 Oritani’s synthesis of antimycin A3b
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Scheme 14 Tsunoda’s synthesis of antimycins A3a and A3b

(–)-AA3b. In addition to natural (+)-AA3b, the two possible stereoisomers of
(+)-AA3a were prepared and the absolute configuration of natural (+)-AA3a
was determined to be 2′S [112].

3.3
Synthesis of UKs

Shimano’s group at Kaken Pharmaceutical Co. synthesized UK-2A, UK-3A,
and their analogs and determine the stereochemistry (Scheme 15) [114, 115].
Preparation of the three successive asymmetric carbons were done by Evans’
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Scheme 15 Shimano’s synthesis of UK-2A and UK-3A



204 H. Kiyota

syn-aldol reaction of 113 and 137 to afford 138. Oxidative removal of the
chiral oxazolidinone moiety, followed by condensation with the protected
l-serine derivative 139, gave ester 140. However, macrolactonization of this
hydroxy acid 140 failed and every attempt afforded not the desired dilac-
tone 141 but γ -lactone 142 as a major product. In addition, 140 gradually
decomposed to 142. Next, they inversed the order of esterification. The aldol
reaction using the corresponding MPM protected compound 113b gave 138b,
which was converted to benzyl ester 143. This was condensed with l-serine-
derived acid 144. Macrolactonization of this seco acid succeeded under Mit-
sunobu conditions to give 141 in 87% yield. Finally, deprotection and acyla-
tion provided UK-2A [(+)-96a] and UK-3A [(+)-97]. The pyridinecarboxylic
acid derivative 147 was prepared from 3-hydroxypyridine 149 in four steps.
They also synthesized antimycin A-UK hybridized analogs 151 and 152, and
the cytotoxic and antifungal activities of these compounds were tested. In
comparison to antimycin A complex, all the synthetic compounds showed less
activity against HEL, P-388, and EL-4 cells. On the other hand, UK-2A and
152 inhibited the growth of Aspergillus sp. and Trichophyton sp. more strongly
than antimycin A complex.

4
Tabtoxins

4.1
Tabtoxinine-β-lactam (TβL), a Tobacco Wildfire Disease Toxin

Wildfire disease has been the most serious pest for tobacco since the early
twentieth century [116]. Woolley et al. have isolated a phytotoxic compound
tabtoxin from the phytopathogen, Pseudomonas tabaci [117], whose struc-
ture was later determined by Stewart as 153 (Fig. 6) [118]. Tabtoxin 153
and its serine-homolog 154 are inactive themselves. However, when they are
hydrolyzed by host plant aminopeptidases [119], the resulting true phyto-
toxin [120] tabtoxinine-β-lactam (TβL, 155) [121, 122] causes chlorosis by ir-
reversible inactivation of the host plant glutamine synthetase (GS). Although
153 is available by fermentation, hydrolysis of the amide bond is complicated
by isomerization to stable isotabtoxins (156 and 157) or tabtoxinine-δ-lactam
(TδL, 158) (t1/2 = 24 h at pH 7.0 and 15 min at pH 4.5) [118]. The analo-
gous chlorinated compound 159 was isolated from Streptomyces sp. [123]. The
mechanism of action of TβL is postulated to be similar to that of GS inhibitor,
l-methionine-S-sulfoximine (160) [124], whose in vivo phosphorylated prod-
uct 161 mimics the true GS intermediate l-glutamic acid γ -phosphate 162. N-
or O-phosphorylated TβL (163 or 164) would mimic 162 similarly [118, 120].

TβL (155) is expected to be a selective pesticide because the tabtoxin re-
sistance gene (ttr) has recently been cloned and a tabtoxin-resistant protein
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Fig. 6 Tabtoxinine-β-lactam and related compounds

(TTR) characterized [125]. Thus, an effective and careful synthetic procedure
for TβL is desired.

4.2
Early Synthesis of Tabtoxin and Related Compounds

4.2.1
Rapoport’s Synthesis of Tabtoxinine-δ-Lactam

In 1975, Rapoport et al. reported the synthesis of (±)-TδL (158) and con-
firmed the relative stereochemistry of tabtoxins (Scheme 16) [126]. Hydro-
genation and methylation of isocinchomeronic acid (165) gave dimethyl
pyperidine-2,5-dicarboxylate (166). After protection of the amino group with
MPM group, the less hindered methoxycarbonyl group was hydrolyzed to
afford 167. The key rearrangement reaction [127] was accomplished in re-
fluxing acetic anhydride, giving α-methylene lactam 168 in 75% yield. Finally,
m-CPBA oxidation followed by ammonolysis provided (±)-TδL (158).
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Scheme 16 Rapoport’s synthesis of (±)-tabtoxinine-δ-lactam

4.2.2
Baldwin’s Synthesis of Tabtoxin and (±)-TβL

Baldwin et al. used the hetero Diels–Alder reaction to simultaneously make
two relative stereocenters, and achieved the first synthesis of racemic TβL
(155) (Scheme 17) [128, 129] and optically active tabtoxin 153 [130, 131]. Ben-
zyl nitrosoformate (172) and diene 173 reacted regioselectively, and the cyano
group was reduced with NaBH3OTFA [132] to give bicyclic adduct 174. After
the amino group was protected with Boc group using Boc-ON (175) [133], the
double bond of 176 was cleaved by the method of Starks [134]. The result-
ing dicarboxylic acid was mono-protected by decarboxylative esterification,
and the Boc group was removed to give 177. Then, the β-lactam was formed
by Ohno’s method [135] to give spirocyclic compound 178. Finally, the N – O
bond was cleaved by hydrogenolysis, giving (±)-TβL (155) in quantitative
yield.

For the synthesis of tabtoxin (153), the less-hindered carboxyl group of
179, derived from the amine 174, was selectively condensed with di-O-benzyl-
l-threonine (180) [136] via dipivaloyl ester, and the resulting two diastere-
omers were separated as benzhydryl esters 181 and 182 by recrystallization.
Each diastereomer was converted to tabtoxin 153, and the diastereomer 183,
which showed no biological activity on the tobacco plant.
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Scheme 17 Baldwin’s synthesis of tabtoxin and (±)-tabtoxinine-β-lactam
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4.3
Recent Synthesis of TβL

4.3.1
Dolle’s Synthesis of (–)-TβL

In 1992, Dolle et al. synthesized (–)-TβL (155) and (3′R)-epimer from (S)-
lactate (Scheme 18) [137]. Their strategy also involved the formation of spiro-
cyclic compounds for separation of diastereomers. E-selective Wittig olefi-
nation of lactaldehyde 184 afforded alcohol 185, whose hydroxyl group was

Scheme 18 Dolle’s synthesis of (–)-tabtoxinine-β-lactam
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inverted by Mitsunobu reaction using thioacetic acid, followed by saponi-
fication and methylation to give sulfide 186. The corresponding iodide 187
was coupled with the β-lactam fragment 188 [138], then the key sulfilimine
2,3-sigmatropic rearrangement [139] provided amine 190 with > 85% reten-
tion of the stereochemistry. Ozonolysis of the double bond, followed by PCC
oxidation, afforded bicyclic lactones 191 and 192. Each diastereomer was
converted to TβL (155) and 3′-epi-TβL (3′-epi-155). The epimer 3′-epi-155
showed no inhibitory activity for GS.

4.3.2
Kiyota’s Synthesis of (–)-TβL

Kiyota et al. applied asymmetric reactions to construct the stereocenter at the
β-lactam ring of (–)-TβL (155) (Scheme 19) [140]. Their synthesis began with
allylation of l-serine-derived iodide 193 [141]. Radical reaction with stannyl
methacrylate 194 [142] gave α,β-unsaturated ester 195. On the other hand,
zinc-mediated coupling reaction [143] with bromide 196 successfully afforded
allylic TIPS ether 199 in good yield. Construction of a quaternary chiral
center was achieved by using Sharpless aminohydroxylation (81% de) [144],
however, further conversion of the N-tosyl group of 198 failed. Sharpless
asymmetric dihydroxylation [145] showed low diastereoselectivity for ester
195 (< 38% de) but good for ether 197 (95% de). Their preliminary study
tried to convert diol ester 199 to the final compound. Thus, the corresponding
amine 201 was cyclized by using Lynch’s method [146, 147] via N,O-bis-
protection (202) to give TβL (155, 24% de) [148].

Diol 200β was used for the improved synthesis [138]. The primary hy-
droxyl group was converted to N-benzyloxy amide 203, which was recrystal-
lized as mesylate 204 to diastereomerically pure form. Then, intramolecular
SN2-type β-lactam formation was successful by Miller’s procedure [149] after
protection of the tertiary hydroxyl group, giving a mixture of 205 and car-
boxylic acid 206. Finally, the mixture was deprotected to give (–)-TβL (155).
The overall yield was 28% in 12 steps from 193. 200α was also transformed to
3′-epi-TβL (3′-epi-155) in a similar manner.

5
Conclusion

Examples of synthetic studies of heterocyclic antibiotics involving nitrogen
atoms in their structure (glutarimides, antimycins, and tabtoxins) have been
described. Further studies including total and semi-synthesis of analogous
compounds as well as natural products are essential for elucidation of the
SAR studies, and for the development of novel agrochemicals and medicines.
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Scheme 19 Kiyota’s synthesis of (–)-tabtoxinine-β-lactam
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