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Preface

As part of the series Topics in Heterocyclic Chemistry, this volume titled Bioac-
tive Heterocycles II presents comprehensive and up-to-date reviews on selected
topics regarding synthetic as well as naturally occurring bioactive heterocycles.

The first chapter, “High Pressure Synthesis of Heterocycles Related to Bioac-
tive Molecules” by Kiyoshi Matsumoto, presents a unique high-pressure syn-
thetic methodology in heterocyclic chemistry. Basic principles and fruitful
examples for pericyclic reactions, such as Diels-Alder reactions, 1,3-dipolar
reactions, and also for ionic reactions, such as SN and addition reactions, are
discussed. The review will be of considerable interest to heterocyclic chemists
and synthetic chemists.

The second chapter, “Ring Transformation of Nitropyrimidinone Leading to
Versatile Azaheterocyclic Compounds” by Nagatoshi Nishiwaki and Masahiro
Ariga, presents a very critical review on novel ring transformations of dini-
tropyridones and nitropyrimidinones based on the work of his group. Ad-
dressed in this review is the synthesis of functionalized molecules, such as
nitroanilines, nitropyridines, and nitrophenols, by the ring transformation of
dinitropyridones as the nitromalonaldehyde equivalent. Ring transformations
of nitropyrimidinones with dinucleophiles to 4-pyridones, pyrimidines and
4-aminopyridines, and to polyfunctinal pyridones with 1,3-dicarbonyl com-
pounds, etc., are also discussed. This review may attract the interest of synthetic
chemists as well as heterocyclic chemists in the life science fields.

The third chapter, “Synthesis of Thalidomide” by Norio Shibata, Takeshi
Yamamoto and Takeshi Toru, describes a modern synthetic aspect of thalido-
mide.

This drug has had a disastrous medical history due to its teratogenicity,
however, its recently found efficacy toward so-called incurable diseases, such
as leprosy, AIDS, and various cancers, has revived researchers’ interest, in
particular for the production of optically pure isomers. From this point of
view, this article may be attractive to medicinal and pharmaceutical chemists,
and also heterocyclic and synthetic chemists.

The fourth chapter, “Rational Drug Design of delta Opioid Receptor Agonist
TAN-67 from delta Opioid Receptor Antagonist NTI” by Hiroshi Nagase and
Hideaki Fujii, presents the fascinating and successful drug design of delta
opioid receptor agonist TAN-67 from delta opioid receptor antagonist NTI
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based on the work by Nagase and his coworkers. The drug design requires
a high level of synthetic technology in order to provide designed molecules for
pharmacological evaluations. This article represents a very brilliant example
of molecular design and may attract much attention from researchers in the
fields of pharmacology, medicinal chemistry, and organic synthesis.

The fifth chapter, “Tetrahydrobiopterin and Related Biologically Important
Pterins” by Shizuaki Murata, Hiroshi Ichinose and Fumi Urano, describes
a modern aspect of pteridine chemistry and biochemistry. Pteridine derivatives
play a very important role in the biosynthesis of amino acids, nucleic acids,
neurotransmitters and nitrogenmonooxides, and metabolism of purine and
aromatic amino acids. Some pteridines are used in chemotherapy and for the
diagnosis of various diseases. From these points of view, this article will attract
considerable attention from medicinal and pharmaceutical chemists, and also
heterocyclic chemists and biochemists.

The sixth chapter, “Preparation, Structure and Biological Property of Phos-
phorus Heterocycles with a C-P Ring System” by Mitsuji Yamashita presents
a very critical review of novel phosphorus heterocycles. The review discusses
aliphatic 4-, 5-, 6- and 7-membered C-P-C heterocycles, aromatic C-P-C het-
erocycles, and various C-P-O type heterocycles including phospha sugars.
Synthetic aspects, structural studies, and the biological properties of these
phosphorus heterocycles are also addressed. This chapter may attract the in-
terest of synthetic chemists as well as heterocyclic and heteroatom chemists in
the life science fields.

The final chapter, “The Role of the Membrane Actions of Phenothiazines
and Flavonoids as Functional Modulators” by K. Michalak, O. Wesolowska,
N. Motohashi and A. B. Hendrich, presents a very comprehensive review on im-
portant biological effects of phenothiazines and flavonoids due to interactions
with membrane proteins and the lipid phase of membranes. The discussion
includes the influence of these heterocycles on model and natural membranes,
modulation of MDR transporters by these heterocycles, and the effects of these
heterocycles on ion channel properties. This review may attract much interest
from medicinal and pharmaceutical chemists as well as heterocyclic chemists
in the 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 improvement
and ideas for review topics.

Nagoya, March 2007 Shoji Eguchi
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Abstract The present article describes 1) how to perform high-pressure experiments; and
2) the most recent examples of synthetic applications of high-pressure mediated per-
icyclic reactions, such as inter- and intramolecular Diels–Alder reactions, 1,3-dipolar
reactions, and multicomponent cycloadditions to heterocycles related to biologically in-
teresting molecules. The article also extends to ionic reactions in a similar fashion,
though not many examples have been investigated. The scope and limitations are also
described when necessary.

Keywords Addition reaction · 1,3-Dipolar reaction · Diels–Alder reaction ·
High pressure · Substitution reaction

Abbreviations
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Aq Aqueous
BHT 2,6-Di-tert-butyl-4-methylphenol
Bn Benzyl
BOC tert-Butoxycarbonyl
Cbz Benzyloxycarbonyl
DCM Dichloromethane
DEGD Diglyme ethylene glycol dimethyl ether
DHP Dihydrofuran
DMAD Dimethylacetylene dicarboxylate
DMAP 4-(Dimethylamino)pyridine
DME 1,2-Dimethoxyethane
DMF Dimethylformamide
DMSO Dimethyl sulfoxide
13DPR 1,3-Dipolar reaction
ee Enantiomeric excess
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EuFOD Europium tris(6,6,7,7,8,8,8-heptafluoro-2,2-dimethyl-3,5-octanedionate)
fod Tris(6,6,7,7,8,8,8-heptafluoro-2,2-dimethyl-3,5-octanedionate)
HJR Hilbert–Johnson reaction
HMPA Hexamethylphosphoric triamide
IEDAR Intermolecular Diels–Alder reaction
IRDAR Intramolecular Diels–Alder reaction
MATBr Methylaluminum bis(2,4,6-tribromophenoxide)
MCC Multicomponent cycloaddition
MCR Multicomponent reaction
MeOH Methanol
MOM Methoxymethyl
NMP N-Methylpyrrolidine
Pet. Et Petroleum ether
PTFE Polytetrafluoroethylene (Teflon®)
Pyr Pyridine
rt Room temparature
SES β-(Trimethylsilyl)ethanesulfonyl
TADDOL α,α,α′,α′-Tetraaryl-4,5-dimethoxy-1,3-dioxolane
TBDMS tert-Butyldimethylsilyl
tBu Tertiary butyl
TCNE Tetracyanoethylene
TEA Triethylamine
Temp Temperature
THF Tetrahydrofuran
THP 2-Tetrahydropyranyl
TMED Tetramethylethylenediamine
Tol p-Tolyl
Ts p-Toluenesulfonyl
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1
Introduction

1.1
A Short Note on High-Pressure Chemistry

High pressure is encountered in the deep sea, inside the earth, and on other
planets. High pressure is likely to have been an agent in the geochemical
conditions that formed coal and oil deposits [1]. Even more, biological and
physicochemical arguments in support of a high-pressure origin for life on
Earth have been recently reviewed [2]. It is interesting to research the change
of molecules at high pressure because the pressure affects molecular envi-
ronments. When covalent bond formation takes place, the model is simply
assumed that one molecule collides with another molecule. But it has been
clarified that solvent, concentration, temperature, and pressure around the
molecules actually affect the reaction. The use of extreme conditions such
as ultrahigh pressure in materials science and industry led to the success-
ful preparation of synthetic diamond, ruby, and borazone as early as the
1950s [3, 4]. Around 1980, high-pressure apparatus, such as autoclave appa-
ratus, became popular. But until then the utility of high pressure in organic
synthesis had not been widely explored in spite of its potential. Of the many
parameters that could be changed to improve the results of synthetic trans-
formation, much attention has been paid to the study of electronic and
steric effects by chemical modification of substrates and reagents, to ther-
mal and photochemical effects, to the use of catalysts such as Lewis acids and
bases, and to phase-transfer reagents. Sonochemistry, flash vacuum pyrol-
ysis and other thermal processes, electroorganic transformations, reactions
with solid-supported reagents and catalysts [5], and solvent-free organic syn-
thesis [6] have also been employed. Supercritical fluids have also been used,
and this can often be an alternative to the use of organic solvents under high
pressure [7]. In particular, microwave techniques [8] are now quite popular
because of the wide availability as well as quite easy operation, and even an
ordinary microwave oven being successfully used.

Interest has been generated in the high-pressure method since it was
demonstrated that high pressure is not only useful in effecting cycloaddi-
tion reactions, but also several kinds of ionic reactions [9–16]. The aim of
the present article is to review recent examples of the use of high pressure
for the synthesis of heterocycles related to biologically interesting molecules,
and to predict some further possibilities. The present review covers either
representative or most recent examples.
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1.2
Basic Principles

At present, most methods of organic synthesis are based on chemical modifi-
cation of reagents and catalysts. Nevertheless, frequent use has recently been
made of “distinctive” techniques, such as ultrasound, flash vacuum pyroly-
sis, electroorganic, microwave, supercritical, solvent-free (or otherwise solid
sate), and even plasma conditions, for syntheses of organic materials. The
high-pressure technique is one of the most developed nonconventional tools
for the preparation of either new or known compounds. Chemical reactions
at high pressure require conditions characterized by high number densities
of the reacting particles. Thus, considerable degrees of intense intermole-
cular interactions take place depending on the applied pressures. In terms
of the potential energy of interactions as a function of the distance between
molecules or atoms, the repulsive part of the relationship is mainly discussed.
At lower number densities, interactions of this type take place only at higher
temperature, but within a limited time interval determined by the impact
parameters. At higher pressure, the duration of these strong interactions is
much longer. This phenomenon may lead to a considerable increase in the
reaction rates (Fig. 1).

In principle, the fundamental equation for the effect of high pressure on
a reaction rate constant was deduced by Evans and Polanyi on the basis of
transition state theory:

(∂ ln k/∂P)T = – ∆V=|/RT , (1)

where ∆V=|(= V=| – VR) is called the volume of activation and is the difference
between the volume (V=|) of the activated complex, including molecule(s)
of the solvation shell, and the volume (VR) of the reactant molecule(s) as-
sociated with the solvent molecule(s), measured at constant pressure and
temperature.

In general, formation of a bond, concentration of charge, and ionization
during the transition state lead to a negative volume of activation, whereas

Fig. 1 High-pressure effects on organic reactions
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cleavage of a bond, dispersal of charge, neutralization of the transition state,
and diffusion control lead to a positive volume of activation. For reactions in
which the polarity of the transition state changes, the influence of the solvent
on ∆V=| is of importance. Thus, the types of organic reactions in which rate
enhancement is expected on application of pressure may be summarized, as
a preparative or synthetic guide, as follows:

1. Reactions in which molecularity decreases in the products; e.g., cycload-
ditions, condensations.

2. Reactions which proceed via cyclic transition states; e.g., Claisen and Cope
rearrangements.

3. Reactions which take place through dipolar transition states; e.g., Men-
schutkin reactions, electrophilic aromatic substitution.

4. Reactions that do not take place or otherwise occur in low yields due to
steric hindrance in transition states.

As described above, the activation volume is the difference in partial molar
volume between the transition state and the initial state. From a synthetic
point of view this could often be approximated by the difference in the mo-
lar volume between the reactant(s) and product(s). Partial molar activation
volumes, which can be divided into a structural part and a solvent-dependent
part, are of considerable value in speculating about the nature of the tran-
sition state. This thermodynamic property has led to many studies on the
mechanism of organic reactions.

From Eq. 1, the application of pressure accelerates reactions which have
a negative volume of activation. The system does not strictly obey the ideal
rate equation above ∼ 1.0 GPa since the activation volume is itself pres-
sure dependent; the values of ∆V=| generally decrease as pressure increases.
Innumerable data on ∆V=| are now available. If the ∆V=| value is not avail-
able for a reaction type of interest, ∆S=| data may serve as a guide. In-
deed, a linear relationship of ∆V=| with ∆S=| has been reported for a variety
of reactions.

The differences between the units can be ignored when the exact numer-
ical values are not under consideration, unless otherwise we need the nature
of activation volumes in order to obtain some aspects of the reaction mech-
anism, e.g., 1 kbar = 100 MPa = 1000 kg/cm2 = 1000 atm = 7.5×105 mmHg.
This is indeed the case in high-pressure synthetic chemistry or preparation
under pressure. In the Système International d’Unités (SI units) adopted by
the Conférence Générale des Poids et Mesures and endorsed by the Interna-
tional Organization for Standardization, the unit of force is the Newton (N),
which is equal to kilogram × (meter per second) per second and is written
as kg m s–2. The SI unit of pressure is one Newton per square meter (N m–2)
which is called a Pascal (Pa); 1 bar = 105 Pa; thus, the Pa is used in this chapter
as an approximate equivalent to other units (Table 1).
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Table 1 The units of pressure

kbar MPa kg/cm2 atm mmHg

1 kbar 1 100 1019.7 986.92 7.5006×105

1 MPa 0.01 1 10.197 9.8692 7.5006×103

1 kg/cm2 9.8067×10–4 9.8067×10–2 1 0.9678 735.6
1 atm 1.0132×10–3 1.0132×10–1 1.0132 1 760.0
1 mmHg 1.333×10–6 1.333×10–4 1.3595×10–3 1.3158×10–3 1

1.3
Effects of Pressure on Various Properties of Solvents

Before performing high-pressure experiments, it is essential to have know-
ledge of the effects of pressure on various physical properties of the solvent,
such as freezing temperature, density, viscosity, solubility, compressibility, di-
electric constant, and conductivity, although unfortunately sufficient data on
all these properties are often unavailable. The less polar solvents have higher
compressibilities and are therefore more constricted by ionic or dipolar so-
lutes than the more polar solvents, which exhibit smaller compressibilities
owing to the strong intermolecular interactions.

The melting point of liquids is raised by increasing the pressure; this effect
amounts to ∼ 15–20 ◦C per 100 MPa. Tables 2 and 3 summarize the freez-
ing temperatures [3] and the viscosity of common solvents at high pressure,
respectively [14].

The solubility of solids in liquids often decreases as the pressure is raised,
the reagents often crystallizing out from the solvents. The viscosity of liquids
increases by approximately two times every 100 MPa, thus diffusion control of
the reaction is important.

1.4
High-Pressure Apparatus and Experimental Procedures

This review gives only a brief account of the equipment used in high-pressure
organic synthesis [14, 16]. The most general and convenient method for ob-
taining high pressures is disproportion, i.e., application of Pascal’s principle.
Particularly in organic synthesis, a piston–cylinder device may be most satis-
factory. A maximum pressure of ca. 5.0 GPa is obtainable with such a device
when constructed of cemented tungsten carbide. Although miscellaneous
types of piston and cylinder apparatus have been devised, depending on the
purpose of the experiments, they consist essentially of a high-pressure vessel,
a pressure gauge (usually Bourdon or manganin or strain gauges), a pump,
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Table 2 Freezing temperatures of common solvents at high pressure

Compound Freezing temperature (◦C)
0.1 MPa at high pressure (GPa)

Acetic acid 16.6 37.5 (0.1)
Acetone – 94.8 20 (0.8)
Aniline – 6.1 15.5 (0.1)
Benzene 5.5 33.4 (0.1)
Benzyl alcohol – 10.0 0.2 (0.1)
Bromobenzene – 30.6 – 10.7 (0.1)
Butanol – 89.8 – 77.2 (0.1)
t-Butyl alcohol 25.5 58.1 (0.1)
Carbon disulfide – 111.6 – 98.0 (0.1)
Carbon tetrachloride – 22.9 12.1 (0.1)
Chlorobenzene – 45.5 – 28.1 (0.1)
Chloroform – 61.0 – 45.2 (0.1)
Cyclohexane 6.5 58.9 (0.1)
Cyclohexanol 25.4 62.3 (0.1)
Diethylene glycol – 10.5 0 (0.57)
Ethyl acetate – 83.6 25 (1.21)
Ethanol – 117.3 – 108.5 (0.1)
Diethyl ether – 116.3 35 (1.2)
Ethylene glycol – 17.4 0 (0.32)
Formic acid 8.5 20.6 (0.1)
Hexane – 95.3 30 (1.02)
Methanol – 97.7 25 (3.0)
Dichloromethane – 96.7 – 85.8 (0.1)
Nitromethane – 28.6 – 14.4 (0.1)
Phenol 40.7 53.9 (0.1)
Propanol – 126.1 25 (5.0)
2-Propanol – 89.5 25 (5.0)
Toluene – 95.1 30 (0.96)
Water 0.0 – 9.0 (0.1)

and an intensifier. The source of high pressure is due to the intrusion of a pis-
ton into the cylinder (Fig. 2).

Many kinds of flexible sample tubes have been devised. Four different
kinds of sample containers are shown in Fig. 3. In all cases, either polyte-
trafluoroethylene (PTFE) or metal bellows are used, and there is at least one
threaded hole for withdrawal. For high-pressure reactions at temperatures of
up to ca. 60 ◦C, several kinds of commercially available syringes and polyethy-
lene tubes have also been used.
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Table 3 Ratio of viscosity at pressure P and 0.1 MPa (ηp/η1) of common solvents

Compound Viscosity [ηp/η1]
P = 0.1 GPa (30 ◦C) 0.4 GPa (30 ◦C)

Acetone 1.68 4.03
Benzene 2.22 –
Bromobenzene 1.83 7.89
Butanol 2.09 8.60
i-Butyl alcohol 2.44 16.0
Carbon disulfide 1.44 3.23
Carbon tetrachloride 2.24 –
Chlorobenzene 1.79 7.36
Bromoethane 1.67 4.28
Chloroethane 1.75 4.46
Methyl cyclohexane 2.44 –
Ethyl acetate 1.81 6.58
Ethanol 1.58 4.14
Diethyl ether 2.11 6.20
Hexane 2.15 8.2
Methanol 1.47 2.96
o-Xylene 2.05 –
m-Xylene 1.95 9.27
n-Propanol 1.92 6.86
2-Propanol 2.20 9.60
Toluene 1.95 7.89
Water 3.27 –

Fig. 2 An example of schematic diagram of high-pressure apparatus. A Heater; B double-
wall pressure vessel; C hand pump or electronic pump; D oil reservoir; E valve; F intensi-
fier; G gauge; H flexible sample container
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Fig. 3 Examples of flexible sample containers used at high pressures

In most preparative experiments under high pressure, the procedure is
as follows: pressure is applied at room temperature (rt) to a sample tube
containing the reagents and, if necessary, catalysts and solvent, before the
temperature is raised, if required. After a suitable time, the heater is switched
off. After cooling to rt, the pressure is carefully released, and the sample tube
is removed from the vessel. When the reaction at high pressure does not take
place at ambient temperature, according to GC, TLC, NMR, or other analyti-
cal techniques, an increase of pressure and/or temperature might be effective.
In certain cases, the use of a catalyst may lead to success.

2
Pericyclic Reactions

Of the wide variety of pericyclic reactions, cycloadditions have been most
extensively studied both for mechanistic and synthetic aspects. Cycload-
dition reactions have been defined, classified, and reviewed in two fash-
ions [17, 18]. Cycloadditions can be facilitated under a variety of condi-
tions, such as addition of catalysts, application of high-temperature or
high-pressure conditions, or use of microwave techniques, etc. As a re-
sult, the conditions of cycloaddition reactions can usually be selected in
such a way as to accommodate sensitive functionality in the substrate.
An application of the high-pressure technique to this type of reaction is
anticipated to be extremely fruitful on both kinetic (∆V=| < 0) and thermo-
dynamic (∆V < 0) grounds. Indeed, activation volumes of cycloadditions
range from – 7 to – 50 cm3 mol–1. It is noteworthy that high-pressure con-
ditions often improve the yield of cycloadditions and, in some cases, afford
the opposite configuration of the cycloadducts compared with conventional
methods [19–21].
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2.1
Intermolecular Diels–Alder Reactions

Since Diels and Alder discovered nearly 75 years ago the formation of a 1 : 1
adduct in the reaction of cyclopentadiene with 1,4-benzoquinone, the Diels–
Alder reaction, the prototype of [4 + 2] cycloadditions, has become indis-
pensable to synthetic chemists and has the advantages of excellent stere-
ospecificity, predictable endo stereoselectivity, and regioselectivity. Further-
more, it serves as an indirect and general method for the introduction and/or
conversion of functional groups, through suitable bond-breaking reactions of
an initially formed adduct. Intermolecular Diels–Alder reactions (IEDARs)
exhibit a large negative volume of activation (ca. – 25 to – 45 cm3/mol),
together with a large negative volume of reaction. Among high-pressure me-
diated reactions, preparative IEDARs have been most extensively explored.

As one of the key steps toward manzamine B, the reaction of dihydropyri-
done with Danishefsky’s diene was performed. At a high pressure of 1.5 GPa,
the reaction proceeded cleanly to give 66% yield of the adduct 1, whereas
under thermal conditions (in p-cymene at 200–220 ◦C, 18 h) 1 was produced
in 53% yield (Scheme 1) [22].

Scheme 1 IEDAR of dihydropyridone with Danishefsky’s diene [22]

Porphyrins and their synthetic analogues have been extensively inves-
tigated because of their increasingly diverse applications in fields ranging
from catalysis to biomedical science. One of the most general and simplest
methods for modification of the porphyrin core would be attachment of ad-
ditional moieties by the IEDAR of vinyl porphyrins with electron-deficient
dienophiles. However, the dienophiles so far used are limited to highly ac-
tive ones, such as tetracyanoethylene (TCNE) and dimethyl acetylenedicar-
boxylate; the generality of this method has not been demonstrated. Ni(II)
β-vinyl-meso-tetraphenylporphyrin (2) undergoes IEDAR with such usual
dienophiles as N-aryl and N-alkyl maleimides, dimethyl fumarate, dimethyl
maleate, and methyl acrylates to give the six-membered condensed por-
phyrins which form from the IEDA adducts, followed by 1,3-hydrogen shifts
as illustrated in Scheme 2. The yields of the adducts were highly improved by
applied pressure [23, 24].
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Scheme 2 IEDAR of Ni(II) β-vinyl-meso-tetraphenylporphyrin (2) [23, 24]

Numerous Amaryllidaceae alkaloids include phenanthridine skeletons,
one of whose constructive methods constitutes an IEDA strategy. In some
cases, the functionality on the dienophile influences the stereochemistry of
cycloaddition reactions under high-pressure conditions. For example, the re-
actions of (E)-buta-1,3-dienyl acetate (6) and the quinolin-2(1H)-ones 7 gave
rise to different configurations in the products 8 and 9, depending on the
functional groups at the 4-position of 7 (Scheme 3). These results reflect

Scheme 3 Reactions of (E)-buta-1,3-dienyl acetate (6) with 2(1H)-quinolones 7 [25]
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different activation energies (Ea) for the endo and exo adducts 8 and 9, re-
spectively. For R = COOH, the calculated Ea values for endo vs exo addition
to 8a and 9a, respectively, were reported as 33.5 vs 34.2 kcal/mol. In the case
of R = CN, the corresponding values for 8b and 9b were 36.9 vs 35.9 kcal/mol,
respectively, indicating that the pathway with the smaller activation volume
was preferred under high-pressure conditions [25]. Analogous IEDARs were
also reported [26].

Madangamine A (10) is a pentacyclic alkaloid produced by marine sponge
Xestospongia ingens. This compound is of interest both because of its unique
structure and the fact that it shows significant in vitro cytotoxic activity to-
ward a number of tumor cell lines, including human lung A549, brain U373,
and breast MCF-7. A concise approach to the tricyclic core 11 of 10 was
achieved in terms of high-pressure IEDARs (Scheme 4) [27]. This reaction
was unsuccessful under thermal conditions.

Scheme 4 Construction of tricyclic core 11 via IEDAR [27]

Indoles often serve as dienophiles whose IEDARs lead to nitrogen-
containing polycycles useful in the synthesis of biologically active alkaloids.
A recent example for the combination of Lewis acid catalyst and high pres-
sure is the reaction of 2,3-dimethylbuta-1,3-diene (12) with the indole 13. As
shown in Scheme 5, quantitative yields of the adducts 14 and 15 were ob-
tained under high-pressure conditions. Interestingly, the combination of high
pressure and ZnCl2 as catalyst afforded mainly the opposite configuration
in 15 [28]. It is worth noting that all-carbon IEDARs are kinetically favored,
which is in accord with the observed higher reactivity of the aromatic C= C
bond relative to the (unaffected) formyl group in the indole, producing 14
exclusively (in the absence of catalyst) under high pressure. Both SnCl4 and
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Scheme 5 Effect of pressure and catalyst in the reaction of dimethylbutadiene (12) with
the indole 13 [28]

ZnCl2 accelerate the second IEDAR, in which the trans (e.g., 2′R) cycloadduct
was formed via an anti-type transition state under thermal conditions. In
contrast, at high pressure, the corresponding cis (e.g., 2′S) cycloadduct were
formed via a syn-type transition state, which has a smaller activation volume
(data not given).

Although the furan unit has become an important diene in the synthe-
sis of natural products, 2-vinylfurans have been less exploited. In certain
cases, a high-pressure mediated IEDAR is useful for this type of furan. For
example, the reaction of methyl 5-ethenyl-2-methylfuran-3-carboxylate (16)

Scheme 6 Reactions of methyl 5-ethenyl-2-methylfuran-3-carboxylate (16) with methyl
acrylate (17) and dimethyl maleate 19 under thermal and high-pressure conditions [29]
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and methyl acrylate (17) afforded the adduct 18, without concomitant arom-
atization, albeit in low yield (23%) [29]. It is noted that, in the case of the
similar reaction between 16 and dimethyl maleate (19), the resulting adduct
underwent aromatization via C= C migration.

As previously described, furans are one of most versatile starting mate-
rials for natural and bioactive molecules since the resulting adducts, 7-oxa-
bicyclo[2.2.1]heptanes, are of highly practical importance as a variety of
functionalizations of the adducts are possible. Because of the aromatic char-
acter of furans, conventional IEDARs are often unsuccessful; thus, there are
many examples of IEDARs that were performed at high pressure [9–14].
Therefore, this methodology is still employed by many research groups. For
example, in order to construct the CD ring of the anticancer agent paclitaxel
(Taxol®), the reactions of several furans 20 with citraconic anhydride (21)
were preliminarily studied under high pressure. Furan (20: R = H) with citra-
conic anhydride (21) afforded the exo adduct 22 (R = H) diastereoselectively,
whereas 2-substituted furans 20 gave an approximately 1 : 1 mixture of exo
regioisomers 22 and 23 [30].

Scheme 7 IEDARs of furans 20 with citraconic anhydride 21 [30]

Cantharidin (24) [31] represents the simplest known inhibitor of the ser-
ine/threonine protein phosphatases 1 and 2A, and can be isolated from dried
beetles (Cantharis vesycatoria). The simplest synthesis of 24 from furan and
dimethylmaleic anhydride met with failure, even at pressures as high as
6.0 GPa either at rt or at temperatures of up to 350 ◦C, presumably due to
the thermodynamic instability of the adduct at normal pressure, e.g., when
pressure is released [32]. However, if this reaction could be carried out in
the presence of Pd/C and H2, 24 might be obtained in one step. Nevertheless,
high-pressure cycloaddition turned out to be very useful for the synthe-
sis of cantharidin and its derivatives [31–33]. For instance, (±)-palasonin
was synthesized from furan and citraconic anhydride (21) at 0.8 GPa for
138 h, followed by hydrogenation over Pd/C. Neither high temperatures nor
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Scheme 8 A simple synthesis of cantharidin analogues [33, 34]

Grieco conditions (LiClO4, Et2O, H2O) are effective in this transformation
at atmospheric pressure. The two cantharidin analogues 25 displaying PP1
selectivity were obtained by high-pressure IEDARs of furan and thiophene
with dimethyl maleate (Scheme 8). They possess PP1 selectivity (> 40- and
> 30-fold selectivity) over PP2A. Both 25a and 25b exhibited a moderate PP1
activity with IC50 values of 50 and 12.5 µM, respectively; however, the corres-
ponding monoester of 25a showed no such selectivity [34]. Similarly, simple
and alkyl-substituted cycloalkenones such as 26 undergo IEDARs with sul-
fanylfuran 27 and, to a lesser extent, with 3-phenylsulfanylfuran 28 to afford
the adducts, albeit in poor yields (Scheme 9) [35].

Scheme 9 IEDARs of sulfanylfurans 27 and 28 with cycloalkenones 26 [35]
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Pyrrole is believed to be more aromatic than furan, with an aromatic
stabilization energy estimated to be 100–130 kJ mole–1, thus only with such
extremely powerful dienophiles as tetrakis(trifluoromethyl)Dewar thiophene
were the IEDA adducts isolated. Therefore, several attempts to achieve an
IEDAR with pyrroles using high pressure have been made [9–14].

Epibatidine (30), an alkaloid isolated from the skin of the Ecuadorian poi-
son frog Epipedobates tricolor, was reported as a novel, highly potent, nono-
pioid analgesic agent and a specific agonist of central nicotinic acetylcholine
receptors (nAChRs). The high-pressure IEDAR of N-methoxycarbonylpyrrole
(31) with phenyl vinyl sulfone produced a mixture of endo- and exo-5-
phenylsulfonyl-7-methoxycarbonyl-7-azabicyclo[2.2.1]hept-2-ene (32), which
was desulfonylated in the usual fashion to give 33, followed by reductive
Heck reactions and treatment with Me3SiI, affording epibatidine analogues
(Scheme 10) [36].

Scheme 10 A facile synthesis of the intermediates of epibatidine analogues via high-
pressure IEDARs of pyrrole 31 [36]

It is known that thiophene (34) is more aromatic than pyrrole and
does not undergo IEDAR under conventional conditions. However, almost
25 years ago, it was reported that the reaction with maleic anhydride (35)
at 1.2–2.0 GPa and a temperature of 100 ◦C produced the exo adduct 36 in
40% yield [37]. Recently, highly improved results have been attained under
high-pressure and solvent-free conditions (Scheme 11) [38].

2-Pyrones usually behave as aliphatic compounds, and therefore a num-
ber of IEDARs were reported with both electron-deficient and electron-rich
dienophiles, but these adducts are prone to lose CO2 under conventional con-
ditions. Thus, a number of examples that retain the useful CO2 moiety have
appeared via recourse to high-pressure strategy [9–14].
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Scheme 11 IEDAR of thiophene (34) with maleic anhydride (35) under high-pressure/
solvent-free conditions [38]

The palmarumycins are a group of fungal metabolites isolated from Co-
niothyrium sp. Specifically, palmarumycin CP1 (37) may be considered as
the parent member of this group, with others displaying a range of hydrox-
ylation, unsaturation, or epoxidation. Several of them exhibit antibacterial,
antifungal, or potentially anticancer activity. One of the simplest approaches
to the palmarumycin skeleton would be IEDARs of 3-methoxy-2-pyrone (38)
with benzoquinone monoacetals 39, as exemplified in Scheme 12 [39]. How-
ever, in this case, no high-pressure conditions seem to be essential because of
the need for aromatization. Rather than high pressure, microwave irradiation
might be a method of choice.

2-Pyridones are classified as aromatic heterocycles (estimated aromatic
stabilization energy: about 100 kJ/mol). Indeed, they undergo electrophilic

Scheme 12 Synthetic approaches to the palmarumycins [39]
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substitution at the 3- and 5-positions. In connection with the strategic view-
point for construction of the isoquinuclidine skeleton, their IEDARs are of
considerable interest. 2-Pyridones are much more inert to dienophiles than
2-pyrones, the initial adducts often losing an RHCO group under conven-
tional conditions. These difficulties are partly surmounted by recourse to
the high-pressure technique [9–14]. Cyclooctyne (41) is the smallest cyclic
alkyne that is stable at rt. In particular, its cycloadditions and subsequent
ring enlargement have been utilized for construction of medium- and large-
ring compounds [40]. Some 2-pyridones 42 underwent high-pressure IEDARs
with cyclooctyne (41) to give the corresponding stable bridged tricyclic
adducts 43 in moderate to good yields (Scheme 13) [41].

Scheme 13 IEDARs of 2-pyridones 42 with cyclooctyne (41) at 0.8 GPa [41]

The IEDAR of tetramethyl-4H-pyrazole (44) with 2,5-dihydrofurans 45
was accomplished only by high pressure in the strict absence of any acid
traces, giving the adduct 46 in 74% yield. Attempts to perform the reaction at
temperatures up to 150 ◦C by using microwave irradiation (700 W, 3 min, re-
sulting in decomposition) and standard activation with TFA or LiClO4 failed
(Scheme 14) [42].

Scheme 14 IEDAR of tetramethyl-4H-pyrazole (44) with 2,5-dihydrofurans 45 [42]
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Recently, the intriguing IEDA adducts 48 of 1-germa-2,3,4,5-tetraphenyl-
1,1-dimethyl-2,4-cyclopentadiene (47) with N-methylmaleimide and maleic
anhydride were prepared by high-pressure reactions (Scheme 15) [43].

Scheme 15 IEDAR of 1-germa-2,3,4,5-tetraphenyl-1,1-dimethyl-2,4-cyclopentadiene (47)
[43]

Hetero IEDARs offer a useful protocol for construction of oxa- and aza-
cycles. In particular, dihydropyrans are useful intermediates for a variety of
biologically intriguing compounds. Thus, many examples of high-pressure
mediated IEDARs of dienes with dienophiles possessing carbonyl groups have
been reported [9–14, 44, 45]. One of the simplest approaches to sugars and
sugar-like polyhydroxylated compounds from noncarbohydrate substrates
would be such hetero IEDARs. A recent example of this type of reaction
is an enantioselective high-pressure IEDAR of 1-methoxybuta-1,3-diene (49)
with tert-butyldimethylsilyloxyacetaldehyde (50) catalyzed by (salen)Co(II)
(53), (salen)Co(III)Cl (54), and (salen)Cr(III)Cl (55) complexes. The reac-
tion afforded, in good yield (up to 90%) and with both high diastereose-
lectivity (up to 92%) and enantioselectivity (up to 94% ee), the hydrox-
ymethyl(methoxy)tetrahydropyrans 51 and 52 (Scheme 16) [46].

Alternatively, the inverse electron-demand hetero IEDARs of α,β-unsatur-
ated carbonyl compounds with enol ethers serve as a short and attractive
route to dihydropyrans. For instance, the use of Lewis acids such as Eu(fod)3
along with high-pressure afforded a high yield of the dihydropyran 56, as
shown in Scheme 17 [47]. Analogous and more synthetically extensive results
including dihydrothiopyrans were also reported [48–52].

The desperate search for effective anticancer and anti-HIV therapeutic
agents has greatly stimulated research on specifically modified sugars. Syn-
thesis of the dihydropyrans 59, incorporating annelated spirocyclopropane
moieties, has been accomplished by means of an inverse-demand hetero
IEDAR of methyl trans-4-benzyloxy-2-oxo-3-butenoate (57) onto benzyl (cy-
clopropylidenemethyl) ether (58) as the key step (Scheme 18) [53]. Fur-
ther transformations led to 3-benzylated α- and β-anomeric benzylspiro[2]-
deoxy-(D,L)-arabino-hexopyranoside-2,1′-cyclopropanes 60.
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Scheme 16 Enantioselective high-pressure IEDAR of 1-methoxybuta-1,3-diene (49)
with tert-butyldimethylsilyloxyacetaldehyde (50) catalyzed by (salen)Co(II) (53) and
(salen)Cr(III)Cl (55) complexes [46]

One of the simplest preparations of the pyridine skeleton would be
hetero IEDARs of nitriles with dienes, which would, however, be highly
limited because of the small number of activated dienes and nitriles. The
hetero IEDARs of 2,3-dimethyl-1,3-butadiene (61) with perfluorooctanon-
itrile (62) at 0.15 GPa and 50 ◦C afforded 3,4-dimethyl-6-perfluoroheptyl-
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Scheme 17 Hetero IEDAR of an α,β-unsaturated carbonyl compound with enol ether:
a highly efficient synthesis of the dihydropyran 56 [47]

Scheme 18 Synthesis of 3-benzylated α- and β-anomeric benzylspiro[2]-deoxy-(D,L)-
arabino-hexopyranoside-2,1′-cyclopropanes 60 via spirocyclopropane-annelated dihy-
dropyrans 59 [53]

3,5-dihydropyridine (63), along with 3,4-dimethyl-6-perfluoroheptyl-3,5-
pyridine (64) though only in low yields, the former gradually eliminating
hydrogen to give 64 (Scheme 19) [54]. A higher pressure like 0.8 GPa might
highly improve the yields.

Activated imines can also serve as dienophiles and the resulting adducts,
piperidine-derived ring systems, constitute the skeleton of many naturally
occurring alkaloids. They exhibit a variety of biological activities and are
found in numerous therapeutic agents. Thus, a short and efficient synthesis
of highly functionalized tetrahydropyridines is attained by high-pressure aza-
IEDAR, employing the imine 65 (Scheme 20) [55]. The reaction was applied to
the stereoselective synthesis of a pipecolic acid derivative.

Heterocyclic compounds which have, as a common structural feature,
a tetracyclic pyrido[2,3,4-kl]acridine system often offer striking biolog-
ical activities such as antitumor activities. Specifically, a facile synthe-
sis of ascididemine (70) was achieved by high-pressure IEDAR of 6H-4-
bromopyrido[2,3,4-kl]acridin-6-one (69) with propanal dimethylhydrazone
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(68), albeit in low yield of 21%, whereas 71 with 68 gave 72, an isomer of
ascididemine (70) in moderate yield (Scheme 21) [56].

Scheme 19 Synthesis of pyridine 64 by hetero IEDAR of the diene 61 with nitrile 62 [54]

Scheme 20 Synthesis of tetrahydropyridines [55]

Scheme 21 A simple synthesis of ascididemine (70) via aza-IEDAR [56]
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2.2
Intramolecular Diels–Alder Reactions

In recent years, there has been considerable interest in synthetic applications
of intramolecular Diels–Alder reactions (IRDARs), because the intramolec-
ular reaction can offer some advantages over the intermolecular version,
especially an increased reaction rate and higher selectivity. IRDARs allow the
regioselective and stereospecific introduction of multiple stereogenic centers.
Therefore, these reactions have become a powerful method for the synthe-
sis of polycyclic natural products. Pressure effects of IRDARs of 73 were
investigated in comparison with sigmatropic reactions such as the Cope re-
arrangement of (Z)-1,3,5-hexatriene (75) (Scheme 22) [57, 58]. It has been
proved that the – ∆V=| values of the former are at least two times those of
the latter. Importantly, large negative activation volumes ranging from – 24 to
– 37 cm3 mol–1, as well as large negative volume changes, have been found for

Scheme 22 Pressure effects on IRDARs of 73 and Cope reaction of 75 [57, 58]
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this type of IRDAR. In another example, the IRDAR of (Z)-1,3,8-nonatriene
(77) is highly favored over 1,5-hydrogen sigmatropy to 78 by applied pressure
(Scheme 23) [57, 58]. At atmospheric pressure and 150 ◦C, the 1,5-hydrogen
shift predominated over the IRDAR in the yields, whereas even at 0.77 GPa,
the ratio of the yields was completely reversed. Thus, high pressure is ex-
pected to be extremely fruitful in this type of IRDAR. Indeed, a considerable
number of high-pressure mediated IRDARs have already proved useful for
construction of the skeleton of bioactive molecules [44, 45].

Sultams have been recognized to be useful for medicinal chemistry [59].
The preparation of enantiomerically pure δ- and γ-sultams was achieved by
a high-pressure IRDAR. As high as at 1.3 GPa, the sulfone 80 smoothly un-
derwent an IRDAR to give both slightly higher yield and asymmetric induc-
tion than under thermal conditions in refluxing toluene at ambient pressure.
The exo-sultam 81 predominated over the endo-sultam 82 by the chiral (S)-
1-phenylethyl substitution. In contrast, the vinylsulfonamide 83, in which
double stereodifferentiation is anticipated by the presence of two stereogenic
centers, gave rise to a higher diastereoselectivity noted for the high-pressure
cycloaddition by virtue of both stereogenic elements present in 83. The equa-
torial disposition of the methyl group on the δ-sultam 84 dominated the
stereochemical outcome of the reaction, the diastereoisomer 85 being formed
as the minor product (Scheme 24) [60].

Thermal or high-pressure induced IRDARs of the triene 86, featuring ei-
ther a sulfonate or sulfonamide moiety connecting a diene and a dienophile,

Scheme 23 Pressure effects on competitive IRDAR and 1,5-hydrogen shift of 77 [57, 58]
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Scheme 24 IRDARs of N-1-phenylethyl-substituted vinylsulfonamides 80 and 83 under
thermal and high-pressure conditions [60]

were found to proceed with moderate diastereoselectivity to give the sul-
tones 87 and 88. It is interesting to note that the ratio is reversed under high
pressure compared to thermal conditions. Presumably, under high-pressure
conditions, the reaction takes place via a more compact endo-type transition
state (Scheme 25) [61]. Similar IRDARs with high diastereoselectivity were
also reported [62].

Scheme 25 IRDARs of vinylsulfonate and vinylsulfonamide 86 [61]
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Scheme 26 Synthetic approaches toward phorbols via the high-pressure mediated IRDARs
of furans 89 [64]

Scheme 27 Asymmetric IRDARs of furfuryl fumarates 91 under thermal and high-
pressure conditions [65]
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Scheme 28 Regioselective synthesis of pyridines via IRDARs of oximinomalonates 94 [68]

Tricyclic structures (A, B, and C rings) 90 possessing the functionality and
stereochemistry inherent in phorbol [63] and its analogues were constructed
in one step by a high-pressure IRDAR. The nature of the 2-thioether sub-
stituent on the furan was critical for the success of the reaction; a range of
high-pressure conditions with the phenylthiofuran 89 (R1 = Me, R2 = Ph) led
either to the recovery of starting material or decomposition (Scheme 26) [64].

Asymmetric IRDARs of optically active furfuryl fumarates 91 were investi-
gated under thermal and high-pressure conditions. The diastereoselectivities
observed increased with the size of the tether substituents, achieving up to
86% in the case of R = t-Bu, though in the case of R = neo-Pen only 38% de
was obtained. It is concluded the diastereoselectivity observed was thermo-
dynamically controlled (Scheme 27) [65]. An IRDA ring-expansion approach
toward taxinine (a carbocylic compound) [66] utilizing both Lewis acids and
high pressure has been reported [67].

Finally, the thermal and high-pressure mediated IRDARs of an oximino-
malonate dienophile 94 tethered to a dienic carboxylic acid offer a facile
method for regioselective synthesis of substituted pyridines 96 after aroma-
tization of the adducts 95 with Cs2CO3 (Scheme 28) [68].

2.3
1,3-Diploar Reactions

The 1,3-dipolar reaction (13DPR), whether concerted or not, undoubtedly ri-
vals Diels–Alder reactions in ubiquity as well as synthetic utility [69], and
its synthetic potential is still far from being exhausted. Both inter- and in-
tramolecular 1,3-dipolar cycloadditions represent an efficient method for the
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syntheses of a wide variety of carbo- and heterocyclic compounds, including
natural products.

The activation volume for 1,3-dipolar cycloaddition reactions is typically
highly negative (ca. – 18 to – 32 cm3 mol–1). In spite of the broad applicabil-
ity of 1,3-dipolar cycloadditions in organic synthesis, high-pressure data are
still rare compared to Diels–Alder reactions. Among other reasons, this is
partly due to the fact that the formation of 1,3-dipoles often involves a bond-
breaking process and partly because, in certain cases, 1,3-dipoles are prone
to dimerization. Classical examples of synthetic applications of high-pressure
13DPRs have already been compiled [44].

The growing interest in the synthesis of aza-C-disaccharides is associated
with the search for new selective glycosidase inhibitors [70–72]. One of the
simplest and most elegant approaches to this skeleton would be 13DPRs of
hydroxylated nitrones. 13DPRs of the enantiomerically pure, hydroxylated
nitrones 97 and 100 to the glycols 98 and 101 are accelerated by applied
pressure, giving the adducts 99 and 102, respectively (Scheme 29). In the
reaction leading to the cyclic glycoside 102, the D-tartaric acid derived ni-
trone 100 is assumed to approach 101 from the α face (bottom). The stere-
oselectivity is apparently controlled by the 3-BnO substituent of the glycal
as well as by the t-BuO group next to the nitrone double bond. Thus, the
process has proven to allow direct access to stereodifferentiated tricyclic
isoxazolidines like 102, which may serve as key intermediates to pseudo
aza-C-disaccharides [73]

Scheme 29 13DPRs of the enantiopure hydroxylated nitrones 97 and 100 with the glycals
98 and 101 [73]
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Analogously, the L-valine derived nitrones 103 react with methyl acrylate
(104) to produce the corresponding diastereomeric 3,5-disubstituted isoxa-
zolines 105–108. In the case of the dibenzyl-substituted nitrones, in addition
to 3,5-disubstituted isoxazolines, the 3,4-disubstituted isoxazolines were also
obtained in low yields. High pressure just served to decrease the reaction
time. The major products 105 were found to have the C-3/C-6 erythro and
C-3/C-5 trans relative configuration (Scheme 30) [74].

Scheme 30 13DPRs of L-valine derived nitrones 103 with methyl acrylate (104) [74]

The thermal and high-pressure 13DPRs of various Z- and E-nitrones, e.g.,
109, with alkyl vinyl ethers, e.g., 110, catalyzed by a variety of chiral oxaz-
aborolidines, e.g., 113, were carried out with little success. As exemplified in
Scheme 31, conversion was achieved only up to 38% ee [75].

A putative type of 13DPRs, or otherwise formal [3 + 2] cycloadditions of
5-alkoxyoxazoles 114 with the carbonyl dipolarophile 115, were performed
either under high pressure or 0.1 MPa, catalyzed by tin(IV) chloride as illus-
trated in Scheme 32, the regiochemical results being generally complex [76].

13DPRs of organic azides with alkenes and alkynes have long been known
to give triazoles and a high-pressure mediated version of this reaction has
also been well investigated [9–14, 44]. A recent example is 13DPRs with
morpholino-1,3-butadienes and an α-ethynyl-enamine [77].

Finally, nonactivated nitriles do not usually undergo a 13DPR with a 1,3-
dipole. However, nitrones like 120–123 react with a variety of normal ni-
triles to afford the corresponding 2,3-dihydro-1,2,4-oxadiazoles in moderate
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Scheme 31 13DPRs of nitrones 109 with alkyl vinyl ethers 110 catalyzed by chiral oxaz-
aborolidine 113 [75]

Scheme 32 Formal [3 + 2] cycloadditions of 5-alkoxyoxazoles 114 with diethyl oxoma-
lonate (115) [76]

yields [78]. In contrast, under a high pressure of 1.0 GPa, the reaction tem-
perature and time were able to be greatly decreased. For example, reaction
of the adamantane-derived nitrone 120 with benzonitrile for 15 h at 150 ◦C in
sealed tube gave a 51% yield of the adduct 124, whereas at 1.0 GPa and 100 ◦C
for only 1 h 124 was obtained in 71% yield [79].
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Scheme 33 13DPRs of nitrones with nitriles [79]

2.4
Other Pericyclic Reactions

2.4.1
[2 + 2] Cycloadditions

The formal [2 + 2] cycloaddition is a useful method for cyclobutane and oxe-
tane ring formation. Thermal, concerted [2 + 2] cycloadditions are disallowed
by orbital symmetry. Heteroallenes, such as ketenes with two π bonds, are
thought to undergo thermal concerted cycloaddition either via a [π2s +π

2s +π 2s] or a [π2s +π 2a] process. Otherwise, [2 + 2] cycloadditions could
take place stepwise via either a biradical or a zwitterionic intermediate.
[2 + 2] Cycloadditions have large negative activation volumes, with ∆V=|
values in the range of – 20 to – 50 cm3 mol–1 for concerted and – 25 to
– 45 cm3 mol–1 for polar or stepwise reactions [11]. High-pressure conditions
are, therefore, expected to be useful for [2 + 2]-type cycloadditions, though

Scheme 34 [2 + 2] Cycloadditions of alkyl isocyanates 125 with 2,3-dihydrofuran
(126) [80]
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not many practical examples of high-pressure mediated [2 + 2] cycloaddi-
tions have been reported. Classical examples are compiled in [44].

One of the most facile methods for construction of the β-lactam skeleton
would be [2 + 2] cycloadditions of isocyanates to alkenes. However, the [2 + 2]
cycloadditions of alkyl or aryl isocyanides with either 2,3-dihydrofuran or
vinyl ethers often fails under normal conditions. High pressure can surmount
this difficulty in certain cases. For instance, alkyl isocyanates 125 underwent
[2 + 2] cycloadditions with such cyclic vinyl ethers as 126 to produce the
β-lactams 127 (Scheme 34) [80].

2.4.2
[2 + 2 + 2] Cycloadditions

The homo-Diels–Alder reactions of norbornadiene with dimethylacetylene
dicarboxylate (DMAD) and TCNE are reported to have activation volumes of
about – 30 cm3 cm–1 and classical examples have already been reviewed [10].

Neither dimethyl oxanorbornadiene-2,3-dicarboxylate (128a) nor the re-
lated analogues 128b–d reacted with cyclooctyne [40] at 100 ◦C in a sealed

Scheme 35 Homo-Diels–Alder reactions of dimethyl oxanorbornadiene-2,3-dicarboxylate
and related compounds 128 with cyclooctyne [81]

Scheme 36 A first example of inverse-electron demand [π2 + σ2 + σ2] cycloaddition [82]
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tube. In contrast, at 0.6 GPa and 100 ◦C the same reaction took place to give
the corresponding adducts 129a–d in moderate yields (Scheme 35) [81].

In connection with this, dimethyl oxaquadricyclane-2,3-dicarboxylate
(131) was initially assumed to behave as a carbonyl ylide 130 toward cy-
clooctyne [81]. However, this proved to be not the case by an X-ray analysis
of the adduct exo-132, but a first example of an inverse-electron demand
[π2 + σ2 + σ2] cycloaddition (Scheme 36) [82].

2.4.3
Multicomponent Cycloadditions (MCCs)

Multicomponent reactions (MCRs) are very efficient in organic synthesis, and
have represented a rapid upsurge in the literature [83]. High-pressure con-
ditions have proved to be useful for MCRs, and even for double MCRs [83].
For example, 3-[(E)-2-nitroethenyl]pyridine (133), the benzyl vinyl ether
134, and N-phenylmaleimide underwent a three-component cycloaddition,
through tandem IEDA/13DPRs, to afford the bicyclic nitroso acetal 135 as
a single stereoisomer, whereas the adduct 136 was obtained as a mixture
of three diastereoisomers when methyl acrylate was used instead of N-
phenylmaleimide (Scheme 37) [84]. The alkaloid family of pyrrolizidines has,
in certain cases, shown amnesia-reversal activity related to Alzheimer’s dis-
ease, and in another cases, viral and retroviral suppression activities includ-
ing against HIV as well as glycosidase inhibitory properties.

Scheme 37 Three-component cycloaddition of 3’-pyridyl-β-nitroethene (133), vinyl ether
134, and N-phenylmaleimide [84]
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Similar three-component cycloadditions have been accomplished under
heterogeneous and high-pressure conditions, where one reactant was im-
mobilized [85]. Finally, high-pressure mediated MCRs have already been
overviewed [86].

3
Ionic Reactions

High pressure is generally effective in accelerating those reactions that involve
either an ionization process or a dipolar transition state [9].

3.1
SN Reactions

This type of reaction is usually promoted by applied pressure and some of
the examples have been reviewed by us [87]. The Menschutkin reaction of the
phenazine 137 with the allyl bromide 138 occurs only in poor yield with elim-
ination of HBr from 138, whereas at 1.2 GPa and rt the reaction constitutes
a total synthesis of phenazinomycin (139), a rare type of phenazine antibiotic,
albeit only in 20% yield (Scheme 38) [88].

Scheme 38 High-pressure mediated total synthesis of phenazinomycin (139) [88]

In a preliminary study toward the total synthesis of the kopsane alkaloid
140, which may exhibit cholinergic activity, the formal [3 + 2] annulation re-
action of 3-alkylindoles with 1,1-cyclopropane diesters was studied in the
presence of Yb(OTf)3 either at elevated temperature or at high pressure. For
example, N-methyltetrahydrocarbazole (141) with styryl-substituted cyclo-
propane 142 produced a mixture of diastereomeric adducts 143a and 143b
(3 : 1) in 49% yield at 1.3 GPa for 7 days (Scheme 39) [89].

Nucleophilic aromatic substitution (SNAr) reactions are not, in general,
facile and usually require the presence of at least one strongly electron-
withdrawing group, such as a nitro group, or otherwise a very good leav-
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Scheme 39 Formal [3 + 2] approach to a tetracyclic subunit of kopsane alkaloid 140 [89]

ing group like a diazonium cation in the aromatic ring. The overall vol-
umes of activation for the reactions have been found to be negative, – 10
to – 30 cm3 mol–1 for the methoxide ion. SNAr reactions involving neutral
nucleophiles, such as butylamine and piperidine, result in a net charge sep-
aration in the transition states, so that highly negative activation volumes
have been reported, amounting to ca. – 70 cm3 mol–1. Unfortunately, however,
the high-pressure technique had not been employed for this type of reaction
for synthetic purposes until Ibata et al. and ourselves reported in 1987 that
activated halogenobenzenes and halogenopyridines could undergo an SNAr
reaction with primary and secondary amines without a Lewis acid catalyst at
moderate temperatures when performed at 0.6–0.8 GPa. The synthetic appli-
cations of high-pressure amino SNAr reactions that have been performed by
our group up to around 1995 are reviewed in [87, 90].

This high-pressure methodology was later used by several groups, e.g.,
for the preparation of 4-(dimethylamino)pyridine (DMAP) derivatives [91]
and oligoanilines [92]. More intriguingly, the synthesis of enantiomerically
pure C-6 substituted pyrazolo[3,4-d]pyrimidines 147 has been performed by
SNAr reaction of 4-amino-6-chloro-1-phenylpyrazolo[3,4-d]pyrimidine (145)
under high-pressure conditions at ambient temperature. Conventional syn-
thetic conditions (reflux at 0.1 MPa) were unsuccessful. The S enantiomer
displayed higher affinity and selectivity for the adenosine A1 receptor than
the R enantiomer (Scheme 40) [93].

Scheme 40 Enantioselective SNAr reaction of 145 with the chiral (S)-amine 146 [93]
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A similar reaction was applied to an approach to norastemizole (148) and
its analogues, which are of significant medicinal interest due to their wide
range of biological activity. However, no reaction took place either with bulky
amines such as isopropyl amine or with aromatic amines such as anisyl amine
(Scheme 41) [94]. An alternative method is a palladium-catalyzed amination
of 149 based on the Buchwald method [95].

Scheme 41 High-pressure amino SNAr reaction of 2-chlorobenzimidazole (149) [94]

The high-pressure reaction of 2-methylfuran with alkyl glyoxylates, cat-
alyzed by a chiral (salen)Co(II) complex, is reported to afford the corres-
ponding Friedel–Crafts products both in moderate yield and enantioselectiv-
ity [96].

3.2
Addition Reactions

The utility of the high-pressure technique in addition reactions, such as al-
dol reactions and Michael reactions, is already well known [9, 97]. Perhaps
a multicomponent version of reactions is more important in the synthesis
of heterocycles. Notably, classical examples are illustrated by the Hantzsch
synthesis of 1,4-dihydropyridine and pyrrole synthesis, the Radziszeski im-
idazole synthesis, the Biginelli reaction for dihydropyrimidinone synthesis,
and the Bucherer–Bergs hydantoin synthesis. More recently, the tricyclic di-
amino ketone from octahydro-2H-quinolin-2-one was prepared by Scheiber
and Nemes using a double Mannich condensation [98]. Unfortunately, there
seems no notable example of high-pressure applications to heterocyclic syn-
thesis, though effects of high pressure just up to 0.3 GPa on the Biginelli
reaction have been reported [99].
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As an extension of the successful Strecker reaction under high pres-
sure [83], a heterocyclic version of this reaction was investigated by us
but met with very limited success. For example, 1 equivalent of 1,2-
diacetylbenzene (152) with 1,2-diaminobenzene (153) and TMSCN (2.4 equiv-
alents) afforded 5,6,11,12-tetrahydro-6,11-dimethyldibenzo[b, f ][1,4]diazo-
cine-6,11-dicarbonitrile (154), albeit only in 17% yield in one step. A similar
reaction of cyclohexane-1,2-dione (155) with 153 produced 1,2,3,4,5,10-
hexahydrophenazine-4a,10a-dicarbonitrile (156) in 13% yield along with the
aromatized product, 1,2,3,4-tetrahydrophenazine (157) (Scheme 42). How-
ever, similar attempts with other diketones, such as 2,5-hexanedione, 2,3-
butadiene, and 9,10-phenanthrenequinone, met with failure, either giving
a complex mixture of products or well known and commercially available
product possessing a pyrazine skeleton [100].

Scheme 42 Multicomponent Strecker reaction of diketones 152 and 155 with 1,2-diamino-
benzene (153) [100]

3.3
Other Ionic Reactions

Irreversible lactim–lactam tautomerization was recognized a long time ago
and is generally achieved by either heat or catalysts. One of the synthetic ap-
plications was reported by Knorr as early as 1897. Later, this reaction was first
applied to the synthesis of pyrimidine nucleoside by Johnson and Hilbert,
thus being called the Hilbert–Johnson reaction (HJR). The reaction has been
employed as one of protocols for the preparation of pyrimidine nucleosides.
The biological and medicinal interest in pyrimidine affords further impetus
to prepare new types of derivatives. Because of the synthetic utility of the
HJR for synthesis of pyrimidine nucleosides, a more sophisticated version of
the HJR has been developed by Vorbrüggen (the silyl HJR : VHJR) employ-
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ing silyloxypyrimidines rather than alkoxypyrimidines with the aid of Lewis
acids, such as AlCl3, SnCl4, and Me2SiSO3CF3 [101]. In particular, the VHJR
was used, as one of the key steps, for the total synthesis of the anthelmintic
agent hikizimycin [102]. The HJR is amenable to dimethoxypyridines but re-
quires more harsh conditions, probably because of the less electron-deficient
nature than pyrimidines. The classical HJRs under high pressure offer a facile
synthesis of 2-pyridones. Typical results are summarized in Scheme 43 [103].
Even highly electron-deficient pyridines like 160 were forced to undergo
HJRs, albeit needing several days. In view of the postulated mechanism [104,
105], 161 presumably has arisen by reaction of liberated MeX with 160 be-
cause of the longer reaction times than in the case of the reaction with 158. It
is anticipated that this methodology would be amenable to a modified VHJR
under neutral conditions for exploitation of synthetic applications to pyrimi-
dine nucleosides, which is in progress in our group.

Scheme 43 HJR of 2,6-dimethoxypyridine (158) and 2-methoxy-5-nitropyridine (160)
with haloalkanes [103]

4
Concluding Remarks

In view of the present stage of organic synthesis it is possible to design and
construct a desired molecule, partly based upon computer-aided molecu-
lar modeling and partly based upon our own chemical history, inspiration,
and philosophy. The utility of a high-pressure strategy to accomplish a de-
sired reaction that is not otherwise accessible is well documented. Therefore,
high-pressure technology has already become a routine technique for syn-
thetic chemists. As exemplified above, this technique (0.1–2.0 GPa) is applied
mainly in liquid systems and is a valuable and necessary tool which can be
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employed to stimulate reluctant organic reactions that take place too slowly,
require too high temperatures, or are hindered by steric or electronic factors.
Furthermore, it has proved to be useful in order to increase selectivity among
alternative products, since both regio- and stereoselectivities change with
pressure if there is a difference in activation volumes. Among nonconven-
tional methods such as sonochemistry (ultrasound), flash vacuum pyrolysis,
microwave irradiation, and supercritical fluids (most related to high pres-
sure), the basic principles are most discrete as described in Eq. 1, thus in
certain cases being extremely useful for elucidation of reaction mechanisms.
On the other hand, it is not so easy to maintain a high-pressure apparatus if
we use over 0.8 GPa. Since the microwave method is easy to operate and in-
expensive, the author suggests that readers should use microwave irradiation
first but does not recommend materials having a low boiling point. This short
review shows clearly that the high-pressure technique for laboratory use now
has an assured role specifically in fine chemical research such as drug syn-
thesis. The author believes that the high-pressure technique will find more
and more successful applications as a facile and useful methodology in vari-
ous synthetic reactions. Commercial applications of high-pressure techniques
may become even more probable, especially in the pharmaceutical sciences.
Finally, high-pressure methodology has proven to constitute a field of green
chemistry, providing atom-economic as well as environmentally friendly tac-
tics in organic synthesis.
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Abstract The ring transformation (RTF) is a powerful protocol for preparing polyfunc-
tionalized compounds not easily available by alternative procedures. Dinitropyridone
and nitropyrimidinone are excellent substrates for this reaction. Dinitropyridone be-
haves as the synthetic equivalent of unstable nitromalonaldehyde to give nitroanilines,
nitropyridines, and nitrophenols. On the other hand, nitropyrimidinone causes three
kinds of RTF reactions. When nitropyrimidinone reacts with dinucleophilic reagent at
the 2- and the 6-positions, 4-pyridones, pyrimidines, and 4-aminopyridines are formed,
in which pyrimidinone behaves as the synthetic equivalent of activated diformylamine.
Nitropyrimidinone also behaves as the equivalent of α-nitroformylacetic acid to furnish
3-nitro-2-pyridones when the RTF reaction occurs at the 4- and the 6-positions. Nitropy-
rimidinone reveals nucleophilicity at the 3-position and electrophilicity at the 6-position
with loss of an imino group. This structural feature enables the synthesis of 2-pyridones
upon treatment with 1,3-dicarbonyl compounds. The RTF reactions of pyridone and
pyrimidinone prove to be a useful protocol for syntheses of versatile azaheterocyclic
compounds having multi-functionalities.

Keywords Ammonium acetate · Nitro compounds · Pyridone · Pyrimidinone · Ring
transformation

Abbreviations
RTF Ring transformation
TCRT Three components ring transformation

1
Chemical Behavior of a Nitro Group

Nitro compounds constitute a large family among organic compounds and
are widely used for various purposes [1–3]. The nitro group is one of the
useful functional groups because of the following properties.
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a) As the Electron-Withdrawing Group

The nitro group behaves as the electron-withdrawing group by both induc-
tive and resonance effects. The inductive electron-withdrawing ability can
be estimated by comparing pKa values of substituted acetic acids. While
chloroacetic and dichloroacetic acids have pKa values of 2.86 and 1.29, re-
spectively, the pKa value of nitroacetic acid is 1.68. These facts indicate the
electron-withdrawing inductive effect of a nitro group is a match for that of
two chloro groups. The resonance effect of a nitro group also diminishes the
electron density of the β- and the δ-carbons through the conjugated system.
As a result, not only α-carbon but also these carbons become highly electron-
deficient.

b) As the Activating Group

The electron-withdrawing nitro group activates various skeletons. Although
most halobenzenes cause no change upon treatment with nucleophile, ni-
trated ones easily undergo the nucleophilic substitution. The activation by
a nitro group is also observed in the Diels-Alder reaction, in which ni-
troalkene behaves as a good dienophile. The nitro group significantly in-
creases the acidity of α-hydrogen to form nitronate easily. The nitronate
possesses both nucleophilic and electrophilic sites, thus it is often used for
syntheses of heterocyclic compounds. Furthermore, the nitro group assists
the adjacent carbon–carbon bond cleavage since stable nitronate anion is
readily eliminated. As shown here, nitro compounds play an important role
in organic reactions due to these chemical behaviors.
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c) Chemical Conversion to Other Functionalities

The nitro group is converted to versatile functionalities. A carbon–carbon
double bond can be produced from nitroalkane by elimination of a nitro
group with vicinal hydrogen as nitrous acid. The Nef reaction is also often
used for transformation from nitroalkanes to ketones. The most useful chem-
ical modification of a nitro group is the reduction furnishing oximes and
amines, and further chemical conversion to various functionalities can be
performed via diazonium salts.

The above diversity of a nitro group surely provides a valuable tool in
organic syntheses. However, the chemistry of heterocyclic compounds sub-
stituted with a nitro group has not been studied enough since their prep-
aration is often difficult, especially electron-deficient pyridines and pyrim-
idines derivatives are not easily available. While nitration is a powerful
method for direct introduction of a nitro group to the aromatic ring, the
pyridine nuclei cannot be nitrated under generally used conditions. Direct
nitration of pyridines at the 3-position is realized when a combination of
nitrogen pentoxide and sulfur dioxide is employed [4]. If nitric acid is em-
ployed as the nitrating agent, modification of the pyridine ring should be
performed. Pyridine N-oxide is readily nitrated at the 4-position by nitric
acid because its electron density is increased by electron-donating ability of
the oxygen atom [5]. Alternatively, pyridone derivatives are also usable as
the substrate for nitration since aromaticity of the N-substituted 2-pyridone
becomes considerably lower but it is still an aromatic compound showing
somewhat aromaticity as shown in Scheme 1. The nitration proceeds at the 3-
or the 5-positions to afford 3-nitro, 5-nitro and 3,5-dinitropyridones. These
nitropyridones are expected to reveal high electrophilicity, and reactions with
various kinds of nucleophiles afford polyfunctionalized azaheterocyclic com-
pounds.

Scheme 1 Resonance structures of N-methyl-2-pyridone

2
Ring Transformation (RTF) Reaction

A great number of heterocyclic compounds have been employed for func-
tional materials such as medicines, agricultural chemicals, dyes, organic elec-
troluminescence, etc. It is necessary to construct libraries containing a large
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number of compounds with variety for effective research of new functional
materials. Functionalized heterocyclic compounds are especially useful for
the present purpose because they are also used as the key synthetic interme-
diates leading to versatile compounds. However, direct modification of the
heterocyclic compounds like pyridine is rather difficult than that of the ben-
zene ring. Thus, supplementary protocols for modification of heterocyclic
compounds should be developed. The built-in method is one of the con-
venient procedures in which a building block having a functional group is
condensed with another component to construct polyfunctionalized com-
pounds.

The ring transformation (RTF) reaction is known to be another supple-
mentary method. Since this protocol provides polyfunctionalized compounds
that are not easily prepared, its synthetic utility is quite high. The RTF reac-
tion is a restructuring reaction involving “scrap and build” of the substrate.
Namely, the partial structure (B) of the substrate (A + B) is transferred to the
reagent (C) forming a new ring system (B + C) accompanied by elimination
of the leaving group (A) (Scheme 2). This chemistry has been energetically
investigated in which van der Plas and his co-workers have contributed to
a great degree, and research for finding new RTF reactions or new substrates
is still one of the challenging projects even now [6–9].

Scheme 2 Basic concept of the RTF reaction

Several kinds of reaction patterns are known in the RTF reaction. The
nucleophilic RTF reaction uses a combination of dinucleophilic substrate and
dielectrophilic reagent. Electron-deficient cyclic compounds having a good
leaving group are suitable substrates in this kind of reaction [10–12]. Nitropy-
ridines are known to cause the nucleophilic RTF reactions whose electron
density is diminished by a nitro group besides by the ring nitrogen. How-
ever, employment of somewhat severe conditions such as strong base and
high temperature are required for destroying aromaticity of the pyridine
nuclei [7]. Furthermore, effective RTF reaction is surely realized if the sub-
strate has a good leaving group as the partial structure. From this viewpoint,
3,5-dinitro-2-pyridone 1 is considered to overcome these drawbacks, namely
pyridone 1 is a highly electron-deficient compound with low aromaticity, and
its N1 – C2 – C3 moiety is easily eliminated as a stable nitroacetamide anion
(Scheme 3). We have actually shown dinitropyridone 1 is an excellent sub-
strate for the RTF reactions. Recently, we have focussed on its azaanalogs,
nitropyrimidinones 2 and 3 having similar structural features to 1. In this
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Scheme 3 Nitropyridone and nitropyrimidinones

article, we would like to review our works on RTF reactions using these sub-
strates in the past decade.

3
Preparation of Substrates

Substrates 1–3 are readily prepared with a few steps as illustrated in
Scheme 4. After methylation of pyridine with dimethyl sulfate, oxidation
with potassium ferricyanide in the presence of sodium hydroxide leads

Scheme 4 Preparative methods for substrates
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to 1-methyl-2-pyridone [13]. These reactions are conducted in one pot.
1-Methylpyrimidin-2(1H)-one is obtained as the white precipitates just after
mixing N-methylurea and 1,1,3,3-tetramethoxypropane in concentrated hy-
drochloric acid [14]. Preparation of 3-Methylpyrimidin-4(3H)-one is per-
formed by reduction of 2-thiouracil with Raney-nickel followed by methy-
lation with methyl iodide [15]. Nitration of N-methylated pyridone and
pyrimidinones is performed upon treatment with fuming nitric acid to give
substrates for the RTF reactions, namely dinitropyridone 1 and nitropyrim-
idinones 2 and 3.

4
Aminolysis of Nitropyridone and Nitropyrimidinones

The electron deficiency and electrophilicity of dinitropyridone 1 and ni-
tropyrimidinones 2 and 3 are estimated before beginning the study on
RTF reactions by conducting aminolysis. When pyridone 1 is allowed to
react with amines in a pyridine solution, aminolysis easily proceeds to af-
ford azadienamines 6 having a nitro group (Scheme 5). However, this re-
action suffers from side reaction forming adduct 7 by which pyridone 1
is consumed by eliminated anionic N-methylnitroacetamide [16]. On the
other hand, nitropyrimidinone 2 is a more convenient precursor for aza-
dienamines 6 in higher yields [17]. In this case, eliminated anionic N-
methylurea is trapped by methanol, leading to methyl carbamate 8 that can-
not react with pyrimidinone 2 at all. These facts indicate the 4- and the
6-positions of 1 and 2 are highly electrophilic to react with nucleophilic
reagents easily.

Scheme 5 Preparation of nitroazadienamines

Azadienamines 6 are usable as the β-diketiminate ligands that have a ni-
tro group in the carbon framework. Many reports dealing with diketimi-
nate ligands are found in the literature since their complexes have recently
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drawn attention as a polymerization catalyst [18]. However, β-diketiminate
having an electron-withdrawing group is rarely seen except for cyano deriva-
tive [19–21], hence the diketiminate having a nitro group is expected to
show novel property that has not been observed for other diketiminate lig-
ands. Nitroazadienamines 6 actually form complexes with copper(I) to af-
ford bis(β-diketiminato)copper(II) complex 9a [22, 23], mononuclear com-
plex 9b [22, 24] and head-to-tail linear polymer complex 9c [22, 24] as illus-
trated in Scheme 6. Their coordination patterns are varied with substituents
on the nitrogen atoms of 6.

Scheme 6 Complexes of azadienamines with copper(I)

When azadienamines 6 is charged on a silica gel column at room tem-
perature, formylated nitroenamine 10 is effectively produced by half hydro-
lysis [25] (Scheme 7). Formylnitroenamine 10 can be used as the build-
ing block for built-in method to afford versatile nitro azaheterocyclic com-
pounds [26] and nitrophenols [27] in reactions with dinucleophilic reagents.

Nitropyrimidinone 3 has also electrophilic sites, the 2-and the 6-positions,
which are attacked by amines to yield nitroenamines having a carbamoyl
group 11 in good yields [28]. Nitroenamine 11 is converted to polyfunc-
tionalized pyridone 12a upon treatment with sodium enolate of ethyl
3-oxobutanoate 13a [29].

Nitroenamine derivatives are typical push-pull alkenes, and have been
widely used in organic syntheses [3, 30, 31]. Although their synthetic utility is
quite high, functionalized ones are not often employed because of their diffi-
cult preparation. Hence, the aminolysis of pyrimidinones 2 and 3 is regarded
as a new preparative method for functionalized nitroenamines 10 and 11.
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Scheme 7 Functionalized nitroenamines

5
RTF Reaction

5.1
Suitable Substrates for the RTF Reaction

On the basis of results obtained in the last section, it is confirmed that both
nitropyrimidinones 2 and 3 have two electrophilic sites respectively similar to
dinitropyridone 1. These electrophilic positions are considered to react with
dinucleophilic reagents to cause RTF reactions.

As illustrated in Scheme 3, the C4 – C5 – C6 moiety of pyridone 1 and
that of pyrimidinone 2 behave as the synthetic equivalent of nitromalon-
aldehyde 4. Nitromalonaldehyde 4 often appears as the synthon in the retro-
syntheses for a variety of nitro compounds, but it cannot be actually em-
ployed for organic syntheses because of instability. Thus, its sodium salt
has been used as the synthetic equivalent for a long time [32]. The sodium
salt is prepared from furfural via mucobromic acid accompanied by some-
what troublesome manipulations [33], and the insolubility of the sodium salt
into general organic solvents obliges us to conduct reactions in the aque-
ous medium or in the highly polar solvent. Furthermore, crude sodium salt
should be handled as a potentially explosive material because it is sensi-
tive to impact and thermally unstable. Despite the problems mentioned here,
sodium salt is still widely used in organic syntheses due to the lack of other
efficient reagents.
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From this viewpoint, dinitropyridone 1 and nitropyrimidinone 2 would be
supplementary synthetic equivalents of 4 treatable in organic media with con-
siderable safety instead of sodium nitromalonaldehyde. Dinitropyridone 1 is
a more suitable substrate for the RTF reaction compared to nitropyrimidi-
none 2 since the stable nitroacetamide anion is more readily eliminated than
anionic urea.

On the other hand, the C2 – N1 – C3 moiety of pyrimidinone 3 behaves
as the synthetic equivalent of activated diformylamine 5 accompanied by
elimination of anionic nitroacetamide [34]. Diformylamine 5 is the simplest
secondary amide, however it has not been extensively used in organic syn-
theses due to its low reactivity. The carbonyl group of diformylamine has
carbamoyl properties rather than formyl ones, and thus nucleophilic substi-
tution proceeds in reactions using 5 [35, 36]. The sole example employing
diformylamine as an aldehyde is the intramolecular Wittig reaction leading
to pyrrole derivatives [37, 38]. The RTF reaction using nitropyrimidinone 3
would provide a C – N – C unit as a building block in the new ring systems.

5.2
RTF Reaction Using Enolate Ion

As the dinucleophilic reagent, sodium enolates of 1,3-dicarbonyl compounds
can be used. When dinitropyridone 1 is treated with sodium enolate 13b de-
rived from diethyl 3-oxopentanedioate, the RTF reaction proceeds to give 2,6-
bis(ethoxycarbonyl)-4-nitrophenol 14b in 91% yield [39]. Enolates of ethyl
3-oxobutanoate 13a and 2,4-pentadione 13c similarly react to give corres-
ponding functionalized 4-nitrophenols 14a and 14c, respectively.

A plausible mechanism for this reaction is shown in Scheme 8. The nucleo-
philic attack of the enolate 13 occurs at the 4-position of pyridone 1 to form an
adduct intermediate 15, and then regenerated enolate attacks at the 6-position,
leading to bicyclic intermediate 16. The order of these nucleophilic attacks
is not a serious problem because the same product is obtained even though
the 6-position is attacked prior to the 4-position. The following elimination of
anionic nitroacetamide from 16 affords RTF product, nitrophenol 14.

In this reaction, another mechanism can be proposed as illustrated in
Scheme 9. Namely, the ring opening reaction of pyridone 1 proceeds after
addition of enolate 13 to form the open-chain intermediate 17 instead of
bicyclic one 16, and then its cyclization yields nitrophenol 14. However,
this mechanism is excluded by the following experimental facts. When the
reaction is conducted at a low temperature, the bicyclic compound 18 is
isolated, which is transformed to nitrophenol 14 upon heating with base
(Scheme 10) [39].

On the other hand, nitropyrimidinone 2 is considered to reveal different
reactivity from pyridone 1 since the leaving group, anionic N-methylurea,
is less stable than anionic N-methylnitroacetamide. Actually, polyfunction-
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Scheme 8 RTF reaction leading to nitrophenol derivative

Scheme 9 Another mechanism via open-chain intermediate
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Scheme 10 Isolation of bicyclic compounds

alized bicyclic compound 20 is isolated to our expectation in the reaction
with diethyl 3-oxopentanedioate 19b and triethylamine, in which conversion
of 19b to enolate 13b is not necessary beforehand [40]. This experimental fact
also supports the mechanism, including a bicyclic intermediate 16 as shown
in Scheme 8.

Nitropyrimidinone 3 is also confirmed to be a suitable substrate for
RTF reaction. When pyrimidinone 3 is allowed to react with diethyl 3-oxo-
pentanedioate 19b in the presence of triethylamine, the RTF reaction effec-
tively proceeds to afford 3,5-bis(ethoxycarbonyl)-4-pyridone 21b (Scheme 11).
The C2 – N1 – C6 moiety of pyridone 21b is derived from 3, which means
that nitropyrimidinone 3 behaves as the synthetic equivalent of activated di-
formylamine 5. While 2,4,6-heptanetrione 19d causes the RTF reaction under
the same conditions, giving 21d, ethyl 3-oxobutanoate requires conversion to
sodium enolate 13a for preparation of 21a, due to the presence of only a single
active methylene group [40].

Scheme 11 Synthesis of 3,5-difunctionalized 4-pyridones

5.3
Three Components Ring Transformation (TCRT)

As mentioned, dinitropyridone 1 and nitropyrimidinone 3 are highly elec-
trophilic, and these substrates undergo RTF reactions to give nitrophe-
nols 14 and 4-pyridone 21 upon treatment with β-keto esters or β-diketones.
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1,3-Dicarbonyl compounds 19 surely behave as the excellent dinucleophilic
reagents for the RTF reactions, however, only several kinds of RTF prod-
ucts can be obtained due to limited availability of these reagents. In order to
improve the synthetic utility of the RTF reaction, other reagents such as sim-
ple ketones 22 must be used. In this case, another nucleophile or activating
reagent should be employed, and this kind of RTF reaction is called “three
components ring transformation (TCRT)”.

5.3.1
Synthesis of 4-Nitroanilines

Since simple ketones 22 are less reactive compared to 1,3-dicarbonyl com-
pounds 19, improvement of the nucleophilicity of the α-carbon is required by
conversion to enamines. When dinitropyridone 1 is treated with acetone 22a
in the presence of amines, 2,6-disubstituted 4-nitroanilines 23a–c are pro-
duced in good yields (Table 1). In this reaction, the enamine is formed in
situ, and attacks stepwise at the 4- and the 6-position of pyridone 1 to af-
ford bicyclic intermediate from which anionic nitroacetamide is eliminated
leading to nitroaniline derivative 23. It is possible to synthesize unsymmetri-
cal nitroanilines having different substituents at the 2- and the 6-positions by
changing ketones 22, and modification of the amino group is also achieved by
using other amines [41].

Table 1 TCRT reaction leading to nitroaniline derivatives

R1 R2 Ketone R3
2NH Product Yield/%

H H 22a Pyrrolidine 23a 95
H H 22a Et2NH 23b 93
H H 22a BuNH2 23c 93
Me H 22b Pyrrolidine 23d 98
Me Me 22c Pyrrolidine 23e 58
H COOEt 19b Pyrrolidine 23f 85
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5.3.2
Syntheses of Nitropyridines and Pyrimidines

As shown in the previous section, N-alkyl nitroanilines 23 are obtained in
the reaction of pyridone 1 with ketones 22 in the presence of amines. In
this case, amines are introduced as the dialkylamino substituents. On the
contrary, different reactivity is observed when ammonia is used instead of
amines. The TCRT reaction proceeds to afford 2,3-dialkyl-5-nitropyridines 24
upon treatment of pyridone 1 with ketones 22 in the presence of ammo-
nia (Table 2) [42, 43]. The C4 – C5 – C6 unit is derived from pyridone 1, the
C2 – C3 unit is derived from ketone, and the ring nitrogen (N1) is from am-
monia, namely the new ring consists of three components. As electrophilic
nitration of pyridines is quite difficult, the present TCRT will be an alternative
method for preparation of nitropyridine derivatives.

In this reaction, enamines 25 are usable as the reagent, which sometimes
gives better results than ketones 22. The present TCRT is applicable to versa-
tile aliphatic, aromatic and heteroaromatic ketones to afford corresponding
nitropyridines 24, respectively. In cases of aromatic ketones 22g–l, higher

Table 2 Synthesis of nitropyridine derivatives

R1 R2 Temp/◦C Yield/% a

– (CH2)4 – 65 d 83 (90)
– (CH2)3 – 65 e 27 (37)

i-Pr H 65 f 36
Ph H 65 g 44 (90)
Ph H 120 b g 81
Ph Me 65 h 10 (50)
4-MeC6H4 H 120 b i 73
4-NO2C6H4 H 120 b j 27
2-Pyridyl H 120 b k 72
2-Furyl H 120 b l 62
H i-Pr 100 b m 52

a Yields of 24 in reactions using enamine 25 is given in parentheses
b Temperature in a sealed tube
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reaction temperature using a sealed tube is necessary for effective TCRT.
Furthermore, aldehyde can be used as the reagent, giving 3,5-disubstituted
pyridine 24m.

This kind of TCRT is also observed in the reactions of nitropyrimidinone 3
with ketones and methanolic ammonia, which leads to 4,5-disubstituted
pyrimidines 26 [44, 45]. This reaction is initiated by the successive addition
of ammonia and ketone at the 2- and the 6-positions of pyrimidinone 3.
The intramolecular cyclization between the amino and the carbonyl groups
furnishes bicyclic intermediate 27, and then anionic nitroacetamide is elim-
inated to afford pyrimidine 26 (Scheme 12).

Scheme 12 Synthesis of pyrimidines by TCRT

Pyrimidine derivatives are frequently used as functional materials or are
found in their partial structures. A great number of methods for construc-
tion of pyrimidine skeleton have been reported in which the majority is the
condensation of a C – C – C unit (e.g., malonaldehyde, malononitrile, diethyl
malonate) and an N – C – N unit (e.g., urea, guanidine) [46]. On the other
hand, the general method involving a combination of C – N – C, C – C and
N units is not known to our best of knowledge. Thus, the present TCRT
will be an alternative method for the preparation of 4,5-disubstituted pyrim-
idines, however, this reaction suffers from limited scope of ketones. When
cyclohexanone is employed, tetrahydroquinazoline 26d is effectively formed
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as a result of TCRT. To the contrary, yields of pyrimidines 26 are significantly
diminished in reactions of pyrimidinone 3 with other ketones. In the case of
acetophenone, only 6% 4-phenylpyrimidine 26g is obtained even though the
reaction is conducted at 120 ◦C in a sealed tube. In each case, small amounts
of nitroenamines 11a (R = H) and 11b (R = Me) are isolated, as shown in
Scheme 7. This experimental fact indicates the competitive ammonolysis of
nitropyrimidinone 3 prevents the TCRT.

5.3.3
TCRT Using Ammonium Acetate as the Nitrogen Source

As mentioned in last section, ammonia is not suitable for the nitrogen source
in the TCRT due to competitive ammonolysis. In order to avoid this undesired
reaction, less nucleophilic ammonium acetate is employed instead of ammo-
nia. When a methanol solution of nitropyrimidinone 3 is heated with ace-
tophenone 22g and ammonium acetate, the formation of yellow precipitates
is observed during the reaction. 4-Phenylpyrimidine 26g is isolated from the
reaction mixture in a considerably improved 49% yield under quite milder
conditions compared with the TCRT using ammonia (Scheme 13) [44, 47].

Scheme 13 TCRT leading to pyrimidines and 3-nitro-2-pyridones

The precipitated yellow solid during the reaction is 6-phenyl-3-nitro-2-
pyridone 28g whose C2 – C3 – C4 unit is derived from the C4 – C5 – C6 unit
of pyrimidinone 3. Another TCRT proceeds at the 4- and the 6-positions
of pyrimidinone 3, which behaves as the synthetic equivalent of α-nitro-
formylacetic acid 29.

Both pyrimidines [46] and 3-nitro-2-pyridones [48–53] are often found in
biologically active compounds or their synthetic intermediates. The present
TCRT will be a useful protocol for construction of a useful library, however,
it is required to control the selectivity of these products from the viewpoint
of atom economy. The addition of acetic acid is influential for the selectivity
of this reaction, and the results are summarized in Table 3.
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Table 3 Solvent effect on selectivity

Solv. AcOH/equiv. Yield/% Recovery/%
26g 28g 3

MeOH 0 49 51 0
MeOH 1 40 56 0
MeOH 4 22 59 0
MeOH – AcOH (3 : 1) 24 9 21
AcOH – 65 14 0

When a stoichiometric amount of acetic acid is added to the reaction mix-
ture, the yield of pyrimidine 26g is diminished and 28g is formed in a some-
what increased yield. On the other hand, the addition of a larger amount of
acetic acid causes a dramatic change in the ratio of the two products, and
pyrimidine 26g is also formed as the major product when acetic acid is used
as the solvent.

5.3.4
Structural Effects of the Ketones

The selectivity between pyrimidine 26 and nitropyridone 28 is varied with
structural difference of ketones 22. In a series of reactions using cyclic ke-
tones, cycloheptanone 22n is found to show unique reactivity [44]. While
cyclic ketones having a five-, six- or eight-membered ring afford correspond-
ing bicyclic pyrimidines 26e, 26d and 26o, bicyclic pyridone 28n is predomin-
antly produced in the case of 22n (Table 4). Although it has not been clarified
why this different reactivity is observed, the selectivity is successfully inverted
by conducting the reaction in acetic acid to give 26n exclusively.

Electronic property of the ketone is also an important factor changing the
selectivity of the present TCRT [54]. Several kinds of acetophenone deriva-
tives are employed for studying the substituent effects, and the results are
shown in Table 5. When acetophenone 22g and 4-chloroacetophenone 22q are
employed, both products 26 and 28 are obtained in almost the same yields.
In cases of electron-poor ketones 22j, 22r and 22s, pyrimidines 26 are pre-
dominantly produced, however, total yields become lower. The diminished
electron density on the carbonyl group is found to be influential for the lower
reactivity and the predominant formation of pyrimidines 26. On the con-
trary, the TCRT effectively proceeds in cases of electron-rich ketones 22i,
22p, 22t and 22u to furnish corresponding products in good total yields,
in which pyridones 28 are formed prior to 26. It is noteworthy that three
isomeric methoxyacetophenones show almost the same reactivity, although
3-methoxy group only behaves as the electron-withdrawing group for the car-
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Table 4 TCRT using cyclic ketones

n Solv. Yield/% Ratio
26 28 26/28

1 MeOH e 85 0 100/0
2 MeOH d 71 0 100/0
3 MeOH n 11 79 12/88
3 AcOH n 90 0 100/0
4 MeOH o 67 17 80/20

Table 5 Substituent effects on selectivity

G Yield/% Ratio
26 28 26/28

Ph g 49 51 49/51
4-MeO p 20 63 24/76
4-Me i 25 75 25/75
4-Cl q 37 41 47/53
4-NO2 j 52 10 77/23
3-NO2 r 38 25 60/40
2-NO2 s 0 0 –
3-MeO t 27 54 34/66
2-MeO u 30 52 37/63

bonyl group. Hence, the electron density on the benzene ring seems more
influential than that of the carbonyl group.

This tendency is applicable to hetaryl ketones 22k, 22l and 22v–z as
shown in Table 6. While almost equal amounts of 26v and 28v are obtained
in the reaction with 3-acetylpyridine 22v, pyridylpyrimidines 26w and 26k
are predominantly afforded since the electron density on the acetyl group
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Table 6 Synthesis of bihetaryl compounds

Het Time/d Yield/% Ratio
26 28 26/28

3-Pyridyl 2 v 44 38 54/46
4-Pyridyl 2 w 44 9 84/16
2-Pyridyl 2 k 49 1 98/2
2-Pyrrolyl 7 x 0 47 0/100
3-Pyrrolyl 7 y 0 68 0/100
2-Thienyl 7 z 0 72 0/100
2-Furyl 2 l 13 60 18/82

is diminished by the 2-pyridyl or the 4-pyridyl group. On the other hand,
pyridones 28 are mainly produced when electron-sufficient heterocyclic com-
pounds having an acetyl group 22x–z and acetylfuran 22l are employed.

5.3.5
Plausible Mechanisms

On the basis of the experimental results mentioned in the last section, a plau-
sible mechanism for TCRT using aromatic ketone and ammonium acetate
is proposed in Scheme 14. Since ammonium acetate is not nucleophilic, the
TCRT proceeds in a somewhat different pathway from that using ammonia,
as shown in Scheme 12.

The enol form of the ketone attacks at the 6-position of nitropyrimidi-
none 3 to give an adduct intermediate 30. Affinity of the electron-rich ketone
with electron-deficient pyrimidinone 3 realizes the effective TCRT to afford
products 26 and 28 in a good total yield. The adduct 30 is considered to
be a key intermediate for determining reaction paths leading to pyrimi-
dine 26 or nitropyridone 28. When the benzene ring is substituted with the
electron-withdrawing group, enamine 31 is formed as a result of predominant
amination of the more electrophilic carbonyl group A. The following in-
tramolecular attack of the amino group occurs at the less-hindered 2-position
to afford pyrimidine 26 via bicyclic intermediate 32 together with elimination
of nitroacetamide. On the other hand, the carbonyl group B is more read-
ily aminated to give 33 when electron-rich ketone is employed. The amino
group of 33 attacks the carbonyl group A to yield pyridone 28 via the bicyclic
intermediate 34 together with elimination of amidine.
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Scheme 14 A plausible mechanism for formation of pyrimidine and pyridone

5.3.6
Another Approach to 3-Nitro-2-pyridones

In the last sections, 3-nitro-2-pyridones 28 are synthesized by TCRT of ni-
tropyrimidinone 3 with ketones 22 in the presence of ammonium acetate.
The C2 – C3 – C4 unit of 28 is derived from the C4 – C5 – C6 unit of pyrim-
idinone 3, which behaves as the synthetic equivalent of α-nitroformylacetic
acid 29. The same partial structure is also found in 1,3-dinitroquinolizin-4-
one 35 [55], which is regarded as the dinitropyridone blocked with a benzene
ring on the [f ] face [56], and only a single kind of TCRT is expected to pro-
ceed. Nitropyridones 28 are actually prepared in moderate yields by TCRT
upon treatment of quinolizinone 35 with ketones 22 in the presence of ammo-
nium acetate as the nitrogen source (Table 7) [57].
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Table 7 TCRT using dinitroquinolizinone

R1 R2 Yield/%

Ph H g 49
4-MeC6H4 H i 47
4-NO2C6H4 H j 35
Me H a 58
i-Pr H f 23

– (CH2)5 – n 26

5.3.7
TCRT of Dinitropyridone Using Ammonium Acetate

As mentioned, ammonium acetate is indicated to be an effective promoter of
the TCRT in addition to the role as nitrogen source. Ammonium acetate also
enables the TCRT of dinitropyridone 1 with ketone [58].

When pyridone 1 is allowed to react with 4-methoxyacetophenone 22p
in the presence of ammonium acetate, the TCRT effectively proceeds to give
2-(4-methoxyphenyl)-5-nitropyridine 24p. While the yields are low in cases
of acetophenone 22g and 4-nitroacetophenone 22q because of competitive
side reactions giving unidentified products, electron-rich acetophenones 22p
and 22u reveal high reactivity to afford corresponding nitropyridines 24p
and 24u in high yields. It is also possible to prepare trisubstituted pyri-
dine 24h and hetarylpyridines 24k and 24l by changing ketones. Compared to
TCRT of 1 using ammonia described in Sect. 5.3.2, the present method is ad-
vantageous since solid ammonium acetate is easily treatable, and the reaction
proceeds under milder conditions.

To the contrary, nitroaniline 23aa is formed in addition to nitropyri-
dine 24aa in the reaction of pyridone 1 with butanone that has two kinds of
α-hydrogens (Table 9). Although the reaction mixture is complicated because
of side reactions in cases of methyl ketones, employment of ketones having
longer alkyl chains is rather effective to give nitroanilines 23cc and 23dd in
higher yields. On the other hand, reactions of 1 with cyclic ketones furnish
only bicyclic nitropyridines 24d, 24e and 24n without detection of any cor-
responding nitroanilines since 2,6-bridged benzene is highly strained. When
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Table 8 Synthesis of nitropyridines using ammonium acetate

Ar R Yield/%

4-MeOC6H4 H p 91
2-MeOC6H4 H u 87
Ph H g 35
4-ClC6H4 H q 65
4-NO2C6H4 H j 27
Ph Me h 26
2-Pyridyl H k 21
2-Furyl H l 73

Table 9 Synthesis of nitroanilines

R1 R2 Yield/%
23 24

Me H aa 7 5
Pr H bb 17 12
Et Et cc 63 16
Pr Pr dd 45 9
Me H aa 7 5

– (CH2)3 – d 0 56
– (CH2)2 – e 0 85
– (CH2)4 – n 0 48
– (CH2)9 – ee 2 20

cyclododecanone is used to solve this problem, it is succeeded to prepare
small amount of bridged nitroaniline 23ee.

After the addition of ketone at the 4-position of pyridone 1, the adduct 15′
is transformed to two kinds of enamines 36 and 37 by ammonium ion
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(Scheme 15). The intramolecular nucleophilic attack of the amino group at
the 6-position followed by elimination of nitroacetamide from the bicyclic in-
termediate 38 furnishes nitropyridines 24. In this case, the β-carbon of the
enamine does not attack due to the formation of a four membered ring. On
the contrary, both the amino and the β-carbon can form a six-membered ring
by nucleophilic addition at the 6-position in the case of adduct intermedi-
ate 37. When the amino group attacks (route A), nitropyridine 24 is produced
via bicyclic intermediate 39. Nucleophilic attack of the β-carbon also occurs
to give bicyclic intermediate 40 (route B), and elimination of nitroacetamide
leads to nitroaniline 23. The latter route is more predominant than the former
one since the β-carbon is more nucleophilic than the amino group.

Scheme 15 A mechanism for formation of nitropyridine and nitrophenol
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5.3.8
Synthesis of 4-Aminopyridine-3-carboxylates

When pyrimidinone 3 is treated with ethyl 3-oxobutanoate 19a in the pres-
ence of ammonium acetate, a different type of TCRT proceeds, giving ethyl
4-aminopyridine-3-carboxylate 41a (Table 10) [59]. In this reaction, pyrim-
idinone 3 behaves as the synthetic equivalent of activated diformylamine 5,
and the amino group at the 4-position is derived from ammonium acetate.
Since 3-ethoxycarbonyl-4-pyridone 14a prepared in Sect. 5.2 is intact under
the same conditions, aminopyridine 41a is not formed via pyridone 14a. Fur-
thermore, ammonium ion also causes no change on ethyl 3-oxobutanoate 19a,
which indicates enamine is not dinucleophilic reagent in the present reaction.
Hence, the keto ester moiety is converted to the enaminone after the addition
of 19a to pyrimidinone 3.

The keto ester 19 does not require an acetyl group, and it is possible to in-
troduce a methyl or a methoxy group at the 5-position of 41. Furthermore,
β-keto amide and chloropropanone are usable for this TCRT, which enables
the synthesis of aminopyridines 41g–i possessing other functional group than
the ester function at the 3-position.

On the basis of the above experimental facts, enaminones 42 are consid-
ered to be usable as the dinucleophilic reagents for the RTF reaction leading
to 4-aminopyridine-3-carboxylic acid derivatives 41 (Table 11) [60]. Enam-
inones 42 are readily prepared by only mixing 1,3-dicarbonyl compounds 19
and amines without solvent. When enaminone 42i derived from ethyl ace-
toacetate 19a and propylamine is used, the RTF reaction proceeds to afford
ethyl N-propyl-4-aminopyridine-3-carboxylate 41i in 88% yield. The amino
group of 41 is easily modified by changing amine, and pyridine-3-carboxylic

Table 10 TCRT leading to 4-aminopyridine-3-carboxylate

R1 R2 Yield/%

COOEt H a 97
COOMe Me e 97
COOMe OMe f 97
CONH2 H g 31
Cl H h 17
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Table 11 RTF reaction using enaminones

R1 R2 R3 Yield/%

COOEt Pr H i 88
COOEt i-Pr H j 79
COOEt p-MeOC6H4 H k 59
COOEt Pr Pr l 73
COMe Pr H m 28
COPh Pr H n 21
COOEt CH2CH2OH H o 80
COOEt CH2CHMeOH H p 70
COOEt CHMeCH2OH H q 82
COOEt CMe2CH2OH H r 14

acid esters having an anilino group or a dialkylamino one, 41k and 41l, are
readily prepared. Synthesis of 3-acylated 4-propylaminopyridines is also per-
formed by use of enaminones 42m and 42n derived from β-diketones.

The present reaction is found to be applicable to enaminones 42o–
r derived from amino alcohol, which affords corresponding aminopy-
ridines 41o–r without observation of any influence of the hydroxy group.
While α-branching enaminone 41q effectively causes the RTF reaction as well
as β-branching one 41p, the reactivity of α,α-bisbranching enaminone 41r is
significantly diminished.

The functionality at the vicinal positions of obtained aminopyridines 41o–
r is useful for synthesis of [c]-fused bicyclic pyridines. For example, aminopy-
ridine 41o undergoes the intramolecular nucleophilic substitution under ba-
sic conditions to give bicyclic pyridine 43 in a quantitative yield (Scheme 16).

Scheme 16 Synthesis of [c]-fused bicyclic pyridine
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5.4
Synthesis of Polyfunctionalized 2-Pyridones

All of the RTF reactions mentioned so far involve a combination of dielec-
trophilic substrates and dinucleophilic reagents, namely dinitropyridone 1
and nitropyrimidinone 3 cause RTF reactions upon treatment with dinucle-
ophilic reagents. Meanwhile, nitropyrimidinones 2 and 3 readily react with
primary amines to afford functionalized nitroenamines as shown in Sect. 4.
Since the nitroenamines 10 and 11 have both nucleophilic and electrophilic
sites, this structural feature is applicable to development of the new type of
RTF reaction by use of regents having both electrophilic and a nucleophilic
sites.

When cyclic secondary amine, morpholine (X = O), is added to a solution
of nitropyrimidinone 3 in ethanol, a white solid immediately precipitates.
Although empirical formula of the solid is C9H14N4O4, its 1H NMR spec-
trum using dimethyl sulfoxide-d6 as the solvent shows only signals for both
starting materials. These experimental facts indicate that pyrimidinone 3
and morpholine forms adduct 44a, however, it is easily splits into starting
materials in the polar dimethyl sulfoxide solution. On the other hand, the
adduct of pyrimidinone 3 with piperidine (X = CH2) is soluble in ethanol,
and N-iminopiperidine 45 is isolated by column chromatography on silica gel
(Scheme 17). Both the C2 – N3 and the C6 – N1 bonds in adduct 44 are eas-
ily cleaved as a result of activation by secondary amine since the aromaticity
of pyrimidinone 3 is destroyed. In other words, the N3 – C4 – C5 – C6 moi-
ety of pyrimidinone 3 is considered to behave as the synthetic equivalent of

Scheme 17 Reaction of nitropyrimidinone with cyclic secondary amine
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N-methyl-α-nitroacrylamide 46, and the rest part, the N1 – C2 unit, behaves
as the donor of an imino group [61].

When pyrimidinone 3 is allowed to react with 1,3-dicarbonyl com-
pounds 19 in the presence of piperidine, polyfunctionalized pyridones 12 are
prepared (Table 12) [62]. In the present reaction, β-keto esters 19b and 19i,
diester 19k and cyanoacetate 19l are usable as the reagent to give correspond-
ing pyridones 12, however β-diketones 19c and 19j affords no RTF product,
which is due to further decomposition of produced pyridones 12c and 12j
under the employed conditions.

On the other hand, functionalized enamines 47 are isolated when sodium
ethoxide is used as the base, in which a C – N unit of pyrimidinone 3 is
transferred to active methylene compounds 19. The severe conditions using
stronger base prevents the isolation of pyridones 12 except for 12k and 12l
that are stabilized by electron-donating hydroxy or amino groups. In these
cases, two molecules of enolates are considered to attack at the 2- and the 6-
positions of pyrimidinone 3 to give adduct intermediate 48. Then, the ring
opening reaction of 48 occurs together with elimination of α-methaneimidoyl
keto ester 49, and recyclization of 50 leads to pyridone 12 (Scheme 18).
Modified ethyl acetoacetate 49 is converted to more stable enamine 47 by
tautomerism.

Since the aminomethylene group is an equivalent of the formyl group,
enamines 47 are regarded as the new building block whose central carbon
is connected with three different types of carbonyl groups. Especially, enam-

Table 12 Synthesis of polyfunctionalized pyridones

R1 R2 R3 Yield/% a Yield/% b

12 47 12 47

MeCO OEt Me a 67 0 0 70
PhCO OEt Ph i 84 0 0 41
MeCO Me Me c 0 0 0 38
PhCO Me Ph j 0 0 0 12
COOEt OEt OH k 31 0 78 41
CN OEt NH2 l 67 0 70 47

a Base: Piperidine; time 24 h
b Base NaOEt; time 4 h
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Scheme 18 A plausible mechanism for formation of pyridone and enamine

Scheme 19 Synthetic equivalent of tricarbonyl methane

ines derived from keto ester 47a and 47i can be employed as the synthetic
equivalent of trifunctionalized methanes having a formyl, an acyl and an
ethoxycarbonyl groups at the same carbon. Enamines 47 effectively yield
various kinds of polyfunctionalized compounds such as pyrazoles 51 and di-
azepines 52 upon treatment with hydrazines and 1,2-diamines as shown in
Scheme 19.

6
Summary

In this review, dinitropyridone 1 and nitropyrimidinone 3 are shown to be
excellent substrates for RTF and the TCRT reactions. Dinitropyridone 1 be-
haves as the synthetic equivalent of nitromalonaldehyde 4 to give nitrated
compounds such as nitroanilines 23 and nitropyridines 24. Nitropyrimidi-
none 2 is also used as the masked nitromalonaldehyde. Nitropyrimidinone 3
reveals three kinds of reactivity. When the RTF reaction occurs at the 2- and
the 6-positions, the C2 – N1 – C6 moiety of 3 is built in the new ring system
in which pyrimidinone 3 behaves as the synthetic equivalent of activated di-
formylamine 5. The RTF reaction at the 4- and 6-positions is also observed
in reactions using ammonium acetate as the nitrogen source. In this case,
pyrimidinone 3 behaves as the synthetic equivalent of α-nitroformylacetic
acid 29. Furthermore, pyrimidinone 3 is also usable as the equivalent of
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Scheme 20 Versatile reactivity of nitropyrimidinone

N-methyl-α-nitroacrylamide 46 to afford polyfunctionalized pyridones 12 in
reactions with 1,3-dicarbonyl compounds 19 in the presence of piperidine.
As a result, versatile azaheterocyclic compounds can be easily prepared from
pyridone 1 and pyrimidinone 3, and the synthetic utility of the RTF reaction
has been considerably improved.
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Abstract Despite the most notorious medical disaster caused by thalidomide in medical
history, huge numbers of papers have been published about this drug since its for-
mulation in 1956. While most of the early studies specifically concerned teratogenicity,
recently there has been a resurgence of interest in thalidomide because of its potential for
treating a number of otherwise intractable diseases, such as leprosy, human immunodefi-
ciency virus replication in acquired immune deficiency syndrome, and cancer. Although
the pharmacological aspects of the drug have been frequently reviewed, reviews focus-
ing on thalidomide synthesis are rare. Here, the synthesis of thalidomide is reviewed
in chronological order from the first report. We first aim to give an overview of the
most conventional aspects of thalidomide. Subsequently, we will focus on the synthesis
of racemic thalidomide, which is now commercially available. Finally, we will describe
the asymmetric synthesis of thalidomide. To our knowledge, all the papers and patents
concerning thalidomide synthesis have been introduced. Because of the number of papers
and patents, we will not mention the preparation of thalidomide derivatives.

Keywords Asymmetric synthesis · Drug synthesis · Teratogenicity · Thalidomide

Abbreviations
CAN Ceric ammonium nitrate
CDI N,N ′-Carbonyldiimidazole
DCC N,N ′-Dicyclohexylcarbodiimide
DIC N,N ′-Diisopropylcarbodiimide
DMAP 4-(Dimethylamino)pyridine
DMF N,N-Dimethylformamide
DMSO Dimethyl sulfoxide
EDC 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide
HMDS Hexamethyldisilazane
HOBT 1-Hydroxybenzotriazole
MS-4 Å Molecular sieves 4 Å
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m.w. Microwave
NMM N-Methylmorpholine
PMB p-Methoxybenzyl
PyBOP Benzotriazole-1-yl-oxy-tris-pyrrolidino-phosphonium hexafluorophosphate
TFA Trifluoroacetic acid
THF Tetrahydrofuran
TIS Triisopropylsilane

1
Introduction

Thalidomide [1–14] ((N-phthalimido)glutarimide, 1) (Fig. 1) is conceivably
the most notorious drug in pharmaceutical history, with more than 7000 pa-
pers having been published so far. Thalidomide (1) was first marketed in West
Germany by Chemie Grunenthal GmbH as a clinically effective and extremely
safe non-barbiturate sedative hypnotic in 1956. It became a popular drug in
Europe, Canada, and Japan with a variety of names: Contergan®, Distaval®,
and Isomin®, for example. In 1961, Lenz and McBride independently realized
the unexpected potent teratogenicity of thalidomide (1) [15, 16]. The terato-
genic side effects, leading to birth defects such as limb reduction, produced
one of the most notorious medical disasters of modern medical history and
thalidomide (1) was consequently withdrawn from the market in 1962. How-
ever, the unique and broad physiological effects of thalidomide (1) have been
gradually revealed in succession with the discovery of its effectiveness toward
leprosy in 1965 [17]. It prompted recent reevaluation of its medical applica-
tions. Thus, thalidomide (1) was approved in the USA for the treatment of
a painful inflammation associated with leprosy in 1997.

The increasing interest in thalidomide (1) during the last decade is clearly
represented by the number of hits in the scientific literature dealing with
the word “thalidomide” under SciFinder® search. It is worth mentioning that
most of the documents were published in the last 10 years (Fig. 2). Most of
them concerned the biological, physiological, and clinical aspects of thalido-
mide (1) and they are now systematically well summarized [1–14]. However,
review of the synthetic side of thalidomide (1) is still rare. In this review, we
focus on the synthesis of racemic thalidomide (1), which is now commercially

Fig. 1 Structure of thalidomide
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Fig. 2 Number of scientific documents on thalidomide

available. Next, we describe the asymmetric synthesis of thalidomide (1). To
our knowledge, all the papers and patents concerning thalidomide (1) synthe-
sis have been introduced. Because of the volume of papers and patents, we do
not mention the preparation of thalidomide derivatives.

2
Synthesis of Thalidomide

On May 17, 1954, thalidomide was disclosed for the first time by the Chemie
Grunenthal GmbH in Germany [18]. The preparation consists of three simple
steps involving a reaction of glutamic acid with phthalic anhydride, followed
by ring closure. Namely, N-phthaloyl glutamic acid, prepared from glutamic
acid and phthalic anhydride in refluxing pyridine, was treated with acetic
anhydride to give N-phthaloyl glutamic acid anhydride (2). This was melted
with urea at 170–180 ◦C for 20 min to produce thalidomide (1) (Scheme 1).

Scheme 1 First synthesis of thalidomide (1) in Chemie Grunenthal GMBH [18]
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Dry gaseous ammonia can replace urea at the final high-temperature melt re-
action. The reaction product requires multiple recrystallizations from 95%
ethanol to furnish pure thalidomide (1) on a large scale.

Subsequent to this work, chemists at Dainippon Pharmaceutical Com-
pany in Japan focused on developing an alternative way to thalidomide (1)
(Scheme 2) [19, 20] that comprises the reaction of alpha-aminoglutarimide
(3) with phthalic anhydride (4) in refluxing pyridine for 1 h. They also
patented an additional sequence to thalidomide (1) that contains a Gabriel-
type substitution reaction of bromoglutarimide (6) prepared from piperidine-
2,6-dione (5), with potassium phthalimide (7) in N,N-dimethylformamide
(DMF) with heat. While the original Grunenthal route constructs the glu-
tarimide ring later on in the synthesis, the Japanese method cyclizes the ring
in the first stage of the preparation. Not surprisingly, the Grunenthal patent
described a route in which the bromoglutarimide (6) or aminoglutarimide (3)
was not involved.

These classical syntheses remained the available approaches for a long
time, despite the huge number of clinical studies on thalidomide in the last
third of the twentieth century. After a dormant period of more than 30 years,

Scheme 2 Synthesis of thalidomide (1) in Dainippon Pharmaceutical Company [19, 20]
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interest in the chemistry of thalidomide (1) revived, and in the late 1990s sev-
eral groups succeeded in assembling this molecule in different ways, using
advanced techniques for organic synthesis, microwave reaction, and solid-
phase synthesis, for example.

In 1999, Muller et al. from Celgene Corporation reported a further im-
provement of the classical Grunenthal scheme that now allows commer-
cial synthesis of thalidomide (1) [21–24]. The last step in the Grunen-
thal synthesis involves a high-temperature melt reaction that affords crude
thalidomide (1) requiring multiple recrystallization. While the original syn-
thesis begins with L-glutamic acid (8), crucial to the Celgene development
is the finding that thalidomide (1) is prepared from L-glutamine (11) in
only two steps in very high yield without requiring a purification sequence
on the multigram scale. Namely, treatment of L-glutamine (11) with N-
carbethoxyphthalimide (10) in water in the presence of Na2CO3 at room tem-
perature produces N-phthaloyl-L-glutamine (12). Cyclization of N-phthaloyl-
L-glutamine (12) to afford thalidomide (1) is accomplished by treatment with
N,N′-carbonyldiimidazole (CDI) in the presence of a catalytic amount of
4-(dimethylamino)pyridine (DMAP) in tetrahydrofuran (THF) at reflux con-
ditions (Scheme 3). Although enantiomerically pure L-glutamine (11) is the
starting material, racemization occurs in this step. THF is a suitable solvent
because of the low solubility of thalidomide (1) and the high solubility of the
by-product, which provides an easy way for purification of the product. The
procedure can easily be used to prepare thalidomide (1) in a 100-g scale in
the laboratory, and it was successfully scaled up to the multikilogram scale in
a pilot plant.

The microwave technique was introduced during the past decade in or-
ganic synthesis and has proved to be highly effective to promote many
organic reactions [25–33]. Since the final step of the original thalidomide
preparation requires the formation of the glutarimide ring with urea at
very high temperature, the microwave irradiation strategy should be con-
sidered for improvement of the step. A Spanish group realized the idea of
microwave-promoted synthesis of thalidomide (1) [34, 35]. The formation of
the glutarimide ring was carried out in 63% yield by microwave irradiation of
N-phthaloyl-L-glutamic acid (9) for 10 min in the presence of urea. The yield
was improved to 85% under microwave irradiation for 15 min using thiourea
instead of urea (Scheme 4). It is interesting to note that thalidomide (1) was
also obtained in a one-pot procedure from L-glutamic acid (8), phthalic an-
hydride (4), and thiourea by microwave-induced double cyclocondensation
in a 1000-W domestic microwave oven, although thalidomide (1) mixed with
pyroglutamic acid was obtained in very low yield when the microwave re-
action was performed using urea as a nitrogen donor for the formation of
the glutarimide ring. The multimode microwave irradiation using thiourea
takes advantage of the rapid, one-pot reaction and does not require a high-
temperature melt reaction, although an application of this laboratory-scale
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Scheme 3 Commercial synthesis of thalidomide (1) [21–24]

Scheme 4 Microwave synthesis of thalidomide (1) by Spanish group [34, 35]

reaction to the plant scale would be difficult to consider. An additional ben-
efit of this procedure is that L-glutamic acid (8) is five times cheaper than
L-glutamine (11).
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Hijji and Benjamin also accomplished a microwave synthesis of thalido-
mide in acceptable yield in 2004 (Scheme 5) [36–39]. Ammonium chloride
was found to be an effective source for nitrogen. Namely, phthalic anhydride
(4), glutamic acid (8), and ammonium chloride were mixed in 1 : 1 : 1 ratio
with a catalytic amount of DMAP and heated in a conventional microwave
oven for 6.5 min. The mixture melted to a brown liquid. The heating con-
tinued for an additional 1 min to give thalidomide (1) in 52% yield in this
two-step, one-pot reaction after solubilization, precipitation, and recrystal-
lization.

Scheme 5 One-pot microwave synthesis of thalidomide (1) [36–39]

Combinatorial chemistry is an important new technology throughout the
pharmaceutical and biochemical industries [40–53]. It results in reducing the
time and costs involved in finding effective novel drugs. Furthermore, the
biological assay of the combinatorial library provides the generation of phar-
macophores of the lead compounds when it combines with a recent 3D quan-
titative structure–activity relationship (QSAR) technique [54–63]. An inter-
esting approach toward the combinatorial library of thalidomide analogues,
which is needed to generate an active antiangiogenic pharmacophore of
thalidomide, was developed by Xiao et al. from the USA that centers upon the
solid-phase synthesis of thalidomide (1) and its derivatives (Scheme 6) [64].
The method involves a straightforward three-step sequence starting from
a resin-linked acid prepared from the coupling of hydroxymethyl polystyr-
ene (13) with phthalic anhydride (4) in the presence of triethylamine and
DMAP in DMF. The acid was then reacted with α-aminoglutarimide (3) in the
presence of N,N′-diisopropylcarbodiimide (DIC) and 1-hydroxybenzotriazole
(HOBT) followed by trifluoroacetic acid (TFA) treatment in toluene to form
thalidomide (1) with an overall yield of 70%. The analogues were also synthe-
sized with high yields. Purity was high enough for biological testing without
further purification. The method can be extended to the synthesis of a com-
binatorial library of thalidomide analogues, which is needed to generate an
active pharmacophore of thalidomide.



80 N. Shibata et al.

Scheme 6 Solid-phase synthesis of thalidomide (1) [64]

Chang et al. from Taiwan developed a series of thalidomide syntheses
in 2002 to 2003 [65–67]. Unique in their approaches for the glutarimide
ring construction of thalidomide (1) is a formal [3 + 3] cycloaddition strat-
egy between α-toluenesulfonyl acetamide and unsaturated esters followed by
desulfonylation and deprotection reactions. The method can avoid the high-
temperature melt reaction required in the classical reaction. The total yield of
thalidomide (1) was 18% in five steps from acrylate 16 (Scheme 7) and 30% in
three steps from 2-phthalimidoacrylic acid methyl ester (21) (Scheme 8). For
example, the formal [3 + 3] cycloaddition reaction of α,β-unsaturated ester,
which was prepared from methyl propiolate and phthalimide, with the dian-
ion intermediate obtained from p-methoxybenzyl (PMB)-α-toluenesulfonyl
acetamide (17) and 2.2 equiv. sodium hydride produced the 5-phthalimide
α-sulfonyl glutarimide derivative 20 in 58% yield. Treatment of 20 with
6% sodium amalgam and sodium phosphate in methanol produced crude
PMB thalidomide, which was treated with ceric ammonium nitrate (CAN) in
MeCN/H2O to give thalidomide (1). A solid-phase approach was also applied
in this strategy, treating an easily accessible polymer-supported 23 with α,β-
unsaturated esters 24 (Scheme 9). The method may allow the rapid synthesis
of thalidomide (1) and its derivatives.

Greig et al. from the USA claimed an improved method of preparation of
thalidomide (1) (Scheme 10) [68]. Namely, thalidomide (1) was prepared in
three steps (45, 99, 54%) starting from N-(tert-butoxycarbonyl)-L-glutamine
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Scheme 7 Construction of thalidomide (1) via a formal [3 + 3] cycloaddition strategy from
acrylate 16 [65]

Scheme 8 Construction of thalidomide (1) via a formal [3 + 3] cycloaddition strategy from
phthalimidoacrylate 21 [67]
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Scheme 9 Polymer-supported construction of thalidomide (1) via a formal [3 + 3] cy-
cloaddition strategy [66]

Scheme 10 Synthesis of Thalidomide (1) by Greig et al. [68]

(26) and involving intermediates 2,6-dioxo-3-(tert-butoxycarbonylamino)-
piperidine (27) and 2,6-dioxo-3-aminopiperidine trifluoroacetate.

In 2003, a Chinese group reported a one-pot synthesis of thalidomide (1)
in 24.1% yield by allowing phthalic anhydride (4) to be reacted with glu-
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tamine (11) at 120 ± 10 ◦C for 40 min and 200 ± 10 ◦C for 2 h (Scheme 11).
The authors commented that this method is more direct and convenient com-
pared with traditional methods for thalidomide (1) synthesis [69].

Scheme 11 One-pot synthesis of thalidomide (1) by Chinese group [69]

The method was again slightly modified by Zhang et al. in 2005
(Scheme 12) [70]. Thus, 1.48 g phthalic anhydride (4) was mixed with 1.40 g
glutamine (11) in 5 mL water/5 mL triethylamine mixture to give a salt, which
was refluxed with 3.56 g CDI in 15 mL THF for 14 h to give 1.82 g thalidomide
(1).

Scheme 12 Modified synthesis of thalidomide (1) [70]

Yuan et al. reported a one-step synthesis of thalidomide (1) by heating A mix-
ture of phthalic anhydride (4) and L-glutamine (11) in vacuum. The method
afforded thalidomide (1) directly with moderate yield (Scheme 13) [71].

Chemists in Italy investigated a process for the one-pot synthesis of
thalidomide (1) directly from glutamine (11) using a variety of phthaloylating
agents and condensing agents [72]. The method comprises reaction between
glutamine (11) and a phthaloylating agent to give N-phthaloylglutamine (12),
which is not isolated, but which is directly transformed into thalidomide
(1) by the action of a condensing agent. The process is characterized by the
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Scheme 13 One-pot synthesis of thalidomide (1) by Yuan et al. [71]

use of polar aprotic solvents other than THF, specifically pyridine. For in-
stance, a mixture of L-glutamine (11) and phthalic anhydride (4) in pyridine
was gradually heated to 80–85 ◦C, held at that temperature for 6 h, and then
cooled to 40 ◦C. Next, CDI was added in portions under stirring for 2 h, fol-
lowed by concentration, cooling, dilution with ethanol, addition of HCl to
pH 7.0, warming to room temperature, and filtration. Thalidomide (1) was
obtained in 60% yield based on L-11. When the reaction of L-glutamine (11)
was carried out using dimethyl phthalate (28) in dimethyl acetamide instead
of phthalic anhydride (4) in pyridine, the yield was slightly improved to 72%
(Scheme 14).

Scheme 14 One-pot synthesis of thalidomide (1) using dimethyl phthalate (28) [72]

The Celgene report of the practical synthesis of thalidomide (1) in 1999 has
rekindled the synthetic interest in thalidomide (1) and a variety of methods
have been documented as described. These synthetic procedures are straight-
forward transformations, and thus there seems to be no room for any im-
provement in the synthesis of thalidomide (1); however, a practical short
synthesis using NaNH2/liq. NH3 methodology appeared as an alternative to
the previous syntheses in 2005. Since most of the reported syntheses leave as
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the final step the formation of the glutarimide ring, Varala and Adapa, in the
Indian Institute of Chemical Technology, developed a novel protocol for the
formation of the glutarimide ring from glutamic acid diesters by using the
NaNH2/liq. NH3/Fe(NO3)3 methodology (Scheme 15) [73]. They initially at-
tempted the cyclization of N-phthaloyl L-glutamic acid dimethyl ester (29) by
using the NaNH2/liq. NH3/Fe(NO3)3; thalidomide (1) was obtained in a low
yield (1.14 g, 45%). The low yield was probably due to the lability of the

Scheme 15 Synthesis of thalidomide (1) via Na/Liquid NH3 methodology [73]
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phthalimide ring under these conditions; the starting material was changed
to tert-butoxycarbonyl L-glutamic acid dimethyl ester (30). The ester 30 was
treated with Na/liq. NH3 at – 33 ◦C in THF to afford the glutarimide 27 in
2 h (68%). This imide 27 was then treated with TFA in CH2Cl2 in 3.5 h to re-
move the protective group and generate the corresponding aminoglutarimide
trifluoroacetate in quantitative yield. Without further purification, this com-
pound then was reacted with phthalic anhydride (4) in refluxing glacial acetic
acid in the presence of triethylamine to furnish thalidomide (1) in 65% yield.
Glacial acetic acid as solvent was found to be quite important in the conden-
sation step.

3
Asymmetric Synthesis of Thalidomide

The question is whether thalidomide (1) is stereospecifically teratogenic. The
recent revival of thalidomide in the clinical field has activated again an in-
vestigation of the molecular mechanism of the teratogenicity of thalidomide
(1) and its analogues. Thalidomide (1) possesses an asymmetric center in the
phthalimide ring. Since thalidomide was marketed as a racemate, it was con-
ceivable that sedative effects might be associated with one enantiomer and
the unexpected teratogenic side effects might be ascribed to the other enan-
tiomer. Twenty years after the thalidomide disaster, only (S)-thalidomide (1)
was proved to be teratogenic [74]. It was then concluded that the disaster
could have been avoided if only the (R)-isomer had been marketed. How-
ever, it is presently unclear whether any of the actions of racemic thalidomide
(1) can be separated out using a pure enantiomer. According to the reports,
considerable chiral inversion took place after incubation of enantiomerically
pure thalidomide (1) in aqueous media and it was catalyzed by serum albu-
min [75–78]. The strongly acidic hydrogen atom at the asymmetric center
of thalidomide (1) rapidly epimerizes under physiological conditions (Fig. 3),
rendering bioassay of the enantiomers difficult. Therefore, elucidation of the
difference of biological activities between thalidomide enantiomers previ-
ously reported is said to be difficult. However, enantioselective inhibition of
TNF-α release by thalidomide (1) has still been reported recently [79].

Fig. 3 Racemization of thalidomide (1)
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The enantioselective metabolism of optically active thalidomide (1) has re-
cently been intensively investigated (Scheme 16) [80]. While the (S)-isomer is
found to be metabolized preferentially by hydroxylation of the phthaloyl ring,
the (R)-isomer undergoes metabolic hydroxylation in the dioxopiperidine
ring. Although it is impossible to find the relationship between the terato-
genicity and enantioselective metabolism of thalidomide (1), the application
of racemic thalidomide (1) in therapy is clearly controversial [81–84].

Scheme 16 The enantioselective metabolism of optically active thalidomide (1) [80]

As mentioned in the previous section, the synthesis of thalidomide (1) sub-
stantially consists of the cyclization of two imide rings. The glutarimide ring
can be formed before the introduction of the phthalimido group; however,
in most of the methods for the synthesis of racemic thalidomide (1) starting
from glutamic acid (8) or glutamine (11), the final step is the formation of the
glutarimide ring by a high-temperature melt reaction, a microwave-assisted
reaction, or a N,N′-dicyclohexylcarbodiimide (DCC)-mediated peptide coup-
ling reaction. Prior to the development of N-ethoxycarbonylphthalimide (10)
for a phthaloylating reagent of amino acids, the preparation of optically ac-
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tive N-phthaloylglutamic acid (9) was usually accompanied by racemization.
Therefore, the problem is now in the formation of the glutarimide ring in
the final step. Even when optically active L-glutamic acid (8) or L-glutamine
(11) was employed for (S)-thalidomide (1) synthesis, racemization actually
occurred during the formation of the glutarimide ring.

In 1964, in order to compare the pharmacological behavior of both an-
tipodes of thalidomide (1), Casini and Ferappi in Italy examined the prep-
aration of (S)-thalidomide (1) from N-phthaloyl-L-glutamine (12) for the
first time [85]. Namely, treatment of N-phthaloyl-L-glutamine (12) with
one equivalent of thionyl chloride, pyridine, and then triethylamine in
dichloromethane at – 30 ◦C gave (S)-thalidomide (1), [α]20

D – 62◦ (Scheme 17).
Although the reported method was straightforward, it was devoid of many
synthetic details.

Scheme 17 Synthesis of (S)-thalidomide (1) from N-phthaloyl-L-glutamine (12) [85]

In 1965, Opliger et al. in the UK independently investigated the synthesis of
optically pure thalidomide (1) [86, 87]. They first carefully examined the glu-
tarimide ring formation from N-phthaloyl-L-glutamine (12) under a strategy
similar to that of Casini and Ferappi, and found the methods are rather un-
reliable for avoiding racemization (Scheme 18). The active ester method was
next examined by utilizing the cyanomethyl ester of N-phthaloyl-L-glutamine
(31). As they expected, the cyanomethyl ester was rapidly cyclized at room
temperature in dimethyl sulfoxide (DMSO) in the presence of one equivalent
of sodium methoxide to give thalidomide (1) in 70% yield. The conditions
employed were much milder than those previously reported; however, even
racemic thalidomide (1) was produced.

The result suggested that the activation of the carboxyl group of glutamine
derivatives increases the acidity of the C – H bond of the adjacent asymmetric
carbon and thereby enhances the tendency to racemize. They thus came up
with a new idea to use isoglutamine (35) instead of glutamine (11) as a starter.
In this case, the carboxyl group to be activated for ring closure is removed
from the vicinity of the asymmetric carbon atom (Fig. 4).

The preparations of optical isomers of thalidomide (1) were examined
by a route based on D- and L-isoglutamine (35). The thalidomide isomers
were obtained in high yields by treating the optical isomers of N-phthalo-
ylisoglutamine (36) at 0 ◦C with thionyl chloride in DMF for 30 min. CDI
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Scheme 18 Investigation of the synthesis of (S)-thalidomide (1) [86, 87]

was also found to be effective for glutarimide ring closure in the synthesis
of (S)-thalidomide (1). In the course of the studies, Opliger et al. carefully
compared the L-glutamine and L-isoglutamine derivatives as precursors of
thalidomide (1) under the two conditions mentioned above, and concluded
that (S)-thalidomide (1) is formed more readily and with less risk of racem-
ization from the isoglutamine derivative.

While racemic thalidomide (1) is now commercially produced in only
two steps from glutamine (11) and three steps from glutamic acid, these
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Scheme 19 Synthesis of (S)-thalidomide (1) from N-phthaloyl-L-isoglutamine [86, 87]

early preparations of optically pure thalidomide are rather complicated and
tedious. Therefore, enantioseparation by chiral HPLC was going to be the
mainstream technique to obtain optically pure thalidomide (1) [88–96].
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Fig. 4 New synthetic strategy for (S)-thalidomide (1)

The main difficulty confronted in the asymmetric synthesis of thalidomide
(1) is the easy racemization due to the high acidity of the proton located on
the asymmetric center. Galons et al. devised an effective strategy to avoid
the racemization in the thalidomide (1) synthesis using benzyloxyamine
(Scheme 20) [97]. The key step is the condensation of benzyloxyamine with
Boc-glutamic phenyl ester (39), allowing the formation of the glutarimide
ring under very mild conditions. The acidolysis of the Boc protective group
followed by the phthalylation step led to N-benzyloxythalidomide (41). This
compound was also obtained from (S)-phthaloylglutamic anhydride (2) in
one step using benzyloxyamine, DCC, and pyridine in dichloromethane.
The benzyloxy group was removed in two steps via N-hydroxythalidomide
(42) to give (R)- or (S)-thalidomide (1) without racemization. Throughout
the synthesis, the benzyloxy group located on the nitrogen plays important
roles, not only as a protecting group of the glutarimide ring but also as an
electron-donating group which effectively lowers the reactivity of the C= O
groups and presumably reduces the acidity of the hydrogen on the stereogenic
center.

This method seems to be easily reproducible, but again it requires mul-
tistep sequences. The same group reported a more simple route to optically
active thalidomide (1) (Scheme 21) [98]. It is based on the condensation of
the diacids with trifluoroacetamide in the presence of HOBT and 1-ethyl-
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Scheme 20 Synthesis of (S)-or (R)-thalidomide (1) using benzyloxyamine [97]

3-(3-dimethylaminopropyl)carbodiimide (EDC). The enantiomeric purity of
chiral thalidomide (1) was checked to be 88% ee by chiral HPLC analysis.

Although the Galones method with the use of EDC/HOBT cyclization of
the N-phthaloylglutamic acid (9) with trifluoroacetamide is the most ex-
peditious way to reach thalidomide enantiomers, partial racemization was
observed. In 2001, we developed a three-step synthesis of enantiomeri-
cally pure (R)- and (S)-thalidomide (1) from ornithine (43) by the use of
a racemization-free oxidation method, the ruthenium/metaperiodate sys-
tem (Scheme 22) [99]. The point of our strategy is the ornithine as a pre-
cursor of thalidomide (1), instead of glutamine (11), glutamic acid (8), or
isoglutamine (34). To avoid racemization, ornithine amide is used through-
out the synthesis and it is converted to the glutarimide in the final step
by oxidation. L-Ornithine (43) reacted with thionyl chloride in methanol
followed by treatment with triethylamine to give the (S)-3-aminopiperidin-
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Scheme 21 Synthesis of (R)-thalidomide (1) using trifluoroacetamide [98]

Scheme 22 Synthesis of (S)-or (R)-thalidomide (1) from L- and D-ornithine [99]

2-one hydrochloride (44) in good yield. Protection of the amino moiety
by the use of N-carboethoxyphthalimide (10) in DMSO furnished (S)-N-
phthaloylpiperidin-2-one (45) as colorless crystals. Finally, oxidation using
a catalytic amount of RuO2 in the presence of excess sodium metaperiodate
in a two-phase system gave (S)-thalidomide (1) in good yield without racem-
ization. (R)-Thalidomide (1) can be prepared under the same conditions from
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D-ornithine (43) with 99% ee in good yield. The advantage of the present
method is that all the steps to thalidomide (1) can be performed without pu-
rification by silica-gel column chromatography; therefore, it is particularly
useful for the practical synthesis of (R)- and (S)-thalidomides (1).

We have recently patented the preparation of optically active thalidomide
(1) by the imidation reaction of aminopiperidinedione with phthalic anhy-
dride (4) in the presence of hexamethyldisilazane and ZnCl2 without racem-
ization (Scheme 23) [100]. The process gives the thalidomide (1) in a reduced
number of steps in a simple procedure and thereby is advantageous for indus-
trial production of optically active thalidomide (1). Thus, a solution of 100 mg
(S)-2-aminoglutarimide hydrobromide (46) in 5 mL benzene was treated with
92.0 mg phthalic anhydride (4), stirred for 1 h, treated with 98.0 mg ZnCl2 and
0.304 mL hexamethyldisilazane (HMDS), refluxed at 80 ◦C for 6 h, and cooled
to room temperature. After the usual workup, (S)-thalidomide (1) was ob-
tained in 58% yield with > 99% ee. (R)-Thalidomide (1) can be prepared in
the same way from (R)-47 with 99% ee in good yield.

Scheme 23 Synthesis of (S)-or (R)-thalidomide (1) under HMDS induced phtaloylation
conditions [100]

4
Concluding Remarks

The syntheses of thalidomide have been described. Both racemic and opti-
cally pure thalidomides (1) are now available with ease. Marketing of racemic
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thalidomide (1) has already been resumed after a long break without clear
interpretation of thalidomide (1) teratogenicity. Most of the thalidomide re-
search reported recently has been done by the use of racemic thalidomide (1).
We hope this review will serve to stimulate more active investigation of the
chirality and biological activities of thalidomide (1).

Acknowledgements NS wishes to thank the Nagai Foundation Tokyo (Research Grant) for
support.
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Abstract A highly selective nonpeptidic δ opioid receptor agonist TAN-67, (4aS∗, 12aR∗)-
4a-(3-hydroxyphenyl)-2-methyl-1,2,3,4,4a,5,12,12a-octahydropyrido[3,4-b]acridine was
designed on the basis of the message-address concept and the accessory site the-
ory. (–)-TAN-67 is a potent and selective δ1 opioid receptor agonist and shows strong
antinociceptive, cardioprotective, and antiarrhythmic effects. By contrast, (+)-TAN-67
induced hyperalgesia, the opposite effect of antinociception. An important intermedi-
ate ketone for the TAN-67 synthesis, (4aS∗, 8aR∗)-4a-(3-methoxyphenyl)-2-methyl-6-
oxodecahydroisoquinoline, has two structural features: a trans-fused bicyclic heterocycle
and a quaternary carbon stereocenter at the bridgehead position. Syntheses of the inter-
mediate ketone reported by some research groups are described. The synthesis of chiral
TNA-67 is also shown.



100 H. Nagase · H. Fujii

Keywords δ Agonist · Analgesics · Hyperalgesia · Opioid · TAN-67

Abbreviations
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SNC-80 (+)-4-[(αR)-α-((2S,5R)-4-allyl-2,5-dimethyl-1-piperazinyl)-3-methoxybenzyl]-

N,N-diethylbenzamide
TPAP tetrapropylammonium perruthenate
WHO World Health Organization

1
Introduction

1.1
Opioids

Morphine has a strong analgesic effect and has been used for the alleviation
of postoperative and cancer pain since antiquity, but its use is now restricted
because of its drug dependency. Morphine and its homologues were called
opiates after opium, which was extracted from poppy seeds. This class of
drugs are now termed opioids.

Sertürner isolated morphine in 1805 [1] and its structure was determined
in the early 1990s [2–4]. A myriad of derivatives were synthesized in order
to obtain strong analgesics without addiction, however, the separation of
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the analgesic properties from addiction has not been achieved. The syn-
theses of derivatives at the time were based on the simplification of the
morphine structure (Fig. 1). The three representative peptides (enkephalins,
endorphins, and dynorphins) that showed the morphine-like analgesic effects
were discovered in 1975 [5]. The peptides were not expected to be addic-
tive because they were endogenous. Hundreds of peptide derivatives were
synthesized and their analgesic and addictive effects were investigated in
detail. Contrary to expectation, these synthesized peptides did show drug de-
pendency. Moreover, their analgesic effects were not as strong as expected
because their brain penetration was low (the area of action for the endoge-
nous opioid peptides exists mainly in the brain). These circumstances caused
a slow down in opioid research. However, in the course of the investigations,
three types of receptors (µ, δ, and κ) were proposed, because it was difficult
to explain the various pharmacological effects induced by synthesized com-
pounds with just one receptor type. At the time, Portoghese et al. reported
remarkable experimental results using β-FNA, a µ irreversible antagonist [6].
The results suggested that the addictive properties of morphine derivatives
may be produced via the µ receptor. In mice whose µ receptors were blocked
for a week with β-FNA, the administration of morphine induced strong anal-
gesic effects but almost none of the undesirable morphine-like side effects
such as drug dependency, constipation, respiratory depression, etc [7]. The
experimental results strongly suggested that δ and κ receptors are involved
in analgesic effects, but largely do not participate in the negative side effects.
These findings imply that selective δ or κ agonists would be ideal analgesics,
showing no side effects such as drug dependence, constipation, respiratory
depression, etc. The challenge was in how to design a selective agonist for the
δ or κ receptors.

1.2
The Message-Address Concept

A survey of the structures of the compounds synthesized at the time indicates
that the strategy of drug design was the simplification of the morphine struc-
ture (Fig. 1). It is easy to presume that there was only one way to simplify
inexpensively the complicated structure of morphine to obtain a compound
showing analgesic effects comparable to or stronger than those of morphine.
However, the smaller molecular size resulting from simplification could make
it difficult to separate the drug dependency effects from the analgesic effects.
i.e., to obtain receptor type selectivity for either the δ or κ receptor.

The structures of the endogenous opioid peptides were larger than that of
morphine (Fig. 2). The upper row of Fig. 2 depicts dynorphin, which shows
moderate selectivity for the κ receptor. Enkephalin also shows moderate se-
lectivity for the δ receptor. Its structure is the portion of the dynorphin
structure ending at dashed line b. The two peptides possess a common seg-
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Fig. 1 Classical derivatization of morphin. Most of the derivatives were simplifications of
the morphin structure

Fig. 2 Structural comparison of opioid peptides with morphine
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ment, the tyrosine-glycin unit. The size of the morphine structure is similar
to that of the tyrosine-glycin unit as shown in the lower row of Fig. 2. It might
be possible to classify the opioid ligands according to two sites: the message
site, which is the essential structure for binding the opioid to the opioid re-
ceptor, and the address site, which relates to the receptor type selectivity. This
is the message-address concept (Fig. 3) [8–10]. According to the message-
address concept, the µ, δ, and κ receptors have the smallest, intermediate,
and largest address sites, respectively. Both the selective δ antagonist NTI and
selective κ antagonist nor-BNI were designed on the basis of the concept as
shown in Fig. 4 [8, 11, 12]. These two antagonists are listed in one of the rep-

Fig. 3 The message-address concept

Fig. 4 Rationally designed selective antagonists and the message-address concept
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resentative pharmacology textbooks (see also Goodman and Gilman’s The
Pharmacological Basis of Therapeutics) [13] as highly selective antagonists.
With the selective δ and κ antagonists in hand, the next aim is the drug design
and synthesis of the selective δ and κ agonists. In this article, we will describe
in detail the drug design and synthesis of a selective δ agonist.

1.3
The Accessory Site Theory

The consideration of the structural difference between an agonist and an an-
tagonist is an important basis of medicinal chemistry. An antagonist is larger
than an agonist because antagonists have accessory sites (Fig. 5) [14]. Ac-
cording to theory, the removal of the accessory sites from the structure of
a selective δ antagonist NTI could afford a δ agonist. The next issue is iden-
tifying the accessory site of the NTI. Consider the mechanism by which the
agonist induces its agonistic activity. Figure 6 indicates that an agonist binds
to a receptor and produces its agonistic activity. When the agonist approaches
the cavity of the active site of the receptor, the pharmacophore interactions
occur gradually between the agonist and the receptor. A pharmacophore in-
teraction consists of a weak interaction such as ionic bonding, dipole–dipole
interaction, π–π interaction, lipophilic interaction, hydrogen bonding, etc.
The interactions are strengthened by the exclusion of water molecules to
achieve a tight fit. When the agonist is tightly bound in the final state, the
cavity binding site is smaller than the empty cavity. The binding-induced
structural change of the receptor leads to the agonistic signal transductions.
On the other hand, an antagonist possessing an accessory site restricts the
conformational change of the receptor when the antagonist binds to the re-
ceptor. On the basis of the theory, we considered the model of NTI binding to
the receptor (Fig. 7a). In the center of the cavity, three interactions take place
between the receptor and the message site: an ionic bond, a π–π interaction,

Fig. 5 The accessory site theory. The shaded areas show the accessory sites
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Fig. 6 Conceptual illustration of the interaction between agonist and receptor

Fig. 7 Binding model for NTI (a) and compound 1 (b) to the δ opioid receptor

and a hydrogen bond. The other interaction is between the receptor and the
address site and is a π–π interaction. The interaction at the address site is
what elicits the selectivity of the δ receptor. A more drastic shape change of
the receptor is necessary for the production of agonistic activity. The free ro-
tation of the phenol ring could make the receptor bind the compound more
tightly. The 4,5-epoxy and C-10 methylene moieties of NTI, which conforma-
tionally fixed the phenol ring and disturbed the approach of the receptor to
NTI, are expected to be accessory sites. Following the hypothesis, the indole
derivative 1 shown in Fig. 7b was designed.

2
Synthesis of Indole Derivative 1

2.1
Synthesis of Key Intermediate Ketone 2

The usual synthesis of indole derivative 1 is easy to attain by converting the
key intermediate ketone 2 to compound 1 by Fischer indolization (Scheme 1).
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Scheme 1 Synthesis of compound 1 by Fischer indole synthesis

Since the first synthesis of ketone 2 was reported by Rapoport et al. in
1977 [15], four research groups including our group have reported the synthe-
sis of ketone 2 [16–19]. These syntheses will be described in the following sec-
tions. The structural feature of ketone 2 is the trans-decahydroisoquinoline
skeleton possessing a quaternary carbon stereocenter at the bridgehead pos-
ition. The key step is the construction of this characteristic structure.

2.2
Rapoport’s Synthesis

Scheme 2 shows Rapoport’s synthesis [15]. The cinnamic acid derivative 3
prepared from m-methoxy benzaldehyde [20] was ethylated by diethyl sulfate
to give ethyl cinnamate derivative 4, followed by Michael addition with ethyl
cyanoacetate to afford compound 5. Compound 5 was converted to lactam
6 by the reduction of the cyano group and subsequent cyclization. Selective
reduction of the lactam moiety of 6 was achieved by treatment with trimethy-
loxonium fluoroborate followed by sodium borohydride reduction. Amine 8
was obtained by the reductive methylation of amine 7. Amine 8 was con-
verted to compound 9 by methylene lactam rearrangement [21], followed by
selenium dioxide oxidation to provide compound 10. Allylic rearrangement
of compound 10 and subsequent hydrolysis gave compound 12. The con-
struction of the decahydroisoquinoline structure began with compound 12,

Scheme 2 �Rapoport’s Synthesis: a Et2SO4, tris(2-hydroxypropyl)amine, acetone, ∆, 1.5 h,
88%; b Na, Ethyl cyanoacetate, EtOH, 93%; c PtO2, H2 (33–49 psi), 12N HCl/EtOH, 7 h;
d toluene, reflux, 1 h, 100% for steps c and d; e trimethyloxonium fluoroborate, CH2Cl2,
rt, 43 h; f NaBH4, EtOH, 5–10 ◦C → rt, 24 h, 61% for steps e and f; g 10% Pd/C, CH2O aq,
H2 (50 psi), EtOH, 12 h, 95%; h NaOH, MeOH, H2O, reflux, 5 h; i Ac2O, reflux, 1 h, 92%
for steps h and i; j SeO2, PhCl, 100 ◦C, 1 h; k HCO2H, 25 ◦C, 27 h; l K2CO3, MeOH, 25 ◦C,
1.5 h, 90% for steps j, k, and l; m MeC(OMe)3, t-BuCO2H, diglyme, reflux, 18 h, 80%;
n KOH, MeOH, H2O, 25 ◦C, 20 h, 77%; o CDI/THF, CHCl3, 25 ◦C, 1 h; p magnesium eno-
late prepared from LiO2CCH2CO2-t-Bu + i-PrMgBr, THF, 16 h, 100% for steps o and p;
q MeONa, MeOH, 7 h, 76% for trans-17, 18% for cis-17; r TFA, benzene, 25 ◦C, 3 h, then
toluene reflux, 1 h, 81%; s ethylene glycol, TsOH · H2O, benzene, ∆, 92%; t AlH3, THF,
– 78 ◦C, 1 min; u LiAlH4, – 78 ◦C → 0 ◦C, 1 h at 0 ◦C; v 5% Rh/Al2O3, H2 (50 psi), MeOH,
10 h, 83% for steps t, u, and v; w 1N H2SO4, 25 ◦C, 26 h, 99%
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which was converted to compound 13 by Cleisen rearrangement, followed by
transesterification via the acyl imidazole intermediate 15 and subsequent in-
tramolecular Michael addition to yield decahydroisoquinoline trans- and cis-
17 with an 87 : 13 mixture of the diastereomers. The pure trans-17 was easily
obtained by crystallization. Compound 19 was synthesized by decarboxyla-
tion of trans-17 following acetalization. The reduction of the amide moiety
of compound 19 was achieved by stepwise reduction involving the addition
of LAH to a cold solution of AlH3 and compound 19 resulting in an 83:17
mixture of amine 21 and enamine 20, followed by hydrogenation catalyzed by
Rh/Al2O3. Finally, the objective ketone 2a was obtained by deacetalization of
compound 21. Rapoport’s method was a landmark for the synthesis of the ke-
tone 2 possessing morphine-like structure; however the synthesis has many
steps and is not practical.

2.3
Zimmerman’s Synthesis

The synthesis of the ketone 2a by Zimmeman et al. [16] is outlined in
Scheme 3. The lithiated enamine 23 obtained by deprotonation of tetrahy-
dropyridine 22 with n-butyl lithium was alkylated to give compounds 25 and
26. The THP group of compounds 25 and 26 was removed, and the resulting
alcohol was converted to bromides 27 and 28, respectively. Bromides 27 and
28 were treated with acetic anhydride and TFA followed by refluxing in an
acetonitrile solution in the presence of potassium carbonate to afford bicyclic
enamines 31 and 32. The acetyl groups of bicyclic enamines 31 and 32 were
removed, yielding a mixture of compounds 33 and 34, and compound 35, re-
spectively. Alcohols 36 and 37 were obtained by catalytic hydrogenation of the
mixture of compounds 33 and 34, and of compound 35. Finally, both the al-
cohols 36 and 37 were converted to the desired ketone 2a by Swern oxidation.
The features of this synthesis are the construction of the quaternary carbon
stereocenter [22] by alkylation of the lithiated enamine 23 and the stereo-
selective reduction of a bicyclic enamine by catalytic hydrogenation. How-
ever, this synthesis includes a poorly reproducible step and a labile interme-
diate. Moreover, the compound without a methoxy group corresponding to
tetrahydropyridine 22, that is 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine
(MTPT), is reported to be highly neurotoxic [23]. Considering all the draw-
backs and risks, this method is not practical.

2.4
Judd’s Synthesis

Ketone 45 was synthesized by Judd et al. [17] as summarized in Scheme 4.
The lithiated enamine 23 prepared from tetrahydropyridine 22 was alky-
lated, followed by refluxing in an acetonitrile solution in the presence of
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Scheme 3 Zimmerman’s Synthesis: a n-BuLi, THF, 0 ◦C; b 24, – 10 to – 5 ◦C, 40% for 25,
34% for 26 for steps a and b, respectively; c HCl/Et2O, then PPh3, Br2, THF, 10 ◦C to rt,
72% for 27, 63% for 28; d Ac2O, TFA, rt; e K2CO3, MeCN, reflux, 75% for 31, 61% for
32 for steps d and e, respectively; f K2CO3, MeOH, rt, 96% for 33 and 34, 90% for 35;
g H2 (60 psi), PtO2, EtOH, 84% for 36, 82% for 37; h DMSO, (COCl)2, CH2Cl2, – 55 ◦C,
then Et3N, 91% from 36, 92% from 37

sodium iodide and potassium carbonate to produce bicyclic enamine 38.
The bicyclic enamine 38 was converted to a methanesulfonate, and then
reduced with sodium borohydride to give trans-decahydroisoquinoline 39,
selectively. The N-cyclopropylmethyl (CPM) derivative 42 corresponding to
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Scheme 4 Judd’s Synthesis: a n-BuLi, THF, – 20 ◦C; b BrCH2CH(= CH2)CH2CH2Br, – 70
to – 40 ◦C, then NaI, K2CO3, MeCN, reflux, 29.5% for steps a and b; c MeSO3H, MeOH,
– 60 ◦C, then NaBH4, rt, 83%; d ClCO2Ph, i-Pr2NEt, ClCH2CH2Cl, reflux, 88%; e KOH,
EtOH, reflux, 74%; f CPMBr, DMF, 150 ◦C, 54%; g LiSMe, DMF, 125 ◦C, 60% for 43, 33%
for 44; h OsO4, NaIO4, THF/H2O, rt, 24%

the N-methyl compound 39 was obtained by the following sequence of reac-
tions: first the conversion of methyl amine to carbamate, then the hydrolysis
of the carbamate group, and the subsequent cyclopropylmethylation. The
methoxy groups of compounds 39 and 42 were demethylated using lithium
methylthiolate to provide compounds 43 and 44, respectively. The desired ke-
tone 45 was obtained by oxidation of compound 44 with osmium tetraoxide
and sodium periodate. The characteristic of this synthesis is the construc-
tion of the quaternary carbon stereocenter by the alkylation of the lithi-
ated enamine 23 and is the same as Zimmerman’s synthesis, although Judd
et al. attempted to shorten the synthesis steps by using a designed alkylating
agent, 4-bromo-2-(bromomethyl)-1-butene. The formation of the character-
istic trans-decahydroisoquinoline structure was achieved by the preparation
of a kinetic iminium salt from bicyclic enamine 38 using methanesulfonic
acid [22] and the subsequent hydride reduction of the kinetic iminium salt.
Their synthesis also includes the suspected neurotoxin compound 22.
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2.5
Liras’s Synthesis

Scheme 5 shows the synthesis of the ketone 2b by Liras et al. [18]. Piperidone
46 was converted to enol triflate 47 using N-phenyltrifluoromethylsulfon-

Scheme 5 Liras’s Synthesis: a LHMDS, N-phenyltrifluoromethylsulfonimide, THF, – 78 ◦C
to rt, 92%; b 3-methoxyphenylboronic acid, KBr, K3PO4, Pd(PPh3)4, 1,4-dioxane, 85 ◦C,
95%; c sec-BuLi, allyl bromide, THF, – 45 to – 78 ◦C to rt; d NaBH4, MeOH, rt, 88% for
steps c and d; e ClCO2CHClCH3, 1,2-dichloroethane, reflux, then MeOH reflux; f Boc2O,
Et3N, CH2Cl2, rt, 80% for steps e and f; g Grubbs catalyst 52, 1,2-dichloroethane, 60 ◦C,
93%; h 9-BBN, THF, reflux, 30% H2O2, EtOH, 6 N NaOMe, 100% (54 : 55 = 3 : 1); i TPAP,
NMO, CH2Cl2, rt, 88% for 2b and 84% for 56
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imide, followed by Suzuki–Miyaura coupling to give tetrahydropyridine 48.
The lithiated enamine derived from the tetrahydropyridine 48 was diastere-
oselectively allylated, and then reduced with sodium borohydride to afford
piperidine 50. The N-methyl piperidine 50 was converted to N-Boc piperi-
dine 51 for an easy conversion of the nitrogen substituent. Cyclization was
achieved by a ring-closure-metathesis reaction of the piperidine 51 using the
first generation Grubbs catalyst 52, and then a hydroxyl group was installed
on the resultant 53 by hydroboration to furnish trans-decahydroisoquinoline
54 and 55. In the hydroboration step, the use of sterically hindered 9-BBN
led to a 3 : 1 ratio of the separable isomeric alcohols 54 and 55; however the
use of the smaller borane-dimethyl sulfide complex resulted in a 1 : 3 ratio of
alcohols 54 and 55. Alcohols 54 and 55 were oxidized using tetrapropylammo-
nium perruthenate (TPAP) to give ketone 2b and 56, respectively. The main
feature of this synthesis is the construction of the quaternary carbon stere-
ocenter by diastereoselective allylation of the lithiated enamine, which led
to the determination of the decahydroisoquinoline structure. There are two
drawbacks to this method. One is a low regioselectivity in the hydroboration
step, resulting in the production of the desired ketone 2b and its regioisomer
56. Although obtaining two isomeric ketones is a benefit in view of the po-
tential synthesis of various ligands, it is not of merit as the primary synthetic
route for ketone 2. A further drawback is the presence of intermediate 48 that
has a similar structure to neurotoxic MTPT. Unfortunately, the toxicity of the
compound 48 is not reported.

2.6
Nagase’s Synthesis

Nagase et al. [19] planned to construct the quaternary carbon stereocen-
ter without the alkylation of lithiated enamine 23 to avoid using the sus-
pected neurotoxin tetrahydropyridine 22. In general it is difficult to con-
struct the quaternary carbon stereocenter by a 1,4-conjugated addition reac-
tion, however, Finch et al. reported that the construction of the quaternary
carbon stereocenter was achieved by 1,4-conjugated addition of a phenyl
group [24] (Scheme 6). Although Finch’s method did not provide the trans-
decahydroisoquinoline but rather the cis-derivative, it suggests a method of

Scheme 6
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constructing the quaternary carbon stereocenter by a 1,4-conjugated add-
ition reaction. With Finch’s method in mind, we planned a synthetic route
to the trans-decahydroisoquinoline structure (Scheme 7). The synthesis of
trans-decahydroisoquinoline 2 commenced with α,β-unsaturated ketone 60
which was converted to intermediate 61 by 1,4-conjugated addition. The
amide carbonyl moiety of amide 62, which was derived by decarboxylation
of intermediate 61, was partially reduced to afford the bicyclic enamine 63,
followed by stereoselective reduction [22] of the bicyclic enamine 63 to fur-
nish the trans-decahydroisoquinoline 2. The feature of our synthetic method
is the utilization of the bicyclic enamine 63, which opens the way to stereoin-
version from the cis-form to the trans-form. The α,β-unsaturated ketones
60 were prepared from 2,4-piperidinediones 64 [25] by either the reported
method [26] or by our modified procedure (Scheme 8). The results of the
Robinson annulation for the preparation of the α,β-unsaturated ketones 60
are summarized in Table 1. Shultz’s condition resulted in 50 and 42% yields of
the α,β-unsaturated ketones 60 (entries 1, 2). However, the yield of ketone 60
was improved by varying between potassium t-butoxide or sodium hydride
and sodium alkoxide as a base, benzene/t-butanol or benzene and ethanol

Scheme 7 Synthetic strategy

Scheme 8
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Table 1 Results of Robinson annulation of 64

Entry Substrate Reaction conditions Product Yield a

1 64a MVK(1.7 eq), t-BuOK(0.12 eq), 60a 50
PhH/t-BuOH, 80 ◦C, 5 h

2 64b MVK(2.3 eq), NaH(0.1 eq), 60b 42
PhH, 42 ◦C, 46 h

3 64c MVK (2.25 eq), EtONa(0.12 eq), 60c 70
EtOH, rt, 7.5 h

4 64b MVK(2.5 eq), MeONa(0.12 eq), 60b 72
MeOH, rt, 10 h

5 64b MVK(2.3 eq), KOH(0.1 eq), 60b 95
18-crown-6(0.1 eq), MeOH, rt, 22 h

a isolated yield (%)

or methanol as a solvent, and reflux and room temperature as a reaction
temperature (entries 3, 4). Moreover, the use of potassium hydroxide in the
presence of 18-crown-6 provided the α,β-unsaturated ketone 60b in 95% yield
(entry 5). Next, the results of the 1,4-conjugated addition reaction of an aryl
group to the α,β-unsaturated ketones 60 were shown in Scheme 8 and Table 2.
As a model study, the reaction of the α,β-unsaturated ketone 60a with lithium
diphenylcuprate [27, 28], which was prepared from phenyl lithium and cop-
per(I) iodide, afforded the 1,4-adduct 61a in 51% yield (entry 1). Copper(I)
iodide was the best reagent for the preparation of cuprate in our explorations.
In the case of methyl ester 60b, the 1,4-conjugated addition reaction barely
proceeded, but the use of chlorotrimethlysilane [29, 30], which was the well-
known accelerator of the 1,4-conjugated addition reaction, gave the objective
product 61b in 30% yield (entry 2). For the preparation of the designed
compound 1, the 1,4-conjugated addition reaction of the m-methoxyphenyl
group to the α,β-unsaturated ketone 60 is essential. Considering the reaction
efficiency, the reaction conditions of the 1,4-conjugated addition were investi-
gated by use of the α,β-unsaturated ketones 60a and 60c, and copper(I) iodide
as a copper reagent for the preparation of the cuprate. The optimal results
were obtained by the following procedure: m-bromoanisole in THF was lithi-
ated by t-butyl lithium, then the solvent was changed from THF to diethyl
ether, followed by the addition of the resulting solution to copper(I) iodide
suspended in diethyl ether. The cuprate prepared by the above procedure was
added to the α,β-unsaturated ketone 60a or 60c in diethyl ether to give the
1,4-conjugated adduct 61c or 61d in moderate yield (entries 3, 4).

The stereochemistry of the obtained 1,4-conjugated adduct 61a was as-
signed to be the structure shown in Fig. 8 by 1H-NMR, COSY, and NOESY
spectra, and a NOE experimental study. The observation of positive NOE
enhancement on the proton combinations of HEt – Ho, H8ax – Ho, and
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Fig. 8 NOE experiment of compound 61a

Scheme 9 Nagase’s Synthesis: a ethylene glycol, p-TsOH · H2O, PhH, reflux, 80% for 65a
with 66a (20%), 72% for 65d with 66d (22%); b EtSH, NaH, DMF, 80 ◦C, 95% (trans-
62a : cis-62a = 8 : 1), 95% (trans-62d : cis-62d = 8 : 1); c KOH, EtOH, ∆; d DIBALH, THF,
0 ◦C to rt, then 3N NaOHaq; e NaBH3CN, HCl/MeOH, pH 3 ∼ 4, – 10 to 0 ◦C, 74% for 67a,
80% for 67d for steps d and e; f 1N H2SO4, rt, 100% for 68a, 86% for 2c

H3ax – H5ax strongly indicated that the 1,4-conjugated adduct 61a should
be the cis-fused decahydroisoquinoline structure bearing an axial 4a-phenyl
group.
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With the procedure for constructing the quaternary carbon stereocenter
in hand, the conversion of the cis-form to the trans-form was explored in
accordance with the synthetic plan shown in Scheme 9. The ketone moiety
of the 1,4-conjugated adduct 61 was protected by an acetal group, followed
by decarboxylation of compound 65 using sodium ethylthiolate to yield lac-
tam trans-62 and cis-62 as an 8 : 1 diastereomixture [31]. The reason why
the lactam trans-62 was obtained as a major product is that the subsequent
protonation after decarboxylation proceeded kinetically. This assertion is
supported by experimental results in which the trans- and cis-lactam di-
astereomixture (8 : 1) in ethanol was refluxed in the presence of potassium
hydroxide to afford a 1 : 5 mixture [15, 32, 33]. The mixture of the lactam
trans-62 and cis-62 was reduced with DIBALH, followed by treatment with
sodium hydroxide to give bicyclic enamine 63. The kinetic iminium salt pre-
pared from bicyclic enamine 63 with hydrochloric acid was reduced with
sodium cyanoborohydride, leading to the trans-decahydroisoquinoline struc-
ture [22]. The acetal moiety of the resultant 67 was removed to provide the
objective ketones 68a and 2c. This method enabled the construction of the
trans-decahydroisoquinoline structure without an intermediate resembling
the neurotoxic MPTP, and in fewer steps.

2.7
Synthesis of Indole Derivatives

The designed compound, indole 1 (R′ = H), was prepared by Fischer indole
synthesis (Scheme 1) of ketone 2c synthesized by the procedure described
above with subsequent demethylation. Contrary to our expectation of a δ

opioid agonist, the designed compound indole 1 (R = Me, R′ = H), was
an antagonist. Nevertheless, compound 69 possessing a fluorine atom at the
7 position is one of indole 1′s derivatives and showed weak agonistic activ-
ity (Fig. 9a). The indoles bearing halogen atoms other than fluorine (chlorine,
bromine, and iodine) had no agonistic activity. Moreover, the 8-, 9-, or 10-
fluoro indole derivatives also did not show any agonistic activity. From these
results, we assumed that the significant agonistic character of the fluoro-
substituted compound derives from its hydrogen bonding ability, because of
the halogens, only the fluorine atom can form a hydrogen bond. The specific
position (only 7-, not 8-, 9-, or 10-) of the substituent for the agonistic activ-
ity implies the importance of formation of the hydrogen bond at this position
with the δ opioid receptor, which changes the receptor shape and leads to
agonistic activity. In other words, this hydrogen-bond forming site, which
we call the “fifth pharmacophore”, should be necessary for its agonist char-
acter. We then designed a more favorable structure for forming a hydrogen
bond with the fifth pharmacophore site to give a tighter fit with the receptor.
On the basis of the above hypothesis, we designed the decahydroisoquino-
line derivative fused quinoline, (±)-TAN-67. (±)-TAN-67 possesses a lone
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Fig. 9 Binding model for compound 69 (a) and b TAN-67 to the δ opioid receptor

electron pair on a nitrogen atom in the quinoline ring in order to form
a hydrogen bond with the receptor more effectively than the 7-fluoro-indole
compound 69 (Fig. 9b). The synthesis of (±)-TAN-67 started from ketone
2a which reacted with o-aminobenzaldehyde in the presence of methanesul-
fonic acid to afford quinoline 70a, followed by demethylation with potassium
propylthiolate (Scheme 10). The N-demethyl and the N-CPM derivatives of

Scheme 10 a o-C6H4(NH2)(CHO), MeSO3H, EtOH, reflux, 79%; b ClCO2CH= CH2, pro-
ton sponge, CH2Cl2, 0 ◦C to rt, 75% for 70b, c ClCO2CH2CCl3, proton sponge, CH2Cl2,
54% for 70c, d HCl/MeOH, rt, e Zn, AcOH, rt, f c-PrCOCl, Et3N, THF, rt, 79% from 70b for
steps d and f, 60% from 70c for steps c and e, f DIBALH, toluene, – 55 ◦C, 92%, g n-PrSH,
t-BuOK, DMF, reflux, 74% for (±)-TAN-67, 57% for 71d, 85% for 71f



Rational Drug Design of δ Opioid Receptor Agonist TAN-67 119

(±)-TAN-67 were also synthesized because it is well known that the 17 ni-
trogen substituents of the 4,5-epoxymorphinan derivatives, which seemingly
correspond to the 2-nitrogen substituent of (±)-TAN-67, have a significant in-
fluence on opioid agonistic activities [35]. The N-methyl group of quinoline
70a was converted to either carbamate 70b or 70c with vinyl chloroformate
or trichloroethyl chloroformate, respectively, and subsequently reacted with
hydrochloric acid/methanol or zinc/acetic acid to provide the N-demethyl
derivative 70d. The N-CPM derivative 70f was prepared by cyclopropylcar-
bonylation of the N-demethyl derivative 70d and subsequent reduction with
DIBALH. The N-demethyl and N-CPM derivatives 70d and 70f were demethy-
lated with potassium propylthiolate to give the (±)-TAN-67 derivatives 71d
and 71f , respectively (Scheme 10).

3
Pharmacological Activities of (±) -TAN-67

The opioid receptor binding activities of (±)-TAN-67, its derivatives 71d
and 71f , and DPDPE, a representative selective peptidic δ opioid receptor
agonist, were assessed with a radio-ligand competition assay in guinea pig
brain membranes (Table 3) [34, 36]. The Ki value is the index of affinity—
the smaller its value, the higher the affinity. The synthesized compounds
(±)-TAN-67 and its derivatives 71d and 71f showed comparable or higher
selectivity for the δ opioid receptor than DPDPE, which is one of the most se-
lective peptidic δ agonists. (±)-TAN-67 showed a higher selectivity for the δ

receptor than it did for the µ and κ receptors (with a Ki ratio of 2071 for µ/δ

and 1600 for κ/δ).
The opioid agonistic activities of (±)-TAN-67, its derivatives 71d and 71f ,

and DPDPE were evaluated on electrically stimulated guinea-pig ileum (GPI)
and mouse vas deferens (MVD) preparations (Table 4) [34, 36]. It is known
that µ and κ opioid receptors are predominantly expressed in GPI and the δ

receptor is predominantly expressed in MVD [37, 38]. The IC50 value is the in-
dex of agonistic activity—the smaller its value, the more potent the agonistic

Table 3 Opioid receptor binding

Compound Ki (nm) Selectivity
δ µ κ µ/δ κ/δ

(±)-TAN-67 1.12±0.42 2320±720 1790±602 2071 1600
71d 2.41±0.86 452±112 2130±765 188 884
71f 0.90±0.39 175±65 42±15 194 47
DPDPE 4.74±1.35 911±251 undetectable 192 undetectable
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Table 4 Opioid agonist activity

Compound MVD GPI
IC50 (nM) NTI DR IC50 (nM)

(±)-TAN-67 6.61±1.25 96.2 26 470±3211
71d 88.7±9.3 165 135 026±11 025
71f 0.25±0.02 30.8 10 733±1357
DPDPE 3.93±0.49 76.5 11 300±1085

activity. The NTI DR is the IC50 value of the test compound in the presence
of NTI divided by the IC50 value of the test compound in the absence of NTI.
The NTI DR index shows the extent to which the agonistic activity of the test
compound was antagonized by the δ antagonist NTI. The larger the NTI DR
value, the more the test compound induced agonistic activity via the δ opi-
oid receptor. Although the N-demethyl compound 71d was a weak agonist,
(±)-TAN-67 and the N-CPM derivative 71f showed comparable or stronger
agonistic activity than DPDPE.

Morphine, a µ agonist, is well known to possess a methyl group as a 17-
nitrogen substituent, and its derivative, N-CPM nor-morphine, showed weak
analgesic effects itself but antagonized against antinociceptive effects induced
by morphine (Fig. 10) [35]. It is also widely known that NTI has a CPM group
as a 17-nitrogen substituent and is a δ antagonist but its derivative OMI whose
17-nitrogen substituent is a methyl group is a δ agonist (Fig. 10) [39, 40].
The result that the N-CPM derivative 71f showed stronger agonistic activity
than the N-methyl derivative (±)-TAN-67 was contrary to our expectation.

Fig. 10 17-nitrogen substituents of 4,5-epoxymorphinan derivatives and their opioid ac-
tivities
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The experimental finding that the N-CPM derivative 71f was a δ agonist
suggests that our working hypothesis for the drug design of a δ agonist is cor-
rect: the free rotation of the phenol ring allows the receptor to approach the
compound, inducing the agonistic effects. The detailed investigations of the
effects of (±)-TAN-67, which had both potent agonistic activity and a high δ

receptor type selectivity, showed that the antinociceptive effects induced by
(±)-TAN-67 were very weak in spite of the compound’s activity in vitro [41].
Each enantiomer of a compound can, in general, induce different pharma-
cological effects. This is a well-known phenomenon in pharmacology—the
incident involving Thalidomide is one of the most infamous and tragic exam-
ples. For the next step, we tried to synthesize the optically active compounds
(+)- and (–)-TAN-67 to investigate their pharmacological effects.

4
Synthesis of Optically Active TAN-67

In one report, the enantiomers of the racemic compound 73, whose struc-
ture resembles ketone 2a, were separated by fractional recrystallization of the
optically active mandelic acid salts [43]. Although we tried to optically re-
solve the optically active mandelic acid salts of the racemic ketone (±)-2a,
no satisfying results were obtained. After several trials, the (+)- or (–)-di-p-
toluoyl tartrate salt prepared from ketone (±)-2a was effectively fractionally
recrystallized and finally provided the optically active ketones (+)-2a and
(–)-2a [42]. The chiral ketone (–)-2a was converted to compound 73 via com-
pound 72 by thioacetalization followed by desulfurization using Raney nickel

Scheme 11 a (–)- or (+)-di-p-toluoyl-L-tartaric acid; b fractional recrystallization from
MeOH; c 5% NaOHaq, 27% for (–)-2a, 29% for (+)-2a; d HSCH2CH2SH, Et2O · BF3;
e Raney Ni, EtOH, rt, 21% for steps d and e
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(Scheme 11). The specific optical rotation of compound (–)-2a derived from
the chiral ketone (–)-2a agreed with the reported rotation of 73 [43], showing
that the absolute configuration of 73 was (4aS, 8aR) and corresponded to that
of natural (–)-morphine [42].

5
Pharmacological Effects of (–)-TAN-67

Intrathecal (i.t.) treatment with (–)-TAN-67 showed strong dose-dependent
analgesic effects in the mouse tail-flick test (ED50 = 17.1 nM/mouse, i.t.), sug-
gesting that the active ingredient producing δ agonistic activity was not (+)-
but (–)-TAN-67 [36]. The antinociception induced by (–)-TAN-67 was signifi-
cantly reduced by the treatment with the δ1 antagonist BNTX, though it was
not influenced by the administration of the δ2 antagonist NTB. This result
suggests that (–)-TAN-67 is highly selective for the δ1 opioid receptor [44].
The term of δ1 and δ2 means the subtype of δ opioid receptor. Although some
nonpeptidic δ agonists such as SIOM [45] and SNC-80 [46, 47] have been re-
ported, no example is found of a compound such as (–)-TAN-67 showing
receptor subtype selectivity.

(–)-TAN-67 has been reported to possess cardioprotective effects. Ischemia
of part of a cardiac muscle induces not only necrosis of the muscle but
also necrosis of the marginal muscle cell i.e., infarction. The necrosis of the
marginal muscle is observed even when the ischemic condition is relieved
due to bloodstream recirculation. The administration (infusion) of (–)-TAN-
67 reduced the risk of the infarction, and its effect was the strongest among
the reported drugs with these effects. The effects induced by (–)-TAN-67 were
blocked by treatment with the δ1 antagonist BNTX, suggesting that the ef-
fects of (–)-TAN-67 are mediated by a δ1 opioid receptor [48]. Moreover, it has
also been reported that (–)-TAN-67 showed antiarrhythmic effects via the δ1
opioid receptor [49].

6
Pharmacological Effects of (+)-TAN-67

The i.t. administration of (+)-TAN-67 induced pain-like nociceptive behav-
iors, beyond our expectation [36, 44]. This observation implies that (+)-TAN-
67 counteracted the analgesic effects produced by (–)-TAN-67. Treatment
with (–)-TAN-67 actually reduced the hyperalgesic effects induced by (+)-
TAN-67. The weak antinociceptive effect of (±)-TAN-67 in spite of its strong
agonistic activities in vitro could result from the fact that both (+)- and
(–)-TAN-67 have the opposite effects in vivo. It is worth noting that the
pain-like behaviors induced by (+)-TAN-67 were not suppressed by morphine
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treatment, suggesting that the hyperalgesia produced by (+)-TAN-67 could
become a pain model in which morphine shows no or less analgesic effects.
Moreover, the (+)-TAN-67-induced nociception was attenuated by the admin-
istration of a GABA agonist, an NMDA antagonist, and a protein kinase C
inhibitor, indicating that the hyperalgesia resembled a neuropathic pain [50].
It is also interesting that the pain-like behaviors induced by (+)-TAN-67 are
reduced by treatment with a δ or κ agonist.

7
Conclusion

Indole 1 was designed from the selective δ antagonist NTI to obtain a non-
peptidic selective δ agonist on the basis of both the message-address concept,
which is utilized for the drug design of receptor-type selective ligands in
the opioid research field, and the accessory site theory, which gives an ac-
count of the structural difference between agonists and antagonists. Ketone 2,
the starting material for the synthesis of indole 1, was synthesized by a new
reduced step method without the neurotoxic intermediate or its derivatives
(Nagase’s synthesis). Contrary to our expectation, the designed compound 1
showed no agonistic activities. Then a fifth pharmacophore was proposed and
TAN-67 was newly designed based on the structure-activity relationship stud-
ies on derivatives of compound 1. TAN-67 was found to be a δ agonist and
its active component (–)-TAN-67 showed strong antinociceptive, cardiopro-
tective, and antiarrhythmic effects. Beyond our expectations, its enantiomer
(+)-TAN-67 exhibited opposite, nociceptive effects. Although it is well known
that the pharmacological effects of each enantiomer are different, it is rare
that each enantiomer shows opposite effects as in the case of TAN-67. In the
past, when one enantiomer exhibited narcotic properties, WHO has auto-
matically regarded the other enantiomer as a narcotic drug as well. The case
of TAN-67 is the first counterexample to this policy, and may lead WHO to
change its opinion.

We expected that (–)-TAN-67 will be used for the detailed investigation of
both the existence and the pharmacological effects of a δ1 opioid receptor, and
that the (+)-TAN-67-induced nociception may be a unique pharmacological
model for the elucidation of pain mechanisms. Moreover, the hyperalgesia
produced by (+)-TAN-67 could be one of the neuropathic pain models. We
hope that the (+)-TAN-67-induced nociception will be used for the develop-
ment of analgesics for neuropathic pain, for which morphine indicates little
or no effect.
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Abstract Some naturally occurring pteridine derivatives carry out various important
metabolic transformations which produce and metabolize essential materials for life as
cofactors in all kinds of living organisms. For example, the pteridine derivatives work
in biosyntheses of amino acids, nucleic acids, neurotransmitters and nitrogen monoxides
and metabolisms of purine and aromatic amino acids in the human body. Based on the
mechanisms of the metabolisms, such compounds have long been interested in biologi-
cal chemistry and medicinal chemistry. Some pteridine derivatives are practically used in
chemotherapy or diagnosis for various diseases. In Sect. 1, we briefly review the history
of pteridine and the biological significances of naturally occurring pteridine derivatives
other than tetrahydrobiopterin, e.g., folic acid, molybdenum cofactor. Recent progress
on the analysis and synthesis of tetrahydrobiopterin and its analogues is summarized in
Sects 2 and 3. In Sects. 4 and 5, The biosynthesis of tetrahydrobiopterin and its functions
in catecholamine and NO biosynthesis are described and Sect. 6 describes diseases caused
by the deficiency of tetrahydrobiopterin.

Keywords Biopterin · Catecholamine biosynthesis · Dystonia · Hyperphenylalaninemia ·
NO biosynthesis · Pterin · Tetrahydrobiopterin

Abbreviations
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BH4 (6R)-5,6,7,8-tetrahydrobiopterin
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DHPR dihydropterin reductase
DOPA 3,4-dihydroxyphenylalanine
DRD DOPA-responsive dystonia
FAD flavin adenine dinucleotide
FDCD fluorescence detected circular dichroism
FMN flavin mononucleotide
GCH GTP cyclohydrolase I
GFRP GTP cyclohydrolase I feedback regulatory protein
GTP guanosine triphosphate
H2F 7,8-dihydrofolate
H4F (6S)-5,6,7,8-tetrahydrofolate
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PCD pterin-4a-carbinolamine dehydratase
PKU phenyl ketonuria
PTPS pyruvoyltetrahydropterin synthase
SCF supercritical fluid
SPR sepiapterin reductase
TH tyrosine hydroxylase
TPH tryptophan hydroxylase
TPH–/– mice genetically deficient mice for TPH
TS thymidylate synthase
XO xanthine oxidase
XOR xanthine oxidoreductase

1
Introduction

1.1
History of Pteridine and Pterin

The year 2007 marks the 150th anniversary of the chemistry of pteridine. In
1857, Wöhler and Hlasiwetz individually obtained yellow materials containing
the first examples of pteridine derivatives. Approximately thirty years later,
Hopkins isolated the first naturally occurring pteridine derivatives 1 and 2
from butterfly (Pteridae) wings. In honor of this discovery, designs of butter-
flies have been chosen as the symbol of pteridine in various symposia and
scientific societies. Throughout the long history of the science of pteridine,
there have been several momentous discoveries of biologically important
derivatives, such as biopterin cofactor, folic acid (vitamin M or B9), molybde-
num cofactor and neopterin. The significance of these materials is described
in the following sections. Currently, pteridine derivatives are of great interest
in a wide variety of fields from basic sciences to chemical industries, biology,
pharmacology, medicine and nutrition. The following scientists deserve men-
tion as important contributors to progress in the chemistry and biochemistry
of pteridine: A. Albert (Canberra), M. Akino (Tokyo), D. J. Brown (Canberra),
M. Goto (Tokyo), S. Matuura (Nagoya), T. Nagatsu (Nagoya), W. Pfleiderer
(Konstantz), E. C. Taylor (Princeton), H. Wachter (Innsbruck) and M. Vis-
contini (Zurich). Thus, chemistry and biochemistry of pteridine have led the
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historical advances. Details of the history of the chemistry of pteridine have
been summarized in various reviews [1, 2]. There are also useful databases on
the biochemistry and clinical chemistry of biopterin and neopterin available
for public use on the internet (biopterin: http://www.bh4.org/BH4_Start.asp;
neopterin: http://www.neopterin.net/). Current information indicates that fu-
ture applications of pterins could develop utilities in wider scientific and
industrial fields in collaboration with basic chemistry and biochemistry. Un-
fortunately, for the last decade advances of pterin in chemistry have fallen
behind those in biochemistry and molecular biology. At present, the mod-
ern science of pterins requires progress that benefits chemistry, thus, it is
necessary to focus on the recent scientific advances of pterins. In this chap-
ter, we would like to present a summary of biologically important pteridine
derivatives as well as some aspects of the chemistry and biology of tetrahy-
drobiopterin and its related compounds.

1.2
The Structure of Pterins

Pterins belong to a family of nitrogen heterocyclic compounds and con-
sist of 2-amino-4-hydroxypteridine. Due to keto-enol tautomerism (Eq. 1),
pterin exists generally as the 4-keto, i.e. amido, form that is illustrated as
2-aminopteridin-4(3H)one (4) rather than the enol form (3). Various pterin
derivatives have been unexceptionally isolated from almost all kinds of living
organisms and almost all such pterin derivatives have carbon substituents on
the C(6) position.

Equation 1

Naturally occurring pterin derivatives have existed in 3 oxidation states:
pterin (4: aromatic), dihydropterin (e.g., 5–8) and tetrahydropterin (9). In
the present review, we do not refer to reduced pterin derivatives with re-
duced pyrimidine structures. The reduced pterin derivatives, dihydropterin
and tetrahydropterin are readily oxidized to the corresponding aromatic
form (4) under aerobic conditions. Based on the location to which hy-
drogen atoms are added, 4 kinds of dihydropterin have been defined: 7,8-
dihydropterin (5), quinonoid dihydropterin (6), 5,6-dihydropterin (7) and
5,8-dihydropterin (8). Of these, only 7,8-dihydropterin derivatives can be
stored for long periods under non-aerobic conditions. Indeed, several 7,8-
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dihydropterin derivatives have been detected or isolated from biological tis-
sues and fluids. Quinonoid dihydropterin derivatives are considered to be
transient intermediates in the oxidative transformation of tetrahydropterin
to aromatic pterin. The existence of a quinonoid dihydropterin derivative in
biological samples has been reported and the details of the chemical charac-
teristics of quinonoid dihydropterin are given in Sect. 3.6. 5,6-Dihydropterin
derivatives are considered to be important intermediates in the chemical syn-
thesis of pterin (see Sect. 3.3), but due to electrophilic activation induced
by resonance (Eq. 2), they are immediately converted to the tetrahydropterin
derivatives produced by the nucleophilic addition of a solvent or intramolec-
ular alcohol group. There are a few examples of 5,8-dihydropterin, however,
their chemical or biological importance remains unknown. The reasons for
the stability of 7,8-dihydropterin and the instabilities of the other dihy-
dropterins were examined in a theoretical study that found that 7,8-dihydro-
6-methylpterin was more than 30 kJ/mol stabilized in comparison with other
isomers [3]. It is known that many biologically active pterin derivatives, such
as folic acid, molybdenum cofactor and biopterin work as tetrahydropterin
derivatives.

Equation 2
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1.3
Folic Acids

Folic acids, the monoglutamate structure which is given as 10, are widely dis-
tributed in almost all kinds of living organisms and are well known as very
important cofactors in the metabolic systems of nucleic acids as well as in
amino acid biosynthesis. The biologically active form of folic acid is (6S)-
5,6,7,8-tetrahydrofolate (H4F: 11). Biosynthesis of 11 is carried out from 10
by the action of dihydrofolate reductase (DHFR) through 7,8-dihydrofolate
(H2F: 12). There are several C1 homologues of 11 in different oxidation
states, such as 5-formyl- (13) and 10-formyl- (14), 5,10-methenyl- (15), 5,10-
methylene- (16) and 5-methyltetrahydrofolate (17) in various metabolic pro-
cesses. These C1 derivatives are transformed to each other by biological redox
processes and are known as intermediates in C1 (methyl or formyl) transfer
reactions, such as biosyntheses of methionine and thymidine. For example,
the biosynthesis of thymidine in mitochondria is illustrated in Scheme 1.
Here, H4F (11) receives the methylene unit from serine and is converted to
16. Migration of the C1 unit from 16 to uridine is carried out by the action of
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Scheme 1 Thymidine biosynthesis

thymidylate synthase (TS) and affords thymidine and H2F (12). Finally, H2F
is reduced back to H4F through the action of DHFR. In order to maintain suf-
ficient concentrations of H4F in the living cell, both the biosynthesis and the
reproduction processes of H4F carried out by DHFR are essential in all kinds
of living organisms.

When the action of DHFR is obstructed, fatal tetrahydrofolate (H4F) defi-
ciency may occur in the living organism to retard the biosynthesis of essential
nutrients [4, 5]. Since the effect of H4F deficiency is more severe in cells that
are in a growing state than those that are stationary, compounds with an
inhibiting activity against DHFR have selective cytotoxic activities toward
growing cells. There is a large series of antifolate drugs which have been
developed to kill tumor cells based on this concept. Because of their struc-
tural similarity, various pteridine derivatives such as methotrexate (MTX: 18)
and 5,10-dideazatetrahydrofolic acid (DDATHF: 19) are considered to be ba-
sic candidates for new antifolate drugs. Sixty years have passed since the
development of MTX with anti-tumor activity and it still remains one of
the best-selling drugs in the world [6–11]. Recently, the clinical application
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of anti- folate drugs and MTX has been widely expanded to treat various
immunodeficiency syndromes and parasitic diseases like rheumatism and
malaria [12, 13]. It is known that, due to differences in the gene transcription
of DHFR proteins between the human host and the malaria parasite Plasmod-
ium falciparum, the synthesis of DHFR in the protozoa is selectively inhibited
by anti- folate drugs [14–17]. Thus, the significance of the chemistry of pterin
derivatives increases as we learn more about its associated medical and mo-
lecular biological sciences.

1.4
Methanopterin

Methanopterin (20) is a folate analogue that is isolated from an archae-
bacteria, Methanosarcina thermophila, and the bacteria produces methane
from CO2 under anaerobic conditions [18–24]. In the methane-producing
metabolic process (Scheme 2), tetrahydromethanopterin (21) is known to
work as a cofactor for the reduction of the C1 unit. Here, 21 accepts
a formyl group that originates from CO2 and transforms it into the formyl

Scheme 2 Methanopterin and methane biosynthesis
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derivative 22. Then, similar to folate metabolism, a process occurs in which
the formyl group on the cofactor is reduced to a methyl group through vari-
ous reduction steps. In the final reducing step to methane, the methyl group
of 23 is transferred to another cofactor (CoM).

1.5
Molybdenum Cofactor

Molybdenum cofactor (24) is a unique monometallic complex of tetrahydro-
molybdopterin (25) with molybdenum and is found in many different ani-
mals as a cofactor for generally distributed xanthine oxidoreductase (XOR)
and xanthine oxidase (XO) [25–30]. It is known that these enzymes con-
tain iron and molybdenum in the active site and work in the redox pro-
cesses of a wide variety of substrates. In the active site of XOR, electrons
are passed from an electron-rich substrate to an electron-deficient cofactor,
nicotinamide adenine dinucleotide (NAD), through the molybdenum cofac-
tor, metal atoms (molybdenum and iron) and flavin adenine dinucleotide
(FAD). In the human body, XOR works in purine metabolism, carrying out
the two steps of the oxidation of hypoxanthine (26) to xanthine (27) and then
to urate (28), as shown in Scheme 3. Finally, 24 is converted to urothion (29)
in the metabolic process and is excreted into the urine. XOR also promotes
the reversed reduction process that occurs in the presence of nicotinamide
adenine dinucleotide hydride (NADH), while XO only carries out the oxida-
tion process. XO requires molecular oxygen as its electron acceptor, which
produces toxic active oxygen species like O2

– and H2O2 as a result of the re-
duction process. These toxic species promote apoptosis. Therefore, there has
been interest in 24, XOR and XO in clinical and biochemical research on var-
ious syndromes caused by active oxygens and on uratemia and gout [31].
In addition, the electron transfer mechanism and the unique metal complex

Scheme 3 Molybdenum cofactor in purine metabolism
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structure of 24 are of particular interest in bioinorganic chemistry and cata-
lytic chemistry [32–40]. Tungsten cofactor, which is a complex of 25 with
tungsten metal, also exists.

2
Analysis and Structure of Biopterin and Neopterin

2.1
Structure of Biopterin and Neopterin

Both biopterin (30) and neopterin (31) belong to the family of naturally oc-
curring 6-hydroxypropylpterin and are isolated as major pterins from almost
all higher animals. Due to the existence of 2 chiral centers on the propyl
side chain, 4 diastereomers are possible in biopterin and neopterin, and iso-
mers 32–37 are found and considered to be minor or exceptional pterins. The
absolute configurations of biopterin and neopterin are 1′R,2′S and 1′S,2′R, re-
spectively, and expedient notations of L-erytho, for biopterin, and D-erythro,
for neopterin, have frequently been used. Following these notations, the di-



Tetrahydrobiopterin and Related Biologically Important Pterins 137

astereomers of biopterin and neopterin with 1′S,2′S and 1′R,2′R configura-
tions, 34–37, are named L-threo and D-threo, respectively. On the other hand,
in some papers the names “dictyopterin” and “monapterin” are used for the
diastereomeric isomers of biopterin and neopterin with 1′S,2′S and 1′R,2′R
configurations, respectively. In the present review, to avoid unnecessary con-
fusion, we use the names “biopterin” and “neopterin” without the S and R
representations, indicating the cases of 30 and 31, respectively. To refer to the
chirality or diastereoisomerism, the other compounds are named on the ba-
sis of biopterin and neopterin with the S/R symbol of their configuration, for
example, 32: (1′S,2′R)-biopterin, 35: (1′R,2′R)-neopterin, etc.

Structurally unique derivatives of biopterin and neopterin such as gly-
cosides and oncopterin, have been identified from different types of bio-
logical samples. There are several examples of the glycoside derivatives of
biopterin and neopterin, such as 38 and 39, which have been obtained from
microorganisms and seaweeds, however, their biological functions remain
unclear [41–45]. Oncopterin (40), which has 1,3-diaminopropane substituent
at the C(2) position of biopterin, was isolated as a cancer-specific biopterin
derivative from urine samples of patients [46]. Analogous pterin derivatives
41 and 42 were designed on the basis of the structure of 40; they promote
unique structural mutations on higher- order structure of DNA [47, 48].

2.2
Analysis of Biopterin and Neopterin by HPLC

Recent progress in the high-performance liquid chromatography (HPLC)
technique, e.g., developments in high-performance reversed phase columns
and highly sensitive and specific detectors, has contributed to advances in
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purification and analysis of naturally occurring pterin derivatives [49–54].
Because pterin derivatives of fully aromatic forms generally emit strong fluor-
escent light, it is possible to analyze them at very low concentrations using
the HPLC system with a fluorescence detector (excitation: λmax 350 nm; emis-
sion: λmax 450 nm). The oxidation potential of tetrahydropterin derivatives is
generally lower, and tetrahydropterins can be selectively detected by an elec-
trochemical detector. A typical HPLC chart of a mixture of biopterin (30),
neopterin (31), pterin (4), 7,8-dihydrobiopterin (44) and tetrahydrobiopterin
(43) is shown in Fig. 1, and we note that retention volumes increase in the
sequences of tetrahydropterin, dihydropterin, and aromatic pterin.

Fig. 1 HPLC analysis of a mixture of biopterins and related pterins

A convenient HPLC technique known as the Fukushima-Nixon method has
been widely used for selective analyses of tetrahydrobiopterin and tetrahy-
droneopterin in biological samples [49]. This method allows the estimation of
concentrations of tetrahydropterins based on difference in the concentrations
of the corresponding aromatic pterins in the samples, which are prepared
in situ by treatment with iodine under acidic and basic conditions. The
Fukushima-Nixon method does not require special techniques or equipment
for the chemical reaction; the sample is simply subjected to oxidation just
before its injection into the HPLC column. For example, tetrahydrobiopterin
(43) was selectively oxidized to biopterin (30) by iodine in the presence of
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Scheme 4 Oxidation of 43 in the Fukushima–Nixon method

hydrochloric acid (0.1 M) with over 85% recovery. In contrast, the recovery
of 30 was less than 13% when oxidation was carried out under basic condi-
tions. More than 80% of 30 was successfully recovered from the oxidation of
7,8-dihydrobiopterin (44) under both acidic and basic conditions. As illus-
trated in Scheme 4, the oxidation of 43 proceeds not through stable 44 but
through quinonoid dihydrobiopterin (45), in which the dihydroxypropyl side
chain readily dissociates in a basic solution. The mechanism of the degrada-
tion of 45 is described in Sect. 3.6 below. The concentrations of 44 and 43,
which are given as [44] and [43], respectively, can be obtained by Eqs. 1 and
2, and here, [30], [30/a] and [30/b] express the concentrations of 30 observed
in the control, acidic oxidation and basic oxidation samples, respectively.

[44] = [30/b] – [30] (1)

[43] = [30/a] – [30/b] . (2)

2.3
Circular Dichroism (CD)
and Fluorescence Detected Circular Dichroism (FDCD)

Approximately 30 years ago, when researchers first became interested in the
biological significance of tetrahydrobiopterin (43), as described in Sect. 4, the
absolute configuration of 43 was one of the big problems facing the chemistry
and biochemistry of pteridine. The 1′R,2′S configuration of the side chain
had already been determined by comparison with authentic sugars, how-
ever, it was difficult to prove the 6R configuration due to the instability of
43. In the 1980s, this problem was finally solved by X-ray crystallographic
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analyses and CD spectra. Single crystals of the pentaacetyl derivative of 43,
that is 46, was prepared, and X-ray analysis of the crystal confirmed its 6R
configuration [55–58]. The chemical derivation of fully acetylated deriva-
tives has been used as a convenient stabilization technique for labile tetrahy-
dropterin derivatives. However, from the viewpoint of practical supply of 43
for pharmaceutical use, it was essential to prepare 43 as a stable form. A few
years later, pure crystals of tetrahydrobiopterin dihydrochloride (47) were ob-
tained [59]. Tetrahydrobiopterin (43) is so stable in the crystal form of 47 that
it can be stored for long periods, even under aerobic conditions, and the suc-
cessful provision of 47 has brought a large breakthrough in its biochemical
and pharmaceutical applications.

X-ray analysis of 47 not only directly confirmed its 6R configuration
but also uncovered the twisted-chair conformation of the tetrahydropterin
ring [60, 61]. The dihydroxypropyl group (R of structure 48) was found to
locate at the quasi-equatorial position and its CD spectrum could be em-
pirically rationalized by its conformational relation with 2-methyl-1,2,3,4-
tetrahydronaphthalene. It is predictable that tetrahydropterins with 6R and
6S configurations (48 and 49, respectively) afford plus and minus CD signs,
respectively, at a λ 265 nm, and the absolute configurations of newly isolated
6-substituted tetrahydropterin derivatives can easily be determined. In con-
trast, the CD spectra of fully acetylated 6R and 6S acetyltetrahydropterin
derivatives, such as 46 and its (6S)-epimer, did not provide general informa-
tion on their conformations even though these compounds indicated distinct
CD spectra. However, the relationships of the CD behaviors of the acetyl
derivatives with their absolute structures could be explained on the basis of
boat conformations 50 and 51 [63].

There was no obvious explanation for the side-chain chirality of biopterin
or its related aromatic pterin derivatives in the CD spectra. This fact requires
that structural determination of all newly found pterins must be carried out
by comparison with optically active authentic samples. Indeed, almost all
compounds have been obtained as aromatic pterins through the exploration
of naturally occurring rare pterins and their structures have been gener-
ally determined by chemical syntheses from sugar derivatives, as descried in
Sect. 3.2. From the viewpoint of characteristic fluorescence emissions, the ap-
plication of FDCD to the configurational analyses of aromatic pterin deriva-
tives has been carried out in previous studies [64, 65]. Since FDCD analysis
of aromatic pterins is approximately 100 times more sensitive than normal
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Fig. 2 Conformations of 6R and 6S tetrahydropterins

CD analysis and is insensitive to chiral contaminants, this method is useful in
the present analyses of the sample in high dilution. The results of the appli-
cation of the advanced techniques mentioned herein the analyses of naturally
occurring rare pterins are described in the next section.

2.4
Exploration of Naturally Occurring Rare Pterins

There are several exceptional microorganisms in which generally existing
biopterin and neopterin are not detected. For example, Tetrahymena pyri-
formis and Escherichia coli, both of which have been frequently used in
biology laboratories, contain significant amounts of the diastereomeric iso-
mers of neopterin instead of biopterin. The isolation of the pterins from
cell extracts of T. pyriformis and E. coli was carried out by HPLC separa-
tion. The structures of the aromatic pterins from T. pryiformis and E. coli,
both of which were isolated after iodine oxidation of corresponding sam-
ples under acidic condition, were determined by FDCD spectra as (1′R,2′R)-
neopterin (35) and (1′S,2′S)-neopterin (37), respectively [64, 65]. On the other
hand, Fukushima–Nixon HPLC analyses indicated that these pterins exist as
tetrahydropterins in the living cell. Freeze-dried cell homogenate of T. pryi-
formis was treated with a mixture of acetic anhydride and pyridine and a frac-
tion including crude acetylated pterin derivative was obtained by supercriti-
cal fluid (SCF) CO2 extraction followed by silica-gel column chromatography.
The structure of the hexaacetylated tetrahydroneopterin in T. pryiformis was
determined as 54, which was derived from (1′R,2′R,6R)-tetrahydroneopterin
(52) by CD and liquid chromatography tandem mass spectrometry (LC-
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Scheme 5 Isomeric tetrahydroneopterin in T. pyriformis and E. coli

MS/MS) spectra [66]. In the same manner (Scheme 5), the pterin derivative
in E. coli was determined as (1S,2S,6R)-tetrahydroneopterin (53) [67].

3
Synthesis of Tetrahydrobiopterin and Related Pterins

3.1
Problems in the Synthesis of Tetrahydrobiopterin

In the first year of the 20th century, there was a new finding concerning the
synthesis of pteridine, known as Gabriel–Coleman synthesis. In this method,
pteridine derivatives are generally produced through the condensation of 2,3-
diaminopyrimidine 55 with α-diketone (Eq. 5). One century has passed since
the development of Gabriel–Coleman synthesis, however, modern synthetic
procedures of tetrahydrobiopterin (43) conceptually depend on this synthe-

Equation 5
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Scheme 6 Retrosynthetic route of tetrahydrobiopterin

sis. Three key processes have been identified in the retrosynthetic path of 43
(Scheme 6): enantioselective synthesis of the side chain, regioselective for-
mation of biopterin (30), and stereoselective reduction of 30 to 43. Recent
progress on these steps is described in the following sections.

Alternatively, it is a significant problem that the synthetic precursors of
biopterin (30) as well as 30 itself are insoluble not only in common organic
solvents but also in water under neutral conditions, making it difficult to ap-
ply most of the organic reactions available in organic solvents. Additionally,
there are few suitable purification procedures for large amounts of insolu-
ble 30 and its intermediates. Because the low solubility problem is caused
by the hydrogen-bonding self association of 30, the introduction of protect-
ing groups which block the hydrogen bond at C(2)-NH2 and/or N(3)-H is
effective in preventing the problem. Several examples of protected biopterin
derivatives 56 [67] and 57, which are so easily soluble in common organic
solution that they can be applied to organic reactions, have been identified.
Protection on the 1′ and 2′ hydroxyl groups, such as dimethyl acetal derivative
58, is not effective in increasing solubility, however.

3.2
Enantioselective Synthesis of the Side Chain

In almost all procedures for various chiral 6-hydroxyalkylpterin derivatives as
well as those for biopterin (30) and neopterin (31), preparation of the chiral
building block for the C(6) substituent has been carried out using naturally
occurring sugar derivatives. This method is conceptually natural since the hy-
droxypropyl side chains of 30 and 31 are derived from D-ribose of guanosine
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triphosphate (GTP) in their biosyntheses. Generally, in chemical synthesis,
a C5 building unit is necessary to construct pterin with a hydroxypropyl side
chain and the remaining two carbons are converted to C(6) and C(7) of the
pterin ring. Therefore, as shown in Scheme 7, pentose derivatives with exact
chiral centers at the C(3) and C(4) positions are necessary to build up the
structures. Based on this viewpoint, either D-ribose (59) or D-arabinose (60),
both of which are readily available, is suitable to serve as the precursor of 31,
and indeed, 31 has been synthesized from 60 on a practical scale.

Scheme 7 Relation of biopterin and neopterin to sugars

However, it is rather difficult to search a library of natural sugars for an ap-
propriate sugar derivative for the synthesis of 30. It is necessary to find either
5-deoxy-L-arabinose (61) or 5-deoxy-L-ribose (62), neither of which is avail-
able from natural resources [69]. Chemical derivation from easily available
sugars is the only way to obtain 61 and 62,however, simple deoxygenation of
the terminal alcohol group from L-arabinose (63) and L-ribose (64) generally
requires a multi-step process. For example, the deoxygenative transformation
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Scheme 8 Deoxygenation of sugar

of 63 to 5-deoxy-L-arabinose (61) was carried out by multi-step reactions
including protection of the aldehyde terminal, tosylation of the terminal al-
cohol, hydride substitution by NaBH4 and deprotection of the aldehyde. This
method was applied to the synthesis of deuterium-labeled biopterin (X = D),
in which the reductive cleavage of the tosylate was carried out by NaBD4
(Scheme 8) [70]. In contrast, L-ribose, which is not obtained from natural
resources, is not suitable as a precursor for 5-deoxy-L-ribose (62). The pre-
cursor 62 could be synthesized from D-isomer 59 using C1 homologation with
a Grignard reagent followed by C1 cleavage, as illustrated in Scheme 9 [71].
In practice, to avoid such a complicated deoxygenation process, L-rhamnose
(65), which is a naturally occurring terminal deoxyhexose available on the
market, has been chosen as a suitable starting material for 30. The same chiral
structure that appears as the C(2)–C(4) unit of 62 is found in the C(3)–C(6)
region of 65. Therefore, the transformation of 65 to 62 can easily be car-
ried out by conversion of the terminal aldehyde to 1,1-disulfone followed by
C1 degradation under basic conditions, as shown in Scheme 10. Finally, the
5-deoxy-L-arabinose (62) thus obtained was converted to acetyl derivatives of
phenylhydrazone 66 when it was used in the synthesis of 30 [72–75].

Scheme 9 Preparation of L-deoxyribose

Scheme 10 Practical synthesis of 5-deoxy-L-arabinose
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Scheme 11 Examples for stereoselective synthesis of the side chain units

Various attempts to synthesize biopterin independent of naturally oc-
curring sugars have been carried out (Scheme 11). L-Tartalic acid and (S)-
lactic acid were converted to 5-deoxy-L-arabinose (62) and its derivative
(67), respectively [76–78]. However, these procedures required multiple
steps and cannot be replaced by the procedure using L-rahmnose (65). The
stereoselective process of biopterin 7-carboxylic acid (68) starting from E-2-
butenoic acid, which is a bulk industrial chemical, looked attractive because
the process is thoroughly independent of natural chiral resources, however, it
is not applicable to the synthesis of biopterin (30) [79].

3.3
Regioselective Formation of Biopterin by Pyrazine Ring Formation

The application of Gabriel–Coleman synthesis to the synthesis of biopterin
(30) is reliable, however, it has a serious problem in that the condensation
of the pyrimidine precursor with asymmetrically substituted sugar deriva-
tives is sometimes less regioselective or even nonregioselective. For example,
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it is generally possible to produce both isomeric 6-methylpterin (70) and
7-methylpterin (71) in the reaction of triaminopyrimidine 69 with methylgly-
oxal. Furthermore, the simple Gabriel–Coleman synthesis is not satisfactory
for the synthesis of 6-substituted pterin because the major product of the re-
action is 71 [80, 81]. There is a difference in the electron densities of the two
amino groups with respect to the condensation because the electron with-
drawing effects of pyrimidine are not identical (Scheme 12). The amino group
at the C(5) position is more electron-rich (nucleophilic) than that at the C(6)
position. When an asymmetrically substituted dicarbonyl compound, such as
2-ketopropanal, reacts with 69, the coupling between the more nucleophilic
NH2 at C(5) and the more electrophilic aldehyde preferably occurs in the first
step, giving the imine intermediate 72, which was cyclized to 71.

Scheme 12 Nonregioselective reaction

However, the fact that the coupling reaction between reactive amino and
carbonyl groups occurred preferably in the first stage suggests a valuable idea
for designing regioselective cyclization. In the precursor of the α-dicarbonyl
compound, if the carbonyl group which is converted to the C(6) carbon
is more reactive than the other, cyclization would selectively proceed to
the 6-substituted pterin. Indeed, a regioselective reaction of 73 with 2,3,4-
pentantrione (74) (Scheme 13) occurred to give 6-acetyl-7-methylpteridine
(75), which was used as a precursor in methanopterin synthesis [82]. Here,

Scheme 13 Regioselective pterin formation
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the coupling reaction of electron-rich NH2 on C(5) with the most electron-
deficient carbon (C(3)) was preferable to afford the intermediate.

Based on this concept, various equivalents for the α-dicarbonyl com-
pounds were used. Among them, phenylhydrazone derivatives of sugars were
identified as particularly important precursors for the synthesis of natu-
rally occurring 6-substituted pterins because they could be easily prepared
from optically active sugars. In practice, large-scale syntheses of biopterin
(30) and neopterin (31) were accomplished by Gabriel–Coleman synthesis
using phenylhydrazone derivatives of the corresponding pentose. The reac-
tion proceeded regioselectively and the mechanism was explained by the
following intramolecular rearrangement (Scheme 14). The hydrazone 66 was
rearranged to α-aminoketone derivative 76 (Amadori rearrangement) and
the pterin-forming condensation initiated from the coupling reaction with
76 gave the imine intermediate 77. Tautomeric rearrangement in 77 afforded
phenylhydrazone again, and this was cyclized to the 5,6-dihydropterin deriva-
tive 78 [72–75]. The acetyl groups of 66 were used to prevent side-chain
cleavage during the cyclization.

Scheme 14 Selective ring formation of biopterin

α,β-Epoxyaldehyde (79), a modified sugar derivative, could be used in
Gabriel–Coleman-type cyclization instead of α-ketoaldehyde because the
epoxide group was rather electrophilic [83]. Based on the mechanism of
Gabriel–Coleman synthesis, the major cyclization product of protected
pyrimidine 80 with 79 was expected to be 7-substituted pteridine. However,
as shown in Scheme 15, the reaction regioselectively gave the 6-substituted
pteridine, 5,6-dihydro-6-1′-hydroxyalkylpteridine (81), which existed as the
tetrahydropteridine derivative of the methanol adduct (82). Oxidation of 81
by treatment with iodine and formic acid, followed by deprotection by aque-
ous NaOH, gave 6-hydroxyalkylpterin (83) [84].
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Scheme 15 Pterin-forming condensation with epoxyaldehyde

In the first step of the reaction, the predicted coupling reaction between
the reactive centers, C(5)–NH2 and aldehyde, occurred to give 84. Because
the nucleophilicity of C(6)–NH2 is not strong enough to induce the ring-
opening attack to 84, nucleophilic addition of the amino group to the C = N
bond occurred instead, yielding the tetrahydropurin intermediate 85. The iso-
meric imine intermediate 86 was formed by the ring opening of 85 and the
pteridine-forming ring-opening by reactive C(5)–NH2 gave 81. This reaction
was applied to the synthesis of biopterin (30), as shown in Scheme 16 [84].

Scheme 16 Synthesis of biopterin
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The optically active precursor 87 was prepared by combination of usual syn-
thetic transformations and the butyl protective group which could be easily
removed by alkaline hydrolysis made the substrate and intermediates soluble
in organic solvents and applicable to usual purification by silica-gel column
chromatography. Therefore, there are various opportunities to apply modern
synthetic reactions to this pteridine synthesis.

Since nitroso and nitro group were considered to be precursors of amino
groups, nitrosopyrimidine and nitropyrimidine were employed to the re-
gioselective synthesis of pterin through stepwise pyrazine ring formation
(Scheme 17) [85]. The reaction of 6-amino-5-nitrosopyrimidine (88) with
phenylacetaldehyde in the presence of base was carried out through step-
wise pyrazine ring formation to selectively give 6-phenylpterin derivative 89.
Here, the reactive amino group, C(5)–NH2, of the pyrimidine substrate was
masked, and the first coupling occurred between C(6)–NH2 and aldehyde
to give the intermediate 90. In the second step, the condensation of the ac-
tive methylene group with the nitroso group in 90 regioselectively yielded
89 [86]. Because of the existence of a strongly electron-withdrawing nitro
group, the N(8) nitrogen atom of pteridine was brought to the pyrimidine
by nucleophilic C – N bond-forming substitution. The reaction of 6-chloro-5-
nitropyrimidine 91 with α-aminoketone 92 afforded the 6-aminopyrimidine
intermediate 93, and the reduction of the nitro group of 93 (X = O) to the
amino group (X = H) followed by C= N bond-forming cyclization gave 6-
substituted 7,8-dihydropteridine 94 [87].

Scheme 17 Regioselective pterin formation

Stepwise pyrazine ring-formation using 5-nitropyrimidine was applied to
the synthesis of 4a-hydroxytetrahydrobiopterin (95), which is an interesting
intermediate in the metabolism of aromatic amino acids (see Sect. 5.2). As
illustrated in Scheme 18, the 5-aminopyrimidine 97 prepared from chloroni-
tropyrimidine 96 by nucleophilic substitution followed by catalytic hydro-
genation was oxidized under acidic conditions to o-quinone derivative 98.
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Scheme 18 Synthesis of 4a-hydroxytetrahydrobiopterin

Finally, the intramolecular cyclization of 98 under basic conditions gave 95
and its 6-methyl and propyl derivatives [88, 89].

3.4
Synthesis of Pterin by Pyrimidine Ring Formation

Pyrimidine-forming condensation in pyrazine intermediates is another pteri-
dine synthetic method (Eq. 6) [90, 91]. It is important for this method to
selectively prepare asymmetrically substituted pyrazine precursors 99 suit-
able for 6-substituted pteridine. Similar methods, which were used in the
regioselective Gabriel–Coleman synthesis, were employed in the synthesis of
the precursor. For example, the pyrazine precursor 100 of (1′R,2′R)-neopterin
(37) synthesis was selectively prepared from D-xylose (Scheme 19) [92]. The
reaction of α-ketooxime 101 with aminocyanoacetate followed by the reduc-
tion of pyrazine N-oxide 102 gave 100. The cyclization of 100 with diethyl
acetal of urea afforded 37. The significance of this procedure was not clear in
the practical synthesis of biopterin (30), however, pyrimidine ring formation
methods have been used for the syntheses of biologically interesting pteri-
dine derivatives. For example, urothion (29) and its related compound were
synthesized from 103 by the reaction with guanidine (Scheme 20) [93, 94].

Equation 6



152 S. Murata et al.

Scheme 19 Pyrimidine ring formation

Scheme 20 Synthesis of urothion

The palladium (II)-catalyzed coupling reaction of bromopyrazine deriva-
tive 104 with acetylene derivatives afforded the corresponding alkynylpyr-
azine intermediates 105, which were transformed to 6-alkynylpterin 107
through 106. The acetylene derivative reacted with 6-chloropterin 108 under
similar conditions to give 107 (Scheme 21) [95–98]. 6-Alkynylpterin 109 was

Scheme 21 Synthesis of 6-alkynylpterin using palladium catalyzed coupling
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Scheme 22 Synthesis of molybdenum cofactor

converted to 111 and 112, which are model compounds of molybdenum co-
factor (24), by the action of the η5-cyclopentadiene complex of molybdenum
110 (Scheme 22). Similarly, the related compounds 113 and 114 were synthe-
sized from 109. The palladium-catalyzed coupling reaction was employed to
the synthesis of antifolate DDATHF (19).

3.5
Stereoselective Reduction of Biopterin to (6R)-Tetrahydrobiopterin

The reduction of pteridine to tetrahydropteridine was generally carried out
by the action of various chemical reductants, such as NaBH4 and LiAlH4,
and catalytic hydrogenation over palladium or platinum. In order to increase
the biological usefulness of (6R)-tetrahydrobiopterin (43) for the purpose of
pharmaceutical and clinical use, a provision of large amounts of isomeri-
cally pure 43 is required. Only 2 methods exist, neither of which is suitable
to prepare isomerically pure 43 from biopterin (30) on a large scale. (6R)-
and (6S)-tetrahydrobiopterin, 43 and 115, respectively, can be separated by
HPLC using a strong cation-exchange column [60, 62, 99]. Another possibil-
ity is stepwise reduction through 7,8-dihydrobiopterin (44), which is known
to be an intermediate in the reduction process of 30. Dihydropterin 44 can
be isolated when the reduction is carried out under milder conditions, such
as under Zn/aq. NaOH or NaS2O3 [100], and further reduction to 43 was
performed by enzymatic reduction with DHFR (Scheme 23) [55, 57, 101].
Due to the poor solubility and high instability of 30, reduction to tetrahy-
drobiopterin was used to carry out the reaction in aqueous acidic solution.
Although the yield of the hydrogenation of 30 was generally high, the stereo-
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Scheme 23 Reduction of biopterin

selectivity was not satisfactory. For example, catalytic hydrogenation of 30
under an atmospheric pressure of hydrogen over PtO2 at pH 2 gave a mix-
ture of 43 and 115 at a ration of ca. 2 : 1 [102]. The catalytic hydrogenation
under basic conditions was not taken into consideration to a significant ex-
tent because the conditions retard the rate of reduction while accelerating the
oxidative degradation of the product. However, the R/S stereoselectivity was
significantly improved when catalytic hydrogenation over PtO2 was carried
out in a basic solution. In an alkaline phosphate buffer solution (pH 10.8), 30
was reduced to 43 at 8 : 1 selectivity and a large amount of isomerically pure
(6R)-tetrahydrobiopterin was obtained as crystals of diammonium salt (47)
upon treatment with HCl (Scheme 24) [60].

Scheme 24 Practical synthesis of biopterin

3.6
Quinonoid Dihydrobiopterin and 4a-Hydroxytetrahydrobiopterin

Quinonoid (6R)-dihydrobiopterin (45) was expected to be a labile com-
pound which readily isomerizes to 7,8-dihydrobiopterin (44). When a so-
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lution of (6R)-tetrahydrobiopterin (43) in high concentration was oxidized
by the action of hydrogen peroxide and potassium iodide in the presence
of hydrochloric acid, 45 precipitated out as ammonium salt [103, 104]. De-
spite the expected instability, the 45 thus obtained was so stable in the
solid phase that it could be stored for long periods. However, it decom-
posed immediately when it was dissolved in a buffer solution. Depending
on the pH of the solution, there were 3 major decomposition processes of
45, as given in Scheme 25. The expected isomerization to 44 was observed
as the major pathway only under neutral conditions. Under basic condi-
tions, the formation of pterin 4 was predominant over isomerization to 44,
and this degradation contributed significantly to the Fukushima–Nixon HPLC
method mentioned above in Sect. 2.2. The disproportionation of 45 to an
equimolar mixture of 30 and 43 occurred at pH 3.5. The reduction of 45
to 43 was carried out not only by the action of the enzyme (Sect. 5.2), but
also nonenzymatically by common chemical reducing agents such as NaBH4,
ascorbic acid and NADH. Since the isomerization of 43 to the epimer 115
was not observed, the chemical reduction was deemed to have occurred
not from 44 but directly from 45. In a solution of NaHSO3, 45 was stabi-
lized as the adduct 116, and 45 was recovered when HSO3

– was removed
by oxidation.

Scheme 25 Quinonoid dihydrobiopterin
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Scheme 26 Quinonoid dihydrobiopterin and 4a-hydroxytetrahydrobiopterin

In combination with the findings on quinonoid (6R)-dihydrobiopterin
(45), the success of the preparation of the other key intermediate, 4a-
hydroxytetrahydrobiopterin (96), with a short lifetime contributed to the
investigation on the aromatic amino acid hydroxylation process (Sect. 4.1)
[88, 89, 104]. Under basic conditions, the precursor 98 cyclized to 96, and

the degradation of 96 to 44 proceeded through 45 and the tetrahydropterin
derivative 117 (Scheme 26). The fact that the first dehydroxylation step of
the degradation, 96 to 45, readily occurred nonenzymatically together with
the structural resemblance in 96, 116 and 117 would suggest new targets for
chemical investigation.

3.7
Sepiapterin and (6R)-Pyruvoyltetrahydropterin

Sepiapterin (118) was isolated from various insects such as Drosophia
melanogaster, Bombyx mori and Lucilia cuprina as a yellow eye pigment and
its structure was determined as (R)-7,8-dihydro-6-lactoylpterin [105–111].
Related 6-acyl-7,8-dihydropterin derivatives such as deoxysepiapterin (119)
and sepiapterin-C (120) were isolated together with 118 [108, 112]. Because
118 is a side-product in biosynthesis of (6R)-tetrahydrobiopterin (43), 118
are distributed over almost all animals. Chemical synthesis of sepiapterin
(118) was incidentally performed by air oxidation of 43 [111, 113, 114], while
to carry out systematic synthesis of 6-acyl-7,8-dihydropterin as well as 118,
was rather difficult. For example, only a few methods of describing the syn-
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thesis of 119 and 120 exist. 6-Acyl-7,8-dihydropterin was synthesized by the
partial reduction (see Sect. 3.5) of the aromatic derivative (121), which was
prepared by the following methods: acylation of pterin and oxidation of 6-
hydroxyalkylpterin. The acylation of pterin was performed by reaction with
α-ketobutyric acid in the presence of thiamine [115] or with propanal under
radical conditions (Scheme 27) [116], and it is necessary for regioselective
acylation to block the undesired C(7) position. On the other hand, chemos-
elective oxidation of the hydroxyalkyl group to the acyl group was difficult,
because there are many possibilities in oxidation of 6-hydroxyalkylpterin,
e.g., side-chain cleavage and formation of N-oxides. Ruthenium(IV) cat-
alyzed oxidation of 6-hydroxyalkylpteridines (81) selectively proceeded to
give 6-acylpteridines (122), which were transformed to 121 and 123 [117].

Scheme 27 Synthesis of deoxysepiapterin

Sequential keto-enol tautomeric isomerization (Eq. 7) could convert 118 to
the tetrahydropterin derivative, the structure of which is widely accepted as
(6R)-pyruvoyltetrahydropterin (124). Contrary to the importance of 124 in
the biosynthesis of tetrahydrobiopterin (43) (Sect. 5.1), thus far, only a few
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Equation 7

chemical investigations on 124 prepared in situ by an enzymatic method have
been carried out by only using biochemical and analytical (HPLC, NMR and
MS) methods [118–121]. Since either synthesis or isolation of 124 has not
been successful, chemical properties and the proposed structures of these
compounds are unclear. Theoretical studies on 124 predicted the structure
and stability, and the potential of 124 is only slightly higher than the tau-
tomeric isomer, sepiapterin (118) [3, 118].

4
Biological Action of (6R)-Tetrahydrobiopterin (BH4)

4.1
BH4 as a Cofactor for Aromatic Amino Acid Hydroxylase

One of the best characterized physiological functions of (6R)-tetrahydrobio-
pterin (BH4, 43) is the action as a cofactor for aromatic amino acid hy-
droxylases (Scheme 28). There are three types of aromatic amino acid
hydroxylases; phenylalanine hydroxylase [PAH; phenylalanine monooxyge-
nase (EC 1.14.16.1)], tyrosine hydroxylase [TH; tyrosine monooxygenase
(EC 1.14.16.2)] and tryptophan hydroxylase [TPH; tryptophan monooxy-
genase (EC 1.14.16.4)]. PAH converts L-phenylalanine (125) to L-tyrosine
(126), a reaction important for the catabolism of excess phenylalanine taken
from the diet. TH and TPH catalyze the first step in the biosyntheses of
catecholamines and serotonin, respectively. Catecholamines, i.e., dopamine,
noradrenaline and adrenaline, and serotonin, are important neurotrans-
mitters and hormones. TH hydroxylates L-tyrosine (126) to form L-DOPA
(3,4-dihydroxyphenylalanine, 127), and TPH catalyzes the hydroxylation of
L-tryptophan (128) to 5-hydroxytryptophan (129). The hydroxylated prod-
ucts, 127 and 129, are decarboxylated by the action of aromatic amino acid
decarboxylase to dopamine (130) and serotonin (131), respectively.

In 2003, Walther and Bader discovered a new TPH isoform from the study
on TPH–/– mice (mice genetically deficient in TPH) [123, 124]. They found
the amount of serotonin in the brain of homozygous TPH–/– mice was un-
changed, although, the amounts of serotonin in the peripheral tissues were
almost depleted in the knockout mice. They searched another TPH in the
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Scheme 28 (6R)-Tetrahydrobiopterin in hydroxylation of aromatic amino acids

mouse genome through the sequence homology with the previously iden-
tified TPH (now called TPH1), and found a brain-specific isoform of TPH,
referred to as TPH2. Human TPH1 and TPH2 share 72% sequence homology
and have high sequence identity within the COOH-terminal catalytic domain.

PAH, TH and TPH are highly homologous enzymes. These enzymes cat-
alyze a hydroxylation reaction of aromatic amino acids that requires reduced
pterin cofactor 43, molecular oxygen, and iron (Scheme 28). Iron is present at
the active sites of the enzymes. Ferrous iron (Fe(II)) is essential for the catal-
ysis, although, the iron was found to be in the ferric form (Fe(III)) when the
enzymes were purified from tissues or cells. The ferric iron at the active site of
the enzymes was found to be reduced to the ferrous form by BH4 [125]. Thus,
BH4 serves a bi-functional role for aromatic amino acid hydroxylases; one is
the reduction of iron at the active sites from the ferric form to the ferrous
form and the other is an electron donor for the hydroxylation reaction.
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4.2
BH4 as a Cofactor for Nitric Oxide Synthase

In 1989, BH4 was found to be a cofactor for nitric oxide synthase (NOS) [126,
127]. BH4 is also involved in dimerization of NOS, as NOS is catalytically ac-
tive in a homodimer structure. Three isoforms of NOS exist; neuronal NOS
(NOS 1), inducible NOS (NOS 2) and endothelial NOS (NOS 3). BH4 is es-
sential for all NOS isoforms. The NOS isoforms share approximately 50–60%
sequence homology. Each NOS polypeptide is comprised of oxygenase and
reductase domains. An N-terminal oxygenase domain contains iron proto-
porphyrin IX (heme), BH4 and an arginine binding site, and a C-terminal
reductase domain contains flavin mononucleotide (FMN), and a reduced
nicotin-amide adenine dinucleotide phosphate (NADPH) binding site.

NOS catalyzes two sequential monooxygenase reactions. First, NOS hy-
droxylates L-arginine (132) to generate an enzyme-bound intermediate,
N-hydroxy-L-arginine (133). Then, 133 is further oxidized to generate nitric
oxide (·NO) and citrulline (134) [128] (Scheme 29).

Scheme 29 The reaction catalyzed by NO synthase

Affinities between NOSs and BH4 are stronger than those between aro-
matic amino acid hydroxylases and BH4, so the purified NOS from animal
tissues still contain 0.2–0.5 BH4 molecules per heme moiety [128]. BH4
tightly binds to endothelial and neural NOSs with dissociation constants in
the nanomolar range, and this binding is reported to stabilize the dimeric
structure of NOS [129–131], whereas aromatic amino acid hydroxylases do
not have BH4 in the proteins. BH4 functions as a one electron donor to
a heme-dioxy enzyme intermediate. The BH4 radical remains bound in NOS
and is subsequently reduced back to BH4 by an electron provided by the NOS
reductase domain [128].

4.3
BH4-Dependent Regulation of the TH Protein

Sumi-Ichinose et al. found that the TH protein content in the brain, especially
at the nerve terminals, was significantly decreased in BH4-deficient mice pro-
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duced by disruption of the second gene for the biosynthesis of BH4 [132].
Interestingly, the protein amount of TPH, which, like TH, utilizes BH4 as
a cofactor, was unaffected. The TH protein level was recovered by repeated
administration of BH4. The findings suggested that the intracellular concen-
tration of BH4 regulates the level of TH protein in the cell.

Urano et al. found that preincubation of recombinant human TH with
a nearly stoichiometric amount of BH4 resulted in irreversible inactivation
of TH in spite of its cofactor role, whereas oxidized biopterin, which has no
cofactor activity, did not affect the enzyme activity [133]. They showed that
TH was inactivated by BH4 in competition with the binding of dopamine at
concentrations far less than the Km value toward BH4. Sequential addition
of BH4 to TH resulted in a gradual decrease in the intensity of the fluores-
cence and CD spectra without changing their entire profiles. Sedimentation
analysis demonstrated the association of TH molecules with each other in
the presence of BH4, and studies using gel-permeation chromatography, tur-
bidity measurements and transmission electron microscopy demonstrated
the formation of amorphous aggregates with a large molecular weight fol-
lowing the association of the TH proteins. The results suggest that BH4
greatly accelerates the aggregation of TH at concentrations less than the Km
value [133].

BH4 acts bifunctionally in the reaction with TH. One function is the
reduction of iron at the active site from the ferric to the ferrous state
and the other is hydroxylation of the substrate by acting as an electron
donor [125, 134]. The TH and ferric iron complex, designated as TH-Fe(III)
in Scheme 30, reacts with both catecholamines and BH4. Because the affinity
for both compounds is comparable in magnitude, their intracellular concen-

Scheme 30 Proposed mechanism for regulating the amount of TH protein by BH4 and
catecholamines
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trations would be important determinants for the fate of TH-Fe(III). When
TH-Fe(III) reacts with catecholamine, the complex is stable and protected
from pterin-mediated inactivation until TH is phosphorylated. When TH-
Fe(III) reacts with BH4, ferric iron is reduced to its ferrous form and ready
for the catalytic reaction. At this point, if the intracellular BH4 concentra-
tion ([BH4]) is high enough for the reaction, [BH4] > ∼ Km, TH catalyzes
the hydroxylation reaction, generating DOPA from tyrosine (Scheme 30).
Because the Km values of phosphorylated TH toward BH4 were shown to
be around 10–30 µM [135, 136], more than 10 µM BH4 would be neces-
sary for efficient catalysis. Indeed, the intracellular concentration of BH4
in the striatum was assumed to be approximately 10 µM, i.e., around the
Km value [137]. When the concentration of catecholamine becomes high
enough to bind to the iron at the active site, TH would form a stable com-
plex with dopamine, thus halting the catalytic reaction. However, when the
BH4 synthesis is suppressed and the concentration of BH4 is decreased to
less than the Km value, [BH4] < Km, the hydroxylation reaction hardly pro-
ceeds. Since BH4 can still react with TH to make the unstable complex
TH-Fe(II), even at a concentration less than the Km value, the TH protein
would be inactivated and aggregated. This aggregated TH would be degraded
rapidly in the cell, most likely by the ubiquitin-proteasome system [138]
or it may accumulate as insoluble aggregates. As a result, the amount of
TH protein would be decreased when the intracellular concentration of BH4
is decreased.

5
Biosynthesis of BH4 and Related Metabolic Processes

5.1
The de novo Pathway

BH4 is synthesized in vivo by three sequential reactions by GTP cyclo-
hydrolase I (GCH; EC 3.5.4.16), pyruvoyltetrahydropterin synthase (PTPS;
EC 4.6.1.10), and sepiapterin reductase (SPR; EC 1.1.1.153) (Scheme 31).

GCH catalyses the hydrolytic release of formate from GTP (135) followed
by cyclization to dihydroneopterin triphosphate (136) [139]. GCH is the rate-
limiting enzyme for the biosynthesis of BH4 (43), and the cellular BH4 con-
tent is regulated mainly by the activity of this enzyme.

Various hormones and cytokines are known to induce the expression of
the GCH gene in neural, lymphocytic and endothelial cells, and in different
cell lines, resulting in an increased BH4 content [140–144]. At the post-
transcriptional level, BH4 was shown to inhibit, and phenylalanine to stim-
ulate, GCH activity through interaction with GFRP, a GTP cyclohydrolase I
feedback regulatory protein [145]. GCH, which is a homodecameric protein,
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Scheme 31 Biosynthesis of tetrahydrobiopterin from GTP

shows positive cooperativity against the GTP substrate [146] and phenylalan-
ine changes the substrate velocity curve from sigmoidal to hyperbolic [147].
By crystallographic analysis using purified Escherichia coli enzyme [148] and
an N-terminally truncated form of the recombinant human enzyme [149],
Zn(II) was shown to be bound to the active center of the homodecameric
GCH enzyme.

Suzuki et al. examined the effect of various divalent cations on puri-
fied recombinant human GCH expressed in Escherichia coli to clarify the
molecular mechanism of action of divalent cations on the GCH enzymatic
activity [150]. They demonstrated that GCH utilizes metal-free GTP as the
substrate for the enzyme reaction. Inhibition of the GCH activity by divalent
cations such as Mg(II) and Zn(II) was due to a reduction in the concentra-
tion of metal-free GTP substrate by complex formation. Many nucleotide-
hydrolyzing enzymes such as G proteins and kinases recognize Mg-GTP or
Mg-ATP complex as their substrate. In contrast with these enzymes, Suzuki
et al. demonstrated that GCH activity is dependent on the concentration of
Mg-free GTP [150].

5.2
Recycling Pathway

BH4 is converted to 4a-hydroxytetrahydrobiopterin (95) with incorporating
one atom of dioxygen in the C(4a) position of pterin by the hydroxylation
reaction catalyzed by aromatic amino acid hydroxylases (Scheme 32). The for-
mation of 95 was observed in the reaction catalyzed by all three hydroxylases
using UV spectroscopy [151]. Dehydration of 95 was carried out by the action
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Scheme 32 Recycling pathway of tetrahydrobiopterin

of pterin 4a-carbinolamine dehydratase (PCD; EC 4.2.1.96) to give quinonoid
dihydrobiopterin (45), and 45 is reduced to BH4 by dihydropteridine reduc-
tase (DHPR; EC 1.6.99.7).

PCD deficient patients excrete 7-biopterin (137), called primaterin, in their
urine [152–154], which had not been observed in normal mammals. The
mechanism of the 7-substituted pterin synthesis from 6-substitute has been
proposed [155, 156] (Scheme 33). When 95 is rapidly dehydrated to 45 via
PCD, the dihydroxypropyl side chain of 95 is retained at its 6-position. How-
ever, in the absence of PCD activity, the rate of conversion of unstable 95
is slow. Therefore, its pyrazine ring is opened to give 98, and recyclization
of 98 to the 7-substituted pterin derivative proceeds via spiro intermedi-
ate 138 [89, 156].

Scheme 33 Mechanism of isomerization to 7-biopterin



Tetrahydrobiopterin and Related Biologically Important Pterins 165

6
Deficiency of BH4

6.1
Malignant-Type Hyperphenylalaninemia

Two types of inherited disorders caused by mutations of genes related to BH4
are known. Autosomal dominant mutations in the GCH gene are causative for
DOPA-responsive dystonia (DRD) [157, 158]. Malignant hyperphenylalanine-
mia or atypical phenylketonuria (PKU) is caused by recessive mutations of
genes encoding BH4-biosynthetic or recycling enzymes [159].

Most of hyperphenylalaninemia are caused by a mutation in the PAH gene.
About 5% of hyperphenylalaninemia is caused by genetic defects in the BH4-
metabolizing enzymes, and called malignant-type or atypical hyperpheny-
lalaninemia. Patients with malignant-type hyperphenylalaninemia develop
neurological symptoms due to deficiency of catecholamines and serotonin,
as well as hyperphenylalaninemia. For example, patients with GTP cyclohy-
drolase deficiency show severe retardation of development, severe muscular
hypotonia of the trunk and hypertonia of extremities, convulsions, and fre-
quent episodes of hyperthermis without infection [160, 161].

6.2
Dopa-Responsive Dystonia

DOPA-responsive dystonia (DRD) is a disorder characterized by childhood or
adolescent onset dystonia and by the dramatic response to low-dose L-DOPA,
a precursor of dopamine. DRD is a hereditary disorder in an autosomal dom-
inant trait with reduced penetrance, and constitutes approximately 5 to 10%
of primary dystonia in childhood and adolescence. DRD is caused by the dys-
function of nigro-striatal dopaminergic neurons, as indicated by the dramatic
effect of L-DOPA. Although Parkinson’s disease is also caused by the dysfunc-
tion of nigro-striatal dopaminergic neurons due to the degeneration of the
dopaminergic neurons, the differences in symptoms, i.e. dystonia in DRD and
parkinsonism in Parkinson’s disease, has not yet been clarified.

Ichinose et al. cloned the human GCH gene and mapped the gene to chro-
mosome 14q22.1–q22.2 within the DRD locus, which had been identified
by linkage analysis [162]. They proved that the GCH gene is the causative
gene for DRD based on the identification of mutations of the gene in the
patients and decreases in the enzyme activity expressed in mononuclear
blood cells [163]. About 100 different mutations (missense, nonsense and
frameshift mutations) in the coding region or in the exon-intron junctions
of the GCH gene have been reported in patients with DRD all over the
world. Up-to-date information on mutations found in BH4-synthesizing en-
zymes is tabulated in a BIOMDB database [164]. DRD patients were heterozy-



166 S. Murata et al.

gous in terms of the mutations, bearing both a mutated gene and a normal
gene.

The findings demonstrated that DRD is caused by a partial BH4 deficiency
in the brain. In general, disorders caused by an inborn error of metabolism
show recessive inheritance, as half of the enzyme activity is usually sufficient
enough to maintain homeostasis in vivo. To the contrary, DRD is a domin-
ant disorder with low penetrance, even though the causative gene for DRD
is that for an enzyme, GCH. The marked decrease (to approximately 20% of
controls) in the neopterin content in the CSF (cerebrospinal fluid) from DRD
patients suggests that GCH activity in the brain of DRD patients is also about
20% of that for normal individuals. Because neopterin is a metabolite of dihy-
droneopterin triphosphate, the product of GCH, the neopterin content in the
CSF is thought to reflect the GCH activity in the brain.

Genetic analysis of DRD families has proved the presence of asymptomatic
carriers, who have the same mutations as the patients. Therefore, there
must be some unknown biochemical difference between patients and asymp-
tomatic carriers. Takahashi et al. reported that the CSF of an asymptomatic
carrier showed a higher neopterin level than that of patients [165], although
this was the only case examined. The observation supports the idea that GCH
activity in the brain is an important factor in the development of DRD symp-
toms. It seems to be essential that GCH activity in the brain must decrease to
less than 20% of the normal level to cause the symptoms shown in DRD. In-
terestingly, it is known that there must be an 80% loss of striatal dopamine
content before the symptoms appear in Parkinson’s disease [166]. In accor-
dance with this concept, mutations in the GCH gene and a decrease in the
dopamine and BH4 levels in the striatum to less than 20% of the normal
values were confirmed in one autopsy case of DRD [166]. Thus, dopamine
deficiency in DRD patients was shown to be caused by mutated GCH, re-
duced GCH activity, a low BH4 content, and low TH activity [163]. The results
suggest high susceptibility of the nigrostriatal dopaminergic neurons to a de-
ficiency of BH4 and dopamine. In other words, dystonia-parkinsonism would
be the first symptom when BH4 is gradually depleted in the brain.
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Abstract Phosphoric acid esters, phosphates, have three P – O bonds around the central
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phosphinates, and phosphine oxides. Phospha sugar is a pseudo-sugar whose hemiacetal
ring of the sugar contains a phosphorus atom with a C – P – C bond in the heterocycle,
and is not yet found in nature. Research on phosphorus heterocycles is not as popular as
that on nitrogen heterocycles, nevertheless the research is quite challenging.

Keywords Phospha sugar · Phosphorus heterocycle · P – C compound · Phospholene ·
Phospholane

1
Introduction

A large number of phosphorus compounds possess P – O bond(s) as phos-
phate esters (e.g., DNA, RNA, ATP, phospholipids, etc.) and these phosphates
play important roles in living systems. Unlike a P – O bond, a P – C bond
constructs phosphorus molecules, which are relatively reduced molecules
compared to compounds constructed with a P – O bond. Both of the two
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Fig. 1 Biologically active phosphorus–carbon (P–C) bonded compounds (Fosfomycin and
Bialaphos)

types of phosphorus components are often found in nature, for example,
phospholipids (such as phosphorylchorine) and phosphonolipids are found
in cell membranes. 2-Aminoethylphosphonic acid, one of the naturally occur-
ring P – C compounds, was first found by Kandatsu and Horiguchi in 1959 [1]
when the chemistry and biochemistry of P – C bonded compounds started.
P – C bonded compounds must play important roles in living systems, nev-
ertheless there have not been enough studies on P – C compounds, especially
cyclic compounds with a P – C bond.

Among P – C bonded compounds, Fosfomycin and Bialaphos are well
known (Fig. 1). They are obtained from fermentation broth and act as antibi-
otics and herbicides.

In the field of carbohydrates, besides normal sugars (such as glucose,
ribose, etc.), pseudo-sugars are also naturally occurring sugar analogues.
Pseudo-sugars contain a carbon (carba sugars), nitrogen (aza sugars), sul-
fur (thia sugars), etc., instead of an oxygen atom in the hemiacetal ring of
monosaccharides and have important biological activities. Replacement of
the oxygen atom of sugars (represented in the Haworth equation) by a phos-
phorus atom gives other pseudo-sugars named phospha sugars, which have
a C – P – C bond. However, phospha sugars are not found in nature as are
carba, aza, and thia sugars. Nevertheless, phospha sugars present a challenge
for developing new carbohydrate chemistries and for finding new biologically
important materials.

This chapter focuses on the preparation, structure, and biological prop-
erties of heterocycles of a C – P ring system having a C – P – C bond and
a C – P – O bond.

2
Aliphatic Phosphorus Heterocycles with a C – P – C Ring

2.1
Four-, Five-, and Six-Membered Aliphatic Rings (Smaller Than Six-Membered)

Phosphorinic, phospholanic, and phosphetanic acids are four-, five-, and six-
membered phosphorus heterocycles, respectively, with a cyclic phosphinic
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acid structure where a C – P – C bond forms the heterocycle. Ethyl phosphori-
nate is prepared by the reaction of 1,3-dibromopropane and magnesium with
ethyl phosphorodichloridate by the two-step intramolecular Grignard coup-
ling reaction in 43% yield. The hydrolysis of the ethyl ester with concentrated
hydrochloric acid produces phosphorinic acid in 74% yield. The same reac-
tion procedure produces phospholanic and phosphetanic acids 1–3 via ethyl
esters 4–6 (Scheme 1) [2].

Scheme 1 Production of phospholanic and phosphetanic acids 1–3 via ethyl esters 4–6

Reaction of dialkyl arylphosphonites or dialkyl alkylphosphonites with
two molar equivalents of dimethyl acetylenedicarboxylate, through an ana-
logous pathway to the reaction of trimethyl phosphate with the acetylenedi-
carboxylate, proceeds smoothly for 30 min at –70 ◦C to give phosphorus ylide
7 initially in almost quantitative yield. The ylide (31P NMR: δP 69.8 ppm)
converts to affords the λ5-phosphole 8, and then to cyclic ylide 9. Addition
reaction of hydrogen bromide to the λ5-phosphole 8 at –70 ◦C occurs for
dealkylation of the λ5-phosphole giving the oxo-phosphole 10 (δP 38.7 ppm)
(Scheme 2) [3].

1,6-Dihydrophosphinine derivatives 12 are prepared from 3-methyl-3-
phospholene 1-oxides 11 by an oxidative ring opening reaction with ozone
and a ring-forming intramolecular aldol reaction. The diene in the het-
erocyles of 1,6-dihydrophosphine derivatives reacts with alkyes (such as
dimethyl acetylenedicarboxylate (DMAD)) or maleic anhydride (MA) to pro-
duce bicyclic systems of phosphorus heterocycles of 2-phosphabicyclo[2.2.2]
oct-5-ene and 2-phosphabicyclo[2.2.2]octa-5,7-diene 2-oxide ring systems 13
(DMAD) or 13 (MA), respectively (Scheme 3).

From the bicyclic phosphorus heterocycles, highly reactive species Me-P=
CH2 and Ph-P= CH2 are generated by retro Diels–Alder reaction via reduc-
tion of phosphorus(V) to reduced phosphorus(III) of the heterocycles 14 on
treatment with trichlorosilane (Scheme 4).

The 3-phospholene 1-oxide derivative is a potential heterocycle for easily
producing chemically modified phosphorus heterocycles because the com-
pound possesses a reactive C=C double bond, allylic methylene, an electron-
deficient methylene group α-positioned to phosphorus, etc. 4-Chloro-1,6-
dihydrophosphinie derivatives 16A and 16B are prepared from dichloro-
carbene adducts 15 with 1-(R)-3-ethylphospholene 1-oxide (Scheme 5) [4].
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Scheme 2 Preparation of cyclic ylide 9 and oxo-phosphole 10

Scheme 3 Preparation of 13 (DMAD) and 13 (MA) from 3-methyl-3-phospholene 1-oxides
11
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Scheme 4 Generation of highly reactive species Me-P= CH2 and Ph-P= CH2

Scheme 5 Preparation of 4-chloro-1,6-dihydrophosphinie derivatives 16A and 16B

Me-P= CH2 is a reactive phosphine and the freshly prepared species reacts
with isoprene to give Diels–Alder adducts of phophinines with six-membered
phosphorus heterocycles 17–20 (Scheme 6).

The ring enlargement reaction of 3-phospholenes is separately reported by
using phase transfer catalyst, then convenient preparation of 1-alkyl-1,2-di-

Scheme 6 Reaction of Me-P= CH2 with isoprene to give Diels–Alder adducts of
phophinines with phosphorus heterocycles 17–20
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and 1,2,3,6-tetrahydrophosphinine 1-oxides (via thermolysis of the adduct)
and cyclopropane ring opening (effected by silver nitrate) of 3-phospholene
with dichlorocarbine intermediate [5, 6].

Regioisomeric 1,2-dihydrophosphinine 1-oxides 21A, 21B, and 24 undergo
the Diels–Alder cyclization with dimethyl acetylenedicarboxylate (DMAD) to
give 2-phosphabicyclo[2.2.2]octane derivatives 22A, 22B, and 25 (Schemes 7
and 8). The 1,2-dihydrophosphinine 1-oxides 26 react with phenylmaleimide
to give the corresponding tricyclic heterocycles 27 (four isomers) (Scheme 9).

Scheme 7 Regioisomeric 1,2-dihydrophosphinine 1-oxides 21A and 21B undergo the
Diels–Alder cyclization with DMAD to give 22A and 22B

Scheme 8 Reaction of 24 with DMAD to give 25
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Substitution of the phosphinate ester group by dimethylamine via the chlo-
ride, and thionation of the P=O group of the 2-phosphabicyclo[2.2.2]octane
P-oxide derivatives 28 with diphosphorus pentasulfide affords the corres-
ponding amide 29 and P-sulfide 30 (Scheme 10). The thionation is also
achieved with Lawesson’s reagent [7, 8]. Thermolysis of 28 proceeds a retro
Diels–Alder reaction to give 31.

Two diasteromers of phosphorus heterocycles 33A and 33B are pre-
pared from 3,4-dimethyl-3-phospholene 32 via the carbene adduct forma-

Scheme 9 1,2-Dihydrophosphinine 1-oxides 26 react with phenylmaleimide to give the
corresponding tricyclic heterocycles 27

Scheme 10 Reactions of 2-phosphabicyclo[2.2.2]octane P-oxide derivatives 28 to give 29–31



180 M. Yamashita

tion (Scheme 11). 1-Amino-3-phosphabicyclo[3.1.0]hexane 3-oxides 35 and
39a–c are prepared separately and selectively from 1-amino-3-methyl-3-
phospholene 1-oxide (34) and 1-ethoxy-3-methyl-3-phospholene (36) by
dichlorocarbene addition to the 3-phospholene double bond under phase
transfer catalyst (PTC) and substitution of the 1-chloro derivative of the bi-
cyclic system with amines, respectively (Scheme 12) [9, 10].

3-Phosphabicyclo[3.1.0]hexane 3-oxides 40A and 40B and dihydrophos-
phinine 1-oxide derivatives, 1,6-dihydro- and 1,2-dihydrophosphinine deriva-

Scheme 11 Preparation of diastereomers of phosphorus heterocycles 33A and 33B from
3,4-dimethyl-3-phospholene 32

Scheme 12 Selective preparation of 1-amino-3-phosphabicyclo[3.1.0]hexane 3-oxides 35
and 39a–c from 34
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tives, 42A and 42B, respectively, are transformed into the corresponding
3-sulfide 41 and 1-sulfides 43A and 43B by oxygen–sulfur exchange with
diphosphorus pentasulfide (Scheme 13) [11].

Scheme 13 Oxygen–sulfur exchange transforms 40A, 40B, 42A, and 42B into the corres-
ponding sulfides

2.2
Phospha Sugars and Substituted Phospholanes

Phospha sugars (e.g., 44–46 in Fig. 2) are the phosphorus analogues of aza
sugars.

Fig. 2 Examples of phospha sugars

d-Galactopyranose analogues of phospha sugars, e.g., 3,6-di-O-benzyl-5-
deoxy-5-hydroxyphosphinyl-α,β-d-galactopyranose (48), which have a phos-
phorus atom instead of an oxygen atom in the hemiacetal ring of sugars,
are prepared by the intramolecular addition reaction of a P – H group of the
5-phosphino sugar derivative 47 to an aldehyde group, via hemiacetal ring
opening under acidic conditions (Scheme 14). By a similar reaction path-
way, phospha sugar analogues of d-glucose [12, 13], d-mannose [14], and
l-fucose [15] have been synthesized [16].
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Scheme 14 Conversion of 5-phosphino sugar derivative 47 to 49

These phospha sugar analogues are acetylated into 49a–d and the structure
of the acetates of the phospha sugars are analyzed by NMR spectrometry to
elucidate the conformation (Table 1).

d-Ribofuranose-type phospha sugars 50 (R=OH, Et, and Ph) and 2-deoxy-
d-ribofuranose analogues 51 (R=OH and Me) in Fig. 3 have been prepared via
longer reaction pathways by a similar ring closing intramolecular addition re-
action of a P – H group to an aldehyde of sugars shown in Scheme 14 [17–20].

To improve the preparative method of phospha sugars from sugar start-
ing materials [21, 22], the Arbzov reaction and Grignard coupling reac-
tion have been applied to a reaction of 1,4-dibromobutane. The reaction
of 1,4-dibromobutane (53) with dimethyl phenylphosphonite to give ethyl
(4-bromobutyl)phenylphosphinate (54) and successive intramolecular substi-
tution of the 4-bromo substituent with phosphinyl anion affords 1-phenyl-
phospholane 1-oxide (56a) in 40% yield. It can also be prepared from

Fig. 3 Tetro- and pentofuranose-type phospha sugars

Scheme 15 Preparation of 56a and 56a from 1,4-dibromobutane (53)
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1,4-dibromobutane via a Grignard coupling reaction. By the same reac-
tion with ethyl phosphonous dichloroide, 56b is also prepared in 54%
yield (Scheme 15). By analogy, (3R,4R)-3,4-dimethoxy-1-phenylphospholane
1-oxide (52) as well as 59 can be prepared from 1-bromo-1,4-dideoxy-4-[(R
and S)-ethoxy(phenyl)phosphinoyl]-2,3-di-O-methyl-l-threitols (57) in 78%
yield (Scheme 16) [23].

Scheme 16 Preparation of 52 and 59 from 57

Two moles of bis-Grignard reagent 60, or a α,ω-dibromoalkane such as
1,4-dibromobutane with magnesium, and benzothiadiphosphole 61 (a phos-
phorus donating reagent) gives 1-alkylphospholane 62a–c and the 1-sulfide
63a–c via the hypothetical intermediates A′ and A in a one-pot synthesis
(Schemes 17 and 18). The ring size of the product is reported as being from

Scheme 17 One-pot synthesis of 62 and 63 from 60 and 61

Scheme 18 Hypothetical intermediates A′ and A



Phosphorus Heterocycles with a C – P Ring System 185

five to seven (n = 1–3) and the phospholane with a P(III) moiety in the ring
is converted into the 1-sulfide 63 by the action of sulfur [24].

The 2- and 3-phospholenes are prepared by the McCormack reaction
and are good candidates as starting materials for the preparation of five-
and six-membered phosphorus heterocycles [25–27]. From 1-methoxy-3-
methyl-2-phospholene 64 or 1-methoxy-2,3-diacetoxy-3-methylphospholane
67, 1-aryoxy-3-methyl-2-phospholenes 66a–c (Scheme 19), or 1-aryoxy-2,3-
diacetoxy-3-methylphospholane 69 (Scheme 20) with a substituted phenyl
group at phosphorus, or 1-aryl-3-methyl-2-phospholenes 71a–g (Scheme 21)
are prepared by a substitution reaction and/or a Grignard coupling reac-
tion [28, 29].

Scheme 19 Preparation of 1-aryoxy-3-methyl-2-phospholenes 66a–c

Scheme 20 Preparation of 1-aryoxy-2,3-diacetoxy-3-methylphospholane 69

Scheme 21 Preparation of 1-aryl-3-methyl-2-phospholenes 71a–g

The structure of dinitro derivative 70e is elucidated by X-ray single crystal
structure analysis (Fig. 4).

Novel preparative methods for phospha sugars (e.g., 74–77, 83, 89–91)
and/or phosphorus heterocycles (up to now phospha sugars have not been
found in natural products) have been extensively developed starting from
phosphorus heterocycles such as phospholenes, unlike traditional sugar
chemistry in which sugar starting materials (e.g., 72, 78, 94, 92, 93) are mainly
used (Schemes 22–25) [30–33].
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Fig. 4 ORTEP drawing of 1-(4′ -ethoxy-3′ ,5′-dinitrophenyl)-3-methyl-2-phosphlene
1-oxide (70e)

Scheme 22 Novel preparative methods for phospha sugars 74–77
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Table 2 Product structures, physical and 31P NMR data of 71a–g

Entry Substrate Product Yield MP 31P-NMR
(%) (◦C) (ppm)

1 70a 80 117–120 59.90

2 70b 56 NDa 77.28

3 70c 55 NDa 76.57

4 70d 50 NDa 77.92

5 70e 75 170–173 57.96

6 70f 71 162–166 56.65

7 70g 70 155–159 58.18

a Not determined due to syrupy state

The structure of 93a was elucidated by X-ray single crystal structure ana-
lysis to be the 6-deoxy-d-gluco-type phospha sugar (Fig. 5).

[4 + 2] Cycloaddition of phosphorus(III) halides to 1,3-dienes (such as
1,3-butadiene, 1,3-pentadiene, and 2-methyl-1,3-butadiene) followed by
solvolysis is known to produce cyclic unsaturated phosphorus heterocycles,
i.e., 2- and 3-phospholene 1-oxide derivatives 94 and 95, respectively, depend-
ing on the chloride and bromide of the phosphorus halides (Fig. 6) [34–36].
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Scheme 23 Novel preparative methods for phospha sugar 83

The carbon–carbon double bond of 2-phospholene heterocycles 94a–c is
first converted into cis-diols 96a–c (2,3-dihydroxyphospholane derivatives or
α,β-d,l-glycero-tetrofuranose-type phospha sugars) with osmium tetroxide in
the presence of a co-oxidant (Scheme 26) and the structure is confirmed by
X-ray single crystal structure determination. The ORTEP drawing and the
structure of two possible enantiomers 96A and 96B are shown in Fig. 7. Com-
pared with the traditional phospha sugar preparation procedure, the novel
preparative method for phospha sugars is much more convenient and is able
to develop new phospha sugar chemistries and phospholane chemistries be-
cause the variation of substituents of 94 and 95 is rather easy and the pathway
is short.

The cis-diole 96 can be converted into the corresponding acetate 97 and
acetonide 98 for confirmation of the structure (Scheme 27).

Using the new preparative method, combined with reactions at the allylic
position in the phospholene 1,2,3,4-tetrasubstituted-phospholanes, a series
of the tetrofuranose-type phospha sugars can be prepared (Scheme 28 and
Tables 3 and 4) [37, 38].

Addition of bromine, in an aqueous organic solvent medium or in organic
solvents/water systems, to the carbon–carbon double bond of 2-phospholenes
94 produces 2-bromo-3-hydroxyphospholanes, which correlates to a 1-deoxy-
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Scheme 24 Novel preparative methods for phospha sugars 89 and 90

Scheme 25 Novel preparative methods for phospha sugars 93
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Fig. 5 Computer-generated drawing of compound 93a (d-gluco type)

Fig. 6 Substituted 2- and 3-phospholene 1-oxides 94 and 95

Scheme 26 The carbon–carbon double bond of 2-phospholene heterocycles 94a–c is con-
verted into cis-diols 96a–c
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Scheme 27 96 can be converted into the corresponding acetate 97 and acetonide 98

Fig. 7 ORTEP drawing of cis-diol 96a and representation of the enantiomers 96aA and
96aB

Table 3 cis-Dihydroxylation of 2-phospholene 1-oxides 94

Phos- Reaction conditions Reaction product
pholene Reagent Temperature Time No. Yield MS
no. (◦C) (h) (%) (m/z)a

94a OsO4-KClO3 45–50 18 96a 91 226
94a OsO4-KClO3 45–50 18 96a 66 226
94a OsO4-Ba(ClO3)2 45–50 18 96a 65 226
94a OsO4-tBuO2H 45–50 24 96a 20 226
94b OsO4-KClO3 35 48 96b 82 212
94c OsO4-KClO3 55–60 24 96c 35 178
94i OsO4-KClO3 45–50 18 96i 42 226

a MS data indicate the molecular ion peak (M∗) in m/z.
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Table 4 Preparation of 4-acyloxy-2-phospholene 1-oxides and 4-acyloxy-2,3-cis-dihy-
droxyphospholane 1-oxides

2-Phos- Substituents R′ Product yield (%)
pholene
no. Rx Ry Rz 99 100 101 102

94b Ph H H Me 100 61 45 69
94c OMe H Me Me 100 55 71 75
94c OMe H Me Ph 67 41 78
94d OMe H H Me 98 75 63 68
94e OEt H Me Me 100 90 74 80
94e OEt H Me Ph 83 69 76
94f OEt H H Me 100 51 51 52
94f OEt H H Ph 93 93 46

Scheme 28 Preparation of a series of tetrofuranose-type phospha sugars

1-bromotetrofuranose-type phospha sugar. Replacement of the bromo sub-
stituent by nitrogen nucleophiles introduces a nitrogen substituent on the
2-position of phospholanes to give 2-amino-3-hydroxy-1-phenylphospholane
1-oxide (104E; the erythro form diastereomer, where the oxygen atom of the
P=O group and the nitrogen atom of the 2-amino group locate on the same
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side of the heterocycle), which is an analogue of phospha sugar N-glycoside
(Scheme 29 and Table 5) [39].

Scheme 29 Preparation of phospha sugar N-glycosides 104Ea–d

2,3,4-Tri-O-acetyl-1-phenylphospholane 108, the peracetate of a tetro-
furanose-type phospha sugar, is synthesized from 2-phospholene 94 and/or
3-phospholene 95. The bromo group of 2-bromophospholanes 103 is re-
placed by various nucleophiles to afford glycosides 104, i.e., O-glycosides,
S-glycosides (e.g., 109), N-glycosides (e.g., 104 and 111), and P-glycosides
(e.g., 110), via intermediary formed epoxide 105 from 103 and/or directly
prepared 2,3-epoxyphospholane 105 (Schemes 30–33) [40–43]. These struc-
tures are determined by X-ray crystallography (ORTEP drawings are shown
in Figs. 8–10).

Scheme 30 Synthesis of 2,3,4-tri-O-acetyl-1-phenylphospholane 108
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Scheme 31 Synthesis of various glycosides by replacement of the bromo group of
2-bromophospholanes 103

Scheme 32 Synthesis of P-glycoside 110

Scheme 33 Synthesis of N-glycoside 111

2,3-Epoxyphospholanes 105 are directly prepared from 2-phospholenes 94.
Epoxidation of 94 with sodium peroxide give a single diastereomer of erythro
105E (X-ray analysis gives the ORTEP drawing in Fig. 10) in stereospecific and
stereoselective manner (Scheme 34 and Table 6). However, 2,3-epoxidation of
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Fig. 8 ORTEP drawing of 2-bromo compound 103

Fig. 9 ORTEP drawing of 2-azide compound 110a

Fig. 10 ORTEP drawing of 2,3-epoxyphospholane 105a
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2-phospholenes 94 by the action of hydrogen peroxide affords the diastere-
omer mixture of threo 105T and erythro 105E [44, 45].

Scheme 34 Direct preparation of 2,3-epoxyphospholanes 105 from 2-phospholenes 94

Table 6 Epoxidation of 2-phospholene 94

R1 R2 Time Yield
(h) (%)

Ph H 5 76
C6H4 – NO2 (m) H 6 80
C6H4 – OMe (p) H 6 75
C6H4-Cl (m) H 6 77
OMe H 4 70
Ph Me 6 No epoxidation
OMe Me 6 No epoxidation

Combination of 2-bromophospholanes as the glycosyl donor (Fig. 11) and
monosaccharides as the glycosyl accepter gives disaccharides of phospha sug-
ars (Table 7 and Fig. 12). The disaccharide-forming reaction proceeds for
2-bromo-3-methoxyphospholanes 111 (glycosyl donor type III and IV) but not
for 2-bromo-3-hydroxyphospholanes 105 (glycosyl donor type I and II) [46].

Fig. 11 Different types of 2-bromo-3-hydroxy/methoxy-phospholane-based glycosyl
donors (105 I and II/111 III and IV)
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Table 7 Preparation of deoxy sugar–sugar disaccharides 112–116

Entry Donor Acceptor Disaccharide Yield (%) a

1 111-III 112 42

2 111-III 113 44

3 111-III 114 42

4 111-III 115 39

5 111-III 116 41

6 111-III
[

91
]

7 111-I
[

88
]

8 111-II
[

92
]

9 111-IV
[

95
]

a Percentage yield for entry 4 was calculated after purification by column chromatography
and recycle GPC analysis
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Fig. 12 Structures of phospha sugar disaccharides 112–116

Phospha sugar nucleosides have not yet been shown to be naturally occur-
ring. Some analogues of phospha sugar nucleosides (e.g., 118) are prepared
from 2-bromo-3-hydroxyphospholanes 94 or 103 by nucleophilic substitu-
tion reaction with nitrogen nucleophiles (Schemes 35 and 36, and Table 8).
However, the nucleophilic substitution reaction (or electrophilic substitution
reaction in the presence of catalyst) of 2-bromo-3-hydroxyphospholanes 94

Scheme 35 Preparation of phospha sugar nucleoside 118 from 2-bromo-3-hydroxyphos-
pholane 103 by nucleophilic substitution reaction with nitrogen nucleophiles

Scheme 36 Preparation of 118 from 2-bromo-3-hydroxyphospholane 94c

Table 8 Preparation of phospha sugar nucleoside 118 by the reaction of 2-bromophos-
pholane 103c with cyclic base 117

Solvent Lewis acid/eq. Yield (%)

ClCH2CH2Cl SnCl4/0.1 4.4
DMF SnCl4/0.1 11.0
CH3CN SnCl4/0.1 21.5
CH3CN SnCl4/0.5 28.0
CH3CN BF3-OEt2/0.5 62.0
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with nucleic acids does not give any nucleosides of phospha sugars, because of
the lower nucleophilicity of the nucleic acid than that of amine nucleopholes
(Scheme 37) [47].

Scheme 37 Nucleophilic substitution reaction of 2-bromo-3-hydroxyphospholane 103a
with nucleic acids does not give phospha sugar nucleosides

The alternative preparative methods for phospha sugar nucleosides are
reported by cycloaddition or cyclocondensation of 2-aminophospholanes,
N-glycosides of phospha sugars, with acrylates. Such sugar-modified and/or
nucleic acid-modified nucleosides (e.g., Ribavirin, AZT, 4′-thio ddC, Aris-
teromycin, etc.) are known and have biological activities such as anti-
HIV, anticancer, antibacterial, etc. 1,3-Cycloaddition of 2-azidophospholane
with alkynes gives triazole analogues of the phospha sugar nucleoside 119
(Scheme 38 and Table 9). The structure of Ribavirin analogue 119cB was de-
termined by X-ray analysis (Fig. 13) [48].

Scheme 38 Alternative preparative method for phospha sugar nucleosides: a NaN3, DMF,
70 ◦C, 24 h; b substituted acetylenes (R1CCR2 are shown in Table 9), DME, reflux

2-Amino-3-hydroxyphospholane 111a, prepared from 2-azido-3-hydroxy-
phospholane 110a by hydrogenolysis, reacts with substituted acrylamide
derivatives and undergoes the double condensation reaction to produce the
pyrimidine or uracil nucleosides (e.g. 120) of phospha sugars via the acyclic
uracylphospholane derivatives (Scheme 39, Table 10, and Fig. 14). The results
of conformational analysis and X-ray crystallographic analysis are shown in
Figs. 15 and 16 [49].

1-Amino acid derivatives of 2-phospholene and 3-methyl-2-phospholene
1-oxides are prepared by the reaction of 1-chloro-2-phospholene 1-oxide with
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Table 9 1,3-Dipolar cycloaddition of azide 110 with various alkynes a–j

Alkyne R′ R2 Reaction Product Yield Mp
time (h) (%) (◦C)

a CO2Me CO2Me 12 119aB 79 205–206
b CO2Et CO2Et 16 119bB 84 175–176
c CH2OH CH2OH 75 119cB 68 205–206
d CO2H CO2H 24 119dB 79 175–176
e H SiMe3 24 119eB 57 221–222
f H CH2OH 48 119fB 36 184–185

48 119fA 38 227–228
g H CMe2OH 120 119gB 42 204–205

120 119gA 25 215–216
h H CO2Me 12 119hB 49 206–207

12 119hA 37 219–220
i H Ph 96 119iB 33 230–232

96 119iA 17 228–229
j H CMe3 36 119jB 55 224–227

36 119jA 21 247–250

Fig. 13 ORTEP drawing of nucleoside 119cB
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Scheme 39 Synthesis of pyrimidine or uracil nucleosides of phospha sugars

Table 10 Deoxy phospha sugar pyrimidine nucleosides 120a–g prepared via Scheme 39

Compound R1 R2 Yield (%)

120a CN Me 88
120b CN p-ClBn 68 a

120c CN H 82
120d COMe H 75
120e CO2Et H 73
120f Me H 72
120g H H 76

a Percentage yield of compound 120b was decreased due to steric hindrance of p-ClBn
substituent on the uracil ring

Fig. 14 2-Uncyclized substituted uracil phospholane derivatives 121d–g

Fig. 15 Favored conformations for the phospholane ring of 120a–g based on 1H NMR
analysis in solution

an amino acid (such as l-alanine, l-leucine, l-valine, and l-phenylalanine)
at –78 ◦C as the diastereomer mixture (Table 11) [50]. Evaluated bioassay of
acyclic analogues of phosphinic acid and phosphoric acid peptide derivatives
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Fig. 16 Crystal structure of compound 120b. Selected bond length(Å), bond angle (◦), and
torsion angles (◦): P-1-C-1, 1.861(8); P-1-C-4, 1.800(10); C-1-P-1-C-4, 97.0(4); P-1-C-4-C-
3-C-2, 34.7(8); C-1-P-1-C-4-C-3, –12.3(6)

shows the presence of inhibitors of aspartic proteases, pepsin, pencillopepsin,
and carboxypeptidase A (Fig. 17) [51, 52]. Biologically, cyclophosphamide is
known to act as an antitumor drag, so the amino acid derivatives of phospha
sugars may exert an important bioactivity (Schemes 40 and 41) [53].

The prepared amino acid derivatives of phospholenes 124a–j are shown in
Table 11.

2,3-Dibromo-3-methyl-1-phenylphospholane 1-oxide (125) prepared from
1-phenyl-3-methyl-2-phospholene 1-oxide and bromine in the presence of

Table 11 Prepared amino acid derivatives of phospholenes 124a–j

Entry Substrate Product Isolated yield (%)

1 122a, 123a 124a : 124a′ 34 : 36
2 122a, 123b 124b : 124b′ 32.5 : 33.5
3 122a, 123c 124c : 124c′ 32 : 32
4 122a, 123d 124d : 124d′ 33 : 34
5 122b, 123a 124e : 124e′ 36 : 32
6 122b, 123b 124f : 124f ′ 31 : 32
7 122b, 123c 124g : 124g′ 30 : 31
8 122b, 123d 124h : 124h′ 33 : 32
9 122a, 123i 124i : 124i′ 34 : 34

10 122a, 123j 124j : 124j′ 31 : 34
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Fig. 17 General structures of amino acid derivatives linked with phosphates and exhibit-
ing potential biological activity

Scheme 40 Preparation of amino acid derivatives of phospha sugars 124a–h

Scheme 41 Preparation of amino acid derivatives of phospha sugars 124i–j

catalyst consists of diastereoisomers (Fig. 18). The mixture and the isolated
diastereomers of the dibromophospholane show quite specific and selective
antitumor activity for leukemia as well as stomach cancer, e.g., Imatinib [54].
Some of these phospha sugars and/or epoxides and bromides of phosopholanes
have recently been found to be highly active anticancer agents.

Fig. 18 Diastereomers of 2,3-dibromophospholanes 125
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Allylic oxidation of 2-phospholenes affording 4-oxophospholanes 126 as the
new starting materials for pentofuranose and C1-homologation of 2,3-epoxy-
phospholanes to prepare pentofuranose-type phospha sugars are also reported
(Scheme 42 and Table 12) [55–57]. ORTEP drawing of 126a is shown in Fig. 19.

An alternative method for preparation of 4-oxophospholanes 126 is ox-
idation of 3-hydroxyphospholane 127. Alkylation of 126 at the methylene
of the 5-position, where acidic property is expected by the two electron-
withdrawing groups of adjacent P=O and C=O groups to the methylene
corresponding to two ester groups of maleate, gives mono- and di-alkylation
products 128 and 129, respectively (Scheme 43).

From 3-phospholenes 95, pentofuranose- and hexofuranose-type phospha
sugars are prepared. Thus, all four kinds of pentofuranose-type phospha
sugars (i.e., xylose, lyxose, ribose, and arabinose) are available from 3-phos-
pholene as the starting material. Alkylation of 95 by a C1 unit provides the
pentofuranose structure. The alkylation under LDA base and alkyl halides
proceeds to give 130 (Table 13), whose cis-dihydroxylation affords 131. The

Scheme 42 Allylic oxidation to prepare 4-oxo-2-phospholene 1-oxides 126

Table 12 Allylic oxidation of 2-phospholenes 94 to prepare 126

2-Phospholenes 94 Producta Reaction Conv. Isol. Molar

R1 R2 R3 timeb yield ratio of
(h) (%) (%) CrO3 to

substrate

Ph H H 126a 4 85 62 2 : 1
OMe H Me 126b 4 90 60 2 : 1
OMe H H 126c 4 86 55 2 : 1
3-ClC6H4 H Me 126d 5 80 60 3 : 1
4-OMe-3,5- H Me 126e 6 78 62 3 : 1
(NO2)2C6H2

4-OMeC6H4 H Me 126f 5 82 64 3 : 1
Ph Br H 126g 5 70 55 2 : 1
Ph Br Me 126h 4 75 60 2 : 1
Ph OMe H 126i 5 88 66 2 : 1

a From [17]
b From [18]
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Fig. 19 ORTEP drawing of compound 126a

Scheme 43 Preparation of 126a from 94 and its conversion to mono- and di-alkylation
products

structural studies by X-ray single crysta1 analysis of acetonide 133 (Fig. 20)
from 131 and 2-benzyl-3,4-dihydroxy-1-methoxyphospholane 1-oxide 131b
(Fig. 21) show that they have the 3T2 conformation. Structural studies of 1,4-
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Table 13 Alkylation of 3-phospholene derivatives

R of Alkyl halide C-Alkylated product

phospholene R′X Number Yield Diastereomer
95 (%) excess (%)

Me MeI 130a 44 95
Me BnBr 130b 69 100
i-Pr MeI 130c 55 100
Me BnOCH2Cl 130d 61 100

Fig. 20 Structure of acetonide 133 for the cis-dihydroxyl group of 132 by X-ray analysis

dideoxy-4-[(S)-methoxyphosphinyl]-d-ribofuranose have revealed that the
compound has 3T2 conformation [58–60].

The pentofuranose-type phospha sugar 132 is converted into the acetonide
133, whose structure determined by X-ray analysis is represented in Fig. 20.

Fig. 21 1H-NMR spectral analysis and the conformation for 2-benzyl-3,4-dihydroxy-
phospholene 131b
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Scheme 44 Preparation of phthalated phospha sugars 137-136 by nucleophilic substitution
reaction with potassium phthalimide

Acetonide 133 is converted into the phthalimide derivative 135 and further re-
action products 136 and 137 via substitution of mesylate 134 with potassium
phthalimide (Scheme 44).

The carbon–carbon double bond in alkylated 3-phospholene 130 is ox-
idized with OsO4-NaClO3 to the cis-diol 131. For epoxidation of 3-phos-
pholene 130d, m-chloroperbenzoic acid (mCPBA) converts the endo 3,4-
olefin to 3,4-epoxyphospholanes 134E and 134T, which give benzyloxymethy-
lated 2-phospholenes 135a–d (Scheme 45). cis-Hydroxylation of the double
bond of phospholenes 135a–d with osminium tetroxide affords all of the four
pentofuranose types (xylo-, lyxo-, ribo-, and arabino-pentofuranose phospha
sugars), 137X, 140L, 144R, and 144A (Schemes 46 and 47). These is the first
case of successful preparation of pentofuranose-type phospha sugars from
3-phospholenes 95.

Addition of methyl 2-methoxycarbonylethylphosphinate to methyl cy-
clohexenonate (145 (R = Me)) gives methyl 2-methoxycarbonylethyl-2′-
methoxycarbonylcyclohexylphosphinate (147), which is successively cyclized
by the reaction in the presence of sodium t-pentoxide in t-pentyl alcohol
and finally affords methyl 1-methoyl-1,4-dioxo-2,3-4a,5,6,7,8,8a-octahydro-
1λ5-phosphinoline-3-carboxylate (149) with the advantage of a cis ring fused
bicyclic single stereoisomer formation in 45% yield (Scheme 48) [61].

The reaction of 1,2-dihydrophosphinine oxides 150A and 150B with tetra-
cyanoethylene (TCNE) does not follow the Diels–Alder reaction, but rather
follows the reaction of two moles of dihydrophosphinine (both of the two
double bond isomers) with one mole TCNE to give a 2 : 1 cyclic adduct,
via the 1 : 1 adduct, due to the ionic or radical nature of TCNE. The
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Scheme 45 Isomerization of epoxides 134 prepared from 3-phospholene 130d to 2-phos-
pholenes 135a–d

Scheme 46 Preparation of α-d-xylo- and β-d-lyxo furanose-type phospha sugars 137X and
137L from 135a

final product is the bisphosphorus tricyclic adduct, 2,8-diphenylphosphatri-
cyclo[5.3.1.12,6]dodecatriene 151 in 42–65% yields (Scheme 49) [62].

The photochemical properties of 2,5-dihydrophosphole 1-oxides in the
presence of methanol significantly differ according to the P-substituent
(the Y group in Scheme 50) on the phosphorus heterocycles. In the case
where Y is an aryl group, (1-aryl substituted)-2,5-dihydro-3-methylphosphole
1-oxides (aryl = phenyl, 4-methylphenyl, 2-methylphenyl, etc.) 152 undergo
photolysis to give methyl arylphophinites 153 in good to excellent yields



210 M. Yamashita

Scheme 47 Preparation of α-d-ribo- and β-d-arabino-pentofuranose-type phospha sugars
144R and 144A from 135b

Scheme 48 Preparation of 149 from 145 after successive cyclization

Scheme 49 Reaction of 1,2-dihydrophosphinine oxides with tetracyanoethylene to form
151
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Scheme 50 Yield of methyl arylphophinites after photolysis of 152 with various P-sub-
stituents

(68–93% yield). Whereas (1-alkyl or 1-alkoxy substituted)-2,5-dihydro-3-
methylphosphole 1-oxides (alkyl or alkoxy = ethyl, cyclohexyl, and ethoxy)
react much slower to give methyl alkylphosphonite in little or no yield [63].

Reaction of 4-(hydroxyl methylphosphinyl)butanoic acid (154) with
thionyl chloride followed by successive treatment with copper powder, potas-
sium iodide, and potassium carbonate affords 1-methyl-2-oxophospholane
1-oxide (155) in 65% yield. 3-Bromo-, 3-amino-, 3-acethylamino-1-methyl-2-
oxophospholanes (156–158) are prepared by substitution of the 3-methylene
position (Scheme 51) [64].

Scheme 51 Preparation of 1-methyl-2-oxophospholanes 156–158
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2.3
Seven-Membered Aliphatic Rings

Dibenzo[b,f]phosphepin systems 159–161 (Fig. 22) are prepared from 10,11-
dihydro-5-phenyl-5H-bibenzo[b,f]phosphepin 5-oxide (159b). New members
in the 10,11-dihydro-5-phenyl-5H- bibenzo[b,f]phosphepin series, includ-

Fig. 22 Bibenzo[b,f]phosphepins 159–161

Scheme 52 Preparation of dibenzo[b,f]phosphepin systems 159–161 from 10,11-dihydro-
5-phenyl-5H-bibenzo[b,f]phosphepin 5-oxide (159b)
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ing the antidepressant drug imipramine (the nitrogen analogue of the
phosphorus heterocycle) are also prepared. Products of nucleophilic substi-
tution at the tetrahedral phosphorus atom in 10,11-dihydro-5-phenyl-5H-
bibenzo[b,f]phosphepin 5-oxide (159b) appear to be determined by the rela-
tive apicophilicity of the nucleoside (Schemes 52 and 53) [65].

Scheme 53 Products 162–165 of nucleophilic substitution at the tetrahedral phosphorus
atom in 159b

Tetrahydrophosphinine oxide 166 reacts with dichlorocarbene under
phase-transfer catalytic conditions giving 7,7-dichloro-1-methyl-3-phenyl-3-
phosphabicyclo[4.1.0]heptane (167) in 71% yield. Heating the phosphabi-
cyclo[4.1.0]heptane 167 at 220 ◦C makes the bicyclic ring opening and the
simultaneous elimination of hydrogen chloride gives 4-chloro-3-methyl-1-
phenyl-2,7-dihydrophosphepin 1-oxide (168), a seven-membered phosphorus
heterocycle, in 67% yield (Scheme 54) [66].

Scheme 54 Preparation of the seven-membered phosphorus heterocycle 168

3
Aromatic Phosphorus Heterocycles with a C – P – C Bond

In contrast to the fact that benzene or pyridine and their derivatives
have an aromaticity, the phosphorus analogues (phosphinines or phos-
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Scheme 55 Phenyldibenzo[b,d]phosphaheterocycles 169–172

Scheme 56 Preparation of the stable 6-phenyldibezo[b,d]phosphinine 178
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phabenzenes [67–69]) tend to be less stable both thermally and towards
oxygenation, especially aromatic rings that are annelated to the hetero-
cycles. For example, [9]phosphaanthracene and [5]phosphaphenanthrene
are too unstable to be isolated in a pure form; however, introduction of
a phenyl group into these phosphorus heterocyclic rings increases the ther-
mal stability (compounds 169–170 in Scheme 55). Therefore, it becomes pos-
sible to isolate these phenyldibenzo[b,d]phosphaheterocycles, e.g., 6-phenyl-
dibezo[b,d]phosphinine, and to obtain them in a pure form (compound 178
in Scheme 56) [70].

4
Phosphorus Heterocycles with a C – P – O Bond

Physarum phospholipids (PHYLPA), isolated from myxoamoebae of Physa-
rum polycephalum, is an inhibitor of eukaryotic DNA polymerase [71].
PHYLPA inhibits the proliferation of human fibroblasts cultured in a chem-
ically defined medium.

Fluoromethylene phosphonate analogues 179 of carbocyclic phosphatidic
acid (ccPA) and the novel cyclic phosphonothioate 180 (Fig. 23) are pre-
pared from benzyl glycidol ether (181) via nucleophilic ring opening by
lithium diethyl methylphosphonate giving γ-hydroxy phosphonate (dimethyl
4-(benzyloxy)-3-hydroxybutylphosphonate (182)), which is then cyclized
by intramolecular transesterification with pyridinium p-toluenesulfonate
(PPTS). According to Scheme 57 phosphates 185 are interconverted into
thiophosphates 186 by Lawesson’s reagent, and then the endocyclic hydrox-
ymethyl group is carboxylated. Mono- and difluorophosphonates (180Fa,b)
are prepared from diethyl 1-fluoro-3,4-dihydroxybutyl- (189Fa) and 1,1-di-
fluoro-3,4-dihydroxybutyl-phosphonates (189Fb) via intramolecular dehy-
dration with DCC to form cyclic phosphonate (Schemes 57 and 58) [72].

Fig. 23 Cyclic phosphatidic acids and their carbacyclic analogues
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Scheme 57 Preparation of cyclic phosphonothioate analogues from benzyl glycidol ether
(181)

Scheme 58 Preparation of mono- and difluorophosphonates (180Fa,b)

Phosphole oxide, which is a phosphorus analogue of pyrrole and thio-
phene and has a heterocyclic structure with a C – P – C linkage, easily
dimerizes to give the Diels–Alder dimer (195) (Scheme 61) having a tri-
cyclic heterocyclic structure with two C – P – C linkage. The reaction of
the Diels–Alder dimer with m-chloroperbenzoic acid (mCBPA) occurs
at the bridging C – P bond to give an oxygen insertion product, 2,3-
oxaphosphabicyclo[2.2.2]octane ring system 192. The 2,3-oxaphosphabicyclo
[2.2.2]octane ring system is a cyclic phosphinate ester system, which is of sig-
nificance because of the thermal or photochemical fragmentation to release
the phosphorus–oxygen bridge and to generate the low-coordinate metaphos-
phate species 193 (Scheme 59).

Thionation of 2,3-oxaphosphabicyclo[2.2.2]octane system 192 with Lawes-
son’s reagent (196) gives the corresponding cyclic thiophosphate 194. Accord-
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Scheme 59 Fragmentation of 2,3-oxaphosphabicyclo[2.2.2]octane ring system to give the
metaphosphate species 193

ing to the same procedure, the phosphoryl group of the Diels–Alder dimer
195 is converted into the thiophosphoryl group of compound 197 (or 197′),
which on treatment with mCPBA reproduces the original compound 195
(Schemes 60–62) [73].

Cyclic phosphonate formation is reported. By using ring-closing metathe-
sis (RCM), allyl allylphosphonates 198 prepare allylphostone derivatives hav-
ing a C – P – O linkage in the heterocycles. The functionalization (such as
oxidation of the C=C double bond, regioisomerization of the double bond,
etc.) of allylphostone 199 or vinylphostone gives a variety of phosphono sug-

Scheme 60 Fragmentation of cyclic thiophosphate 194

Scheme 61 Conversion of the phosphoryl group of the Diels–Alder dimer 195 into the
thiophosphoryl group of compound 197



218 M. Yamashita

Scheme 62 Thionation of 192 with Lawesson’s reagent to give the corresponding cyclic
thiophosphate 194

ars 200 having a C – P – O bond in the ring (Scheme 63). Thus, phosphono
sugars 201–206 with a cyclic phosphonate structure are prepared (Schemes 64
and 65) [74].

Scheme 63 Preparation of phosphono sugars 200 from allyl allylphosphonates 198

Scheme 64 Preparation of phosphono sugars 201 and 201′

Phosphono sugars, (2R,4R,5R)- and (2S,4R,5R)-4,5-dimethoxy-2-oxo-2-
phenyl-1,2-oxaphosphorinates (211A and 211B), are prepared from 1,4-
dibromo-1,4-dideoxy-2,3-di-O-methyl-l-threitol (209), being prepared from
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Scheme 65 Preparation of phosphono sugars 202–206

Scheme 66 Preparation of phosphono sugars 211A and 211B

diethyl 2,3-di-O-methyl-l-tartrate (207) by nucleophilic substitution of di-
tosylate 208 with bromide, by the Arbuzov reaction of 209 with diethyl
phenylphosphonite in 42% and 47% yield, respectively (Scheme 66) [75].

5
Conclusion

The research on organophosphorus chemistry and phosphorus heterocy-
cles is quite active and extensive, and we have studied synthetic procedures,
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structures, and activities of phosphorus heterocycles. However, for practical
purposes, these research results are not comprehensive but sectional. This
chapter has focused on the syntheses and structure, as well as the biological
activity, of the P – C bonded compounds. According to the development of the
life sciences in 21st century, one of the most important research targets in this
field is an innovation in chemotherapy by development of molecular target-
ing anticancer drugs. We are expecting that phospha sugars may be a potential
agent for leukemia as well as for solid cancers [76]. If our present knowledge
on phosphorus heterocycles is developed by collaboration of chemistry with
engineering and medicine we may achieve an improvement in chemotherapy
for cancer and in the quality of life for the patient.
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Abstract Phenothiazine derivatives as well as flavonoids belong to heterocyclic com-
pounds that exert numerous effects on biological systems. The structure of these com-
pounds enables their specific interactions with different membrane proteins and also
nonspecific interactions with the lipid phase of membranes. In the present review we
focus on the influence of phenothiazines and flavonoids on lipid bilayers and other
model systems, and on two groups of membrane proteins: transporters involved in
the phenomenon of multidrug resistance and ion channels. Most of the compounds
described in this paper interact with membranes and affect different properties of
lipid bilayers. Modification of membrane properties should contribute to mechanisms
underlying certain types of biological activity of the discussed molecules. Structural
features essential for the modulatory effects exerted by phenothiazines and flavonoids
on multidrug transporters are presented. Also various types of response of voltage-
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gated and chemically activated ion channels to the presence of heterocyclic compounds
are reviewed.

Keywords Phenothiazine derivatives · Flavonoids · Multidrug resistance · Ion channels ·
Lipid bilayer

Abbreviations
ABC ATP-binding cassette
ANS 1-Anilinonaphthalene-8-sulfonic acid
BCPCF 2′,7′-Bis(3-carboxypropyl)-5-(and -6)-carboxyfluorescein
BCRP Breast cancer resistance protein
C (+)-Catechin
CFTR Cystic fibrosis transmembrane conductance regulator
CHO Chinese hamster ovary cell line
cmc Critical micelle concentration
CPZ Chlorpromazine
CTAB Hexadecyltrimethylammonium bromide
∆H Phase transition enthalpy
DHA Docosahexanoic acid
DHS Dehydrosilybin
DMPC Dimyristoylphosphatidylcholine
DMPE Dimyristoylphosphatidylethanolamine
DMPG Dimyristoylphosphatidylglycerol
DMPS Dimyristoylphosphatidylserine
DPH 1,6-Diphenyl-1,3,5-hexatriene
DPPC Dipalmitoylphosphatidylcholine
DPPH 1,1-Diphenyl-2-picrylhydrazyl
DPPS Dipalmitoylphosphatidylserine
DSC Differential scanning calorimetry
EC (–)-Epicatechin
ECg (–)-Epicatechin gallate
EGCg (–)-Epigallocatechin gallate
ESR Electron spin resonance
FPhMS 2-Trifluoromethyl-10-[4-(methanesulfonylamido)butyl]-phenothiazine
GABA Gamma-aminobutyric acid
GSH Glutathione
HCN Cyclic nucleotide-gated channel
hERG Human ether-a-go-go-related gene encoded channel
HPS 3-(N-Hexadecyl-N,N-dimethylammonio)propanesulfonate
IC50 Concentration causing 50% inhibition
IFG8 7-tert-Butyl(dimethylsilyl)-genistein
IFG10 7,4′-Bis[tert-butyl(dimethylsilyl)]-genistein
IFG12 7-tert-Butyl(dimethylsilyl)-4′-acetyl-genistein
IFG18 7-O-Palmitate-genistein
InsP3 Inositol 1,4,5-triphosphate
Kp Partition coefficient
LPC Lysophosphatidylcholine
MDCK Madin–Darby canine kidney cell line
MDR Multidrug resistance
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MRP1 Multidrug resistance-associated protein
MX Mitoxantrone
nAChR Nicotinic acetylcholine receptor
NBD Nucleotide binding domain
NMDA N-Methyl-d-aspartic acid
NMR Nuclear magnetic resonance
NPN N-Phenyl-1-naphthylamine
PA Phosphatidic acid
PC Phosphatidylcholine
PE PE
PG Phosphatidylglycerol
P-gp P-glycoprotein
PhA Phenothiazine acetylamides
PhM Phenothiazine maleates
PhMC Phenothiazine methoxycarbonylamides
PhMS Phenothiazine methanesulfonylamides
PI Phosphatidylinositol
POPC 1-Palmitoyl-2-oleoyl phosphatidylcholine
PS Phosphatidylserine
PTK Protein tyrosine kinase
QSAR Quantitative structure–activity relationship
Rh123 Rhodamine 123
SDPS Phosphatidylserine containing docosahexanoic acid
SDS Sodium dodecyl sulfate
SM Sphingomyelin
SOPC l-α,β-Oleoyl-γ-palmitoyl phosphatidylcholine
TDZ Thioridazine
TFP Trifluoperazine
Tm Main phase transition temperature
TTX Tetrodotoxin
VSCC Voltage-sensitive calcium channel

1
Introduction

Phenothiazine derivatives as well as flavonoids belong to heterocyclic com-
pounds that exert numerous effects on biological systems. Despite the struc-
tural differences (compare structures presented in Figs. 1 and 2 for pheno-
thiazines and flavonoids, respectively), these two groups of compounds share
at least one common feature: the highly hydrophobic multiring system in the
core of their molecules and more or less hydrophilic substitutions located
around this lipophilic moiety that make them well suited for interaction ei-
ther with the lipid phase of membranes or with membrane proteins. As will
be presented in this review, nonspecific interactions with lipids and specific
interactions with proteins could contribute to the mechanisms underlying
various biological activities of phenothiazines and flavonoids.
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Fig. 1 Chemical structures of phenothiazine derivatives
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Phenothiazines are commonly used as tranquillizers but they also ex-
ert many other biological effects. Among others they were shown to act as
antimicrobial agents against aerobic and anaerobic bacteria [1]. Antiplas-
mid activity of various phenothiazine derivatives was demonstrated in many
types of bacteria [2–5]. Recently, Spengler et al. [6] noted that the mutagenic
and antiplasmid effects of heterocyclic compounds were correlated with the
energy of their highest occupied molecular orbitals. An important feature
of phenothiazine drugs is also their activity against Mycobacterium tuber-
culosis (for a review see Amaral et al. [7]) and Staphylococcus aureus [8].
Apart from effects on bacteria phenothiazines could also act as antifungal
agents, as was shown with respect to Saccaromyces cerevisiae [9] and Can-
dida albicans [10]. In many studies on cancer cells, various phenothiazine
derivatives were proved to act as antitumor [11, 12], antimutagenic, chemo-
preventive [13–15], antiproliferative, or pro-apoptotic agents [16–18].

The spectrum of flavonoid biological effects is very broad; the best
known are their estrogenic, antitumor, antimicrobial, antiallergic, and anti-
inflammatory activities (for review, see Cushnie [19]). At least some of these
activities are based on non-membrane-related mechanisms, like flavonoid-
induced cell cycle arrest. Most of them, however, are claimed in the literature
to appear as a consequence of antioxidative properties of flavonoids.

During the last decade our knowledge of the membrane-related processes
has substantially increased, and therefore more attention is now paid to stud-
ies on different aspects of drug–membrane interactions. The aim of this
review is to present current knowledge concerning membrane-related mech-
anisms of biological activity of phenothiazines and flavonoids. Studying an
interaction of these classes of compounds with selected membrane proteins,
such as multidrug resistance transporters or ion channels, is important for
a better understanding of molecular events which govern substrate transport
and inhibition processes in the case of these proteins.

2
Influence of Phenothiazine Derivatives and Flavonoids
on Properties of Model and Natural Membranes

2.1
Interaction of Phenothiazines with Model Systems

Phenothiazine derivatives used in medicine are amphiphilic compounds with
a relatively hydrophobic ring system and hydrophilic side groups, often bear-
ing a positive charge under physiological conditions (see Fig. 1 for chem-
ical structures). Their amphiphilic character is the main feature determining
the self-aggregation of phenothiazines, and their interaction with detergents,
model lipid bilayers, and natural membranes.
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In aqueous solutions phenothiazine drugs behave as classical detergents,
i.e., they tend to aggregate. The critical micelle concentrations (cmc) for
phenothiazines in water were reported to range from 10–5 M for trifluop-
erazine (TFP) (5) and 10–3 M for thioridazine (TDZ) (6) up to 10–2 M for
chlorpromazine (CPZ) (9), promazine (8), and promethazine (1) [20]. Phe-
nothiazines formed roughly spherical micelles consisting of 6–15 molecules,
which underwent spherical-to-rod transition at higher salt concentrations.
Elevated electrolyte concentration also caused the decrease of cmc and the
increase of aggregation number [20]. The opposite changes in cmc and ag-
gregation number occurred in association with pH decrease. The cmc of CPZ
(9) increased one order of magnitude when the pH was lowered from 7.3 to
5.6 [21]. CPZ (9) micelles were vulnerable to temperature and pH; changes of
these parameters gave rise to micelle phase transitions. Light scattering and
electron spin resonance (ESR) experiments demonstrated that at low pH the
micelles were less ordered than at high pH. The authors concluded that at
low pH CPZ (9) molecules were more protonated and therefore electrostatic
repulsive interactions were stronger, which imposed a more loosely packed
structure of the micellar interior. Temperature exerted the opposite effect—
CPZ (9) micelles became less ordered at higher temperatures.

The interaction of two phenothiazines, TFP (5) and CPZ (9), with de-
tergent micelles of different character was thoroughly investigated [22–26].
First, the binding of 5 and 9 to cationic, zwitterionic, and neutral deter-
gent micelles was studied by means of absorption spectroscopy [22]. In the
presence of surfactants, the pK values of both drugs were shifted to lower
values. As lower binding constants were recorded for cationic detergents
than for neutral ones, it was suggested that electrostatic interaction played
a crucial role in the interaction of phenothiazine derivatives with deter-
gent micelles. The authors also pointed out the fact that only taking into
account two protonation states (two pK values) of TFP (5) could correctly
explain the data obtained for this drug. In conclusion it was proposed that
TFP (5) was able to penetrate deeper into the micelle interior than CPZ
(9). Similar localization of both drugs inside anionic detergent sodium do-
decyl sulfate (SDS) micelles was also postulated [23]. In this system the
pK values of CPZ (9) and TFP (5) were increased in the presence of de-
tergent. The process of phenothiazine association with SDS micelles was
much more complex than in the case of neutral and cationic detergents,
being biphasic and dependent on drug and surfactant concentrations. Fur-
ther studies of CPZ (9) and TFP (5) interactions with SDS micelles were
conducted using the small-angle X-ray scattering technique [24, 25]. The dra-
matic shape and size changes of SDS micelles associated with binding of
phenothiazines were shown. Pure detergent micelles were ellipsoid, whereas
drug–detergent aggregates were cylindrical. Such drug-associated transitions
were not observed for micelles of zwitterionic detergent 3-(N-hexadecyl-N,N-
dimethylammonio)propanesulfonate (HPS). However, later studies where
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another zwitterionic detergent—lysophosphatidylcholine (LPC)—was used
demonstrated that binding of CPZ (9) and TFP (5) caused the micelles’ shape
to change from ellipsoid to cylindrical in this system, too [26]. Additionally,
the LPC micelles gained a non-null overall surface micelle charge in the pres-
ence of phenothiazines. A model of phenothiazine derivative association with
both zwitterionic detergents was proposed. The differences in phenothiazine
derivative accommodation by the two detergents were attributed to dissimilar
orientation of the detergent polar headgroup according to the drug molecule.
In conclusion, the results of all studies on CPZ (9) and TFP (5) binding to
detergent micelles pointed to such a localization of drug molecules in the mi-
celle that the protonated phenothiazine side group was placed near the polar
head region of detergent molecules, whereas the hydrophobic ring system was
immersed in the interior of the micelle [26].

Determining the partition coefficients (Kp) of phenothiazine derivatives
between water and lipid bilayers is an important step toward characteri-
zation of the interaction of the drugs with biological membranes. CPZ (9)
partitioned easily into model phosphatidylcholine (PC) membranes up to the
concentration 3×10–5 M; at higher CPZ (9) concentrations membrane lysis
occurred [27]. It was also shown that the partition coefficient was dependent
on the lipid hydrocarbon chain length (smaller Kp in membranes composed
of long-chain lipids), bilayer phase state (smaller Kp in gel state), and choles-
terol content in the membrane (reduced Kp in the presence of cholesterol).
Other studies demonstrated that the phenothiazine partition coefficient be-
tween buffer and liposomes also depended on pH [28]. Unprotonated forms
of phenothiazine derivatives partitioned into lipid bilayers to a greater ex-
tent than protonated forms. The Kp for CPZ (9) was distinctly higher than
for methochlorpromazine (10) that bore a permanent positive charge and
could not be deprotonated. Even below lytic concentrations, the interaction
of CPZ (9) with liposomes was not just simple partitioning. CPZ (9) was
demonstrated to occupy different binding sites in the membrane depend-
ing on drug concentration [29]. The authors claimed that at intermediate
CPZ (9) concentrations (above 2×10–6 M), next to drug partitioning into
the lipid bilayer some type of electrostatic interaction of CPZ (9) with an-
ionic groups of membrane components also took place. On the other hand,
Banerjee et al. [30], based on calorimetric experiments, suggested that bind-
ing of CPZ (9) and imipramine with dipalmitoylphosphatidylcholine (DPPC)
liposomes could not be ruled solely by electrostatic interactions. It was pro-
posed that nonspecific “dilution” of drugs into a hydrophobic lipid phase
was crucial for their interaction with membranes (“simple partition” model).
Next, Binford and Palm [31] showed that partition coefficients of CPZ (9)
and TDZ (6) obtained for model dimyristoylphosphatidylcholine (DMPC)
vesicles and for erythrocyte ghosts were similar, which suggested a lack of in-
fluence of membrane proteins on phenothiazines binding to the erythrocyte
membranes.
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There are different methods to determine membrane/buffer partition co-
efficients of drugs; however, they usually demand physical separation of the
lipid and aqueous phases and subsequent drug concentration measurement
in both phases. Such techniques are time-consuming; moreover, the sepa-
ration process may disturb the equilibrium state between the two phases.
Therefore, the method of second derivative spectrophotometric determin-
ation of partition coefficients of phenothiazines was introduced [32]. The
method did not demand a separation step; it was based on the fact that the
background signal coming from liposomes can be eliminated when second
derivative spectra instead of absorption spectra are recorded. It should be
pointed out that second derivative spectrophotometry could be used for Kp
determination only when the absorption maxima of the drug in water and
in the lipid phase were different. The usefulness of this method was first
demonstrated for CPZ (9) and promazine (8) [32]; later on it was also used
for triflupromazine (11) [33]. It was also shown that the size of liposomes
used as membrane models had no influence on the obtained partition coef-
ficient values, whereas increased cholesterol content in PC vesicles resulted
in lower Kp values for phenothiazines. The same method was used to com-
pare membrane binding of CPZ (9), triflupromazine (11), and promazine (8)
and their N-monodemethylated derivatives [34]. Partition coefficient values
of these derivatives were similar to those of the parent compounds. Both for
parent drugs and for the derivatives the highest Kp value was observed for
the compound having a – CF3 group substituted at position 2 of the ring,
smaller for the Cl-substituted one, and smallest for the compound possess-
ing an H atom at this position. Investigation of membrane/buffer partition
coefficients of phenothiazine derivatives as a function of temperature brought
Takegami et al. [35] to the conclusion that binding of these drugs to phospho-
lipid bilayers is an enthalpy/entropy driven process. The observed negative
enthalpy change of drug–membrane binding was most probably caused by fa-
vorable electrostatic interaction of the positively charged side chain amino
group of phenothiazine derivatives with negatively charged phosphate groups
of PC molecules. Positive entropy change was attributed to the enhancement
of disorder in the acyl chain region of the bilayer caused by phenothiazine
ring insertion. The affinity of CPZ (9) and triflupromazine (11) for model
membranes containing, apart from PC, also phosphatidylserine (PS) or phos-
phatidylethanolamine (PE) was studied by the same group [36]. It was ob-
served that partition coefficient values for both drugs were slightly reduced
when PE was present in the liposomes. On the other hand, Kp values in-
creased in accordance with PS content in model membranes, which suggested
a higher affinity of phenothiazines for PS than for PC. Second derivative spec-
trophotometry in combination with 13C nuclear magnetic resonance (NMR)
was used to demonstrate that pK values of promazine (8), CPZ (9), and tri-
flupromazine (11) bound to a PC bilayer were smaller than those measured
in aqueous solution by about one unit [37].
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The role of the structure of phenothiazine derivatives in their binding
to model membranes was recently studied by Hendrich et al. [38] and Pola
et al. [39] by means of second derivative spectrophotometry. Two groups
of derivatives were studied: phenothiazine maleates (12) [38] and phenoth-
iazine acetylamides (13) [39] (see Fig. 1 for chemical structures). Both studies
have clearly shown that partition coefficients between buffer and PC lipo-
somes were dependent on the type of ring substituent at position 2 and
also on the length of the alkyl chain connecting the ring system with the
side chain amino group. For both groups partition coefficients increased in
the order H < Cl < CF3-substituted compounds. When derivatives with the
same ring substituents were compared, it came out that derivatives possess-
ing a longer (four carbon atoms) linker between the ring system and amino
group partitioned into PC bilayers better than compounds with a shorter
(three carbon atoms) linker. The type of ring substituent was previously rec-
ognized to be important for surface activity of phenothiazines [40]. Recent
studies of Gerebtzoff et al. [41] have shown that substitution of an H atom
at position 2 of the phenothiazine ring by a chlorine or a trifluoromethyl
residue enhanced not only the surface activity and lipid/water partition co-
efficients of these drugs but also the permeability coefficients. The authors
also calculated the increase of negative free enthalpy change of phenoth-
iazines partitioning into the membrane associated with the replacement of
the hydrogen atom by Cl or a – CF3 group (∆G was – 1.3 and – 4.5 kJ/mol,
respectively).

Different model systems mimicking biological membranes and diverse
experimental techniques are used to study the effect of phenothiazine deriva-
tives on phospholipid assemblies. The Langmuir technique has been used to
study CPZ (9) interaction with monolayers formed from phospholipids with
different polar heads [42]. It was shown that the surface area of negatively
charged lipids such as PS, phosphatidylglycerol (PG), and phosphatidic acid
(PA) increased dramatically when CPZ (9) was introduced to the system. In
contrast, CPZ (9) did not induce such an effect in monolayers composed of
neutral lipid species (PC or PE). The pronounced effect of CPZ (9) on PS,
PG, and PA might suggest the preferential role of electrostatic forces in the
drug’s interactions with anionic lipids. However, the comparison of the effect
of CPZ (9) with that exerted by simple monovalent cations makes the authors
conclude that CPZ (9) interacted with lipid acyl chains. This hypothesis was
corroborated by further studies in which monolayers composed of saturated
or unsaturated PS species were used [43]. It was demonstrated that the work
of insertion of CPZ (9) between lipid molecules was the smallest, when the
most unsaturated PS species was used to form the monolayer. Therefore, the
CPZ-induced increase of the surface area of a single lipid molecule was pro-
portional to the packing density of a given phospholipid. Similar results were
obtained by de Matos Alves Pinto et al. [44], who studied the interaction
of promethazine (1) and TDZ (6) with PC and PA monolayers. The authors
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found that the most important parameters that ruled the drug–membrane
interaction were both features of the monolayer (mechanical properties and
thermodynamic stability) and the drug itself (molecular size, shape, and
charge). The maximal surface pressure that allowed drug penetration was big-
ger in PC monolayers that had higher surface stability as compared with PA
model membranes. This parameter was also dependent on drug’s molecu-
lar size, being inversely proportional to the molecular volume of the drug.
This correlation, however, was not valid in the case of protonated forms of
phenothiazines, probably because of electrostatic interactions between the
charged drug and phospholipids.

The Langmuir technique was also used by Hidalgo et al. [45] in their study
of CPZ (9) and TFP (5) interaction with monolayers formed from zwitterionic
PC and anionic PG. The surface pressure and dipole moment of PG monolay-
ers were seriously affected by both CPZ (9) and TFP (5). At the same time,
phenothiazine derivatives exerted almost no effect on PC model membranes.
Only small differences between the actions of CPZ (9) and TFP (5) were ob-
served; these were attributed to different protonation properties of the two
drugs. Additionally, a kind of cooperative effect of phenothiazine derivatives
on PG monolayers was noticed, i.e., phospholipid molecules that were not dir-
ect neighbors of the drug molecule were also affected by its presence. The use
of Brewster angle microscopy allowed the presence of domains in the CPZ:PG
monolayers to be observed, too. Further studies by the same group, in which
attenuated total reflection infrared spectroscopy was employed, showed that
CPZ (9) affected only the headgroup region of the monolayer without chang-
ing the conformational order of the phospholipid acyl chains [46]. It was
suggested that predominant interactions took place between CPZ (9) and
phosphate groups of lipids. An explanation for the cooperative effect exerted
by CPZ (9) on PG monolayers was proposed. This effect could be based on the
disruption of the hydrogen-bonding network at the phospholipid/water inter-
face by the drug. According to the authors, such an interaction might produce
a conformational change not only in the headgroup region but also in the
hydrophobic tail region.

Monolayers composed of zwitterionic DPPC and different amounts of an-
ionic PS were used by Jutila et al. [47] in the study of the influence of three
neuroleptic drugs (including CPZ) on membrane lateral heterogeneity. It was
revealed that in DPPC:brain PS monolayers, CPZ (9) increased the average
area per lipid molecule. The importance of specific interactions between phe-
nothiazine derivatives and PS was emphasized by the authors. Additionally,
microscopic studies of DPPC:brain PS monolayers labeled by the fluorescent
probe NBD-PC showed that CPZ (9) modulated the domain morphology of
the monolayers, increasing the gel–fluid domain boundary length.

Molecular dynamics simulations have been performed to investigate the
interactions between CPZ (9) and DPPC in Langmuir monolayers [48]. The
results of computer simulations revealed that the unprotonated form of the
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drug is preferentially located in the lipid tail region of the phospholipids,
having little contact with the aqueous phase. The precise orientation and con-
formation of the CPZ (9) molecule inside the monolayer depended on lipid
surface density. CPZ (9) exerted a “cholesterol-like” effect in DPPC mono-
layers. The drug promoted ordering of the lipid tails at lower lipid surface
densities and induced a local distortion of the acyl chains in the most dense
monolayers modeled (area per lipid of 50 Å2).

Self-assembled PC monolayers on mercury electrodes were also used to
study the effect of TFP (5) and TDZ (6) on the electrochemical proper-
ties of model membranes [49]. From these experiments it was deduced that
phenothiazine derivatives tended to reduce the order of DPPC monolayers.
Voltammetric study of levomepromazine (18) interaction with stable thin li-
quid films formed from lecithin on a glassy carbon electrode showed that
the permeability of the model membrane to the small solutes was increased
in the presence of the drug [50]. The effect of TDZ (6) on the transport of
neurotransmitters and ions has been recently studied by Nagapa et al. [51].
The authors aimed to test the hypothesis according to which all surface-active
drugs, when added to an aqueous phase, spontaneously form a liquid memb-
rane at the interface and modify the transport across the phase boundary.
Such a behavior might alter the permeability of cell membranes in the pres-
ence of surface-active drugs, like phenothiazine derivatives. It was demon-
strated that TDZ (6) alone as well as its mixtures with cholesterol and sph-
ingomyelin (SM) modified strongly the membrane permeability for sodium,
potassium, and calcium ions and also for biogenic amines. The authors there-
fore concluded that a “liquid membrane phenomenon” might be important
for biological actions of TDZ (6) as a neuroleptic drug.

Membrane interactions have been recognized to be important in many bi-
ological actions of phenothiazines. Apart from being neuroleptic drugs, many
phenothiazines are also able to modulate the multidrug resistance (MDR)
of cancer cells and pathological microorganisms. MDR in its most typical
form is caused by the expression of transmembrane pumps that transport
chemotherapeutics outside the cells, in this way enabling them to survive.
Recently the dependencies between drug–membrane interactions and phe-
nothiazine MDR-modulatory properties were reviewed by Tsakovska and Pa-
jeva [52]. The role of phenothiazine–lipid interaction in MDR reversal was
also reviewed by Michalak et al. [53]. Passive transport of anticancer drugs is
one of the crucial factors governing their accumulation inside the cells. It was
therefore studied whether MDR modulators, among them TDZ (6), were able
to alter the permeability of PC : PA : cholesterol liposomes [54]. The results
demonstrated that only the compounds bearing a positive charge and being
active MDR modulators caused the leakage of the dye Sulphan Blue from the
liposomes. The authors pointed out the importance of the net positive charge
of the drugs for being both effective anti-MDR agents and perturbers of the
liposome membrane.
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Pajeva et al. [55] studied the interaction of a series of phenothiazines with
PC and PS model membranes by means of differential scanning calorimetry
(DSC) and NMR techniques with the aim of elucidating the role of drug–
membrane binding in anti-MDR function of phenothiazines. After addition
of phenothiazines to DPPC membranes a shift of the main phase transition
temperature (Tm) to lower temperatures, the broadening of the transition
peak, and no change in enthalpy (∆H) were observed. Such changes in
transition profiles were attributed to the presence of phenothiazine deriva-
tives in the hydrophobic/hydrophilic interface of model DPPC membranes.
The picture that emerged from DSC experiments with phenothiazines and
dipalmitoylphosphatidylserine (DPPS) membranes was much more compli-
cated. Apart from lowering of Tm and calorimetric peak broadening, a drug
concentration-dependent decrease in ∆H was recorded in this system. More-
over, an additional drug-induced, low-temperature peak appeared in ther-
mograms of phenothiazine : DPPS mixtures. This “new” peak according to
the authors was due to strong electrostatic interactions of the cationic drug
with negatively charged PC molecules. The NMR technique was used to meas-
ure the proton relaxation times of CPZ (9), TFP (5) and triflupromazine
(11) in bovine brain PS bilayers. The concentration-dependent reduction
of proton relaxation times was recorded in all cases. Additionally, a corre-
lation was found between the MDR modulatory potency of phenothiazine
derivatives and their ability to alter the biophysical properties of phospho-
lipid bilayers. Further work by the same group concentrated on membrane
actions of trans-flupentixol (75), an MDR modulator being structurally re-
lated to phenothiazines [56]. It was shown that modulator–membrane inter-
actions might facilitate the penetration of anticancer drugs inside resistant
cancer cells.

DSC has been used as a tool to characterize the interactions of phenoth-
iazine derivatives with phospholipid membranes since the 1970s. The most
intensively studied drug was CPZ (9), probably due to its common use in
the treatment of psychiatric disorders. Cater et al. [57] found that CPZ (9)
caused a melting temperature decrease and transition peak broadening in
DPPC membranes. Virtually the same results were obtained later on by Fren-
zel et al. [58] in DPPC mixtures with CPZ (9) and diethazine (7). It was,
however, noticed that at high CPZ (9) concentrations (above 15 mol %) the
calorimetric peaks became narrow again. The conclusions about CPZ (9)
location in DPPC membranes were very similar to those drawn by Pajeva
et al. [55]. CPZ-induced lowering of Tm and transition peak broadening ac-
companied by the decrease of transition enthalpy was also recorded by Jutila
et al. [47] in DPPC and DPPS:brain PS model membranes. The interaction
of CPZ (9) with negatively charged phospholipids was also studied by means
of microcalorimetry. It was demonstrated that in PA and PG model memb-
ranes, higher CPZ (9) concentrations induced the appearance of a new calori-
metric peak at lower temperatures than the main transition peak [59]. The
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authors concluded that phase separation occurred, and CPZ-rich and CPZ-
poor domains were present in the bilayer. Similar conclusions were drawn by
Fernandez et al. [60] based on their DSC study of CPZ (9) interaction with PG
multilayers.

Apart from microcalorimetry, 13C and 31P NMR techniques have also been
widely used to study the interactions of phenothiazines with model memb-
ranes. CPZ (9) was found to stabilize the bilayer arrangement of egg PE, the
lipid that relatively easily adopted the inverted hexagonal packing mode [61].
In DPPC multilayers the presence of CPZ (9) or diethazine (7) resulted in
enhanced mobility in the acyl chain region of the model membrane and
a mobility reduction of the polar DPPC headgroups [58]. The authors pro-
posed that phenothiazine derivatives are incorporated into membranes in
such a way that the ring system is placed not far beyond the lipid’s glycerol
backbone and the cationic side chain is located near the polar headgroups.
A similar model of CPZ (9) location in PC membranes was proposed by
Nerdal et al. [62] as the result of magic angle spinning solid-state 13C NMR
experiments. Further interest of this research group was attracted by the in-
teraction of CPZ (9) with mixed lipid systems containing both PC and PS. It
was shown that CPZ (9) interacts preferentially with PS (with its phosphate
and the carboxyl group of serine) producing an enhancement of the mobil-
ity of the phospholipid polar headgroup [63]. It was also noticed that the
degree of phospholipid acyl chain unsaturation partly determined the way
in which CPZ (9) interacted with membranes. Docosahexanoic acid (DHA)
is a highly unsaturated fatty acid that is found at a level of about 50% in
the phospholipids of neuronal membranes. As medically important actions
of CPZ (9) are concentrated on neurons, SDPS (PS containing DHA) was
used in NMR experiments, and binding of the drug to this phospholipid
was studied [64]. The results of the study demonstrated that in the mix-
ture containing PC and PS possessing different acyl chains, the addition
of CPZ (9) did not change the mobility of the saturated acyl chains and
the choline headgroup of PC. At the same time, NMR measurements al-
lowed detection of the reduced mobility of DHA and the increased mobility
of the PS headgroup. A model of CPZ (9) interaction with SDPS was pro-
posed. According to this model, the positive charge of the drug was in the
vicinity of the negative charge of lipid phosphates, whereas the phenoth-
iazine ring was incorporated near the carbons C-4 and C-5 of the unsatur-
ated fatty acid. Model membranes composed of DPPC and SDPS have also
been studied by Song et al. [65]. In this system the presence of lipid mi-
crodomains, whose formation is probably due to the hydrophobic mismatch
between the two phospholipids, was recorded. The addition of CPZ (9) re-
sulted in more uniform membrane packing, i.e., the disappearance of phase
separation. The authors claimed that the presence of the drug affected the
area occupied by a SDPS molecule in the bilayer and probably the thickness
of the bilayer, too.
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Fluorescence spectroscopy has also been employed to study CPZ–memb-
rane interactions. Chen et al. [66] exploited CPZ (9) intrinsic fluorescence to
study binding of the drug to PC liposomes. As CPZ (9) fluorescence strongly
increased upon addition of PC vesicles to the aqueous drug solution, it was
concluded that CPZ had significant affinity for the lipid phase. However,
when anionic PS was introduced to the system, a further increase of CPZ (9)
fluorescence intensity was recorded. It was therefore likely that CPZ (9) in-
teracted preferentially with the negatively charged lipid. Fluorescence probes
located in different membrane regions were employed to study CPZ (9) in-
teraction with synaptosomal plasma membrane vesicles isolated from bovine
brain [67]. The use of pyrene derivative Py-3-Py as a probe allowed the
authors to demonstrate that the lateral mobility in the membranes was de-
creased by CPZ (9) in a concentration-dependent manner, and the ordering
effect was more pronounced in the inner monolayer. A decreased annular
lipid fluidity was also observed. Furthermore, the drug was found to have
a clustering effect on membrane proteins.

The ESR technique has been employed by Louro et al. [68] to investigate
the interaction of the protonated form of CPZ (9) with carboxyl groups at
the membrane surface. Spin-labeled stearic acid was used both to provide
the carboxyl groups and to monitor the CPZ-induced changes in PC lipo-
somes. The results of this study demonstrated strong binding of the drug to
the model membrane; however, the distribution of the drug in the membrane
surface was not likely to be uniform. In conclusion, the authors suggested that
there is an increased affinity of CPZ (9) for carboxyl groups present in the
vicinity of the membrane surface.

ESR experiments also brought interesting findings when dealing with CPZ
(9) binding to model and natural membranes containing various amounts of
cholesterol. It was shown that CPZ (9) in low concentrations increased the de-
gree of order (calculated from ESR spectra) in multilayers composed of ox
brain white matter phospholipids containing 5% of cholesterol [69]. How-
ever, raising the concentration of the drug eventually produced disorder in
model membranes. Pang and Miller [70] employed two spin probes, 5-doxyl
stearic acid and 1-acyl-2[8(4,4-dimethyloxazolidine-N-oxyl)]palmitoyl phos-
phatidylcholine, to study the interaction of CPZ (9) with PC : PA liposomes.
The drug increased the order parameter of both probes in a concentration-
dependent manner. When 5-doxyl stearic acid, whose spin label was local-
ized closer to the membrane’s surface in comparison to the other probe,
was used, the ordering effect of the drug was more pronounced. It was ev-
ident that CPZ (9) exerted a “cholesterol-like” effect on model membranes,
but the increase in order parameter in the presence of the drug was two
to three times less than that in the presence of cholesterol. The authors
also noticed that the ordering effect of CPZ (9) became smaller when the
amount of cholesterol in the membrane was raised (up to 33 mol %). The
modulatory effect of cholesterol on CPZ-induced changes of lipid order in
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model membranes has also been observed by Wisniewska and Wolnicka-
Glubisz [71]. The effect of the drug depended mainly on the phase state of
the bilayer. In cholesterol-free liposomes, formed from saturated DMPC or
unsaturated L-α,β-oleoyl-γ-palmitoyl phosphatidylcholine (SOPC), CPZ (9)
increased order parameter and rotational mobility of spin-labeled stearic
acid above Tm, and decreased these parameters below Tm. The addition
of 30 mol % of cholesterol changed the situation completely. In DMPC li-
posomes the presence of cholesterol reduced CPZ (9) partitioning into the
membrane. Moreover, the clear increase in lipid motion, i.e., membrane dis-
ordering, was visible at temperatures both above and below Tm in DMPC
liposomes containing CPZ (9) and cholesterol. The influence of cholesterol on
CPZ-containing SOPC membranes was not so strong. The ordering effect of
CPZ (9) observed in pure SOPC liposomes above Tm was reduced by choles-
terol, but unlike in DMPC–cholesterol membranes, no fluidizing effect was
observed instead. Below Tm CPZ (9) induced an increase in lipid motion but
this effect was much smaller in the presence of cholesterol as compared with
pure SOPC membranes. Summing up, it was shown that CPZ (9) alone in-
duced a “cholesterol-like” effect on phospholipid bilayers, but the effect of
the drug was strongly abolished when cholesterol itself was present in the
membranes.

The modulation of the effect exerted by CPZ (9) on membranes in the pres-
ence of cholesterol and SM was also studied in respect of membrane stability
against the solubilization by detergents [72]. It was observed that CPZ (9) in
concentrations below the cmc behaved as a mild detergent, inducing the leak-
age of fluorescent probe 6-carboxyfluorescein from PC liposomes. At higher
drug concentrations complete liposome solubilization occurred. The addition
of cholesterol or SM to the liposomes did not change the ability of CPZ (9)
to induce fluorescent dye leakage. As in the case of membrane resistance to
detergents, cholesterol increased while SM, surprisingly, decreased liposome
resistance against solubilization by detergents.

When applied in high concentration CPZ (9) had the tendency to change
the lipid packing mode of model membranes. Studies by freeze–fracture
electron microscopy demonstrated that CPZ (9) induced the formation of
a hexagonal phase in cardiolipin [73] and in dioleoyl phosphatidic acid
membranes [74]. It should be noticed that CPZ-induced adaptation of non-
bilayer organization by these negatively charged lipids was observed only
in CPZ : lipid molar ratios as high as 1 : 1 or even 2 : 1. On the other hand,
a structural analysis by X-ray diffraction showed that CPZ (9) (at 33 mol %)
reduced the thickness of a model DPPC membrane by almost 50% [75]. The
observation was attributed by the authors to the formation of an interdig-
itated phase. The possibility of the existence of such a phase at high CPZ
(9) concentrations was also suggested by Frenzel et al. [58] as they observed
that the calorimetric peaks, broadened at low CPZ (9) concentrations, became
narrow again at high concentrations of the drug.
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Besides CPZ (9), TFP (5) is another phenothiazine derivative whose in-
teraction with membranes is relatively well known. In the extensive study of
Hendrich et al. [76], the influence of TFP (5) on model membranes formed
from zwitterionic lipids (DMPC and DPPC) and negatively charged dimyris-
toylphosphatidylglycerol (DMPG) was investigated by means of DSC and
fluorescence spectroscopy. For all lipids lowering of Tm, calorimetric peak
broadening, and ∆H decrease were recorded in the presence of the drug. The
extent of drug-induced changes in thermotropic membrane properties de-
pended, however, on both phospolipid headgroup type and the acyl chain
length. It was shown that the transition temperature of DMPC was affected
more seriously that that of DMPG, whereas ∆H of DMPG was reduced more
strongly than that of DMPC. Moreover, the biophysical properties of DPPC,
which possessed longer acyl chains than DMPC, were altered by TFP (5) to
a much smaller extent than the PC species with shorter acyl chains. Addition-
ally, it was noticed that above given drug:lipid molar ratios the calorimetric
peaks recorded in zwitterionic lipid clearly consisted of two components, i.e.,
phase separation was induced by TFP (5) in both DMPC and DPPC bilay-
ers. Fluorescence spectroscopy was used to further study the phenomenon of
phase separation in PC membranes. The fluorescent probe Laurdan, whose
spectral properties are sensitive to the hydration of the lipid bilayer, was em-
ployed. The results of fluorescence spectroscopy experiments demonstrated
that the main phospholipid phase transition temperature of DPPC bilayers
was reduced by TFP (5). The observation of phase separation in PC but not
in PG bilayers was also confirmed. The existence of microdomains in TFP
(5):PC mixed membranes was attributed by the authors to the dissimilar in-
teractions of two protonation forms of TFP (5) with PC molecules. On the
other hand, the formation of TFP-induced domains was not observed by
DSC in model membranes formed from the other zwitterionic lipid, dimyris-
toylphosphatidylethanolamine (DMPE) [77]. The effects exerted by TFP (5)
on DMPE model membranes were qualitatively similar to the effects of the
drug on DMPC. However, stronger lowering of Tm was recorded in DMPC
than in DMPE, while drug-induced ∆H reduction was almost the same in the
two lipid systems studied.

The interactions of TDZ (6) with model membranes composed of differ-
ent phospholipids were also studied by the same group [78]. Calorimetric
studies demonstrated that TDZ (6) altered the thermotropic properties of
negatively charged DMPC membranes to a larger extent than of zwitterionic
phospholipids (PC and PE). The character of the drug-induced changes of the
transition parameters of all studied lipids indicated that TDZ (6), similarly
to other phenothiazine derivatives, was likely to be localized close to the po-
lar/apolar interface of the bilayers. Experiments in which fluorescent probe
1,6-diphenyl-1,3,5-hexatriene (DPH) was employed revealed that TDZ (6) re-
duced the mobility of lipid molecules in a concentration-dependent manner
and thus decreased membrane fluidity. The influence of TDZ (6) on isolated
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rat mitochondria was also studied [79]. As TDZ exhibited strong antioxidant
activity it was hypothesized that this effect could be mediated by the inter-
action of the drug with the mitochondial membrane. To test this hypothesis,
experiments with two fluorescent probes were performed. After the addition
of TDZ (6) the fluorescence intensity of the probe localized near the lipid po-
lar headgroups increased, while the fluorescence of the probe incorporated
into the hydrophobic region of the membrane was strongly reduced. It was
concluded that TDZ (6) interacted with the inner mitochondrial membrane,
probably not far from its surface, and such an interaction was important for
antioxidant activity of the drug.

The newly synthesized phenothiazine derivative 2-trifluoromethyl-10-[4-
(methanesulfonylamido)butyl]-phenothiazine (FPhMS, see Fig. 1 for chem-
ical structure) was also extensively studied in the context of its interaction
with lipid bilayers. DSC was used to study the influence of this compound
on model membranes formed from DMPE [80], DPPC [81], DMPC, and
DMPG [82]. In all the studied lipid systems FPhMS (16) lowered Tm, caused
broadening of transition peaks, and induced the decrease of ∆H. Melting
temperatures were found to be reduced by the phenothiazine derivative to
a similar extent when different lipids possessing acyl chains of the same
length were compared.

Transition enthalpy was reduced most strongly in DMPC membranes,
whereas in DMPE and DMPG the scope of FPhMS-induced change was
smaller. Such results confirmed the supposition that FPhMS (16) localiza-
tion inside the membrane is similar to that of other phenothiazines. Addi-
tionally, this compound was observed to induce phase separation in DMPE
membranes [80]. Two components were clearly visible in the thermograms of
FPhMS/DMPE mixtures starting from a drug : lipid molar ratio of 0.04. When
the amount of the phenothiazine derivative in the membrane was raised
the maximal temperatures of the two components converged, and a single
calorimetric peak was finally observed at a FPhMS : lipid molar ratio of 0.12.
The existence of phase separation in FPhMS/DMPE mixed membranes was
attributed by the authors to the putative two spatial orientations of the phe-
nothiazine derivative side chain in the region of DMPE polar headgroups that
were interconnected by the tight network of hydrogen bonds. On the other
hand, in model membranes composed of DPPC the phenothiazine deriva-
tive showed a biphasic effect on the main phospholipid phase transition
parameters as recorded by DSC [81]. Up to a drug : lipid molar ratio of 0.08
FPhMS (16) caused the decrease of Tm. At higher molar ratios an increase
was observed, and at a drug:lipid molar ratio of 0.12 the melting temperature
reached almost the value typical for pure DPPC; however, the calorimetric
peaks remained broad. The dependence of ∆H on FPhMS (16) concentra-
tion was also biphasic but this effect was not as pronounced as in the case of
Tm. ESR experiments were performed at a FPhMS:DPPC molar ratio of 0.06
at room temperature (below Tm of DPPC). It was found that the presence of
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the phenothiazine derivative caused the restriction of motional freedom of
spin labels located at different depths inside the membrane (close to the sur-
face, at the 5th, 7th, and 16th carbon atoms of the DPPC acyl chain). During
the same study experiments with the use of fluorescent probe DPH, which is
located deep in the membrane core, were performed. The analysis of DPH flu-
orescence polarization as a function of temperature revealed that FPhMS (16)
decreased the melting temperature of DPPC.

Additionally, it was observed that the phenothiazine derivative increased
DPH polarization in both DPPC and DMPC liposomes at temperatures above
Tm. Similar observations were made for liposomes composed of egg PC that
were in the liquid-crystalline state at room temperature. At temperatures at
which DPPC or DMPC were in the gel state the addition of FPhMS (16) caused
a concentration-dependent decrease of DPH polarization degree. It was con-
cluded that the effect of FPhMS (16) on membranes to some extent resembled
the effect of cholesterol, since the addition of the phenothiazine derivative
caused an increase of membrane fluidity in the gel state and a decrease of flu-
idity in the liquid-crystalline state of the bilayer. Many experimental works
demonstrated that the electrostatic interaction of phenothiazines and nega-
tively charged lipids might be specific and crucial for the biological functions
of these drugs. Wesolowska et al. [82] studied the interactions of FPhMS
(16) with anionic lipids. The results of this study brought some interesting
and unexpected observations that slightly changed the picture emerging from
previous works dealing with this subject. As was described above, the cooper-
ativity of the main phospholipid phase transition in DMPC was affected more
strongly by the phenothiazine derivative than in DMPG. It suggested deeper
penetration of this compound into the membranes composed of neutral phos-
pholipid. Further, interaction of FPhMS (16) with liposomes composed of
pure PC, pure PS, or mixtures of these two lipids in different proportions was
examined. Fluorescence spectroscopy showed that DPH polarization was in-
creased in the presence of the drug in all model membranes; however, the
phenothiazine-induced effect was the biggest in pure PC bilayers and the
smallest in pure PS model membranes. Just the opposite results were ob-
tained when quenching of fluorescence of N-phenyl-1-naphthylamine (NPN)
in the presence of FPhMS (16) was studied. NPN is localized much closer
to the membrane surface than DPH. Here, the most pronounced quenching
was recorded in PS membranes, while NPN fluorescence in pure PC lipo-
somes was affected to a lesser extent. Based on the results reviewed above,
it was concluded that FPhMS (16) was located closer to the membrane sur-
face in the anionic lipid than in the zwitterionic one. Such findings were
in general compatible with a model assuming the interaction of the posi-
tively charged phenothiazine derivative side chain with the polar headgroups
region of phospholipids, while the aromatic ring system of the drug was in-
serted between lipid acyl chains. Electrostatic interaction between FPhMS
(16) and negatively charged PS or PG could anchor this compound and
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thus keep it closer to the membrane surface than in the neutral PC model
membrane.

Four groups of new phenothiazine derivatives were synthesized: phenoth-
iazine maleates (PhM) (12), phenothiazine acetylamides (PhA) (13), phenoth-
iazine methoxycarbonylamides (PhMC) (14), and phenothiazine methanesul-
fonylamides (PhMS) (15) with the aim of their putative application as MDR
modulators [9]. The chemical structures of these compounds are presented
in Fig. 1. Within each group three different types of ring substituent at pos-
ition 2 were possible (– H, – Cl, and – CF3) and two lengths of alkyl chain
between the ring system and side chain amino group (three and four carbon
atoms). The interaction of these new derivatives with model membranes com-
posed of different lipids was studied in a systematic way and the results were
presented in a series of papers [9, 38, 83]. Calorimetrically recorded changes
in transition parameters of DPPC were the most pronounced in the case of
trifluoromethyl-substituted derivatives [9]. PhM (12) were identified as the
most effective perturbers of DPPC model membranes, whereas other groups
of derivatives altered Tm and ∆H in a similar way. All new phenothiazine
derivatives were also found to quench NPN fluorescence strongly in lipo-
somes formed from bovine brain PS. The quenching potency decreased in the
order: PhM > PhMS > PhMC > PhA. PhMC (14) and PhMS (15) possessing
four carbon atom linkers between the phenothiazine nucleus and side chain
group were studied in more detail [83]. Calorimetric analysis of the influ-
ence of these compounds on the thermotropic properties of DPPC, DMPE,
and DMPG was performed. When the effect of PhMC (14) on the melting
temperature of the three lipids was analyzed, it was found that chlorine- and
trifluoromethyl-substituted compounds decreased Tm more strongly than
H-substituted ones. In PhMS (15) all derivatives similarly affected Tm in
DPPC and DMPG. Only in the case of DMPE was a dramatic drug-induced
drop in Tm recorded for Cl- and CF3-substituted compounds. Analysis of
the influence of PhMC (14) and PhMS (15) on ∆H of lipids gave no clear
picture—different derivatives were found to be most effective in different
phospholipids. Both PhMC (14) and PhMS (15) turned out to be quenchers
of NPN fluorescence in PS liposomes. The quenching effectiveness in the
two groups decreased in the order: CF3- > Cl- > H-substituted compounds.
Hydrogen- and chlorine-substituted derivatives from both groups of phe-
nothiazines quenched the fluorescence similarly; however, CF3-substituted
PhMS (15) was a twofold stronger NPN quencher than CF3-substituted PhMC
(14). Both groups of phenothiazine derivatives were also observed to increase
DPH fluorescence polarization in PS model membranes. The effect of PhMC
(14) and PhMS (15) was similar. In both groups the strongest DPH polar-
ization increase was caused by CF3-substituted compounds followed by Cl-
and H-substituted ones. In the case of both PhMC (14) and PhMS (15) a sig-
nificant correlation was found between their membrane-perturbing activity
and MDR-modulating efficiency, which could suggest that interactions with
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membranes might be important for the MDR reversing action of these phe-
nothiazine derivatives.

PhM (12) have also been found to quench NPN fluorescence and increase
DPH polarization in PS membranes [38]. Again, CF3-substituted compounds
were found to be both the most effective NPN quenchers and the most po-
tent agents inducing DPH polarization increase. Additionally, it was observed
that derivatives possessing four carbon atoms in the alkyl chain between the
phenothiazine ring and side chain group were more effective in altering the
fluorescence of both NPN and DPH than derivatives with a three carbon
atom linker. The compounds with a longer alkyl bridge connecting the phe-
nothiazine nucleus with the side chain group were also shown to influence
the transition parameters of DPPC, DMPE, and DMPG to a greater extent
than phenothiazines with the shorter linker. The melting temperature and
enthalpy were reduced in the presence of all PhM (12); however, the most pro-
nounced drop of Tm was found in mixtures of DMPG with CF3-substituted
compounds. On the other hand, ∆H was reduced most strongly in the case
of CF3-substituted compounds mixed with DMPE. Generally, the effects ex-
erted by PhM (12) on the biophysical properties of model membranes were
correlated with their lipophilicity but not with their MDR-modulating po-
tency. It was therefore concluded that the mechanism of anti-MDR activity
of PhM (12) is different from those of PhMC (14) and PhMS (15), in spite
of the relatively similar chemical structures of all groups of phenothiazine
derivatives.

2.2
Interaction of Flavonoids with Model Phospholipid Membranes

Flavonoids constitute a large and divergent group of plant-derived com-
pounds characterized by a very wide spectrum of biological activities (for
chemical structures see Fig. 2 and Table 1). Flavonoids have been commonly
reported to protect cells (e.g., cardio- or hepatoprotection) against injuries
caused by external factors. Antioxidant activity is often claimed to be the
cause of such cell-protective properties of flavonoids. As membrane lipids
are cell components that tend to be the most vulnerable to being oxidized
by free radicals, the antioxidant activity of flavonoids has been proposed,
and subsequently demonstrated, to be correlated with the ability of these
compounds to change the biophysical properties of model and biological
membranes [84–86]. The antioxidant properties of flavonoids have been re-
cently reviewed by Heim et al. [87].

Different model systems and different methods are used to evaluate the
antioxidant properties of flavonoids. The stable free radical 1,1-diphenyl-
2-picrylhydrazyl (DPPH), which changes color after being reduced by an
antiradical compound, was employed to study the antioxidant properties of
isoflavones genistein (42) and daidzein (40), flavones apigenin (23) and lute-
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olin (25), and flavonols quercetin (29) and kaempferol (28) [88]. Only luteolin
(25), quercetin (29), and kaempferol (28) turned out to be effective scavengers
of the DPPH radical, whereas the other compounds were inactive in this re-
spect. Madsen et al. [89] used an ESR assay based on competition between
the spin trap and flavonoids in scavenging peroxyl radicals. Twelve different
compounds belonging to flavanones, flavones, flavanols, and flavonols have
been tested. The study revealed that flavonols were the most potent scav-
engers of radicals among all the flavonoids tested. The simultaneous presence
of the 2,3-double bond and 3-hydroxyl group in the flavonoid molecule as
well as the catechol (benzene 1,2-diol) group in ring B were also identified
as markers of the high antioxidant activity of flavonoids. Additionally, the
authors pointed to the importance of the hydrophilic/lipophilic balance of the
flavonoid molecule for its radical scavenging properties. Similar conclusions
were also drawn by Yang et al. [90] who determined the oxidation potentials
of 30 flavonoids using an electrochemical method. It was noticed that both
too high and too low lipophilicity of the flavonoid was devastating for its an-
tioxidant properties. Canola oil constitutes another popular model system to
study antioxidant properties of chemicals. Quercetin (29) was found to be the
most protective against lipid oxidation in this system, followed by kaempferol
(28), myricetin (31), and morin (30), while apigenin (23) was inactive [91].
The authors concluded that the crucial factors for flavonoid antioxidant ac-
tivity included the total number and the location of hydroxyl groups, with
the 3-OH group being extremely important. Vaya et al. [92] employed low-
density lipoprotein as a model system to study the inhibition of chemically
induced lipid oxidation by 20 flavonoids belonging to five different subclasses.
Quantum chemical calculations of the geometry of the flavonoids and their
corresponding radicals demonstrated that abstraction of a hydrogen atom
from the 3-OH group was the most energetically favorable, and that was why
the presence of this group in the flavonoid structure was so important for
its antioxidant activity. Additionally, it was shown that the energy of radical
formation at position 3 was dependent on the structure of rings B and C.

The antioxidant activity of flavonoids in liposomes has also been exten-
sively studied. Gordon and Roedig-Penman [93] used liposomes formed from
egg PC to compare the antioxidant potencies of myricetin (31) and quercetin
(29) with that of known antioxidant α-tocopherol. Myricetin (31) was found
to be more effective than α-tocopherol, while the ability of quercetin (29) to
protect liposomes against oxidation depended strongly on its concentration
and pH. Arora et al. also studied different isoflavones [94] and flavonoids [95]
in liposomal systems. For both groups of compounds the spatial pattern
of hydroxyl groups in the molecule (especially in ring B) was identified to
govern the ability of flavonoids to protect PC liposomes against oxidation.
Additionally, it was demonstrated that the relative antioxidant potency of
flavonoids was dependent not only on their chemical structure but also on
the system used to initiate lipid peroxidation. Both groups of flavonoids pro-
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tected liposomes better against oxidation induced by Fe2+ or Fe3+ ions than
by peroxyl radicals. It might suggest that apart from the radical scavenging
ability of flavonoids, their metal chelating properties were also important for
liposome protection. The high effectiveness of quercetin (29) and rutin (50)
in complexing Cu2+ and Fe2+ but not Pb2+ ions in lipid bilayers was demon-
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Fig. 2 Chemical structures of flavonoids (basic types of flavonoids and some selected
examples)
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Table 1 Chemical substitutions at different ring positions for various types of flavonoids

# Compound/ 3 5 6 7 2′ 3′ 4′ 5′
position

Flavones:

21 flavone H H H H H H H H
22 chrysin H OH H OH H H H H
23 apigenin H OH H OH H H OH H
24 acacetin H OH H OH H H OCH3 H
25 luteolin H OH H OH H OH OH H
26 baicalein H OH OH OH H H H H

Flavonols:

27 galangin OH OH H OH H H H H
28 kaempferol OH OH H OH H H OH H
29 quercetin OH OH H OH H OH OH H
30 morin OH OH H OH OH H OH H
31 myricetin OH OH H OH H OH OH OH
32 fisetin OH H H OH H H H H

Flavanones:

33 naringenin H OH H OH H H OH H
34 hesperetin a H OH H OH H OH OCH3 H
35 neohesperetin a

Flavanols:

36 catechin a OH OH H OH H H OH H
37 epicatechin a

38 epigallocatechin OH OH H OH H OH OH OH
39 taxifolin OH OH H OH H OH OH H

Isoflavones:

40 daidzein H H OH H H OH H
41 formononetin H H OH H H OCH3 H
42 genistein OH H OH H H OH H
43 biochanin A OH H OH H H OCH3 H
44 prunetin OH H OCH3 H H OH H
45 irisolidone OH OCH3 OH H H OCH3 H

Flavonoid glycosides:

46 genistin OH H O-Glc b H H OH H
47 hesperidin a H OH H O-Glc-Rha b H OH OCH3 H
48 neohesperidin a

49 naringin H OH H O-Glc-Rha b H H OH H
50 rutin O-Glc-Rha b OH H OH H OH OH H

a Stereoisomers, see Fig. 2
b Glc = glucose; Rha = rhamnose
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strated by a spectrophotometric method [96]. Heart microsomes were used
in the study of antioxidant and metal chelating properties of a large group
of flavonoids [97]. The catechol structure in ring B and the presence of the
2,3-double bond and 3-OH group were the structural features identified to
be important for antioxidant activity. Additionally, it was stressed that the
3-OH group might constitute a chelation site for Fe2+ ions. Foti et al. [98]
studied the protective action of isoflavones on normal and cancer lympho-
cytes against oxidative damage induced by hydrogen peroxide. Both genistein
(42) and daidzein (40) were found to reduce DNA damage but only daidzein
(40) was shown to reduce lipid peroxidation in the cells.

Apart from the ability to protect cells against oxidative damage flavonoids
can, under certain circumstances, exert prooxidative effects. Such a prooxi-
dant activity of many flavonoids was demonstrated [99, 100], and was shown
to depend both on the flavonoid structure and on the presence of external
factors (e.g., Cu2+ ions).

Flavonoids are polyphenolic compounds that combine in their molecules
three hydrophobic aromatic rings with lots of hydrophilic side substituents
(mainly hydroxyl groups). Such structures are likely to interact with lipid
bilayers or detergent molecules that contain spatially separated hydropho-
bic and hydrophilic regions. Liu and Guo [101] studied the interaction of
morin (30) with cationic detergent hexadecyltrimethylammonium bromide
(CTAB). The results suggested that morin (30) was bound to the detergent
micelles by its ring B, and that the angle between ring B and the rest of the
molecule changed during binding. It was also shown that morin–detergent
interaction was an endothermic process driven by weak intermolecular forces
(both hydrophobic and electrostatic). Interaction of quercetin (29) with mi-
celles of anionic detergent SDS and cationic CTAB was studied by the same
authors [102]. It was demonstrated that quercetin (29) incorporates into mi-
celles formed from both detergents. Different interaction modes were pro-
posed, however, for the quercetin–SDS and quercetin–CTAB systems. The
authors concluded that ring B of morin (30) is most likely to interact with
SDS molecules, while rings A and C constituted the most probable site of
interaction with cationic detergent.

The affinity of flavonoids for phospholipid membranes has been unequiv-
ocally demonstrated by many authors. Many biological functions of these
compounds are also believed to be the result of flavonoid interactions with
cell membranes. Partition coefficients for a large group of flavonoids between
water and olive oil were determined, and it was shown that the hydrophobic-
ity of the compounds is inversely proportional to the number of OH groups.

Additionally, it was noticed that flavones were slightly more hydropho-
bic than flavanones possessing the same number of hydroxyl groups [103].
Flavonols turned out to be the least hydrophobic from all the compounds
studied. The degree of DPH fluorescence quenching in PC liposomes by
flavonoids was used as a measure of the relative membrane affinity of these
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compounds. The test showed that flavonols, although less hydrophobic than
flavanones, exhibited a substantially higher affinity for liposomes. Accord-
ing to the authors flavones were likely to easily intercalate into the PC bilayer
due to the more planar configuration of their molecules as compared to fla-
vanones. The octanol:water partition coefficients for a series of isoflavonoids
and their affinity for egg PC vesicles were measured by Kato et al. [104].
It was shown that high lipophilicity was characteristic for the compounds
with a 5-OH group combined with a methoxy group at the 4′ position.
The authors postulated that these groups formed an intramolecular hydro-
gen bond and in this way an additional aromatic ring was formed. More
hydrophobic isoflavonoids were found to be more effective quenchers of fluo-
rescence of both 2- and 12-anthroyloxy stearic acid probes incorporated into
PC liposomes. Lipophilicity of the studied isoflavonoids was correlated with
their cytotoxicity for Chinese hamster lung fibroblast V79 cells. The same
cell line was used to investigate the toxicity of four flavonols: myricetin (31),
quercetin (29), galangin (27), and kaempferol (28) [105]. Again it was found
that more hydrophobic compounds were more toxic to the cells.

On the other hand, the results of Ollila et al. [106] demonstrated that
the interactions between flavonoids and DPPC immobilized on a chromato-
graphic column were not governed by compound hydrophobicity but by
the number of OH groups in the flavonoid molecule. Affinity for the DPPC
membrane measured as retention time was higher for the compounds pos-
sessing large numbers of hydroxyl groups. This suggested that both polar and
nonpolar forces were important for flavonoid–biomembrane interactions. Ka-
jiya et al. [107] in their study on binding of four tea catechins to PC liposomes
demonstrated that such factors as the number of OH groups, the presence
of the galloyl moiety, and the stereochemical structure governed the affinity
of flavonoids for phospholipid bilayers (see Fig. 3 for chemical structures).
Moreover, it was shown that raising the salt concentration in the aqueous
medium resulted in an increased amount of catechins bound with the model
membrane. The introduction of a negative charge by adding 10% of PS to
PC liposomes resulted in lower amounts of catechins associated with the
membrane. The importance of the stereochemical structure of tea catechins
for their interaction with lipid membranes was studied in more detail [108].
Catechins can be classified into cis and trans types that differ by the configu-
ration of the hydrogens at the 2 and 3 positions of ring C. The authors found
that both the octanol:buffer partition coefficient and the amount of flavonoid
incorporated into liposomes were higher in the case of cis-catechins. Cis-
catechins also turned out to be more effective quenchers of fluorescence
of 2-anthroyloxy stearic acid than the corresponding trans-catechins, which
might reflect a higher membrane affinity of cis-stereoisomers.

Human colon adenocarcinoma cell line Caco-2 constitutes a popular
model to study the absorption of different compounds into enterocytes and
their transport through the monolayer of epithelial cells. Murota et al. [88]
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Fig. 3 Stereochemical structures of catechin isomers

showed that some degree of hydrophobicity is needed for flavonoids to en-
ter and be transported by these cells, as isoflavone aglycones were bound
and transported more efficiently than their glucosides. On the other hand,
strong binding to cell membranes was likely to diminish transport through
the monolayer of Caco-2 cells, as shown for a group of flavonoids by Tam-
mela et al. [109]. The authors demonstrated that high membrane affinity was
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accompanied by poor apical to basolateral transport. Flavonoids interacted
strongly with membranes and were most probably accumulated within the
cells and/or cell membranes, which led to their low ability to penetrate the
monolayer of epithelial cells.

The influence of flavonoids on membrane permeability and integrity was
studied by many authors. Depending on flavonoid concentration and the
model system used both protective and disruptive activities of flavonoids
were recorded. Catechins [85] and other flavonoids [110] were found to pro-
tect PC:PS liposomes against detergent-induced lysis. Ollila et al. [106] no-
ticed that the ability of flavonoids to induce the leakage of fluorescent probe
calcein entrapped in PC liposomes was correlated with the hydrophobic-
ity of the compounds. However, not only hydrophobicity but also flavonoid
location inside the membrane might be important for its action on memb-
rane permeability. Gallic esters of catechins (gallates) were found to be more
hydrophobic and have higher affinity for lipid bilayers than catechins them-
selves [111]. In spite of this fact, catechins induced calcein efflux from PC
liposomes even at the lowest concentrations tested, whereas catechin gal-
lates protected the liposome membrane when used at concentrations below
1 nM. The authors concluded that such an effect was due to more superfi-
cial location of catechin gallates as compared to the corresponding catechins.
The conclusion was additionally supported by the observation that cate-
chin gallates but not catechins quenched the fluorescence of 2-anthroyloxy
stearic acid whose fluorophore is located near the membrane surface. At
high concentrations, however, catechin gallates induced stronger carboxyflu-
orescein efflux from liposomes formed from a lipid mixture extracted from
Escherichia coli than catechins [112].

As flavonoids constitute an extremely large and divergent group of com-
pounds, one may expect that the scope of membrane-associated effects ex-
erted by these compounds would be very broad and that different flavonoids
would change the biophysical properties of membranes in a dissimilar way.
Surprisingly, virtually all publications in which the effect of flavonoids
on membrane fluidity was studied came to similar conclusions. Furusawa
et al. [113] employed two fluorescent probes: DPH, buried deep in the memb-
rane hydrophobic core, and TMA-DPH which possessed the same fluorophore
but anchored closer to the membrane surface by a cationic trimethylammo-
nium (TMA) phenyl group. The authors reported a significant increase of
fluorescence polarization of both probes in the presence of quercetin (29)
and its derivatives commonly found in the brownish scale of onion. The
same probes were used to study the membrane action of epigallocatechin
gallate (EGCg) (64), genistein (42), daidzein (40), quercetin (29), and api-
genin (23) [114]. Again, the membrane rigidifying effect of flavonoids was
observed. Additionally, it was found that the ability of flavonoids to decrease
membrane fluidity was significantly affected by membrane composition. The
more cholesterol was present in the PC bilayer the weaker rigidifying ac-
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tion of flavonoids was recorded. Surprisingly, no effect of two catechins on
the DPH fluorescence polarization in mixed PS:PC liposomes was reported
by Verstraeten et al. [85]. Arora et al. [115] employed a series of fatty acid
probes fluorescently labeled by the anthroyloxy moiety at different positions
to study the interactions of a series of isoflavonoids and flavonoids with PC
model membranes. All compounds studied significantly increased the fluo-
rescence anisotropy of these probes. The rigidifying effect was the most pro-
nounced deep in the membrane core, as flavonoids changed the fluorescence
anisotropy of 16-anthroyloxy palmitic acid most prominently. The compari-
son of the effect of flavonoids on PC bilayers with that exerted by cholesterol
revealed that flavonoids in the membranes behaved similarly to this steroid.
Anthroyloxy fatty acids were also used to study the action of 26 polyphe-
nolic compounds on PC liposomes [86]. Flavanols and flavonols decreased
membrane fluidity. Again, a more pronounced effect was recorded when the
fluorescence anisotropy of 16-anthroyloxy palmitic acid was studied than for
6-anthroyloxy stearic acid. On the other hand, isoflavones and flavanones ex-
erted almost no effect on membrane fluidity. In the case of flavanones, it was
attributed to the tilted configuration of their molecules as compared to the
planar structure of flavonols.

In a series of papers Tsuchiya [116–118] employed two fluorescent probes,
1-anilinonaphthalene-8-sulfonic acid (ANS) and NPN, to study the effect of
the flavonoids on membrane fluidity. ANS binds close to the polar heads of
phospholipid molecules, whereas NPN is located deeper in the membrane
and probes its hydrophobic/hydrophilic interface. The effect of naringenin
(33) and its more hydrophobic derivative possessing the 8-lavandulyl moiety
(sophoraflavanone G (51)) on the fluorescence polarization of the two probes
was compared [117]. Both compounds were shown to decrease the fluidity
of model PC membranes, sophoraflavanone G (51) being more active than
naringenin (33). It was hypothesized that the reduction of the fluidity of bac-
terial membranes was the cause of the antimicrobial activity of sophorafla-
vanone G (51). The same model system was used to demonstrate the ability
of eight catechins from green tea to rigidify phospholipid bilayers [116]. Both
ANS and NPN polarization degree was increased in the presence of cate-
chins; however, the effect of these compounds on the hydrophilic region of the
membrane was slightly more pronounced. A higher membrane affinity of cis-
catechins than the trans forms was recorded in this model system, too [118],
as cis-catechins turned out to be more effective membrane rigidifying agents
than the trans stereoisomers.

In a more detailed study Caturla et al. [112] investigated the interac-
tion of four catechins with PC and PE model membranes by fluorescence
spectroscopy, microcalorimetry, and infrared spectroscopy. DPH fluorescence
anisotropy was monitored as a function of temperature and it was ob-
served that catechins either did not change or increased DPH anisotropy.
The membrane rigidifying effect of (–)-epicatechin (EC) (37b) was the most
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pronounced when DMPC was in the gel state, whereas (–)-epicatechin gal-
late (ECg) (63) exerted a stronger effect on lipid in the liquid-crystalline
phase. The plots of DPH anisotropy versus temperature revealed that only
ECg (63) reduced the Tm of DMPC strongly enough to be detected by flu-
orescence spectroscopy. Microcalorimetry demonstrated that only ECg (63)
and (–)-EGCg (64) were able to change the main phospholipid phase transi-
tions of DMPC, whereas EC (37b) and (+)-catechin (C) (36a) were inactive
in this respect. This was in agreement with measured liposome : buffer par-
tition coefficients that were substantially higher for ECg (63) and EGCg (64)
than for C (36) and EC (37). Both ECg (63) and EGCg (64) reduced Tm and
caused calorimetric peak broadening. Additionally, in the case of ECg (63) at
concentrations above 15% cooperativity of the transition increased again. Ad-
ditional experiments on quenching of intrinsic fluorescence of catechins by
lipids spin-labeled at different depths brought the authors to the conclusion
that catechin gallates (especially ECg (63)) were located deeper in the memb-
ranes than non-galloylated catechins. This conclusion was, however, opposite
to that reached previously by Hashimoto et al. [111]. Yoshioka et al. [119]
employed ESR spectroscopy to characterize the binding of (+)-catechin (36a)
to DPPC membranes. TEMPO, the spin probe superficially associated with
the lipid bilayer, was used to demonstrate that C (36) stabilized the memb-
rane surface, which resulted in an increase of the lipid melting temperature.
(+)-Catechin (36a) also caused a rise in 5-doxyl stearic acid order parameter
and hindered the motion of alkyl chains, as judged by the rotational correla-
tion time of 16-doxyl stearic acid. The authors concluded that the effects of
C (36) on the membrane core were due to its strong interaction with polar
lipid headgroups without flavonoid penetration deep into the phospholipid
bilayer.

Many flavonoids exhibit relatively intensive intrinsic fluorescence. Tomeck-
ova et al. [120] attempted to employ it to characterize the interaction of some
chalcones and flavonoids, i.e., naringenin (33), naringin (49), and quercetin
(29), with the outer membrane of rat mitochondria. It was observed that po-
larization of the flavonoid fluorescence increased when mitochondria were
added to the reaction buffer, which was attributed to the process of compound
binding to the membrane. Interaction of the plant flavonoid fisetin (32) with
PC model membranes was investigated in detail by Sengupta et al. [121]. The
fluorescence anisotropy of fisetin (32) was monitored as a function of tem-
perature. It was demonstrated that this parameter was useful to detect the
main phase transition of DPPC. Fisetin’s anisotropy was relatively high at
temperatures below the Tm of the phospholipid and was significantly low-
ered when DPPC was in the liquid-crystalline state. The authors concluded
that flavonoid fluorescence anisotropy might serve as a useful indicator of the
rigidity of the local microenvironment of the fluorophore. This was proba-
bly caused by relatively deep incorporation of fisetin (32) into lipid bilayers
and its localization in motionally constrained sites. New highly fluorescent
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derivatives of flavonols were designed and were demonstrated to be useful for
studying the interdigitation of lipid bilayers [122]. 3-Hydroxyflavone deriva-
tives anchored in lipid bilayers at a relatively precise depth through their
attached ammonium groups were demonstrated to probe the hydration and
polarity of lipid bilayers simultaneously [123].

DSC was also employed to study the interactions of flavonoids with
model membranes. Saija et al. investigated the thermotropic behavior of
DPPC bilayers in the presence of quercetin (29), naringenin (33), hesperetin
(34) [124], and rutin (50) [84]. All flavonoids, with the exception of rutin
(50), caused a concentration-dependent decrease of Tm accompanied by the
broadening of calorimetric peaks. None of the flavonoids changed the tran-
sition enthalpy of DPPC. The lowering of the lipid melting temperature was
time-dependent; the effect was more pronounced immediately after prepar-
ation of the probe and diminished with time. Additionally, it was observed
that the influence of quercetin (29) and hesperetin (34) on Tm was bipha-
sic. Raising the concentration of the flavonoids resulted in a Tm decrease that
reached a minimum at a flavonoid:DPPC mole ratio of 0.09 in the case of
quercetin (29) and 0.18 for hesperetin (34). In the presence of higher amounts
of the flavonoids the melting temperature increased again, not reaching,
however, the values typical for pure DPPC. The authors claimed that the
studied flavonoids induced a fluidizing effect on DPPC bilayers; however,
since no other researchers reported such an effect of flavonoids, this conclu-
sion should be treated with caution. The biphasic effect of the compounds on
Tm was attributed to their differential solubility in lipid bilayers in gel and
liquid-crystalline phases. As an alternative explanation the possibility that
flavonoids left the lipid bilayer when applied in high concentrations was con-
sidered. The changes caused by quercetin (29) in the thermotropic properties
of DPPC membranes observed by Wojtowicz et al. [125] were very similar. In
addition, the mobility of spin probes 5- and 16-doxyl stearic acid in the pres-
ence of quercetin (29) was studied. Based on calorimetric results and on the
observation that only the motional freedom of 5-doxyl stearic acid was af-
fected by the flavonoid, it was concluded that quercetin (29) was most likely
located at the polar/apolar interface of the membrane.

Microcalorimetry was also employed by Lehtonen et al. [126] in their
study on binding of daidzein (40) to model membranes formed from dif-
ferent phospholipids. It was found that daidzein (40) strongly perturbed the
main phospholipid phase transition of both DMPC and dimyristoylphos-
phatidylserine (DMPS). The melting temperature of both lipids was decreased
by the isoflavone in a concentration-dependent manner. In the case of DMPC,
but not DMPS, the lowering of transition enthalpy was additionally recorded.
The difference in the interaction of daidzein (40) with zwitterionic and nega-
tively charged phospholipids was also noticed when turbidity measurements
were performed on liposomes treated by the isoflavone. Strong liposome ag-
gregation then occurred, and its extent depended on the type of phospholipid
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used. The most pronounced aggregation was observed in the case of anionic
lipids, such as PS, PG, PA, and phosphatidylinositol (PI). The aggregation-
promoting effect of daidzein (40) was reduced in the presence of cholesterol.
It was concluded that the properties of the bilayer surface were drastically
changed by daidzein (40), and it was proposed that the membrane hydration
was lowered in the presence of the isoflavone. The addition of cholesterol re-
duced the daidzein-dependent effect as cholesterol was known to increase the
hydration of lipid bilayers.

Movileanu et al. [127] used reconstituted planar PC bilayers (black lipid
bilayers) to study the effect exerted by quercetin (29) on their electrical
properties. Quercetin inserted into model membranes, which resulted in an
increase in their conductance and electrical capacitance. Clear pH depen-
dence of quercetin (29) binding to membranes was observed. Capacitance
changes were the most pronounced at low pH, which was attributed to the
deeper insertion of quercetin (29) into the bilayer in acidic conditions. The
authors postulated that quercetin inside the membrane interacted with both
the hydrophobic domain and polar headgroups of PC.

The use of 1H magic angle spinning NMR spectroscopy allowed Scheidt
et al. [128] to precisely determine the localization of flavone (21), chrysin
(22), luteolin (25), and myricetin (31) in model 1-palmitoyl-2-oleoyl phos-
phatidylcholine (POPC) membranes. The presence of the flavonoids changed
the chemical shift of NMR signals derived from different portions of the
POPC molecule. Since the biggest shifts were induced in signals of PC frag-
ments located near the flavonoid molecules, the precise localization of the
compounds inside model membrane could be calculated. It was shown that
all lipid segments were affected by the flavonoids, i.e., their distribution in
the membrane was very broad. The center of distribution was located at the
level of the glycerol region. The precise membrane location was dependent
on the number of hydroxyl groups in the flavonoid molecule. More polar
compounds tended to be biased toward the polar headgroups region. The spa-
tial orientation of the flavonoid inside the membrane was governed by the
position of the molecule’s polar center. It was deduced that in the case of lu-
teolin (25) and myricetin (31) ring B was pointing toward the aqueous phase
while ring A was inserted deeper in the acyl chain region of the bilayer. The
opposite orientation was postulated for chrysin (22), whereas no preferen-
tial orientation was found for flavone (21), which indicated a high molecular
mobility of this compound inside the membrane. The same method was
employed by Siarheyeva et al. [129] in a study dealing with the interaction
of a large group of multidrug transporter substrates (including quercetin
(29)) with model DMPC membranes. Quercetin’s distribution inside the lipid
bilayer was relatively broad. The most probable location of the flavonoid
molecule was the layer located below the headgroup phosphates and above
the first segments of the lipid acyl chain. The interaction of EGCg (64), one
of the tea catechins, with DMPC membranes was studied by means of solid-
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state 31P and 2H NMR [130]. In the presence of EGCg (64) the 31P chemical
shift anisotropy was decreased, which suggested that the motions of phospho-
lipid headgroups were affected by the flavonoid. The above data confirmed
the localization of EGCg (64) not far from the polar headgroup region of the
membrane.

Hendrich et al. [131] combined DSC and absorption spectroscopy to
study membrane actions of isoflavones isolated from Sophora japonica: for-
mononetin (41), irisolidone (45), licoisoflavone A (54), and 6,8-diprenyl-
genistein (61). The two latter compounds were substituted by at least one
prenyl group, whereas formononetin (41) and irisolidone (45) were more po-
lar. It was found that both formononetin (41) and irisolidone (45) caused
strong aggregation of liposomes, the effect of 6,8-diprenylgenistein (61) was
weaker, and licoisoflavone A (54) promoted no liposome aggregation. Li-
posomes composed of negatively charged phospholipids (PI or PS) were
slightly more affected by isoflavones than the ones formed from neutral PC.
DSC experiments revealed that all isoflavones were incorporated into DPPC
model membranes and caused a drop of both Tm and ∆H and transition
peak broadening. Interestingly, the thermotropic behavior of DPPC was the
most influenced by licoisoflavone A (54) and 6,8-diprenylgenistein (61), while
irisolidone (45) and formononetin (41) exerted less pronounced effects. Ad-
ditionally, it was noticed that licoisoflavone A-induced changes in transition
enthalpy and cooperativity were biphasic. At an isoflavone : lipid molar ratio
as high as 0.2 the calorimetric peak resharpened again, and also ∆H in-
creased slightly as compared to the licoisoflavone A:DPPC molar ratio of 0.1.
Based on the above data, the authors proposed that aggregation-promoting
formononetin (41) and irisolidone (45) bound close to the liposome surface,
whereas isoflavones possessing prenyl groups in their structure penetrated
the bilayer more deeply and were located near the polar/apolar membrane
interface. In the next paper of this research group, the interaction of two
pairs of isoflavones with PC bilayers was investigated [132]. After inges-
tion isoflavones are subjected to many metabolic processes, among others
O-demethylation which transforms formononetin (41) to daidzein (40) and
biochanin A (43) to genistein (42). The results of DSC experiments revealed
some similarities between metabolically related compounds. All isoflavones
decreased the main phospholipid phase transition of DPPC. The effect of
daidzein (40) and formononetin (41) was quite weak and not concentration-
dependent. On the other hand, clear concentration dependence was visible
in the case of genistein (42) and biochanin A (43). Both compounds caused
a slight increase of Tm at an isoflavone : lipid molar ratio of 0.2 accompanied
by a strong decrease at higher concentrations. The magnitude of changes was,
however, much bigger for genistein (42) than for biochanin A (43). Genis-
tein (42) and biochanin A (43) also caused a decrease in phase transition
cooperativity, whereas daidzein (40) and formononetin (41) did not induce
the broadening of transition peaks. None of the isoflavones studied exerted
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a significant effect on the transition enthalpy. The authors concluded that
the ability of isoflavones to influence the biophysical properties of lipid bi-
layers was not changed after the process of O-demethylation. In addition, it
was proposed that all the studied isoflavones were located close to the memb-
rane surface. This proposition was supported by the fact that genistein (42), in
spite of being the most polar compound of all, exerted the most pronounced
effects on DPPC model membranes.

Superficial membrane localization was also proposed for flavanolignan–
silybin (52) on the basis of the results obtained by means of fluorescence
spectroscopy, ESR, and microcalorimetry [133]. It was found that general-
ized polarization of the fluorescent probe Laurdan was not changed by the
presence of the flavonoid. The fluorophore of Laurdan is located at the level
of the glycerol backbone and fluorescence emission spectra of this probe are
highly sensitive to lipid bilayer hydration. On the other hand, generalized
polarization of more shallowly located Prodan was lowered by silybin (52).
DSC experiments demonstrated that silybin (52) reduced the transition tem-
perature of DMPC but ∆H was affected very weakly. Silybin-induced changes
in the thermotropic properties of PC possessing longer acyl chains (DPPC)
were almost negligible. Additionally, it was observed that the appearance of
calorimetric peaks of silybin/DPPC mixtures evolved with time. This could be
caused by the escape of the flavonoid from the densely packed DPPC memb-
rane, as proposed by Saija et al. [124] for quercetin (29) and hesperetin (34).
The interaction of silybin (52) with only the surface of the lipid bilayer was
corroborated by ESR spectroscopy. Only the spectral parameters of superficial
spin probe TEMPO palmitate were affected by the flavonoid, while the mobil-
ity of 5-doxyl and 16-doxyl stearic acid was not changed. The ability of silybin
(52) to induce efflux of calcein entrapped inside egg PC liposomes was also
found to be very limited.

2.3
Interaction of Phenothiazines with Erythrocyte Membranes

Mammalian erythrocytes are highly specialized cells characterized by an
extremely simplified structure whose main task is the transport of gases (oxy-
gen and carbon dioxide) inside a body. They are biconcave membrane sacks
filled with hemoglobin. Red blood cells are devoid of internal membranes;
also, the structure of their membrane and membrane skeleton is well known.
That is why erythrocytes constitute a good and relatively simple model of bi-
ological membranes and are often used in studies on the interactions of drugs
with lipid bilayers. Marroum and Curry [134] investigated the partitioning of
six phenothiazines into red blood cells. It was found that the partition rate of
the drugs between erythrocytes and buffer was not correlated with the phe-
nothiazine lipophilicity, which was measured by determination of partition
coefficients in hexane/buffer systems. This suggested that other mechanisms,
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not only simple partitioning, accounted for the interaction of phenothiazines
with the erythrocyte membrane. The authors proposed two possible expla-
nations for that. First, they noticed that all the phenothiazines studied would
be in their cationic forms at physiological pH—therefore, electrostatic in-
teractions between the drugs and membrane could overrule lipophilicity in
partitioning. Second, specific binding of phenothiazines to some components
of the cell membrane or to some targets inside the cell could also result in
an apparent lack of correlation between phenothiazine lipophilicity and red
blood cell partitioning. A twinned titration flow calorimetry method was
used to characterize the thermodynamics of binding of five phenothiazine
derivatives to erythrocyte ghosts and intact red blood cells [135, 136]. When
binding of the drugs to erythrocyte ghosts was studied it turned out that
the process was entropy driven, as a large positive entropy change (∆S) and
small negative enthalpy change (∆H) were observed during binding. Phe-
nothiazines were characterized by a relatively high affinity to erythrocyte
ghosts; the binding constants lay in the range of 104–105 M–1. The picture
changed dramatically when binding of phenothiazine drugs to intact ery-
throcytes was analyzed. In this case, both ∆S and ∆H showed large negative
values. Additionally, the affinity of drugs for red blood cells was larger the
more hydrophobic the substituent present at position 2 of the phenothiazine
ring (see Fig. 1). The results demonstrated unequivocally that different mech-
anisms ruled the interaction of phenothiazine derivatives with erythrocyte
ghosts and with intact cells. It was suggested that in whole erythrocytes phe-
nothiazines bound and/or penetrated the inner monolayer of the membrane
and reacted with intracellular components, such as hemoglobin.

The ESR technique was employed to study the interactions of 11 phe-
nothiazines with erythrocyte ghost membranes [137]. All the drugs were
observed to induce spin-label immobilization. In the majority of cases the
immobilization effect was stronger for phenothiazine derivatives possessing
a hydrophobic substituent at position 2 of the ring (– SCH3 or – CF3) than
for those with more hydrophilic residues (– COCH3 or – H). A correlation
was found between the ability of the drug to induce spin-label immobilization
and its antisickling potency. Olivier et al. [138] investigated binding of two
spin-labeled CPZ (9) derivatives to human intact erythrocytes. The fraction
of the probes partitioned into erythrocytes depended neither on tempera-
ture nor on spin-label concentration. In ESR spectra of both spin-labeled
CPZ (9) derivatives two components were found: a slow-motion component
and a fast-motion component. The ratio of the two components depended on
temperature, and the slow-motion component was observed to prevail at low
temperatures. The authors drew the conclusion that two binding sites for phe-
nothiazine derivatives existed in erythrocyte membranes. An ESR study [139]
on CPZ (9), chlorpromazine sulfoxide, and TFP (5) binding to both ery-
throcyte ghosts and intact red blood cells gave opposite results than those
obtained before [137]. Stearic acid spin probes labeled at the 5th, 7th, and
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12th carbon atoms showed the increase in motional freedom in the presence
of phenothiazine derivatives [139]. Since it was demonstrated that phenoth-
iazines exerted no effect on the fluidity of erythrocyte-extracted vesicles
depleted of spectrin and actin, the authors came to the conclusion that skele-
tal proteins might constitute the putative membrane target for phenothiazine
drugs.

The conformation and dynamics of erythrocyte membrane proteins were
also significantly influenced by TFP (5), as demonstrated by means of fluores-
cence spectroscopy [140]. Fluorescence energy transfer between membrane
protein tryptophans and 1-aniline-8-naphthalene sulfonate molecules was in-
creased in the presence of TFP (5) in erythrocyte ghosts, which suggested
a decrease of apparent distance separating energy donors (tryptophans) and
acceptors (ANS molecules). It was concluded that TFP-induced alterations
in the structure of membrane proteins led to the rearrangement of the sur-
rounding lipids. Specific binding of CPZ (9) to spectrin was also demon-
strated in erythrocyte ghosts [141]. As a consequence, a concentration-
dependent increase in membrane stability was observed after the addition of
TFP (5).

The effect of phenothiazine derivatives on the stability and integrity of
erythrocyte membranes depends on the drug concentration. At high concen-
trations hemolysis occurs, but at low concentrations stabilizing effects of phe-
nothiazines were reported. Born and Housley [142] have shown that CPZ (9)
and TDZ (6) at concentrations below 20 µM protected human erythrocytes
against hypotonic lysis. The pretreatment of red blood cells with trypsin and
neuraminidase diminished the antihemolytic effect of phenothiazine deriva-
tives. It was therefore suggested that positively charged drugs interacted
strongly with the negatively charged sialic acid moieties of glycoproteins on
the erythrocyte surface. That is why sialic acid removal by enzymes abol-
ished the antihemolitic activity of phenothiazines. TFP (5) was also observed
to protect erythrocytes against hypotonic lysis when used at a concentration
below 20 µM [143]. Similar protective concentrations were reported for TFP
(5) and CPZ (9) by Hagerstrand and Isomaa [144]. The authors noticed that
the protective action of phenothiazines and other amphiphilic compounds
was not related to drug-induced shape changes in erythrocytes. They pro-
posed that intercalation of low amounts of amphiphiles into the erythrocyte
membrane caused rearrangements within the bilayer which were associated
with an increase of membrane permeability. It was suggested that rapid efflux
of ions through the amphiphile-treated membrane decreased the difference
in osmotic pressure between the cell interior and hypotonic buffer, thereby
protecting cells from being lysed.

At high concentrations phenothiazine derivatives are known to induce ery-
throcyte hemolysis. Many groups studied this process; parameters such as
hemolysis onset, 50%, and completion have been widely used to character-
ize phenothiazine-induced membrane disruption. TFP (5) was reported to
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cause 50% hemolysis at ca. 90 µM concentration [143], whereas TDZ (6) in-
duced such an effect at 110 µM, and CPZ (9) only at 370 µM [78]. In the latter
study it was also noticed that the drug concentration range between hemol-
ysis onset and completion was much narrower in the case of TDZ (6) than
of CPZ (9). The hemolytic activity of PhM (12) was also investigated [9].
Derivatives possessing – CF3 at position 2 of the phenothiazine ring were
more active than Cl- and H-substituted ones. Additionally, it was observed
that PhM (12) with a four carbon atom linker connecting the ring with the
side chain amino group were more potent hemolysis-inducing agents than
derivatives with a three carbon atom alkyl bridge. It must be noted, however,
that simple comparison of hemolytic parameters obtained in different stud-
ies may be misleading because of the different amounts of erythrocytes used
in hemolytic experiments. As was demonstrated by Malheiros et al. [143], not
drug concentration but drug : lipid ratio should be used to correctly describe
the hemolysis process. This study and the subsequent one [145] provided lots
of details dealing with the mechanisms of TFP-induced erythrocyte hemol-
ysis. The partition coefficient of TFP (5) between erythrocyte ghost and
buffer was measured and it was found to be slightly lower than in model
PC liposomes. This was explained by the presence of significant amounts of
cholesterol in red blood cell membranes that reduced the drug partitioning
into the bilayer. This finding is compatible with the results of earlier studies
on model phospholipid membranes [27, 33]. It was also observed that, simi-
lar to the case of some detergents [22] and PC liposomes [37], the TFP (5)
pK value was shifted down from 8.1 in water to 7.62 in the presence of ery-
throcyte membranes [143]. The pK value of 7.62 in erythrocytes indicated
that two protonation forms (cationic and neutral) of TFP (5) were present in
membranes at physiological pH. The neutral form bound to the membrane
more strongly than the cationic one, and the authors pointed out the impor-
tance of hydrophobic drug–membrane interactions for the hemolytic effect of
TFP (5). It was also noticed that TFP (5) induced hemolysis at concentrations
above the cmc, therefore the possibility of the formation of TFP (5) mi-
celles inside erythrocyte membranes was also taken into consideration when
the hemolytic mechanism of phenothiazines was discussed [143]. Significant
amounts of cholesterol and phospholipids were released from erythrocyte
membranes following the incubation with TFP (5) at hemolytic concentra-
tions [146], which suggested that drug-induced membrane disorganization
occurred. Freeze–fracture electron microscopy was used to show that CPZ (9)
at concentrations above 3 mM induced the formation of transient holes in the
erythrocyte membrane [147]. Additionally, some round patches were visible
on the membrane surface, which suggested that phase separation occurred in
the presence of the phenothiazine derivative. It was concluded that the mech-
anism of CPZ-induced hemolysis consisted of intermittent opening of gaps at
phase boundaries. Aki and Yamamoto [136, 148] studied the thermodynam-
ics of the erythrocyte hemolysis process caused by a series of phenothiazines.
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It was shown that the more hydrophobic phenothiazine was, the lower was
the concentration at which 50% of hemolysis occurred. Binding of the drug
to erythrocytes was a strongly exothermic process. After drug binding sites
in the erythrocyte membrane became saturated, hemolysis started, which was
accompanied by a large endothermic effect of hemoglobin release. A corre-
lation was found between the strength of phenothiazine–membrane binding
(ruled by the drug’s hydrophobicity) and the hemolytic potency of phenoth-
iazine derivatives.

Apart from the influence of phenothiazine derivatives on red blood cells’
membrane integrity, the ability of the drugs to induce shape changes of
erythrocytes was also reported. This phenomenon has been observed for
many drugs and detergents. Normally, erythrocytes are biconcave disks; the
treatment by various amphiphiles may transform them into stomatocytes or
echinocytes. Stomatocytic cells are cup-shaped, and small invaginations on
their membrane surface are visible under the microscope. On the other hand,
lots of protuberances are visible on the surface of echinocytes, which gives the
cells a characteristic crenated appearance. Many phenothiazine derivatives
have been shown to transform human erythrocytes to stomatocytes, e.g., CPZ
(9) [149], TFP (5) [144, 146], TDZ (6) [78], PhM (12), PhA (13), PhMC (14)
and PhMS (15) [9]. Additionally, it was shown that erythrocyte ghosts were
also able to adopt a stomatocytic shape in the presence of phenothiazine
derivatives; however, the concentration of CPZ (9) required to achieve this
effect was much higher than in the case of intact erythrocytes [141]. Elec-
tron and fluorescence microscopic observations revealed that following the
treatment with CPZ (9) endovesicles were released from the membranes of
stomatocytic erythrocytes to the interior of the cells [150]. Further studies
demonstrated that endovesicles formed during CPZ (9) or TFP (5) treatment
of erythrocytes were usually clustered in one of two regions of the cell [151].
In some endovesicles the membrane was budding off into the lumen of the
vesicles, which could eventually lead to the formation of smaller vesicles in-
side the endovesicles.

What is the mechanism of drug-induced erythrocyte shape changes? The
most widely accepted answer was given by Sheetz and Singer [152] who
proposed the “bilayer couple” hypothesis. According to this, two halves of
a closed membrane bilayer might respond dissimilarly to various pertur-
bations while remaining coupled to one another. As the majority of am-
phiphiles that turn erythrocytes to echinocytes were negatively charged and
the majority of stomatocytogenic agents were cationic, it was proposed that
echinocytogenic drugs intercalated preferentially into the exterior half of the
erythrocyte membrane, and cup-forming substances were distributed mainly
in the cytoplasmic leaflet. When the area of one of the membrane leaflets
expanded independently from the other leaflet, shape changes of red blood
cells would be observed (for schematic representation see Fig. 4). The asym-
metry of amphiphile distributions inside the erythrocyte membrane was
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Fig. 4 Schematic representation of “bilayer couple” hypothesis

proposed to be determined by the charge of an amphipathic compound and
its rate of diffusion across the membrane. The exclusive presence of nega-
tively charged PS in the cytoplasmic half of the bilayer was assumed to be
the main reason for cationic amphiphiles’ preferential localization in the in-
ner membrane monolayer. To prove this hypothesis erythrocytes were treated
by CPZ (9) and methochlorpromazine (10) [152]. The latter compound pos-
sessed a quaternary amine group that could not be discharged, which was
why this phenothiazine derivative could not penetrate into the cytoplasmic
half of the bilayer. According to the assumptions, it was demonstrated that
CPZ (9) induced the transformation of erythrocytes into stomatocytes, while
methochlorpromazine (10) treatment resulted in echinocyte formation. The
exclusive location of a quaternary analogue of CPZ (9) in the outside memb-
rane leaflet was also demonstrated by Elferink [153]. On the other hand, CPZ
(9) was suggested to bind preferentially to polyphosphoinositide lipids that
were present in the cytoplasmic half of the erythrocyte membrane [66]. Iso-
maa et al. [149] pointed to the shape of amphiphile molecules as an important
factor governing erythrocyte shape changes induced by different compounds.



262 K. Michalak et al.

They proposed that after the first stage of amphiphile binding to the memb-
rane, when the majority of guest molecules are partitioned into the outer
monolayer, membrane rearrangement occurred that corrected the imbalance
of the area between the two monolayers. The authors claimed that this process
was necessary to maintain the membrane stability and to explain some level
of membrane protection (e.g., against hypotonic lysis) observed at low con-
centrations of amphiphiles. The formation of transient non-bilayer structures
in the membrane, for instance inverted micelles, was proposed to constitute
the mechanism of this rearrangement. The authors concluded that the ratio
between the areas of the monolayers might be the main factor determining
the shape attained by erythrocytes in the presence of amphiphiles. However,
according to them, the imbalance between the two membrane halves was not
solely due to preferential intercalation of amphiphiles to a given monolayer,
but was the net result of membrane rearrangement processes.

CPZ (9) has been demonstrated not only to induce erythrocyte shape
changes but also to cause the rearrangement of phospholipids between the
two membrane monolayers. Normally, the erythrocyte membrane is highly
asymmetric, with PC and SM located in the outer monolayer, while PE and
PS are exclusively located in the inner half of the membrane. The analysis
of the amounts of different types of phospholipids accessible to enzymatic
digestion revealed that the addition of CPZ (9) to erythrocytes resulted in
PC and SM movement to the inner monolayer, transient elevation of the
amount of PE in the outer monolayer, and no rearrangement of PS [154]. It
was noticed that the lipid distribution changes occurred at the same time as
when drug-induced endocytosis took place. Radiolabeled PC was employed
to study the effect of CPZ (9) on erythrocytes during prolonged incuba-
tions [155]. It was demonstrated that at 37 ◦C radioactive PC was partially
translocated to the cytoplasmic half of the bilayer, while no CPZ-induced
PC movement was recorded at 0 ◦C. As erythrocytes gained stomatocytic
shape in the presence of phenothiazine derivative at all temperatures, it was
concluded that shape changes are not related to lipid scrambling. Rosso
et al. [156] studied the transport of spin-labeled phospholipid derivatives
using the ESR technique. It was found that CPZ (9) had no effect on PC
and SM translocation, while a reduction of the transport rate of PE and
PS was recorded. This effect was proposed to be mediated by aminophos-
pholipid translocase. It was suggested that the influence of CPZ (9) on the
protein activity was responsible for the observed changes in PE and PS
transport. Additionally, it was demonstrated that CPZ (9) addition to ery-
throcytes caused sudden passage of a fraction of both PE and PS from the
inner monolayer to the outer one, but this effect was visible only at the very
moment when CPZ (9) passed through the membrane. Contrary to the pre-
vious work [155], Schrier et al. [157] claimed, based on ESR experiments,
that CPZ-induced lipid scrambling in combination with aminophospholipid
translocase activity were the processes responsible for generating stomato-
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cyting shape of erythrocytes in the presence of phenothiazine derivative. In
the presence of CPZ (9), significant amounts of both PC and SM were moved
from the outer membrane monolayer inward. The opposite translocation of
PE and PS was not recorded, but the authors claimed it was caused by very
fast transport of these two lipids backward by aminophospholipid translo-
case. According to the proposed model of erythrocyte stomatocytosis, the
transporter flipped back PS and PE inward faster than scrambled PC and
SM could diffuse outward. This process was postulated to produce the ex-
pansion of the inner monolayer area, i.e., stomatocytosis. Flow cytometric
experiments, in which the advantage was taken of the ability of fluorophore-
labeled annexin V to bind PS exposed on an erythrocyte surface, gave con-
tradictory results. Hagerstrand et al. [158] demonstrated that CPZ (9) was
not able to induce significant PS exposure, while Akel et al. [159] showed
that PS exposure on the erythrocyte surface was elevated in the presence of
the drug, and this effect was more pronounced under conditions of cellu-
lar stress (like glucose depletion, osmotic stress, etc.). Also, the importance
of erythrocyte shape change for PS exposure was a matter of controversy.
Hagerstrand et al. [158] concluded that shape changes and PS scrambling
were not related. On the other hand, Wolfs et al. [160], who followed PS
appearance on the erythrocyte surface by an enzymatic assay, came to the
conclusion that PS exposure rate is enhanced in echinocytes and reduced
in stomatocytes.

2.4
Interaction of Flavonoids with Erythrocyte Membranes

The literature reports dealing with the effect of flavonoids (Fig. 2 and Table 1)
on red blood cells and their membranes are rather scarce. Chen et al. [91]
concentrated on antioxidant properties of flavonoids. Flavonoids were found
to effectively protect erythrocytes against free radical-induced lysis. When
the flavonoids were used at 0.25 mM concentration, quercetin (29) turned out
to be the most potent protective agent, followed by myricetin (31), morin
(30), kaempferol (28), and apigenin (23). Quercetin was also an active antihe-
molytic agent at a concentration two times lower. Since the activity order of
the flavonoids recorded in erythrocytes was slightly different than in canola
oil, the authors noticed that the antioxidant activity of the flavonoids was
governed not only by their chemical structure but also was determined by
their interactions with phospholipids, hemoglobin, iron, and other compo-
nents of red blood cells. The ability of flavonoids to protect erythrocytes
against the lysis induced by water-soluble free radicals was the subject of
the study of Dai et al. [161], too. Four flavonols and their glycosides were
studied. It was demonstrated that the compounds possessing hydroxyl groups
at both positions 3′ and 4′ of ring B (ortho-dihydroxyl) were much more
active antihemolytic agents than the flavonoids without such an arrange-
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ment. In addition, it was noticed that the erythrocyte protective effect of the
flavonols was additive with the effect of α-tocopherol.

Lopez-Revuelta et al. [162] concentrated on membrane cholesterol and
its influence on the antioxidant effectiveness of flavonoids against oxidative
damage of red blood cells. Quercetin (29) was found to be superior to rutin
(50) in protecting erythrocytes against lipid peroxidation, reactive oxygen
species formation, and in preserving cellular integrity. The two flavonoids
performed similarly when alteration in membrane fluidity, lipid and glu-
tathione loss, and percentage of hemoglobin oxidation were measured. Both
quercetin (29) and rutin (50) turned out to be effective antioxidant agents in
normal erythrocytes and in those artificially enriched in cholesterol. When
the cells were depleted of cholesterol the protective activity of both flavonoids
was seriously reduced. The ability of flavonoids to lower membrane fluidity
(measured as DPH fluorescence anisotropy increase) was also visible only in
the presence of cholesterol. The authors concluded that flavonoids incorpo-
rated preferentially into the membranes containing cholesterol, and claimed
that in cholesterol-depleted erythrocytes flavonoids would be located mainly
in the cytoplasm.

The influence of quercetin (29) on red blood cells and erythrocyte ghosts
was studied in detail by Pawlikowska-Pawlega et al. [163] by means of ESR
spectroscopy. The use of spin labels localized at different depths inside the
erythrocyte membrane revealed that quercetin (29) affected only the polar
region of the membrane without changing the biophysical properties of the
hydrophobic core. The increase in protein–protein interactions in human ery-
throcyte membranes in the presence of the flavonoid was also recorded. Ad-
ditionally, quercetin (29) was found to protect erythrocytes against hypotonic
lysis. Its presence, however, accelerated heat-induced hemolysis. Observa-
tion of cells in a scanning electron microscope showed the quercetin-induced
changes in erythrocyte shape. In the presence of the flavonoid numerous ir-
regular cells with extrusion on their surface (echinocytes) or cells with ruffled
edges were found.

Echinocytic transformation of erythrocytes was also recorded in the pres-
ence of the extract from leaves of the Chilean plant Ugni molinae [164].
This extract is known to contain many polyphenols, tannins, and flavonoids.
To explain the shape changes induced in erythrocytes by the compounds
present in the extract, the authors appealed to the bilayer couple hypothesis
and assumed that echinocyte formation was due to polyphenol incorpora-
tion mainly into the outer monolayer of the erythrocyte membrane. Fluo-
rescence spectroscopy experiments on erythrocyte ghosts showed that low
concentrations (up to 0.1 mM) of U. molinae extract caused an increase of
both DPH anisotropy and Laurdan generalized polarization. Further rais-
ing of the plant extract concentration resulted in a significant drop of the
two parameters. The authors concluded that the components of the extract
perturbed the packing of phospholipid acyl chains and polar headgroups,
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first ordering and afterward disordering them as the extract concentration
increased.

3
Modulation of MDR Transporters by Phenothiazines and Flavonoids

3.1
Phenothiazines and Related Compounds as Modulators
of MDR Transporters

MDR represents a major obstacle in the successful therapy of cancer. MDR is
a cellular mechanism, which reduces the chemosensitivity of tumors to struc-
turally different cytostatic drugs such as anthracyclines, vinca alkaloids, and
others (see Fig. 5). This form of drug resistance occurs in cultured tumor
cell lines as well as in human cancers. The MDR phenomenon was origi-
nally detected in cultured tumor cells which were selected for resistance to
a single anticancer agent and developed resistance to a variety of chemically
unrelated compounds. The study of the molecular mechanism of MDR has
provided one of the most exciting areas within cancer research. In multidrug-
resistant cells the intracellular concentration of cytostatic drugs is reduced
due to the action of drug efflux pumps expressed in tumor cell membranes.
Their transport activity is responsible for maintaining the intracellular con-
centration of cytotoxic agents below a killing threshold. Among the best
characterized multidrug efflux pumps in cancer cells are P-glycoprotein (P-
gp, MDR1, ABCB1), multidrug resistance-associated protein (MRP1, ABCC1),
and breast cancer resistance protein (BCRP, ABCG2) [165, 166]. These pro-
teins belong to the ATP-binding cassette (ABC) superfamily. ABC trans-
porters present in both prokaryotes and eukaryotes are built from a combina-
tion of membrane-spanning helices and cytoplasmic ATP-binding domains.
Primary structures of P-gp and MRP1 share only approximately 15% amino
acid identity.

The best characterized multidrug transporter is P-gp which is a membrane
protein encoded by the mdr1 gene. The most intriguing feature of P-gp is its
ability to interact with a large number of structurally and functionally dif-
ferent amphiphilic compounds. P-gp expression can be acquired during the
course of treatment (e.g., in leukemias, lymphomas, ovarian carcinomas) or
it is constitutive (e.g., in colorectal and renal cancers). In normal tissues of
mammals P-gp is localized on the luminal surface of transporting epithelia in
liver, kidney, small intestine, testes, and blood–brain barrier.

TFP (5) was the first phenothiazine demonstrated to modulate MDR in
drug-resistant P338 murine leukemia cells. TFP (5) enhanced intracellular
accumulation of vincristine and adriamycin (77) in resistant tumor cells by
inhibiting outward transport of these anticancer drugs [167]. Studies per-
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formed by Hait and Pierson [168] using the same cell line showed that the
sensitivity of multidrug-resistant cancer cells to the cytotoxic compound,
dequalinium, could be completely restored by nontoxic concentrations of
TFP (5), and that TFP (5) also increased the sensitivity of these cells to
doxorubicin (77). Fluphenazine (3) was shown to inhibit P-gp function in



The Role of the Membrane Actions of Phenothiazines and Flavonoids 267

Fig. 5 Structures of selected drugs and chemicals appearing in this review

two leukemic resistant cell lines L121C and L5178 and in human adreno-
carcinoma cell line KB-V-1 [169]. Barbieri et al. [170] demonstrated that
quinolizidinyl derivatives of phenothiazine increased doxorubicin (77) cyto-
toxicity in resistant ovarian cancer cells (A2780-DX3). The presence of the
rigid quinolizidine ring in the structure of the studied compounds seemed to
be favorable for their anti-MDR activity.

Recent studies on multidrug reversal in mouse lymphoma and MDR/COLO
320 cells have shown that phenothiazine derivatives, namely perphenazine
(2) and prochlorperazine dimaleate (4), effectively inhibited rhodamine ef-
flux [171]. Other phenothiazine derivatives such as promethazine (1), ox-
omemazine (20), methotrimeprazine maleate (18), triflupromazine (11), and
trimeprazine (17) differently modulated intracellular rhodamine accumula-
tion in these resistant cells. The effect of some substitution in the phenoth-
iazine ring was studied in mouse lymphoma cells expressing P-gp [172]. The
3,7,8-trihydroxy- and 7,8-dihydroxychlorpromazine derivatives were effective
P-gp inhibitors, whereas 7,8-diacetoxy-, 7,8-dimethoxy-, 7-semicarbazone-,
and 5-oxo-chlorpromazine derivatives exerted only a moderate effect.

The mechanism of modulation of P-gp-mediated MDR remains poorly
understood. Several mechanisms of MDR reversal were proposed. Modula-
tors may act as substrates for P-gp and inhibit drug transport in a competitive
way. They may also interact with the sites of protein molecules other than
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substrate binding sites and affect drug efflux by an allosteric effect. The mod-
ulating agents may also influence the ATPase activity of P-gp.

It has been demonstrated that cis- (76) and trans-flupentixol (75) (see
Fig. 5) inhibited the photoaffinity labeling of P-gp by substrate analogues [173].
Binding of several MDR modulators, among them TFP (5), to P-gp was shown
by means of fluorescence quenching of the MIANS probe [174] or P-gp tryp-
tophan fluorescence [175]. CPZ (9) is likely a P-gp substrate, as was shown
in studies of its transport in membrane vesicles obtained from multidrug-
resistant CCRF-CEM cells [176], and therefore it was used as a competitive
inhibitor of drug transport mediated by P-gp [177].

Recombinant human P-gp allows for screening of drug binding to P-gp
from changes of substrate-induced ATPase activity of the protein. The affinity
of the atypical antipsychotics (e.g., quetiapine, risperidone) and conventional
antipsychotics (CPZ and haloperidol) for P-gp was determined by Boulton
et al. [178] with this method. ATPase activity was quantified by determin-
ing the increase in inorganic phosphate concentration observed as a result of
ATP hydrolysis. All of the antipsychotics studied stimulated ATPase activity
at low concentrations and inhibited it at high concentrations. Drug transport
by P-gp requires communication between substrate binding sites and nu-
cleotide binding domains (NBD). Recent results obtained by Maki et al. [179]
demonstrated that MDR modulator cis-flupentixol (76) and its closely related
analogues effectively disrupted functional cross-talk between substrate and
ATP-binding sites of P-gp by an allosteric effect without affecting the func-
tions of these two domains. Maki and Dey [180] also documented in their
recent studies that thioxanthene derivative cis-flupentixol (76), unlike most
other P-gp inhibitors, facilitated interaction of the protein with its substrate
125I-iodoarylprazosin (85). The authors concluded that modulation of P-gp
function by cis-flupentixol (76) was mediated through interaction of modula-
tor with P-gp at a site which was specific for tricyclic compounds containing
thioxanthene or the phenothiazine backbone. Allosteric modulation of P-gp
by flupentixols involved conformational changes which mimicked catalytic
transition intermediates [181].

Phenothiazines were likely to be the substrates competing with keto-
conazole (82) for binding sites on yeast multidrug transporter Pdr5p. This
drug transporter displays a homology to P-gp. The synergistic effect with
ketoconazole (82) observed for two phenothiazine derivatives, 2-chloro-
10-aminobutyl-phenothiazine maleate and 2-trifluoromethyl-10-aminobutyl-
phenothiazine maleate, was stronger than that of commercially available phe-
nothiazines [182].

Apart from direct interaction of modulators with P-gp their influence on
phospholipid bilayer properties was also suggested as an important molecular
mechanism responsible for MDR reversal. The “vacuum cleaner” hypothe-
sis assumes that P-gp substrates are recognized within the lipid phase during
their diffusion across the cell membrane. An alteration of lipid phase prop-
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erties in the presence of modulators may affect substrate binding to trans-
porter molecules or enhance the passive diffusion of drugs across the lipid
bilayer, resulting in their increased intracellular accumulation. Studies on re-
constituted proteoliposomes demonstrated that the composition of the lipid
environment of P-gp played an important role in MDR modulator–protein
interaction [183]. Biophysical properties of the membrane lipid phase influ-
ence substrate recognition, P-gp conformation, and its ATPase activity (see
review by Ferte et al. [184]). Hydrophobicity is an important determinant for
the MDR reversing activity of modulators and this indicates the significance
of modulator–lipid membrane interactions in MDR reversal. The membrane
lipid environment modulates both modulator and substrate interactions with
P-gp [185].

Bebawy et al. [186] demonstrated that CPZ (9) and vinblastine inhibited
each other’s transport in a human lymphoblastic leukemia cell line (CCRF-
CEM/VLB100). CPZ (9) reversed resistance to vinblastine but not to fluores-
cently labeled colchicine and it increased resistance to colchicine. Colchicine
was supposed to be transported from the inner leaflet of the membrane and
vinblastine from the outer leaflet. CPZ (9) was assumed to be located in the
inner membrane leaflet where it interacts with anionic groups of phospho-
lipids and it may inhibit vinblastine transport via allosteric interactions. The
authors concluded that transport of P-gp substrates and its modulation by
CPZ (9) (or verapamil (79)) are dependent on substrate localization inside the
membrane. Contrary to CPZ (9) location in the inner leaflet of the membrane,
other modulators and substrates of P-gp were proved to be rather localized
within the interface region of the membrane. The location of seven P-gp
substrates and two modulators within neutral phospholipid bilayers was ex-
amined by NMR spectroscopy by Siarheyeva et al. [129]. The substrates and
the modulators of P-gp were found in the highest concentrations within the
membrane interface region. The role of drug–lipid membrane interactions in
MDR and its reversal was reviewed in detail elsewhere [53, 187].

The anti-MDR activity of phenothiazines, thioxantenes, and structurally
related heterocyclic compounds has been studied by many researchers and
some common structural features important for anti-MDR activity have been
determined. Hydrophobicity of the ring system, kind of side chain, and the
ring substituents at position 2 were revealed as important factors for P-gp in-
hibition. Ford et al. [188] examined MDR reversal activity of more than 20
phenothiazine derivatives in a human breast cancer cell line (MCF-7/DOX)
and showed that substituents at position 2 in the tricyclic phenothiazine ring
that increased hydrophobicity, such as Cl or CF3, also improved the anti-
MDR activity of phenothiazines (see Fig. 1). The alkyl bridge connecting the
phenothiazine ring with the side group containing four carbon atoms was op-
timal. A favorable structural feature that increased modulator potency was
the presence of a side chain containing tertiary amine. A cyclic amine rather
than a noncyclic one further increased the anti-MDR potency. Ramu and
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Ramu [189] studied the anti-MDR activity of 38 phenothiazines and almost
200 structurally related compounds in the resistant P338 murine leukemia
cells. They also observed that the kind of substitution at position 2 of the
phenothiazine ring was important for anti-MDR potency, and substituents
like – SOCH3 and – SO2N(CH3)2 more strongly increased this potency than
– CF3. Apart from the above mentioned structural features of phenothiazine
modulators, the significance of some minimal distance between the phenoth-
iazine ring and positively charged side chain was suggested by Pajeva and
Wiese [190, 191].

Unlike the results obtained by Ford and coworkers [188], Molnar et al. [192]
did not observe the effect of the length of side chain on MDR reversal for
other phenothiazine derivatives, i.e., phthalimidophenothiazines. Derivatives
with butyl or propyl chains revealed a similar ability to reduce MDR in mouse
T lymphoma cells.

More recently, Barbieri et al. [170], when studying a small group of quino-
lizidinyl phenothiazine derivatives, also observed that – Cl, – CF3, or – OCH3
substituents at position 2 of the phenothiazine ring increased the ability of
the compounds to reverse the resistance of ovarian cancer cells to doxoru-
bicin (77). Konya et al. [193] investigated an effect of newly synthesized phe-
nothiazines on P-gp-mediated efflux of calcein-AM in drug-sensitive Madin–
Darby canine kidney (MDCK) and drug-resistant MDCK : mdr1 cells, and
observed that the most active compounds contain a methoxy group, carbonyl
group, methyl group, and trimethoxybenzyl group. Some of the examined
phenothiazine derivatives were more effective than verapamil (79) and as ac-
tive as cyclosporine.

Tsakovska [194] used methods of molecular modeling to investigate
a group of 25 phenothiazines and structurally related compounds. The role
of hydrophobicity of modulators and hydrogen-bond acceptor interactions
in MDR reversal were revealed. The piperazine moiety with a tertiary nitro-
gen was identified as the most favorable type of side chain for effective MDR
modulators.

Contrary to the results of most quantitative structure–activity relation-
ship (QSAR) studies on phenothiazine type modulators, Dearden et al. [195]
found that molecular size, polarity, or polarizability better than other struc-
tural features of the compounds correlated with MDR reversing ability, P-gp
associated ATPase activity, and inhibition of drug efflux from the blood–brain
barrier. They did not find evidence that hydrogen bonding or hydrophobicity
played a role in MDR reversal.

The modulatory effects of different phenothiazines and structurally re-
lated compounds in MDR caused by P-gp overexpression have been re-
cently reviewed by Tsakovska and Pajeva [52]. Fifteen newly synthesized
N-acylphenothiazines [196] were examined as putative MDR reversing agents
in mouse T lymphoma cells transfected with MDR1 gene by flow cytometry
using the standard functional assay with rhodamine 123 (Rh123). The chem-
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ical structures and name abbreviations of these new phenothiazine deriva-
tives are given in Fig. 1. PhM (12), PhA (13), PhMC (14) and PhMS (15) in-
hibited Rh123 outward transport in P-gp overexpressing resistant lymphoma
cells [197]. In each group of the studied phenothiazine derivatives three dif-
ferent substituents occurred at position 2: – H, – Cl, and – CF3. Apart from
PhM (12), phenothiazine derivatives possessing trifluoromethyl or chlorine
substitution at position 2 of the ring system were usually more active than
hydrogen-substituted ones. For PhA (13), PhMC (14), and PhMS (15) a cor-
relation was observed between lipophilicity of the compounds and anti-MDR
potency [83]. Modulator–lipid bilayer interactions were suggested to be at
least one of the important factors responsible for MDR reversal by these com-
pounds.

PhM (12) constituted a separate group and no correlation between MDR
reversal ability and lipophilicity was observed in the same cell model [38].
Their ability to inhibit the P-gp-mediated efflux of cyanine fluorescent dye
DiOC2(3) out of resistant mouse T lymphoma cells and their influence on
lipid membrane properties were studied. The results of flow cytometric func-
tional tests revealed that all PhM (12) under study were effective MDR revers-
ing agents. For this group of phenothiazine derivatives, no clear relationship
was found between their lipophilicity or perturbation exerted by phenoth-
iazines in model lipid membranes composed of different lipids and their
ability to modulate P-gp transport activity. The molecular mechanism of
MDR reversal for PhM (12) was probably different than that for the rest of
the studied phenothiazine derivatives [197]. The positive charge density is
much higher in PhM (12) than in the other studied derivatives because of
the presence of the primary amino group, which is smaller than the amido
groups of the rest of the compounds. Moreover the maleate moiety might
likely change the phenothiazine derivatives’ electron-donor properties. In
this case a direct interaction of PhM (12) with P-gp should be taken into
account.

The choice of a cell line to study MDR modulator potency was very import-
ant for future potential application in human cancer treatment. PhM (12) that
were quite effective in resistant mouse lymphoma cells were only slightly ac-
tive in drug-resistant human sarcoma cell line MES-SA/Dx5 [198]. The drug-
sensitive human sarcoma cell line MES-SA and its multidrug-resistant coun-
terpart MES-SA/Dx5 were applied as a model system for evaluation of MDR
modulator activities. Examination performed by the flow cytometric Rh123
accumulation test demonstrated that the well-known P-gp modulators ve-
rapamil (79) and TFP (5) reduced MDR in MES-SA/Dx5 cells. In resistant
MES-SA/Dx5 cells, verapamil (79) and TFP (5) restored the drug accumula-
tion pattern which was typical for sensitive cells. However, the effectiveness
of PhM (12) was very low. The most active compounds were derivatives with
an H atom at position 2 of the phenothiazine ring, followed by Cl-substituted
and CF3-substituted compounds.
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The effect of PhM on multidrug resistance- associated protein (MRP1)
was also examined by determining the influence of these modulators on
MRP1 transport and ATPase activity [199]. Contrary to the inhibitory
effect of PhM against P-gp-mediated drug efflux, stimulation of MRP1-
mediated efflux of fluorescent substrate 2′,7′-bis(3-carboxypropyl)-5-(and
-6)-carboxyfluorescein (BCPCF) was detected in human erythrocytes. Ery-
throcytes were chosen as a good model to study MRP1 activity because this
transporter is expressed in these cells under physiological conditions. The
highest stimulation was observed for the derivatives with the H atom sub-
stituted at position 2 of phenothiazine ring. It was also observed that PhM
with four carbon atoms in the alkyl bridge connecting the phenothiazine nu-
cleus with the side chain amino group were more effective than compounds
with a three carbon atom alkyl bridge. The increased BCPCF efflux out of
erythrocytes in the presence of phenothiazine modulators was caused by the
stimulation of an active transport system, as was shown both in inside-out
membrane vesicles prepared from erythrocyte membranes and in whole ery-
throcytes. In this study it was demonstrated for the first time that inhibitors
of P-pg transport activity could stimulate another MDR transporter, in that
case MRP1.

3.2
Flavonoids as Inhibitors of Multidrug Transporters: P-gp, MRP1, and BCRP

3.2.1
Modulation of P-gp by Flavonoids

Among plant-derived polyphenols some effective inhibitors of ABC trans-
porters were found [200]. Flavonoids (Fig. 2 and Table 1) which are integral
components of our common diet are especially promising candidates for
modulators of MDR because of their low toxicity.

Chieli et al. [201] have studied the influence of flavonols (kaempferol (28),
galangin (27), quercetin (29)) on P-gp activity in cultured hepatocytes. In
cultured hepatocytes spontaneously overexpressing functional P-gp, flavonols
inhibited Rh123 efflux but increased the efflux of doxorubicin (77). The
flavonols may modulate differently the transport of P-gp substrates in normal
rat hepatocytes. The chemico-physical properties of substrates were crucial
for a stimulatory or inhibitory effect of flavonols. Since P-gp is expressed
in many normal tissues and it may constitute a part of the cellular defense
system against xenobiotics, it was of interest to examine the role of certain
flavonoids in facilitating the removal of xenobiotics from various kinds of
cells by P-gp stimulation. Critchfield et al. [202] have shown that in P-gp
expressing HCT-15 colon cells, adriamycin (77) accumulation was strongly
inhibited in the presence of galangin (27), kaempferol (28), and quercetin
(29). Flavonoid-induced stimulation of P-gp-mediated efflux was rapid. The
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authors concluded that some flavonoids may stimulate activity of P-gp and
therefore acceleration of adriamycin (77) efflux was observed. Flavonoid-
stimulated efflux was completely blocked by MDR reversing agents such as
verapamil (79), vinblastine, and quinidine. An opposite inhibitory effect of
quercetin (29) was demonstrated in experiments on purified and reconsti-
tuted P-gp [203].

The effect of different flavonoids on the activity of P-gp in cancer cell lines
overexpressing this transporter was studied by Ferte et al. [204], Di Pietro
et al. [205], Boumendjel et al. [206, 207], and Zhang and Morris [208]. It has
been proved that some flavonoids bind to the nucleotide binding site of P-gp
and they directly effect its function [209]. Boumendjel et al. [206] have tested
a series of flavonol derivatives for their binding affinity toward the NBD of
P-gp. They found that the 5,7-dihydro-4′-n-octylflavonol derivative displayed
affinity toward the P-gp domain 93-fold greater than galangin (27) used as
reference compound.

Studies carried out on recombinant cytosolic nucleotide binding domain
(NBD2) of P-gp revealed that incubation of NBD2 with flavonoids led to
quenching of intrinsic protein fluorescence. Quercetin and apigenin (23) were
shown to bind strongly to purified NBD2, as was concluded from complete
quenching of protein fluorescence. Flavonoids such as kaemferol, galangin
(27), and genistein (42), which are effective modulators of P-gp, also in-
teract with purified cytosolic NBD2. The same flavonoids were found to
bind to NBD1. The authors proposed a tentative model for binding of these
compounds to P-gp cytosolic domains, and they suggested that flavonoid
molecules overlapped both ATP and steroid binding sites. The binding of
flavonoids to nucleotide binding sites was probably due to the structural sim-
ilarity between flavonoids and the adenine moiety of ATP. Hydroxylation at
position 3 in addition to ketone at position 4 is essential for the ability of these
modulators to mimic the adenine moiety of ATP [209].

Since most P-gp effectors are hydrophobic, it was of interest to study
flavonoids substituted with different hydrophobic groups, for example the
isoprenyl group [210]. Isoprenylated flavonoids are natural compounds which
constitute a class of plant secondary metabolites. Comte et al. [210] have syn-
thesized a series of C- or O-substituted hydrophobic derivatives of chrysin
(22). Increasing the hydrophobicity of substituents at positions 6, 7, or 8
increased the affinity of binding to the purified cytosolic domain of P-gp.
Isoprenylated derivatives also increased intracellular daunomycin (78) accu-
mulation in K562/R7 leukemic cells.

Silybin (52) is a naturally occurring flavanolignan from milk thistle. De-
hydrosilybin (53) and isoprenoid dehydrosilybins were also recognized as
potent inhibitors of P-gp [211]. These compounds were tested for their bind-
ing affinity toward domain NBD2 of P-gp. Oxidation of silybin to flavonol
dehydrosilybin (53) increased the affinity three times. Prenylation and ger-
anylation led to a further increase in affinity [207]. C-isoprenylated deriva-
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tives of dehydrosilybin (53) with their high affinities for direct binding to P-gp
were also found to be very effective modulators of P-gp [207, 211]. Isoprenoid
dehydrosilybins are the best flavonoids with high affinities for direct bind-
ing to P-gp. It was also demonstrated that the presence of 5-OH, 3-OH, and
a 2,3-double bond in the flavonoid molecule facilitated flavonoid–NBD2 inter-
action [207]. The double bond in that position confers a planar structure to
the flavonoid molecule. The importance of the 2,3-double bond for interac-
tion of flavonoids with P-gp was also suggested by Kitagawa [212]. Oxidized
and prenylated derivatives of silybin also exhibit high binding affinity to the
recombinant cytosolic domain of Leishmania P-gp transporter and reverse
drug resistance of Leishmania tropica [213].

Recently, Limtrakul et al. [214] have shown that flavonols quercetin (29)
and kaempferol (28), and isoflavones genistein (42) and daidzein (40),
markedly increase the sensitivity of the multidrug-resistant human cervical
carcinoma KB-V1 cells to vinblastine and paclitaxel. The flavonols inhibited
P-gp activity in MDR KB-V1 cells more efficiently than isoflavones.

Kitagawa et al. [215] have studied the effects of flavonoids naringenin
(33) (flavanone), baicalein (26) (flavone), kaempferol (28), quercetin (29),
myricetin (31), morin (30), and fisetin (32) (flavonols), as well as two glyco-
sides of quercetin (29), on P-gp function in multidrug-resistant P-gp over-
expressing KB-C2 cells. Kaempferol and quercetin (29) increased the ac-
cumulation of Rh123 in resistant cells. The effects of other flavonoids on
the accumulation of daunorubicin (78) were in the order of kaempferol >
quercetin, baicalein > myricetin > fisetin, morin. Quercetin-3-O-glucoside
and rutin (50) had no effect. The difference in the number and position of
hydroxyl groups in flavonoid molecules by themselves seemed to have lit-
tle effect; however, the effects corresponded with the partition coefficients.
These results suggested that hydrophobicity as well as planar molecular struc-
ture was important for the inhibitory effects of flavonoids on P-gp-mediated
transport.

Vaclavikova et al. [216] have investigated the effect of 13 flavonoid
derivatives—aurones, chalcones, flavones, flavonols, chromones, and iso-
flavones—on 14C-paclitaxel transport in two human breast cancer cell lines,
the doxorubicin-resistant NCI/ADR-RES and sensitive MDA-MB-435. The
compounds with known binding affinity toward the NBD of P-gp were
selected. The four aurones studied most effectively inhibited P-gp-related
transport in the resistant line in comparison with other groups of flavonoids.
The aurones also most effectively increased the intracellular accumulation of
paclitaxel and decreased its efflux. The results obtained did not always corre-
late with the binding of flavonoid derivatives to P-gp, so this indicated that the
binding was not the only factor influencing the transport of paclitaxel. The
different aspects of inhibition of P-gp by polyphenols was recently reviewed
by Kitagawa [212].
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3.2.2
Modulation of MRP1 by Flavonoids

Generally much more is known about the influence of flavonoids on P-gp
than on transporter MRP1. Multidrug resistance-associated protein (MRP1)
is another multidrug transporter identified in a number of MDR human
tumor cell lines that do not express P-gp. It is a member of a family of
multidrug resistance- associated proteins (MRP1-MRP9). The profile of an-
ticancer drugs expelled in the presence of MRP is similar but not identical
to that of P-gp. MRP1 has been identified in a number of different types
of tumors, but it is not clear yet to what extent it is responsible for clinical
resistance. MRP1 overexpression in selected in vitro MDR cell lines occurs
frequently in lung cancer and leukemia cell lines and often precedes P-gp
overexpression. Resistance modulators active against P-gp are less or not ef-
fective in reversing MRP1-mediated resistance. It is not fully understood how
MRP1 carries out drug efflux; however, the mechanism is probably different
from those responsible for P-gp-mediated drug efflux. The MDR-associated
protein MRP1 has a major role in the export of large organic anions, including
glutathione (GSH) conjugates. MRP1 can specifically transport the cysteinyl
leukotriene (LTC4) and some other GSH conjugates. GSH is required for the
effective expulsion of the anticancer agents [217]. Like P-gp, MRP1 is ex-
pressed not only in resistant tumor cells, but also in normal human tissues.
These include the epithelial cells lining the airways and the gastrointesti-
nal tract. Also other multidrug resistance proteins that belong to the MRP
group of transporters (MRP1-MRP9) are constitutively expressed in normal
tissues [218, 219].

Genistein (42) was the first flavonoid found to be a potent inhibitor of
MRP1 transport activity [220, 221]. It has been suggested that flavonoids in-
teract directly with the substrate binding site of MRP1 [221] and may act as
competitive inhibitors [220]. The influence of dietary flavonoids on modu-
lation of MRP1 transport and ATPase activities has been studied by Leslie
et al. [222]. In these studies flavonoid glycosides such as genistin (46) or
naringin (49) have been recognized as much less effective MRP1 inhibitors
than aglycons.

Flavonoids are now regarded as a class of MDR modulators that directly
interact with nucleotide and steroid binding domains of P-gp. However, the
molecular mechanism leading to inhibition of MRP1 transport activity by
these compounds is still far from being fully understood. Apart from inter-
action with NBD or substrate binding sites, the stimulation of GSH transport
carried by MRP1 and depletion of cellular GSH was also proposed as a pos-
sible mechanism of MRP1-mediated resistance reversal by flavonoids [223].

Recently Trompier et al. [224] proved the direct interaction of differ-
ent flavonoids with recombinant NBD from human MRP1. Especially high
affinity was detected for flavanolignan dehydrosilybin (DHS) (53). DHS
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(53) strongly inhibited leukotriene C4 transport by membrane vesicles from
MRP1-transfected cells and chemosensitized the cells to vincristine. The
authors of these studies suggested that the DHS (53) binding site overlapped
the ATP-binding site in the NBD of MRP1. Binding affinities toward NBD1
were further increased for prenylated and geranylated derivatives of DHS
(53). Although the relationship between ATPase activity of ABC transporters
and transport of their substrates is not fully understood, it is assumed that
compounds that stimulate the ATPase activity of MDR transporter interact
with the protein. The results of this study indicated multiple binding sites for
DHS and its derivatives on both cytosolic and transmembrane domains of
MRP1 [224].

Wu et al. [225] have investigated the interaction of six common poly-
phenols—quercetin (29), silymarin (a standard mixture of flavanolignans),
resveratrol (67), naringenin (33), daidzein (40), and hesperetin (34)—with
MRP1, MRP4, and MRP5. Quercetin and silymarin inhibited MRP1-, MRP4-,
and MRP5- mediated transport more effectively than the rest of the polyphe-
nols. Both compounds significantly influenced the ATPase activity of MRP1
but they had no effect on 32P-8-azidoATP[αP] binding to the protein. This
suggests that quercetin (29) and silymarin most likely interact with the sub-
strate binding sites of MRP1 rather than nucleotide binding sites. Nguyen
et al. [226] have studied the influence of 22 flavonoids on the transport of
daunomycin (78) and vinblastine in Panc-1 cells, which are a human pancre-
atic adenocarcinoma cell line expressing MRP1. Biochanin A (43), genistein
(42), quercetin (29), chalcone (65), silymarin, phloretin (66), morin (30), and
kaempferol (28) at 100 µM concentrations all significantly increased the ac-
cumulation of both daunomycin (78) and vinblastine in these cells. Morin
(30) was a very effective modulator that increased daunomycin (78) and vin-
blastine accumulation which achieved the level of 500% of the control. Morin
(30) and other flavonoids influenced te cellular content of GSH; however, only
morin (30) increased GSH concentration, and instead other flavonoids de-
creased cellular GSH.

Very recently van Zanden et al. [227, 228] investigated the effect of a large
group of flavonoids on MRP1 transport activity in transfected MDCKII cells.
Most of the flavonoids studied in this work were able to inhibit MRP1 activity.
Among the best inhibitors were methoxylated flavonoids, such as 5,7,3′,4′-
tetramethoxyflavone, diosmetin, chrysoeriol, tamarixetin, and isorhamnetin.
Their IC50 values were low and ranged between 2.7 and 14.3 µM. The struc-
tural characteristics of flavonoids regarding efficient MRP1 inhibition have
been found. In particular the total number of methoxylated moieties, total
number of hydroxyl groups, and the dihedral angle between the B and C rings
were revealed as essential for inhibitory potency. A planar structure of the
molecule due to the presence of the 2,3-double bond seemed to be neces-
sary for high potency of flavonoid inhibitors of MRP1, while lipophilicity of
the compounds was not decisive for the modulator activity [227]. Flavonoids
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without a C2–C3 double bond like eriodictyol, taxifolin (39), and catechin
(36) did not inhibit MRP1 [229].

It is worth mentioning a very interesting possibility to use flavonoids for
imaging of MRP1. Recently, a series of apigenin (23) halogenated derivatives
were synthesized and evaluated as potential radioligands [230]. Apigenin and
its synthetic derivatives tested were likely not transported by MRP1 and se-
lective binding of these compounds to MRP1 was proposed. These properties
of flavonoid radioligands would be beneficial for PET or SPECT imaging of
MRP1-related MDR.

3.2.2.1
Inhibition of MRP1 by Natural and Synthetic Flavonoids in Erythrocytes

The human erythrocyte may be a useful cell model in studies of MRP1 ef-
flux pump activity and inhibitor potency of different modulators. In our
studies [231, 232] it has been shown that genistein (42) and many other plant-
derived polyphenolic compounds influence transport of BCPCF, the fluor-
escent substrate of MRP1, in erythrocytes. Structure–activity relationships
for these compounds as MRP1 modulators are not well known. The signifi-
cance of the hydrophobicity of chemical groups substituted at position 8 in
ring A (and hydroxyl groups at positions 5 and 7) has been pointed out. The
presence of a hydrophobic prenyl, geranyl, or lavandulyl group at position 8 in
ring A of flavanones markedly increased inhibitor potency. The geranyl group
was more efficient than the prenyl group. The presence of a hydroxyl group
at position 5 in ring A increased the inhibitory potency of flavonoids, as was
observed for genistein (42) and daidzein (40) [232].

In our recent investigations the inhibition of erythrocyte MRP1 by the rep-
resentatives of different classes of natural flavonoids (flavones, isoflavones,
flavonols, flavanolignans) and synthetic genistein derivatives have been ex-
amined by determination of MRP1 fluorescent substrate efflux out of erythro-
cytes [233]. We compared the inhibition potency of different plant-derived
flavonoids and four new synthetic genistein derivatives. In the new syn-
thetic isoflavones different substitutions were introduced to the genistein
(42) molecule to obtain much more hydrophobic compounds than genis-
tein (42) itself. The new synthetic genistein derivatives were 4′-O- and
7-O-substituted silyl derivatives: 7,4′-bis[tert-butyl(dimethylsilyl)]-genistein
(IFG10 (57)), 7-tert-butyl(dimethylsilyl)-4′-acetyl-genistein (IFG12 (58)), 7-
tert-butyl(dimethylsilyl)-genistein (IFG8 (56)), and genistein substituted with
a palmitate acyl chain, 7-O-palmitate-genistein (IFG18 (59)) (see Fig. 2). The
maximal achieved inhibition (> 90%) recorded for some natural flavonoids
was higher than that for indomethacin (80), a well-known MRP1 inhibitor,
and for all the synthetic genistein derivatives studied. Morin (30) and sily-
bin (52) were especially good inhibitors. In the structure of both compounds
the 7-OH moiety is not substituted. Morin (30), a flavonol with five polar
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unsubstituted hydroxyl groups, was shown to be one of the most effective in-
hibitors of BCPCF efflux. The concentration of morin (30) that caused 50%
inhibition of MRP1 activity (IC50) recorded in erythrocytes was lower than
the IC50 value obtained previously by Nguyen et al. [226] in a cancer cell
line overexpressing MRP1. Taking into account the IC50 values, the potency
of silybin (52) to inhibit BCPCF efflux was similar to that of morin (30) or
licoisoflavone B (55) [233]. The IC50 value obtained in our study for sily-
bin (52) was similar to that recorded by Trompier et al. [224] for inhibition
of LTC4 transport by this flavanolignan. Two of the four synthetic genistein
derivatives studied, IFG10 (57) and IFG12 (58), and natural flavonoids api-
genin (23), sophoraisoflavone A (60), and genistein (42), were also shown to
be MRP1 inhibitors; their IC50 values were significantly higher than those
for the most active compounds [233]. Isoflavone prunetin (44) was not ac-
tive, while synthetic isoflavones IFG8 (56) and IFG18 (59) were only slightly
effective; however, their IC50 values were not achieved within all ranges of
concentration studied. In the novel synthetic genistein derivatives, the hy-
drogen atom in 7-OH and 4′-OH groups was replaced by substituents that
strongly increased genistein (42) hydrophobicity. Comparing the effects ex-
erted by the three derivatives with tert-butyl(dimethylsilyl) substitution at
position 7 (IFG10 (57), IFG12 (58), and IFG8 (56)), it was evident that for
effective inhibitors (IFG10 (57) and IFG12 (58)) the hydrogen of the 4′-OH
group was also substituted by the tert-butyl(dimethylsilyl) (IFG10 (57)) or
acetyl group (IFG12 (58)). IFG8 (56) with no substitution at position 4′ only
slightly affected BCPCF efflux. Also IFG18 (59), a compound substituted with
the palmitate acid chain at position 7 but not substituted at position 4′, was
a very weak inhibitor of MRP1. We concluded that substitution of the hy-
droxyl group at position 4′ in ring B with a less polar group was crucial
for the inhibitory activity of these derivatives. In contrast, substitution of
7-OH by a less polar group did not increase inhibitory activity. Isoflavones
IFG8 (56) and IFG18 (59), which differed from genistein (42) by substitu-
tion of the hydrogen in 7-OH with a tert-butyl(dimethylsilyl) group (IFG8
(56)) or palmitate acid chain (IFG18 (59)), were less active than the precur-
sor compound. A similar structure–activity relationship could be observed
for the pair of plant-derived isoflavones, genistein (42) and prunetin (44).
The exchange of the hydroxyl group 7-OH of genistein (42) for a methoxy
group (7-OCH3) in prunetin (44) results in a strong decrease of inhibitory po-
tency. Two other natural isoflavones which are effective inhibitors of MRP1,
licoisoflavone B (55) and sophoraisoflavone A (60), have no substitution at
position 7. In licoisoflavone B (55) group 4′-OH is replaced by a prenyl group
and in sophoraisoflavone A (60) this group is not substituted but a prenyl
group formed an additional ring attached to ring B, increasing the hydropho-
bicity of the flavonoid.

Increasing the inhibitory potency by substitution of a hydroxyl group at
position 4′ of the isoflavone molecule, which was observed in the group of
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synthetic compounds [233] and in some natural flavonoids, is not a gen-
eral rule, however. We did not observe any difference in BCPCF efflux in-
hibition in the case of pairs of isoflavones, daidzein/formonetin and genis-
tein/biochanin A [132]. In each pair the compounds differed by a methoxy
substituent at position 4′, which was present in formononetin (41) and
biochanin A (43) but not in daidzein (40) and genistein (42). Formononetin
(41) and daidzein (40) were not effective inhibitors of MRP1 activity. Instead
the OH group substituted at position 5 in genistein (42) and biochanin A (43)
seemed to be beneficial for inhibition and this result confirmed our previous
observation made for a large group of flavonoid compounds [232].

3.2.3
Modulation of BCRP by Flavonoids

Breast cancer resistance protein (BCRP, ABCG2) is a member of the ABCG
“half-transporter” subfamily since it has only six transmembrane domains
and one ATP-binding site, in contrast to other ABC transporters which consist
of 12 transmembrane domains and have two ATP-binding sites. It confers re-
sistance to anticancer drugs such as mitoxantrone (MX) (81), topotecan (83),
and camptothecin (84) [234]. Recently, many studies have revealed that plant-
derived polyphenols, flavonoids and stilbenes, are able to modulate BCRP
function in cancer cell lines [235–237]. In the presence of quercetin (29),
hesperetin (34), silymarin (a standard mixture of flavanolignans), daidzein
(40), and resveratrol (67), the increase in accumulation of BCRP substrates
MX (81) and Bodipy-FL-prazosin in BCRP-overexpressing cells was observed.
These polyphenols also stimulated the BCRP-associated ATPase activity, as
was determined using inside-out vesicles prepared from BCRP-transformed
bacterial cells [235].

A more than threefold increase in MX (81) accumulation in BCRP-
overexpressing cells (MCF-7 MX100 and NCI-H460 MX20) was also demon-
strated for apigenin (23), biochanin A (43), chrysin (22), genistein (42),
kaempferol (28), and naringenin (33) [237]. Imai et al. [236] demonstrated
that not only aglycones (genistein (42), naringenin (33), acacetin (24), and
kaempferol (28)) but also some glycosylated flavonoids, such as naringenin-
7-glucoside, effectively inhibited transporter BCRP overexpressed in K562
cells. Some sulfate conjugates and glucoronides have also been shown to be
transported by BCRP [238].

Recently performed studies on structure–activity relationships for inhibi-
tion of BCRP by flavonoids showed that the presence of the 2,3-double bond
in ring C, ring B attached at position 2, an OH group at position 5, lack
of hydroxylation at position 3, and hydrophobic groups substituted at pos-
itions 6, 7, 8, or 4′ are favorable for BCRP modulation [239]. The studies were
carried out with five flavonoid subclasses: flavones, isoflavones, flavanones,
flavonols, and chalcones (Figs. 2 and 6). For several compounds the 50% in-
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crease in MX (81) accumulation in BCRP-overexpressing cells was observed
at very low, micromolar flavonoid concentrations. The IC50 values are likely
much lower than the intestine concentrations of flavonoids delivered from
a common diet. The studied flavonoids demonstrated potencies to inhibit
BCRP transporter that differed by even more than 2000-fold. IC50 values for
increasing MX (81) accumulation in MCF-7 MX100 cells ranged from 0.07 µM
for 7,8-benzoflavone to 183 µM for sylibin. 7,8-Benzoflavone and 2′-hydroxy-
α-naphthoflavone were the most active BCRP inhibitors that had IC50 values
below 0.1 µM [239]. The mechanisms by which flavonoids inhibit the BCRP
efflux pump are currently under investigation.

In addition to the modulating effect exerted by flavonoids on P-gp, MRP1,
and BCRP function, the antiproliferative activity of these polyphenols is well
documented [240]. However, some flavonoids with estrogen activity, such
as prenylated flavones, showed at low concentrations a proliferative effect
in estrogen-dependent human breast cancer cells. At higher concentrations
inhibition of DNA synthesis was observed. It was noticed that artelastin
(62), a prenylated flavone, exhibited a biphasic effect on DNA synthesis in
estrogen-dependent MCF-7 cells, stimulatory at low concentrations and in-
hibitory at high concentrations. A proliferative effect was observed only in the
presence of those prenylated flavones that possessed an isopentyl group at C-8
and an additional ring linking C-3 and C-2′ atoms [241].

4
Effects Exerted by Phenothiazines
and Flavonoids on Ion Channel Properties

4.1
Influence of Phenothiazines on Ion Channels

Cardiotoxicity is a very well known side effect of phenothiazine drug (see
Fig. 1) administration. The main cardiotoxic effect is the induction of dif-
ferent types of arrhythmia, which are mostly the result of QT interval pro-
longation [242]. This prolongation can be associated with a potentially lethal
ventricular arrhythmia known as torsades de pointes [242, 243]. The mech-
anism of the influence of phenothiazines on QT interval prolongation is
complex, but on the molecular level there is increasing evidence that different
types of myocardial ion channels are involved [243].

QT interval prolongation induced by phenothiazines suggests that potas-
sium channels responsible for the repolarization phase of myocardial action
potential are naturally the first candidates for the possible interaction with
these drugs. Wooltorton and Mathie [244] using a whole-cell voltage clamp
found that in isolated rat sympathetic neurons, CPZ (9) inhibited mostly de-
layed rectified potassium current, leaving the transient K+ current almost
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unchanged. As was found by Kon et al. [245], CPZ (9) interfered with differ-
ent components of potassium current in isolated rat ventricular myocytes. It
inhibited inward-rectifying K+ current, time-independent outward currents,
transient outward K+ current, and ATP-dependent potassium current. When
applied in higher concentrations (50 µM) CPZ (9) also caused a significant
increase of myocyte resting potential, from – 79 to – 27 mV.

CPZ (9) and TFP (5) are the phenothiazine derivatives known to induce
QT prolongation and torsades de pointes. Both compounds were found to
influence the delayed rectifier potassium current in guinea pig cardiomy-
ocytes, and especially its rapidly activating component conducted by protein
encoded by human ether-a-go-go-related gene (hERG); see [246] for CPZ (9)
and [247] for TFP (5). As was shown using channels expressed in Xenopus
oocytes, CPZ (9) and TFP (5) acted as potent dose- and potential-dependent
hERG channel blockers. It was also found that this block was use-dependent.
Experiments performed on guinea pig cardiomyocytes confirmed that CPZ
(9) and TFP (5) affected rapidly activating potassium current leaving the slow
activating one unchanged. The final conclusion drawn in both papers was that
arrhythmias induced by CPZ (9) and TFP (5) may result from the inhibition of
the rapidly activating component of outward potassium current.

Inhibition of hERG channels expressed in Chinese hamster ovary (CHO)
cells by TDZ (6) and other antipsychotic drugs was investigated by Kongsamut
et al. [248]. The ability of the studied drugs to block hERG channels (IC50
value for TDZ (6) was 191 nM) was compared with their affinity to dopamine
D2 and 5-HT2A receptors as well as with the QT interval prolongation in-
duced by these drugs. This comparison showed that when hERG IC50 and
receptor binding potencies were separated by less than a log unit, significant
QT prolongation might be expected. In recent work devoted to elucidation of
the mechanism of hERG block induced by TDZ (6) [249], a potential bind-
ing site for the drug on channel protein was found. Comparing the influence
of TDZ (6) on wild-type and mutant hERG channels expressed in HEK293
cells, Milnes et al. discovered that S6 helix point mutation F656A almost
completely abolished TDZ-induced block. This result allowed the conclusion
that the TDZ (6) binding site was located in the channel vestibule and drug
molecules bound preferentially to the channel in the open state. The mechan-
ism of the block of hERG potassium channels expressed in Xenopus oocytes
was also studied by Thomas et al. [250]. As in other experiments performed
on hERG channels, CPZ (9) induced a dose-dependent block with IC50 value
21.6 µM. The analysis of the block, based on its voltage dependence, revealed
that hERG currents were inhibited by drug molecules bound to the channels
in closed and open states, while block of the inactivated channel state was less
pronounced. The reversed frequency dependence suggested that a different
amount of closed-channel block occurred during the time between the pulses.
The general conclusion of this work was that block of hERG currents by CPZ
(9) underlay the clinically observed QT interval prolongation.
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The same experimental model (CHO cells) was used by Kim and Kim [251]
in the study of hERG channel inhibition by TDZ (6), CPZ (9), TFP (5), and
perphenazine (2). The phenothiazine derivatives studied in this work showed
different potency to block hERG channels; the IC50 values for TDZ (6), per-
phenazine (2), TFP (5), and CPZ (9) were 224, 1003, 1406, and 1561 nM, re-
spectively. Exclusively for TDZ (6) the hERG channel inhibition was voltage-
dependent, and the amount of block was greater at more positive potentials.
Inhibition caused by other phenothiazine derivatives studied herein showed
no voltage dependence. It is worth emphasizing that IC50 values obtained
by two independent research groups using the same experimental model—
Kongsamut et al. [248] and Kim and Kim [251]—were very close.

Kv1.3 voltage-gated potassium channels present in lymphocytes are known
to play an important role in setting the resting membrane potential, cell mi-
togenesis, and volume regulation. In the whole-cell patch-clamp study Teis-
seyre and Michalak [252] have demonstrated that TFP (5) was blocking these
channels in a concentration-, voltage-, and time-dependent manner. TDZ (6)
additionally studied in this work showed effects similar to those of TFP (5).
According to the authors of this paper the exact molecular mechanism of
Kv1.3 potassium channel blocking by TFP (5) remained to be elucidated.

TFP (5) was found to be a very effective blocker of human Kv2.1 potas-
sium channels expressed in human glioblastoma cells [253]. As for other
types of channels, for Kv2.1 the TFP-induced block was also dose-dependent
(IC50 = 1.21 µM). Some of the other, non-phenothiazine drugs were even
more effective blockers; for the most potent, fluspirilene (an antipsychotic
agent), substantial block was observed at 30 nM.

CPZ (9), triflupromazine (11), and fluphenazine (3) inhibited HIT-T15
pancreatic β-cell ATP-sensitive potassium channels in a dose-dependent
manner [254]. Reversible inhibition of these channels was observed when
they were activated by ATP depletion or by treatment with the channel
opener diazoxide. The IC50 values for CPZ (9), triflupromazine (11), and
fluphenazine (3) were 1, 4, and 6 µM, respectively.

The potassium channels present in neuronal membranes could also be
affected by phenothiazine derivatives. In the study performed by Ogata
et al. [255] it was shown that CPZ (9) interfered with several types of potas-
sium channels present in membranes of neurons of the newborn rat cultured
dorsal root ganglia. Reversible reduction of the amplitude was found for tran-
sient and delayed rectified K+ currents, while inward rectified K+ current
remained unaffected by CPZ (9). The block of delayed rectified K+ current by
CPZ (9) was, however, less potent than block of the transient one. The hyper-
polarizing shift of the steady-state inactivation curve for transient K+ current
indicated that CPZ (9) binds preferably to the channels in the inactivated
state.

Lee et al. [256] showed that CPZ (9), TFP (5), and TDZ (6) effectively
inhibited activity of Ca2+-activated large conductance potassium channels
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in neurons dissociated from the rat motor cortex. Inhibition was voltage-
independent. The butyrophenone drugs also studied in this work were as
effective potassium channel inhibitors as phenothiazines, while atypical neu-
roleptics were much less effective. Since all compounds studied herein were
lipophilic, Lee et al. [256] concluded that channel inhibition was caused
by specific drug–channel interaction but not by membrane perturbation
induced by neuroleptics. The Ca2+-activated, large conductance potassium
channels from charophyte plants resemble Maxi-K channels from animal
cells, mainly due to very similar kinetic properties. As was found by thorough
analysis of the channel kinetics, the presence of TFP (5) generated a new, low-
conductance state in these potassium channels [257]. This new state was not
recorded in previous studies performed by McCann and Welsh [258] and by
Kihira et al. [259] because the methods of data analysis used in both these
works classified the low-conductance state as a closed one.

Also, Ca2+-activated small conductance potassium channels (SK channels)
could be affected by the presence of different antipsychotic drugs. Rat SK2
subtype channels expressed in HEK293 cells were blocked by a group of tri-
cyclic antipsychotic drugs, including CPZ (9) and TFP (5) [260]. Inhibition
of rat SK2 channels was dose-dependent; KD values calculated from the fit-
ted dose–response curves were 12.75 and 7.6 µM for CPZ (9) and TFP (5),
respectively. The potency of drugs studied in this paper to inhibit rSK2 chan-
nels was not correlated with their pKa values. Terstappen et al. [261] have
shown that other subtypes of SK channels, human SK3 channels expressed
in CHO cells, were blocked by several types of tricyclic antidepressants, in-
cluding four phenothiazines. This inhibition was dose-dependent; the IC50
values were 13, 31, 32.7, and 48.1 µM for fluphenazine (3), promethazine (1),
CPZ (9), and TFP (5), respectively. A direct binding of blocker molecules with
channel protein was indicated in experiments on displacement of 125I-apamin
by antipsychotic drugs. Terstappen et al. [261] pointed also to the possibil-
ity that phosphorylation of the SK3 channel and/or accessory subunit might
be involved in its modulation. The influence of tricyclic antidepressants and
a variety of other compounds on the huge set of different potassium channels
was reviewed by Mathie [262].

Phenothiazine derivatives also exerted some effects on the properties of
different types of calcium channels. Two types of voltage-gated Ca2+ chan-
nels, differing in voltage- and time-dependent kinetics, were blocked by CPZ
(9) [263]. This block was reversible, concentration-dependent, and enhanced
by membrane depolarization. Hyperpolarizing shift of the steady-state in-
activation curve showed a higher affinity of CPZ (9) for channels in the
inactivated state than in the resting state. Ogata et al. [263] also concluded
that gating kinetics of activation of both channel types was not affected by
CPZ (9).

Inhibition of voltage-gated L-type Ca2+ channels was recorded by Ito
et al. [264] and by Lee et al. [265] in rat neuronal cell line pheochromocytoma
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(PC12) cells. Inhibition of L-type Ca2+ currents by phenothiazine drug was
also found in invertebrate neurons. Investigations performed by Cruzblanca
et al. [266] revealed that TFP (5) caused reversible and dose-dependent re-
duction of L-type Ca2+ currents in Helix aspersa (brown snail) neurons. The
efficacy of inactivation of this current was enhanced by this drug. The pos-
sibility that calcium currents were altered by the influence of TFP (5) on the
protein kinase C (PKC) activity was excluded in this paper.

Also, T-type calcium channels could be affected by phenothiazine deriva-
tives. CPZ (9) caused a dose-dependent and reversible block of T-type cal-
cium channels in mouse neuroblastoma cells [267]. Neither the activation nor
inactivation kinetics of these channels was altered by CPZ (9); however, the
block was voltage-dependent. Results obtained by Ogata et al. [267] indicated
greater affinity of CPZ (9) to channels in the inactivated state. In another
study performed on mouse spermatogenic cells, Lopez-Gonzalez et al. [268]
have shown that the effects exerted by TFP (5) on T-type Ca2+ channels
were very similar to those exerted by W7, a very well known calmodulin
antagonist. Both these compounds decreased T currents in a concentration-
dependent manner, with IC50 values of 12 and 10 µM for TFP (5) and W7,
respectively. Additionally this research team found that W7 altered the chan-
nels’ voltage dependence on activation and slowed both the activation and
inactivation kinetics.

CPZ (9) also showed some inhibitory effects with respect to the calcium
current produced by combined expression of α1E and β3 subunits of voltage-
sensitive calcium channels (VSCCs) [269]. The authors of this article sug-
gested that this effect could be the result of either direct interaction of the
drug with channel protein or indirect alteration of the properties of the lipid
bilayer surrounding the VSCC molecules.

Background (or B-type) calcium channels present in membranes of heart
myocytes are responsible for the resting calcium influx in cardiac cells. It
was found that the activity of these channels could be altered by phenoth-
iazine derivatives. CPZ (9) and TFP (5) activated the B-type Ca2+ channels
present in rat ventricular [270] and human atrial myocytes [271, 272]. As
was recorded using the patch-clamp technique, the TFP- and CPZ-induced
activation of B-type Ca2+ channels appeared in approximately 20% of rat ven-
tricular myocyte patches. CPZ-activated channels were voltage-independent
in the physiological range of membrane potentials [270]. As in rat, in human
myocytes micromolar concentrations of CPZ (9) also induced complex gating
behavior with several levels of elementary conductances. The CPZ-induced
increased activity of B-type Ca2+ channels was observed in about 25% of
examined cells and was voltage-independent [271]. Despite the thorough de-
scription of background calcium channel activity induced by phenothiazine
derivatives, Antoine et al. [271] have not provided any explanation of the mo-
lecular mechanism of this process. B-type Ca2+ channels are also present in
the membranes of red blood cells. As was found by Pinet et al. [273], their
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properties and also their ability to be activated by CPZ (9) remained almost
unchanged after reincorporation into the membranes of giant liposomes.

The influence of CPZ (9) and TFP (5) on the release of calcium from
the intracellular stores was shown by Quamme et al. [274] in a study on
the activation of Ca2+-activated Cl– current in native Xenopus oocytes. Al-
though the relation between phenothiazine derivative-induced intracellular
Ca2+ concentration increase and Cl– current appearance was convincingly
proved, Quamme et al. [274] have not presented any explanation of the mech-
anism of the observed phenomena.

Release of calcium ions from the intracellular stores is triggered by inos-
itol 1,4,5-triphosphate (InsP3). InsP3 receptor is a tetramer channel protein
which could be affected by, among others, calmodulin antagonists like phe-
nothiazine derivatives. CPZ (9), TFP (5), and fluphenazine (3) were found to
bind to and alter the properties of InsP3 receptors of pig cerebellar micro-
somes [275]. It was shown that the presence of phenothiazine drugs alters the
fast component of Ca2+ release, leaving the slow component unchanged. As
was suggested in this paper, the inhibition of calcium current carried by InsP3
receptor was rather caused by the alteration of channel gating properties than
by affecting the InsP3 binding to the receptor molecule.

Like other channel types, voltage-gated sodium channels can also be af-
fected by the presence of phenothiazine derivatives. In voltage-clamp experi-
ments Bolotina et al. [276] found that CPZ (9), as well as chloracizine (19),
blocked sodium channels in the inactivated state. Whole-cell patch-clamp
studies revealed that CPZ (9) induced a dose-dependent and reversible block
of sodium channels in mouse neuroblastoma cells [267]. This block was also
use-dependent, because train depolarizations caused cumulative increase of
block. Since the steady-state inactivation curve was shifted toward negative
potentials by exposure to CPZ (9), Ogata et al. [267] concluded that this drug
showed greater affinity to the channels in the inactivated state. Two types
of voltage-gated sodium channels—tetrodotoxin (TTX)-sensitive and TTX-
resistant—were found to be blocked by another neuroleptic phenothiazine
derivative, fluphenazine (3) [277]. The mechanism of channel block by this
drug resembled that caused by local anesthetics, i.e., neuroleptic molecules
bound with high affinity to the channel in the inactivated state. Fluphenazine
(3) showed no appreciable effect on the voltage dependence of sodium chan-
nel activation.

Awayda et al. [278] suggested that CPZ-induced alteration of epithelial
sodium channels (ENaC) could be a result of the influence exerted by the phe-
niothiazine derivative on the membrane fluidity. To demonstrate it they used
epithelial sodium channels expressed in Xenopus laevis oocytes as a model,
and compared the effects of CPZ (9) and temperature on the ENaC activ-
ity. They have shown that a decrease of membrane order caused either by
the increase of temperature or by incorporation of drug molecules into the
membrane affected the conductance of epithelial sodium channels in a very
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similar way. Awayda et al. [278] concluded that they could not exclude the
possibility that the effects on ENaC might result from the combination of
the alteration of lipid order and membrane capacitance. The last effect might
be a consequence of membrane thickness change induced by CPZ (9) or in-
creased mobility of lipid hydrocarbon chains.

Apart from causing very well known cardiotoxic effects, phenothiazine
derivatives can accumulate in lung epithelial cell membranes and therefore
cause severe respiratory disorders. In the study performed by Ito et al. [279] it
was found that CPZ (9) inhibited transepithelial Cl– transport, mainly due to
two mechanisms: influence on the beta-adrenergic receptor and inhibition of
basolateral potassium channels. The authors of this study also suggested that
the recorded effects could result from the electrostatic interactions between
the drug molecules and negatively charged components of the inner leaflet of
the plasma membrane.

Large conductance chloride channels (Maxi Cl– channels) present in
membranes of fibroblast cells were another class of chloride channels that
were affected by the presence of phenothiazine derivatives. As described by
Valverde et al. [280], these channels become activated by CPZ (9) and tri-
flupromazine (11). Activation was dose-dependent for both drugs; the half-
maximal responses (EC50) were 21 and 23 µM for CPZ (9) and triflupro-
mazine (11), respectively. The effects of the drugs were observed exclusively
for applications in the extracellular bathing solution. The authors of this pa-
per provided no information about the possible physiological role of Maxi Cl–

channel activation by phenothiazine drugs.
The activity of ligand-gated channels could also be affected by the pres-

ence of phenothiazine derivatives. CPZ (9) affected the nicotinic acetylcholine
receptors (nAChRs) of mouse muscle cells [281]. Two kinds of effects were
recorded: CPZ (9) decreased the frequency of channel opening and decreased
the mean channel opening time. The first effect was potential-independent
and was interpreted as a closed channel block. The second one, in which CPZ
(9) acted as an open channel blocker, was dependent on membrane poten-
tial as well as on the concentration of the drug. Benoit and Changeux [281]
concluded that CPZ (9) bound to a site within the nAChR ionic channel. This
suggestion was strongly supported by a previous study performed by Revah
et al. [282], who showed that CPZ (9) bound to the amino acids located in
the hydrophobic and putative transmembrane region MII of the Torpedo mar-
morata nAChR γ-subunit. As proved by Lee et al. [265], inhibition of nAChRs
by CPZ (9) was involved in the inhibition of catecholamine secretion in rat
pheochromocytoma (PC12) cells. Catecholamine secretion was also inhibited
by the block of voltage-gated calcium channels by CPZ (9), but to a lesser
extent than by the block of nAChRs involved with this drug. In the next
paper devoted to the problem of the influence of antipsychotic drugs on cate-
cholamine secretion, Park et al. [283] compared the influence of CPZ (9) with
that of the atypical drug clozapine. Using bovine adrenal chromaffin cells as
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a model they found that both these drugs blocked nAChRs and VSCCs; how-
ever, clozapine was a less effective blocker than CPZ (9).

GABAA receptors are another site of action of CPZ (9) in neurons of the
central nervous system. Mozrzymas et al. [284] have found that CPZ (9)
reduced the amplitude and accelerated the decay of miniature inhibitory post-
synaptic currents. Using ultrafast γ-aminobutyric acid (GABA) applications
and model simulations, they demonstrated that CPZ (9) decreased the bind-
ing and increased the unbinding constants of the neurotransmitter to GABAA
receptors.

N-Methyl-D-aspartic acid (NMDA) receptors also belong to the group of
ligand-gated channels that are affected by the presence of phenothiazine
derivatives. Using a functional neurochemical assay, Lidsky et al. [285] have
shown that CPZ (9) and TDZ (6) at low concentrations augmented NMDA
receptor activity while at higher concentrations they suppressed it. In con-
trast promazine (8), which shows no dopamine receptor D2 effects, does not
influence NMDA receptors either. Whole-cell patch-clamp experiments per-
formed by Zarnowska and Mozrzymas [286] revealed that in cultured rat
hippocampal neurons, CPZ (9) slowed down the NMDA receptor deactivation
in a dose-dependent manner. Thus, CPZ (9) stabilized the open conformation
of these channels, presumably by fixing them in a bound state.

4.2
Influence of Flavonoids on Ion Channels

Compared with phenothiazines, much less is known about the effects exerted
by different types of flavonoids on the properties of ionic channels. These
compounds exert mostly beneficial effects on human health, acting mainly
as nonspecific antioxidants that cause almost no side effects. Therefore, there
was only a limited need to study specific interactions of flavonoids with dif-
ferent types of ionic channels.

Choi et al. [287] described the interaction of (–)-epigallocatechin-3-gallate
(EGCg, Fig. 3) with the rat brain Kv1.5 potassium channels expressed in CHO
cells. EGCg (64) inhibited Kv1.5 channels in a dose-dependent manner with
an IC50 of 101.2 µM. Interaction with EGCg (64) did not alter the ion selec-
tivity of Kv1.5 channels. Pretreatment of the CHO cells with genistein (42)
did not influence the inhibitory potency of EGCg (64). Inhibition was voltage-
independent, and neither activation nor inactivation voltage dependencies
were altered by EGCg (64). The results suggested that EGCg (64) interacted
directly with channel protein and bound preferentially with the channel in
a closed state [287]. The block occurred presumably due to pore occlusion
by the catechin molecule. In a further study the effect of EGCg (64), (–)-
epigallocatechin (38), (–)-epicatechin-3-gallate (ECg, 63), and (–)-epicatechin
(EC, 37b) on ATP-sensitive potassium channels (KATP) expressed in Xenopus
oocytes was evaluated by Baek et al. [288]. Intracellular EGCg (64) applica-
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tion inhibited KATP current in cloned as well as native (in β-cells) channels,
and the effect was only partly reversible after EGCg (64) wash-out. Since ECg
(63) also inhibited KATP currents and EC (37b) as well as EGCg (64) were
ineffective, it appeared that for inhibitory activity the gallic acid ester moi-
ety was a critical structural factor of green tea catechins. The authors of this
paper suggested that the gallic acid ester moiety exerted its effects via the
modulation of the lipid bilayer properties.

In the study performed by Zitron et al. [289] the activity of 22 flavonoids
against hERG channels expressed either in Xenopus oocytes or in HEK cells
was screened. The studied flavonoids belonged to different subgroups (see
Fig. 2): flavanone glycosides (neohesperidin (48), hesperidin (47), naringin
(49)), flavanone aglycones (galangin (27), hesperetin (34), naringenin (33)),
flavone glycosides (rutin (50)), and flavone aglycones (flavone (21), chrysin
(22), fisetin (32), kaempferol (28), morin (30), quercetin (29), myricetin (31),
apigenin (23)). Also, furanocoumarin (bergapten (69), methoxalen (70), pso-
ralen (68)) and coumarin derivatives (scopoletin (72), umbelliferone (73),
coumarin (71), 7-ethoxycoumarin (74)) were studied (see Fig. 6 for chem-
ical structures). Ten of these flavonoids profoundly inhibited hERG currents
in a dose-dependent manner. The most active were naringenin (33), morin
(30), and hesperetin (34). The IC50 values for these flavonoids differed, de-
pending on the type of cells in which hERG channels were expressed. In
Xenopus oocytes the IC50 values were 102.3, 111.4, and 288.8 µM for narin-
genin (33), morin (30), and hesperetin (34), respectively. In HEK cells the IC50
for naringenin (33) was 36.5 µM. Flavone, quercetin (29), kaempferol (28),
methoxalen (70), umbelliferone (73), scopoletin (72), and 7-ethoxycoumarin
(74) also belonged to the group of active flavonoids. The authors correlated
the obtained results with the in vivo measured QT interval prolongation in-
duced by grapefruit juice, in which naringenin (33) is the major flavonoid
component.

T lymphocyte Kv1.3 potassium channels were also inhibited by genistein
(42) in a protein tyrosine kinase (PTK)-independent way [290]. Daidzein
(40) that was also studied in this work did not influence the properties of
Kv1.3 potassium channels. The genistein-induced inhibition occurred much
faster than was observed for neuronal Kv1.3 channels expressed in HEK293
cells [291], for which a PTK-dependent mechanism of genistein (42) action
was proposed. On the other hand, PTK-independent inhibition of myocyte
Kv1.3 channels by genistein (42) was reported by Washizuka et al. [292].

Extensive studies have been performed on the influence of flavonoids
on the properties of the cystic fibrosis transmembrane conductance regu-
lator (CFTR) channel. The best-known CFTR channel activator is genistein
(42) [293, 294], but this channel could also be activated by apigenin (23),
kaempferol (28), and quercetin (29) [295], which appeared to be even more
potent activators than genistein (42). CFTR channel activation by genistein
(42) was not accompanied by an increase of intracellular cAMP level, which
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Fig. 6 Chemical structures of chalcone and coumarin derivatives

suggested that channel stimulation did not involve direct activation of pro-
tein kinase A [293]. Whole-cell patch-clamp experiments have shown that
the effect exerted on CFTR by genistein (42) was dose-dependent and the
EC50 of flavonoid was approximately 100 µM [296]. Daidzein (40), a flavonoid
structurally related to genistein (42), was also studied by Shuba et al. but it ap-
peared that it was at least one order of magnitude less effective than genistein
(42). In a further study Chiang et al. [294] investigated the activation of CFTR
channels in guinea pig ventricular myocytes by genistein (42), and found that
this process was protein kinase A and tyrosine kinase independent. In almost
parallel work, French et al. [297] confirmed that CFTR activation was protein
kinase A and tyrosine kinase independent; however, they have shown simul-
taneously that phosphorylation of the CFTR channel prior to genistein (42)
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application was necessary for its activation. These authors proposed a dir-
ect binding of genistein (42) with a second NBD of the CFTR channel as
a putative mechanism of channel stimulation. Using a site-directed mutagen-
esis, Melin et al. [298] experimentally confirmed this suggestion and showed
that the signature motif LSHGH of the NBD2 was responsible for switch-
ing on and off the response of CFTR channels to the presence of genistein
(42). In a later study on the influence of curcumin on CFTR channels, Berger
et al. [299] also found that pre-phosphorylation of CFTR and the presence of
ATP were necessary for its activation. Investigations performed on wild-type
CFTR channels were supplemented by experiments in which mutant CFTR
channels were also explored. Illek et al. [300] have found that the G551D mu-
tant of CFTR, the third commonest causing cystic fibrosis mutation, was also
activated by genistein (42). Using the most common CFTR mutation—∆F508
CFTR—Bebok et al. [301] have shown that even this channel could be ac-
tivated by genistein (42), while other wild-type stimulators (forskolin (86),
β2-adrenergic or A2B-adenosine receptor agonists) failed to activate ∆F508
CFTR. In another paper Lim et al. [302] have shown that apigenin (23), genis-
tein (42), kaempferol (28), and quercetin (29) did not change the expression
of ∆F508 CFTR in bronchial epithelial cells. Except for kaempferol (28), how-
ever, these flavonoids increased the Cl– conductance of the epithelial cell
membranes.

Contrary to the activation of chloride current, genistein (42) partly
inhibited the pacemaker currents recorded in the cardiac sinoatrial my-
ocytes [303–305]. As was shown by Yu et al. [304], the exact effects of
genistein (42) depended on the subtype of hyperpolarization-activated cyclic
nucleotide-gated (HCN) channels involved in interaction with the flavonoid.
For different HCN subtypes expressed in Xenopus oocytes it was found that
genistein (42) had no effect on HCN1-carried currents, while it significantly
decreased currents carried by HCN2 and HCN4 channels. Daidzein (40) ap-
parently exerted no effects either on HCN1 or on HCN2 currents. In a recent
study devoted to the elucidation of the mechanism of genistein-induced block
of HCN channels, Altomare et al. [305] have found that this block was in-
dependent of the presence of ATP; also, inhibition of tyrosine kinase by
herbimycin did not influence the effects exerted by the flavonoid. Direct in-
teraction of genistein (42) with HCN channels, responsible for pacemaker
currents, was proposed as a possible mechanism of isoflavone action.

Apart from HCN channels, genistein (42) also acted on other types of
channels present in cardiac cells. Chiang et al. [306] examined the impact
of this isoflavone on the L-type calcium and cAMP-dependent chloride cur-
rents in guinea pig ventricular myocytes. Using the voltage-clamp technique
they found that genistein (42) reversibly inhibited L-type calcium currents
in a dose-dependent manner. Surprisingly daidzein (40), which was ineffec-
tive with respect to many other channel types, also decreased L-type calcium
currents in myocytes. Opposite to calcium currents, the cAMP-dependent
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chloride current was augmented by the presence of genistein (42) but not
by daidzein (40). Direct interaction of genistein (42) with L-type calcium
channels was also proposed by Yokoshiki et al. [307] as one of the possible
mechanisms of inhibition.

Unlike genistein (42), quercetin (29) [308, 309] and myricetin (31) [310]
enhanced the calcium current carried by L-type calcium channels of the
myocytes from rat tail artery. The character of voltage-, concentration-,
and frequency-dependent calcium current changes induced by myricetin
(31) [310] allowed the conclusion that this flavonoid exerted its effect on
L-type calcium channels by binding preferentially to the channels in the in-
activated state. Quercetin stimulated L-type calcium channels in rat pituitary
GH3 cells in a dose-dependent manner [309]. The EC50 value was about
7 µM, and many facts suggested direct interaction between ion channels and
flavonoid. In NG 108-15 neuronal cells quercetin (29) caused inhibition of
TTX-sensitive sodium current.

Also, the T-type calcium channels could be regulated by interaction with
flavonoids. In a study on the influence of genistein (42) on the T-type cal-
cium channels (CaV3.1) expressed in HEK293 cells, Kurejova et al. [311]
have demonstrated that external application of flavonoid caused the dose-
dependent inhibition of the channel activity (IC50 = 24.7 µM). A decrease
of calcium current amplitude was accompanied by deceleration of channel
activation and acceleration of its inactivation. Genistin (46), which was also
studied by Kurejova et al. [311], exerted no effects on the properties of CaV3.1
channels. Intracellular applications of both genistein (42) and genistin (46)
caused no effects as well. According to the interpretation of these results
genistein (42) molecules directly interact with the voltage sensor and occlude
the channel pore.

In contrast to many other potassium channels (see below), the inward rec-
tifying K+ channels in guinea pig ventricular myocytes were directly blocked
by genistein (42) and daidzein (40) [312]. Both flavonoids inhibited inward
rectifying K+ current in a dose-dependent manner. The opposite effect (i.e.,
stimulation) was observed when the influence of naringenin (33) on the Ca2+-
activated K+ channels of rat tail artery myocytes was studied [313]. Channel
activation was dose-dependent and reversible after flavonoid wash-out. The
final conclusion of this work was that the vasorelaxant effect of naringenin
(33) could be due to activation of Ca2+-activated K+ channels.

Several examples demonstrated that flavonoids could also interfere with
the activity of ligand-gated channels. The possibility that glycine receptors
of hypothalamic neurons could be modulated by genistein (42) was tested
by Huang et al. [314], and they found that flavonoid blocked channels in
a voltage-dependent manner. Additionally it was shown that daidzein (40)
also inhibited glycine-activated channels. The results obtained in this work
suggested that glycine receptor block was caused by direct flavonoid–channel
interaction, and was not mediated by a PTK. On the other hand, a phosphory-
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lation pathway was proposed to explain the influence of genistein (42) on such
ligand-gated channels as NMDA receptors [315] and GABAA receptors [316].

Chrysin was presumably the first flavonoid that was found to interact with
GABAA receptors [317]. Since this discovery many laboratories focused their
efforts on the research of flavonoid–GABAA receptor interactions, because
it appeared that these compounds possessed anxiolytic properties. Today
a huge group of natural [318, 319] and synthetic [320, 321] flavonoids have
been tested regarding their ability to interfere with GABAA receptors. Also
theoretical calculations, i.e., 3D-QSAR studies, were performed [322] to eluci-
date the optimal structural features of flavonoids with respect to their binding
with GABAA receptor binding sites. Different aspects of flavonoid–GABAA
receptor interactions were recently reviewed by Wang et al. [323].

The idea that genistein (42) could modulate the ionic channel activ-
ity by a phosphorylation-independent mechanism was proposed by Hwang
et al. [324]. Using a model of gramicidin A channels in planar lipid bilayers,
they have demonstrated that genistein (42) could alter the channel prop-
erties (conductivity and lifetime) by changing the hydrophobic mismatch
and/or bilayer mechanical properties. Gramicidin channel properties were
also profoundly altered by daidzein (40) and phloretin (66), while genistin
(46) showed apparently no effects.

Genistein (42) was found to affect many other types of channels, but the
main proposed mechanism of these interactions was indirect. In most cases
a PTK pathway was suggested as a putative explanation of the observed ef-
fects. Since genistein (42) is a well-known inhibitor of this kinase, we will
not focus on those papers and only a short list will be presented. Such
a mechanism was mentioned in the case of inhibition of ATP-sensitive K+

channels [325], cardiac slowly activating delayed-rectifier K+ current [326],
L-type calcium channels [327, 328] (contrary to the direct interaction pro-
posed by Chiang et al. [306] and Yokoshiki et al. [307]), P/Q-type calcium
channels in rat hippocampal neurons [329], and carotid baroreceptor activ-
ity [330]. A PTK-dependent mechanism was also proposed as the explanation
of potentiation of neuronal α7 nAChRs by genistein (42) [331].

In several papers direct and/or indirect flavonoid–ion channel interac-
tions were proposed as a putative explanation of the observed phenomena.
Thus, the inhibition of Ca2+ and activation of K+ channels in rat thoracic
aorta was suggested to explain the mechanism of vasorelaxation induced
by luteonin [332]. An EGCg (64) influence on calcium channels sensitive to
diphenylamine-2-carboxylate was proposed as one of the mechanisms under-
lying the EGCg-induced alteration of intracellular calcium levels in nonex-
citable cells [333]. Direct interaction with the protein molecule was suggested
as a mechanism of stimulation of mitochondrial Ca2+ uniporter by genistein
(42), genistin (46), kaempferol (28), and quercetin (29) [334]. Interactions of
a group of flavonoids with different types of potassium channels were pro-
posed to explain the vasorelaxant properties of these compounds [335].
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