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Fabrice Berrué, Olivier P. Thomas, Corinne Funel-Le Bon, Fernando Reyes and Philippe Amade*

Seven new cyclic aliphatic peroxides have been isolated from the little studied marine sponge Plakortis zyggompha. The structural
elucidations were based on NMR and MS studies. The new plakortides showed cytotoxicity against human tumor cell lines.



pp 11850–11865Synthetic studies on nucleoside-type muraymycins antibiotics based on the use of sulfur ylides.

Synthesis of bioactive 5 0-epimuraymycin analogues

Francisco Sarabia* and Laura Martı́n-Ortiz

pp 11866–11872Reaction of (2-amino-5,10,15,20-tetraphenylporphyrinato)nickel(II) with quinones
Cristina M. A. Alonso, Maria G. P. M. S. Neves, Augusto C. Tomé, Artur M. S. Silva
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Scheme 1.
1. General introduction

The formation of carbon–carbon bonds is a fundamental
reaction in organic synthesis the efficiency of which has
interested organic chemists for a long time ago. Aryl–aryl
bond formation has been known for more than a century and
was one of the first reactions involving a transition metal.1

Modern synthetic chemistry is also sustained by the use
of transition-metal catalysts as powerful tools for carbon–
carbon bond-forming processes.2 Among these,
carbon–carbon coupling reactions through the activation
of carbon–hydrogen bonds,3 as well as addition reactions,4

have experienced an increasing interest in the preparation of
molecules, the access to which is not so straightforward
using other methodologies. On the other hand, the
transition-metal catalysed carbon–carbon bond formation
developed in the 1970s represented a milestone in synthetic
organic chemistry that allowed the cross coupling of
substrates in ways that would have previously been thought
impossible.5 This protocol has been substantially improved
and expanded over the past 30 years, providing an
indispensable and simple methodology for preparative
organic chemists (Scheme 1).
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In spite of the fact that it would seem that most of the
research on developing carbon–carbon coupling strategies
has been done, some new challenges on this topic have
emerged in the narrow boundary between the 20th and 21st
century. A new mentality of the organic chemist is focussed
on the design of new tendencies and methodologies able to
make the already known chemical transformations simpler,
faster, cheaper, greener and in general, more efficient
processes. In particular, increasing attention has been paid
to the ‘green chemistry’ of these processes, this concept
being understood as the set of principles6 that reduce or
eliminate the use or generation of hazardous substances.7

The idea of atom-economical reactions may be also a useful
concept in helping to promote thinking in the direction of
sustainable chemistry.8 In order to achieve all the goals
mentioned above, several valuable and distinctive tech-
niques,9 which do not find daily use in the laboratory, can be
applied by the organic chemist to operate at different levels
including (a) the type of substrates, (b) the catalyst, (c) the
solvent, (d) the reaction conditions, (e) the separation
techniques and (d) the reaction vessel. An introductory
commentary to remark the importance of any of these
parameters follows.

1.1. Substrates

The majority of studies of metal-catalysed cross-coupling
reactions involve a halide or sulfonate as the electrophile
and an organometallic reagent as the nucleophile in which
the carbon atoms to be coupled are all sp2-hybridized. There
is, however, a substantial need for the development of
successful cross-coupling reactions involving either alkyl
halides or sulfonates. Organic halides also take part in Heck-
type reactions. On the other hand, all these processes have in
common some lack of atom economy,8 since the
corresponding inorganic salts are obtained and require
proper isolation and treatment.

In the past decade, there have been developments in
palladium-catalysed coupling systems for Heck, Suzuki,
Stille and Sonogashira reactions among others, as a
consequence of the great interest in the development of
coupling partners that are both more economical and readily
accessible. In spite of the fact that organoboranes and
organostannanes have been the reagents of choice for some
of these reactions, there are still some drawbacks in their
use: certain organostannanes such as the trimethyltins,
Me3SnX and their by-products are toxic, whereas organo-
boranes have a lack of stability, particularly alkyl- and
alkynylboranes.

Consequently, the search for novel substrates for the cross-
coupling reactions has been the focus of much attention, for
example, carboxylic acids, anhydrides and esters, as well as
sulfonium salts, thiol esters and thioethers, have emerged as
interesting alternatives to aryl halides.10 In particular,
carboxylic acids do not generate large amounts of waste
and they work in the absence of phosphane ligands. There is,
however, no general advantage in terms of atom economy
and their generation in not always readily accessible,
producing stoichiometric amounts of salts as by-products.
The Stille, Suzuki and Kumada reactions with alkyl and aryl
fluorides is a recent and promising research area leading to
the cross-coupled products under generally mild reaction
conditions.11 The stability of vinylic tellurides has also been
used in palladium-catalysed cross-coupling reactions for the
preparation of stereochemically defined enynes and
enediynes. The fact that these reagents work in the presence
of sensitive functional groups and under mild reaction
conditions makes them interesting substitutes for vinylic
halides and triflates.12

On the other hand, potassium trifluoro(organo)borates are
promising alternatives to the use of the known organo-
boronic acids, exhibiting higher reactivity and exceptional
stability.13 Germanium reagents have been recently used
in cross-coupling reactions,14 exhibiting intermediate
reactivity between that of organotin15 and organosilicon
compounds,16 avoiding the toxicity of certain organotin
reagents and being more reactive than silicon.

In recent years, an increasing interest has been shown in the
possibility of anchoring the substrates to a solid support,
facilitating their use in automated parallel synthesis in a
combinatorial manner. The main advantages of these solid-
phase transformations are the avoidance of tedious
workup procedures, the quasi high-dilution effect (high
yields by employing an excess of reagent), amenability to
automatisation and the non-interference of various
functionalities in the building blocks on a solid support.17

1.2. Catalytic systems

The form in which the catalyst is present in the reaction
media is fundamental to drive the reaction in an effective
manner. A wide range of possibilities can be explored,
depending on the different combinations of the components
of the catalytic system, for example, the catalyst can be
present as nanoparticles, ligandless, unsupported,
supported, etc.

Transition-metal nanoparticles have attracted a great deal of
attention during the last 10 years as catalytic systems with
great potential, due to the large surface area of the particles.
It has been suggested that metal colloids are very efficient
catalysts because of the ratio of atoms remaining at the
surface. In fact, these catalysts are microhetereogenous
systems bearing nanoparticles. The application of
transition-metal nanoparticles to the formation of carbon–
carbon bonds is still, however, in its infancy.18

Recent interest in the development of environmentally
benign syntheses and in minimising the cost of the precious
metal catalysts has led to the development of polymer-
bound metal catalysts for the carbon–carbon coupling
reaction that maintain high activity and selectivity. The
supported complexes can be recovered from the reaction
mixtures, they do not contaminate the product solution and
they can be recycled and used for the rapid production of
compound libraries. Often, however, there is metal leaching
during the course of the reaction and they are often not
recyclable. As a result, many efforts have been focussed on
the development of new ligand-derivatised polymeric
supports for the attachment of metals and on the design of
new methods to increase both the activity and the
selectivity.19 In particular, dendrimers as soluble supports
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have recently attracted much attention in homogeneous
catalysis, since these well-defined macromolecular struc-
tures enable the construction of precisely controlled catalyst
structures. Moreover, the globular shapes of the higher
generations of dendrimers are particularly suited for
membrane filtration.20

Alternatively, the immobilisation of catalysts can be
effected on inorganic matrices, having several important
potential advantages such as: (a) the remarkable ease of
handling and use, (b) reduced product contamination by
having the catalyst fully bound to the solid support, (c)
relatively safe handling owing to full chemisorption of the
possible toxic chemicals, (d) reduced environmental impact
upon work-up, (e) good thermal and chemical stabilities, (f)
good dispersion of the active catalytic sites, with a
significant improvement in the reactivity and (g) improve-
ment in the reaction selectivity, due to the constraints of the
pores and the characteristics of surface adsorption.21 In
general, they offer superior chemical, mechanical and
thermal stability compared with the use of organic
polymeric supports.

1.3. Solvents

Since most of the chemical reactions are performed in the
solution phase, the solvent plays a crucial role to implement
any transformation, either on a laboratory or industrial
scale.22 For a given process, the solvent will always
condition the work-up, recycling and disposal techniques
employed for the appropriate treatment of the reaction
mixture and every one of its components. Within the context
of green and sustainable chemistry, the endeavour to replace
volatile organic solvents in organometallic catalysis for
alternative more practical and environmentally friendly
solvents must be highlighted.23 Interesting approaches
include catalysis based on aqueous systems, ionic liquids,
supercritical media, or fluorinated phases.

Nonetheless, it is known that many reactions proceed
efficiently in the solid state. In fact, in some cases, solid-
state organic reactions occur more efficiently and selectively
than their solution counterparts, since molecules in a crystal
are arranged tightly and regularly. In addition, the solvent-
free reactions make syntheses simpler for process and
handling, saving energy and preventing solvent waste,
hazards and toxicity.24

1.3.1. Supercritical fluids (SCFs). Supercritical fluids are
well established as useful solvents for extraction, chroma-
tography and a few specialised reactions.25 In spite of the
fact that they have been used for large-scale industrial
production for most of the 20th century, only during the last
decade have their special properties made them attractive
solvents for modern synthetic chemistry.25d,26 The proper-
ties of SCFs are different from those of ordinary liquids and
gases and are tunable simply by changing the pressure and
temperature. They form a single-phase mixture with
gaseous reactants, sometimes avoiding a rate-limiting
mass-transfer step and therefore, enhance the reaction rates.

scCO2 is readily accessible, with a Tc of 31 8C and a Pc of
73 atm and is abundant, inexpensive, non-flammable, non-
toxic and environmentally benign. Non-polar organic
solvents have a high solubility in scCO2 and the solubility
of polar, ionic, or polymeric compounds can be increased by
the addition of a polar additive or an appropriate surfactant.
In addition, scCO2 facilitates the separation of reactants,
catalysts and products, being a substitute for environ-
mentally less acceptable solvents.27

Water near its critical point (Tc 374 8C and Pc 218 atm) also
offers environmental advantages and possesses properties
very different from those of ambient liquid water. The
dielectric constant is much lower and the formation of
hydrogen bonds is less favoured. As a result, high
temperature water behaves like many organic solvents in
allowing a high solubility of organic compounds in near-
critical water and complete miscibility in supercritical
water.28

1.3.2. Ionic liquids (ILs). Ionic liquids can be generally
defined as liquid electrolytes composed entirely of ions. By
applying the melting point criterion, they can be considered
as salts with a melting point below the boiling point of
water. They are, however, better described as liquid
compounds that display ionic-covalent structures. Most
ILs have an organic cation and an inorganic polyatomic
anion. The most commonly used cations in room
temperature ionic liquids are alkylammonium, alkylphos-
phonium,29 N,N 0-dialkylimidazolium and N-alkylpyri-
dinium cations and the most commonly utilised alkyl
chains are methyl, ethyl, butyl, hexyl, octyl and decyl.
Although the pyridinium- and imidazolium-based chloro-
aluminate ionic liquids share the disadvantage of being
reactive with water, the more recent tetrafluoroborate,
hexafluorophosphate, nitrate, sulfate and acetate salts are
stable towards hydrolysis. Their physical and chemical
properties can be finely tuned for a range of applications by
varying the cations or anions.30

This fascinating group of chemicals exhibits a great
potential to improve development in organic chemistry,
due to their particular properties: a very wide liquid range,
relatively wide electrochemically stable window, good
electrical conductivity, high ionic mobility with strong
ion–ion interactions, negligible vapour pressure, non-
flammability, excellent chemical and thermal stability and
ability to act as catalysts. Reactions in ILs have different
thermodynamic and kinetic behaviour, which often lead to
improved process performance. Moreover, ILs allow an
enhanced stability of organometallic reagents and bio-
catalysts and an easy recovery, as well as possible recycling
of homogeneous catalysts.

The potential for recyclability, ability to dissolve a variety
of materials and the non-volatile nature of the ILs are some
of their unique attributes responsible for their popularity.
Although originally studied in electrochemistry, ILs are
currently being explored as environmentally benign solvent
substitutes in a variety of applications such as chemical
synthesis, liquid–liquid separations, extractions, dissolution
processes, catalysis, biocatalysis and polymerisation.31

More recently, they have also found application in
asymmetric synthesis,32 as well as in the synthesis of
nanoparticles and other inorganic nanostructures.33
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It has recently been shown that there is a possibility of
performing chemical reactions in ILs in conjunction with
microwave irradiation,34 as well as with separation routes
utilising binary ionic liquid–scCO2 systems.35

In spite of the fact that ILs are generally considered as
environmentally friendly substitutes for volatile organic
solvents, the environmental fate and any potential toxicity
issues for most ionic liquids are not known, particularly with
respect to alkylimidazolium systems.36 In fact, so far, only a
few toxicological and ecotoxicological data are available for
this group of chemicals. More information seems to be
needed in order to assess ILs with regard to sustainability
and the principles of green chemistry.37 On the other hand,
although ILs are easy to obtain, their conventional preparation
involves an excess of solvents and alkyl halides and, therefore,
new efforts have emerged in a direction to minimize, at
least, the amount of solvents in the reaction medium.38

1.3.3. Fluorous media. Fluorous chemistry can be
considered as a complementary type of liquid-phase
synthetic and separation methodology involving the use of
fluorine-containing reagents and solvents.39 Fluorous
solvents offer a unique perspective on a chemical reaction
that allows one or more stages to be carried out without the
need for volatile or noxious organic solvents, making
the process simpler and more energy efficient and reducing
the separation steps. Perfluoroalkanes, perfluorodialkyl
ethers and perfluorotrialkylamines are the most common
fluorous solvents used, which are practically non-toxic.
These solvents can be used in conjunction with a fluorous
reaction component (reagent, catalyst, pre-catalyst, ligand,
product, scavenger, protecting group, etc.), to which a
fluorous tag has been deliberately attached in order to make
it soluble in fluorous solvents. It must be taken into account
that the attachment of fluorous ponytails can significantly
change the reactivity of the fluorous reaction component,
the insertion of two or three methylene groups before the
fluorous ponytail being necessary, in many cases, to
decrease their strong electron-withdrawing effects.

The foundation of this methodology resides in the fact that
the fluorous solvent has a low miscibility with common
organic solvents. At a certain increased temperature, it is
miscible with organic solvents but, when cooled, it splits
into a biphasic system. A fluorous biphasic system can
therefore, consist of a fluorous phase containing a fluorous-
soluble reaction component and a second product phase,
which may be any organic or non-organic solvent with
limited solubility in the fluorous phase.40 The fluorous
biphasic reaction at the operating temperature can proceed
either in the fluorous phase or at the interface of the two
phases, depending on the solubilities of the reactants in the
fluorous phase. When the reaction is complete, simply
cooling the system makes the fluorous solvent immiscible in
the organic phase. The fluorous biphasic system therefore,
combines the advantages of a one-phase reaction with
biphasic product separation.

The fluorous biphasic concept has been successfully applied
in stoichiometric chemical reactions utilising organic,
inorganic, or organometallic fluorous-soluble reagents.
Because of the nature of the fluorous media, the application
of fluorous reagents is limited to apolar substrates, since the
reactions of polar substrates may be too slow for practical
applications. This concept has also found application in
catalysis (where only transition-metal complexes have been
converted into fluorous soluble entities through ligand
modification), in multistep organic synthesis and in
combinatorial chemistry.41

The fluorous phase, together with ionic liquid approaches
and supercritical fluid systems, offers a whole new
repertoire of solvents that overcome many of the problems
of volatile organics.

1.3.4. Aqueous solvents. In the most recent decades, the use
of water as a reaction solvent or co-solvent has received
much attention in synthetic organic chemistry, with some-
times surprising and unforeseen results.42 Despite the
different advantages that the previous mentioned solvents
can offer, water can still be considered as a unique solvent.
Moreover, water is the ‘solvent of Nature’ and, therefore, its
use in common chemistry can be regarded as biomimetic
and biocompatible. There are many potential reasons to
replace the classical organic solvents by water, such as cost,
safety and environmental concern. In fact, aqueous
procedures are often referred to as green, environmentally
friendly, or benign. In addition, the unique solvation
properties of water have been shown to have beneficial
effects on many types of organic reactions in terms of both
the rate and selectivity. Furthermore, experimental pro-
cedures may be simplified, since isolation of organic
products and recycling of water-soluble catalysts and
other reagents can be achieved by simple phase separation.

The main obstacle to the use of water as reaction solvent is
the negligible solubility of the majority of organic
compounds in water. This problem can be addressed by
using aqueous organic solvents or phase-transfer agents. As
will be shown in this review, aqueous-phase transition-
metal catalysis, including asymmetric catalysis, has
emerged as an important tool in the formation of carbon–
carbon bonds.43

1.4. Reaction conditions

While some reactions occur spontaneously, most of them
require activation. For carbon–carbon coupling reactions,
chemical activation modes (i.e., catalysis) are indispensable
in order to make processes effective and selective. The
association of several activation modes, however, emerges
as a powerful synthetic strategy when the respective kinetic
effects are convergent. Besides the classical thermal
activation mode, new methods have emerged in the recent
years, such as physical or physicochemical activation
techniques, among others. Thus, microwaves and ultrasonic
and high-pressure techniques have been added to the
chemist’s repertoire as physical methods for accelerating
chemical reactions. On the other hand, physicochemical
activation results from interactions between the medium and
the reactive molecules and can arise from the solvent or
from added complexing molecules. Physicochemical
activation can be applied through the action of solvophobic
effects (microemulsions and vesicles), host–guest
chemistry, etc.
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1.4.1. Physical activation.
1.4.1.1. Microwave. Microwaves are a form of electro-

magnetic radiation. When molecules with a permanent
dipole are placed in an electric field, they become aligned
with that field. If the electric field oscillates, then the
orientations of the molecules will also change in response to
each oscillation. Most microwave ovens operate at
2.45 GHz, wavelength at which oscillations occur 4.9!
109 times per second. Molecules subjected to this
microwave radiation are extremely agitated as they align
and realign themselves with the oscillating field, creating an
intense internal heat that can escalate as quickly as 10 8C per
second. Non-polar molecules such as toluene, carbon
tetrachloride, diethyl ether and benzene are microwave
inactive, while polar molecules such as DMF, acetonitrile,
dichloromethane, ethanol and water are microwave active.
This technique proves to be excellent in cases where
traditional heating has a low efficiency because of poor heat
transmission and, hence, local overheating is a major
inconvenience.44

Microwave-assisted synthesis is a relatively young science
of increasing research interest, as evidenced by the number
of papers and reviews appearing in the literature.45 The most
important advantage of microwave-enhanced chemistry is
the reduction in the reaction times. Reactions that require
hours or days of conventional heating may often be
accomplished in minutes under microwave heating. More-
over, reactions are not only faster, but proceed with higher
purity and, consequently, higher yields. The dramatic
acceleration and increased purity and yields of micro-
wave-assisted reactions make them attractive to the
increased demands in industry and, in particular, for
combinatorial drug discovery.46 In addition to being energy
efficient, the possibility of employing milder and less toxic
reagents and solvents, or even solvent-free systems, offers a
further advantage of this heating technology.

1.4.1.2. Ultrasound. Ultrasound generally designates
acoustic waves with frequencies in the range of 20–
100 MHz. This energy is insufficient to cause chemical
reactions, but when ultrasound travels through media a
series of compressions and rarefactions are created, the
rarefaction of liquids leading to cavities. During rarefaction,
the negative pressure developed by power ultrasound is
enough to overcome the intermolecular forces binding the
fluid and tear it, producing cavitation bubbles. The
succeeding compression cycle can cause the microbubbles
to collapse almost instantaneously with the release of large
amounts of energy. The enormous rise in local temperatures
and pressures produces a dramatic beneficial effect of
reaction acceleration, with relatively short times being
required for completing the reaction such that the
decomposition of thermally labile products is minimised.47

The frequency of ultrasound has surprisingly little influence
on the reactions within the range in which cavitation occurs.
Of significance is the fact that ultrasound affects both
homogeneous and heterogeneous reactions.

1.4.1.3. High pressure. Pressure represents a mild non-
destructive activation mode, generally respecting the
molecular structure by limiting decomposition or further
evolution of the products. Therefore, the specific effects of
high pressure can be of important value for organic
synthesis.48 The kinetic pressure effect is primarily
determined by the variation of volume due to changes in
the nuclear positions of the reactants during the formation of
the transition state. Related to volume requirements are
steric effects since the bulkiness of the molecules involved
in the transition state conditions the magnitude of the steric
interactions. As a consequence, pressure affects volume
changes and should have an effect on steric congestion.

As a mild activation mode, pressure may be considered of
value in the synthesis of thermally fragile molecules,
permitting a lowering of the temperature. In addition, the
selectivity is generally preserved or even improved under
such conditions.

On the other hand, pressure can be combined with
solvophobic effects. The effect of pressure on organic
reactions in aqueous solutions is complex. The activation
volume relative to hydrophobic effects is positive (meaning
deceleration by pressure), whereas the activation volume
due to hydrogen bonding is negative. In addition,
electrostatic effects may also be involved in many reactions
(negative activation mode). Nevertheless, the combination
of pressure and solvophobic activation may be an interesting
method to increase the reactivity of reluctant polar
molecules.

1.4.2. Physicochemical activation.
1.4.2.1. Micellar solutions. Micelles are dynamic

colloidal aggregates formed by amphiphilic surfactant
molecules. These molecules can be ionic, zwitterionic, or
non-ionic, depending on the nature of their head groups,
their micelles being classified in the same way. In dilute
solutions, amphiphile molecules exist as individual species
in the media and these solutions have completely ideal
physical and chemical properties. As the amphiphile
concentration increases, aggregation of monomers into
micelles occurs and, as a consequence, these properties
deviate gradually from ideality. This concentration is called
the critical micellisation concentration.

During the formation of micelles, head group repulsions are
balanced by hydrophobic attractions and for ionic micelles,
also by attractions between head groups and counterions.
Hydrogen bonds can be also formed between adjacent head
groups.

It is well known that the rates and pathways of all kinds of
chemical reactions can be altered by performing the
reactions in micellar media instead of pure bulk solvents.49

Micelles are able to (a) concentrate the reactants within their
small volumes, (b) stabilise substrates, intermediates or
products and (c) orientate substrates so that ionisation
potentials and oxidation–reduction properties, dissociation
constants, physical properties, quantum efficiencies and
reactivities are changed. Thus, they can alter the reaction
rate, mechanism and the regio- and stereochemistry. For
many reactions, rate increments of 5–100-fold over the
reactions in homogeneous solutions have been reported. In
some cases, rate increments may be much higher and
increments in the order of 106-fold have been observed.
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1.4.2.2. Microemulsions. When water is mixed with an
organic liquid immiscible with water and an amphiphile,
generally a turbid milky emulsion is obtained which, after
some time, separates again into an aqueous and an organic
phase. On the water-rich side, the mixtures consist of stable
dispersions of oil droplets in water, which coagulate with
rising temperature. A spongelike structure is obtained if the
mixtures contain approximately equal amounts of water and
oil. On the oil-rich side, dispersed water droplets are found,
which coagulate with decreasing temperature. The size of
the domains is a function of the amphiphile concentration
and the volume fractions of water and oil.50

Since microemulsions contain both a polar component
(water) and a non-polar component (oil), they are capable of
solubilising a wide spectrum of substrates. The mechanism
of solubilisation is similar to that in micellar solutions. The
micelles are replaced by the oil domains, which are capable
of solubilising all kinds of hydrophobic substances. The
solubilisation of polar substances takes place analogously
through the aqueous domains of the microemulsion. The
solubilisation capacity of microemulsions is generally
superior to that of the micellar solutions and can therefore,
affect the rate and course of a certain reaction.
1.4.3. Electrochemical activation. Electrochemistry
represents a convenient synthetic method in which electrons
constitute clean and energetically efficient reactants. The
development of the potentialstat turned electrochemistry
into a common tool for organic synthesis.51 In spite of the
procedural simplicity, absence of side products derived
from reagents and high ability for accomplishing selective
oxidoreductions under very mild conditions, electro-
synthesis still appears to be undervalued, even though
some industrial-scale work has demonstrated its appealing
features.

The apparatus required for electrosynthesis can be as simple
as a beaker containing a pair of electrodes connected to a
direct-current voltage source. A stirrer, thermometer, jacket,
inert gas inlet, or any combination, can be added. For some
reactions, the separation of the electrodes by a diaphragm is
mandatory to prevent the products from one electrode
diffusing to the other and being destroyed. A proper solvent
and supporting electrolyte will be also required.

In some cases, chemical techniques turn out to be quite
difficult in the preparation of certain organometallic species.
Electrochemistry can, however, provide an easy way to
generate a desired oxidation state of a metal complex that
becomes the active catalytic species for an organic reaction.
In the particular case of redox processes, the active catalytic
species can be recycled continually by the electrode
oxidation or reduction reactions. In these processes, the
electrons are consumed stoichiometrically with respect to
the substrate. Therefore, it is the electrons that are used as
clean, controlled and non-polluting redox agents. In non-
redox reactions, electrochemistry is used only to generate
the catalytic system. It has been observed that electro-
generated species can be more reactive than their
chemically prepared analogues.52
1.5. Miscellaneous non-conventional techniques

The techniques mentioned below are rather specific and so
far have only been described for a limited number of
examples.

1.5.1. Nanofiltration. It is important to recognise that the
total efficiency of synthesis is also conditioned by the ability
to separate the products from the unchanged starting
materials, excess reagents and catalysts. Within the green
chemistry context, it is also interesting to develop
techniques that enable the separation and re-use of catalysts
and reagents. Thus, separation protocols additional to those
described above (i.e., perfluorinated systems, sc fluids, ionic
liquids, solid-phase supported reagents and catalysts, etc.),
which are easily automated to enable rapid purification by
simple operations, are welcome.53

In the field of homogeneous catalysis, separation of the
catalyst from the product mixture is rather complicated,
preventing large-scale industrial processes. An interesting
and promising development in the area of homogeneous
catalyst recycling is the attachment of homogeneous
catalysts to soluble organic supports. In this way,
macromolecular catalysts anchored on soluble supports
such as polymers and dendrimers are created, which can be
recovered by ultra- or nanofiltration techniques and re-used
again.

Recently, solvent-stable ultra- and nanofiltration mem-
branes have been introduced showing high retentions for
medium-sized soluble molecules.54 In the field of mem-
brane filtration, ultra- and nanofiltration techniques are
defined to retain macromolecules with dimensions between
8–800 and 0.5–8 nm, respectively.

1.5.2. Microreactors. Microreactor devices consist of a
network of micron-sized channels (10–300 mm), with a high
surface-area-to-volume, etched into a solid substrate.55 For
solution-based chemistry, the channel networks are con-
nected to a series of reservoirs containing chemical reagents
and products to form the complete device with overall
dimensions of a few cm. Reagents can be brought together
in a specific sequence, mixed and allowed to react for a
specified time in a controlled region of the channel network
using electrokinetic (electro-osmotic and electrophoretic) or
hydrodynamic pumping. For electrokinetically driven
systems, electrodes are placed in the appropriate reservoirs
to which specific voltage sequences can be delivered under
automated computer control. This control offers an effective
method of moving and separating reagents within a
microreactor, without the need for moving parts. Hydro-
dynamic pumping uses conventional, or microscale, pumps
to manoeuvre solutions around the channel network, but,
this technique has the disadvantage of requiring either large
external pumps or complex fabrication of small moving
parts.

Many reactions have been demonstrated to show altered
reactivity, product yield and selectivity when performed in
microreactors, as compared with conventional benchtop
glassware. In fact, the desired product is often produced in
higher yield and purity and more quickly. Process
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parameters such as pressure, temperature, residence time
and flow rate are more easily controlled, thus minimising
risk and side reactions. Furthermore, solvent-free mixing,
in situ reagent generation and integrated separation
techniques can all help to make the chemistry greener.56

One of the immediate applications is therefore in drug and
process discovery, where the generation of compounds with
different reagents under variable conditions is an essential
factor and also allows, in a short time and with greater
safety, a process to be transferred to the pilot and production
scale.57

1.5.3. Ball-milling conditions. Ball-mill chemistry is of
interest because of the mild conditions under which it
operates and also the absence of any solvent and easy work
up. This technique has, however, been scarcely studied and
applied to very few reactions.58 Apparently, the rotation of
the steel balls creates a high pressure in contact with the
walls of the container, allowing the reagents to interact and
promoting the process.
Scheme 3.
2. Objectives and organisation

In principle, we wanted to present in this report the
application of recent non-conventional methodologies to
the transition metal-catalysed carbon–carbon coupling
reaction. Heck, Suzuki, Sonogashira, Stille, Negishi and
Kumada reactions, among others, were the reactions
originally to be covered. Because of the abundant literature
found on this topic, however, we decided to dedicate this
first part only to the Heck reaction, whereas the rest of the
reactions will be studied in the second part in due course.
Nonetheless, the above introduction is common for any of
the parts of the review. Other carbon–carbon bond forming
reactions such as the transition-metal catalysed coupling
reactions through the activation of carbon–hydrogen bonds,
nucleophilic substitution (Tsuji–Trost reaction), or acyla-
tion of carbon nucleophiles are beyond the scope of this
review. Some of the reports dealing with the diverse topics
to be tackled here have been previously and properly
reviewed elsewhere and will not be covered to their full
extent. Instead, a summary together with the more recent
contributions until 2004 will be provided. The review is
organised according to the sub-headings presented in the
general introduction, taking into account the different
components and variety of conditions involved in the
Heck reaction. Many of the contributions to this review are
also analysed from a critical point of view, with the aim of
discussing the advantages and disadvantages that the
different techniques offer and trying to select the best
choice, when possible. A short conclusion can be found at
the end of each section.
3. Introduction to the Heck reaction

The Heck reaction is broadly defined as Pd(0)-mediated
coupling of an aryl or vinyl halide or sulfonate with an
alkene under basic conditions. Since its discovery, this
methodology has been found to be very versatile and
applicable to a wide range of aryl species and a diverse
range of olefins (Scheme 2).59 The major steps of the
general and traditional mechanism for the Heck reaction are
depicted in Scheme 3.60
4. Substrates

4.1. Alternative arylating agents

In all the Heck reactions described in Scheme 2, a
stoichiometric amount of base is required to neutralise the
acid that is formed during the reaction (see Scheme 3). As a
consequence, the corresponding equivalent amount of
halide salt is obtained as waste. In the search for a cheap
aryl source that does not lead to the formation of halide
salts, de Vries et al. introduced the use of aromatic
carboxylic anhydrides as the arylation source.61 For
instance, heating benzoic anhydride and n-butyl acrylate
in a N-methylpyrrolidinone (NMP) solution containing
PdCl2 and NaBr at 160 8C for 90 min, led to the formation
of (E)-n-butyl cinnamate with high conversion, 90%
selectivity and good yield. Although a catalytic amount of
a chloride or bromide was necessary for optimal activity,
phosphane ligands were not required. p-Methoxybenzoic
anhydride and 2-furanoic acid anhydride were also
successfully used as arylation agents. A variety of olefins
were arylated under similar conditions at 140–190 8C
(Scheme 4). Olefins with electron-withdrawing groups
gave better yields, although, due to the relatively high
reaction temperature, double-bond isomerisations and less



Scheme 4.

Scheme 6.

F. Alonso et al. / Tetrahedron 61 (2005) 11771–11835 11779
regioselective arylations were observed in some cases. It is
noteworthy that the only side products in the reaction are
benzoic acid (easily recovered by extraction with hot water)
and carbon monoxide (which could be transformed into
carbon dioxide in industrial processes).

Further investigation on this topic by Shmidt and Smirnov
showed that the use of lithium chloride instead of sodium
bromide increased the catalyst activity and productivity,
since chloride accelerates CO elimination from the
oxidative addition product more than bromide.62

Gooben et al. studied the decarbonylative olefination of aryl
esters in an attempt to minimise the production of waste.63

Starting from the p-nitrophenyl ester of the carboxylic acid,
the corresponding alcohol formed in the Heck reaction
could be recycled back into the starting ester, with CO and
water being the only by-products in the overall reaction.63a

Lithium chloride and isoquinoline proved to increase the
effectiveness and stability of the catalyst in such a manner
that higher yields were obtained. A wide variety of
benzoates of electron-deficient phenols (e.g., p-nitrophenol)
were found to be suitable substrates, whereas both electron-
rich and electron-poor olefins gave similar yields, with
regioselectivities ranging from 4:1 to 20:1 (Scheme 5). If we
compare this methodology with that described above, the
scope of this Heck olefination seems to be wider. The
catalytic system, however, requires larger amounts of all of
its components, as well as the presence of a substantial
amount of isoquinoline that must be removed at the end of
the process. The lower reactivity of the benzoic esters in
comparison with the benzoic anhydrides is also reflected in
the reaction times.
Scheme 5.
The above idea was extended recently to the use of
isopropenyl arenecarboxylates as arylating agents in a
salt-free medium.63b These arylating reagents were syn-
thesised through a waste-free reaction involving ruthenium-
catalysed addition of the carboxylic acids to propyne.
Concerning the coupling reaction, instead of waste salts, CO
and acetone are the only by-products, the volatility of which
allows easy workup. Electron-rich and electron-deficient
aryl, heteroaryl and vinyl carboxylic acid esters were
coupled with several olefins (styrene in most cases) in good
to excellent yields (Scheme 6). In contrast to the beneficial
features of the whole process, the reaction temperature is
rather high and is probably the reason for the moderate
regioselectivities generally obtained (5:1–15:1), except in
the case of n-butyl acrylate (O50:1).
In the examples shown in Schemes 4 and 5, there is the
necessity to generate the starting material in an extra
reaction step and separate the olefin products from the
carboxylic acids or phenols, these being practical dis-
advantages for small-scale preparations. Gooben et al.
utilised mixed anhydrides of carbonic and aromatic
carboxylic acids, easily prepared in situ by mixing the
carboxylic acids with di-tert-butyl dicarbonate (Boc2O), as
arylating agents in the Heck olefination.64 Different
aromatic and heteroaromatic carboxylic acids (including
electron-rich carboxylic acids) were coupled mainly with
styrene, to give the expected products in moderate to good
yields (45–88%) and selectivities (5:1–28:1) (Scheme 7).
The reaction could be performed at a lower temperature
(120 8C), in comparison to the examples described above,
although g-picoline was necessary to stabilise the palladium
Scheme 7.
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and to avoid precipitation and loss of activity at reasonable
reaction rates.

Myers et al. subjected a wide range of arenecarboxylates to
efficient Heck-type decarboxylative coupling with olefinic
substrates under relatively mild reaction conditions and in
short reaction times (Scheme 8).65 The key additive,
silver(I) carbonate, presumably functions both as a base
and as a stoichiometric oxidant, enlarging the lifetime of the
active catalyst. Good yields of the coupled products were
obtained for both electron-rich and electron-withdrawing
substituents on the aromatic carboxylic acid and olefinic
partners such as styrene, acrylates, (E)-ethyl crotonate and
cyclohexenone. Certainly this methodology allows the
direct use of aromatic carboxylic acids without any previous
transformation, although the experiments suggested that at
least one ortho substituent is necessary for successful
decarboxylative palladation to occur. The relatively high
catalyst loading and the large amount of the silver salt used
are the main disadvantages of this methodology, which
probably would limit its application to a laboratory scale.
Scheme 8.
In 1982, Blaser and Spencer demonstrated that aroyl
chlorides could react with activated alkenes, under
Pd(OAc)2 catalysis in the presence of a tertiary amine at
120–130 8C, to give the expected (E)-arylalkenes stereo-
specifically and in high yields.66 More recently, Miura et al.
have utilised the rhodium complex [(C2H4)2RhCl]2 for the
catalytic decarbonylative Heck-type coupling of aroyl
chlorides with styrene and n-butyl acrylate.67 This
methodology is very interesting, since the reactions are
carried out in the absence of any phosphane ligand and base
and with low catalyst loading, although refluxing o-xylene
(143–145 8C) is needed to obtain the products with good
yields at reasonable reaction times (Scheme 9). In addition,
the workup seems to be significantly simple, that is,
filtration, evaporation and washing with an appropriate
Scheme 9.
solvent such as methanol. A slow stream of nitrogen is,
however, required to sweep away the HCl and CO evolved
during the reaction, what can be a limitation for large-scale
processes. Under similar conditions, cyclic alkenes such as
norbornenes also reacted with aroyl chlorides accompanied
by cyclisation to afford the indanone derivatives.

Andrus et al. have recently applied a palladium-catalysed
decarbonylative Heck-type reaction of aroyl chlorides to the
synthesis of resveratrol using palladium acetate, an imida-
zolium carbene-type ligand and a non-coordinating amine
base, N-ethylmorpholine.68 The overall yield starting from
the inexpensive resorcylic acid (53%) was higher compared
to the aryldiazonium or mixed anhydride approach.

Boronic acids have been used as arylating agents in Heck-
type reactions by several groups.4b Uemura et al. showed, in
1994, that arylboronic acids reacted with alkenes in acetic
acid at 25 8C in the presence of a catalytic amount of
palladium(II) acetate, together with sodium acetate, to give
the corresponding aryl-substituted alkenes in high yields.69

Alkenylboronic acids also reacted with alkenes under
similar conditions to give the corresponding conjugated
dienes stereospecifically, but the product yields were lower
compared with those from the arylboronic acids. A similar
treatment of sodium tetraphenylborate (NaBPh4) with alkenes
afforded the corresponding phenylated alkenes in high
yields, together with biphenyl and benzene as side products.
Oxidative addition of a carbon–boron bond to Pd(0), formed
in situ, to give an organopalladium(II) species was assumed
to be the key step of these cross-coupling reactions.

More recently, Lautens et al. utilised a rhodium complex to
catalyse the coupling reaction of arylboronic acids and
styrenes in an aqueous media (Scheme 10).70 The best
results were obtained with [Rh(COD)Cl]2 and TPPDS as the
water-soluble ligand. It was, however, necessary to add
0.5 equiv of sodium dodecyl sulfate (SDS) as a phase-
transfer agent to avoid hydrolytic deboronation when the
arylboronic acid had polar functional groups. Genêt et al.
found out that, using m-TPPTC [tris(m-carboxyphenyl)-
phosphane trilithium salt] as the water-soluble ligand
instead of TPPDS, no SDS was necessary, due to the
inherent surfactant effect of m-TPPTC.71 This ligand
exhibited a similar performance in comparison with
TPPDS, but was shown to be superior to TPPTS under the
same conditions depicted in Scheme 10, but in the absence
of SDS. Lautens’ methodology was very recently extended
to the coupling of a wide variety of aryl- and hetero-
arylboronic acids with acrylates, acrylamides and vinyl
sulfones.72 The high selectivities and yields obtained were
Scheme 10.
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believed to result from the use of the bulky, electron-rich,
water-soluble ligand tert-butyl-amphos chloride [N-2-(di-
tert-butylphosphino)ethyl-N,N,N-trimethylammonium
chloride].

Different catalytic systems have been developed recently for
the Heck-type reaction of boronic acids and electron-
deficient olefins (Scheme 11). Pd(OAc)2, [Ru(p-
cymene)Cl2]2 and RhCl3 were utilised as catalysts by
Mori,73 Brown,74 Zou,75 and their corresponding co-
workers, respectively. Despite the palladium and rhodium
catalytic systems exhibiting better yields, higher tempera-
tures were also required in comparison with the ruthenium
catalytic system. Stoichiometric amounts of Cu(OAc)2 were
needed as a re-oxidising agent for palladium and ruthenium,
the latter including 3-quinuclinidone as a base in order to
obtain the highest turnover.
Scheme 11.

Scheme 12.

Scheme 13.
The groups of Jung and Larhed independently introduced
molecular oxygen as a re-oxidising agent in the palladium(II)-
catalysed coupling of organoboron compounds and olefins.
The optimised catalytic system reported by Jung et al. was
composed of 10 mol% Pd(OAc)2, O2 and Na2CO3 in DMF
at 50 8C for 3–10 h.76 Under these conditions, electron-rich
and electron-poor olefins could be coupled with several
boronic acids and esters, with generally good yields and
stereo- and regioselectivities. The catalyst loading was
diminished to 1 mol% by Larhed et al. in a catalytic system
composed of Pd(OAc)2, O2, N-methylmorpholine and
1.2 mol% 2,9-dimethyl-1,10-phenantholine in MeCN at
50 8C for 3–24 h. This oxidative Heck protocol was applied
to the coupling of arylboronic acids with unsubstituted
acrylates77a and electron-rich olefins.77b The internal
regioselectivity observed for the coupling with n-butyl
vinyl ether and enamides was attributed to the phenanthro-
line ligand, which also seemed to mediate the re-oxidation
of palladium(0) with molecular oxygen, allowing a low
catalyst loading.

Together with boronic acids, arylsilanols78 and arylstan-
nanes78c,79 have been used as arylating agents in the Heck
reaction with electron-deficient olefins. There are, however,
some evident disadvantages of these materials, when
compared with the carboxylic acid derivatives. Firstly,
these starting materials are not so readily available, their
preparation involving less common and more expensive
reagents, with the corresponding generation of waste.
Secondly, boric acid, silanols and stannanes are formed as
by-products in the Heck reactions, which can make the
purification of the products difficult with a low possibility of
recycling. Thirdly, the presence of large amounts of Cu(II)
salts as re-oxidants, phosphanes and organic bases is
required for a maximum efficiency.

Uemura et al. found that diphenyltellurium(IV) dichloride
reacted with a variety of olefins in the presence of a catalytic
amount of PdCl2, together with NaOAc in HOAc to afford
the corresponding arylated (E)-olefins in variable yields
(3–98%) (Scheme 12).80 A suitable oxidant such as tert-
butyl hydroperoxide or copper(I) or copper(II) chloride had
to be added for the reaction to proceed catalytically on
palladium. The stereoselectivity was very high, except for
acrylonitrile (Z/E 26:74). Transmetallation of tellurium with
palladium was suggested as the key step of the reaction.
Alternatively, diaryltellurides could be used as arylating
agents for a variety of olefins in the presence of Et3N as base
and AgOAc as oxidant (40–99% product yield).81
As an alternative to the above reagents, Kamigata et al. used
aryldimethyltellurium iodides for the palladium-catalysed
Heck-type reaction with electron-deficient olefins and
styrene, in the presence of a stoichiometric amount of
silver(I) acetate.82 For the telluronium salt partner, the best
results were obtained when the aryl moiety bore electron-
donating substituents at the para position, those at the ortho
position retarding the reaction (Scheme 13). The yields are
good to excellent, although a 3-fold excess (with respect to
the olefin) of the expensive silver acetate is needed for the
anion exchange and oxidation steps in the catalytic cycle. In
contrast with the reactions with organic tellurides, for which
the crude mixtures must be purified to remove the excess
reagent, in the reactions with the telluronium salts the pure
products were obtained by simple filtration using silica gel
to remove the solids in the reaction mixture.
Unfortunately, the organic tellurides and tellurium salts are
not commercially available. Diaryltellurium(IV) dihalides
are normally prepared from TeCl4 with activated arenes,
arylmercury chlorides or arenediazonium salts.
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Symmetrical diaryltellurides can be prepared from alkali
tellurides and non-activated aryl halides, sodium telluride or
potassium tellurocyanate and arenediazonium fluoro-
borates, tellurium(IV) halides and arylmagnesium halides,
or elemental tellurium and diarylmercury compounds. Alkyl
aryl tellurides are the precursors of the corresponding
telluronium salts and are generally prepared by sequential
arylation–alkylation of sodium telluride or from organyl
tellurolates, generated by tellurium insertion into organo-
magnesium or organolithium reagents.83 In short, the
preparation of these arylating agents represents a major
disadvantage that adds to the toxic and mutagenic properties
of the starting materials, tellurium and TeCl4, respectively,
and to the possible toxicity of the organotellurium
compounds.84

A variety of organoantimony compounds have also found
application in the arylation of olefins with different catalytic
systems, including: (a) triphenylstibine with AgOAc and
catalytic Pd(OAc)2,85 (b) diphenyl- and phenylantimony
chloride with catalytic Pd(OAc)2 under air,86 (c) triaryl-
antimony diacetates under PdCl2(MeCN)2 catalysis87

and (d) triarylstibines88 or tetraphenylantimony(V)
carboxylates89 in the presence of equimolecular amounts
of a peroxide and catalytic amounts of Li2PdCl4 or PdCl2
(see some selected examples in Scheme 14). In spite of the
fact that these antimony compounds cannot be considered as
usual reagents, all of them have an interesting feature in
common, namely that the coupling reactions can be carried
out under very mild reaction conditions, normally at room
temperature or 50 8C.
Scheme 14.
Less common is the use of organolead(IV) compounds as
arylating agents for olefins. Kang et al. described in 1998 for
the first time that aryllead triacetates could be coupled with
a variety of electronically different olefins under mild
reaction conditions and palladium catalysis (see one
example in Scheme 15).90 Most of the reactions proceeded
at room temperature with moderate to good yields, although
the homocoupling reaction competed in some of the
experiments reported. It was presumed that the oxidative
addition step was facilitated by the formation of the
organolead trimethoxide, ArPb(OMe)3, to give a polar
reactive intermediate, ArPdPb(OMe)3, which allowed the
coupling under mild conditions. On the other hand, the
aryllead triacetates are not commercially available and are
rather toxic reagents.

Most of the alternative arylating agents presented in this
report have the main advantage of minimising by-product
formation, therefore facilitating the work-up. Except in the
case of the carboxylic acids, however, the rest of the
reagents are not commercially available and the generation
of waste in their preparation is inevitable. In addition, rather
high temperatures are needed for the coupling reactions in
order to achieve reasonable conversions.
4.2. Supported substrates

Intermolecular Heck reactions on solid supports have been
extensively used in synthetic organic and combinatorial
chemistry, due to the easy accessibility of the starting halo-
alkenes or -arenes and alkenes. The reactions involve
immobilised aryl halides, mostly iodides, or iodonium salts
with soluble alkenes, or immobilised alkenes with soluble
aryl halides. When performed on the same type of resin and
with the same catalytic system, the immobilisation of aryl
iodides appears to be more beneficial than that of alkenes.
Two main protocols have been applied: (a) the standard
Heck conditions [Pd(OAc)2, Ph3P or (o-Tol)3P, DMF, 80–
100 8C], 2–24 h] and (b) the Jeffery conditions [Pd(OAc)2,
Ph3P, TBAC, K2CO3, DMF, 20–80 8C]. The intramolecular
Heck reaction on solid supports has found application in the
preparation of macrocycles and heteroatom-containing
five-, six- and seven-membered rings, as well as in the
construction of indoles, benzofurans, dihydroisoquinolines
and benzazepines. The pseudo dilution effect exhibited by
the starting material in the intramolecular version has led to
an increased yield. Both inter- and intramolecular Heck
reactions on a solid support have been recently reviewed17

and, therefore, it is not our objective to repeat all of this
information here. Instead, we will deal with the more recent
and representative examples and present a general con-
clusion at the end of this section.

Morphy et al. observed that the use of low solvent volumes
in solid-phase Heck reactions resulted in large increases in
yield, compared with the standard dilution conditions.91

3-Iodobenzoyl chloride was reacted with Wang resin, the
resulting aryl halide being coupled with ethyl acrylate under
palladium catalysis, followed by resin cleavage with TFA.
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After reaction at 60 8C for 2 h at standard dilution (1 ml), a
conversion of 40% was observed, compared to 80% when
only 0.05 ml of solvent was used. The reaction was
complete after 18 h for a low solvent volume with only
54% conversion under standard dilution conditions
(Scheme 16). The optimal amount of solvent represented
%2 mL/mg of resin, significantly less than that required to
totally swell the resin used and lead to a separate solvent
phase. This methodology is certainly advantageous, since it
minimises the use of solvent and provides high conversions
under mild reaction conditions. Unfortunately, all reactions
were performed on a very small scale (0.05 mmol of resin-
bound 3-iodobenzoic acid) with excess of ethyl acrylate
(2 equiv) and Et3N (5 equiv) and, therefore, the behaviour
of this catalytic system on a larger scale remains uncertain.
Scheme 16.
A small library of cinnamate esters was prepared by Genêt
et al., based on the use of a new stable silylated polystyrene,
PS-SiMe2CH2Cl.92 This chloromethyl resin was esterified
with various iodobenzoic acids (o-, m- and p-derivatives),
Scheme 17.

Scheme 18.
followed by a cross-coupling reaction with ethyl acrylate in
DMF in the presence of Pd(OAc)2-PPh3 as the catalytic
system, the latter transformation taking place with complete
conversion. The expected esters were released from the
resin by treatment with TBAF in THF (Scheme 17). Owing
to the difficulties of eliminating the excess of TBAF,
however, further treatment with Amberlyst A-15 and its
calcium salt as scavengers was needed to purify the reaction
mixture. Despite the final products being obtained in good
yields and the mild resin-cleavage step, this methodology
does not seem to introduce any advantage with respect to the
use of the more conventional resins. Firstly, the silylated
resin is not commercially available and had to be prepared
from a 1% divinylbenzene–styrene copolymer by lithiation
and trapping with chloro(chloromethyl)dimethylsilane, a
relatively expensive electrophile. Secondly, the cesium
carboxylate had also to be prepared to increase its
nucleophilicity in the SN2 reaction to attach the resin.
Thirdly, a special resin-cleavage protocol was needed,
leading to more waste (additional to the excess of reagents)
and to the generation of a new silylated resin with no chance
of being recycled.

Takahashi et al. recently described the stereoselective
synthesis of 36 peptides containing unnatural amino acids,
utilising the Pd(0)-catalysed Mirozoki–Heck reaction of
dehydroalanine derivatives in combination with an asym-
metric hydrogenation on polymer support.93 In this case,
the alkene partner was supported on Synphase Rink-amino
PS-Crownse, whereas the aryl iodides were in solution. It
was found that 4 mM Pd(dba)2 in MeCN at 80 8C for 3 h in
the presence of TBAC and Et3N were the optimal reaction
conditions. Products were obtained with a high purity,
except for aryl iodides bearing electron-withdrawing
substituents, where a low purity (45–60%, p-AcC6H4I) or
no reaction (p-NO2C6H4I) was observed (Scheme 18).
Asymmetric hydrogenation and final cleavage with
TFA–CH2Cl2 furnished the corresponding phenylalanine
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derivatives with high stereocontrol. Unfortunately, the
authors did not give any information about the isolated
yields of the final products, making it difficult to evaluate
the efficiency of the whole process.

Portnoy et al. synthesised various poly(aryl benzyl ether)
dendrimers on a solid support, based on the initial
immobilisation of commercially available 5-hydroxy-
isophthalate onto the Wang resin, followed by ester
reduction. Repetitive Mitsunobu coupling and ester
reduction led to the formation of a second and third-
generation of dendrimers.94 The three resins were subjected
to Mitsunobu reaction with p-iodophenol, followed by Heck
coupling with methyl acrylate, with complete conversions
being achieved for every resin. Only moderate yields and
fair purities were, however, obtained for any of the resins
tested upon TFA-induced cleavage (Scheme 19). In fact,
this methodology has no advantage with respect to that
developed by Hanessian et al.95 in which the aryl iodide was
directly attached to the Wang resin. In this case, the free
cinnamic ester was obtained in 90% overall yield under the
same reaction conditions, but minimising the number of
steps and consequently, the generation of waste, making the
process more economic and time saving.
Scheme 19.

Scheme 20.
In a study on indole synthesis, Kondo et al. described the
palladium-catalysed intramolecular cyclisation of enamino-
esters in the solution phase and on solid supports.96 In the
solution phase, the expected ethyl 3-phenyl-2-indole-
carboxylate was obtained in 56% yield after treatment
with a catalytic amount of Pd2(dba)3, (o-Tol)3P and Et3N in
DMF at 120 8C for 2 h (Scheme 20). The polymer-supported
version of this reaction involved the attachment of the
substrate to a hydroxymethyl-polystyrene resin, treatment
with the same catalytic system at 110 8C for 12 h, and final
transesterification of the resulting polymer-bound indole
carboxylate using NaOMe in MeOH–THF. In this case, the
product was obtained in 48% yield after further purification
by column chromatography. It seems clear that the solution-
phase reaction is advantageous, since it reduces the reaction
time in the intramolecular coupling, less steps are used, and
the yield is slightly improved. Similar solid-phase indole
synthetic strategies have been published recently by the
same research group.97

It is clear that the main reason for immobilising a molecule
on a solid support for the Heck or any other reaction relies
on the simple separation of the intermediates and, finally, of
the products from the reagents and soluble by-products. This
fact, which represents a major advantage, compared to the
solution-phase chemistry, may hide some inherent incon-
veniences and limitations that can curtail the whole
efficiency of the process, for example, (a) reactions can be
driven to completion in most cases, but only in return for
consuming an excess of reagent, (b) suitable, robust and
versatile linkers are required, which have to be cleaved
selectively under mild reaction conditions without destroy-
ing the product, (c) a second functionality in the starting
material is normally necessary for attachment to the support,
as exemplified by the intermolecular Heck reaction, in
which the polymer-bound aryl iodides must bear an
additional group (carboxy, hydroxy, amino, etc.) that
remains at the end in the product, whereas most of the
polymer-bound alkenes studied are derived from a,b-
unsaturated carboxylic acid derivatives, (d) the selection
of usable solvents and the temperature range can be quite
restricted (100 8C is at the upper limit), (e) the chemistry
involving heterogeneous catalysts such as palladium on
charcoal is incompatible with solid-phase synthesis
methods, (f) the difficulty of analysing the outcome of a
given reaction makes it necessary for the cleavage of the
products from the support to be analysed by normal methods
and (g) in the case of solid-phase combinatorial chemistry,
additional investment is essential for laboratory automation,
robotics and mechanical and tag-reading/sorting devices
enabling the simultaneous performance of multiple tasks. In
short, there is a need for more solid-phase methodology,
including the development of traceless linkers.
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5. Catalytic systems

The selection of a proper catalytic system is fundamental for
achieving the best efficiency in a given Heck reaction. In
order to design such an efficient catalytic system, however,
we have to focus not only on its catalytic activity or
selectivity, but also on other important topical issues, such
as the possibility of recovery of the components, or their
toxicity and environmental impact, especially for appli-
cation to an industrial scale. In fact, industrial applications
are rare, because the cheap aryl chlorides or many readily
available bromides do not react with sufficiently high yields,
turnover numbers and selectivities, even in the presence of
the traditional phosphane catalysts.98 Significant efforts
have been made in recent years to develop more efficient
catalytic systems, trying to simplify these reactions as much
as possible.

5.1. Ligands: ligand-free catalytic systems

Tertiary phosphane ligands have traditionally been used to
ensure catalyst stability, in spite of the fact that they can
have some detrimental effect on the rate of the individual
steps of the coupling reaction. The use of phosphorus
ligands in fine-chemical and industrial processes, however,
is less desirable. They are usually toxic, unrecoverable and
frequently hamper the isolation and purification of the
desired product, as well as the performance of consecutive
catalytic steps of the total synthesis. In spite of the fact that
numerous phosphane-free ligand systems have been
developed, including palladacycles, nucleophilic carbene
ligands and others,99 these catalytic systems suffer from
some drawbacks. The high ligand sensitivity to air and
moisture, their tedious multistep synthesis, the high cost of
the ligands and the use of various additives curtails their
applications. On the other hand, the ligand-free Heck
catalytic systems have very recently emerged as more
advantageous at all levels, operationally, economically and
environmentally.100

We have described in Section 4.1 a series of methodologies
involving the use of alternative arylating agents to aryl
halides in the Heck reaction, most of which have a common
and advantageous feature, that is, no ligand was added to the
reaction mixture. The ligandless approach to carbon–carbon
coupling was, however, pioneered independently by
Beletskaya101 and Jeffery.102 The latter author reported, in
1984, the palladium-catalysed vinylation of organic iodides
under solid–liquid phase-transfer conditions at, or near,
room temperature, using TBAC as the phase-transfer agent
and sodium hydrogen carbonate as a base in the absence of
any ligand.102a The reactions proceeded with excellent
yields (85–98%) and with high regio- and stereoselectivity.
Aryl iodides furnished the (E)-products exclusively
(Scheme 21), whereas (E)-1-iodohexen-1-ene gave a 1:15
diastereomeric mixture in favour of the (E,E)-product. The
mild conditions allowed this type of reaction to be
generalised to thermally unstable vinylic substrates such
as methyl vinyl ketone or acrolein. Fortunately, the
vinylation of vinylic iodides was greatly accelerated
(1–5 h) by using potassium carbonate instead of sodium
hydrogen carbonate as the inorganic base, with a parallel
improvement of the stereoselectivity.102b
More recently, a slightly modified catalytic system was
applied by Crisp et al. to the Heck coupling of the chiral
non-activated alkenes, 2-aminobut-3-en-1-ols, with cyclo-
hexenyl triflate.103 In this case, tetra-n-butylammonium
triflate was used instead of TBAC under mild reaction
conditions, the produced dienes being isolated in moderate
to good yields and with little or no racemisation
(Scheme 22). The high reactivity observed with tetra-n-
butylammonium triflate was attributed to the high rate of
dissociation of the triflate anion from the neutral palladium(II)
intermediate and the formation of a very reactive cationic
palladium species. Some beneficial influence was observed
when a small amount of water (5 equiv) was added to the
reaction mixture. Little can be said about the scope of this
reaction, since cyclohexenyl triflate was the only triflate tested.
A very simple catalytic system was used by Gundersen et al.
in the coupling of vinylpurine with a variety of aryl iodides
(Scheme 23).104 Better results were obtained when
Pd(OAc)2 alone was employed as the catalyst compared
with catalysts containing phosphane ligands such as
triphenylphosphane. All the couplings were highly stereo-
selective, including the coupling of vinylpurine with (E)-
methyl 3-iodo-2-methylacrylate.
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Buchwald et al. introduced the bulky amine base,
methyl(dicyclohexyl)amine, into a phosphane-free catalytic
system that found application in the coupling of aryl iodides
and bromides with 1,1- and 1,2-disubstituted olefins to give
trisubstituted olefins (Scheme 24).105 The method was
applicable to the coupling of both electron-deficient and
electron-rich substrates and displayed good stereoselectivity
and a high degree of functional-group compatibility. A
combination of the bulky amine and tetraethylammonium
chloride (TEAC) made the reaction faster and increased the
E/Z selectivity, in comparison with other amines.
Scheme 24.

Scheme 27.
Reetz et al. discovered that Pd(OAc)2 in the presence of the
additive, N,N-dimethylglycine (DMG), is a simple, reactive
and selective catalytic system for the Heck reaction of aryl
bromides with olefins.106 The reaction of bromobenzene and
styrene in NMP took place with O95% trans-selectivity
with only traces of side products in the presence of a 20:1
DMG/Pd ratio (Scheme 25). It had been interesting to know
the isolated yields instead of the conversions, as well as the
experimental procedure for the product purification, above
all taking into account the presence of the additive DMG
and the high boiling point solvent NMP.
Scheme 25.
Another simple catalytic system recently developed by
Schmidt et al. was found to catalyse the reaction of
bromoarenes with styrene in air in the absence of any
ligands.107 Conversions of around 95% were achieved by
the use of 0.04–1.6 mol% PdCl2, 18% HCO2Na and 112%
NaOAc in DMF after 10 min at 140 8C or 180 min at 100 8C
(Scheme 26). The presence of sodium formate as a reducing
agent accelerated the reaction, although it had no effect on
the yield of stilbene. It was corroborated that colloidal
palladium particles formed in the course of the reaction are
the main reservoir of catalytically active homogeneous
Pd(0) complexes. The low catalyst loading, the availability
and the low prices of the components of the catalytic
system, together with the absence of an inert atmosphere,
makes this methodology attractive to be applied at a larger
scale. The 6-fold excess of bromoarene required is,
however, an important limitation, above all taking into
account that bromoarenes are rather expensive and that an
additional recycling strategy should be developed for better
process efficiency. In our opinion, this work demands
further study on the applicability to some other aryl
bromides and alkenes, as well as a study on the
compatibility of different functional groups attached to the
substrates with the reaction conditions.

In this context, Pd(OAc)2 in combination with K3PO4 in
DMA exhibited a high catalytic activity for the Heck
reaction of both activated and deactivated aryl bromides in
the absence of any stabilising ligands or additives.108

Styrenes and vinylcyclohexene led to the expected coupling
products with good to excellent isolated yields (63–98%)
when the reaction was performed at 140 8C for about 20 h
(Scheme 27). It is, however, surprising that the more
activated terminal olefins such as n-butyl acrylate gave low
yields.
The group of de Vries has recently concentrated much effort
in developing ligand-free palladium catalytic systems for
Heck reactions, for example, they reported a practical and
cost-effective coupling methodology based on the recovery
and re-use of the palladium catalyst,109 with different Heck
reaction mixtures being separated from precipitated
palladium on Celite by filtration. The addition of 2 equiv
of iodine or bromine in NMP dissolved the recovered
palladium and allowed the performance of eight successive
runs without significant loss of activity. This re-activated
palladium catalyst, which is homogenous in character, was
suggested to exist as a mononuclear anionic species,
although the presence of nanoparticles was not excluded.

The same research group proved that the catalytic system
reported by Reetz et al.106 (see Scheme 25) could work
nicely in the absence of the additive DMG and with a lower
catalyst loading. A broad range of aryl bromides was reacted
with both electron-deficient and electron-rich olefins in the
presence of 0.05 mol% Pd(OAc)2, and 2.4 mmol of NaOAc
in NMP at 135 8C for 1–15 h, affording the products in 80–
100% conversion.110 The fact that this method was scaled
up to a few Kg, together with the low cost of the catalytic
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system, the relatively low solvent volume used and the easy
workup procedure, makes it very attractive for large-scale
production.

As an example of a specific application, a ligand-free
palladium-catalysed Heck reaction of methyl 2-acetamido-
acrylate and aryl bromides was used by de Vries et al. as the
key step in the synthesis of enantiopure substituted
phenylalanines.111 All reactions were performed in NMP
at 125 8C in the presence of Pd(OAc)2, BnNEt3Br and
Pr2

i NEt or NaOAc as base. A variety of aryl bromides with
different electronic character was tested, giving rise to the
corresponding products, purified by simple crystallisation,
in moderate yields (Scheme 28). It is noteworthy that one of
the reactions took place in 55% yield, even in the absence of
the tetraalkylammonium salt, simplifying the catalytic
system even more.
Scheme 28.

Scheme 29.
The absence of any ligand in the reaction medium,
especially phosphane ligands, is very desirable. This
absence, however, normally implies the presence of other
additives to stabilise the in situ generated palladium species,
which nonetheless can be removed more easily. At any rate,
more efforts are needed for the ligand-free Heck reaction in
order to decrease the reaction temperature, above all in the
coupling of aryl bromides.

5.2. Catalysts: supported catalysts

Although the Heck reaction is also very attractive also for
industrial applications, the homogeneous Heck reaction has
no practical application in industry.112 The loss of catalyst,
which usually cannot be recovered and the need for aryl
bromides or iodides as the starting materials are the major
drawbacks that have prevented a more extensive exploita-
tion of this reaction at an industrial level. The loss of
catalyst could perhaps be tolerated if the cheaper and much
more readily available aryl chlorides could be employed as
the starting materials.

In principle, heterogeneous catalysts or heterogenised
homogeneous catalysts can be used to solve some of the
above-mentioned technical applications in the Heck
reaction.113 Among the heterogeneous catalysts we should
mention the supported metal catalysts, zeolite-encapsulated
catalysts, colloid-nanoparticles and intercalated metal
compounds. The homogeneous metal complexes catalysts
can be heterogenised using modified silica catalysts,
polymer-supported catalysts, biphasic catalysts, supported
liquid-phase catalysts, non-ionic liquid solvents, perfluori-
nated solvents and re-usable homogeneous complexes. All
these types of catalysts can be easily recovered from the
reaction mixture and recycled, if they do not deactivate too
quickly under duty. In addition, the palladium in hetero-
geneous catalysts would already be present as metal
crystallites dispersed onto the solid support, so that
precipitation of palladium black should not occur. In
general, the heterogeneous catalysts have a major drawback
of lower selectivity towards Heck coupling and metal
leaching, whereas the heterogenised metal complexes
operate under milder reaction conditions.

Since an important part of this topic has been tackled in
diverse reviews, we are going to deal mainly with some
selected examples of the most recent literature covering the
study of catalysts supported on carbon, metal oxides,
molecular sieves, clays, zeolites, polymeric and dendrimeric
materials, among others.
5.2.1. Carbon. Palladium on carbon proved to be active for
Heck coupling under several different conditions and is one
of the most frequently investigated catalysts.113 In general,
carbon-supported catalysts do not seem to differ signifi-
cantly in activity from their homogeneous counterparts,
since the proportion of the metal to the limiting reagent,
reaction temperatures, times and yields are comparable to
those observed for homogeneous catalysts. Palladium
supported on carbon, however, often causes unwanted
hydrodehalogenation of the haloaromatic compounds and
suffers from substantial palladium leaching.114 Palladium
leaching is also relevant to the mechanism of Pd/
C-catalysed Heck couplings. In fact, it is still the subject
of debate as to whether the reaction takes place on the solid
palladium surface or the true catalyst is the dissolved
palladium that has been leached from Pd/C, which acts
simply as a palladium reservoir.

It is worth mentioning the publication by Beller et al. which
described the first Heck reaction of aryldiazonium salts
using heterogeneous catalysts.115 Palladium on carbon was
shown to be a very effective catalyst in this reaction under
very mild conditions (40–60 8C) (Scheme 29). There was no
need to add stoichiometric amounts of base or stabilising
ligands such as phosphanes and these are major advantages.
Unfortunately, the catalyst exhibited an important reduction
in activity after its first use. The lack of commercial
availability of the starting anilines and the additional step of
conversion into the corresponding aryldiazonium salts
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would be the only possible disadvantages of this
methodology.

A very interesting and detailed study was reported by
Köhler et al. concerning the Heck reaction of aryl bromides
with olefins in the presence of a variety of Pd/C catalysts.116

The activity of the catalysts was shown to be strongly
dependent upon the palladium dispersion, palladium
oxidation state in the fresh catalyst, the water content and
the conditions of catalyst preparation. A high palladium
dispersion, low degree of palladium reduction, high water
content and uniform palladium impregnation led to the most
active catalyst. The fact that uniformly impregnated Pd/C
catalysts showed higher activities than eggshell catalysts
supported the hypothesis that leached palladium is the
active species, for which the solid Pd/C acts as a reservoir
that delivers catalytically active palladium species into
solution. In fact, Arai et al. have demonstrated that
palladium exists on the support, in solution and in the
form of free colloidal particles during and after the Heck
reaction, which can be redeposited on the support.117 The
optimised Pd/C catalyst exceeded by at least one order of
magnitude the activity of any heterogeneous palladium
catalyst reported in the literature in the reaction of
bromoarenes with olefins (Scheme 30). In general, all the
catalysts studied exhibited a high activity and selectivity,
without the exclusion of air and moisture, extremely low
palladium concentrations, easy and complete separation
from the product mixture, easy and quantitative recovery of
palladium and commercial availability. Although the TONs
were still lower than those of the most active homogeneous
catalytic systems for the activation of aryl bromides, the
TOFs were higher, the activity at the beginning of
the reaction being extremely high before deactivation of
the catalyst occurred. In contrast to the results of Arai
et al.,118 who observed up to 80% hydrodehalogenation, no
hydrodehalogenation of bromoarenes was observed in any
experiment.
Scheme 30.

Scheme 32.
Hara et al. obtained quasi 2-dimensional palladium
nanoparticles encapsulated into graphite, which proved to
be active catalysts for the Heck reaction.119 Thus, an 82%
yield of the coupled product, stilbene, was isolated by
reacting 1 mmol of styrene with 2 mmol of iodobenzene in
the presence of 4 mmol of potassium carbonate, 2 mmol of
tetra-n-butylammonium bromide and 10.2 mg of the quasi
two-dimensional palladium particles encapsulated in
graphite (37%) in DMF using a sealed tube at 100 8C for
4 days (Scheme 31). No coupling product was observed
with chlorobenzene. The nanoparticles remained inside the
carbon lattice after the Heck reaction and could not be
washed out, the catalyst therefore being stable. Despite this
catalytic system completely avoiding palladium leaching,
its preparation is rather time consuming and somewhat
complex. In addition, harsh reaction conditions and long
reaction times are required.

For the application of Pd/C in combination with ionic
liquids, see Section 6.2.
5.2.2. Metal oxides and other inorganic materials. The
catalytic activity and selectivity of palladium supported on
various metal oxides in the Heck reaction have attracted the
interest of many research groups, both the nature of the
oxide support and the Pd dispersion playing a crucial role in
the activity of the catalytic system.120 On the other hand,
there is a considerable interest in determining the
heterogeneous or homogeneous nature of the mechanisms
involved in these reactions.121

Silica, within the family of metal oxides, has been, by far,
the most utilised support in the Heck reaction.122 In one of
the first reports on this topic, Strauss et al. used 0.18%
palladium on porous glass tubing for Heck reactions
conducted continuously or batchwise.123 This support
offered resistance to oxidative deterioration and could be
re-used several times for repeating, or for different,
reactions, but the regio- and stereoselectivity was lower
than expected. In parallel with this work, Mirza et al.
developed a supported liquid-phase catalytic system for the
Heck reaction of iodobenzene and methyl acrylate in a batch
reactor, based on a combination of sulfonated triphenyl-
phosphine–palladium complexes (Na-TPPMS and PdCl2)
supported upon porous glass beads and solvated with
ethylene glycol (Scheme 32). Under these conditions, the
catalyst complex was held in solution, whilst the reactants
and products were restricted to a nonmiscible solvent
phase.124 Leaching was eliminated to the limits of detection,
but the activity of the supported liquid-phase catalyst
decreased significantly after recycling. With regard to the
nature of the catalysis occurring within the system, evidence
suggests that this is predominantly homogeneous via the
formation of an organic-soluble catalyst complex. Alter-
natively, potassium acetate was used by Arai et al. as an
inorganic base instead of triethylamine in a very similar
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catalytic system,125 whilst tri-n-butylamine gave higher
reaction rates than triethylamine.126

A supported palladium catalyst on glass beads, generated
from a guanidinium phosphane and palladium acetate,
showed a high activity and low leaching of catalyst in the
Heck reaction of aryl iodides and alkenes (Scheme 33).127

The low catalyst loading, as well as the high yields achieved
and the low leaching maintained over four reaction cycles,
are clear advantages of this catalytic system. The main
inconvenience is the preparation of the ligand which
involves four steps, that is, Grignard reaction of com-
mercially available 2-(N,N-bis-trimethylsilylamino)phenyl-
magnesium chloride with phosphorus trichloride, nitrogen
deprotection, hydrochloride formation and condensation
with dimethyl cyanamide.
 

 

Scheme 33.
The same research group prepared a new catalyst by
treatment of reverse-phase silica beads with Pd(OAc)2 and
Ph3P in cyclohexane.128 The reverse-phase bead catalyst
formed was assumed to contain (Ph3P)2Pd(OAc)2 and was
stable in air and easy to handle. This catalyst was applied to
the Heck reaction between iodobenzoic acid and acrylic
acid, the expected product being obtained in a high yield and
with low palladium leaching (Scheme 34). Heteroaromatic
halides were also coupled with methyl acrylate with lower
yields and low palladium leaching. The reverse-phase beads
could be recovered from the reaction mixture and were
 
  

Scheme 34.
re-used seven times without any apparent loss of activity.
Some reactions could be performed in water or with no
added solvent. The real advantage of using the reverse-
phase silica support seems to be that more polar substrates
can be employed.

The catalysts shown in Chart 1 are all stable and active
heterogeneous catalysts based on chemically modified
silica, prepared by building up a suitable ligand structure,
containing an aminopropyl moiety, on the surface of the
silica, followed by complexation to the M(II). All of these
catalysts have been recently reported and shown to be
effective in Heck reactions, complex 1 furnished 82%
conversion in the coupling of iodobenzene and methyl
acrylate with Et3N in MeCN at 82 8C for 24 h.129 This
catalyst was successfully re-used without a noticeable loss
of activity and with no detectable amounts of palladium
leached. The same complex 1, but prepared from PdCl2
instead of Pd(OAc)2 on ordered mesoporous silica FSM-16,
was active for the coupling of aryl iodides and bromides
with methyl acrylate, giving 100% conversion in 1–5 h at
130 8C. Aryl bromides with electron-donating substituents
were particularly sluggish in their reactivity, but the
reactivity could be increased by the addition of TBAB.
Seven reaction cycles were applied in the vinylation of
4-bromoacetophenone with methyl acrylate without a
significant loss of reactivity.130 Complex 2 was prepared
by heating 3-(4,5-dihydroimidazol-1-yl)-propyltriethoxy-
silanedichloropalladium(II) with mesoporous silica nano-
tube particles.131 A 1.5% palladium-imidazoline complex 2
  

Chart 1.
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with Cs2CO3 in dioxane at 80 8C for 2–3 h gave excellent
yields (79–94%) of coupled products obtained for a wide
array of bromides or iodides with styrene. In all cases where
recycling of the catalyst was attempted, however, small
decreases in activity were observed from one run to the next.
A higher reaction temperature (140 8C) was required for
catalyst 3 in the reaction of iodobenzene and n-butyl
acrylate using sodium carbonate as base in NMP.132 High
TONs were obtained and the catalyst was recycled three
times with high activity, whereas a lower reactivity was
observed for styrene, with both E/Z stilbenes being formed
in a 7:1 ratio. A higher loading of catalyst was necessary in
the case of 4-bromotoluene and a lower yield was found
after three runs. Zheng et al. prepared silica-supported poly-
g-aminopropylsilane-transition metal complexes 4, which
were also active and stereoselective for the Heck vinylation
reaction of aryl iodides with olefins at 120–150 8C.133 All of
the complexes were treated with KBH4–EtOH before use.
The supported Ni complex furnished the expected products
in 86–98% yield and the Co and Cu complexes in 71–96%
yield, although the reaction of iodobenzene and styrene
gave stilbene in only 40% yield with the latter complexes.
An induction period of O2 h was observed for these
catalysts. The reaction temperature could be reduced by up
to 70–100 8C using a similar, but new, silica-supported
poly-g-aminopropylsilane-Cu2C-Pd2C complex.134

Although there is no doubt about the efficiency and the
possibility of recycling of the above-described catalysts, a
comment must be made concerning their preparation. A
minimum of three reaction steps are involved in the
preparation of the catalysts (10 steps for catalyst 3) and,
in addition, other multiple operations such as filtration,
washing, drying under vacuum or high temperature, or
conditioning by refluxing in a solvent, as well as long
reaction times, are needed for some of the steps (up to
4 days). Therefore, taking into account the yield reduction
when increasing the number of steps, as well as the waste
produced along the synthesis of the catalysts and the price of
the starting materials and metallic salts, the catalysts 4 seem
to be the most convenient from a practical point of view and
for the larger-scale preparations.

In relation to the above catalytic system described by Zheng
et al. this research group prepared silica-supported
palladium(0) complexes from g-chloropropyl- and
g-aminopropyltriethoxysilane via immobilisation on
fumed silica, followed by reaction with ethylenediamine
and salicylaldehyde and then reaction with PdCl2 and
reduction with KBH4.135 In this case, the reaction
temperature was reduced to 90 8C for the Heck reaction of
aryl iodides (p-RC6H4I, RZH, MeO, CO2H) with acrylic
acid, methyl acrylate and styrene. The catalysts could be
recovered and re-used without loss of activity. A compar-
able performance was observed for the silica-supported
palladium(0) complex similarly prepared from poly-g-
cyanopropyltriethoxysilane.136

N,N-di(pyrid-2-yl)norborn-2-ene-5-ylcarbamide was sur-
face grafted or coated onto various silica-based carriers
through a ring-opening metathesis polymerisation (ROMP)
in the presence of Mo(N-2,6-Me2C6H3)(CHCMe2Ph)
[OCMe(CF3)2]2.137 The silica-based materials were used
in slurry reactions under standard conditions, as well as
under microwave irradiation, the latter case leading to a
drastic reduction of the reaction times. A quantitative
conversion was achieved for iodoarenes, while activated
bromoarenes required prolonged reaction times. Typically,
less than 2.5% palladium was leached into the reaction
mixture. Nonetheless, the preparation of the supported
catalysts is very sophisticated in order to finally achieve
similar results to those obtained with simpler supported
catalytic systems. An example using 0.3 mol% of the silica-
based slurry is depicted in Scheme 35.
In 1997, Cai et al. described the preparation of a silica-
supported poly-g-mercaptopropylsiloxane-palladium(0)
complex that gave high yields (86–96%) in the arylation
of styrene and acrylic acid (Bu3

nN, xylene, 100 8C, 6 h) and
could be recovered and re-used with a low decrease in
activity.138 The same ligand, but supported on FSM-16
mesoporous silica, was shown to be an active and stable
catalyst for the Heck reaction of 4-bromoacetophenone and
ethyl acrylate (KOAc, NMP, 130 8C, 92% yield), the
catalyst being re-used at least five times with no indication
of catalyst deactivation. The less reactive electron-rich aryl
bromides, 4-bromoanisole and bromobenzene, however,
resulted in moderate yields (58 and 62%, respectively),
whereas 4-chloroacetophenone gave a low yield (18%).139

Based on the above original methodology and, more
recently, Cai’s group has prepared a silica-supported
bidentate arsine-palladium(0) complex from 4-oxa-6,7-
dichloroheptyltriethoxysilane via immobilisation on fumed
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silica, followed by reaction with potassium diphenylarse-
nide and palladium chloride and then reduction with
hydrazine hydrate.140 This complex exhibited a high
activity in the stereoselective arylation of styrene and
acrylic acid with aryl halides, affording a variety of trans-
stilbenes and substituted trans-cinnamic acids in high yields
(Scheme 36). The arylation of styrene with aryl iodides
proceeded smoothly at 100 8C, whereas that of aryl
bromides took place at 140 8C with added triphenyl-
phosphane. The substituent effects in aryl iodides appeared
to be less significant than those in aryl bromides, the
reactivity of the latter with electron-withdrawing sub-
stituents being higher than that of aryl bromides with
electron-donating substituents. The bidentate arsine ligand
seems to efficiently prevent palladium leaching, since a
yield variation of only 91 to 89% was observed after four
consecutive runs. Similar results to those described above
were obtained in the coupling of aryl halides with acrylic
acid. It is worthy of note that the catalyst activity did not
remarkably decrease after exposure to air for 7 days. The
methodology was extended to the arylation of acrylonitrile,
furnishing (E)-cinnamonitriles in high yields.141 Some
disadvantages include the fact that the starting 4-oxa-6,7-
dichloroheptyltriethoxysilane and potassium diphenyl-
arsenide are not commercially available and must be
prepared, the potential toxicity of the arsenic products and
waste, and the higher temperature and presence of Ph3P
required for aryl bromides. The same group prepared a
silica-supported poly-g-methylselenopropylsiloxane-
palladium(0) complex (from poly-g-chloropropylsiloxane
and sodium methylselenolate, followed by reaction with
PdCl2 and final reduction with hydrazine hydrate), which
was also a highly active and stereoselective catalyst for the
arylation of conjugated alkenes.142
Scheme 36.

Scheme 37.
A palladium(II)–SCS-pincer complex was immobilised on
porous silica and the resulting catalyst 5 was applied to the
reaction of iodobenzene and n-butyl acrylate with Et3N in
DMF at 120 8C for 1.5 h.143 The catalyst was recycled three
times with high yields (O99, 97 and 94%, respectively),
with induction periods between subsequent runs indicating
that the silica-immobilised catalyst acted as a precatalyst,
with the real active species being generated in situ during
the reaction. It would worthwhile knowing about the
substrate scope and limitations of this catalytic system.

Molnár et al. prepared two series of catalysts by modifying
silica with various chlorohydrosilanes, followed by reaction
with a saturated solution of PdCl2 or a 1.25!10K3 PdCl2
solution to obtain five palladium-on-silica catalysts with
different Pd loadings and another five palladium
catalysts with an equal palladium loading of 0.3 wt%,
respectively.144 These catalysts were found to exhibit a high
activity in the Heck coupling of aryl halides with styrene or
methyl acrylate to afford the corresponding E isomers with
good to excellent selectivities. The 0.3 wt% Pd-silica
catalysts showed a lower activity, but increased
selectivities, with 0.3 wt% Pd/SiO2Ph being the best
catalyst (Scheme 37). The catalytic performance seemed
to be related to the organophilicity of the surface, since the
catalysts prepared from precursors with a single organic
group as the surface modifier (Pd/SiO2Me and Pd/SiO2Ph)
showed a higher activity than those containing two organic
groups (Pd/SiO2Me2 and Pd/SiO2Ph2). In a comparative
study, the properties of these organically modified silicas
were considered to be identical with those of 10 wt% Pd/C.
Despite the reactions being carried out in a sealed tube at
150 8C, the experimental procedure for the preparation of
these catalysts is very straightforward and their performance
is remarkable. In addition, the catalyst performance did not
change in successive experiments in which no special
precaution was taken to exclude air or moisture.
Rotello et al. reported a highly reactive, recyclable,
heterogeneous catalyst in which palladium mixed mono-
layer protected clusters were simultaneously used as
building blocks and active catalytic units.145 Palladium
nanoparticle 6 (obtained by place exchange of 11-mercapto-
undecanoic acid onto 1 nm octanethiol-covered particles)
was dissolved in MeOH and, to this, was added silica
particles 7 and amine polymer 8. The active catalysts were
prepared through calcination of the nanocomposite
materials, providing total removal of organics and
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preserving intact the highly porous nature of the systems.
The calcinated 6$7$8 was able to catalyse the Heck reaction
of activated and neutral bromoarenes with styrene and
methyl acrylate (Scheme 38). A large difference in
reactivity was observed for bromobenzene and p-nitro-
bromobenzene, the former leading to much lower yields
(25–30%). The main drawbacks of this catalytic system
seem to be the fact that the starting materials are not readily
available and the relatively long reaction times required for
the coupling reaction (1–2 days).
Scheme 38.

Scheme 39.

More recently, the introduction of a hydrosilane function on
the pore channels of a mesoporous silica SBA-15 allowed
the obtention of a highly dispersed palladium colloid layer
on the pore walls of the support material.146 This
heterogeneous catalyst system was successfully applied to
the Heck coupling of styrene and methyl acrylate with
iodobenzene and electron-deficient aryl bromides, although
bromobenzene gave poor conversions. The catalyst
(0.02 mol% Pd-SBA-15) showed a high stability against
leaching of the active species into the liquid phase and could
be recycled (by filtration, washing and drying) without any
apparent decrease in its catalytic activity. On the other hand,
the reaction temperatures were rather high (120–170 8C,
20 min–48 h) and the catalytic system had a narrow range of
substrate applicability.

Blum et al. described the easy preparation of silica sol-gel
entrapped PdCl2(PPh3)2 as a heterogeneous catalyst for the
coupling of iodobenzene and p-nitrobromobenzene with
styrenes and acrylic acid derivatives.147 The reactions were
performed with Pr3

nN as a base in toluene at 90–110 8C for
8–12 h and both the yields and stereoselectivities ranged
from low to good, the aryl bromides reacting sluggishly.
Recycling of the catalyst (by filtration and sonication)
without any loss of activity was only possible in the reaction
of styrene and iodobenzene. The arylation products derived
from acrylonitrile were accompanied by some polymeris-
ation products.

Ionic liquids have been used to immobilise palladium on
porous silica supports and applied to ligandless Heck
reactions. Exploiting the unique properties of ionic liquids,
Marr et al. prepared a silica aerogel structure containing
palladium nanoparticles that led to 100% conversion in the
Heck reaction of n-butyl acrylate and iodobenzene in 2 h at
80 8C.148 The selectivity towards trans-n-butyl cinnamate
remained at 100% after catalyst recycling by filtration,
washing and drying. In this context, Hagiwara et al.
supported Pd(OAc)2 on amorphous silica with the aid of
the ionic liquid [bmim]PF6 through a simple procedure.149

In this case, the Heck reactions involved cyclohexyl acrylate
and aryl halides of different electronic character (59–96%
yield), and were carried out in a hydrocarbon solvent in
order to prevent removal of the ionic liquid layer from the
silica (the best result is shown in Scheme 39). The catalyst
was air- and thermally-stable and was re-used six times,
giving high yields. The reaction temperature was, however,
rather high and it would be interesting to know the
possibility of application of the methodology to other
more conventional acrylates and other olefins. In fact,
methyl acrylate furnished low to moderate yields of the
coupled product with iodobenzene.
Recently, palladium nanoparticles were generated from
Pd(PPh3)4 in a mixture of tetra(ethylene glycol) and
tetramethoxysilane, followed by encapsulation in a silica
matrix by treatment with water. The only reported
application to the Heck reaction was for the coupling of
methyl p-iodobenzoate with styrene using 0.75 mol%
catalyst and NaOAc, in DMF at 120 8C for 17 h, leading
to the expected product in 80% yield. The possible re-
usability of the catalyst in the Heck reaction was not
tested.150
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Besides silica, other metal oxides and inorganic compounds
have proved to be useful supports for palladium in Heck
reactions.151 Iyer et al. studied the activity of Ni/Al2O3, Ni/
HY-zeolite, Cu/Al2O3 and Co/Al2O3 in the reaction of aryl
iodides (RC6H4I, RZMeO, Cl, NO2) with styrene, ethyl
acrylate and ethyl methacrylate in the presence of K2CO3 in
NMP at 150 8C for 5–48 h.152 With few exceptions, the
behaviour of all catalysts was quite similar, giving a
variable yield of products. The reaction temperature was
rather high, taking into account that only iodides could be
activated, none of the catalysts being able to activate aryl
bromides or chlorides. A considerable amount of the
heterogeneous catalyst underwent leaching under the
reaction conditions, with a consequent loss in activity in
the recycling.

Köhler et al. carried out a detailed study on the coupling of
aryl bromides with olefins catalysed by palladium supported
on various metal oxides.153 In this case, all the supports
were commercially available or easily prepared and fixation
of palladium to the oxide support was easily accomplished
by hydrogen reduction of a Pd(acac)2 solution in the
presence of the support, followed by thermal treatment. The
yields of the coupled products varied from low to excellent,
depending upon the substituents in the starting materials, the
selectivity being high in all cases (Scheme 40). The alkenes,
butyl acrylate and (the uncommon) ethylene, could also be
converted, although with lower yields than for styrene.
Roughly, the order of activity followed the trend TiO2O
ZrO2OMgOOZnOOSiO2. The catalysts could be recycled
and reused without loss of activity. According to the
authors, there were some indications of a heterogeneous
reaction mechanism, but, the participation of resolved
palladium species (colloids or complexes) was not
excluded. In fact, this group has recently brought out clear
experimental evidence for the correlation between the
dissolution of palladium from the supported catalyst surface
and the reaction rate.154
Scheme 40.

Scheme 42.
The above-mentioned oxides, together with a variety of
zeolites and carbon, were used as supports in the palladium-
catalysed Heck arylation of cyclohexene and cyclopentene
with 4-bromoacetophenone at 120–140 8C for 20 h.155 In
general, almost all catalysts gave mixtures of the three
possible regioisomers, although less hydrodehalogenation
was observed for the zeolite-entrapped molecular palladium
species than for the supported Pd(0) particles. The former
catalyst also prevented double arylation, probably due to
shape selectivity. Certainly, this thorough research is
interesting from a comparative and mechanistic point of
view, and involves some less well-studied olefins. The
generally moderate to low regioselectivity, however, and
the predictable difficulties in separating the regioisomers
make any of these methodologies of little practical
application.

A 5% Pd/MgO catalyst was shown to be superior to Pd/g-
Al2O3 and Pd/C in the Heck arylation of acrylonitrile with
iodobenzene.156 Cinnamonitrile was the major product in an
acetonitrile medium with Pd(acac)2 and Pd/MgO catalysts
in impregnated and reduced forms. 3,3-Diphenylacryl-
onitrile was formed as a minor product, although, very
interestingly, it turned out to be the major product by
changing the solvent to methanol. On the other hand, Pd/
Al2O3 was very active catalyst in the Heck reaction of
4-chloroacetophenone with n-butyl acrylate in DMA at
120 8C for 3 h (Scheme 41).157 The high amount of leached
palladium (79%) was utilised in additional tests exhibiting
practically the same activity as in the original catalyst, and
this representing strong evidence that heterogeneous
palladium metal catalysts employed for Heck reactions are
mainly sources of soluble palladium(II) complexes, which
are the actual catalytic species.158
Chang et al. observed that the supported zerovalent
ruthenium catalyst Ru/Al2O3 was superior to the homo-
genous precursor [RuCl2(p-cymene)]2 in the Heck olefina-
tion of aryl iodides and an alkenyl bromide (Scheme 42).159

In fact, the immobilised species displayed a wider substrate
scope and higher selectivity, even under milder reaction
conditions, what was related to catalysis by ruthenium
colloids of the zero oxidation state. The supported catalyst
was quantitatively recovered at the end of the reaction by
simple centrifugation and could be re-used for an additional
three runs with constant reactivity. Ruthenium leaching
from the support was negligible.
Villemin et al. prepared a palladium complex supported on
zirconium phosphite–phosphonate from triphenyl-
phosphane–phosphonic acid.160 The phosphonic acid was
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complexed with palladium(II) chloride, treated with
zirconium chloride octahydrate (heated for 3 days), and
reduced to palladium(0) with triethylsilane to give the
supported catalyst. This catalyst exhibited a high activity in
the coupling of iodobenzene and methyl acrylate under
relatively mild reaction conditions (Scheme 43). Unfortu-
nately, the catalyst was oxygen sensitive and had to be kept
under an inert atmosphere in order to avoid deactivation and
maintain its high activity over several runs.
Scheme 43.
A hydroxyapatite-supported palladium complex was
obtained by treatment of the non-stoichiometric
Ca-deficient hydroxyapatite Ca9(HPO4)(PO4)5(OH) with
an acetone solution of PdCl2(PhCN)2.161 This catalyst
exhibited a remarkable activity in the Heck reaction of aryl
bromides with olefins, high TONs and excellent yields being
obtained independently of the electronic character of the
substituents (Scheme 44). The fact that no palladium
leaching was observed indicated that the reaction proceeded
on the Pd/hydroxyapatite surface and not with dissolved
palladium species. Additional experiments seemed to
support this Heck reaction not proceeding via the traditional
Pd0/PdII cycle, but via the PdII/PdIV mechanism. The
hydroxyapatite, although not commercially available, was
easily prepared by a precipitation method from
Ca(NO3)2$4H2O and (NH4)2HPO4, the only limitation of
this methodology being that the reactions must be
performed in an argon atmosphere.
Scheme 44.
Various palladium-containing Mg–Al hydrotalcites were
synthesised from the soluble metal salts by the co-
precipitation method, and were applied to the Heck reaction
of aryl iodides and bromides with styrenes and methyl
acrylate.162 Reactions with aryl iodides proceeded in the
presence of a 4% Pd loading and Et3N in DMF at 120 8C for
5–20 h (59–88% yield). The less reactive aryl bromides
required a higher temperature (150 8C) and catalyst loading
in the presence of K2CO3 in NMP. The catalyst was
recycled in the case of iodobenzene and methyl acrylate
without any treatment, but some decrease in the yield was
observed.

A very interesting study must be highlighted carried out by
the group of Choudary et al., who prepared a layered double
hydroxide (LDH)-supported nanopalladium catalyst as a
unique and highly effective catalyst for the Heck reaction of
chloroarenes and olefins.163 The reactions were conducted
in TBAB as the solvent, in place of the most commonly used
NMP, at 130 8C. The products were obtained with excellent
yields and O99% trans-selectivity, albeit requiring rela-
tively long reaction times. The duration of the experiments
was, however, dramatically reduced under microwave
conditions from 10–40 to 0.5–1 h without affecting the
yields and selectivity (Scheme 45). The activity of the Pd/
LDH was demonstrated to be higher than that of Pd/C, Pd/
Al2O3 and Pd/SiO2, the basicity of the support facilitating
the oxidative addition of palladium(0) to the starting aryl
chloride. As in the above example, the heterogeneity studies
disclosed that the reaction occurred at the heterogeneous
surface of the nanopalladium particle. In spite of the support
not being commercially available and the higher catalyst
loading, its recovery by simple filtration and re-use with
consistent activity makes it a prime choice for the high-
performance coupling of chloroarenes and olefins. LDH-
supported Pd(TPPTS)2Cl2 was also successfully used in the
Heck arylation of olefins with bromo- and iodobenzenes in
the presence of Et3N in DMF at 120 8C under a nitrogen
atmosphere.164 The re-usability of this catalyst for five
cycles was excellent.
Scheme 45.
Recently, a study of the preparation of 3 mol% Cu-, Ni- and
Pd- containing silicoaluminophosphate-31 (SAPO-31)
materials and their catalytic activity in the coupling of
iodobenzene and aryl chlorides with several styrenes and
acrylates has been reported.165 The Ni and Cu catalysts
exhibited a lower activity than the Pd catalyst, the latter
giving complete conversion of iodobenzene in the Heck
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coupling reaction with methyl acrylate after 1.5 h in DMF
and K2CO3 at 120 8C. More interesting was the activity
shown by the Pd catalyst for chlorobenzenes, although long
reaction times and the presence of electron-withdrawing
groups were needed in order to achieve good aryl chloride
conversions (Scheme 46). A phenomenon of palladium
leaching and redeposition was observed and the Pd-SAPO-
31 catalyst could be recovered by filtration and recycled
three times without significant loss in activity. This catalyst
was found to be more active and efficient than other
heterogeneous catalysts such as Pd/C, Pd/graphite, Pd/MgO,
or Pd/Al2O3.
Scheme 46.

Scheme 47.

Scheme 48.
Natural and alkali-exchanged sepiolites containing PdCl2
behaved as bifunctional catalysts in the Heck reaction of
iodobenzene and bromobenzene with styrene in o-xylene at
145 8C for 24 h in the absence of base.166 Only iodobenzene
gave good yields, but, a considerable decrease in activity
was observed in a second cycle after filtration. This decrease
in activity could be due to the deactivation of the metal or to
the consumption of the basic sites.

Arisawa et al. prepared a palladium catalyst on sulphur-
ended GaAs(001), using an ammonium sulfide solution
followed by the adsorption of Pd(PPh3)4 at 100 8C.167 This
novel catalyst was applied only to the coupling of
iodobenzene and methyl acrylate with Et3N as a base in
MeCN at 100 8C for 12 h. Repeated use of the catalyst
resulted in a decrease in its catalytic activity (93–57% after
five runs), which could be restored in part by further
treatment with a Pd(PPh3)4 solution (89–30% after ten
runs).

5.2.3. Clays, zeolites and molecular sieves. Clay minerals
consist of layered silicates which occur abundantly in nature
and their high surface area, sorptive and ion-exchange
properties have been exploited for catalytic applications for
decades. In particular, clay-supported reagents and catalysts
have found application in a wide range of organic
transformations,21c although very little utility in carbon–
carbon coupling reactions.

The group of Choudary was one of the pioneers in the
application of clays to the Heck reaction in the early 1990s.
This group discovered that a montmorillonite–ethylsilyl-
diphenylphosphane–palladium(II) chloride complex was a
highly active and stereoselective heterogenised homo-
genous catalyst for the arylation of stilbene and acrylates
with iodobenzene in Bu3

nN at 100 8C for 2–8 h.168 The
coupled products were obtained in excellent yields (90–
98%) and with near-quantitative trans-selectivity. In
addition, the clay-anchored catalyst could be recycled four
times with very little deactivation (98–92% yield). The
performance of this catalytic system has subsequently been
difficult to equal.

More recently, Varma et al. prepared a palladium(II)
chloride and tetraphenylphosphonium bromide intercalated
clay by simply refluxing (48 h) the sodium-exchanged clay
with a PdCl2 solution and tetraphenylphosphonium
bromide, filtration, washing and drying at 100–110 8C
overnight.169 The catalyst gave excellent yields in the
coupling at 140 8C of aryl bromides and iodides with
styrenes bearing either electron-withdrawing or electron-
releasing substituents (Scheme 47). The re-use of the
catalyst without loss in activity and the faster reactivity,
when compared to the corresponding homogeneous reaction
conditions, makes this a useful and attractive protocol.
A variation of the Heck reaction was introduced by Rigo
et al. involving the reaction of different anilines with vinyl
acetate, catalysed by palladium(II) chloride- and copper(II)
nitrate-intercalated montmorillonite K10 (MK10) clay.170

The corresponding methyl cinnamates were obtained in fair
yields, without the formation of by-products (Scheme 48).
The catalyst was easily prepared by exchanging the clay
with dilute aqueous PdCl2 and Cu(NO3)2 at room
temperature for 24 h, followed by washing and drying at
110 8C for 12 h, and could be re-used without losing its
activity. This catalyst had already demonstrated activity in
the vinylation of aryl halides, mainly iodides.171 With



F. Alonso et al. / Tetrahedron 61 (2005) 11771–1183511796
respect to the aryl iodides, however, anilines are more
readily available and, consequently cheaper, which together
with the absence of adding base, makes this an interesting
alternative for the larger-scale applications of the Heck
vinylation of substituted aromatics.

A series of bis-carbene-pincer complexes of palladium(II)
have been immobilised on montmorillonite K10 and utilised
in a standard Heck reaction (Scheme 49).172 The supported
catalyst, obtained by the solvent impregnation method,
showed a catalytic activity similar to that of its homo-
geneous counterparts. The leaching observed was practi-
cally negligible and, consequently, the catalyst could be
recycled up to ten times, without significant loss of activity.
The same catalytic system was applied to the more
unreactive aryl halides, bromobenzene and 4-bromobenzal-
dehyde, yielding very high conversions in the presence of
TBAB, but 4-chlorobenzaldehyde gave only 15% of the
expected coupled product.
Scheme 49.

Scheme 50.

Scheme 51.
The group of Djakovitch has studied in detail the capability
of palladium complex-loaded zeolites of catalysing the
Heck reaction of aryl bromides with olefins, using standard
reaction conditions. The high activity exhibited by these
palladium-modified zeolites has been recently reviewed.21b

Summarising the characteristics of these catalysts, it may be
stated that the most studied NaY zeolites utilise low
amounts of palladium (0.1 mol%), which can be easily
separated and re-used after washing. In general, no
remarkable palladium leaching was observed, the stability
of the palladium active species against leaching apparently
being correlated with the temperature of decomposition of
the immobilised palladium complexes in the zeolite cages. It
is worthy of note that even aryl chlorides can be directly
activated by this type of catalyst, which is an additional
advantage, besides that of the simple preparation of the
palladium loaded zeolites.

Mordenite is one of the rarer, but still somewhat more
widespread, members of the zeolite group of minerals. More
specifically, it is a hydrated calcium sodium potassium
aluminium silicate. Pd(NH3)4

2C/mordenite and Pd(0)/
mordenite behaved as truly heterogeneous catalysts in the
Heck reaction of iodobenzene and aryl bromides with
styrene and acrylates, using Bu3

nN as a base in toluene at
130 8C.173 The best results were obtained for the coupling of
iodobenzene with n-butyl acrylate, the other examples
furnishing low to moderate conversions with rather long
reaction times. The possibility of catalyst re-use was not
tested. An in-depth study included the reaction of
4-bromoacetophenone and n-butyl acrylate under the
above conditions.174 Despite the conversions still being
low, a continuous Heck experiment was designed to obtain
3.5 g product per g Pd and per h with hardly detectable
palladium leaching.

Djakovitch et al. described the Heck arylation of acrylic
compounds, including the little-studied acrolein, using the
homogeneous Herrmann’s palladacycle and the zeolite-
supported palladium catalyst [Pd(NH3)4]2C-NaY.175 In
general, better conversions and yields were obtained with
the palladacycle, although the supported catalyst was more
specific for the monoarylation reactions (Scheme 50). At
any rate, lower yields were observed for acrolein and
acrylamide than for n-butyl acrylate for both catalysts.
Garcı́a et al. reported the preparation of KC- and CsC-
exchanged X zeolites containing PdCl2, which behaved as
bifunctional catalysts in the Heck reaction of iodo- and
bromobenzene with styrene.176 The reactions were per-
formed in toluene or polymethylbenzenes at reflux without
any extrinsic base, due to the basic character of these
zeolites. The reaction of PhI and styrene produced variable
amounts of 1,1-diphenylethene in all cases, PdCl2-CsX
giving predominantly 1,1-diphenylethene. On the other
hand, the reaction of PhBr and styrene in the presence of
PdCl2-KX provided 97% stilbene with a long reaction time
(72 h) (Scheme 51). Although no leaching of palladium was
observed, the activity of the basic zeolites decreased after
the second use, albeit a notable recovery of the activity
being achieved by washing the zeolites with KOH or CsOH
solutions. When methyl acrylate was used instead of
styrene, the PhI conversion was not complete, due to partial
polymerisation of methyl acrylate under the reaction
conditions.
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Platinum and palladium nanoparticles bound at high surface
coverage on (3-aminopropyl)trimethoxysilane NaY zeolites
catalysed the Heck arylation of iodobenzene with styrene in
the presence of Et3N in DMA at 120 8C for 2 h.177 High
conversions (w95%) were achieved, even after filtration of
the catalyst in a third cycle. The stereoselectivity was low,
however, giving about a 10:90 cis–trans ratio. The
palladium nanoparticles were shown to be firmly bound to
the zeolite support, predominantly through the amine
groups, preventing leaching during the different reactions.

Mesoporous molecular sieves (MCM-41) are also of
particular interest for catalysis involving bulky substrates
because of their large pore sizes (O20 Å) and they have
been a challenge for zeolitic materials, due to their pore-
opening restrictions (4–12 Å).21b In the context of the
application of these materials in the Heck reaction, Ying
et al. synthesised a palladium-grafted mesoporous material
that utilised mesoporous Nb-MCM-41 as the support
framework for the deposition of the catalytically active
species.178 A vapour-grafting method followed by reduction
was employed for the preparation of the active catalyst,
which, in addition, was silanised to reduce the palladium
content, while maintaining a uniform palladium distri-
bution. The new material Pd-TMS11 catalysed the Heck
reaction of activated and non-activated aryl bromides with
styrene and n-butyl acrylate in air at 120–170 8C. The
activated aryl bromides reacted rapidly (20 min–8 h) and
with excellent conversions and yields, whilst bromobenzene
and chlorobenzene led to lower conversions (16–67%) with
longer reaction times (32–48 h), the selectivity being
remarkably high in all cases. A selected example is depicted
in Scheme 52. These studies revealed a reaction mechanism
based on a heterogeneous catalytic cycle. The main
drawbacks of this methodology are the rather complex
preparation of the active catalyst, the use of the expensive
niobium(V) ethoxide, the removal of the high-boiling-point
solvents, dodecane and DMA and the agglomeration of
palladium and partial structural damage of the Nb-MCM-41
support shown after filtration.
Scheme 52.

Scheme 54.
A new MCM-41-supported aminopropylsiloxane-
palladium(0) complex was prepared by Zhou et al., which
was a highly active and stereoselective catalyst for the Heck
reaction of aryl iodides and conjugated olefins.179 The
catalyst was easily prepared from the MCM-41-supported
aminopropylsiloxane and PdCl2 in EtOH, followed by
reduction with NaBH4. The corresponding products were
obtained exclusively with trans stereochemistry and in high
yields after 2–5 h at 70 8C (Scheme 53). Unfortunately, the
catalyst was not effective with bromo- and chlorobenzene.
Concerning its re-use, a 1–3% decrease in yield was
observed after each recycle. A very similar behaviour was
observed for an MCM-41 supported aminopropylsiloxane-
palladium acetate catalyst.180
A C-metallated palladacycle, prepared in the pores of
(3-hydroxypropyl)triethoxysilane-functionalised MCM-41
has recently found application in the coupling of bromo-
benzene and styrene.181 Four steps were used for the
preparation of the catalyst, the final of which involved
palladation of the hydroxypropylsilyl moiety of the MCM-
41 with Li2PdCl4 and NaOAc in MeOH under reflux for
2 days. The highest conversion in the Heck reaction (90%)
was achieved at 160 8C for 5 h with K2CO3 in NMP
(Scheme 54), which was much superior (but proceeded at a
higher temperature) to that achieved with the Pd-TMS11
catalyst described above. Unfortunately, little can be said
about the scope of the reaction, since no other starting
materials have been studied.
Many other research groups have recently focussed their
attention on the development of new palladium(II)
complexes anchored on MCM-41, with the aim of obtaining
efficient and recyclable catalysts for the Heck reaction.
Iglesias et al. prepared various catalysts of the type 9
(Chart 2), which were applied to the coupling of
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Chart 2.
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iodobenzene with a-methylstyrene and two acrylates in a
biphasic mode (ethylene glycol–toluene) with KOAc at
140 8C for 24 h.182 Despite the fact that the catalyst was air
and moisture stable, and that it could be recycled (by
separation of the ethylene glycol phase) at least six times
without apparent loss of activity, the conversions were low
(10–64%). In addition, the catalysts and their preparation
were rather sophisticated. The dicyano-functionalised
MCM-41-anchored palladium complex 10 demonstrated a
good catalytic activity towards the vinylation of aryl iodides
and bromides with methyl acrylate, in the presence of Et3N
and DMF for 4–8 h at 70–120 8C.183 Exclusive formation of
the trans products was achieved in 87–92% yield, the
activity being constant through four cycles, due to the very
little palladium leaching observed. The palladium-bipyridyl
complex 11, anchored inside the channels of nanosized
MCM-41, exhibited a generally good performance in the
Heck reaction of aryl iodides and bromides with styrene and
alkyl acrylates,184 most of the yields ranging from 70 to
98% by using Bu3

nN in NMP at 100–170 8C for 16–96 h. The
catalytic activity remained intact after four re-use runs. High
TONs were reached in most cases (up to 106 for each cycle),
although the aryl bromide activation required harsher
reaction conditions and the coupling with styrene was not
completely stereoselective (w90:10 cis–trans).

A palladium-loaded ETS-10 molecular sieve exhibited good
activity and selectivity towards the carbon–carbon coupling
of aryl halides with olefins at low concentrations of Pd
(0.009–1.4 mol%). In the case of the coupling of ethyl
acrylate with iodobenzene, 96% conversion of iodobenzene
with O98% selectivity could be obtained within 1 h over a
0.2 wt% Pd-loaded catalyst. The catalyst activated both
aryl bromides and chlorides, and appeared to be
heterogeneous.185
5.2.4. Polymers. In the introductory section, we have
already highlighted the ongoing interest in immobilising
palladium on polymeric supports in organic synthesis and,
in particular, in carbon–carbon coupling reactions.19 The
Heck reaction using polystyrene-bound phosphanes was
pioneered by Teranishi et al.186 and studied in detail by
Andersson et al. in the mid-1980s.187 It is also worthwhile
mentioning that Zhang et al. developed in the late-1980s a
[poly(styryl)phenanthroline]palladium(0) catalyst that
exhibited a high activity in the Heck reaction of olefins
with substituted iodobenzenes and that could be recycled up
to ten times with no decrease in activity.188

An interesting publication by Fox et al. appeared in 1994
comparing the catalytic efficiency of monomeric and
polystyrene-supported 1,2-bis(diisopropylphosphino)ben-
zene-palladium(II) in the Heck reaction.189 The coupling
of iodobenzene and methyl acrylate was used as a model
reaction (Scheme 55), which led to the following
conclusions in favour of the palladium-supported version:
(a) the polymer-supported palladium(II) complex showed a
higher activity than the analogous monomeric complex, (b)
the products were easily separated from the heterogeneous
catalyst by simple filtration and (c) the recycled polymer-
supported complex was stable to air and retained its original
catalytic activity after many turnovers.
More recently, Uozumi et al. developed an amphiphilic
polystyrene-poly(ethylene glycol) resin-supported palla-
dium–phosphane complex that exhibited a very high
performance in the Heck reaction of aryl iodides and olefins
in water.190 A wide array of electronically different aryl
iodides and alkenes were tested under very mild reaction
conditions (25–80 8C), most of the yields being O92%
(Scheme 56). Bromobenzene showed a lower reactivity
(52%), even at 80 8C. Although the palladium loading was
high (10 mol%), recyclability of the catalyst was successful,
leading to a 92% average yield after five continuous runs.
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Bergbreiter et al. synthesised various pincer-type SCS
ligands that were attached to soluble poly(ethylene glycol)
via ether or amide linkages. Both the PEG-bound 5-oxo (12)
and 5-amido (13) palladium complexes were active as
catalysts in the Heck reaction of aryl iodides and acceptor
alkenes in DMF and air at 110 8C for 5–6 h using 0.1 mol%
of catalyst (71–99% product yield) (Chart 3).191 Catalyst 12,
however, slowly decomposed, leading to a black precipitate
of palladium that precluded the possibility of recycling. In
contrast, the PEG-bound 5-amido-SCS-Pd complex 13 was
recycled three times via solvent precipitation (in diethyl
ether) with no observed catalyst deactivation. Perhaps the
main inconvenience of this methodology is the large number
of steps needed for the synthesis of the catalysts, although
the yields are generally high. Based on this methodology,
different thiol pincer groups attached to four different resins
were complexed with palladium and their performance
tested in the coupling of 4-bromoacetophenone with
styrene.192 The best conversion (88%) was obtained for
the cyclohexyl-bearing thiol pincer ligand bound to
polystyrene in a dioxane-NaOAc system.
Chart 3.

Chart 4.
Bergbreiter’s group studied a new technique of product
isolation and catalyst recovery, based on liquid–liquid
biphasic systems that exhibit an increase in phase
miscibility at elevated temperature, together with soluble
polymer-bound catalysts that have a strong phase preference
at ambient temperature. The catalysis in this type of system
was termed thermomorphic catalysis. The Heck reactions of
aryl iodides and olefins were conducted in the presence of a
poly(N-isopropylacrylamide) (PNIPAM)-bound phosphane
or a polymer-supported tridentate SCS-Pd catalyst,193 for
example, using 2 mol% (PNIPAM-PPh2)4Pd(0) (14) and
Et3N in heptane-90% aqueous EtOH, iodobenzene and tert-
butyl acrylate completely reacted within 48 h at 70 8C
(Chart 4). The system was allowed to cool to room
temperature to induce phase separation. Removal of the
heptane phase and solvent evaporation furnished the
expected product in 71% yield. Catalyst recycling was
achieved by adding a fresh heptane solution of the reactants
and reheating the system to 70 8C for an additional 48 h.
Interestingly, the yields increased in each cycle, becoming
virtually quantitative after the third cycle. This catalyst was,
however, air sensitive. The recyclability and application of
catalyst 14 in aqueous or aqueous-organic media were
confirmed by other workers.194 A DMA-heptane system was
used for the thermomorphic catalysis with the PNIPAM-
bound methyl red dye 15 (2 mol%) (Chart 4). In this case,
complete conversion in the reaction between iodobenzene
and styrene was observed after 48 h at 90 8C. Catalyst 13
(0.2 mol%) was also shown to be effective in coupling
various aryl iodides and alkenes in a DMA-heptane system
at 95 8C with Et3N, with the advantage of being an air-stable
catalyst. A similar performance to catalyst 13 was observed
for catalyst 16 (Chart 4).
By changing the N-alkyl group in PNIPAM to the more
lipophilic octadecyl, the polymer solubility was inverted so
that it selectively dissolved in the non-polar phase of a
biphasic mixture, but stayed in solution at elevated
temperature (inverse thermomorphic separation).195 Thus,
poly(N-octadecyl-acrylamide-co-N-acryloxysuccinimide)
was prepared and modified to support an air- and heat-stable
SCS-Pd(II) Heck catalyst 17 (Chart 5). This polymer-bound
catalyst was active in a thermomorphic heptane-DMA
mixture at 110 8C, its activity being comparable to that of
the PNIPAM-bound SCS-Pd(II) catalyst 16. In fact, it was
used for up to nine cycles in the formation of cinnamic acid
from iodobenzene and acrylic acid, showing a 90%
conversion in the ninth cycle at 24 h. The palladacycles
18, derived from an azo dye ligand coupled to either a
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poly(N-isopropylacrylamide) or a poly(N-octadecylacryl-
amide), were also active Heck catalysts (Chart 5).196 While
the polymer recovery was very high (O99.9%) and easily
assayed by UV spectroscopy, however, a small amount of
catalyst decomposition was observed, making these pallada-
cycles less suitable than the above-described catalysts.

Herrmann et al. attached palladium(II) complexes of
N-heterocyclic carbenes to polystyrene-based Wang resins
through ether linkages (Chart 6).197 The catalysts 19
exhibited a high activity in the coupling of aryl bromides
with styrene and n-butyl acrylate. Full conversions were
obtained for p-bromoacetophenone after 15 h with a low
catalyst loading (0.02–0.15 mol%). Even deactivated
bromobenzenes bearing electron-donating groups were
converted with TONs of 103–104. When styrene was
employed as the vinylic substrate, however, the conversions
were lower and substantial amounts of isomeric compounds
were obtained. Unfortunately, chlorobenzenes did not react,
even under harsh reactions conditions. Despite the fact that
catalyst preparation was not straightforward (even the
starting N,N 0-diimidazolylmethane had to be synthesised),
the catalyst was used 15 times without a detectable loss of
activity and was not sensitive to air and moisture. In
contrast, catalyst 20 was readily prepared in two steps from
commercially available aminomethyl-functionalised poly-
styrene beads and its activity studied in the coupling
reaction of iodobenzene and styrene in NMP with Pr3

nN as a
base at 100–140 8C.198 This catalyst showed a comparable
level of activity in the first run (140 8C, 11 h, 100% yield,
TON 15625) to that of some homogeneous analogues. It
proved, however, to be completely inactive in a consecutive
run. This provided evidence about the soluble character of
the catalytically active species, which must be formed under
loss of the ligand. In fact, 20 proved to be thermally labile to
such an extent that even moderate heating during the
synthesis of the palladacycle caused precipitation of some
palladium black.

A PS-supported palladium catalyst (PS-C6H4CH2PPh2/
[Pd]) was also applied in intramolecular Heck reactions
after RCM of a series of N-alkenyl-N-allyl-2-bromo(or
iodo)benzenesulfonamides. The corresponding bridged ring
systems were obtained in 40–69% yield after treatment of
the RCM products with 10% mol PS-bound palladium
catalyst and 2 equiv of Tl2CO3 in toluene at 110 8C for
16 h.199 Despite the attractiveness of this cascade process,
the use of 2 equiv of Tl2CO3 is a clear disadvantage, due to
its high toxicity (mutagen and reproductive effector).

A b-ketoesterato polymeric palladium complex, obtained by
co-polymerisation of Pd(AAEMA)2 [AAEMA is the
deprotonated form of 2-(acetoacetoxy)ethyl methacrylate]
with ethyl methacrylate and ethylene glycol dimethacrylate,
was also active in the Heck reaction of activated and non-
activated iodo- and bromoarenes with styrene, acrylonitrile
and methyl acrylate.200 The reactions with aryl iodides were
performed with KOAc in DMF at 90 8C for 2–6 h, giving
high yields of products, but moderate trans-selectivity. In
the case of aryl bromides with styrene, the reactions were
carried out at 160 8C in the presence of DMG for 10–12 h,
the yields also being high with improved trans-selectivity. A
negligible loss of activity was observed after five recycles of
the catalyst.

A palladium complex of a pendant cyclophosphazene-
containing cross-linked polymer was synthesised by
Chandrasekhar et al. by reacting hexachlorocyclotri-
phosphazene with 1 equiv of 4-hydroxy-4 0-vinylbiphenyl,
followed by reaction with 5 equiv of p-diphenyl-
phosphinophenol, copolymerisation with divinylbenzene,
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palladium complexation and final reduction.201 This
polymer-supported catalyst was successfully used in the
coupling reaction of iodobenzene with several olefins,
giving the expected products with exclusive trans stereo-
chemistry (Scheme 57). Slightly longer reaction times were
needed in comparison with the monomeric catalyst and
bromobenzene did not react. It is worthy of note that even
the 1,1-disubstituted olefin, methyl methacrylate, reacted
stereoselectively and in good yield (79%). The recovered
catalyst tested in three successive cycles maintained almost
the original activity, which was in agreement with the fact
that the reaction took place due to the polymeric catalyst and
not to the leached palladium species.
Scheme 57.

Chart 7.
The structures in Chart 7 were both obtained by a ring-
opening ROMP metathesis polymerisation strategy of
norbornene derivatives. The synthesis of ligand 21 was
achieved in four steps from p-benzoquinone and was
applied to the Heck reaction of iodobenzene and methyl
acrylate in the presence of Pd(OAc)2 (5 mol%) and TBAA
in DMF at 80 8C for 12 h (95% yield).202 A 10% decrease in
yield was observed after five catalytic cycles. The
preparation of complex 22 was not so straightforward,
since even the starting bis(pyrimid-2-yl)amine had to be
prepared by palladium-catalysed amination of 2-chloro-
pyrimidine.203 This catalyst, however, showed a high
activity in the coupling of activated 4-bromobenzonitrile
and 4-chloroacetophenone with styrene (DMA, Bu3

nN,
150 8C, 72 h) to afford 4-cyanostilbene and 4-acetylstilbene
in 98 and 70% isolated yields, respectively. The addition of
TBAB was needed for the effective coupling of the aryl
chloride.

More recently, Portnoy et al. have prepared representative
members of five different families of supported phosphane
and phosphinite ligands from common polymer-bound
aminoalcohols.204 These include b-aminophosphines, N,b-
diphosphinoamines, a,b-diphosphinoamines, b-amino-
phosphinites and N-phosphino-b-aminophosphinites. The
ligands were complexed with Pd(OAc)2 and tested in the
Heck reaction of iodo- and bromobenzene with methyl
acrylate in the presence of Et3N in NMP at 110 8C for 18 h.
All ligands furnished equally high yields (90%) in the Heck
reaction of iodobenzene. Low to moderate conversions
(8–63%) and yields (1–56%) were, however, obtained in the
reaction with bromobenzene, showing clear differences in
the activity of the various ligands tested.

A polymer (fibre)-supported palladium catalyst containing
imidazolinyl rings was synthesised easily from com-
mercially available polyacrylonitrile fibre.205 The catalyst
(0.01 mol%) was successfully used in the Heck reaction of
iodobenzene with different alkyl acrylates in the presence of
Et3N in dioxane at 100 8C for 1–2 h (94–97% yield). The
fibre catalyst could be recycled more than 20 times without
any loss of activity or selectivity.

Ikegami et al. developed a supramolecular complex
prepared from a self-assembly of (NH4)2PdCl4 and a non-
cross-linked amphiphilic phosphine polymer poly[(N-
isopropylacrylamide)5-co-(4-diphenylstyrylphosphine)]
(23).206a This catalyst was shown to be very effective in the
coupling of electronically different aryl iodides with alkyl
acrylates and styrene. The reactions proceeded with Et3N as
a base in toluene at 100 8C for 5–20 h, the yields being in all
cases above 90%. Very high TONs were reached (up to
1,150,000) and the complex could be recycled up to five
times, still retaining its activity with only 5!10K5 mol equiv.
In this case, the polymer is not commercially available and
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must be synthesised by radical copolymerisation of
N-isopropylacrylamide and the expensive diphenyl(4-
styryl)phosphine, but this is compensated for the effective-
ness of the catalyst. This methodology was applied to the
synthesis of resveratrol and was demonstrated to also work
effectively using water as a solvent.206b

The polystyrene-supported palladacycle 24 was obtained in
20% overall yield after six steps from 4-methylaceto-
phenone.207 This catalyst (0.002–0.05 equiv) promoted the
Heck reaction of methyl acrylate with iodobenzene and aryl
bromides containing either electron-rich or electron-with-
drawing groups, in the presence of NaOAc in DMA at
100 8C for 8–48 h in excellent yields (92–99%). In a model
reaction, the yield of the product was O80% after recycling
the catalyst four times using ether as the solvent to
precipitate the catalyst.

Plenio et al. reported the synthesis of a polymer-enlarged
catalyst formed from (1-Ad)2P-substituted poly(methyl-
styrene) (25) and a suitable palladium source [Pd(dba)2].208

The polymer 25 was obtained by anionic polymerisation of
4-methylstyrene, bromination and reaction with (1-Ad)2PH.
The catalyst (0.5 mol%) was utilised in the coupling of
4-bromoacetophenone, 4-bromoanisole and bromobenzene
with n-butyl acrylate in NMP–Pr2

i NH at 100 8C for 16 h.
The coupling yields were 80–87%, but, the catalyst could
not be recycled, since attempting nanofiltration in the highly
polar and aprotic medium resulted in severe membrane
damage.

Poly(vinylpyridine) nanospheres were used by Thompson
et al. as a stable support for dispersing polymer-stabilised
palladium nanoparticles (1–4 nm) by a one-step adsorption
from colloidal solution.209 Monodispersed nanospheres
were prepared by emulsifier-free emulsion polymerisation
techniques under free-radical initiation of the monomer with
4 wt% divinylbenzene as the cross-linking agent. The
catalyst (0.1 mol%) was successfully applied to the
coupling of 4-nitrobromobenzene and n-butyl acrylate in
DMA and Et3N at 120 8C for 12 h. The catalyst was found to
be air-stable and did not show any decrease in activity after
six months stored in air. Although there was no substantial
palladium loss or swelling under the reaction conditions, the
coverage and palladium loading over the beads were
relatively higher, compared to those of Antonietti’s system
described below (see Section 7.2.1). It would be interesting
to know about the scope of the catalytic system when
applied to other halorarenes and olefins.

The palladium complex supported on Tenta Gelw resin 26
(Chart 8), containing a pyridylbis-N-heterocyclic carbene
ligand derived from isonicotinic acid, could be recycled up
to 14 times (by filtration, washing and drying) in the Heck
coupling of iodobenzene and methyl acrylate.210 The
different cycles were carried out with 1 mol% 26, Et3N
and DMA at 165 8C for 48 h under an inert atmosphere to
avoid Pd black formation. Very low levels of palladium
leaching from the resin were detected. The reaction
conditions are, however, still rather harsh (165 8C, sealed
tube, 48 h) and the methodology seems to be restricted to
only iodobenzene and methyl acrylate. Buchmeiser et al.
have reported the synthesis of new polymer-supported
palladium(II)bis(3,4,5,6-tetrahydropyrimidin-2-ylidenes) of
the type 27 (Chart 8), derived from Merrifield resin, Wang
resin and crosslinked poly(norbor-2-ene).211 These sup-
ported catalysts were used in the Heck reaction of n-butyl
acrylate and styrene with various aryl iodides and bromides
in DMA at 145 8C. No general trend in terms of optimum
support was, however, observed under the chosen con-
ditions, most of the yields being rather low. The strong
variations in reactivity seem to support the coupling
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reactions proceeded via supported species. In addition,
catalyst deactivation and leaching of palladium were
observed when re-used, this precluding any possible catalyst
recycling.

Chitosan or poly[b-(1–4)-2-amino-2-deoxy-D-glucan] is
produced by deacetylation of chitin, a major naturally
occurring biopolymer. Recently, different groups have used
it as a support in the palladium-catalysed Heck reaction.
Macquarrie et al. modified chitosan by the introduction of a
palladium iminopyridyl complex.212 The resulting complex
28 catalysed the reaction of iodobenzene and n-butyl
acrylate, in the presence of Et3N, giving n-butyl cinnamate
in 82% yield after 42 h at 100 8C (for a substrate-to-Pd
molar ratio of 1325). The coupling of styrene and
bromobenzene was accomplished at a substrate-to-Pd ratio
of 1420, giving stilbene in 88% yield after 42 h. By
doubling the amount of catalyst, the reaction times were
reduced by 50%. But the possibility of catalyst recycling
was not explored in the Heck reaction. A chitosan-
immobilised palladium(0) complex was prepared by other
workers by refluxing chitosan with PdCl2 in EtOH and this
was also applied to the Heck reaction with yields varying
from 12 to 99%.213 For the application of palladium on
chitosan in ionic liquids, see Section 6.2.

The inorganic and polymeric supported catalysts reported
here were demonstrated to be very advantageous from the
point of view of catalyst recycling and product purification.
The generally high reaction temperatures needed in order to
obtain reasonable conversions and the often observed
palladium leaching are still, however, the main limitations
of these methodologies.
Scheme 59.
5.2.5. Dendrimeric systems. The synthesis of dendrimers
with defined inner and outer structural elements provides
access to macromolecular materials having special proper-
ties and functions that can be useful for applications in
catalysis.214 Such materials can be at the interface between
homogeneous and heterogeneous catalysis. Dendrimers are
particularly attractive hosts for catalytically active nano-
particles since (a) the dendrimer templates yield well-
defined nanoparticle replicas, (b) the nanoparticles are
stabilised by encapsulation within the dendrimer and do not
agglomerate, (c) the nanoparticles are retained within the
dendrimer primarily by steric effects and, therefore, a
substantial fraction of their surface is unpassivated, (d) the
dendrimer branches can be used as selective gates to control
the access of small molecules to the encapsulated
nanoparticles and (e) the dendrimer periphery can be
tailored to control the solubility of the hybrid nanocompo-
site and to facilitate linking to surfaces and other
polymers.214 Metal-containing dendrimers have, however,
been scarcely prepared for use as catalysts in the Heck
reaction.

In 1997, Reetz et al. reported the preparation of a dendritic
diphosphane-metal complex from a commercially available
DAB-based (DABZ1,4-diaminobutane) polyamino dendri-
mer DAB-dendr-(NH2)16, by double phosphinomethylation
of each of the primary amino groups and metal complexa-
tion.215 Coupling of bromobenzene and styrene in the
presence of 0.125 mol% catalyst furnished 89% stilbene,
together with 11% 1,1-diphenylethylene at a conversion of
85–90% (Scheme 58). The catalyst could be recovered by
precipitation with diethyl ether and used once more with
comparable catalytic activity. Unfortunately, the selectivity
of the method is not very high.
More recently, Screttas et al. have described the synthesis of
the iminophosphane ligand, DAB-dendr-[1,2-N]CHC6H4-
PPh2]32 (DAB-32-imiphos), from the polyamino dendrimer
DAB-dendr-(NH2)32 and 2-diphenylphosphinobenzal-
dehyde, which was tested in the palladium-catalysed
reaction between p-anisyl bromide and styrene.216 The
highest conversion (93%) was achieved under the reaction
conditions specified in Scheme 59. An equimolecular
mixture of a tertiary amine and acetic acid was shown to
be superior to any other solvent tried, this solvent system
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behaving as an ionic liquid. It must be pointed out that this
catalytic system is not recoverable, due to degradation of the
ligand and extensive formation of palladium black under the
reaction conditions.

Portnoy et al. synthesised various poly(aryl benzyl ether)
and polythioether dendronised polystyrene resins in which
the terminal hydroxyl groups were esterified with
4-(diphenylphosphino)benzoic acid, followed by complexa-
tion with Pd(0) using a Pd(dba)2 precursor (Chart 9). In the
polyether series, the maximum conversion (100%), yield
(100%) and selectivity (O200) in the Heck reaction of
bromobenzene and methyl acrylate was achieved with the
third-generation-derived catalyst at 80 8C for 72 h in NMP–
Et3N.217 A similar behaviour was observed for styrene as
the substrate, although the effect on the activity and
selectivity was somewhat smaller. In the case of n-butyl
vinyl ether, three isomeric products were obtained in all
cases. Precipitation of palladium occurred during the
reaction, indicating that, probably, the catalysis is per-
formed by palladium nanoparticles stabilised inside the
dendritic matrix. In the polythioether series, the starting
monomer is not commercially available and was syn-
thesised from the corresponding oxygenated derivative.218

In this case, the third-generation of the polystyrene-
polythioether dendron/Pd(0)-phosphane (2.5% Pd) was
effective in the reaction of bromobenzene and methyl
acrylate in NMP–Et3N at 120 8C for 14 h (89% yield).
Moreover, for iodobenzenes as substrates, there was no need
for phosphino groups on the dendron, since each iso-
phthalate-derived unit in the interior of the dendron can
serve as a precursor to the pincer complex of the SCS
monoanionic tridentate ligand, which behaves as an efficient
and recyclable catalyst.
Chart 9.
Christensen et al. studied the behaviour of palladium
nanoparticles encapsulated in poly(amidoamine)
(PAMAM) dendrimers in the Heck reaction of aryl iodides
and bromobenzene with acrylic acid.219 Thus, 0.025 mol%
Pd in the form of Pd60[G4PAMAM-OH] catalysed the
coupling of different substituted aryl iodides and acrylic
acid in DMA–NaOAc at 140 8C for 12 h, furnishing the
corresponding trans-cinnamic acids in 67–92% isolated
yields. A much lower yield was obtained for bromobenzene
(35%), whereas chlorobenzene did not react. On the other
hand, the lifetime of the catalyst was not satisfactory, as a
loss of catalytic activity was observed, due to a gradual
thermal degradation of the dendrimer.

A palladium-nanoparticle-cored G3 dendrimer, derived
from Fréchet-type dendritic polyaryl ether disulfide of
generation three, was found to posses approximately 300 Pd
atoms in the metallic core and an average diameter of 2 nm,
to which were attached 14 G3 dendrons.220 These dendrons
inhibited metal agglomeration without adversely affecting
the chemical reactivity. In fact, nearly 90% of the metal
nanoparticle surface was unpassivated and available for
catalysis, for example, the Pd-G3 dendrimer (2!10K3 mol%)
catalysed the Heck reaction of iodobenzene and ethyl acrylate
in toluene-Et3N at reflux for 24 h, giving ethyl trans-
cinnamate in 75% yield. The use of styrene as the substrate,
however, led to a mixture of stilbene and 1,1-diphenylethylene
in rather low yields, 38 and 8%, respectively. The reactions
took place under homogeneous conditions, and, after removal
of the toluene and addition of ether, the Pd-G3 catalyst was
easily removed, and was shown to be stable for several
months, both as a powder and as a dilute solution in
dichloromethane.

Alper et al. developed dendritic silica-supported bidentate
phosphine ligands of the type PPh2-PAMAM-SiO2,
obtained from a commercial aminopropylsilica gel by
Michael addition of the pre-existing amino group to methyl
acrylate, amidation of the ester units with ethylenediamine,
phosphinomethylation of each terminal amino group, and
palladium complexation.221 The second-generation Pd-
PPh2-G2-PAMAM-SiO2 dendrimer showed the highest
catalytic activity and found application in the coupling of
different bromoarenes and iodobenzene with n-butyl
acrylate (Scheme 60).222 In contrast to the expected
behaviour, electron-withdrawing substituents on the arene
gave relatively low yields and conversions, while electron-
donating groups gave moderate to good yields of the
coupled products.

Kaneda et al. recently described the immobilisation of a
palladium complex catalyst within the cavity of
poly(propylene imine) dendrimers through ionic bonds.223

The peripheral groups on the third to fifth-generation of the
dendrimer were modified with decanoyl chloride and 3,4,5-
triethoxybenzoyl chloride, respectively, to give the alkyl-
ated and arylated dendrimers. The dendritic palladium
complexes catalysed the Heck reaction of iodobenzene with
n-butyl acrylate in the presence of KOAc in toluene at
100 8C, the reaction rates increasing with increasing
generations of dendrimers. The fifth-generation dendrimer
complex was also applied to the high-yielding coupling of
1-iodonaphthalene with n-butyl acrylate and styrene. It is
worthy of note that, in the reaction of p-diiodobenzene with
n-butyl acrylate, the monosubstituted product was obtained
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with 92% selectivity. The possibility of catalyst recycling in
the Heck reaction was not, however, tested.

Poly(ether imine) dendrimer peripheries were modified with
alkyldiphenylphosphine ligands and converted into
catalytically active phosphine–Pd(II) complexes.224 The
first to third-generation of dendrimeric catalysts found
application in the Heck coupling of iodobenzene with a
variety of conjugated olefins (see one example in
Scheme 61). In general, an increase in the substrate
conversion could be noticed for the first-generation
palladium catalyst, although, for styrene, the reaction was
sluggish and took longer than for any other substrate. The
catalytic performance of the regenerated catalysts
decreased, when compared to the corresponding fresh
catalyst, limiting the possibilities of their being re-used.

Dendritic poly(propyleneimine)-iminopyridyl-palladium
complexes achieved high conversions in the reaction of
iodobenzene with methyl acrylate, styrene and 1-octene.225
In particular, the pyridylimine palladium dendrimer 29
achieved high conversions in refluxing acetonitrile,
although electronic factors seem to play a decisive role in
determining the regiochemistry of the reaction. The
reactions with methyl acrylate yielded mainly b-arylated
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products, whereas 1-octene yielded a mixture of cis–trans
isomers and b,b-disubstituted compounds. At any rate, the
dendritic complex 29 exhibited a higher conversion and the
reactions proceeded faster, compared to the reaction with
the mononuclear iminopyridyl-palladium analogue or
PdCl2. Unfortunately, iodobenzene was the only aryl halide
tested and no recycling studies were carried out.

In general, the catalytic activity and selectivity exhibited by
dendrimeric systems as catalysts in the Heck reaction are
comparable, or even lower, than those observed for other
unsupported or supported systems. It is clear that the easy
separation of the catalyst by precipitation in a proper solvent
is very advantageous from the re-utilisation point of view.
The preparation of the catalysts, especially those of higher
generations, is, however, not straightforward in most cases,
involving sometimes non-commercially available substrates
and different synthetic steps with the concomitant
generation of waste.
6. Solvents

The standard Heck reaction uses a conventional solvent to
place the different components in close proximity, allowing
the reaction to take place either under homogenous or
heterogeneous conditions. Recently, however, Cacchi et al.
reported an interesting study on the Heck reaction of
butenone with aryl iodides under solvent-free conditions.226

A number of aryl iodides containing electron-donating and
electron-withdrawing substituents gave the corresponding
vinylic substitution products in good to excellent yields
(67–98%) (Scheme 62). Only iodoanisole produced the
Heck derivative in a low yield (32%). The presence of both
a proton sponge and tris-(2,4,5-trimethoxyphenyl)-
phosphane (ttmpp) was required in order to obtain the best
results, minimising the formation of hydroarylation
products. The absence of a solvent reduced the toxicity
and flammability, and simplified the work-up.
Scheme 62.

Scheme 63.
Chandrasekhar et al. found that PEG having a molecular
weight of 2000 was an efficient medium for the palladium-
catalysed Heck reaction of aryl bromides with ethyl
acrylate, styrene, and n-butyl vinyl ether.227 The reactions
were carried out with 5 mol% Pd(OAc)2 and Et3N at 80 8C
for 8–16 h (80–95% yield). Interestingly, and in sharp
contrast to the results obtained when the reaction was
performed in ionic liquids (see Section 6.2), exclusive attack
of the arylpalladium species on the b-carbon of n-butyl
vinyl ether was observed (Z/E 70:30–100:0). The reaction
mixture was extracted with diethyl ether and the PEG and
Pd(OAc)2 were solidified and subjected to subsequent runs
with a low decrease in yield (88–70% for six runs).
6.1. Supercritical fluids

Highly fluorinated compounds have been shown to have an
unusually high solubility in scCO2, and their incorporation
into phosphane-based ligands was expected to improve
the solubility of the corresponding metal complexes. The
groups of Holmes and Tumas independently reported228,229

in 1998 the first palladium-catalysed carbon–carbon
coupling reactions in scCO2 using fluorinated ligands.
Holmes et al. demonstrated that the Heck reaction of
iodobenzene and methyl acrylate in scCO2 with (C6F13-
CH2CH2)2PPh as the ligand occurred in a superior yield to
that reported for conventional solvents. Under these reaction
conditions intramolecular processes were also possible
(Scheme 63).228 Despite the work-up procedure being
easy, the reaction time was considerably long and the
fluorous ligand had to be prepared from C6F13CH2CH2MgI
and PhPCl2. Very high conversions and selectivities were
also obtained by Tumas et al. in the coupling of iodobenzene
with either methyl acrylate or styrene in the presence of
Pd(OAc)2 and the ligands, [3,5-(CF3)2C6H3]3P or
(C6F5)3P.229 In this case, a slightly lower temperature
(90 8C) and a shorter reaction time (24 h) were reported, but
applying a 5-fold pressure (345 bar).
Cacchi et al. introduced Pd/C as a catalyst in the reaction of
iodobenzene with methyl acrylate, styrene and acrylonitrile
in scCO2 to give the vinylic substitution products in
moderate to good yields (Scheme 64).230 Unfortunately,
the reaction of iodobenzene, p-iodoanisole and p-iodo-
acetophenone with butenone gave rise to a mixture of the
vinylic substitution products and hydroarylation (formal
conjugate addition) products, whereas the reaction of
p-iodoanisole with n-butyl vinyl ether afforded a mixture
of a- and b-arylation products.
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Rayner et al. demonstrated that the use of fluorinated
palladium sources for Heck reactions in scCO2 gave
superior results to those previously reported, including a
low catalyst loading at moderate temperatures and
commercially available ligands.231 Conversions of O95%
were obtained for the reaction of iodobenzene with methyl
acrylate or styrene with catalytic Pd(OCOCF3)2 or Pd(F6-
acac)2 and (2-furyl)3P as a ligand, and DIPEA as a base, at
75–80 8C for 15–17 h, under 1600 psi CO2. These catalysts,
however, gave dark precipitates in the crude product,
presumably due to metallic palladium residues obtained by
decomposition. The same group applied the above catalytic
system to significantly reduce double-bond isomerisation in
intramolecular Heck reactions (Scheme 65).232 A compara-
tive study using conventional solvents and scCO2 demon-
strated that double-bond migration was suppressed to a large
extent by using scCO2 as the reaction medium.
Scheme 65.

Scheme 66.
The group of Arai et al. has concentrated much effort on the
development of efficient Heck reactions based on the use of
multiphase catalysis and supercritical carbon dioxide.233 In
one contribution, they highlight the significant enhancement
in the solubility of the substrates in scCO2 by the addition of
a co-solvent such as water or ethylene glycol to the reaction
medium. Heck vinylation of iodobenzene with butyl
acrylate and styrene was carried out in scCO2 at 80 and
140 bar, respectively, in the presence of Pd(OAc)2, TPPTS,
Et3N and water or ethylene glycol, for 17 h. In spite of the
good catalyst stability, high selectivity and easy separation
of the reactants and products (in the organic phase) from the
catalyst (in the co-solvent phase), the conversions were very
disappointing (!29%).

The same group studied the palladium-catalysed Heck
reaction of iodobenzene and styrene in compressed CO2

(12 MPa) using different fluorinated-phosphine compounds
as ligands at 70 8C.234 Although the solubility of the
fluorinated ligands was very high in dense CO2, marginal
improvements were found in this reaction, when compared
with the non-fluorinated ligand, triphenylphosphane. The
activity exhibited by the palladium complexes was shown to
strongly depend on the type of phosphane used, following
the trend bis(pentafluorophenyl)phenylphosphaneO
triphenylphosphane, tris(pentafluorophenyl)phosphaneO
diphenyl(pentafluorophenyl)phosphane, tris(p-fluoro-
phenyl)phosphaneOtris(p-trifluoromethyl phenyl)phos-
phane, 1,2-bis[bis(pentafluorophenyl)phosphino]ethane.
This order of effectiveness was different from that obtained
in conventional organic solvents.

Ikariya et al. reported the Mirozoki–Heck arylation of
ethylene catalysed by palladium complexes bearing tri-
phenyl phosphite ligands in an scCO2–liquid biphasic
system, giving rise to a mixture of arylated products
(styrene, stilbene and 1,1-diarylethylene derivatives).235

PdCl2[P(OPh)3]2 was the best choice of catalyst for the
arylation, because of its excellent activity and suitable
solubility under the reaction conditions at 130 8C and
100 atm (Scheme 66). Very high conversions were obtained
either for iodobenzene or for the less reactive p-bromo-
toluene, using Et3N or a mixture of DBU and 1-ethylpiper-
idine as bases, respectively. Notably, the yield and
selectivity were higher in comparison with other reaction
media, the selectivity for the styrene formation being
remarkably improved with an increase in the pressure of
CO2 above the critical pressure. As an additional advantage,
the product was effectively extracted into the scCO2 phase,
because of its reasonable high vapour pressure and high
solubility in scCO2 under the reaction conditions.
Palladium nanoparticles sequestered within fifth-generation
poly(propylene imine) dendrimers, having perfluoro-2,5,8,
11-tetramethyl-3,6,9,12-tetraoxapentadecanoyl perfluoro-
polyether chains covalently attached to their periphery,
could be easily solubilised in scCO2. These dendrimer-
encapsulated catalysts (DECs) were shown to be active in
the Heck coupling of iodobenzene and methyl acrylate in
the presence of Et3N at 75 8C and 5000 psi.236 In contrast to
the other methodologies, methyl 2-phenylacrylate was
obtained as the only reaction product, instead of the
regioisomeric methyl cinnamate (Scheme 67). The high
selectivity obtained was attributed in part to the steric
environment that the dendrimer template imposes on the
reaction intermediate, although, primarily, it was suggested
to result from the scCO2 solvent. Unfortunately, this study
was limited to the coupling shown in Scheme 67, the
behaviour of other substrates remaining unknown.
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Holmes et al. showed that the combination of Pd(OAc)2

with Bu3
t P catalysed the Heck coupling of iodobenzene with

methyl and n-butyl acrylate in scCO2. This completely non-
fluorous catalytic system (5–10 mol% Pd) furnished the
coupling products in 77–92% isolated yields using Et3N or
DIPEA as bases at 100 8C for 16 h.237 Alternatively, and
taking advantage of the ability of scCO2 to plasticise
polymers, the acrylate substrate was supported on an REM
resin, which underwent a Heck reaction with iodobenzene
employing a catalytic system of Pd(OAc)2 and the highly
fluorinated phosphane, (C6F13CH2CH2)2PPh, to give (E)-
methyl cinnamate in 74% yield after resin cleavage
(Scheme 68).
Scheme 68.
The same research group carried out some investigations on
the Heck reaction in scCO2, where the base or the catalyst
were immobilised on commercially available supports.238 A
polystyrene-supported amine base (PS-NEt2) was shown to
be as effective as other CO2-soluble amine bases (e.g.,
DIPEA) in the coupling of differently substituted iodoarenes
with n-butyl acrylate using Pd(OAc)2 or Pd(TFA)2 with or
without Bu3

t P at 80–100 8C and 3000 psi for 16 h. The
novelty of this approach is based on the easy work-up, in
which both the amine and the bulk of the palladium trapped
in the polymer matrix can be removed by filtration of the
solvent, into which the CO2 reaction mixture is vented.
Successful experiments were also carried out by using a
polymer-supported phosphane catalyst, resin-PPh2-
Pd(OAc)2. It is noteworthy that, in this case, the less
reactive bromobenzene, p-nitrobromobenzene and even
p-nitrochlorobenzene reacted with n-butyl acrylate, in the
presence of tetra-n-butylammonium acetate (TBAA), to
give the expected products in good to excellent yields
(Scheme 69). Alternatively, palladium(II) acetate was
Scheme 69.
microencapsulated in polyurea, furnishing a heterogeneous
catalyst able to effectively catalyse the cross-coupling
reaction of aryl halides (iodides, bromides and chlorides)
with styrene and n-butyl acrylate in scCO2 under similar
conditions to those reported above.239 The catalyst could be
recovered by simple filtration and recycled up to four times.

Heck reactions involving various arenes and alkenes were
also studied in supercritical water at 400 8C.240 These
reactions were shown to be more sensitive to steric
hindrance and electronic effects than the analogous
reactions in organic solvents. Supercritical water promoted
the loss of alkene functionality to a much greater extent than
normal organic conditions. Bromide, chloride, carboxylate
and, to some extent, hydroxyl losses were all observed in
scH2O. Moreover, hydrogenolysis and hydrogenation
processes were favoured under these supercritical con-
ditions, leading to increased side products and, therefore, to
a poor selectivity.

It is worthy of note that the Heck coupling of iodobenzene
with styrene could be promoted in scH2O without using any
catalyst.241 The conversion reached 70% within 10 min in
the presence of KOAc as a base, the yield of stilbene being
56%, as a 1:4 mixture of cis- and trans-diastereoisomers.
Again, the selectivity was very low and, therefore, these
reactions in scH2O, although very interesting, seem not to be
very practical.

From the information presented in this section, it can be
inferred that the main advantage of using SCFs is the easy
work-up. No liquid–liquid partition is necessary, since a
simple pressure change in the sc reactor allows the gaseous-
liquid reaction medium to be vented. On the other hand, it
must be taken into account that an expensive stainless steel
reactor with sapphire windows is needed to perform
reactions in sc media and the CO2 or H2O used must be of
a very high purity, which consequently increases their
prices. The presence of fluorinated compounds, dendri-
meric-encapsulated catalysts, or polymer-supported sub-
strates and reagents normally increases the reactivity in the
sc system and facilitates the purification step. Additional
synthetic chemistry is, however, needed for their
preparation. Finally, and in contrast with the supported
catalysts described in the previous section, there is a lack of
information about the possibility of catalyst recycling in
most of the sc systems studied, which, in our opinion, must
be a very important topic to be taken into account in any
new non-conventional methodology developed.

6.2. Ionic liquids

Ionic liquids have been widely studied as alternative
solvents in the Heck reaction, since the pioneering work
by Kaufmann et al. in 1996.242 In particular, ionic liquids
such as 1-butyl-3-methylimidazolium hexafluorophosphate
([bmim][PF6]) are virtually insoluble in water and alkanes,
but dissolve many transition metal catalysts. Such biphasic
liquid systems enable the products of the reaction to be
separated from the ionic liquid and catalyst by solvent
extraction with an organic solvent or by distillation from the
reaction vessel. Furthermore, if a hydrophobic IL is chosen
(e.g., [bmim][PF6]), then water can also be used as an
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extraction solvent to remove the salt by-products formed in
the reaction.

Kaufmann et al. found that Heck reactions proceeded in a
melt of hexadecyltri-n-butylphosphonium bromide, tetra-n-
butylammonium bromide and tetra-n-octylammonium
bromide with high efficiency.242 Different palladium(0)
catalyst precursors such as (Ph3P)2PdCl2, PdCl2 or
Pd(OAc)2 were appropriate for the Heck reactions without
additive ligands. Bromobenzene and p-methoxybromo-
benzene reacted with n-butyl acrylate in high yields in the
presence of Et3N at 100 8C, chlorobenzene did not react
under these conditions, whereas p-nitrochlorobenzene gave
a 52% yield of the expected product. The observed activity
for these reactions was explained by a stabilising effect of
the palladium(0) by the phosphonium or ammonium salts.

Later, in 1999, Earle et al. reported the Heck reaction in a
number of low-melting-point N,N 0-dialkylimidazolium or
N-alkylpyridinium ILs with halide, hexafluorophosphate, or
tetrafluoroborate anions. For the cations, 1-butyl-3-methyl-
imidazolium (bmim), 1-n-pentyl-3-methylimidazolium
(pmim), or N-n-hexylpyridium (HexPy) species were
chosen.243 The Heck reaction of iodobenzene and ethyl
acrylate in ionic liquids with 2 mol% Pd(OAc)2 in the
presence of Et3N or NaHCO3 furnished trans-ethyl
cinnamate in excellent yields. For the reactions carried out
in the chloride salts, the N-n-hexylpyridinium salts led to
higher yields than the corresponding reactions in imidazo-
lium salts. The reactions carried out in hexafluorophosphate
or tetrafluoroborate ILs needed higher temperatures, the
tetrafluoroborate IL giving the higher yields. In contrast to
the chloride-based systems, the addition of a phosphine
ligand (such as Ph3P) promoted the reaction in the
imidazolium salt, [bmim][PF6]. Even more interesting was
the use of benzoic anhydride as a source of the aryl moiety,
since a base was not required for the reaction and the by-
products were CO2 and CO. The reaction of n-butyl acrylate
with benzoic anhydride gave trans-n-butyl cinnamate in 90–
95% yield. A considerable difference in reactivity was
observed between imidazolium and pyridinium ILs,
although relatively high temperatures were needed in both
cases (Scheme 70). Typically, the product and by-product
could be extracted with ether and fresh reagents could be
added to re-use both the IL and the catalyst.
Scheme 70.

Scheme 71.
In almost parallel studies, Howarth et al. demonstrated that
the IL, [bmim]PF6, could replace DMF in the Heck coupling
of aryl bromides and iodobenzene with methyl acrylate.244
The reactions were performed with Pd(OAc)2 and Ph3P in
the presence of NaOAc as the base at 140 8C for 17 h,
affording the corresponding cinnamates exclusively as the
E-isomers. It is worthy of note that the products could be
distilled under high vacuum directly from the reaction
mixture, after separation from the aqueous layer, avoiding
the use of an extraction solvent. Both the solvent and
catalyst were re-usable several times.

Herrmann et al. carried out a detailed study on the Heck
vinylation of aryl halides using non-aqueous ILs.245 In
particular, TBAB improved the catalyst efficiencies,
compared to all of the previously described molecular
solvents. The phospha-palladacycle 30 (Herrmann’s cata-
lyst), or even the less active PdCl2, were able to catalyse the
coupling of chloroarenes, bromoarenes, iodoarenes and
benzoic acid anhydride with n-butyl acrylate, different
substituted styrenes, n-butyl vinyl ether and the disubsti-
tuted a-methyl-n-butyl acrylate (Scheme 71). In general, the
activity for the electron-rich n-butyl vinyl ether and
4-methoxystyrene was lower. Electron-rich substrates
(e.g., p-bromoanisole) favoured a-arylation, whereas
electron-poor aryl derivatives (e.g., p-bromoacetophenone)
strongly favoured b-arylation. Perhaps one main incon-
venience of this methodology is the low regio- and
stereoselectivity achieved in those cases. The excellent
yields obtained in the coupling of chloroarenes with styrene
(except for p-chloroanisole) must, however, be highlighted.
The insoluble by-products such as NaBr and palladium
black could be separated by filtration after several recycling
runs, whereas the soluble catalyst and the [NBu4

n]Br could
be re-used, although a decrease in the product yields was
observed. An additional inconvenience was that careful
drying and degasification of the IL was necessary for
optimum results.
Xiao et al. studied the olefination of aryl halides in [bmim]
[Br] and [bmim][BF4] by heating (90–125 8C) a mixture of
the aryl halide and an acrylate or styrene, in the presence of
NaOAc and 1 mol% Pd(OAc)2, in the IL for 24 h.246 As
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expected, the reactions proceeded more efficiently with aryl
iodides and activated aryl bromides, whereas a low or no
conversion was observed for the less reactive bromobenzene
and chlorobenzene, respectively. The coupling reactions
were found to be markedly more efficient in [bmim][Br]
than in [bmim][BF4], decomposition of the latter salt being
observed with the formation of palladium black. The most
important feature of this publication is, however, the finding
that the IL, [bmim][Br], reacts readily with Pd(OAc)2 to
give N-heterocyclic carbene complexes of palladium, which
are active catalysing the Heck reaction. The carbene
complex 31 was isolated as a mixture of rotamers and
applied, under similar conditions to those used with
Pd(OAc)2, to the olefination of iodobenzene and
p-bromobenzaldehyde by acrylates in [bmim][Br]
(Scheme 72). Surprisingly, complex 31 showed a very low
activity in the Heck reaction in [bmim][BF4].
Scheme 72.

Scheme 74.
Calò et al. synthesised a palladium catalyst 32 with
benzothiazole carbenes as ligands, which proved to be
effective for a variety of Heck reactions in ILs.247 Thus,
1 mol% of catalyst at 130 8C and 2% of sodium formate (as
reducing agent for palladium) in TBAB as solvent catalysed
the coupling of aryl bromides and n-butyl acrylate in the
presence of NaHCO3 as a base for 1–5 h, to furnish the
corresponding cinnamic esters in high yields (85–95%).248

Even p-nitrochlorobenzene gave the nitrocinnamic ester in
95% yield after 1 h. Styrene also reacted with 4-bromo-
toluene in !2 h under the above-mentioned conditions, but
leading to a 9:1 mixture of trans-4-methylstilbene and 1-(4-
methylphenyl)-1-phenylethene, respectively. The same
catalytic system was applied to the coupling of trans-
cinnamates with both electron-rich and electron-poor aryl
bromides and p-nitrochlorobenzene, affording the tri-
substituted olefins with 100% conversion, but with very
poor stereoselectivity.249 Several b,b-diarylacrylates were,
however, obtained in a one-pot synthesis by the reaction of
an excess of aryl bromides with n-butyl acrylate under the
above conditions (Scheme 73).
The problem of the low diastereoselectivity observed in the
reaction of trans-cinnamates with aryl halides (mainly aryl
bromides) was overcome by using palladium nanoparticles,
generated by the reaction of catalyst 32 or Pd(OAc)2 with
TBAA dissolved in TBAB.250 The corresponding b-aryl-
substituted cinnamic esters were obtained in excellent yields
and remarkable diastereoselectivity (see one example in
Scheme 74). The observed stereoselectivity was ascribed
not only to a better solubility of TBAA in TBAB, but also to
an intramolecular neutralisation of PdH, still ligated to the
olefin, by an acetate ion in the metal coordination shell
through a five-membered transition state. The absence of
acetate in the coordination shell would allow the PdH
isomerisation, leading to a thermodynamic mixture of
isomeric olefins. This palladium nanoparticle-catalysed
Heck arylation was extended to n-butyl methacrylate and
a-methylstyrene. Unfortunately, a 3:1 mixture of regio-
isomers was obtained in favour of the terminal olefins,
together with variable amounts of double-arylated
products.251
Closely related to the work described above, Cacchi et al.
conducted the coupling of aryl iodides and methyl
cinnamate with catalytic Pd(OAc)2 in a molten TBAA–
TBAB mixture at 100 8C, obtaining the corresponding
b-aryl-substituted cinnamic esters also with excellent (E)-
stereoselectivity.252

Catalyst 32 also allowed the reaction of various bromo-
aromatics with hydroxymethylenealkanoates to give
b-arylketones, but not the expected Heck products, b-
oxoalkanoates (Scheme 75).253 The exclusive formation of the
former ketones was rationalised in terms of a fast decarbo-
methoxylation in TBAB of the expected b-oxoalkanoates.
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The catalyst could be recycled maintaining a roughly equal
activity after three cycles.

The group of Xiao et al. focussed on the palladium-
catalysed arylation of the electron-rich olefin, n-butyl vinyl
ether, in the IL, [bmim][BF4], using aryl iodides and
bromides as the arylating agents.254 The reactions
proceeded with excellent conversion, yield and regio-
selectivity, regardless of the nature of the substituents on
the aromatic ring, giving exclusively the a-arylated
products, which were hydrolysed to the corresponding aryl
methyl ketones (Scheme 76). Although the reaction
conditions were relatively mild (80–120 8C), 2 equiv of
dppp were needed for maximum efficiency. It was suggested
that an IL effect stabilising the active palladium-phosphine
species was involved in these reactions.
Scheme 76.

Scheme 78.
Recently, Kabalka et al. have reported the palladium-
catalysed reaction of methyl acrylate and methyl acrylo-
nitrile with arenediazonium salts in the IL, [bmim][PF6].255

The reactions could be performed at room temperature for
methyl acrylate and at 50 8C for acrylonitrile in the absence
of base and in relatively short reaction times (Scheme 77).
The catalytic system was recycled at least four times
without loss of activity, although electron-rich olefins did
not react and styrenes produced dimerisation products.
Scheme 77.

Scheme 79.
The phosphonium salt IL, trihexyl(tetradecyl)phosphonium
chloride, proved to be an excellent medium for the Heck
reaction of aryl iodides and bromides with acrylates and
styrene with catalytic Pd(OAc)2 (1–4 mol%), NaOAc–H2O
or Et3N at 50–100 8C for 2–4 h.256 The products were
obtained in very high yields (81–99%) with complete
stereo- and b-regioselectivity. The IL layer containing the
palladium catalyst was used in three consecutive recycled
rounds with a low decrease in activity (98–94%).

Substituted benzofurans were obtained in modest to good
yields by palladium-catalysed intramolecular Heck reaction
in [bmim][BF4] (see one example in Scheme 78).257 It
seemed that the less hindered the double bond or the better
the aryl leaving group, the lower the yield of the benzofuran.
In general, the yields of the substrates with a substituent on
the aryl group were lower, although the character of the
substituent did not have a significant effect on the reaction
yield. The catalyst in the IL phase could be re-used by the
addition of another portion of substrate, Bu3

nN and
HCO2NH4, the catalytic activity varying from 71 to 57%
after four cycles.
The low viscosity IL, [bmim][NTf2], exhibited a compar-
able efficiency to the frequently used high-viscosity ILs,
such as [bmim][PF6] and [bmim][BF4], in the coupling of
aryl iodides with n-butyl acrylate using a palladium-carbene
complex as catalyst (Scheme 79).258 After separation of the
product by a triphasic workup (hexane-water-IL), the IL
phase containing the palladium catalyst was recycled for six
runs without any detectable loss of activity. Despite the high
yields obtained for the trans-cinnamates, no information
was provided about the possibility of application to other
aryl halides or electronically different olefins. This
methodology was extended to a microflow system with
efficient catalyst recycling for the coupling of iodobenzene
with n-butyl acrylate (see also Section 8.2).259
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The first ultrasound-promoted Heck reaction in ILs at
ambient temperature (30 8C) was reported by Srinivasan
et al.260 The reaction took place smoothly for the coupling
of iodobenzenes with methyl acrylate, ethyl acrylate and
styrene to furnish the corresponding trans products in short
reaction times and high yields (Scheme 80). The products
were separated from the catalyst by extraction with 10%
EtOAc in petroleum ether, leaving the palladium catalyst in
the dissolved state in the immiscible ionic liquid. The
recovered catalyst as a solution in the IL was re-used up to
three times without loss of activity. The products, however,
required further purification by column chromatography.
Under the sonochemical conditions, the conversion of a
Pd-biscarbene complex to a highly stabilised cluster of zero-
valent palladium nanoparticles was also stablished.
Scheme 80.
Microwave heating in sealed tubes was found to accelerate
the Heck arylation of iodobenzene and different aryl and
heteroaryl bromides with n-butyl acrylate and n-butyl vinyl
ether in ILs (Scheme 81).261 The presence of (o-Tol)3P was
necessary for the coupling with n-butyl acrylate, whereas
the bidentate ligand dppp controlled the internal arylation of
n-butyl vinyl ether. The ionic catalyst phase could be
recycled at least five times.
Scheme 81.

Scheme 82.
Pd/C (3 mol%) was found to disperse well in [bmim][PF6]
and to catalyse the Heck reaction of aryl iodides and
bromides with olefins (acrylonitrile, styrene, methyl
acrylate, methyl vinyl ketone and ethyl vinyl ketone) in
the presence of Et3N at 100 8C for 1–24 h.262 The yields
obtained ranged from moderate to high, except in the case of
the vinyl ketones, where they were low. The products were
extracted by stirring with n-hexane or diethyl ether,
followed by decantation. The IL containing Pd/C could be
re-used although a certain decrease in the yields was
observed, due to accumulation of triethylammonium iodide.
Washing the IL with water, however, recovered the catalytic
activity to the same level as in the fresh system. A Pd(II)/
SiO2 catalyst with 2 equiv of Et3N in [bmim][PF6] was
shown, in general, to be more active than Pd/C and Pd(0)/
SiO2 in [bmim][PF6], or supported palladium catalysts in
DMF, for the Heck reaction of iodobenzene and 4-methyl-
iodobenzene with alkyl acrylates.263 The easy product
separation and catalyst recycling without loss of activity are,
again, the main advantages of this study.

More recently, Perosa et al. reported a 10-fold acceleration
in the Pd/C-catalysed Heck coupling of aryl iodides with
electron-deficient olefins and styrene in the presence of the
liquid phase-transfer catalyst, Aliquat 336 (A336) and Et3N
at 100 8C.264 This enhancement was also observed when
A336 was used in catalytic amounts in a multiphase
isooctane-water system. Under these conditions, A336
forms a third phase that allows the catalyst, products and
reagents and the base (Et3N), to be kept separate. The
reaction seems not to be of general applicability, however,
since the conversion and product distribution are very
dependent on the substituents on the aryl moiety and the
olefin. Aryl bromides reacted even more sluggishly, only the
more reactive bromides undergoing the Heck reaction.

Pd/C (3 mol%) was used in conjunction with the ionic
liquid, 1-octanyl-3-methylimidazolium tetrafluoroborate
and microwave heating in the absence of phosphane ligands
for the coupling of aryl halides with acrylates and
styrene.265 Despite the possibility of re-using the catalytic
system and the short reaction times (1.5–2.0 min), good
product yields were only achieved for very specific
activated substrates, aryl chlorides being very reluctant to
couple, even on increasing the power of the microwave
radiation and the reaction time.

Muzart et al. described the Heck coupling of aryl iodides
and bromides with allylic alcohols at 80–120 8C in molten
TBAB using NaHCO3 as base and PdCl2 as catalyst without
extra ligands, leading to the corresponding b-arylated
carbonyl compounds regioselectively and in moderate
yields.266 No reaction was observed with chlorobenzene
or employing benzoic anhydride as the arylating agent,
whereas re-use of PdCl2 and TBAB in the reaction with
iodobenzene exhibited an important decrease in the isolated
yield. Nonetheless, a successful application of this
methodology to the synthesis of the nonsteroidal anti-
inflammatory drug, nabumethone, was reported
(Scheme 82).
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The new palladium complex 33 was synthesised by Alper et
al. and proved to be an effective catalyst for the Heck
reaction using [bmim][PF6] as the solvent under phosphane-
free conditions (Chart 10).267 The versatility of the complex
33 was demonstrated in the high yields and conversions
achieved in the coupling of bromobenzene, iodobenzene
and a variety of iodoarenes containing electron-withdrawing
or electron-donating substituents with several alkyl acryl-
ates, t-butyl vinyl ether, styrene and 4-chlorostyrene. The
reactions were generally performed with 2 mol% 33 and
1.5 equiv of Et3N, in [bmim][PF6] at 120 8C, giving
exclusively the corresponding (E)-cinnamates. In addition,
a double Heck reaction could be effected, either by using an
excess of iodoarene, or sequentially (with different types of
arenes), leading to b,b- or b,b 0-diarylacrylates, respectively.
The catalytic system was recycled five times without any
loss of catalytic activity, the only inconvenience being that
the complex has to be prepared in three steps (30% overall
yield) from N-methylimidazole, although it is insensitive to
oxygen or moisture. The cyclopalladated complex 34 also
exhibited a good performance in the coupling of iodoarenes
with methyl acrylate in [bmim][BF4] (Chart 10). In this
case, the catalyst was recycled more than ten times,
maintaining a satisfactory catalytic activity.268
Chart 10.

 

Scheme 84.
Zou’s group has reported an aqueous-ionic liquid biphasic
reaction medium based on high-melting-point hydrophobic
alkylammonium tetrafluoroborates and its application to the
Heck reaction with a ligandless palladium catalyst.269 Thus,
2 mol% PdCl2 in a water- or toluene-ammonium biphasic
system (ammoniumZBu4

nN or C5H10NBu2
n) catalysed the

Heck coupling of iodobenzene with n-butyl acrylate, in the
presence of K2CO3 or Et3N, giving the expected trans-
cinnamate in 84–93% yield. Bromobenzene was, however,
almost inactive and re-use of the catalytic system remained
unclear.

Handy et al. have utilised fructose as the starting material
for the preparation of a new class of room temperature ILs,
which were obtained in four steps (about 45% overall yield)
as a 9:1 mixture of regioisomers.270 The behaviour of these
ILs was excellent in the Heck reaction of three aryl iodides
and methyl acrylate at 100 8C (Scheme 83). The reactions
were fast (about 1 h) and the catalytic system could be
recycled up to five times, by extracting the cinnamate
products with cyclohexane, maintaining the original high
performance. Unfortunately, the reaction was limited to
iodoarenes, with no reaction being observed for bromo-
benzene, even at 140 8C. When compared with the [bmim]
salts, the IL 35 showed a slower reaction rate, although the
magnitude of this difference was less than a factor of two.
An interesting accelerating effect of catalytic amounts of
certain halide ions on the coupling of iodobenzene and
methyl acrylate was observed.271

The chitosan support described in Section 5.2.4 was also
utilised by Calò et al. to immobilise palladium nanocolloids
that were applied to the Heck reaction of iodobenzene, aryl
bromides and activated aryl chlorides with n-butyl acrylate
in TBAB as solvent and TBAA as base at 100–130 8C
(Scheme 84).272 The reactions were very fast (15 min in
most cases) and gave very high yields of products, which
were extracted with cyclohexane, leaving both the IL and
catalyst ready to be recycled. Unfortunately, the efficiency
of the catalyst decreased after each cycle, with concomitant
leaching of palladium from the complex.
New catalysts have been recently developed with the aim of
increasing their ionophilicities by the introduction of an
imidazolium group covalently attached to the rest of the
palladium complex. Corma et al. reported the four-step
synthesis of complex 36, which was soluble in [bmim][PF6]
and not extractable by ether.273 Unfortunately, the catalytic
activity of this palladium complex was unsatisfactory,
providing very low yields (!26%) in the coupling of
halobenzenes with styrene (NaOAc as a base at 130 8C). A
marginal increase in the catalytic activity was observed
when the reaction was performed in [bmim][PF6]-scCO2,
which reduced the medium viscosity. The low activity of
complex 36 was attributed to the poor stability of
imidazolium ILs to bases.
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Shreeve et al. showed that the monoquaternary product of 2,
2 0-biimidazole with iodobutane was an IL that could act
both as a solvent and a ligand in the palladium-catalysed
Heck reaction.274 The palladium complex prepared from the
ionic liquid 37 and PdCl2, 38, gave good to high yields (75–
91%) in the coupling of iodo- and chlorobenzene with
methyl acrylate and styrene (2 mol% 38, Na2CO3, IL 37,
100 8C, 4 h). The products were easily separated from the
reaction mixture by simple extraction with ether. The
catalyst-IL could be recovered by washing with water to
remove the sodium salt and drying under vacuum before
using. The high performance exhibited by the catalytic
system even after ten cycles and using the less reactive
chlorobenzene, must be highlighted.

Hardacre et al. carried out an interesting investigation on the
palladium species present during the Heck reaction in room
temperature ILs based on XAFS.275 A variety of ILs was
tested using palladium ethanoate as a palladium metal
source and their behaviour was studied in the presence or
absence of the reagents or a phosphane. In general,
palladium clusters of diameters between 0.8–1.6 nm were
formed, the size and stability of which varied according to
the system in which they were present. The stabilising effect
exerted by the IL on the palladium clusters allowed
complete recyclability and simple product separation
without the incorporation of palladium in the product or
the loss of catalyst from the reaction medium.

It can be concluded in this section that the Heck reaction
based on the use of ILs is clearly advantageous from the
point of view of product separation and re-use of
the catalytic system. The overall effect is a reduction in
the number of separation steps required, the product being
directly distilled in some cases from the IL without any
solvent extraction. In addition, most of the reactions can be
performed in the absence of added phosphane ligands. We
must not, however, ignore other features of these solvents
that can curtail their use, above all on a larger scale. ILs are
rather expensive solvents and are therefore used in small-
scale reactions, normally involving 1–2 g of the IL. Careful
drying and degasification of the IL were also necessary in
order to achieve good results. Moreover, and especially
when Et3N is used as a base, by re-utilising the catalytic
system it becomes more viscous, due the high concentration
of triethylammonium salts. Therefore, further washing with
water and drying in vacuo is required in order to return the
IL to its original state.
6.3. Fluorous media

The Heck reaction in fluorous systems is a very young field
of research, as demonstrated by the fact that practically all
the related reports have been published in the 21st century.
The pioneering work in this field was described by Sinou et
al. in 1999,276 this group carrying out the palladium-
catalysed reaction of aryl iodides with methyl acrylate in a
biphasic system with the perfluorocarbon-soluble triaryl-
phosphanes 39–41 (Scheme 85). The fluorous-soluble
palladium complexes were prepared by stirring Pd2(dba)3

or Pd(OAc)2 and a solution of the perfluorinated phosphanes
in the perfluorinated solvent D-100 (mainly n-perfluoro-
octane). An acetonitrile solution of the aryl iodide and
methyl acrylate was added, the biphasic system being stirred
at 80 8C for 4 h. The coupling product, in the acetonitrile
phase, was easily separated by decantation, whereas the
palladium catalyst remained in the fluorous phase. Both the
conversion and selectivity where high in the first run, but a
decrease in the conversion was observed after recycling of
the catalyst, due to the formation of some metallic
palladium or the loss of the perfluorinated ligand in the
acetonitrile phase.
A fluorous biphasic system was also used for intramolecular
Heck reactions after RCM of a series of N-alkenyl-N-allyl-
2-bromo- or -2-iodobenzenesulfonamides. The correspond-
ing bridged-ring systems were obtained in 0–67% yield after
treatment of the RCM products with 10 mol% Pd(OAc)2,
20 mol% 40 and 2 equiv of Tl2CO3 in the perfluorous
system at 110 8C for 16 h.199 The yields were lower in
comparison with those obtained with a PS-bound palladium
catalyst. As already mentioned in Section 5.2.4, the use of
2 equiv of Tl2CO3 is a clear disadvantage in this
methodology, due to its high toxicity (mutagen and
reproductive effector).
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The group of Moreno-Mañas and Pleixats discovered the
stabilisation effect exerted by fluorous compounds on
palladium nanoparticles and studied their activity as
recoverable catalysts under fluorous biphasic conditions in
the Heck reaction of iodobenzene with ethyl acrylate, ethyl
cinnamate and cinnamonitrile.277 The palladium nano-
particles, generated from the ligand, 1,5-bis[4,4 0-bis(per-
fluorooctyl)phenyl]-1,4-pentadien-3-one and PdCl2 using
MeOH as the reducing agent, were shown to be soluble in
perfluorinated solvents through the stabilisation by the
fluorinated ligand. The reaction with ethyl acrylate
proceeded in 49–71% yield for five consecutive runs
(Scheme 86), whereas the reactions with ethyl cinnamate
and cinnamonitrile did not reach completion, the final
product being accompanied by the starting alkene and minor
amounts of biphenyl. Despite the ligand being easily
prepared by aldol condensation of 4-perfluorooctylbenzal-
dehyde with acetone, the former starting material was not
commercially available and had to be prepared in three steps
from methyl 3-iodobenzoate.
Scheme 86.

Scheme 87.
The palladacycles 42 and 43, which were prepared by Gladysz
et al. in seven steps from p-iodobenzaldehyde, behaved as
catalyst precursors in the Heck reaction of aryl bromides and
iodides with methyl acrylate and styrene.278 The turnover
TONs numbers exceeded 106 with iodobenzene under
homogeneous conditions, in the presence of Et3N at 140 8C
and in the absence of fluorous solvents, freshly distilled DMF
being used. The catalytic system could be recycled after the
addition of the fluorous solvent, n-C8F17Br, to give a biphasic
system, albeit with a progressive loss of activity being
observed after each cycle. Transmission electron microscopy
indicated the formation of soluble, highly active palladium
nanoparticles. The most important feature of this catalytic
system is the remarkable TONs achieved, although its re-use is
not as effective as desired and the synthetic route for the
ligands is rather long.
New bidentate, fluorous-tagged 1,3-bis(diphenylphosphino)
propane (F-dppp) ligands were synthesised by Curran, et al.
and their efficiency was checked in the Heck vinylation of
enamides and arylation of n-butyl vinyl ether.279 As an
example, the Heck reaction of the enol triflate derived from
4-tert-butylcyclohexanone with the electron-rich enamide,
N-methyl-N-vinylacetamide, was conducted under the
conditions specified in Scheme 87, in the presence of the
F-dppp ligand 44. The performance of this ligand was very
similar to that of the nonfluorous dppp, although the
selectivity was slightly lower. The free ligand, palladium-
complexed ligand and oxidised ligand were all removed
from the reaction medium by direct solid fluorous phase
separation using the MeOH–H2O eluting system. The
MeOH was removed under reduced pressure and the salts
were withdrawn by water–ether extraction. Unfortunately,
attempts to re-use the isolated phosphine mixture as the
catalytic mixture in a second vinylation failed, with no Heck
product being detected. The ligand 44 was also shown to be
as effective as dppp in the internal arylation of n-butyl vinyl
ether with 1-naphthyl triflate (100% conversion, O99:1
selectivity, 5 h), whereas F-dppp ligands bearing larger
fluorous tails reduced the reaction rate and selectivity. The
synthesis of the F-dppp ligands was accomplished in 56–
62% isolated yields (three steps) from the corresponding
fluorinated aryl bromides, which are not commercially
available.
A fluorous chiral BINAP, (R)-F13BINAP, was prepared and
applied to the asymmetric Heck reaction between 2,3-
dihydrofuran and 4-chlorophenyl triflates in benzotrifluoride
(BTF, a,a,a-trifluorotoluene).280 The reaction rate was
lower and the enantioselectivity similar, compared to the
original reaction with (R)-BINAP. The expected coupling
product was obtained in 59% yield together with the
corresponding 2,5-dihydrofuran derivative (8%)
(Scheme 88). By carrying out the reaction in benzene or
in a benzene/FC-72 biphasic system, the enantioselectivity
was slightly higher (93% ee), but the chemical yield and
selectivity were much lower. The (R)-F13BINAP could be
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recovered, mainly as the corresponding oxide, in 70% yield
by using a fluorous reverse-silica gel. In fact, the test for
recycling of the catalyst failed, probably due to inactivation
by ligand oxidation. Therefore, this study does not
contribute to any improvement of the original work281

since the catalyst could not be recycled, the ligand had to be
synthesised, and the fluorinated solvents are rather
expensive.

The above-depicted reaction was also studied by Sinou et al.
under the same reaction conditions, but in the presence of
the ligand 45 instead of (R)-F13BINAP.282 Quantitative
conversion was observed after 89 h at 40 8C to furnish the
product, 2-(chlorophenyl)-2,3-dihydrofuran, in better
regioselectivity (97%), but worse enantioselectivity
(68%), compared with the use of the ligands, (R)-
F13BINAP or (R)-BINAP. Again, a long synthetic sequence
was needed to prepare the ligand and re-use of the catalyst
seems unclear, since ligand 45 does not contain enough
fluorine to be used in a fluorous biphasic system.

A new fluorous SCS pincer palladium complex was recently
synthesised by Curran et al. and this was shown to
efficiently promote the Heck reaction under thermal or
microwave heating.283 Aryl bromides, iodides and a single
triflate were coupled with methyl acrylate and styrene in
short reaction times and high yields at 140 8C (Scheme 89).
The catalyst could be recovered largely intact by fluorous
solid-phase extraction and re-used, either crude or after
crystallisation. The fluorous complex was prepared in three
steps (21% overall yield) from a commercially available
perfluoroalkylaryl bromide and shown to be a stable solid.

The fluorous ether, 1H,1H,2H,2H-perfluorooctyl 1,3-
dimethylbutyl ether (F-626), was used by Ryu et al. as the
sole reaction medium in the Heck b-arylation of a,b-
unsaturated acids and esters with aryl iodides, in the
presence of a fluorous palladium carbene complex (that can
be prepared in situ).284 The insolubility of the acid-type
coupling products in F626 allowed facile separation by
simple filtration, whereas, for the ester-type coupling
products, a traditional fluorous-organic biphasic work-up
using EtOH-perfluorohexanes was necessary to separate the
products and the fluorous ether F-626 containing the
fluorous catalyst. The recovered F-626 phase, containing
the palladium catalyst, was re-used for a further five runs
without any detectable loss in catalytic activity (Scheme 90).
The fluorous solvent utilised, although recyclable, is rather
sophisticated and is not readily available.
In a different context, Crooks et al. reported the preparation
of perfluorinated polyether-derivatised poly(propylene-
imine) dendrimers containing Pd0 nanoparticles by
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introducing Pd2C into the interiors of amine-terminated
poly(propyleneimine) dendrimers, which were previously
end-group derivatised (O90%) with perfluorinated poly-
ether chains.285 Two generations of dendrimer-encapsulated
nanoparticle catalysts were investigated for the coupling of
iodobenzene, bromobenzene and p-bromonitrobenzene with
n-butyl acrylate using a fluorocarbon–hydrocarbon solvent-
based catalyst recovery system. All reactions proceeded
with 100% trans-selectivity, the best result being obtained
for iodobenzene (70% yield) in the presence of Et3N (59%
in its absence) at 90 8C. Unfortunately, a large decrease in
reactivity was observed for the coupling of aryl bromides,
whereas aryl chlorides were unreactive. The nanoreactors
were recovered after each reaction, the fluorous phase
retaining the dark-coloured catalyst with no palladium
leaching. The catalytic activity decreased significantly,
however, upon successive recovery-catalysis cycles, prob-
ably due to changes in the morphology of the palladium
nanocluster surface.

From the information presented above, it can be concluded
that the application of fluorous media methodologies
requires the preparation of the perfluorinated ligands, in
most cases through long synthetic pathways and from
relatively expensive starting materials. The fluorinated
solvents used are also rather expensive and are not always
readily available. In addition, the recycling of the catalyst
through the fluorous biphasic technique is not always as
effective as expected, and this difficulty cannot compensate
the economic and time investment in theses methodologies.

6.4. Aqueous solvents

The pioneering work in this field was carried out by
Beletskaya et al. in 1989.286 Her group discovered that the
palladium-catalysed coupling reaction of aryl halides with
acrylic acid and acrylonitrile in the presence of a base
(NaHCO3 or K2CO3) in water at 80–100 8C provided a
novel and efficient method for the synthesis of substituted
cinnamic acids and cinnamonitriles in high yields. The
reactions could be carried out alternatively faster and at a
lower temperature (50–60 8C) using KOAc as a base.

Since then, the transition-metal-catalysed Heck reaction in
aqueous solvents has been developed following three major
protocols: (a) methods without phosphane ligands using
transition-metal salts in neat water or aqueous organic
solvents, (b) aqueous phosphane-assisted methods using
hydrophilic phosphane ligands in aqueous organic solvents
and (c) recyclable phase-separation methods using hetero-
geneous systems with the aqueous phase holding the
catalyst, and the hydrophobic organic phase holding
the stock of substrates and receiving the products of the
reaction. Some other protocols involving the use of
superheated or subcritical water were also reported, but
showed, in general, very poor selectivity.287

This subject has been properly tackled in the multiple
reviews which have essentially covered the bibliographic
data published until 2000.42,43 Therefore, and in order to
avoid an oversized review, we will deal only with the most
representative publications which have appeared since
2001.
One of the most attractive protocols uses neat water as
solvent in the presence of a proper phase-transfer agent. In
this context, Xia et al. used PEG both as a polymeric support
and phase-transfer catalyst for the Heck coupling of PEG-
supported 4-iodobenzoate with styrene and acrylic acid.288

The reactions were performed with 5 mol% Pd(OAc)2 and
Na2CO3 in water at 60 8C for 1–4 h, and, after resin
cleavage, afforded the expected products in 94 and 76%
yield, respectively.

The combination of water as solvent with microwave
irradiation proved to be very efficient in the coupling of a
series of aryl iodides (ArI, ArZp-HO2CC6H4, p-O2NC6H4,
o-O2NC6H4, p-MeC6H4) with styrene, methyl acrylate and
acrylic acid,289 5 mol% Pd(PPh3)2Cl2 being used as catalyst,
together with TBAB and K2CO3 in water under MW
irradiation (375 W) for 10 min in an argon atmosphere. The
work-up of these reactions was readily carried out by simple
extraction with diethyl ether, the coupled products being
obtained exclusively as the trans-diastereoisomers in high
yields (86–93%).

Cai et al. described the Heck arylation of acrylonitrile with a
variety of aryl iodides in neat water.290 The reactions
proceeded smoothly for aryl iodides bearing both electron-
donating and electron-withdrawing substituents, leading to
the corresponding (E)-cinnamonitriles in good yields
(Scheme 91). This methodology was extended to the Heck
arylation of n-butyl acrylate and acrylamide with aryl
iodides, giving the corresponding (E)-cinnamates and (E)-
cinnamamides in good yields.291
Amberlite IRA-400 (basic) was found to have a dual role in
assisting the Heck reaction as a base and as a phase-transfer
catalyst after salt formation.292 This catalytic system
exhibited a good performance in the stereoselective Heck
reaction of bromobenzene, p-iodotoluene and p-iodoanisole
with a representative variety of olefins (Scheme 92). The
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work-up procedure was very simple and the resin could be
regenerated and recycled.

An insoluble phosphane-free cyclopalladated ferrocenyl-
imine, at very low concentrations, was successfully applied
to the Heck coupling of aryl iodides and bromides with
different olefins in neat water (Scheme 93).293 The
optimised reaction conditions involved the use of TBAB
and Et3N as the phase-transfer agent and base, respectively.
All the reactions were conducted in air under reflux,
furnishing the expected coupled products in moderate to
excellent yields (most of the yields were O90%). In spite of
the fact that the catalyst had to be prepared from the
relatively expensive, acetyl ferrocene, the amounts used in
each reaction were very low.
Scheme 93.

Scheme 95.
Another protocol consists of using an aqueous biphasic
medium (instead of neat water), also in the absence of
phosphane ligands. Williams et al. studied in detail the Heck
reaction between iodobenzene and n-butyl acrylate with
various combinations of polar solvent, solvent-water
mixtures, ligand and added base.294 The results showed
that DMF or DMF–H2O were the solvents of choice, the
origin of the catalyst [Pd(OAc)2 or Pd(dba)2] making little
difference to the yield. n-Butyl cinnamate was obtained in
95% yield using 0.1 equiv Pd(OAc)2 and Et3N in a 1:1
DMF/H2O mixture at 80 8C for 24 h in the absence of any
added ligand. Unfortunately, the reaction with bromo-
benzene or 4-bromobenzene failed under the above reaction
conditions.

Based on a similar catalytic system, Hallberg et al. reported
a highly asymmetric chelation-controlled Heck arylation of
a prolinol vinyl ether, as an alternative approach to the
synthesis of 2-aryl-2-methylcyclopentanones.295 The
phosphane-free catalytic system, utilised in a 1:10 H2O/
DMF solvent mixture and under air, provided moderate to
good yields and excellent enantioselectivities of the
isolated cyclopentanones (Scheme 94). An N-chelated
p-intermediate was suggested to account for the excellent
regio- and stereochemical outcome of the arylation.

A different protocol was applied by the same group
concerning the palladium-catalysed regioselective internal
arylation of alkyl vinyl ethers with aryl and heteroaryl
bromides, which was carried out in aqueous DMF, with
K2CO3 as base and dppp as bidentate ligand.296 The arylated
products were transformed into the corresponding aryl
methyl ketones after acidic treatment, which were obtained
in good to high yields and excellent regioselectivities
(Scheme 95). In addition, vinyl bromides were converted
into the corresponding a,b-unsaturated methyl ketones,
albeit with rather low yields. Contrary to the internal
couplings with aryl bromides, the analogous aryl iodides
delivered essentially nonselective regioisomeric product
mixtures. Unfortunately, the reaction times are quite long,
although an example was reported in which the reaction
time was shortened to 1 h at 122 8C in a microwave
synthesiser.
A new water-soluble phosphane ligand bearing carboxylate
groups, m-TPPTC, was prepared by Genêt et al. and tested
in the Heck arylation of ethyl acrylate and styrene with
iodobenzene in aqueous organic solvents.297 Complete
conversion of ethyl acrylate was achieved in the presence
of 1 mol% Pd(OAc)2 and 3 mol% ligand, using Et3N as a
base in a 6:1 MeCN/H2O mixture at 80 8C for 45 min. For
styrene, 76% conversion was obtained using the same
catalytic system, but with Pr2

i NH as a base, at 80 8C for 22 h.
Alternatively, an NMP–H2O solvent mixture also provided
good results at a higher temperature (110 8C). The
palladium-catalysed coupling of 4-methoxyiodobenzene
with 2,3-dihydrofuran, using 5 mol% Pd(OAc)2 and
15 mol% ligand in a MeCN–H2O mixture at 40 8C, led to
the corresponding 2,3-dihydrofuran derivative in 95% yield
and 95:5 regioselectivity. Moreover, when this catalytic
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system was applied to the intramolecular Heck reaction of
two iodoanilides, the desired lactams were obtained in 99%
isolated yields after 1 h at 80 8C (Scheme 96).
Scheme 96.

Scheme 98.
The sterically demanding, water-soluble tris(4,6-dimethyl-
3-sulfonatophenyl)phosphane trisodium salt (TXPTS), was
applied by Shaughnessy et al. to the aqueous-phase Heck
coupling of aryl bromides with styrene and sodium
acrylate.298 The catalyst derived from TXPTS gave higher
yields, in comparison with the more common TPPTS, and
under relatively mild reaction conditions (Scheme 97). Both
electron-donating and electron-withdrawing substituents on
the aryl bromide gave high yields of products, whereas an
ortho substituent decreased the yield. Due to partial
hydrolysis under the coupling reactions, sodium acrylate
had to be used instead of the corresponding n-butyl ester.
Under very similar reaction conditions, the ligand, 2-(di-
tert-butylphosphino)ethyltrimethylammonium chloride,
was also found to be superior to TPPTS.299 Attempts to
couple an activated aryl chloride, as well as to use other
solvents such as water or water–toluene, were, however,
unsuccessful. As a result, the catalyst could not be recycled.
Scheme 97.

Scheme 99.
Nájera et al. designed a new palladium-dipyridylmethyl-
amine complex that found application in the homogeneous
Heck reaction of iodo-, bromo- and chlorobenzene with
acrylates and p-chlorostyrene in DMF, NMP–H2O and
H2O.300 TBAB had to be added to the reaction mixture in
the case of bromo- and chlorobenzene. In general, very high
yields were obtained for the coupled products derived from
iodobenzene and bromobenzene, either in neat water or in a
3:1 NMP/H2O mixture (Scheme 98). Chlorobenzene,
however, only reacted with p-chlorostyrene in NMP–H2O
at 160 8C using 0.5 mol% catalyst, leading to a 2:1 mixture
of regioisomers. Despite the ligand being readily prepared
after four steps (62% overall yield) and the TONs being
high, the TOFs are rather low and relatively harsh reaction
conditions are required, in comparison to the above-
described methodologies.
More recently, Nájera’s group reported the mono- and b,b-
diarylation of a,b-unsaturated carbonyl compounds with
electron-deficient and electron-rich aromatic iodides in
water, under the catalysis of a p-hydroxyacetophenone
oxime-derived palladacycle.301 The reactions were carried
out in refluxing water or under microwave heating using
(dicyclohexyl)methylamine as a base and a low catalyst
loading (%1 mol%), the expected products being obtained
in moderate to excellent yields (Scheme 99). The mono- and
diarylation reactions could be controlled in most of the
cases, although they both failed when aryl bromides were
used instead of aryl iodides. In general, lower yields were
obtained for the diarylated products, the diarylation only
failing with p-fluorobenzene. The catalyst remained active



Scheme 101.

F. Alonso et al. / Tetrahedron 61 (2005) 11771–1183511820
upon addition of more substrates in both the mono- and
diarylation processes, with total conversion after four
consecutive cycles. This methodology, applied to the
arylation of different styrenes, allowed the preparation of
methylated resveratrol and analogues in high yields, with
total E stereoselectivity and variable regioselectivity.302

Sinou et al. described the asymmetric arylation of 2,3-
dihydrofuran with aryl triflates in water, in the presence of
the surfactant, n-C16H33NCMe2(CH2)3SO3

K (HDAPS) and
(R)-BINAP as the chiral ligand.303 The reactions proceeded
with high regioselectivity under mild conditions, but both
the conversion and the enantiomeric excess were moderate
(Scheme 100).
Scheme 100.
We have already commented in Section 5.2.4 on the high
performance exhibited by an amphiphilic polystyrene-
poly(ethylene glycol) resin-supported palladium–phos-
phane complex in the Heck reaction of aryl idodides and
olefins in water (see Scheme 56). In contrast to some of the
examples presented above, the catalyst could be recycled,
leading to a 92% average yield after five continuous runs.190

In the context of heterogeneous palladium-catalysed Heck
reactions, Sasson et al. reported the reaction of aryl
chlorides, bromides and iodides with styrene, catalysed by
Pd/C in water.304 The reactions were carried out with
catalytic amounts of Pd/C (0.7 mol%) and PEG-400
(8.5 mol%) in the presence of sodium formate as reducing
agent and water as solvent in an autoclave (100 8C) for
5.5 h. In addition to the expected Heck products (12–61%),
the formation of the hydrogenated Heck products (2–25%),
together with some hydrogenation of styrene to ethyl-
benzene (8–22%), plus the respective homocoupling
(9–43%) and hydrodehalogenation (11–76%) products,
were observed. Filtration experiments demonstrated that
the Pd/C alone was responsible for the catalysis. This
methodology, although interesting from the point of view of
the separation and possible re-use of the catalyst, needs to be
improved as regards the conversion and selectivity, in order
to have a more practical application.

It is noteworthy that Heck-type reactions involving
arylboronic acids and styrenes could be carried out under
rhodium catalysis in aqueous media. This methodology is
based on the use of water-soluble ligands such as TPPDS,
TPPTS or m-TPPTC and has been studied independently by
the groups of Lautens70 and Genêt (see Scheme 10 and
comments in Section 4.1).71 Despite the advantageous
properties shown by m-TPPTC in Genêt’s report, the
coupling reactions of boronic acids and styrene derivatives
proceeded with better yields in the absence of any
phosphane ligand under the same reaction conditions, this
certainly being the main improvement in this methodology
(Scheme 101).
To use water to replace totally or partially an organic
solvent is, without any doubt, beneficial from the
environmental point of view. The advantage of using
water (mainly as the cosolvent) in Heck reactions is also
confirmed by the introduction of this methodology as a
crucial step in total synthesis.305 Nonetheless, we believe
that the trend in the near future of the Heck reaction in
aqueous media must improve and combine the use of neat
water (limiting the use of organic solvents only for
extraction, if necessary), together with a recoverable and
re-usable catalyst.
7. Reaction conditions

7.1. Physical activation

7.1.1. Microwave. During the preparation of this manu-
script, a book about microwave-assisted organic synthesis
has been published,45n in which Larhed and Kristofersson
have dedicated one chapter to review and update the
microwave assisted carbon–carbon coupling reactions,
including the Heck reaction. This revision, in addition to
some other recent revisions which have appeared in the
literature,45j–p make it unnecessary to present herein the
different studies carried out in this area. Instead, a short
analysis of the application of this non-conventional
technique to the Heck reaction, together with some
contributions in 2004, follows.

The first examples of Heck reactions promoted by
microwave heating were conducted by the group of Larhed
in 1996 in a single-mode cavity in septum-sealed Pyrex
vessels.306 Since then, MW heating has been applied
extensively in the Heck reaction using different substrates,
catalysts and reaction conditions.45j–p Aryl bromides,
iodides and triflates, as well as vinyl triflates, worked well
and regioselectively in the coupling with both electron-poor
and electron-rich olefins, including even enols. The
versatility of MW allowed the Heck couplings to be
performed following different protocols such as in water
under phase-transfer conditions or utilising water-soluble
ligands, with ligand-free catalytic systems, under hetero-
geneous conditions with supported catalysts, in the absence
of solvent or, most commonly, in solvents. In general, the
same product patterns were essentially observed as in the
reactions performed with thermal heating. The rapid heating
induced by the radiation, however, led to the formation of
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products under mild reaction conditions with short reaction
times, avoiding decomposition or side reactions, and
sometimes increasing the yields.

As a recent example of microwave-promoted Heck
reactions, Bergbreiter et al. utilised an air-stable, water-
soluble oligo(ethylene glycol)-bound SCS palladacycle to
catalyse the coupling of several aryl halides and alkenes at
150 8C employing microwave heating.307 Either DMA or
D2O were used as the solvents for organic-soluble or water-
soluble coupling partners. The products were obtained in
moderate to good yields and in short reaction times
(Scheme 102). Catalyst recycling was carried out using a
thermomorphic solvent mixture consisting of aqueous
DMA–heptane, the products being directly isolated from
the heptane phase. No added solvent was necessary for the
product and catalyst isolation and the catalyst recycling only
required the addition of a fresh substrate solution to the
mixed aqueous solution of catalyst.
Scheme 102.
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Scheme 104.
Larhed et al. have recently developed a rapid protocol for
microwave-assisted regioselective double b-arylation of the
chelating vinyl ether N,N-dimethyl-(2-ethenyloxy)ethana-
mine, using Herrmann’s catalyst 30 as the palladium
source.308 By proper selection of the experimental par-
ameters, it was possible to achieve symmetrical and
nonsymmetrical terminal b,b-diarylations with both elec-
tron-rich and electron-poor aryl bromides. The symmetrical
diarylation was carried out in sealed vessels under air,
affording mixtures of the a,b- and b,b-diarylated products in
a 29:71–5:95 ratio (Scheme 103). Fortunately, the latter
products could be purified by column chromatography.
Scheme 103.
Classic heating at 180 8C furnished almost identical reaction
results to microwave heating. Using almost identical
reaction conditions, aryl bromides were reacted with
b-arylated olefins, giving rise to unsymmetrical b,b-
diarylated products with a b,b selectivity of O91:9, but a
low stereoselectivity.

As a recent example of microwave-assisted intramolecular
Heck cyclisation, Gracias et al. subjected several g,d-
unsaturated amino esters, derived from an Ugi four-
component reaction and bearing a haloaryl moiety, to
Heck cyclisation under microwave heating.309 In this case,
the reaction required the presence of Ph3P, the resulting
nitrogenated heterocyclic compounds being obtained in
high yields and short reaction times (see one example in
Scheme 104).
Despite the clear advantages that microwave-assisted
synthesis offers,310 there are still some issues which require
further studies in order to be properly addressed. The health
hazards of microwave radiation are still under investigation
and it is not yet known whether a low-level exposure is
detrimental. The recommended safety levels tend to move in
the direction of lower doses of radiation, so great care
should be taken to minimise microwave leakage. Another
potential hazard is the formation of electric arcs in the
cavity. Although microwave-heated organic reactions can
be smoothly conducted in open vessels, closed vessels
sealed under an inert gas atmosphere to reduce the risk of
explosions are recommended, especially if superheating or
high-pressure conditions are desired.

Both the multi- and monomode microwave reactors have
been shown to work successfully for small-scale organic
synthesis, in particular for the rapid optimisation of reaction
conditions and in the context of the drug-discovery process.
There is, however, a clear need to develop larger-scale
microwave-assisted organic synthesis techniques, which
can ultimately provide products on a kilogram scale. In this
context, it is worthy of note that the feasibility of direct
scale-up from a single-mode microwave reactor to a larger
multimode system has been recently demonstrated by
Kappe et al. in the Heck reaction.311 For scale-up, both
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homogeneous and heterogeneous palladium-coupling con-
ditions were employed for experiments on a 4!20 mmol
scale in the multimode batch reactor, the yields obtained
closely agreeing with those in the small-scale experiments.
7.1.2. Ultrasound. Standard Heck reactions, which are
carried out in polar solvents such as DMF and NMP,
generally involve long reaction times (8–72 h) at tempera-
tures ranging from 80 to 140 8C. Even in ILs, these
parameters are still high. To the best of our knowledge,
Srinivasan et al. have reported the only example of a Heck
reaction promoted by ultrasound using an IL as solvent at
ambient temperature.260 The reactions were carried out in a
thermostatted ultrasonic cleaning bath of frequency 50 KHz
at 30 8C with complete conversion of iodobenzenes in 1.5–
3 h (see Scheme 80 and the corresponding comments). No
reaction, even in trace amounts, could be observed under
ambient conditions in the absence of ultrasound. Unfortu-
nately, the reaction did not proceed with aryl chlorides and
bromobenzene under the reported sonochemical conditions.

Bräse et al. developed a traceless linker system of the
triazene type to immobilise aryl halides, with application to
the Heck reaction with a variety of olefins under ultrasonic
conditions (Scheme 105).312 The halogenated resins were
air and water stable, they could be stored for long periods
without loss of activity, and the recovered resins could be
re-used with a slight loss of activity (!10%). In this case,
no comment was made about the advantages of using
ultrasound, compared to the standard Heck conditions.
Scheme 105.
On the other hand, ultrasound was also utilised to induce the
reduction of Pd(II) salts to Pd(0), the activity of the latter
species being examined in the Heck reaction. When a 1:2
mixture of Pd(OAc)2 and myristyltrimethylammonium
bromide was subjected to sonochemical reduction in THF
or MeOH at room temperature, nanoscale particles of
palladium metallic clusters were obtained.313 Apart from its
stabilising effect, the ammonium salt was suggested to act as
a reducing agent, probably due to the decomposition that
occurs at the liquid-phase region immediately surrounding
the collapsing cavity, providing reducing radicals. The
sonochemical reduction of Pd(II) could be enhanced by the
addition of 0.2 M EtOH–MeOH in the THF process, its
highly volatile nature producing various reducing radicals
inside the collapsing bubble. UV–vis spectroscopic analysis
revealed the initial formation of a Pd(II)-NR4X complex,
which, in turn, was reduced to Pd(0). Elemental analysis of
the resulting solid after sonication showed that the THF
process yielded NR4X stabilised-palladium clusters,
whereas the methanol process produced pure Pd agglomer-
ates. These Pd nanoclusters, either in situ supported on
charcoal or NR4X stabilised, were catalytically active
towards the Heck reaction between bromobenzene and
styrene in the absence of phosphine ligands, but to a
moderate extent of 30% conversion.

The little work published on ultrasound applied to the Heck
reaction makes it difficult to balance the advantages and
disadvantages. Some of the advantages have been clearly
demonstrated in the above examples, together with some
other more general benefits such as the simplicity of the
method, involving little work-up, its adaptability to
heterogeneous reactions and the possibility of it being
applied to large-volume reactions. On the other hand, the
lack of generality, cost of equipment and hazardous
temperature control may be mentioned as general dis-
advantages of this technique.

7.1.3. High pressure. Pressure in the range of 1–20 kbar
strongly influences the rate and equilibrium position of
processes accompanied by a decrease in volume such as
carbon–carbon bond formation. These processes, in which
the distance between two carbon atoms decreases from the
van der Waals distance of ca. 3.6 Å to the bonding distance
of ca. 1.5 Å, are accelerated by pressure and the equilibria
are shifted towards the side of the products.

Considering the generally accepted mechanism for the Heck
reaction, it is evident that several steps in the catalytic cycle
should be pressure dependent. The following steps are
considered to be accelerated under high-pressure con-
ditions, because they might have negative activation
volumes: (a) formation of the active Pd(0) species,
(b) oxidative addition of Pd(0) to the carbon–halogen bond,
(c) complexation of palladium species with the olefin and
(d) formation of the quaternary ammonium salt. The
insertion, migration and re-insertion steps should be
invariant, whereas the reductive elimination and decom-
plexation of the catalyst should be disfavoured by pressure.
The net volume balance has a negative sign and, therefore,
pressure may be a very useful parameter to activate Heck
reactions, which otherwise would not occur or would take
place only sluggishly. In addition, the activity of the
palladium catalyst does not decrease at high pressure, which
is capable of stabilising PdLn species by enforcing ligand
coordination.314

Pioneering work in this field was carried out by the groups
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of Reiser315 and de Meijere316 in 1993 and 1994,
respectively. Reiser et al. described the dramatic influence
on the regioselectivity and the ligand-induced enantio-
selectivity of the palladium-catalysed arylation of 2,3-
dihydrofuran by high pressure.315 Firstly, it was observed
that, at normal pressure, the addition of triphenylphosphane
led to little change in the regioselectivity, and this was
always in favour of the 2,3-dihydrofuran derivative. In
contrast, the 2,5-dihydrofuran derivative became the major
product by adding triphenylphosphane at 10 kbar. This
behaviour was also observed when Pd-BINAP was used as a
chiral catalyst, together with a substantial improvement in
the enantioselectivity for the 2,3-dihydrofuran derivative
(Scheme 106).
Scheme 106.
De Meijere et al. also studied the palladium-catalysed
coupling of 2-bromocyclohexene with styrene under
10 kbar to furnish 1-styrylcycloohexene in 82% yield after
2 days at 20 8C, whereas a control experiment under
ambient pressure led only to traces of the product
(Scheme 107).316 Alternatively, the product was obtained
in 51% yield starting from 1-(trifluoromethylsulfonyl-
oxy)cyclohexene, instead of the bromide, under the same
reaction conditions. Coupling of styrene to dienyl halides
under 10 kbar at 20–60 8C afforded the 1,6-disubstituted
1,3,5-hexatrienes in near-quantitative yields, while no
product was observed under the same conditions at ambient
pressure (Scheme 107). Moreover, when 1,2-dibromo-
cyclopentene, 1,2-dibromocyclohexene and o-dibromo-
benzene were treated with styrene under these conditions,
but at 55 8C, the 2-fold coupling products were obtained in
18–82% yield, no product being formed at ambient pressure
(Scheme 108).
Scheme 107.

Scheme 108.
The different advantages of using high pressure on Heck
reactions were additionally supported by the studies of
Sugihara et al. in the coupling of aryl iodides with ethyl
acrylate,314 of Reiser et al. in the coupling of iodobenzene
with 2,3-dihydrofuran, N-ethoxycarbonyl-2,3-dihydro-
pyrrole and cyclopentene,317 and of Tietze et al. in the
intramolecular Heck reaction for the synthesis of iso-
chromanes, isoquinolines and benzazepines.318 These
publications were recently reviewed in detail by Reiser et
al.319 In general, the catalyst performance was improved by
high pressure, leading to higher yields, better TONs
numbers and rates, and increased selectivity, demonstrating
that the ligand exchange on catalytic species is viable under
pressure.

More recently, a very interesting and detailed contribution
by de Meijere et al. was reported, in order to better
understand the mechanism and influence of high pressure on
the Heck reaction.320 To achieve a more accurate kinetic
analysis, this group applied quantitative on-line FT-IR
spectroscopy for measuring concentrations in the Heck
reaction of iodobenzene with methyl, ethyl and tert-butyl
acrylate, and of both 4-nitrophenyl iodide and 4-nitrophenyl
triflate. The results obtained revealed that the activation
volumes correlated with the degrees of steric congestion for
the variation of the alkyl groups in the acrylates and of the
leaving group in the nitrophenyl derivatives. The more
highly congested systems provided more negative activation
volume values, while the activation enthalpies and entropies
were virtually independent of the reactants. The rate
coefficients for the coupling of iodobenzene with the alkyl
acrylates followed the trend: tert-butylOethylOmethyl
acrylate, while those for the coupling of the nitrophenyl
derivatives with methyl acrylate followed the trend:
p-nitrophenyl triflateOp-nitrophenyl iodide. These orders
were consistent with the notion that the coordination and
insertion steps of the acrylate are rate determining.
Therefore, the rate-determining step of the overall catalytic
cycle of the Heck reaction under high-pressure conditions is
not the oxidative addition, as this is assumed to be the rate-
determining step at ambient pressure.

It has been shown that the high-pressure technique not only
activates the Heck reaction, but also can have a decisive role
in controlling the regio- and stereoselectivity of the process.
This technique is normally excellent in reproducibility
although it is mainly applied to low-volume and homo-
geneous reactions, because of the difficulty of mixing. In
addition, the cost of equipment and the safety issues can
limit its application.

7.2. Physicochemical activation

7.2.1. Micellar solutions. Hybrid palladium colloids in the
core of amphiphilic block copolymer micelles showed
catalytic activity in the Heck reaction. These dispersions of
nanometer-sized palladium colloids were prepared in block
copolymer micelles of polystyrene-b-poly-4-vinylpyridine
and exhibited a very high stability.321 The activities of these
colloids compared well with those of the standard materials.
The yields were high in the coupling of activated
bromoarenes with styrene and n-butyl acrylate (60–99%)
at 140 8C in toluene and Bu3

nN. In general, however, the
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reactions were very slow (up to 5 days), very low yields
being obtained for non-activated haloarenes, and no
comment was made concerning the possibility of catalyst
recycling.

Sakurai et al. prepared shell cross-linked micelles (SCM),
where the polysilane core was surrounded by a partially
cross-linked shell of poly(methacrylic acid), and used then
as the template for the synthesis of metal nanoparticles.322

Reduction of Pd(II) with the polysilane SCM produced
Pd(0) particles, which were highly dispersed in water.
SCM–Pd (0.01 mol%) catalysed the Heck reaction of
styrene or methyl acrylate with iodobenzene in DMF and
Et3N at 120 8C, giving the coupled products in 82 and 96%
yield, respectively. Despite the very interesting nature of
this catalytic system, its preparation is rather sophisticated,
involving some non-commercially available starting
materials and reagents.
Scheme 110.
7.2.2. Electrochemical activation. Electrochemical
reactions with catalytic amounts of low-valent nickel and
palladium species, generated in situ from Ni(II) or Pd(II)
precursors, have found application in one step coupling
processes.323 These electrolyses are conducted generally at
relatively low reduction potentials, avoiding the direct
reduction of the organic compounds. Most synthetic
applications in electrochemically assisted nickel- and
palladium-catalysed carbon–carbon bond-forming reactions
have, however, been carried out in the field of reductive
coupling, while the electrochemical version of the Heck
reaction has been little studied.

In 1996 Reetz et al. devised an electrochemical process to
transform palladium bulk into nanostructured palladium
clusters, using a palladium sacrificial anode as the metal
source in a simple electrolysis cell containing NaCl in
propylene carbonate (with 5% ethanol) at 60 8C.324 The
electrochemical process involved the anodic dissolution of
the palladium sheet with the intermediate formation of
Pd(II) ions, which migrate to the cathode, where they were
reduced back to the zero-valent state. Propylene carbonate
was used as a stabilising agent for the clusters to prevent
metal powder formation. These palladium clusters showed a
good performance in the Heck reaction of activated
bromobenzenes with styrene at 130 8C (70–100% conver-
sion, 79–96% yield), whereas unactivated bromo- and
chlorobenzene showed only poor to moderate conversion
even at 160 8C (Scheme 109). The black palladium cluster
solution was stable at 155 8C for several days, although any
other manipulation (removal of the solvent or immobilis-
Scheme 109.
ation on a solid support) led to large amounts of palladium
powder that could not be redispersed in propylene
carbonate.

More recently, Gosmini et al. developed a consumable
anode process for the electrochemical Heck reaction
between aromatic or vinylic halides and acrylic esters,
using cobalt(II) bromide as catalyst associated with 2,2 0-
bipyridine as ligand, in a mixture of MeCN–Et3N–pyridine
at 70 8C (Scheme 110).325 All reactions were conducted in a
one-compartment cell at a constant current intensity of
0.2 A with an iron consumable anode, associated with a
stainless-steel grid as the cathode, in the presence of tetra-n-
butylammonium tetrafluoroborate to ensure ionic con-
ductivity. Unfortunately, the reaction showed little
selectivity leading to a mixture of the expected substitution
and conjugate addition products, together with some other
minor by-products. The presence of triethylamine, pyridine
and 2,2 0-bipyridine enabled a higher substitution versus
addition product ratio.
Despite the advantages of the electrochemical methods
outlined in the introductory section, very little research has
emerged on this technique applied to the Heck reaction.
Much effort is still required in order to improve both the
yield and selectivity of the work reported so far, as well as to
have a better knowledge of the scope and limitations of this
technique.
8. Miscellaneous non-conventional techniques

8.1. Nanofiltration

Livingston et al. developed a new approach for the
separation and recycling of homogeneous Heck catalysts
from post-reaction mixtures, based on the use of solvent-
resistant nanofiltration membranes.326 Different catalytic
systems were tested for the standard Heck coupling of
iodobenzene and styrene. In contrast with the continuous
operation mode for nanofiltration-coupled catalysis, the
catalysis and nanofiltration stages were still coupled, but
operated independently, allowing more flexible operating
conditions and lower reactor occupancy. For all the
reactions studied, neither the product nor the remaining
reactants were retained during the filtration, the membrane
selectivity towards the catalyst being high (%96%
palladium rejection). The ammonium salt formed as a
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by-product precipitated out and could be easily removed
from the reactor, before refilling it for the subsequent run.
Consequently, a cleaner form of the product in the
corresponding solvent was obtained on the permeate side.
In the first catalytic system, Pd(OAc)2(PPh3)2 was recycled
6-fold before the reaction rate dropped below 20% of the
original value, with a cumulative TON of 690 in 120 h.
Substantial improvements in the system performance were
obtained by employing catalysts with a greater chemical
stability. An imidazolydinene catalyst yielded an equal
TON for six recycles in 40 h with less reaction rate decline,
whereas Pd(OAc)2 stabilised by a quaternary phosphonium
salt gave six recycles under 30 h. The higher reaction rates
achieved with the two latter catalytic systems minimised
both the reactor occupancy and the waste generated by
downstream processing.

Zeolite membranes were utilised by Santamarı́a et al. to
separate palladium complexes in mixtures representing
possible post-Heck scenarios.327 The reaction of 4-bromo-
benzonitrile with methyl acrylate was chosen as a Heck
example reaction, the catalyst being [Pd(m-Cl)](PPh3)2]2-
(BF4)2. Separation experiments using a first mixture
composed of the Pd complex, DMA and the product were
unsuccessful. In contrast with this work, good separation
was attained in experiments where dichloromethane was
used as the solvent. Complete retention of the Pd complex
occurred with simultaneous permeation of both the solvent
and the product.

We have already commented in Section 5.2.4 on the
application of a polymer-enlarged catalyst, formed from
(1-Ad)2P-substituted poly(methylstyrene) (25) and
[Pd(dba)2], to the Heck reaction of aryl bromides with
n-butyl acrylate.208 Nanofiltration of the NMP solution was
estimated to render less than 0.5% polymer leaching, with a
retention of the catalyst by the membrane O99.95%. Even
after diluting the NMP solution with a large amount of
cyclohexane, the catalyst performance decreased signifi-
cantly after the second cycle. The coupling yields were
80–87%, but the catalyst could not be recycled since
attempting nanofiltration in the highly polar and aprotic
medium resulted in severe membrane damage.

The membrane technology seems to be a very promising
technique for the Heck reaction using homogeneous
catalysts. Its application involves the design of special
reactors together with the selection of optimum parameters
such as the membrane pore and composition, solvent and
flux system, or the transmembrane pressure. At any rate, the
development of more resistant membranes and improving
the reactor technology is desirable, since these factors
largely determine the applicability of membrane technology
in homogenous catalyst recycling.

8.2. Microreactors

Two examples of the application of continuous-flow
microreactors to the Heck reaction have appeared recently
in the literature. Kirschning et al. developed a continuous-
flow microreactor with an interior monolithic glass-polymer
composite that was loaded with palladium particles by ion
exchange, followed by reduction.328 This microreactor
allowed the coupling of 4-iodoacetophenone with n-butyl
acrylate and of 4-iodoanisole with isobutyl acrylate in DMF
as solvent and Et3N as base at 110–130 8C for 0.5–2.5 h
(O78% yield). The work-up was very simple and the
catalytic system could be re-used more than 20 times after
washing.

The methodology developed by Ryu et al. for the coupling
of aryl iodides with n-butyl acrylate using the low-viscosity
IL, [bmim][NTf2] (see Scheme 111),258 was extended to a
continuous microflow system and applied to the particular
Heck reaction of iodobenzene with n-butyl acrylate.259 A
CPC CYTOS Lab System was used as the microreaction
apparatus, in combination with a microextraction-catalyst
recycling system, to continuously recycle the reaction
medium. A palladium–carbene complex soluble in the IL
was used as the catalyst, the low viscosity of the IL being
essential to ensure a smooth flow by the action of the pump.
The temperature of both the microreactor and the residence
time unit was controlled at 130 8C, with a residence time of
17 min at a total flow rate of 1.0 ml/min. The ammonium
salt could be removed from the resulting IL layer by
washing with copious amounts of water. Under these
reaction conditions, yields O90% were obtained and the
recovered IL could be used again in the next run without any
drop in the product yield (90–99%). Alternatively,
microextraction units were attached to the microflow
reaction system in order to facilitate the extraction of the
product and the ammonium salt and to pump back the IL
layer containing the palladium catalyst. A total of 115.3 g of
n-butyl cinnamate could be prepared in 80% yield at a rate
of 10 g/h. Scheme 111 represents a schematic drawing of
the automated microflow apparatus. The whole method-
ology is remarkable in the sense that the great effort needed
to design the apparatus in an automatic manner was
compensated for the possibility of a multi-ten gram-scale
preparation of n-butyl cinnamate, a task very difficult to
achieve using any other of the methodologies described in
this review. Nonetheless, the complete apparatus has a high
economical cost and the product required further purifi-
cation by silica gel chromatography, with the consequent
and proportional use of silica gel and eluting solvents (for
115 g of product).
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8.3. Ball-milling conditions

To the best of our knowledge, the only Heck reaction under
ball-milling conditions has been recently reported by Frejd
et al., involving the synthesis of unsaturated unnatural
amino acids from protected amino acrylates and aryl
halides.329 These reactions were performed using a Fritsch
Planetary Micro Mill model, housing two stainless-steel
cups, each containing eight stainless steel balls, and sealed
by a stainless-steel lid fitted with a Teflon gasket. The
presence of TBAC was crucial for the success of the
reaction, whereas the addition of sodium formate as a
reductant for Pd(II) improved the yields. The Z-products
were obtained in yields ranging from low to good for aryl
iodides and bromides, but no reaction was observed for aryl
chlorides (Scheme 112).
Scheme 112.
9. General conclusions

We have presented in this report some recent trends in the
Heck reaction that highlight the efforts and interest in
developing more efficient processes according to the new
requirements of the chemistry of the 21st century. A vast
array of methodologies has been described, any of which
intervenes in a non-conventional way over one or more of
the different parameters involved in the reaction: substrates,
catalytic system, solvent, reaction conditions, or work-up.
Very often, however, the dynamic of the research seems to
be driven more because of the current fashions than because
of the real need in achieving practical procedures. As a
result, we can enjoy a variety of methodologies that are very
interesting from an academic point of view, but most of
these are useless from a practical point of view.

Anyway, we would like to point to a series of present issues,
that in our opinion, still need to be addressed, as well as to
outline the possible future direction of the research in order
to achieve the goals mentioned in the introduction section.
(a) Most of the methodologies which have appeared in this
review deal with the simpler reactions involving the most
reactive substrates, that is, the reaction of aryl iodides or
activated aryl bromides with acrylates; in contrast, little
work has been done concerning the use of the more
desirable, but reluctant to react, aryl chlorides or other
olefinic substrates (e.g., electron-rich olefins). (b) Only
highly regio- and stereoselective reactions are worthwhile,
the formation of by-products being a procedural and
economical problem due to the additional purification
steps and the difficulty of separating compounds of similar
polarity. (c) Whenever possible, commercially available
starting materials, reagents, ligands, catalysts, or solvents
must be used; it is contradictory that we try to recycle a
catalytic system (e.g., to minimise waste generation and to
make the process more economical) and that rather long or
minimally-effective experimental work is needed to prepare
the different reaction components. (d) The catalyst must be
recyclable and/or display high TONs; high TONs are
essential to avoid contamination problems, above all on a
larger scale and in the pharmaceutical industry. (e)
Ligandless catalysts, recoverable ligands or stabilised
nanoparticles allow better recovery and lower cost; in this
sense, heterogeneous catalysts are preferable, above all
when metal leaching is prevented. (f) It is very rare to find a
genuine catalyst for the Heck reaction, in which filtration of
the reaction mixture produces a catalytically active solid
and an inactive filtrate; this is the only case that can be
considered a strictly recyclable catalyst. (g) The usual high
reaction temperatures (O120 8C), sometimes imposed by
the high stability of the catalyst (e.g., palladacycles), are
often detrimental for the selectivity. (h) In general,
reproducible, as well as atom-economy, low-cost, scalable
and practical procedures, are needed to extend the
methodologies from the academic laboratory to the
industrial plant; most of the reactions reported in this
review were carried out on a few mmol scale and the scale
up was not attempted. (i) The expensive equipment or
reaction medium utilised in some methodologies cannot
compensate for the little or no improvement observed in
many cases with respect to the conventional methodologies;
in addition, the application of these methodologies is
normally restricted to a small scale. (j) Finally, further
research must be undertaken in order to clarify the reaction
mechanisms involved in the different processes, which
remain unclear in most cases; it is crucial to have a better
knowledge of the nature and properties of the real catalytic
species in order to improve any given reaction.

We are very grateful to our current Spanish Ministerio de
Educación y Ciencia (MEC) for continuous and generous
financial support. I. P. B. also thanks the MEC for funding
her stay at the University of Alicante during the preparation
of this review.
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44. (a) Thuéry, J. In Microwaves: Industrial, Scientific, and

Medical Applications; Grant, E. H., Ed.; Artech House:

Boston, 1992. (b) Kingston, H. M.; Haswell, S. J. Microwave

Enhanced Chemistry. Fundamentals, Sample Preparation

and Applications; American Chemical Society: Washington,

1997.

45. For reviews and monographs, see: (a) Mingos, D. P. M.;

Baghurst, D. R. Chem. Soc. Rev. 1991, 20, 1–47. (b) Strauss,

C. R.; Trainor, R. W. Aust. J. Chem. 1995, 48, 1665–1692. (c)

Caddik, S. Tetrahedron 1995, 51, 10403–10432. (d) Langa,

F.; de la Cruz, P.; de la Hoz, A.; Dı́az-Ortiz, A.; Dı́ez-Barra,

E. Contemp. Org. Synth. 1997, 373–386. (e) Galema, S. A.

Chem. Soc. Rev. 1997, 26, 233–238. (f) Loupy, A.; Petit, A.;

Hamelin, J.; Texier-Boullet, F.; Jacquault, P.; Mathé, D.
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V.; Löwe, H.; Baerns, M. Angew. Chem., Int. Ed. 2004, 43,

406–446.

58. See for instance: (a) Rasmussen, M. O.; Axelsson, O.;

Tanner, D. Synth. Commun. 1997, 27, 4027–4030. (synthesis

of diphenols by oxidative coupling). (b) Nielsen, S. F.; Peters,

D.; Axelsson, O. Synth. Commun. 2000, 30, 3501–3509.

(Suzuki coupling). (c) Balema, V. P.; Wiench, J. W.; Pruski,

M.; Pecharsky, V. K. J. Am. Chem. Soc. 2002, 124,

6244–6245. (Wittig reaction). (d) Wang, G.-W.; Zhang,

T.-H.; Li, P.; Zhang, H.; Liu, Y.-C.; Murata, Y.; Komatsu, K.

Tetrahedron Lett. 2003, 44, 4407–4409.

59. For reviews, see: (a) de Meijere, A.; Meyer, F. E. Angew.

Chem., Int. Ed. Engl. 1994, 33, 2379–2411. (b) Gibson, S. E.;

Middleton, R. J. Contemp. Org. Synth. 1996, 3, 447–471. (c)

Withcombe, N. J.; Hii, K. K.; Gibson, S. E. Tetrahedron

2001, 57, 7449–7476. (d) Beletskaya, I. P.; Cheprakov, A. V.

Chem. Rev. 2000, 100, 3009–3066. (e) Ref. 2a; Vol. 1,

Chapter IV.2. (f) Dounay, A. B.; Overman, L. E. Chem. Rev.

2003, 103, 2945–2963. (g) Farina, V. Adv. Synth. Catal.

2004, 346, 1553–1582.
60. For other mechanistic proposals, see for instance: Amatore,

C.; Jutand, A. Acc. Chem. Res. 2000, 33, 314–321.

61. Stephan, M. S.; Teunissen, A. J. J. M.; Verzijl, G. K. M.; de

Vries, J. G. Angew. Chem., Int. Ed. 1998, 37, 662–664.

62. (a) Shmidt, A. F.; Smirnov, V. V. Kinet. Catal. 2000, 41,

743–744. (b) Shmidt, A. F.; Smirnov, V. V. Kinet. Catal.

2002, 43, 195–198.

63. (a) Gooben, L. J.; Paetzold, J. Angew. Chem., Int. Ed. 2002,

41, 1237–1241. (b) Gooben, L. J.; Paetzold, J. Angew. Chem.,

Int. Ed. 2004, 43, 1095–1098.

64. Gooben, L. J.; Paetzold, J.; Winkel, L. Synlett 2002,

1721–1723.

65. Myers, A. G.; Tanaka, D.; Mannion, M. R. J. Am. Chem. Soc.

2002, 124, 11250–11251.

66. Blaser, H. U.; Spencer, A. J. Organomet. Chem. 1982, 233,

267–274.

67. (a) Sugihara, T.; Satoh, T.; Miura, M.; Nomura, M. Angew.

Chem., Int. Ed. 2003, 42, 4672. (b) Sugihara, T.; Satoh, T.;

Miura, M.; Nomura, M. Adv. Synth. Catal. 2004, 346,

1765–1772.

68. Andrus, M. B.; Liu, J.; Meredith, E. L.; Nartey, E.

Tetrahedron Lett. 2003, 44, 4819–4822.

69. Cho, C. S.; Uemura, S. J. Organomet. Chem. 1994, 465,

85–92.

70. Lautens, M.; Roy, A.; Fukuoka, K.; Fagnou, K.; Martı́n-

Matute, B. J. Am. Chem. Soc. 2001, 123, 5358–5359.

71. Amengual, R.; Michelet, V.; Genêt, J.-P. Tetrahedron Lett.

2002, 43, 5905–5908.

72. Lautens, M.; Mancuso, J.; Grover, H. Synthesis 2004,

2006–2014.

73. Du, X.; Suguro, M.; Hirabayashi, K.; Mori, A. Org. Lett.

2001, 3, 3313–3316.

74. Farrington, E. J.; Brown, J. M.; Barnard, C. F. J.; Rowsell, E.

Angew. Chem., Int. Ed. 2002, 41, 169–171.

75. Zou, G.; Wang, Z.; Zhu, J.; Tang, J. Chem. Commun. 2003,

2438–2439.

76. Jung, Y. C.; Mishra, R. K.; Yoon, C. H.; Jung, K. W. Org.

Lett. 2003, 5, 2231–2234.

77. (a) Andappan, M. M. S.; Nilsson, P.; Larhed, M. Chem.

Commun. 2004, 218–219. (b) Andappan, M. M. S.; Nilsson,

P.; von Schenck, H.; Larhed, M. J. Org. Chem. 2004, 69,

5212–5218.

78. (a) Hirabayashi, Y.; Nishihara, Y.; Mori, A.; Hiyama, T.

Tetrahedron Lett. 1998, 39, 7893–7896. (b) Hirabayashi, K.;

Kondo, T.; Toriyama, F.; Nagatsuta, Y. Bull. Chem. Soc. Jpn.

2000, 73, 749–750. (c) Hirabayashi, K.; Ando, J.;

Kawashima, J.; Nishihara, Y.; Mori, A.; Hiyama, T. Bull.

Chem. Soc. Jpn. 2000, 73, 1049–1417.

79. Hirabayashi, Y.; Ando, J.; Nishihara, Y.; Mori, A.; Hiyama,

T. Synlett 1999, 99–101.

80. Uemura, S.; Wakasugi, M.; Okano, M. J. Organomet. Chem.

1980, 194, 277–283.

81. Nishibayashi, Y.; Cho, S. C.; Uemura, S. J. Organomet.

Chem. 1996, 507, 197–200.

82. Hirabayashi, K.; Nara, Y.; Shimizu, T.; Kamigata, N. Chem.

Lett. 2004, 33, 1280–1281.

83. Petragnani, N. Tellurium in Organic Synthesis; Academic:

London, 1994; Chapters 3.1 and 3.9.

84. For a review on the toxicology and pharmacology of

organotellurium compounds, see: Nogueira, C. W.; Zeni,

G.; Rocha, J. B. T. Chem. Rev. 2004, 104, 6255–6285.

85. (a) Cho, C. S.; Tanabe, K.; Uemura, S. Tetrahedron Lett.



F. Alonso et al. / Tetrahedron 61 (2005) 11771–1183511830
1994, 35, 1275–1278. (b) Cho, C. S.; Motofusa, S.; Ohe, K.;

Uemura, S. Bull. Chem. Soc. Jpn. 1996, 69, 2341–2348.

86. Matoba, K.; Motofusa, S.; Cho, C. S.; Ohe, K.; Uemura, S.

J. Organomet. Chem. 1999, 574, 3–10.

87. Kang, S.-K.; Ryu, H.-C.; Hong, Y.-T. J. Chem. Soc., Perkin

Trans. 1 2000, 3350–3351.

88. (a) Moiseev, D. V.; Morugova, V. A.; Gushchin, A. V.;

Dodonov, V. A. Tetrahedron Lett. 2003, 44, 3155–3157. (b)

Moiseev, D. V.; Gushchin, A. V.; Morugova, V. A.;

Dodonov, V. A. Russ. Chem. Bull. 2003, 52, 2081–2082.

89. Moiseev, D. V.; Morugova, V. A.; Gushchin, A. V.; Shavirin,

A. S.; Kursky, Y. A.; Dodonov, V. A. J. Organomet. Chem.

2004, 689, 731–737.

90. Kang, S.-K.; Choi, S.-C.; Ryu, H.-C.; Yamaguchi, T. J. Org.

Chem. 1998, 63, 5748–5749.

91. Morphy, J. R.; Rankovic, Z.; York, M. Tetrahedron Lett.

2002, 43, 5973–5975.

92. Duboc, R.; Savignac, M.; Genêt, J.-P. J. Organomet. Chem.

2002, 643–644, 512–515.

93. Doi, T.; Fujimoto, N.; Watanabe, J.; Takahashi, T.

Tetrahedron Lett. 2003, 44, 2161–2165.

94. Dahan, A.; Portnoy, M. Macromolecules 2003, 36,

1034–1038.

95. Hanessian, S.; Xie, F. Tetrahedron Lett. 1998, 39, 737–740.

96. Yamazaki, K.; Kondo, Y. Chem. Commun. 2002, 210–211.

97. (a) Yamazaki, K.; Nakamura, Y.; Kondo, Y. J. Chem. Soc.,

Perkin Trans. 1 2002, 2137–2138. (b) Yamazaki, K.; Kondo,

Y. J. Comb. Chem. 2002, 4, 191–192.

98. Cornils, B.; Herrmann, W. A. Applied Homogeneous

Catalysis with Organometallic Compounds; VCH:

Weinheim, 1996.

99. For recent examples, see: (a) Gruber, A. S.; Zim, D. Z.;

Ebeling, G.; Monteiro, A. L.; Dupont, J. Org. Lett. 2000, 2,

1287–1290. (b) Bergbreiter, D. E.; Osburn, P. L.; Wilson, A.;

Sink, E. J. Am. Chem. Soc. 2000, 122, 9058–9064. (c)

Bourisson, D.; Guerret, O.; Gabbaı̈, F. P.; Bertrand, C. B.

Chem. Rev. 2000, 100, 39–92. (d) Gruber, A. S.; Pozebon, D.;

Monteiro, A. L.; Dupont, J. Tetrahedron Lett. 2001, 42,

7345–7348. (e) Muñoz, M. P.; Martı́n-Matute, B.;

Fernández-Rivas, C.; Cárdenas, D. J.; Echavarren, A. M.

Adv. Synth. Catal. 2001, 343, 338–342. (f) Beletskaya, I. P.;

Kashin, A. N.; Karlstedt, N. B.; Mitin, A. V.; Cheprakov,

A. V.; Kazankov, G. M. J. Organomet. Chem. 2001, 622,

89–96. (g) Herrmann, W. A. Angew. Chem., Int. Ed. 2002, 41,

1290–1309. (h) Alonso, D. A.; Nájera, C.; Pacheco, M. C.
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247. Calò, V.; Nacci, A. Z. Naturforsch. 2001, 56a, 702–706.
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277. (a) Moreno-Mañas, M.; Pleixats, R.; Villarroya, S. Organo-

metallics 2001, 20, 4524–4528. (b) See also: Moreno-Mañas,
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Abstract—The aza Diels–Alder reaction is described for a novel diene. Imines bearing benzyl and aromatic protecting groups both work
well. Moderate diastereoselectivities can be obtained using the simple a-methylbenzyl chiral auxiliary.
q 2005 Elsevier Ltd. All rights reserved.
1. Introduction

The aza Diels–Alder reaction is among the most powerful
methodologies for the construction of six-membered
nitrogen heterocycles. Such compounds are of interest in
the field of medicinal chemistry and have emerged as
important building blocks in organic synthesis.1

Recently, a few reports have surfaced regarding the reaction
of Danishefsky’s diene and imines to produce dihydro-
pyridones.2 Such products are potentially quite versatile
intermediates for the synthesis of N-heterocyclic natural
products, such as indolizidines and related alkaloids.3

Additionally, the enantioselective conjugate addition of
nucleophiles to dihydropyridones has recently emerged as
an important topic of interest in the field of asymmetric
synthesis.4

As a whole, the majority of the Diels–Alder strategies for
the preparation of dihydropyridones have utilized imines
prepared from aniline or other similar aromatic amines.
Such a strategy presents challenges with regard to the
0040–4020/$ - see front matter q 2005 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2005.10.018
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limited number of methods available for the removal of
N-aryl protecting groups. A practically attractive alternative
would be the use of more easily cleaved protecting group,
such as tosyl2f or benzyl.

Recently, we have reported the preparation of a novel iodo
diene from the reaction of 3-butyn-2-one and trimethylsilyl
iodide (Scheme 1).5 The diene has been characterized in situ
by performing the reaction in deuterated solvent. This diene
has been found to react with aldehydes in an aldol type fashion
in either the absence or in the presence of an appropriate
catalyst to produce the resulting halo-aldol type products in
high yield and E/Z stereoselectivity. Such products contain
several sites of functionalization and therefore are quite
versatile synthetic intermediates. In an effort to extend the
scope of this process, we sought to utilize imines as
electrophilic acceptors to provide the analogous halo-Mannich
type products. Such a reaction would complement our earlier
methodology in which normal asymmetric halo-Mannich type
products were obtained from the reaction between chiral
cyclopropyl imides and imines in the presence of Et2AlI
and were cyclized to five-membered N-heterocycles.6
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2. Results and discussion

Initial attempts at this halo-Mannich reaction utilized the
benzenesulfonyl-protected imine of 4-tolualdehyde. In the
absence of catalyst, the desired product was formed in 20%
yield after 24 h at 0 8C in CH2Cl2. The reaction was clean,
with only starting materials and products observed in the
crude reaction mixture. The structure of the product was
confirmed by 1H, 13C, DEPT and 2-D NMR techniques
(COSY and HMQC). In particular, a doublet at 5.56 ppm
in the 1H NMR spectrum was easily assigned as an N–H
proton. In an effort to improve the yield, various conditions
were explored. Extended reaction times did not lead to an
increased conversion percentage. The use of other solvents
(THF, ether, acetonitrile, toluene) failed to facilitate any
improvements. When a number of Lewis acid catalysts
(TiCl4, SnCl4, MgI2, Et2AlI) were screened, only the first
two produced any product at all, while the use of the others
all resulted in no product formation. Unfortunately, even
with high catalyst loading (up to 100%) the highest yield
obtained was w35–40%. The use of 4-tosyl and 2-nosyl
protecting groups were found to provide similar results.

With these initial discouraging results in hand, we then
turned our attention to utilizing other protecting groups.
When the imine prepared from 4-tolualdehyde and benzyl
amine was used as the electrophilic acceptor, we were
pleased to find that a similar product was obtained.
Interestingly, though, in the 1H NMR spectrum the presence
of an N–H proton was conspicuously lacking. Closer
inspection showed a molecular weight of 277 amu by
GC/MS analysis and a carbonyl stretching vibration of
1638 cmK1 in the FTIR spectrum, which is consistent with
an amide, or its vinylogous analog. Such results are
indicative of the formation of a benzyl-protected aza
Diels–Alder product (Scheme 2).

Encouraged by these results, attention was turned to
optimizing this process. Again a variety of potential Lewis
acid catalysts were screened and MgI2 was found to be
optimal. Unfortunately, it was found that substoichiometric
loadings of MgI2 failed to promote the reaction to
O

+  TMSI   + 
NPg

Scheme 2.
completion.7 However, with 100% Lewis acid loading the
reaction proceeded to completion in 22 h at 0 8C in CH2Cl2
as monitored by 1H NMR analysis of the crude reaction
mixtures. Furthermore, a 2 to 1 ratio of diene to imine was
found to be favorable for reasonable reaction rates and high
yields. It should be noted that a 1:1 ratio of diene to imine
did not result in the complete consumption of imine even
after 48 h at 0 8C. With regard to solvents, both THF and
toluene work, albeit with somewhat diminished yields.
Acetonitrile was found to give unsatisfactory results.

In light of the above results, the optimized reaction
conditions were found to be as follows: 2.0 equiv
iodosilyloxy diene (prepared by stirring 3-butyn-2-one and
TMSI in dry CH2Cl2 at 0 8C for 30 min under an inert
atmosphere) were added to benzyl-protected imine
(1.0 equiv) and MgI2 (1.0 equiv) in CH2Cl2 under an inert
atmosphere. The reaction was stirred at 0 8C for 22 h
before being quenched with 1 N HCl and subjected to
standard extractive workup. The results of this reaction
process utilizing a variety of benzyl-protected imines8 are
summarized in Table 1.

As can be seen from Table 1, imine substrates bearing
nearly electroneutral or even strongly electron-withdrawing
substituents all worked very well. On the other hand,
attempts at using the imine prepared from 4-anisaldehyde,
which bears the strongly electron-donating methoxy
group, resulted in low conversion and the formation of
only a trace amount of product. Additionally, the use of
benzyl imine prepared from 2-tolualdehyde failed to result
in any product at all, presumably due to unfavorable steric
interactions.

After establishing this protocol for the synthesis of N-benzyl
aza Diels–Alder products, we then turned our attention to
other N-protecting groups in order to explore the generality
of this process. We were pleased to find that a number of
imines with N-aromatic groups all worked well for this
reaction. Furthermore, these imines were found to be more
reactive, giving typically higher yields in shorter reaction
ONHPg

I

N

O

Pg

Pg = Bs

Pg = Bn

no cat.

MgI2
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times (12 h rather than 22 h). The results are summarized in
Table 2.
Table 1. Results of aza Diels–Alder reaction using Bn-protected imines

O

+   TMSI   + R NBn

N

O

R

Bn

CH2Cl2, N2, 0 °C

MgI2

Entry R Product Yielda

1 Ph– 1a 77
2 4-Me-C6H4– 2a 84
3 4-CF3–C6H4– 3a 91
4 4-NO2–C6H4– 4a 88
5 4-F–C6H4– 5a 86
6 4-Cl–C6H4– 6a 85
7 4-Br–C6H4– 7a 79

a Yield of pure product after column chromatography.

Table 3. Results of diastereoselective aza Diels–Alder reaction

Ph

MeO

+  TMSI  + 
R

N

N

O

CH2Cl2, N2, 0 °C

MgI2

Ph Me

R

Entry R Product Diastereo-
selectivitya

Yieldb

1 Ph– 1e 3:1 61
2 4-CF3–C6H4– 3e 3:1 84
3 4-Cl–C6H4– 6e 3:1 72
4 n-Pr– 8e 4.5:1 62
5 3-NO2–C6H4– 9e 4:1 82
6 2,4-(NO2)2–C6H3– 10e 4:1 85

a Determined by 1H NMR analysis of the crude reaction mixture.
b Combined yield of 2 isomers after purification by column

chromatography.

Table 2. Results of aza Diels–Alder reaction using aromatic protecting
groups

O

+  TMSI  + R NAr

N

O

R

Ar

CH2Cl2, N2, 0 °C

MgI2

Entry R Ar Product Yielda

1 Ph– Ph– 1b 87
2 4-Cl–C6H4– Ph– 6b 90
3 4-Cl–C6H4– 4-Br–C6H4– 6c 94
4 4-Cl–C6H4– 4-MeO–C6H4– 6d 94

a Yield of pure product after column chromatography.
Due to the large demand for chiral heterocyclic building
blocks, efficient routes to asymmetric dihydropyridones are
quite important in organic chemistry. Several chiral
catalysts were screened with the hopes of developing an
enantioselective aza Diels–Alder reaction. Binol–TiCl2
complex alone failed to produce any desired Diels–Alder
product. Interestingly, both isopropyl-Pybox/MgI2 complex
and isopropyl-Pybox/Cu(OTf)2 complex failed to promote
the aza Diels–Alder reaction with benzyl imines, but both
did effectively promote the reaction with aromatic-protected
imines. Unfortunately, the products from both reactions
were racemic. Interestingly, the use of BinolBOPh2b did
result in the formation of the product in !40% yield, but no
enantioselectivity was observed. With these results in hand,
attention was then turned to focus on chiral auxiliary-
controlled processes.

To date, the majority of diastereomerically controlled aza
Diels–Alder reactions have been performed utilizing chiral
imines derived from sugars,9 amino esters,10 or chiral amino
alcohols.11 Unfortunately, these products often suffer from
the difficulty in removing the protecting group. With this in
mind, we sought to extend the scope of this reaction to
substrates bearing chiral auxiliaries that are easily removed.
Initial attempts at utilizing the chiral p-tolylsulfinyl
protecting group repeatedly resulted in no reaction. In all
instances starting materials were quantitatively recovered
intact. We then turned our attention to the simpler chiral
imines derived from (S)-a-methylbenzyl amine since this
type of imine bears a strong resemblance to the benzyl
protected imines. Fortunately, when the corresponding
imine prepared from benzaldehyde was utilized, the two
possible diastereomers were isolated in moderate yield.
Furthermore, the two diastereomers, obtained in a 3:1 ratio,
were readily separated and isolated in diastereomerically
pure form by column chromatography.12 In light of these
results, several chiral imines were prepared and subjected to
these conditions. The results are summarized in Table 3.
As can be seen from Table 3, a number of electroneutral and
electron-poor substrates are tolerated in this process.
Moderate diastereoselectivities were observed, however, it
is important to note that all products were readily separable
with standard column chromatography techniques. Of
particular interest in Table 3 are entries 4 and 5, in which
aliphatic and meta-substituted aromatic imines were
successfully utilized as substrates for the aza Diels–Alder
reaction. Furthermore, a 2,4-disubstituted substrate (entry 6)
was also found to work well if the groups were strongly
electron withdrawing. Comparison of Tables 1 and 3
demonstrates that these a-methylbenzyl imines are slightly
less reactive than the corresponding benzyl imines,
presumably due to increased steric bulk.

With regard to mechanism, two possibilities seem plausible.
A [4C2] cycloaddition followed by elimination of iodine
would constitute the typical Diels–Alder pathway. Alter-
natively, it has been shown in similar reactions utilizing
Danishefsky’s diene that such reactions occur via a
Mannich/cyclization pathway.2d,f A mechanistic study is
currently underway and relevant results will be disclosed in
due course.

In summary, a new method for the synthesis of dihydro-
pyridones has been reported. The reaction is tolerant
of a variety of substrates, including N-benzyl- and
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N-aryl-protected imines. Attempts at rendering the reaction
asymmetric have been successful. Importantly, this work
represents the first Diels–Alder type reaction with this new
class of iodo-diene.
3. Experimental

3.1. General methods

All reactions were performed in oven-dried glassware.
Dichloromethane was purified and dried via an Alumina
column immediately prior to use. NMR spectra were
recorded on a Varian Inova NMR spectrometer operating
at 500 MHz (1H) and 125 MHz (13C) or on a Varian
Mercury NMR spectrometer operating at 300 MHz (1H) and
75 MHz (13C). Shift values are reported in ppm and are
referenced based on TMS or solvent for 1H and 13C,
respectively. All spectra were recorded in CDCl3. 19F NMR
spectra, where applicable, were recorded in CDCl3 and
shifts are reported based on an external TFA reference.
Imines were prepared according to standard methods. All
other commercially available chemicals were used without
further purification and stoichiometries were calculated by
the purities reported by the manufacturers. Purification was
performed by flash chromatography on silica gel (Merck 60,
230–400 mesh). IR spectra were recorded as CH2Cl2
deposits on a NaCl disk. Unless otherwise indicated, optical
rotations were performed in CH2Cl2 with a concentration
of 0.5.

3.2. Procedure for the aza Diels–Alder reaction

Into a dried, N2 flushed vial was added CH2Cl2 (2.0 mL),
3-butyn-2-one (1.1 mmol), and iodotrimethylsilane
(1.0 mmol) at 0 8C. Concurrently, into another dried, N2

flushed vial containing 0.5 mmol MgI2 was added imine
(0.5 mmol) and 2 mL CH2Cl2. Both vials were stirred for
30 min at 0 8C, at which time the contents of the first vial
were transferred to the second via syringe. The reaction was
stirred at 0 8C under N2 atmosphere until completion
was observed by 1H NMR analysis, at which time it was
quenched with 5 mL 1 M HCl. The mixture was extracted
with CH2Cl2, washed with brine, and dried over anhydrous
Na2SO4. The crude extract was concentrated to dryness
and directly subjected to column chromatography (EtOAc/
hexane, 1:3/3:1) to afford the pure product.

3.3. Spectroscopic data

3.3.1. N-Benzyl-2,3-dihydro-2-phenyl-4-pyridone (1a).
This is a known compound. 1H NMR spectral data are
consistent with literature values.2b 1H NMR (300 MHz,
CDCl3): 7.40–7.10 (m, 11H), 5.08 (d, JZ7.8 Hz, 1H), 4.50
(t, JZ7.5 Hz, 1H), 4.35 (d, JZ15.3 Hz, 1H), 4.13 (d, JZ
15.0 Hz, 1H), 2.85 (dd, JZ7.2, 16.5 Hz, 1H), 2.68 (dd, JZ
7.8, 16.5 Hz, 1H).

3.3.2. N-Benzyl-2,3-dihydro-2-(4-methylphenyl)-4-
pyridone (2a). Isolated as an oil. 1H NMR (500 MHz,
CDCl3): 7.37–7.30 (m, 3H), 7.27 (d, JZ8.0 Hz, 1H),
7.17–7.12 (m, 6H), 5.08 (d, JZ7.5 Hz, 1H), 4.46 (t, JZ
7.5 Hz, 1H), 4.32 (d, JZ15 Hz, 1H), 4.12 (d, JZ15.5 Hz,
1H), 2.80 (dd, JZ7.0, 16.5 Hz, 1H), 2.68 (dd, JZ8.5,
16.5 Hz, 1H), 2.35 (s, 3H). 13C NMR (125 MHz, CDCl3):
190.6, 154.1, 138.1, 136.0, 135.6, 129.7, 128.9, 128.2,
127.7, 127.1, 98.7, 60.5, 57.1, 43.8, 21.1. FTIR:
1638.0 cmK1. GC/MS: m/zZ277 (MC, 91%), 249 (25%),
186 (26%), 118 (74%), 91 (100%). Calculated for
C19H19NO: MCZ277.

3.3.3. N-Benzyl-2,3-dihydro-2-(4-trifluoromethylphenyl)-
4-pyridone (3a). Isolated as an oil. 1H NMR (500 MHz,
CDCl3): 7.63–7.60 (m, 2H), 7.39–7.32 (m, 6H), 7.15–7.13
(m, 2H), 5.11 (d, JZ7.5 Hz, 1H), 4.56 (t, JZ7.5 Hz, 1H),
4.40 (d, JZ15 Hz, 1H), 4.12 (d, JZ15 Hz, 1H), 2.90
(dd, JZ7.0, 16.5 Hz, 1H), 2.62 (dd, JZ7.0, 16.5 Hz, 1H).
19F NMR (212.3 MHz, CDCl3): K63.06 (s). 13C NMR
(125 MHz, CDCl3): 189.5, 153.9, 142.6, 135.5, 130.6
(q, JZ32.1 Hz), 129.1, 128.4, 127.7, 127.4, 126.0 (q, JZ
1.9 Hz), 123.8 (q, JZ270.5 Hz), 99.1, 60.0, 43.3. FTIR:
1638.9 cmK1. HRMS MHC: expected: 332.1257 found:
332.1266.

3.3.4. N-Benzyl-2,3-dihydro-2-(4-nitrophenyl)-4-pyridone
(4a). Isolated as an oil. 1H NMR (500 MHz, CDCl3):
8.23–8.20 (m, 2H), 7.44–7.41 (m, 2H), 7.37–7.34 (m, 4H),
7.15–7.13 (m, 2H), 5.13 (d, JZ7.5 Hz, 1H), 4.61 (t, JZ
7.0 Hz, 1H), 4.44 (d, JZ15 Hz, 1H), 4.12 (d, JZ15 Hz,
1H), 2.93 (dd, JZ7.0, 16.5 Hz, 1H), 2.61 (dd, JZ7.0,
16.5 Hz, 1H). 13C NMR (125 MHz, CDCl3): 189.0, 153.8,
147.8, 145.9, 135.2, 129.1, 128.6, 127.9, 127.6, 124.3, 99.4,
59.7, 57.9, 43.0. FTIR: 1637.5 cmK1. HRMS MHC:
expected: 309.1234 found: 309.1224.

3.3.5. N-Benzyl-2,3-dihydro-2-(4-fluorophenyl)-4-pyridone
(5a). Isolated as an oil. 1H NMR (500 MHz, CDCl3):
7.38–7.31 (m, 3H), 7.29 (d, JZ7.5 Hz, 1H), 7.23–7.20
(m, 2H), 7.13–7.10 (m, 2H), 7.06–7.01 (m, 2H), 5.09 (d, JZ
7.5 Hz, 1H), 4.48 (t, JZ7.5 Hz, 1H), 4.35 (d, JZ15 Hz,
1H), 4.01 (d, JZ15.5 Hz, 1H), 2.83 (dd, JZ7.0, 16.5 Hz,
1H), 2.64 (dd, JZ7.5, 16.5 Hz, 1H). 19F NMR (212.3 MHz,
CDCl3): K113.86 (m). 13C NMR (125 MHz, CDCl3):
190.1, 162.5 (d, JZ245.9 Hz), 154.1, 135.7, 134.4 (d, JZ
3.4 Hz), 129.0, 128.8, 128.6 (d, JZ68.6 Hz), 127.6, 115.9
(d, JZ21.6 Hz), 98.8, 59.9, 57.3, 43.7. FTIR: 1637.9 cmK1.
HRMS MHC: expected: 282.1289 found: 282.1290.

3.3.6. N-Benzyl-2,3-dihydro-2-(4-chlorophenyl)-4-pyridone
(6a). Isolated as an oil. 1H NMR (500 MHz, CDCl3):
7.38–7.31 (m, 5H), 7.29 (d, JZ7.5 Hz, 1H), 7.20–7.17
(m, 2H), 7.14–7.11 (m, 2H), 5.09 (d, JZ7.5 Hz, 1H), 4.47
(t, JZ7.5 Hz, 1H), 4.36 (d, JZ15.5 Hz, 1H), 4.10 (d, JZ
15 Hz, 1H), 2.83 (dd, JZ7.0, 16.5 Hz, 1H), 2.62 (dd, JZ
8.0, 16.5 Hz, 1H). 13C NMR (125 MHz, CDCl3): 189.9,
154.0, 137.1, 135.6, 134.1, 129.2, 129.0, 128.5, 128.3,
127.7, 99.0, 59.9, 57.4, 43.5. FTIR: 1637.7 cmK1. HRMS
MHC: expected: 298.0993 found: 298.0988.

3.3.7. N-Benzyl-2,3-dihydro-2-(4-bromophenyl)-4-pyridone
(7a). Isolated as an oil. 1H NMR (500 MHz, CDCl3):
7.50–7.47 (m, 2H), 7.38–7.33 (m, 3H), 7.29 (d, JZ7.5 Hz,
1H), 7.14–7.11 (m, 4H), 5.09 (d, JZ8.0 Hz, 1H), 4.46
(t, JZ7.5 Hz, 1H), 4.36 (d, JZ15.5 Hz, 1H), 4.10 (d, JZ
15 Hz, 1H), 2.83 (dd, JZ7.0, 16.5 Hz, 1H), 2.62 (dd, JZ
8.0, 16.5 Hz, 1H). 13C NMR (125 MHz, CDCl3): 189.9,
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154.0, 137.6, 135.6, 132.2, 129.0, 128.8, 128.3, 127.7,
122.2, 99.0, 60.0, 57.4, 43.5. FTIR: 1637.7 cmK1. HRMS
MHC: expected: 342.0488 found: 342.0477.

3.3.8. N-Phenyl-2,3-dihydro-2-phenyl-4-pyridone (1b).
This is a known compound. 1H NMR spectral data are
consistent with literature values.2g 1H NMR (500 MHz,
CDCl3): 7.68 (dd, JZ1.0, 7.5 Hz, 1H), 7.34–7.26 (m, 7H),
7.12–7.09 (m, 1H), 7.03–7.01 (m, 2H), 5.30–5.27 (m, 2H),
3.31 (dd, JZ7.5, 16.5 Hz, 1H), 2.79 (ddd, JZ1.0, 3.0,
16.5 Hz, 1H).

3.3.9. N-Phenyl-2,3-dihydro-2-(4-chlorophenyl)-4-pyridone
(6b). This is a known compound. 1H NMR spectral data are
consistent with literature values.2g 1H NMR (500 MHz,
CDCl3): 7.65 (dd, JZ1.0, 7.5 Hz, 1H), 7.33–7.29 (m, 4H),
7.22–7.19 (m, 2H), 7.14–7.11 (m, 1H), 7.05–6.99 (m, 2H),
5.29 (dd, JZ1.0, 8.0 Hz, 1H), 5.26 (dd, JZ3.0, 7.0 Hz, 1H),
3.29 (dd, JZ7.5, 16.5 Hz, 1H), 2.74 (ddd, JZ1.0, 3.5,
16.5 Hz, 1H).

3.3.10. N-(4-Bromophenyl-2,3-dihydro-2-(4-chlorophenyl)-
4-pyridone (6c). Isolated as an oil. 1H NMR (500 MHz,
CDCl3): 7.58 (dd, JZ1.0, 8.0 Hz, 1H), 7.42–7.40 (m, 2H),
7.32–7.29 (m, 2H), 7.19–7.17 (m, 2H), 6.89–6.85 (m, 2H),
5.31 (dd, JZ0.5, 8.0 Hz, 1H), 5.21 (dd, JZ3.0, 7.0 Hz, 1H),
3.27 (dd, JZ7.0, 16.5 Hz, 1H), 2.75 (ddd, JZ1.0, 3.0,
16.5 Hz, 1H). 13C NMR (125 MHz, CDCl3): 189.7, 147.5,
143.5, 136.1, 134.0, 132.6, 129.4, 127.5, 120.1, 117.5,
103.8, 61.2, 43.3. FTIR: 1650.4 cmK1. HRMS MHC:
expected: 361.9942 found: 361.9933.

3.3.11. N-(4-Methoxyphenyl-2,3-dihydro-2-(4-chloro-
phenyl)-4-pyridone (6d). Isolated as an oil. 1H NMR
(500 MHz, CDCl3): 7.52 (dd, JZ1.0, 7.5 Hz, 1H),
7.29–7.26 (m, 2H), 7.21–7.19 (m, 2H), 6.95–6.92 (m, 2H),
6.83–6.80 (m, 2H), 5.23 (dd, JZ1.0, 7.5 Hz, 1H), 5.16 (dd,
JZ4.0, 7.0 Hz, 1H), 3.77 (s, 3H), 3.24 (dd, JZ7.5, 16.5 Hz,
1H), 2.72 (ddd, JZ1.0, 4.0, 16.5 Hz). 13C NMR (125 MHz,
CDCl3): 189.7, 157.0, 149.5, 138.1, 136.8, 133.7, 129.1,
127.8, 121.2, 114.7, 101.8, 61.9, 55.5, 43.3. FTIR:
1646.6 cmK1. HRMS MHC: expected: 314.0942 found:
314.0936.

3.3.12. (2R)-2,3-Dihydro-N-(S)-a-methylbenzyl-2-phenyl-
4-pyridone (1e). This is a known compound. 1H NMR
spectral and optical rotation data are consistent with
literature values.2b 1H NMR (300 MHz, CDCl3):
7.26–7.45 (m, 10H), 7.04 (d, JZ7.8 Hz, 1H), 5.04 (d, JZ
7.8 Hz, 1H), 4.70 (dd, JZ6.6, 9.0 Hz, 1H), 4.43 (q, JZ
6.9 Hz, 1H), 2.82 (dd, JZ6.9, 16.5 Hz, 1H), 2.71 (dd,
JZ9.0, 16.5 Hz, 1H), 1.47 (d, JZ6.9 Hz, 3H). [a]D

24: lit:
K181.7, Found: K177.8 (c 1.7, CHCl3).

3.3.13. (2R)-2,3-Dihydro-N-(S)-a-methylbenzyl-2-(4-tri-
fluoromethylphenyl)-4-pyridone (3e). Isolated as an oil.
1H NMR (500 MHz, CDCl3): 7.62 (d, JZ8.0 Hz, 2H), 7.49
(d, JZ8.0 Hz, 2H), 7.41–7.38 (m, 2H), 7.36–7.32 (m, 1H),
7.29–7.27 (m, 2H), 7.16 (d, JZ7.5 Hz, 1H), 5.06 (d,
JZ7.5 Hz, 1H), 4.73 (dd, JZ7.0, 7.0 Hz, 1H), 4.47 (q, JZ
7.0 Hz, 1H), 2.89 (dd, JZ7.0, 16.5 Hz, 1H), 2.59 (dd, JZ
7.0, 16.5 Hz, 1H), 1.49 (d, JZ7.0 Hz, 3H). 19F NMR
(212.3 MHz, CDCl3): K63.06 (s). 13C NMR (125 MHz,
CDCl3): 189.5, 151.8, 143.7, 139.5, 130.5 (q, JZ32.6 Hz),
129.0, 128.4, 127.3, 127.2, 126.1 (q, JZ3.9 Hz), 123.8
(q, JZ270.5 Hz), 99.9, 60.5, 59.6, 43.6, 17.9. FTIR:
1637.9 cmK1. [a]D

24 K90.4. HRMS MHC: expected:
346.1413 found: 346.1410.
3.3.14. (2R)-2,3-Dihydro-N-(S)-a-methylbenzyl-2-(4-
chlorophenyl)-4-pyridone (6e). Isolated as an oil. 1H
NMR (500 MHz, CDCl3): 7.40–7.31 (m, 7H), 7.28–7.26 (m,
2H), 7.09 (d, JZ7.5 Hz, 1H), 5.04 (d, JZ7.5 Hz, 1H), 4.66
(dd, JZ7.0, 7.0 Hz, 1H), 4.44 (q, JZ7.0 Hz, 1H), 2.82 (dd,
JZ7.0, 16.5 Hz, 1H), 2.61 (dd, JZ8.0, 16.5 Hz, 1H), 1.47 (d,
JZ7.0 Hz, 3H). 13C NMR (125 MHz, CDCl3): 189.9, 151.8,
139.6, 138.1, 134.1, 129.3, 128.9, 128.3, 1228.2, 127.3, 99.8,
59.83, 59.80, 43.9, 17.7. FTIR: 1637.6 cmK1. [a]D

24 K175.5.
HRMS MHC: expected: 312.115 found: 312.1144.
3.3.15. (2R)-2,3-Dihydro-N-(S)-a-methylbenzyl-2-n-
propyl-4-pyridone (8e). This is a known compound.2b

1H NMR spectral and optical rotation data are consistent
with literature values. 1H NMR (300 MHz, CDCl3):
7.50–7.30 (m, 5H), 6.90 (d, JZ7.2 Hz, 1H), 4.87 (d, JZ
7.2 Hz, 1H), 4.56 (q, JZ6.9 Hz, 1H), 3.51–3.61 (m, 1H),
2.68 (dd, JZ6.6, 16.2 Hz, 1H), 2.32 (dd, JZ2.7, 16.2 Hz,
1H), 2.10–1.90 (m, 1H), 1.66 (d, JZ6.9 Hz, 3H), 1.52–1.20
(m, 3H), 0.92 (t, JZ7.2 Hz, 3H). [a]D

24: lit: C163.1, Found:
C161.8 (c 1.0, CHCl3).
3.3.16. (2R)-2,3-Dihydro-N-(S)-a-methylbenzyl-2-
(3-nitrophenyl)-4-pyridone (9e). Isolated as an oil.
1H NMR (500 MHz, CDCl3): 8.17–8.15 (m, 2H), 7.69–7.67
(m, 1H), 7.56–7.51 (m, 1H), 7.41–7.33 (m, 3H), 7.29–7.27
(m, 3H), 5.09 (d, 1H, JZ8.0 Hz), 4.77 (dd, 1H, JZ5.5,
7.0 Hz), 4.54 (q, 1H, JZ7.0 Hz), 2.95 (dd, 1H, JZ7.5,
16.5 Hz), 2.55 (dd, 1H, JZ5.5, 16.5 Hz), 1.52 (d, 3H, JZ
7.0 Hz). 13C NMR (125 MHz, CDCl3): 188.8, 151.6, 148.5,
141.8, 139.3, 132.7, 130.2, 129.0, 128.5, 127.1, 123.1,
121.8, 99.9, 61.4, 58.8, 43.2, 18.3. FTIR: 1637.9 cmK1.
[a]D

24 K69.2. HRMS MClK: expected: 357.1011 found:
357.1017.
3.3.17. (2R)-2,3-Dihydro-N-(S)-a-methylbenzyl-2-(2,4-
dinitrophenyl)-4-pyridone (10e). Isolated as an oil. 1H
NMR (500 MHz, CDCl3): 8.74 (d, 1H, JZ2.5 Hz), 8.32 (dd,
1H, JZ2.5, 9.0 Hz), 7.92 (d, 1H, JZ8.5 Hz), 7.44 (dd, 1H,
JZ1.0, 7.5 Hz), 7.36–7.29 (m, 3H), 7.20–7.19 (m, 2H), 5.48
(dd, 1H, JZ2.5, 9.0 Hz), 5.12 (dd, 1H, JZ1.0, 8.0 Hz), 4.54
(q, 1H, JZ7.0 Hz), 3.13 (dd, 1H, JZ9.0, 17.0 Hz), 2.43 (dd,
1H, JZ2.5, 17.0 Hz), 1.54 (d, 3H, JZ7.0 Hz). 13C NMR
(125 MHz, CDCl3): 180.1, 151.4, 147.4, 147.3, 141.9,
138.9, 130.5, 129.2, 128.8, 127.2, 126.8, 120.7, 99.4, 63.2,
53.9, 41.3, 18.9. FTIR: 1637.8 cmK1. [a]D

24 K195.0. HRMS
MHC: expected: 368.1241 found: 368.1232.
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Abstract—The new plakortide Q (1) has been isolated from the little studied marine sponge Plakortis zyggompha, together with the six new
cyclic peroxide analogues 2–7 in their methyl ester forms 2a–7a. Their structure was fully elucidated through NMR and MS analyses and the
relative stereochemistry of the 1,2-dioxane ring was established after interpretation of the coupling constant values and the NOESY data. The
carboxylic acid function of these compounds was proved to be very reactive and methylation was found to take place during the purification
process. The non-esterified peroxides exhibited more cytotoxic activity against human tumor cell lines than their corresponding methyl
esters.
q 2005 Elsevier Ltd. All rights reserved.
1. Introduction

Marine sponges of the genus Plakortis (Homosclero-
phorida: Plakinidae) were proven to be a prolific source of
secondary metabolites with a large structural diversity.1

Among them, compounds with a polyketide origin are the
most frequently encountered. Cyclic peroxides, which are
examples of bioactive polyketides found in various
Plakortis sp.,2–4 are of great interest because they often
exhibit a wide spectrum of biological activities including
antiparasitic and antitumoral properties.5–7

In recent years, our research has focused on the isolation of
cytotoxic molecules from marine sources.8,9 In this context,
we turned our attention to the rare species Plakortis
zyggompha collected off the Martinique island, whose
extracts showed significant cytotoxic activities.10 In a
previous paper, we reported the isolation from this sponge
of three new spiculoic acids, polyketides possessing a rare
bicyclic spiculane skeleton.11 Because these mildly cyto-
toxic metabolites could not be responsible for the high
activity of the crude extract, deeper investigation was
0040–4020/$ - see front matter q 2005 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2005.09.077
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carried out on the bioactive fractions. We describe here the
isolation and the structure elucidation of seven new
polyketide-derived cyclic peroxides: plakortide Q (1),
14-nor-plakortide Q (2), 11,12-didehydroplakortide Q (3),
11,12-didehydro-14-nor-plakortide Q (4), 11,12-didehydro-
16-nor-plakortide Q (5), 14,16-dinor-plakortide Q (6), and
14,18-dinor-plakortide Q (7). The characterization of
compounds 2–7 was accomplished on their methyl ester
forms 2a–7a for purification reasons. All seven compounds
were assayed for antitumoral activity against three human
tumor cell lines and they proved to be responsible for the
bioactivity of the crude extract.
2. Results and discussion

The sponge P. zyggompha (de Laubenfels, 1934) was
collected using scuba diving in a cave near the ‘Rocher du
Diamant’ in the south of the Martinique island in 2002. The
specimen with a characteristic intense blue colour was
immediately frozen, then extracted with a MeOH/CH2Cl2
1:1 mixture to give a brown gum after evaporation. The
crude extract was partitioned between H2O and CH2Cl2, and
the CH2Cl2 layer was fractionated by a silica gel
chromatography using a gradient from n-hexane to
MeOH. Fifteen fractions were obtained and half of the
Tetrahedron 61 (2005) 11843–11849
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bioactive fraction 7 was chromatographied on a C18

reversed-phase HPLC column to afford the pure compound
1, a mixture of the compounds 2–3, as well as a mixture of
the compounds 4–7 (Fig. 1), roughly identified by ESIMS
and NMR.

Because of peak tailings in RP-HPLC attributed to the
presence of carboxylic acid functions, the mixtures of
compounds 2–3 and 4–7 were esterified separately with the
safe reagent TMSCHN2. After total methylation, the
corresponding peaks sharpened significantly in our HPLC
conditions but the separation of the compounds 2a–7a was
still not efficient for their purification. The peaks
corresponding to the pairs of compounds 2a–3a and 4a–
7a were not resolved enough and we concluded that the
presence of an unsaturation in compounds 3a, 4a, and 5a,
Figure 1. ELSD chromatogram of fraction 7. Column: symmetry C18, 5 mm, 7.5
decreased the lipophilicity just enough to compensate the
gain of a methylene unit compared to 2a, 6a, and 7a,
respectively. Taking into account this observation, distinct
lipophilic interactions with the stationary phase were
necessary to hope clean separations. We anticipated that a
phenyl bonded phase would create some p–p interactions
with the unsaturation of compounds 3a, 4a, and 5a, inducing
a higher retention time in HPLC. The purification of the
mixtures on the corresponding semi preparative HPLC
column was realized and the three pairs of compounds
2a/3a, 4a/6a, and 5a/7a, were thus separated as expected
(Fig. 2). Unfortunately, the chain isomers 4a/5a and 6a/7a,
that do have the same degree of unsaturation, were not
discriminated on the phenyl bonded HPLC column and both
pairs were obtained as 5:1 mixtures. Nevertheless, the four
!300 mm; elution: isocratic CH3CN/water 85:15, 2.5 mL/min.



Figure 2. LC–MS traces of compounds 2a/3a. HPLC conditions: Luna phenylhexyl column, 3 mm, 4.6!150 mm; isocratic CH3CN/water 70:30, 1 mL/min.
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new compounds 4a–7a were properly characterized by
NMR studies.

Compound 1 was obtained as a colourless oil, [a]D
22K143

(c 0.1, CHCl3). Its molecular formula was determined as
C21H40O4 by HRESIMS (m/z 379.2808 [MCNa]C,
379.2818 calcd for C21H40O4Na) and required two degrees
Table 1. 1H and 13C NMR data of plakortide Q (1) in CDCl3

Position 13C 1H COSY

1 176.7 —
2 31.6 3.05dd (15.7, 9.5); 2.43dd (15.7, 3.4) 2b; 3
3 78.4 4.46ddd (9.6, 4.5, 3.5) 2a,b;
4 34.5 2.18m 3; 5a
5 33.1 1.53dd (13.4, 4.5); 1.37dd (13.4, 12.5) 5b; 4
6 83.7 —
7 44.6 1.39dd (15.7, 2.4); 1.21m 7b; 8
8 25.7 1.64m 7a,b;
9 43.5 1.14m; 1.03m 9b; 8
10 36.4 1.25m 9a,b
11 32.7 1.22m
12 28.7 1.25m
13 23.3 1.27m 14
14 14.3 0.89t (7.2) 13
15 25.3 1.22m; 1.13m 16; 4
16 11.0 0.92t (7.3) 15a,b
17 26.0 2.06dq (14.4, 7.2); 1.56dq (14.4, 7.2) 17b;
18 7.8 0.87t (7.5) 17a,b
19 22.3 0.91d (6.5) 8
20 26.6 1.29m; 1.23m 21 21
21 11.1 0.83t (7.0) 20a,b

a Ha is the lower-field proton in a geminal pair and Hb is the higher-field proton
of unsaturation. The first unsaturation was attributed to a
carboxylic acid group because of the characteristic bands in
the IR spectrum (3434 and 1714 cmK1) and the resonance at
dC 176.7 in the 13C NMR spectrum (Table 1). The presence
of two oxygen bearing carbons was evidenced by the signals
at dC 78.4 (C-3) and 83.7 (C-6), and the downshielded
proton at dH 4.46 (H-3). To fulfil the number of unsaturation
a HMBC (C/H)a NOESYa

3; 2a,b
2a; 3 3; 4 5b; 15a
4 2a,b; 4; 5a,b; 15a,b 4; 16
,b; 15a,b 3; 2a; 5a,b; 15a,b; 16 3; 17a; 5a; 16
5a; 4 3; 4; 15a; 17a,b; 7a,b 7a; 16; 4 15a

5a,b; 7a,b; 17a,b; 18; 8
7a; 8 3; 17a,b; 8; 9a,b; 19 5a; 8
9a,b; 19 7a,b; 9a,b; 10; 19 7a
, 10 9a; 8; 10 8, 7a,b; 10; 20 7a 8; 19

9a,b; 20; 21
9a,b; 13
13; 14
12; 14
12; 13

16; 4 5a,b; 4; 16 2b
4; 15a,b 3; 4; 5a

18 17a; 18 7a,b; 18 4
17a,b; 5b
7a,b; 8; 9a,b 9b
9a,b; 21
20; 10

.
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the presence of a cyclic peroxide ring was assumed. Further
inspection of the NMR spectra suggested that compound 1
was indeed closely related to the plakortide family and the
assignments of the 1,2-dioxane ring, mostly based on the
COSY data, showed very close similarities with plakortide
H (8).12

The ethyl group at C-4 was unambiguously assigned by the
key COSY correlations H-3/H-4, H-4/H2-15, and H2-15/
H-16. A second ethyl group was placed at the quaternary
carbon C-6 on the basis of the HMBC correlations C-6/
H2-17 (dH 2.06 and 1.56) and C-6/H3-18 (dH 0.87). The
structure of the saturated aliphatic side-chain starting from
the quaternary carbon C-6 was determined from selected
HMBC and COSY data. HMBC correlations from C-6
allowed the assignments of the signals at dH 1.39 (dd, H-7a),
1.21 (m, H-7b), and 1.64 (m, H-8). The key COSY
correlation H-8/H3-19 showed the presence of a methyl
group at C-8, and the key HMBC correlations C-10/H2-20
(dH 1.29 and 1.23) and C-10/H3-21 (dH 0.83) indicated the
presence of an ethyl group at the methine C-10 (dC 36.4).
The length of the terminal chain was determined starting
from the remaining methyl CH3-14 (dH 0.89, dC 14.3) after
interpretation of the HMBC correlations C-13/H3-14, C-12/
H3-14, C-11/H2-13, and C-11/H2-9. Comparison of the
NMR data of the aliphatic chain with those of other cyclic
peroxides revealed a high level of similarities with one of
the peroxides isolated from P. angulospiculatus,13 and fitted
with the proposed structure 1.
Figure 3. Key NOESY correlations of plakortide Q (1).

Table 2. 13C NMR data of compounds 2a–7a in CDCl3

Position 2a 3a 4a

1 172.4 172.4 172.4
2 31.6 31.6 31.6
3 78.6 78.5 78.5
4 34.6 34.6 34.6
5 33.1 33.0 32.9
6 83.5 83.7 83.7
7 44.6 45.0 45.0
8 25.7 25.6 25.6
9 43.6 44.7 44.7
10 36.2 42.6 42.7
11 35.5 133.4 135.8
12 19.6 132.5 125.0
13 14.7 25.9 18.1
14 — 14.4 —
15 25.4 25.4 25.4
16 11.0 11.2 11.2
17 26.0 25.8 25.9
18 7.9 8.0 8.0
19 22.4 21.5 21.6
20 26.6 29.1 29.1
21 11.2 12.0 12.0
Me 52.0 52.0 52.0
The relative stereochemistry of the 1,2-dioxane ring was
obtained on the basis of the coupling constant values and the
NOESY data. The coupling constants corresponding to the
signals at dH 1.53 (dd, JZ13.4, 4.5 Hz, H-5a) and 1.35 (dd, JZ
13.7, 13.4 Hz, H-5b) were consistent with an axial position for
H-4 (Fig. 3). Consequently, H-3 was placed in an equatorial
position due to the value of the coupling constant JH3–3Z
4.5 Hz. The key NOE correlation H-2b/ H-15a confirmed the
cis relative stereochemistry at C-3 and C-4 while the NOE
correlation H-4/H-17a induced a trans stereochemistry
between the ethyl groups at C-6 and C-4. The stereochemistry
was ascertained by comparison with the other plakortides14

and consequently compound 1 was named plakortide Q.

The methyl ester 2a, [a]D
22K128 (c 0.1, CHCl3), was

obtained as a colourless oil and the molecular formula
C21H40O4 was established from HRESIMS (m/z 379.2809
[MCNa]C, 379.2818 calcd for C21H40O4Na) and NMR
data. The NMR resonances at dH 3.71, dC 52.0, and dC 172.4
(quaternary carbon) evidenced the presence of a methyl
ester function. Aside from this difference, the NMR spectra
of plakortide Q (1) and of compound 2a were very similar
(Tables 2 and 3). Both compounds having the same
molecular mass and compound 2a being methyl esterified,
one methylene unit lacked in molecule 2a. Indeed, some
modifications were noticeable in the aliphatic chain where
C-12 appeared upshielded at dC 19.6 (dC 28.7 in 1), and the
key COSY correlation H2-12/H3-13 confirmed the loss of
the methylene unit at the end of the chain.

The methyl ester 3a, [a]D
22K123 (c 0.1, CHCl3), was

obtained as a colourless oil and the molecular formula
C22H40O4 was established from HRESIMS (m/z 391.2825
[MCNa]C, 391.2818 calcd for C22H40O4Na) and 13C NMR
data. The additional unsaturation was easily located at C-11/
C-12 on the basis of the key COSY correlations H-10/H-11,
H-11/H-12, H-11/H2-13, and H2-13/H3-14.

The chain isomers 4a and 5a were obtained as an inseparable
mixture in the quantitative ratio 5:1, respectively. Their
5a 6a 7a

172.4 172.4 172.4
31.8 31.9 31.6
79.5 79.5 78.8
27.5 27.5 35.0
35.1 35.2 35.3
83.6 83.4 81.4
44.9 44.5 49.0
25.6 25.7 25.9
44.7 43.6 43.3
42.6 36.2 36.2

133.5 35.5 35.5
132.5 19.6 19.7
25.9 14.7 14.7
14.4 — —
17.5 17.5 25.3

— — 11.2
25.8 26.1 21.9
8.0 8.0 —

21.5 22.4 22.5
29.1 26.6 26.5
12.0 11.0 11.0
52.0 52.0 52.0



Table 3. 1H NMR data of compounds 2a–7a in CDCl3

Position 2a 3a 4a 5a 6a 7a

2 3.01dd (15.2, 9.1);
2.37dd (15.3, 3.5)

3.01dd (15.7, 9.3);
2.37dd (15.7, 3.6)

3.01dd (15.7, 9.4);
2.37dd (15.6, 3.7)

2.97dd (15.7, 8.9);
2.44dd (15.7, 4.4)

2.98dd (15.7, 8.9);
2.46dd (15.7, 4.3)

3.01dd (15.2, 9.0);
2.38dd (15.2, 3.7)

3 4.48ddd (9.1,
4.9, 3.7)

4.48ddd (9.3,
5.2, 3.7)

4.48ddd (9.3,
5.0, 3.8)

4.42ddd (9.0,
4.9, 4.0)

4.43ddd (9.2,
4.8, 4.0)

4.50ddd (9.0,
5.0, 3.7)

4 2.17m 2.15m 2.15m 2.38m 2.41m 2.19m
5 1.52dd (13.4, 4.3);

1.35dd (13.4, 13.0)
1.50dd (13.4, 4.3);
1.32dd (13.4, 13.0)

1.50dd (13.6, 4.4);
1.32m

1.45dd (13.4, 4.6);
1.36m

1.46m; 1.38m 1.48m; 1.38m

7 1.38t (14.6); 1.21m 1.34m; 1.24m 1.34dd (14.0, 2.4);
1.21dd (14.2, 6.9)

1.34m; 1.24m 1.38m; 1.21m 1.40m; 1.27m

8 1.64m 1.63m 1.62m 1.64m 1.64m 1.64m
9 1.14dt (13.6, 6.7);

1.04ddd (13.6,
7.9, 4.9)

1.23m; 1.09ddd
(13.4, 9.8, 4.0)

1.25m; 1.08ddd
(13.1, 9.7, 4.0)

1.23m; 1.08m 1.14dt (13.4, 6.6);
1.04ddd (13.5,
8.1, 5.0)

1.13m; 1.05m

10 1.26m 1.84m 1.84m 1.83m 1.27m 1.27m
11 1.19m 5.03ddt (15.3,

9.1, 1.3)
5.06ddd (15.4,
9.1, 1.4)

5.41dd (15.2, 9.0) 1.20m 1.20m

12 1.27m 5.41dt (15.2, 6.3) 5.37dq (15.3, 6.4) 5.03dd (15.0, 6.5) 1.28m 1.28m
13 0.88t (7.6) 2.01m 1.67dd (6.5, 1.2) 2.01m 0.87t (7.2) 0.89m
14 0.97t (7.5) 0.97t (7.3)
15 1.20m; 1.15m 1.21m; 1.15m 1.20m; 1.15m 0.85d (6.9) 0.86d (7.0) 1.22m; 1.15m
16 0.92t (7.3) 0.92t (7.4) 0.92t (7.4) 0.93m
17 2.04dq (14.6, 7.3);

1.58dq (14.6, 7.3)
2.02m; 1.59dq (14.
3, 7.3)

2.00dq (14.6, 7.4);
1.60dq (14.4, 7.3)

2.02dq (14.3, 7.3);
1.59m

2.05dq (14.6, 7.2);
1.57dq (14.5, 7.3)

1.38 s

18 0.87t (7.9) 0.84t (7.5) 0.84t (7.2) 0.84t (7.5) 0.87t (7.6)
19 0.91d (7.1) 0.87d (6.7) 0.87d (6.8) 0.87d (6.8) 0.91d (6.7) 0.91m
20 1.27m; 1.21m 1.31m; 1.18m 1.30m; 1.17m 1.26m 1.26m; 1.22m 1.28m; 1.23m
21 0.83t (6.8) 0.82t (7.4) 0.82t (7.3) 0.83t (7.0) 0.83t (7.1) 0.83m
Me 3.71s 3.70s 3.71s 3.71s 3.71s 3.71s
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molecular formula C21H38O4 was established from HRE-
SIMS (m/z 377.2648 [MCNa]C, 377.2662 calcd for
C21H38O4Na) and 13C NMR data. Comparing the 1H and
13C NMR spectra (Tables 2 and 3) the major isomer 4a
showed strong similarities with compound 3a. Because the
olefinic proton H-12 appeared as a doublet of quadruplet at
dH 5.37 in the 1H NMR spectrum of 4a, the aliphatic side-
chain lacked one methylene unit at its end. In the NMR
spectra of the minor compound 5a, clear differences
appeared for the signals attributed to the 1,2-dioxane ring.
The key COSY correlation between H-4 and a second
methyl doublet at dH 0.85 (H3-15) evidenced the replace-
ment of the ethyl group at C-4 in 3a and 4a, by a methyl
group in 5a. The upshielding of the C-4 resonance from dC

34.6 in 2a, 3a, and 4a, to dC 27.5 in 5a corroborated this
substitution. Further NMR data showed that the aliphatic
side-chain of compound 5a and 3a were identical.
Consequently, compound 5a was the C-4 epimer of one of
the cyclic peroxides isolated by Fontana et al.15

The chain isomers 6a and 7a were obtained as an
inseparable mixture in the quantitative ratio 5:1, respec-
tively. Their molecular formula C20H38O4 was established
from HRESIMS (m/z 365.2651 [MCNa]C, 365.2662 calcd
for C20H38O4Na) and 13C NMR data. The NMR data
corresponding to the 1,2-dioxane ring of compounds 5a and
6a appeared closely related (Tables 2 and 3). In particular,
the doublet at dH 0.86 (H3-15) and the methine at dC 27.5
(C-4) were consistent with the presence of a methyl
substituent at C-4. Strong similarities between the NMR
spectra of the compounds 2a, 6a, and 7a, implied that they
have the same side-chain. Clear differences appeared for
the signals of the 1,2-dioxane ring of compound 7a. The
resonance at dC 35.0 (C-4) was characteristic of an ethyl
substituent at C-4 and the resonances corresponding to C-6
(dC 81.4) and C-17 (dC 21.9) were upshielded in comparison
with all other compounds 2a–6a (dC-6 near 83.5 and dC-17

near 26.0). The substitution of the ethyl group in 6a (dH

2.05, dq, H-17a; 1.57, dq, H-17b; 0.87, t, H3-18) by a methyl
group in 7a (dH 1.38, s, H3-17) was evidenced in the 1H
NMR spectrum and confirmed by the strong C-6/H3-17
HMBC correlation. These chemical shifts were very similar
to those of plakortin, the first cyclic peroxide isolated from
a Plakortis sp.16 This analogy supported the structure of
compound 7a.

The relative stereochemistry of all new compounds 2a–7a
was proven to be the same as plakortide Q (1) as evidenced
by the key NOEs observed for 1 also found in the NOESY
spectra of compounds 2a–7a. Consequently, an empiric rule
emerged from the 13C NMR examination of all similar
1,2-dioxane ring described in the literature. The acetic acid
substituent at C-3 occupies an equatorial or an axial position
when C-2 resonates above dC 36 or below 32 ppm,
respectively. In the same way, the ethyl substituent at C-6
has an equatorial or an axial position when C-17 resonates
above dC 30 or below 27 ppm, respectively. In all cases, the
ethyl substituent at C-4 occupies an equatorial position with
a methylene C-15 resonating near dC 25 ppm and no axial
position for this substituent was found in the literature.
A misinterpretation of the NMR data could explain the
exception to this rule found for the substituent at C-3 in
plakortide L.4,17

Amazingly, the LC–MS study of the other half of the
bioactive fraction 7, stored one year in MeOH, showed the
presence of the methyl ester forms of the seven compounds
1–7 previously characterized. This demonstrated unambigu-
ously that the methyl esters appeared during the storage and
they were not natural secondary metabolites of the sponge.



Table 4. Cytotoxic activity of plakortide Q derivatives

Cell line
(IC50 mM)

1 1a 2a 3a 2/3a 4a/5ab 6a/7ab

MDA-MB-231 9.0 18.4 24.4 4.1 4.6 28.9 O30
A549 3.6 7.8 14.0 6.8 4.0 23.6 O30
HT29 3.9 13.0 12.3 12.8 1.9 27.2 O30

a Mixture 1:1.
b Mixture 5:1.
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We could then wonder about the natural origin of the
esterified plakortides F, K, M, and N.4,10

After the first isolation of a plakortic acid from
P. zyggompha,18 this is the second report of cyclic peroxides
from this little studied species. The new plakortides show
a similar pattern for their aliphatic side-chain as they all
possess a methyl at C-8 and an ethyl at C-10. Interestingly,
the cyclic peroxides 2, 4, 6, and 7, represent the first
compounds of this series with an aliphatic chain ending at
C-13, suggesting that their polyketide biogenetic pathway
includes more propionate units than other species of this
genus. It is worthwhile that the isolated compounds possess
the same relative stereochemistry, indicating a unique
biosynthetic pathway for all these compounds, which may
have different precursors as substrate. We have also
emphasized the great care that must be taken about the
natural origin of the ester derived compounds of this family.

The acid carboxylic forms 1 and 2/3 appeared more
cytotoxic (IC50 2 to 9 mM) than the corresponding methyl
esters 1a and 2a (Table 4). However, the bioactivity of 3a
was comparable to that of 1, and probably to 2 (supposed
from 2a). As the mixture 2/3 (1:1 ratio) was twice more
active than 1, we assumed that 3 would have an activity
close to 1 mM. This family of plakortides was probably
responsible for the bioactivity of the crude extract of
P. zyggompha. The new plakortide Q (1) was interestingly
cytotoxic against the two human tumor cell lines A549 and
HT29 (IC50 3.6 and 3.9 mM, respectively).
3. Experimental
3.1. General experimental procedure

Optical rotations were measured in CHCl3 on a Jasco
P-1020 polarimeter. IR spectra were recorded on a Perkin-
Elmer Paragon 1000 FT-IR spectrophotometer. NMR
experiments were performed on a Bruker DRX 500, using
standard Bruker program. Chemical shifts were reported in
ppm using residual CDCl3 (d 7.26 for 1H and 77.16 for 13C)
as internal reference. EIMS were recorded on a VG
AutoSpec spectrometer, ESIMS were performed on a
Bruker Esquire 3000 Plus spectrometer, and HRESIMS on
an API QSTAR Applied Biosystems. HPLC-MS analyses
(Fig. 2) were realized by using an Alliance HPLC system
Waters with a Luna phenylhexyl analytical column (3 mm,
4.6!150 mm, CH3CN/H2O 70:30, 1 mL/min) coupled to
the MS Bruker Esquire 3000. HPLC purifications were
carried out on a Waters equipment with a 600 E pump, an
Autoinjector 417, and 996 photodiode array detector
coupled with a SEDEX 55 evaporative light scattering
detector (ELSD).
3.2. Collection, extraction and isolation

The sponge P. zyggompha (de Laubenfels, 1936) was
collected by hand by scuba diving in July 2002 in a cave at a
depth of 20 m, near the ‘Rocher du Diamant’ (14826 0060 N,
61802 0040 W) in the south of the Martinique island. The
specimen with a characteristic intense azul colour was
immediately frozen. The material was identified by
Dr. Iosune Uriz (Blanes, Spain) and a voucher specimen
(ORMA008545) has been deposited at the company
PharmaMar S.A. The frozen sample of P. zyggompha
(170 g) was extracted with a mixture of MeOH/CH2Cl2 1:1
to give after evaporation 10 g of a brown gum. The extract
was partitioned between H2O and CH2Cl2, and the CH2Cl2
layer (3 g residue) was subjected to silica gel chromato-
graphy using a gradient from hexane to MeOH to afford 15
fractions. Half of the fraction 7 (286 mg) was further
purified by HPLC on a symmetryprep C18 semi preparative
column (7 mm, 7.5!300 mm, CH3CN/H2O 85:15) to yield
plakortide Q (1, 7.2 mg, 4.2!10K3% wet wt), the pair of
compounds 2/3 (45 mg), and the mixture of compounds 4–7
(5 mg). After esterification with TMSCHN2 (see after), the
pair of compounds 2a/3a was separated by HPLC on a Luna
phenylhexyl semi preparative column (5 mm, 10!250 mm,
CH3CN/H2O 70:30) to yield 2a (37.1 mg, 22!10K3% wet
wt) and 3a (3.3 mg, 1.9!10K3% wet wt). The mixture 4a–
7a was purified on the same HPLC column (CH3CN/H2O
65:35) to yield the pairs of compounds 4a/5a (2.2 mg, 1.3!
10K3% wet wt) and 6a/7a (1.4 mg, 0.8!10K3% wet wt).
3.2.1. Plakortide Q (1). Colourless oil; [a]D
22K143 (c 0.1,

CHCl3), IR n cmK1: 3438, 2960, 2930, 2874, 1714, 1462,
1380, 1H and 13C data recorded in CDCl3: see Table 1;
HRESIMS m/z 379.2808 [MCNa]C(379.2818 calcd for
C21H40O4Na).
3.2.2. 14-Nor-plakortide Q methyl ester (2a). Colourless
oil; [a]D

22K128 (c 0.1, CHCl3), IR n cmK1: 2959, 2931,
2873, 1740, 1461, 1435, 1379, 1360, 1H and 13C data
recorded in CDCl3: see Tables 2 and 3; HRESIMS m/z
379.2809 [MCNa]C(379.2818 calcd for C21H40O4Na).
3.2.3. 11,12-Didehydroplakortide Q methyl ester (3a).
Colourless oil; [a]D

22K123 (c 0.1, CHCl3), IR n cmK1: 2960,
2931, 2874, 1742, 1461, 1436, 1379, 1360, 1H and 13C data
recorded in CDCl3: see Tables 2 and 3; HRESIMS m/z
391.2825 [MCNa]C(391.2818 calcd for C22H40O4Na).
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3.2.4. 11,12-Didehydro-14-norplakortide Q methyl ester
(4a). In a 5:1 mixture with 11,12-didehydro-16-
norplakortide Q methyl ester (5a). Colourless oil; 1H and
13C data recorded in CDCl3: see Tables 2 and 3; HRESIMS
m/z 377.2648 [MCNa]C(377.2662 calcd for C21H38O4Na).

3.2.5. 14,16-Dinorplakortide Q methyl ester (6a). In a 5:1
mixture with 14,18-dinorplakortide Q methyl ester (7a).
Colourless oil; 1H and 13C data recorded in CDCl3: see
Tables 2 and 3; HRESIMS m/z 365.2651 [MC
Na]C(365.2662 calcd for C20H38O4Na).

3.3. Methylation of the mixture of compounds 2 and 3

A solution of compounds 2 and 3 (1:1 ratio, 16 mg) in
toluene/MeOH 1:1 (1 mL) was carefully treated with an
excess of trimethylsilyldiazomethane (TMSCHN2, 100 mL,
2.0 M in n-hexane) under a N2 atmosphere. After stirring at
room temperature (1 h) the reaction was quenched with
acetic acid (200 mL). The subsequent evaporation of the
reaction mixture under vacuum led to the pure compounds
2a and 3a (1:1 ratio, 18 mg) later separated by HPLC (see
above).

3.4. Methylation of the mixture of compounds 4–7

Following the same procedure, compounds 4–7 (5 mg) were
methyl-esterified to afford the mixture of compounds 4a–7a
(6 mg) later partially separated by HPLC (see above).

3.5. Biological activity

A colorimetric assay using sulforhodamine B has been
adapted for a quantitative measurement of cell growth and
viability following the technique described in the litera-
ture.19 The in vitro activity of the compounds was evaluated
against 3 human tumor cell lines, including lung carcinoma
A549, colon carcinoma HT29 and breast MDA-MB-231.
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Abstract—A new synthetic approach to the 5-epimers of muraymycins, a family of complex nucleoside-type antibiotics, is reported based
on the synthesis of epoxy amides obtained via the reaction of sulfur ylides with the uridyl aldehyde derivatives 16, 29 and 30, followed by a
subsequent oxirane ring opening reaction with diamines. This new strategy offers an excellent opportunity for the preparation of muraymycin
analogues of biological interest. In fact, biological studies have revealed these 5 0-epimers to be as biologically potent as the natural
antibiotics, aside of representing a convergent and flexible route towards the natural congeners.
q 2005 Elsevier Ltd. All rights reserved.
1. Introduction

The search and discovery of new antibiotics with novel
mechanisms of action is of great importance in chemical,
biological and clinical circles due to the growing
appearance of drug resistant bacterial strains.1 Among
these new antibiotics, the group composed of the uridyl
lipopeptide antibiotics,2 that include mureidomycins,3

pacidamycins,4 napsamycins,5 liposidomycins,6 FR-9004937

and caprazamycins,8 are of special interest due to their
intriguing mechanism of action, characterized by the
inhibition of the phospho-N-acetyl-muramoyl-pentapep-
tide-transferase (MraY),9 also known as translocase I, an
enzyme responsible for the biosynthesis of the cell-wall of
bacteria. Recently, the muraymycins,10 another group of
nucleoside-lipopeptide antibiotics, have been discovered,
isolated and recognized as inhibitors of MraY, displaying
in vitro and in vivo activities against Gram-positive bacteria
comparable to liposidomycin C and mureidomycin A.11

Coupled with their prominent biological properties, the
muraymycins reveal an attractive molecular architecture,
characterized by an unusual nucleotide disaccharide and an
unprecedented peptidic chain. So far, 19 different members
of the muraymycins have been isolated and identified,
among which the selected compounds 1–5 are depicted in
Figure 1.12 The various muraymycin compounds differ in
0040–4020/$ - see front matter q 2005 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2005.09.086
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the amino sugar (group R2) or in the lipidic side chain
contained in one of the amino acid residues (group R1).

Recent synthetic studies of the muraymycins have demon-
strated that truncated derivatives, in which, the 5 0-amino
ribose sugar moiety and the lipophilic side chain were
removed, and, in addition, the cyclic arginine amino acid
residue was replaced by arginine, were as active as the
natural congeners against Gram positive bacteria. More-
over, the authors demonstrated that the 5 0-epimer deriva-
tives 7–12 (Fig. 2) showed a biological activity comparable
to the natural congeners.13 In this synthetic study, the
construction of the muraymycin structural core was
efficiently accomplished by an aldolic reaction between
the lithium enolate of dibenzylglycine tert-butyl ester and
the uridyl-5 0 aldehyde 16.14 Other synthetic contributions to
this family of antibiotics include semisynthesis of ana-
logues15 and the preparation of the unusual cyclic guanidine
amino acid residue,16 named capreomycidine, which is
present not only in the muraymycins, but also in other
natural products such as the capreomycin-type antibiotics.17

Recently, we reported a stereoselective synthetic approach
to liposidomycin antibiotics based on the use of sulfur
ylides.18 According to this methodology, epoxy amide 13
was efficiently prepared and transformed into the diazepa-
none derivative 14 through an indole epoxy amide
intermediate, obtained by oxidation of the indoline ring
with DDQ,19 followed by treatment with diamines (strategy
a). In contrast, the reaction of epoxy amide 13 with diamines
would provide the corresponding amino alcohols 15 in
Tetrahedron 61 (2005) 11850–11865



Figure 1. Molecular structures of muraymycins A1, A2, A3, B1 and B2.

Figure 2. Molecular structures of representative muraymycins analogues
and antibiotics properties.

F. Sarabia, L. Martı́n-Ortiz / Tetrahedron 61 (2005) 11850–11865 11851
a regioselective manner,20 as a straightforward and
convergent approach towards either the 5 0-epimers of
muraymycins or the natural members, requiring in this
case, an epimerization process at this position (strategy b)
(Scheme 1). Furthermore, this synthetic strategy has the
potential of delivering further structural variations, allowing
entry into a variety of muraymycin analogues via
modifications of the amine nucleophile, which is introduced
in the oxirane ring opening step.
2. Results and discussion

These synthetic studies were initiated with the reaction of
epoxy amide 13 (Scheme 2), readily prepared by conden-
sation of aldehyde 16 with the sulfur ylide, in situ generated
from sulfonium salt 17,18 with different nitrogen nucleo-
philes including sodium azide, allylamine, and various
diamines such as N-Z-1,3-propanediamine,21 which furn-
ished the corresponding oxirane ring opening products
15a–j in good to excellent yields (62–96%) and complete
regioselectivity, with the exception of reaction with
N-methyl-1,3-propanodiamine, in which a 1:1 unseparable
mixture of isomers 15f and 15f 0 was obtained in a combined
75% yield (see Table 1 for details). With the objective of
designing a synthetic route capable of reaching so the
natural muraymycins as the bioactive 5 0-epimer derivatives,
we proceeded with the construction of the peptidyl chain
linkage. To this aim, we focused on the product 15h,
prepared directly by reaction of 13 with 1,3-propanedia-
mine, or by the Z-cleavage22 of the opening product 15c,
which contained the requisite diamine present in the natural
muraymycins. Thus, the coupling of 15h with the aminoacid
derivative Cbz-Leu-OH23 was accomplished by the action
of the coupling reagent EDCI/HOBt24 that afforded
compound 18. Having incorporated the L-leucine residue,
the access to bioactive muraymycin analogues as depicted
in Figure 2, required the transformation of the indoline
amide to the corresponding ester, for which the oxidation to
the indole derivative was attempted. Unfortunately, this
oxidation did not yield the desired product, resulting in
either decomposition products, when DDQ was used, or the
recovery of starting material when milder oxidation
conditions were used by the action of chloroanil25

(Scheme 2). On the other hand, the cleavage of the Cbz
group was efficiently accomplished, by the action of
hydrogen, to obtain amine 19 in good yield (70%). In
order to give access to unprotected derivatives, the PMB
deprotection constituted a key step. Thus, treatment of
amide 19 with CAN,26 however, failed in the formation of
the desired unprotected derivative. In contrast, the acetal
cleavage mediated by the action of trifluoroacetic acid in



Scheme 2. Reagents and conditions: (a) 1.1 equiv 17, 1.1 equiv 20%
NaOH, CH2Cl2/H2O, 0 8C, 2.5 h, 78%; (b) See Table 1 for conditions and
yields; (c) 5.5 equiv NH4

CHCOOK, Pd–C, MeOH, reflux, 2 h, 65%;
(d) 1.0 equiv 15h, 1.2 equiv Cbz-Leu-OH, 1.2 equiv EDCI, 1.2 equiv
HOBt, CH2Cl2, 25 8C, 2 h, 92%; (e) H2, Pd–C, MeOH, 25 8C, 0.5 h, 70%;
(f) TFA/H2O, 0 8C, 1.5 h, 75%.

Table 1. Reaction of epoxy amide 13 with nitrogen nucleophiles

Entry X Conditions Yield (%)

1 N3 AcOH/DMF, 65 8C,
12 h

15a (65%)

2 NHCH2CH]CH2 MeOH, reflux, 12 h 15b (96%)
3 NH(CH2)3NHCbz MeOH, reflux, 4 days 15c (83%)
4 NMe(CH2)3NHMe MeOH, reflux, 24 h 15d (81%)
5 NMe(CH2)2NHMe MeOH, reflux, 24 h 15e (79%)
6 NMe(CH2)3NH2C

NH(CH2)3NHMe
MeOH, reflux, 24 h 15fC15f0

(75%)
7 NEt(CH2)3NHEt MeOH, reflux, 8 days 15g (66%)
8 NH(CH2)3NH2 MeOH, reflux, 30 h 15h (73%)
9 NH(CH2)4NH2 MeOH, reflux, 24 h 15i (62%)
10 NHCH2CH(OH)CH2NH2 MeCN, reflux, 24 h 15j (69%)

Scheme 1. Synthetic strategy towards the liposidomycin and the
muraymycin antibiotics.
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the presence of H2O proved to be efficient to give triol
derivative 20 in form of its ammonium salt.

With respect to the indoline amide oxidation, these fruitless,
although not surprising,27 results forced us to adopt a second
strategy, initiated with the DDQ oxidation of the indoline
epoxy amide 13 that provided indole epoxy amide 21 in a
76% yield (Scheme 3).18 Having secured the formation of
the indole amide, we proceeded with the reaction of 21 with
N,N-dimethyl amine providing the corresponding N,N-
dimethyl amide 22 (66%) together with its N,N-dimethyl-
amino oxirane ring opening product in a 19% yield. On the
other hand, the preparation of bulky esters, such as the
isopropyl ester 24, was not possible in a straightforward
manner from indole epoxy amide 21, requiring an additional
transesterification step, from its corresponding methyl ester
23 intermediate, by the catalytic action of di-n-butyltin
oxide.28 The oxirane ring opening process with N-Z-1,3-
propanediamine of epoxy amide 22 afforded amino alcohol
25 albeit in a modest 33% yield after a long reaction time
(8 days at reflux). Taking into account that steric hindrance
of the N-Z-1,3-propanediamine could justify the required
long reaction time for completion, which might promote
secondary processes, we decided to carry out these reactions
with 1,3-propanodiamine. In fact, compounds 22 and 24
smoothly reacted with this diamine in 48 h, although with
different results for each case. Thus, for epoxy amide 22, the
desired product 26 was cleanly obtained, according to its 1H
NMR spectra, not requiring further purification, in contrast
to the reaction of epoxy ester 24 that yielded a complex
mixture of products, isolating a 1:1 unseparable mixture of
compounds 27a:27b among them. In the light of these
results, we opted to continue with N,N-dimethyl amide 26,
which was coupled with the L-leucine aminoacid derivative,
under similar conditions as described above for compound
18, to obtain compound 28 in a modest yield (36% overall
yield from 22).

In pursuit of circumventing all the synthetic obstacles
associated with the presence of the PMB protecting group
and the indoline-type amide and their subsequent cleavages,
as it has been described above, we chose aldehydes 2929



Scheme 3. Reagents and conditions: (a) 5.0 equiv DDQ, C6H6, reflux, 24 h,
76%; (b) 1.3 equiv Me2NH, THF, 25 8C, 5 h, 66% of 22, plus a 19% yield of
the N,N-dimethylamino opening product; (c) 1.0 equiv Et3N, MeOH, 25 8C,
0.5 h, 99% for 23; (d) 0.1 equiv nBu2SnO, iPrOH, reflux, 12 h, 67%; (e) 1.0
equiv 22; 1.4 equiv H2N(CH2)3NHCbz, MeOH, reflux, 8 days, 33% for 25;
(f) 2.0 equiv H2N(CH2)3NH2, MeOH, reflux, 48 h, no purification required
for 26, complex mixture for reaction of 24, containing 27a and 27b; (g) 1.0
equiv 26; 1.2 equiv Cbz-Leu-OH, 1.2 equiv EDCI, 1.2 equiv HOBt,
CH2Cl2, 25 8C, 4 h, 36% from 22. Scheme 4. Reagents and conditions: (a) (i) 1.03 equiv 31, 3.2 equiv NaH,

CH3CN, 0 8C, 3 h, then addition over a solution of 29, CH2Cl2, 0 8C, 2.5 h,
43% for 32; (ii) 1.1 equiv 31, 1.1 equiv 20% NaOH, 1.0 equiv 30, CH2Cl2/
H2O, 0 8C, 1.5 h, 61% for 33; (b) (i) 1.0 equiv 32 1-azido-3-propanoamine,
MeOH, 70 8C, 72 h, 48% for 34; (ii) 1.0 equiv 33 2.1 equiv 1-azido-3-
propanoamine, MeOH, 70 8C, 48 h, 83% for 35; (iii) 1.0 equiv 33 2.0 equiv
1-N-Z-1,3-propanodiamine, MeOH, reflux, 48 h, 83% for 36. (c) 4.0 equiv
Ph3P, THF, 25 8C, 1 h, then H2O, 5 h, 75%; (d) Excess of NH4

CHCOOK,
Pd–C, EtOH, 25 8C, 0.5 h, 72%; (e) 1.0 equiv 37, 1.3 equiv Cbz-Leu-OH,
1.3 equiv EDCI, 1.3 equiv HOBt, CH2Cl2, 25 8C, 6 h, 74%; (f) H2, Pd–C,
MeOH, 25 8C, 0.5 h, 86%; (g) 1.0 equiv 33 5.0 equiv DDQ, C6H6, 80 8C,
24 h, 86%; (h) 2.0 equiv LiOH, THF/H2O, 0 8C, 20 min, 83%; (i) 2.0 equiv
Cl3CC(]NH)OtBu, CH2Cl2, 25 8C, 24 h, 98%; (j) (i) 1.5 equiv 1-azido-3-
propanoamine, MeOH, 70 8C, 96 h, 20% for 43; (ii) 2.0 equiv NaN3, DMF,
65 8C, 3 h, 83% for 44.
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and 3030 as starting points and 1-azido-3-propanoamine31 as
nucleophile in the subsequent oxirane ring opening reaction
of the resulting epoxy amides (Scheme 4). Thus, aldehydes
29 and 30, prepared from their corresponding alcohols by
oxidation with DMP32 and IBX,33 respectively, were
reacted with the sulfur ylide derived from the sulfonium
salt 31, to obtain epoxy amides 32 and 33 according to the
one- and two-phases methodologies34 in modest 43 and 61%
yields, respectively, and high stereoselectivities. The
installation of the 1,3-propanediamine linker, required for
the construction of the peptidic chain, was undertaken
through the reaction of epoxy amides 32 and 33 with
1-azido-3-propanoamine to obtain azido alcohols 34 and 35
in 48 and 83% yields, respectively. In a similar way, the
reaction of 33 with N-Z-1,3-propanediamine afforded
opening product 36 in a 83% yield. Either from 35 as
from 36, the amine 37 was obtained in very good yields, by
treatments with triphenylphosphine or ammonium formate
in the presence of palladium. The coupling with the
L-leucine derivative produced amide 38, without further
difficulties, and was converted into amino alcohol 39 by
Z-cleavage mediated by hydrogen. This product represents
an interesting analogue related to the highly bioactive
compound 11 (see Fig. 2). Having failed to oxidize indoline
amides, containing N-Z-peptidic residues, to the corre-
sponding indole amides, according to precedent results from
our laboratories,27 we then proceeded to investigate the
possibility of fulfilling this oxidation from compounds 34
and 35. However, the DDQ treatments of these indoline
amides failed again to produce the desired indole amides,
leading instead to a complex mixture of decomposition
products. These discouraging results forced us to the
accomplishment of such oxidation in earlier steps. Thus,
epoxy amide 33 was transformed into the epoxy indole
amide 40 by the action of DDQ, followed by basic
hydrolysis with LiOH to obtain acid 41. The formation of
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the tert-butyl ester 42 was carried out by reaction of 41 with
the corresponding tert-butyl trichloroacetimidate35 to
obtain the tert-butyl ester 42 in almost quantitative yield.
With this ester in hand, we proceeded with the introduction
of the diamine linker by reaction with 1-azido-3-aminopro-
pane, expecting no interferences with the ester function, as it
was observed for the isopropyl ester, described above.
Unfortunately, this opening reaction proceeded in a low
20% yield in the formation of 43, in contrast to the reaction
of 42 with simple nucleophiles, such as sodium azide, which
resulted in the formation of the 2-azido opening product 44
in a 83% yield (Scheme 4).

Despite that the 5 0-epimers of truncated muraymycin
analogues were as active as the derivatives with the right
configuration at this position, we were strongly interested in
the preparation of the 5 0-(S) analogues in case of an eventual
total synthesis of the natural congeners. From the anti amino
alcohol derivative 15c, we attempted the isomerization at
C-5 0 position by application of different methodologies
described in the literature,36 but, unfortunately, all these
attempts failed. Finally, according to previous studies in our
laboratories concerning with isomerization of trans epoxy
amides,37 we decided to undertake this epimerization from
epoxy amide 33 by conversion to its corresponding cis
isomer 48, through bromohydrine intermediate. Thus, anti
bromohydrine 45, obtained by treatment of epoxy amide
33 with sodium bromide in the presence of amberlyst-15,38

was subjected to the action of Dess–Martin periodinane to
obtain ketone 46, which was reduced with sodium
borohydride to provide syn bromohydrine 47. Finally,
exposure of 47 to catalytic amounts of sodium methoxide
in methanol afforded cis epoxy amide 48 in a 40% yield over
four steps from 33. With the requisite stereochemistry
contained in the key precursor 48, we devised the
introduction of the peptidic chain in one step by reaction of
epoxy amide 48 with amine 49. Pleasingly, opening product
50 was obtained in excellent yield when 48 was treated with
Scheme 5. Reagents and conditions: (a) 4.0 equiv NaBr, Amberlyst-15,
acetone, K20 8C, 12 h, 99%; (b) 2.0 equiv DMP, CH2Cl2, 0 8C, 8 h;
(c) 1.0 equiv NaBH4, EtOH, 0 8C, 1.25 h, 38% over two steps; (d) 3.0 equiv
NaOMe, MeOH, 25 8C, 24 h, 99%; (e) 2.0–4.0 equiv 49, MeOH, 70 8C,
4–14 days, 97% for 50 (71% conversion), 99% for 51 (79% conversion).
amine 49 in refluxing MeOH, despite the long time reaction
that was required for almost completion (71% convesrion). In
a similar way, trans epoxy amide 33 was treated with amine 49
to obtain 51 in a 99% yield (79% conversion) (Scheme 5).
3. Conclusions

In conclusion, we have described a new and convergent
synthetic approach towards the 5 0-epimuraymycins, based
on the use of epoxy amides, which are readily prepared by
the reaction of aldehydes with stabilized sulfur ylides. An
inspection of the structural features present in the
muraymycins reveals the intriguing possibility of applying
an oxirane ring opening reaction to construct modified
5 0-epimuraymycins of biological interest. These preliminary
synthetic results are of notable importance for the design of
new muraymycin-type antibiotics and for the establishment
of an efficient strategy for the eventual total synthesis of
these natural complex nucleosides, that required the
epimerization at C-5 0 and the incorporation at this position
of the 5 0-aminoribose residue contained in these compounds
by a glycosylation reaction. Whereas the epimerization at
C-5 was successfully achieved via a trans-cis epoxy amide
isomerization, the glycosylation reaction is divised as a
much more difficult synthetic task,39 in which we are
currently devoting our synthetic efforts.
4. Experimental

4.1. General techniques

All reactions were carried out under an argon atmosphere
with dry, freshly distilled solvents under anhydrous
conditions, unless otherwise noted. Tetrahydrofuran (THF)
and ethyl ether (ether) were distilled from sodium
benzophenone, and methylene chloride (CH2Cl2), benzene
(PhH), and toluene from calcium hydride. Yields refer to
chromatographically and spectroscopically (1H NMR)
homogeneous materials, unless otherwise stated. All
solutions used in workup procedures were saturated unless
otherwise noted. All reagents were purchased at highest
commercial quality and used without further purification
unless otherwise stated.

All reactions were monitored by thin-layer chromatography
carried out on 0.25 mm E. Merck silica gel plates (60F-254)
using UV light as visualizing agent and 7% ethanolic
phosphomolybdic acid or p-anisaldehyde solution and heat
as developing agents. E. Merck silica gel (60, particle size
0.040–0.063 mm) was used for flash column chromatog-
raphy. Preparative thin-layer chromatography (PTLC)
separations were carried out on 0.25, 0.50 or 1 mm E.
Merck silica gel plates (60F-254).

NMR spectra were recorded on a Bruker Avance-400
instrument and calibrated using residual undeuterated solvent
as an internal reference. The following abbreviations were
used to explain the multiplicities: s, singlet; d, doublet; t,
triplet; q, quartet; m, multiplet; band, several overlapping
signals; b, broad. Optical rotations were recorded on a
Perkin-Elmer 241 polarimeter. High-resolution mass spectra



F. Sarabia, L. Martı́n-Ortiz / Tetrahedron 61 (2005) 11850–11865 11855
(HRMS) were recorded on a Kratos MS 80 RFA mass
spectrometer under fast atom bombardment (FAB)
conditions.

4.2. Opening reactions of epoxy amide 13 with
nucleophiles

4.2.1. Azido alcohol 15a. A solution of epoxy amide 13
(0.2 g, 0.356 mmol, 1.0 equiv) in DMF (5 mL) was treated
with sodium azide (93 mg, 1.42 mmol, 4.0 equiv) and acetic
acid (20 mL, 0.356 mmol, 1.0 equiv) and the mixture was
heated at 65 8C. After stirring for 12 h, the solution was
allowed to reach room temperature, diluted with Et2O
(5 mL) and washed with saturated aqueous NH4Cl solution
(5 mL). The aqueous solution was extracted with Et2O (2!
2 mL) and the combined organic phase was washed with
brine (4 mL), dried over MgSO4 and concentrated under
reduced pressure. The crude mixture was purified by flash
column chromatography (silica gel, 60% EtOAc in hexanes)
to provide azido alcohol 15a (0.14 g, 65%) as a white solid:
RfZ0.42 (silica gel, 50% EtOAc in hexanes); [a]D

22 K14.3
(c 0.7, CH2Cl2); 1H NMR (400 MHz, CDCl3) d 8.14 (d, JZ
8.6 Hz, 1H, Ar indoline), 7.55 (d, JZ8.1 Hz, 1H, H6), 7.41
(d, JZ8.6 Hz, 2H, Ar PMB), 7.12–7.09 (m, 2H, Ar
indoline), 7.04 (dd, JZ7.5, 7.5 Hz, 1H, Ar indoline), 6.79
(d, JZ8.6 Hz, 2H, Ar PMB), 5.94 (d, JZ3.8 Hz, 1H, H1 0),
5.76 (d, JZ8.1 Hz, 1H, H5), 5.02 (dd, JZ5.9, 2.7 Hz, 1H,
H3 0), 4.99 (d, JZ4.3 Hz, 2H, CH2Ar), 4.83 (dd, JZ5.9,
3.8 Hz, 1H, H2 0), 4.60 (bs, 1H, OH), 4.53 (bs, 1H, H4 0), 4.35
(d, JZ9.1 Hz, 1H, H5 0), 4.12–4.06 and 4.02–3.95 (2m, 2H,
CH2CH2N indoline), 3.89 (d, JZ9.1 Hz, 1H, H6 0), 3.72 (s,
3H, CH3O), 3.19–3.00 (m, 2H, CH2CH2N indoline), 1.60
and 1.35 (2s, 6H, C(CH3)2); 13C NMR (100 MHz, CDCl3) d
166.3, 162.2, 159.1, 151.2, 141.9, 139.5, 131.7, 130.9,
128.6, 127.5, 125.0, 124.8, 117.6, 114.7, 113.6, 102.8, 94.4,
84.1, 83.2, 80.9, 71.4, 60.4, 55.2, 48.1, 43.7, 27.8, 27.3,
25.3; FAB HRMS (NBA): m/e 604.2297, MC calcd for
C30H32N6O8 604.2281.

4.2.2. N-Allylamino alcohol 15b. To a solution of epoxy
amide 13 (0.2 g, 0.356 mmol, 1.0 equiv) in MeOH (5 mL)
was added allylamine (82 mL, 1.06 mmol, 3.0 equiv). After
stirring for 12 h at 608, the solution was allowed to warm to
25 8C, and the reaction mixture was diluted with toluene
(1.5 mL) and concentrated under reduced pressure. Purifi-
cation by flash column chromatography (silica gel, 70%
EtOAc, 5% MeOH in hexanes) furnished amino alcohol 15b
(212 mg, 96%) as a white solid: RfZ0.66 (silica gel, 60%
EtOAc, 5% MeOH in hexanes); [a]D

22 C1.8 (c 0.2, CH2Cl2);
1H NMR (400 MHz, CDCl3) d 8.14 (d, JZ7.5 Hz, 1H, Ar
indoline), 7.53 (d, JZ8.1 Hz, 1H, H6), 7.41 (d, JZ9.1 Hz,
2H, Ar PMB), 7.15–7.11 (m, 2H, Ar indoline), 7.01 (dd, JZ
7.0 Hz, 1H, Ar indoline), 6.79 (d, JZ9.1 Hz, 2H, Ar PMB),
5.87 (d, JZ3.8 Hz, 1H, H1 0), 5.82–5.75 (m, 1H, CH2CH),
5.72 (d, JZ8.1 Hz, 1H, H5), 5.15–4.96 (m, 4H, CH2Ar,
CH2CH), 4.92 (dd, JZ6.4, 3.2 Hz, 1H, H3 0), 4.79 (dd, JZ
6.4, 3.8 Hz, 1H, H2 0), 4.60 (d, JZ1.6 Hz, 1H, H4 0), 4.02–
3.97 (m, 2H, CH2CH2N indoline), 3.90 (dd, JZ8.1, 1.6 Hz,
1H, H5 0), 3.73 (s, 3H, CH3O), 3.62 (d, JZ8.1 Hz, 1H, H6 0),
3.25 (dd, JZ14.0, 5.9 Hz, 1H, CH2NH), 3.11 (dd, JZ14.0,
6.4 Hz, 1H, CH2NH), 3.07–2.90 (m, 2H, CH2CH2N indo-
line), 1.57 and 1.33 (2s, 6H, C(CH3)2); 13C NMR (100 MHz,
CDCl3) d 172.8, 162.3, 159.1, 151.0, 142.2, 139.5, 136.6,
131.7, 130.9, 128.7, 127.3, 124.7, 124.4, 117.3, 116.5,
114.4, 113.7, 102.5, 93.8, 84.9, 83.2, 81.3, 73.2, 60.5, 55.2,
50.4, 48.0, 43.6, 27.7, 27.3, 25.3; FAB HRMS (NBA): m/e
641.2584, MCNaC calcd for C33H38N4O8 641.2587.

4.2.3. Amino alcohol 15c. A solution of N-Z-1,3-
diaminopropane hydrochloride (0.16 g, 0.64 mmol,
1.2 equiv) in MeOH (2 mL) was treated with triethylamine
(0.15 mL, 1.07 mmol, 2.0 equiv) for 30 min at room
temperature. After this time, this solution was added to a
solution of epoxy amide 13 (0.3 g, 0.53 mmol, 1.0 equiv) in
MeOH (3 mL) and the mixture was heated at reflux for
4 days. Then, the mixture was allowed to reach room
temperature and toluene (1.5 mL) was added. The solution
was concentrated under reduced pressure and the crude
product was purified by flash column chromatography
(silica gel, 60% EtOAc, 5% MeOH in hexanes) to provide
amino alcohol 15c (0.34 g, 83%) as a white solid: RfZ0.42
(silica gel, 65% EtOAc, 5% MeOH in hexanes); [a]D

22

C36.0 (c 0.1, CH2Cl2); 1H NMR (400 MHz, CDCl3) d 8.16
(d, JZ8.1 Hz, 1H, Ar indoline), 7.40 (d, JZ8.6 Hz, 2H, Ar
PMB), 7.34–7.27 (m, 6H, aromatics Cbz, H6), 7.14–7.10 (m,
2H, Ar indoline), 7.01 (dd, JZ7.5, 7.5 Hz, 1H, Ar indoline),
6.78 (d, JZ8.6 Hz, 2H, Ar PMB), 5.78 (d, JZ3.2 Hz, 1H,
H1 0), 5.69 (d, JZ8.1 Hz, 1H, H5), 5.36 (m, 1H, NHCbz),
5.09–4.93 (m, 5H, H3 0, CH2ArPMB, CH2ArCbz), 4.83–4.80
(m, 1H, H2 0), 4.57 (bs, 1H, H4 0), 4.04–3.98 (m, 2H,
CH2CH2N indoline), 3.88 (d, JZ8.1 Hz, 1H, H5 0), 3.72 (s,
3H, CH3O), 3.61 (d, JZ8.1 Hz, 1H, H6 0), 3.32–3.18 (m, 2H,
CH2NHCO), 3.01–2.96 (m, 2H, CH2CH2N indoline), 2.72–
2.66 and 2.47–2.41 (2m, 2H, CH2NH), 1.60–1.58 (m, 2H,
CH2), 1.55 and 1.31 (2s, 6H, C(CH3)2); 13C NMR
(100 MHz, CDCl3) d 172.4, 162.2, 159.0, 156.4, 151.0,
142.3, 139.8, 136.6, 131.9, 131.7, 130.8, 128.5, 128.4,
128.0, 127.3, 124.7, 124.4, 117.3, 114.3, 113.6, 102.4, 94.3,
85.1, 83.1, 81.1, 72.9, 66.4, 61.7, 55.1, 48.1, 45.3, 43.6,
39.1, 29.4, 27.7, 27.2, 25.3; FAB HRMS (NBA): m/e
792.3220, MCNaC calcd for C41H47N5O10 792.3220.

4.2.4. Amino alcohols 15d–j. General procedure. A
solution 0.04–0.07 M of epoxy amide 13 (1.0 equiv) in
MeOH was treated with the corresponding diamine (1.7–
3.0 equiv) with the exception of alcohol 15j, in which the
solvent used was CH3CN. After stirring for 12–30 h at
reflux, the reaction mixture was diluted with toluene and the
solvent was concentrated under reduced pressure for
obtaining 15d, 15e, 15h, 15i, 15j and a mixture 1:1 of 15f
and 15f 0. Particularly complete formation of alcohol 15g
required 8 days.

4.2.4.1. Compound [15d]. Purification by flash column
chromatography (silica gel, 60% EtOAc, 5% MeOH in
hexanes) provided amino alcohol 15d (81%) as a yellow oil:
RfZ0.56 (silica gel, 70% EtOAc, 5% MeOH in hexanes);
[a]D

22 C1.8 (c 0.1, CH2Cl2); 1H NMR (400 MHz, CDCl3) d
8.12 (d, JZ8.2 Hz, 1H, Ar indoline), 7.65 (d, JZ8.2 Hz,
1H, H6), 7.43 (d, JZ8.8 Hz, 2H, Ar PMB), 7.16–6.99 (m,
3H, Ar indoline), 6.79 (d, JZ8.8 Hz, 2H, Ar PMB), 6.04 (d,
JZ4.1 Hz, 1H, H1 0), 5.71 (d, JZ8.2 Hz, 1H, H5), 5.05–4.90
(m, 3H, H3 0, CH2Ar), 4.69 (dd, JZ5.3, 4.1 Hz, 1H, H2 0),
4.38 (bs, 1H, H4 0), 4.27 (m, 1H, NHCH3), 4.14–4.06 (m, 1H,
CH2CH2N indoline), 3.95–3.88 (m, 2H, H5 0, CH2CH2N
indoline), 3.77–3.75 (m, 1H, CH2), 3.74 (s, 3H, CH3O), 3.52
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(d, JZ8.2 Hz, 1H, H6 0), 3.07–2.99 (m, 3H, CH2CH2N
indoline, CH2), 2.65–2.52 (m, 2H, CH2), 2.40 (s, 3H,
NCH3), 2.35–2.30 (m, 1H, CH2), 1.57 (s, 3H, NHCH3), 1.59
and 1.34 (2s, 6H, C(CH3)2) 1.30–1.25 (m, 1H, CH2); 13C
NMR (100 MHz, CDCl3) d 170.4, 162.4, 159.1, 151.2,
142.5, 139.1, 131.6, 131.0, 128.9, 127.4, 124.7, 124.4,
117.4, 114.2, 113.6, 102.6, 92.6, 84.9, 83.6, 81.5, 69.9, 66.3,
55.2, 51.5, 48.2, 43.7, 39.1, 33.9, 30.9, 29.7, 28.0, 27.5,
25.4; FAB HRMS (NBA): m/e 686.3175, MCNaC calcd for
C35H45N5O8 686.3166.

4.2.4.2. Compound [15e]. Purification by flash column
chromatography (silica gel, 60% EtOAc, 5% MeOH in
hexanes) provided alcohol 15e (79%) as a white solid: RfZ
0.56 (silica gel, 60% EtOAc, 5% MeOH in hexanes); [a]D

22

K7.6 (c 0.2, CH2Cl2); 1H NMR (400 MHz, CDCl3) d 8.13
(d, JZ7.6 Hz, 1H, Ar indoline), 7.63 (d, JZ8.2 Hz, 1H,
H6), 7.43 (d, JZ8.8 Hz, 2H, Ar PMB), 7.16–6.94 (m, 3H,
Ar indoline), 6.77 (d, JZ8.8 Hz, 2H, Ar PMB), 5.97 (d, JZ
4.1 Hz, 1H, H1 0), 5.73 (d, JZ8.2 Hz, 1H, H5), 5.03 and 4.93
(2d, JZ13.5 Hz, 2H, CH2Ar), 4.90 (dd, JZ5.9, 2.3 Hz, 1H,
H3 0), 4.68 (dd, JZ5.9, 4.7 Hz, 1H, H2 0), 4.42 (bs, 1H, H4 0),
4.34 (m, 1H, NHCH3), 4.24–4.17 and 3.92–3.85 (2m, 2H,
CH2CH2N indoline), 3.76–3.70 (m, 3H, CH2, H5 0), 3.73 (s,
3H, CH3O), 3.51 (d, JZ8.8 Hz, 1H, H6 0), 2.97–2.82 (m, 3H,
CH2CH2N indoline, CH2), 2.70–2.65 (m, 1H, CH2), 2.40 (s,
3H, NCH3), 1.56 (s, 3H, NHCH3), 1.55 and 1.33 (2s, 6H,
C(CH3)2); 13C NMR (100 MHz, CDCl3) d 170.2, 162.4,
159.1, 151.3, 142.5, 139.1, 131.5, 131.0, 128.9, 127.4,
124.7, 124.4, 117.2, 114.2, 113.6, 102.7, 92.6, 84.7, 83.6,
81.5, 69.6, 66.7, 55.2, 52.9, 47.9, 43.7, 38.6, 29.7, 27.7,
27.4, 27.3, 25.4; FAB HRMS (NBA): m/e 672.3005, MC
NaC calcd for C34H43N5O8 672.3009.

4.2.4.3. Compounds [15f]C[15f 0]. Purification by flash
column chromatography (silica gel, 60% EtOAc, 5% MeOH
in hexanes) provided an inseparable 1:1 mixture of alcohols
15f and 15f 0 (75%) as a colourless oil: RfZ0.36 (silica gel,
60% EtOAc, 5% MeOH in hexanes); 1H NMR (400 MHz,
CDCl3) d 8.15 and 8.14 (2d, JZ7.0 Hz, 2H, Ar indoline), 7.68
(d, JZ8.2 Hz, 2H, H6), 7.42 and 7.39 (2d, JZ8.2 Hz, 4H, Ar
PMB), 7.19–7.12 (m, 4H, Ar indoline), 7.05–6.97 (m, 2H, Ar
indoline), 6.77 (d, JZ8.2 Hz, 4H, Ar PMB), 6.08 and 5.78 (2d,
JZ4.1 Hz, 2H, H10), 5.73 and 5.71 (2d, JZ8.2 Hz, 2H, H5),
5.06 and 4.87 (m, 6H, H30, CH2Ar), 4.80 and 4.68 (2dd, JZ6.4,
4.1 Hz, 2H, H20), 4.47 and 4.37 (2br s, 2H, H40), 4.34–3.84 (m,
6H, H50, CH2CH2N indoline), 3.74 and 3.73 (2s, 6H, CH3O),
3.53 and 3.47 (2d, JZ8.2 Hz, 2H, H60), 3.02–2.97 (m, 4H,
CH2CH2N indoline), 3.10–3.04, 2.69–2.66, 2.60–2.54 and
2.35–2.26 (4m, 8H, CH2), 2.42 (s, 3H, NCH3), 1.75–1.60 (m,
4H, CH2), 1.59, 1.54, 1.34, and 1.31 (4s, 2H, C(CH3)2), 1.23 (s,
3H, NHCH3); FAB HRMS (NBA): m/e 672.3015, MCNaC

calcd for C34H43N5O8 672.3009.

4.2.4.4. Compounds [15g]. Purification by flash column
chromatography (silica gel, 80% EtOAc in hexanes)
provided alcohol 15g (66%) as a white solid: RfZ0.65
(silica gel, 80% EtOAc in hexanes); [a]D

22 C11.6 (c 0.2,
CH2Cl2); 1H NMR (400 MHz, CDCl3) d 8.07 (d, JZ8.2 Hz,
1H, Ar indoline), 7.76 (d, JZ8.2 Hz, 1H, H6), 7.42 (d, JZ
8.8 Hz, 2H, Ar PMB), 7.16–7.10 (m, 2H, Ar indoline), 7.00
(dd, JZ7.6, 7.6 Hz, 1H, Ar indoline), 6.77 (d, JZ8.8 Hz, 2H,
Ar PMB), 6.11 (d, JZ4.1 Hz, 1H, H10), 5.71 (d, JZ8.2 Hz,
1H, H5), 5.04 and 4.93 (2d, JZ14.1 Hz, 2H, CH2Ar), 4.89
(dd, JZ5.9, 1.8 Hz, 1H, H3 0), 4.66 (dd, JZ5.9, 4.1 Hz,
1H, H2 0), 4.42 (bs, 1H, H4 0), 4.25 (d, JZ8.2 Hz, 1H, H5 0),
4.12–4.02 and 3.94–3.88 (2m, 2H, CH2CH2N indoline),
3.73 (s, 3H, CH3O), 3.76–3.71 (m, 1H, CH2), 3.63 (d, JZ
8.2 Hz, 1H, H6 0), 3.46–3.37 (m, 1H, CH2), 3.12–2.92 (m,
2H, CH2CH2N indoline), 2.79–2.61 (m, 4H, CH2CH3),
1.92–1.64 (m, 2H, CH2), 1.59 and 1.34 (2s, 6H, C(CH3)2),
1.55–1.46 and 1.14–1.03 (2m, 2H, CH2), 1.31–1.23 (m, 3H,
CH2CH3), 0.96 (t, JZ7.0 Hz, 3H, CH2CH3); 13C NMR
(100 MHz, CDCl3) d 171.0, 162.5, 159.1, 151.2, 142.6,
138.8, 131.7, 131.0, 128.9, 127.4, 124.7, 124.3, 114.7,
114.1, 113.6, 102.6, 91.9, 84.7, 84.0, 81.6, 70.1, 64.3, 55.2,
49.2, 48.8, 48.2, 46.8, 43.7, 33.9, 28.5, 28.0, 27.5, 25.6,
25.4, 24.9; FAB HRMS (NBA): m/e 714.3485, MCNaC

calcd for C37H49N5O8 714.3479.

4.2.4.5. Compound [15h]. Purification by flash column
chromatography (silica gel, 15% MeOH in CH2Cl2) provided
alcohol 15h (165 mg, 73%) as major product and epoxy
amide opening product with NH3 (45 mg, 22%) as minor
product: [15h] white solid: RfZ0.71 (silica gel, 15% MeOH
in CH2Cl2); [a]D

22 K9.4 (c 0.1, CH2Cl2); 1H NMR (400 MHz,
CDCl3) d 8.17 (d, JZ8.1 Hz, 1H, Ar indoline), 7.74 (d, JZ
8.1 Hz, 1H, H6), 7.42 (d, JZ8.6 Hz, 2H, Ar PMB), 7.14–7.11
(m, 2H, Ar indoline), 6.99 (dd, JZ7.5, 7.5 Hz, 1H, Ar
indoline), 6.78 (d, JZ8.6 Hz, 2H, Ar PMB), 5.98 (d, JZ
3.8 Hz, 1H, H10), 5.74 (d, JZ8.1 Hz, 1H, H5), 4.98 (2d, JZ
13.4 Hz, 2H, CH2Ar), 4.89–4.86 (m, 1H, H30), 4.74–4.70 (m,
1H, H20), 4.58 (bs, 1H, H40), 4.12–4.01 (m, 2H, CH2CH2N
indoline), 3.83 (d, JZ7.0 Hz, 1H, H50), 3.73 (s, 3H, CH3O),
3.65 (d, JZ7.0 Hz, 1H, H60), 3.07–2.99 (m, 2H, CH2CH2N
indoline), 2.74–2.42 (m, 4H, CH2), 1.56 and 1.31 (2s, 6H,
C(CH3)2), 1.54–1.49 (m, 2H, CH2); 13C NMR (100 MHz,
CDCl3) d 172.5, 162.5, 159.1, 151.1, 142.3, 139.6, 131.7,
130.1, 128.7, 127.4, 124.8, 124.6, 117.3, 114.3, 113.6, 102.4,
93.4, 85.0, 83.3, 81.5, 72.6, 61.8, 55.2, 48.2, 45.9, 43.7, 40.2,
31.5, 27.8, 27.3, 25.3; FAB HRMS (NBA): m/e 658.2854,
MCNaC calcd for C33H41N5O8 658.2853.

4.2.4.6. Compound [15i]. Purification by flash column
chromatography (silica gel, 80% EtOAc, 10% MeOH in
hexanes) provided alcohol 15i (62%) as a colourless oil:
RfZ0.64 (silica gel, 80% EtOAc, 10% MeOH in hexanes);
[a]D

22 C5.7 (c 0.04, CH2Cl2); 1H NMR (400 MHz, CDCl3) d
8.16 (d, JZ8.2 Hz, 1H, Ar indoline), 7.49 (d, JZ8.2 Hz,
1H, H6), 7.39 (d, JZ8.8 Hz, 2H, Ar PMB), 7.15–7.12 (m,
2H, Ar indoline), 7.00 (dd, JZ7.0, 7.0 Hz, 1H, Ar indoline),
6.78 (d, JZ8.2 Hz, 2H, Ar PMB), 5.83 (d, JZ2.9 Hz, 1H,
H1 0), 5.74 (d, JZ8.2 Hz, 1H, H5), 4.92–4.50 (m, 3H, H3 0,
CH2Ar), 4.82–4.79 (m, 1H, H2 0), 4.54 (bs, 1H, H4), 4.07–
3.97 (m, 3H, H5 0, CH2CH2N indoline), 3.74–3.72 (m, 1H,
H6 0), 3.73 (s, 3H, CH3O), 3.07–3.03 (m, 2H, CH2CH2N
indoline), 2.64–2.37 (m, 4H, CH2), 1.59–1.46 (m, 4H, CH2),
1.55 and 1.31 (2s, 6H, C(CH3)2); 13C NMR (100 MHz,
CDCl3) d 162.3, 159.1, 151.1, 142.3, 139.8, 131.6, 130.8,
128.6, 127.4, 124.7, 124.5, 117.4, 114.4, 113.7, 102.5, 94.4,
85.0, 82.9, 81.4, 72.7, 61.8, 55.2, 48.2, 47.5, 43.7, 33.9,
29.7, 27.9, 27.7, 27.3, 25.3; FAB HRMS (NBA): m/e
672.3015, MCNaC calcd for C34H43N5O8 672.3009.

4.2.4.7. Compound [15j]. Purification by flash column
chromatography (silica gel, 10% MeOH in CH2Cl2)
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provided alcohol 15j (69%) as a colourless oil: RfZ0.43
(silica gel, 10% MeOH in CH2Cl2); [a]D

22 K6.7 (c 0.1,
CH2Cl2); 1H NMR (400 MHz, CDCl3) d 8.17 (d, JZ8.2 Hz,
1H, Ar indoline), 7.77 and 7.72 (2d, JZ8.2 Hz, 1H, H6),
7.41 (d, JZ7.0 Hz, 2H, Ar PMB), 7.14–7.10 (m, 2H, Ar
indoline), 7.01–6.96 (m, 1H, Ar indoline), 6.78 (d, JZ
8.8 Hz, 2H, Ar PMB), 5.97 and 6.00 (2d, JZ3.5 Hz, 1H,
H1 0), 5.71 (d, JZ8.2 Hz, 1H, H5), 5.03–4.82 (m, 3H, H3 0,
CH2Ar), 4.74–4.70 (m, 1H, H2 0), 4.60–4.58 (m, 1H, H4 0),
4.15–3.96 (m, 2H, CH2CH2N indoline), 3.78–3.64 (m, 4H,
H5 0, H6 0, CH2), 3.71 (s, 3H, CH3O), 3.09–2.99 (m, 2H,
CH2CH2N indoline), 2.65–2.46 (m, 3H, CH, CH2), 1.56 and
1.30 (2s, 6H, C(CH3)2); 13C NMR (100 MHz, CDCl3) d
173.0, 162.4, 159.0, 150.1, 142.2, 139.4, 131.8, 130.8,
128.5, 127.3, 124.8, 124.4, 117.1, 114.1, 113.6, 102.2, 92.7,
85.3, 83.7, 81.5, 72.8, 71.1, 62.3, 55.1, 51.2, 48.0, 45.1,
43.6, 33.8, 27.3, 25.3; FAB HRMS (NBA): m/e 674.2810,
MCNaC calcd for C33H41N5O9 674.2802.

4.3. Amino alcohol 15hReduction of N-Z-amino alcohol
15c

A solution of amino alcohol 15c (116 mg, 0.15 mmol,
1.0 equiv) in MeOH (2.0 mL) was treated with 10% Pd–C
(11 mg) and ammonium formate (52 mg, 0.82 mmol,
5.5. equiv) under an Ar atmosphere. The reaction mixture
was refluxed for 2 h and, then, allowed to reach ambient
temperature. The resulting suspension was filtered through a
Celite pad, washed with MeOH (2!5 mL), and the organic
clear solution was concentrated under reduced pressure.
Purification by flash column chromatography (silica gel,
15% MeOH in CH2Cl2) provided amino alcohol 15h
(62 mg, 65%).

4.4. Compound 18. Coupling between Cbz-Leu-OH and
amino alcohol 15h

Cbz-Leu-OH (0.3 g, 1.13 mmol, 1.2 equiv) was dissolved in
dry CH2Cl2 (4 mL) and treated with HOBt (0.16 g,
1.13 mmol, 1.2 equiv) at room temperature. After stirring
for 5 min, EDCI (0.22 g, 1.13 mmol, 1.2 equiv) was added
to the reaction mixture, which was stirred for 45 min, prior
to the addition to a solution of 15h (0.59 g, 0.94 mmol,
1.0 equiv) in CH2Cl2 (3 mL). The mixed system was stirred
for an additional 1 h 15 min, after which, aqueous 15% NH3

solution (0.2 mL) was added and the resulting mixture was
diluted with Et2O (5 mL) and washed with a saturated
aqueous NH4Cl soluton (5 mL). The layers were separated
and the aqueous phase was extracted with Et2O (2!5 mL).
The combined organic solution was dried (MgSO4), filtered
and concentrated. Purification by flash column chromatog-
raphy (silica gel, 10% MeOH in CH2Cl2) afforded peptidic
derivative 18 (764 mg, 92%) as a white solid: RfZ0.41
(silica gel, 10% MeOH in CH2Cl2); [a]D

22 K1.6 (c 0.9,
CH2Cl2); 1H NMR (400 MHz, CDCl3) d 8.17 (d, JZ8.1 Hz,
1H, Ar indoline), 7.50 (d, JZ8.1 Hz, 1H, H6), 7.39 (d, JZ
8.6 Hz, 2H, Ar PMB), 7.32–7.27 (m, 5H, aromatics Cbz),
7.14–7.10 (m, 2H, Ar indoline), 7.00 (dd, JZ7.5, 7.5 Hz,
1H, Ar indoline), 6.78 (d, JZ8.6 Hz, 2H, Ar PMB), 5.85 (d,
JZ3.2 Hz, 1H, H1 0), 5.71 (d, JZ8.1 Hz, 1H, H5), 5.46 (bs,
1H, NHCbz), 5.09–4.95 (m, 4H, CH2ArPMB, CH2ArCbz),
4.91 (dd, JZ6.4, 2.7 Hz, 1H, H3 0), 4.82 (d, JZ6.4, 3.2 Hz,
1H, H2 0), 4.56 (bs, 1H, H4 0), 4.10–4.00 (m, 3H, CH2CH2N
indoline, CHCH2CH(CH3)2), 3.91 (d, JZ7.0 Hz, 1H, H5 0),
3.73 (s, 3H, CH3O), 3.59 (d, JZ7.0 Hz, 1H, H6 0), 3.40–3.32
and 3.26–3.17 (2m, 2H, CH2NHCO), 3.08–2.98 (m, 2H,
CH2CH2N indoline), 2.67–2.57 and 2.46–2.40 (2m, 2H,
CH2NH), 1.63–1.50 (m, 5H, CH2, CHCH2CH(CH3)2,
CHCH2CH(CH3)2), 1.56 and 1.31 (2s, 6H, C(CH3)2), 0.87
and 0.85 (2s, 6H, CH(CH3)2); 13C NMR (100 MHz, CDCl3)
d 172.4, 162.3, 159.1, 156.3, 151.1, 142.2, 139.9, 136.2,
131.6, 130.8, 128.6, 128.5, 128.2, 128.0, 127.5, 126.9,
124.7, 124.6, 117.4, 114.4, 113.6, 102.3, 94.6, 84.7, 82.7,
81.4, 72.6, 66.9, 62.0, 55.2, 53.7, 48.2, 45.0, 43.7, 41.1,
37.0, 28.9, 27.9, 27.3, 25.3, 24.7, 22.8, 22.0; FAB HRMS
(NBA): m/e 905.4064, MCNaC calcd for C47H58N6O11

905.4061.

4.5. Amino alcohol 19. Hydrogenation of compound 18

To a solution of compound 18 (0.12 g, 0.136 mmol,
1.0 equiv) in MeOH (4 mL) was added 10% Pd–C
(120 mg). The reaction was allowed to proceed under an
atmosphere of H2 at 25 8C for 30 min. After this time, the
mixture was filtered and the filtrate was washed with MeOH
(2!5 mL). The combined organic solvents were removed
by concentration under reduced pressure and the resulting
residue was subjected to purification by flash column
chromatography (silica gel, 15% MeOH in CH2Cl2) to
afford amino alcohol 19 (71 mg, 70%) as a colourless oil:
RfZ0.56 (silica gel, 10% MeOH in CH2Cl2); [a]D

22 C4.0 (c
0.1, CH2Cl2); 1H NMR (400 MHz, CDCl3) d 8.15 (d, JZ
7.6 Hz, 1H, Ar indoline), 7.72 (d, JZ8.1 Hz, 1H, H6), 7.40
(d, JZ9.1 Hz, 2H, Ar PMB), 7.14–7.10 (m, 2H, Ar
indoline), 7.00 (dd, JZ7.5, 7.5 Hz, 1H, Ar indoline), 6.78
(d, JZ9.1 Hz, 2H, Ar PMB), 5.95 (d, JZ3.8 Hz, 1H, H1 0),
5.72 (d, JZ8.1 Hz, 1H, H5), 5.01–4.92 (m, 3H, H3 0, CH2Ar),
4.75 (dd, JZ4.3, 3.8 Hz, 1H, H2 0), 4.61 (bs, 1H, H4 0), 4.09–
4.05 (m, 2H, CH2CH2N indoline), 3.94 (d, JZ7.5 Hz, 1H,
H5 0), 3.73 (s, 3H, CH3O), 3.74–3.71 (m, 1H, H6 0), 3.55–3.48
(m, 1H, CHCH2CH(CH3)2), 3.39–3.34 and 3.24–3.16 (2m,
2H, CH2NHCO), 3.11–3.02 (m, 2H, CH2CH2N indoline),
2.72–2.67 and 2.55–2.49 (2m, 2H, CH2NH), 1.67–1.60 (m,
5H, CH2, CHCH2CH(CH3)2, CHCH2CH(CH3)2), 1.54 and
1.29 (2s, 6H, C(CH3)2), 0.90–0.86 (m, 6H, CH(CH3)2); 13C
NMR (100 MHz, CDCl3) d 162.4, 159.1, 151.1, 142.2,
139.6, 131.8, 130.8, 128.7, 127.3, 124.8, 124.5, 117.3,
114.2, 113.6, 102.4, 93.2, 84.8, 83.2, 81.6, 72.4, 62.0, 55.2,
53.2, 48.2, 45.6, 43.7, 43.0, 37.1, 29.3, 27.8, 27.3, 25.3,
24.7, 23.1, 21.6; FAB HRMS (NBA): m/e 771.3680, MC
NaC calcd for C39H52N6O9 771.3693.

4.6. Triol 20

Compound 19 (50 mg, 0.057 mmol, 1.0 equiv) was treated
with a solution of TFA/H2O 9:1 (1.7 mL) at 0 8C until the
reaction was complete as judged by TLC (ca. 1.5 h). The
crude mixture was then diluted with toluene and concen-
trated under reduced pressure. Purification by flash column
chromatography (silica gel, 10% MeOH in CH2Cl2)
provided triol 20 (36 mg, 75%) as a white solid: RfZ0.40
(silica gel, 10% MeOH in CH2Cl2); [a]D

22 C7.6 (c 0.3,
CH2Cl2); 1H NMR (400 MHz, CDCl3) d 8.13 (d, JZ8.1 Hz,
1H, H6), 7.73 (d, JZ7.5 Hz, 1H, Ar indoline), 7.37 (d, JZ
8.6 Hz, 2H, Ar PMB), 7.26–7.22 (m, 5H, aromatics Cbz),
7.13–7.06 (m, 2H, Ar indoline), 6.98 (dd, JZ7.5, 7.5 Hz,
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1H, Ar indoline), 6.75 (d, JZ8.6 Hz, 2H, Ar PMB), 5.89
(bs, 1H, H1 0), 5.74 (bs, 1H, NHCbz), 5.70 (d, JZ8.1 Hz, 1H,
H5), 5.05–4.90 (m, 4H, CH2ArPMB, CH2ArCbz), 4.41 (bs,
1H, H4 0), 4.29–3.94 (m, 6H, H2 0, H3 0, H5 0, CH2CH2N
indoline, CHCH2CH(CH3)2), 3.73–3.70 (m, 1H, H6 0), 3.72
(s, 3H, CH3O), 3.35–3.28 and 3.19–3.13 (2m, 2H, CH2-
NHCO), 3.05–3.01 (m, 2H, CH2CH2N indoline), 2.66–2.58
and 2.47–2.41 (2m, 2H, CH2NH), 1.62–1.45 (m, 5H, CH2,
CHCH2CH(CH3)2, CHCH2CH(CH3)2), 0.89–0.82 (m, 6H,
CH(CH3)2); 13C NMR (100 MHz, CDCl3) d 172.9, 162.5,
159.0, 156.5, 151.3, 142.1, 138.8, 136.0, 132.0, 130.7,
128.8, 128.5, 128.2, 127.8, 127.4, 124.9, 124.7, 117.3,
113.6, 102.0, 91.2, 84.2, 74.7, 72.2, 70.7, 67.0, 62.0, 55.2,
53.7, 48.2, 44.9, 43.6, 41.0, 37.1, 30.0, 27.8, 24.6, 22.8,
21.9; FAB HRMS (NBA): m/e 865.3752, MCNaC calcd for
C44H54N6O11 865.3748.

4.7. N,N-Dimethyl epoxy amide 22

A solution of epoxy-indole amide 2118 (89 mg, 0.159 mmol,
1.0 equiv) in THF (2 mL) was treated with dimethylamine
(26 mL, 0.207 mmol, 1.3 equiv) and the mixture was stirred
at room temperature for 5 h. After this time, the crude
mixture was concentrated under reduced pressure. Purifi-
cation by flash column chromatography (silica gel, 70%
EtOAc, 5% MeOH in hexanes) provided epoxy amide 22
(51 mg, 66%) as major product together with the N,N-
dimethyl amino alcohol opening product (16 mg, 19%) as
minor product.

Compound [22]. White solid; RfZ0.40 (silica gel, 100%
EtOAc); [a]D

22 C18.9 (c 1.0, CH2Cl2); 1H NMR (400 MHz,
CDCl3) d 7.42 (d, JZ8.6 Hz, 2H, Ar), 7.30 (d, JZ8.1 Hz,
1H, H6), 6.79 (d, JZ8.6 Hz, 2H, Ar), 5.98 (d, JZ2.7 Hz,
1H, H1 0), 5.76 (d, JZ8.1 Hz, 1H, H5), 5.04 and 4.95 (2d, JZ
14.0 Hz, 2H, CH2Ar), 4.93 (dd, JZ5.9, 3.8 Hz, 1H, H3 0),
4.75 (dd, JZ5.9, 2.7 Hz, 1H, H2 0), 4.25 (dd, JZ3.8, 3.8 Hz,
1H, H4 0), 3.75 (s, 3H, CH3O), 3.67 (d, JZ2.1 Hz, 1H, H6 0),
3.49 (dd, JZ3.8, 2.1 Hz, 1H, H5 0), 3.09 and 2.96 (2s, 6H,
N(CH3)2), 1.56 and 1.33 (2s, 6H, C(CH3)2); 13C NMR
(100 MHz, CDCl3) d 165.9, 162.2, 159.1, 150.8, 138.4,
130.9, 128.7, 114.8, 113.6, 103.0, 92.4, 83.9, 83.2, 81.4,
57.2, 55.2, 50.4, 43.7, 36.4, 35.7, 27.2, 25.3; FAB HRMS
(NBA): m/e 487.1945, MC calcd for C24H29N3O8 487.1955.

4.8. Methyl epoxy ester 23

To a solution of epoxy-indole amide 21 (78 mg,
0.139 mmol, 1.0 equiv) in MeOH (2.5 mL) was added
triethylamine (20 mL, 0.139 mmol, 1.0 equiv), and the
reaction mixture was stirred for 30 min at 25 8C. After this
time, the solvent was removed by concentration under
reduced pressure and the crude product was purified by flash
column chromatography (silica gel, 40% EtOAc, 5% MeOH
in hexanes) to obtain epoxy ester 23 (66 mg, 99%) as a
white solid: RfZ0.43 (silica gel, 40% EtOAc, 5% MeOH in
hexanes); [a]D

22 C14.0 (c 0.1, CH2Cl2); 1H NMR (400 MHz,
CDCl3) d 7.40 (d, JZ8.6 Hz, 2H, Ar), 7.20 (d, JZ8.1 Hz, 1H,
H6), 6.80 (d, JZ8.6 Hz, 2H, Ar), 5.82 (d, JZ2.7 Hz, 1H, H10),
5.76 (d, JZ8.1 Hz, 1H, H5), 5.03 and 4.96 (2d, JZ14.0 Hz,
2H, CH2Ar), 4.95 (dd, JZ6.4, 4.3 Hz, 1H, H30), 4.83 (dd, JZ
6.4, 2.7 Hz, 1H, H20), 4.12 (dd, JZ4.3, 4.3 Hz, 1H, H40), 3.78
and 3.75 (2s, 6H, CH3O), 3.55 (dd, JZ4.3, 2.1 Hz, 1H, H5 0),
3.50 (d, JZ2.1 Hz, 1H, H6 0), 1.54 and 1.33 (2s, 6H,
C(CH3)2); 13C NMR (100 MHz, CDCl3) d 168.4, 162.2,
159.1, 139.0, 130.7, 114.8, 113.7, 102.9, 94.0, 84.8, 84.3,
81.6, 57.4, 55.2, 52.7, 50.2, 43.6, 27.1, 25.3; FAB HRMS
(NBA): m/e 497.1532, MCNaC calcd for C23H26N2O9

497.1536.

4.9. Isopropyl epoxy ester 24

To a stirred solution of methyl epoxy ester 23 (45 mg,
0.095 mmol, 1.0 equiv) in 2-methyl-2-propanol (2.5 mL)
was added Bu2SnO (2.4 mg, 9.5 mmol, 0.1 equiv). The
reaction mixture was then heated at reflux with complete
depletion of starting material after 12 h, according to TLC
analysis. The crude mixture was allowed to warm to 25 8C,
diluted with EtOAc (5 mL) and washed with saturated
aqueous NaHCO3 solution (5 mL). The aqueous solution
was extracted with EtOAc (2!5 mL) and the combined
organic layers were dried over MgSO4, filtered through a
pad of Celite and concentrated under reduced pressure.
Purification by flash column chromatography (silica gel,
40% EtOAc, 5% MeOH in hexanes) furnished epoxy ester
24 (32 mg, 67%) as a white solid: RfZ0.57 (silica gel, 40%
EtOAc, 5% MeOH in hexanes); [a]D

22 C8.0 (c 0.1, CH2Cl2);
1H NMR (400 MHz, CDCl3) d 7.40 (d, JZ8.6 Hz, 2H, Ar),
7.23 (d, JZ8.1 Hz, 1H, H6), 6.80 (d, JZ8.6 Hz, 2H, Ar),
5.88 (d, JZ2.7 Hz, 1H, H1 0), 5.77 (d, JZ8.1 Hz, 1H, H5),
5.12–4.93 (m, 4H, H3 0, CH2Ar, CH(CH3)2), 7.81 (dd, JZ
6.4, 2.7 Hz, 1H, H2 0), 4.19 (dd, JZ3.8, 3.8 Hz, 1H, H4 0),
3.75 (s, 3H, CH3O), 3.53 (dd, JZ3.8, 1.6 Hz, 1H, H5 0), 3.45
(d, JZ1.6 Hz, 1H, H6 0), 1.55 and 1.33 (2s, 6H, C(CH3)2),
1.27 and 1.26 (2s, 6H, CH(CH3)2); 13C NMR (100 MHz,
CDCl3) d 167.4, 162.2, 159.1, 150.8, 138.7, 130.7, 128.7,
114.8, 113.7, 102.9, 93.2, 84.2, 84.0, 81.5, 70.0, 57.3, 55.2,
50.5, 43.6, 27.1, 25.3, 21.7, 21.6; FAB HRMS (NBA): m/
eZ525.1852, MCNaC calcd for C25H30N2O9 525.1849.

4.10. Amino alcohol 25

A solution of N-Z-1,3-diaminopropane hydrochloride
(34.4 mg, 0.14 mmol, 1.4 equiv) in MeOH (2 mL) was
treated with triethylamine (28 mL, 0.2 mmol, 2.0 equiv) for
30 min at room temperature. After this time, this solution
was added to a solution of epoxy amide 22 (49 mg,
0.1 mmol, 1.0 equiv) in MeOH (2 mL) and the resulting
reaction mixture was heated under reflux for 8 days. Then,
the mixture was allowed to reach room temperature and
toluene (1.0 mL) was added. The resulting azeotropic
solution was concentrated under reduced pressure and the
crude product was purified by flash column chromatography
(silica gel, 75% EtOAc, 5% MeOH in hexanes) to furnish
amino alcohol 25 (41 mg, 33%) as a white solid: RfZ0.26
(silica gel, 75% EtOAc, 5% MeOH in hexanes); [a]D

22

C22.9 (c 0.7, CH2Cl2); 1H NMR (400 MHz, CDCl3) d 7.39
(d, JZ8.6 Hz, 2H, Ar PMB), 7.32–7.27 (m, 6H, aromatics
Cbz, H6), 6.77 (d, JZ8.6 Hz, 2H, Ar PMB), 5.74–5.69 (m,
2H, H1 0, H5), 5.38 (bs, NHCbz), 5.10–4.98 (m, 4H,
CH2ArPMB, CH2ArCbz) 4.91 (dd, JZ6.4, 3.2 Hz, 1H,
H3 0), 4.81–4.79 (m, 1H, H2 0), 4.47 (bs, 1H, H4 0), 3.80 (d, JZ
8.1 Hz, 1H, H5 0), 3.74 (bs, 4H, CH3O, H6 0), 3.28–3.17 (m,
2H, CH2NHCO), 2.91 (s, 6H, N(CH3)2), 2.64–2.58 and
2.42–2.36 (2m, 2H, CH2NH), 1.60–1.55 (m, 2H, CH2), 1.54
and 1.31 (2s, 6H, C(CH3)2); 13C NMR (100 MHz, CDCl3)
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d 173.3, 162.3, 159.0, 156.5, 151.1, 140.0, 130.8, 128.7,
128.5, 128.0, 114.4, 113.6, 102.4, 94.6, 85.1, 83.0, 81.1,
72.4, 66.4, 58.8, 55.2, 45.3, 43.6, 39.1, 37.2, 35.8, 29.3,
27.3, 25.3; FAB HRMS (NBA): m/e 718.3071, MCNaC

calcd for C35H45N5O10 718.3064.

4.11. Amino alcohol 26

A solution of epoxy amide 22 (61 mg, 0.125 mmol,
1.0 equiv) in MeOH (2 mL) was treated with 1,3-diamino-
propane (21 mL, 0.25 mmol, 2.0 equiv) for 48 h at 70 8C.
After this time, the mixture was allowed to reach room
temperature and toluene (1.0 mL) was added. Then, the
solution was concentrated under reduced pressure and the
crude product was used in the coupling step without
purification.

4.12. Compound 28

Cbz-Leu-OH (40 mg, 0.15 mmol, 1.2 equiv) was dissolved
in dry CH2Cl2 (2 mL) and treated with HOBt (21 mg,
0.15 mmol, 1.2 equiv) at room temperature. After stirring
for 5 min, EDCI (29.4 mg, 0.15 mmol, 1.2 equiv) was added
to the solution. The mixture was stirred for 45 min and then,
the crude mixture was added to a solution of amino alcohol
26 (w0.125 mmol, 1.0 equiv) in CH2Cl2 (2 mL). The
reaction mixture was then stirred for additional 3 h. After
that time, a 15% aqueous NH3 solution (0.5 mL) was added
and the reaction mixture was diluted with Et2O (10 mL) and
washed with a saturated aqueous NH4Cl solution (10 mL).
The layers were separated and the aqueous phase was
extracted with Et2O (2!5 mL). The combined organic
phase was dried (MgSO4), filtered and concentrated.
Purification by flash column chromatography (silica gel,
10% MeOH in EtOAc) afforded peptidic derivative 28
(36 mg, 36% over two steps from 22) as a white solid: RfZ
0.40 (silica gel, 10% MeOH in EtOAc); [a]D

22 C10.6 (c 0.8,
CH2Cl2); 1H NMR (400 MHz, CDCl3) d 7.54 (d, JZ8.1 Hz,
1H, H6), 7.40 (d, JZ8.6 Hz, 2H, Ar PMB), 7.32–7.29 (m,
5H, aromatics Cbz), 6.78 (d, JZ8.6 Hz, 2H, Ar PMB), 5.87
(bs, 1H, H1 0), 5.74 (d, JZ8.1 Hz, 1H, H5), 5.63 (bs, 1H,
NHCbz), 5.09–4.96 (m, 4H, CH2ArPMB, CH2ArCbz), 4.89
(dd, JZ6.4, 2.7 Hz, 1H, H3 0), 4.82–4.79 (m, 1H, H2 0), 4.44
(bs, 1H, H4 0), 4.10–4.04 (m, 1H, CHCH2CH(CH3)2), 3.96–
3.86 (m, 1H, H5 0), 3.78–3.73 (m, 1H, H6 0), 3.75 (s, 3H,
CH3O), 3.40–3.33 and 3.27–3.19 (2m, 2H, CH2NHCO),
2.95–2.91 (m, 6H, N(CH3)2), 2.60–2.52 and 2.48–2.39 (2m,
2H, CH2NH), 1.62–1.51 (m, 5H, CH2, CHCH2CH(CH3)2,
CHCH2CH(CH3)2), 1.56 and 1.31 (2s, 6H, C(CH3)2), 0.92–
0.85 (m, 6H, CH(CH3)2); 13C NMR (100 MHz, CDCl3) d
172.7, 164.4, 159.1, 156.3, 151.1, 140.0, 136.3, 130.9,
130.7, 128.7, 128.5, 128.1, 128.0, 127.9, 114.5, 113.6,
102.6, 94.4, 84.8, 82.7, 81.3, 71.6, 66.9, 59.4, 55.2, 53.6,
44.9, 43.7, 43.6, 41.1, 37.3, 35.9, 29.6, 27.3, 25.3, 24.7,
22.7, 22.0; FAB HRMS (NBA): m/e 808.4001, MCNaC

calcd for C41H56N6O11 808.4007.

4.13. Epoxy amide 32

A solution of sulfonium salt 31 (93 mg, 0.361 mmol,
1.03 equiv) in CH3CN (2.5 mL) was treated with NaH
(45 mg, 1.13 mmol, 3.2 equiv). The reaction mixture was
stirred at 25 8C for 3 h. After this time, t-butyl methyl ether
(3 mL) was added and the combined organic solution was
filtered, washed with t-butyl methyl ether and hexanes, and
concentrated under reduced pressure. Thus, the resulting
sulfur ylide was dissolved in CH2Cl2 (3 mL) and treated
with crude aldehyde 29 (w0.352 mmol, 1.0 equiv),
obtained by oxidation of its corresponding alcohol (0.1 g,
0.370 mmol) with DMP, at 0 8C. After 2.5 h, the crude
mixture was concentrated under reduced pressure. Purifi-
cation by flash column chromatography (silica gel, 80%
EtOAc in hexanes) afforded epoxy amide 32 (46 mg, 43%
from precursor alcohol of aldehyde 29) as a white solid:
RfZ0.51 (silica gel, 100% EtOAc); [a]D

22 C24.0 (c 0.1,
CH2Cl2); 1H NMR (400 MHz, CDCl3) d 9.70 (bs, 1H, NH),
8.13 (d, JZ8.6 Hz, 1H, Ar), 7.34 (d, JZ8.1 Hz, H6), 7.17–
7.13 (m, 2H, Ar), 7.01 (dd, JZ7.0, 7.0 Hz, 1H, Ar), 5.89 (d,
JZ2.1 Hz, 1H, H1 0), 5.71 (dd, JZ8.1, 1.6 Hz, 1H, H5), 4.99
(dd, JZ6.4, 3.8 Hz, 1H, H3 0), 4.84 (dd, JZ6.4, 2.1 Hz, 1H,
H2 0), 4.24–4.13 (m, 3H, H4 0, CH2CH2N indoline), 3.68 (d,
JZ2.1 Hz, 1H, H6 0), 3.63–3.62 (m, 1H, H5 0), 3.23–3.16 (m,
2H, CH2CH2N indoline), 1.55 and 1.33 (2s, 6H, C(CH3)2);
13C NMR (100 MHz, CDCl3) d 172.5, 163.1, 150.2, 142.3,
141.9, 131.7, 127.2, 124.9, 124.7, 117.4, 114.3, 102.5, 92.1,
84.7, 83.2, 81.9, 57.8, 50.5, 49.3, 48.7, 44.9, 30.0, 27.9,
27.5, 25.1; FAB HRMS (NBA): m/e 464.1429, MCNaC

calcd for C22H23N3O7 464.1434.

4.14. Epoxy amide 33

To a solution of crude aldehyde 30 (w0.9 g, 1.9 mmol,
1.0 equiv), prepared from its corresponding alcohol (0.93 g,
1.9 mmol) by oxidation with IBX, in CH2Cl2 (8 mL) was
added at 0 8C, sulfonium salt 31 (0.56 g, 2.16 mmol,
1.1 equiv) and a 20% aqueous NaOH solution (0.43 mL,
2.16 mmol, 1.1 equiv). After stirring for 1.5 h, the crude
mixture was diluted with H2O (10 mL), the layers were
separated and the aqueous phase was extracted with EtOAc
(1!10 mL). The combined organic extracts were dried
(MgSO4) and concentrated under reduced pressure. Purifi-
cation by flash column chromatography (silica gel, 50%
EtOAc in hexanes) gave epoxy amide 33 (0.76 g, 61% over
two steps from its corresponding alcohol) as a white solid:
RfZ0.45 (silica gel, 50% EtOAc in hexanes); [a]D

22 C51.3
(c 1.4, CH2Cl2); 1H NMR (400 MHz, CDCl3) d 8.83 (bs, 1H,
NH), 8.17 (d, JZ8.1 Hz, 1H, H6), 7.75 (d, JZ8.1 Hz, 1H, Ar),
7.22–7.19 (m, 2H, Ar), 7.06 (dd, JZ7.0, 7.0 Hz, 1H, Ar), 5.98
(d, JZ4.8 Hz, 1H, H10), 5.76 (dd, JZ8.1, 2.1 Hz, 1H, H5), 4.35
(d, JZ3.2 Hz, 1H, H4 0), 4.20–4.16 (m, 2H, CH2CH2N
indoline), 4.11–4.09 (m, 2H, H20, H30), 3.78 (d, JZ2.1 Hz,
1H, H60), 3.51 (d, JZ2.1 Hz, 1H, H50), 3.28–3.24 (m, 2H,
CH2CH2N indoline), 0.90 and 0.86 (2s, 18H, C(CH3)3), 0.12,
0.11, 0.05, and 0.03 (4s, 12H, Si(CH3)2); 13C NMR (100 MHz,
CDCl3) d 163.8, 162.8, 150.4, 142.2, 139.5, 130.9, 127.7,
124.7, 124.6, 117.3, 103.0, 87.8, 79.2, 74.8, 73.6, 57.2, 50.6,
47.3, 28.1, 25.7, 25.6, 18.1, 17.9, K4.9, K4.8, K4.6, K4.5;
FAB HRMS (NBA): m/e 652.2846, MCNaC calcd for
C31H47N3O7Si2 652.2850.

4.15. Azido alcohol 34

A solution of epoxy amide 32 (46 mg, 0.104 mmol,
1.0 equiv) in MeOH (2 mL) was treated with a 6.4 M
1-azido-3-propanoamine solution in Et2O (16 mL,
0.104 mmol, 1.0 equiv). After stirring at 70 8C for 72 h,
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the crude mixture was diluted with toluene (0.5 mL) and
concentrated in vacuo. Purification by flash column
chromatography (silica gel, 100% EtOAc) provided
compound 34 (27 mg, 48%) as a white solid: RfZ0.44
(silica gel, 100% EtOAc); [a]D

22 K7.2 (c 0.5, CH2Cl2); 1H
NMR (400 MHz, CDCl3) d 8.20 (d, JZ7.5 Hz, 1H, Ar),
7.64 (d, JZ8.1 Hz, 1H, H6), 7.17–7.13 (m, 2H, Ar), 7.01
(dd, JZ7.0, 7.0 Hz, 1H, Ar), 5.90 (d, JZ3.4 Hz, 1H, H1 0),
5.67 (d, JZ8.1 Hz, 1H, H5), 4.91 (dd, JZ5.9, 2.7 Hz, 1H,
H3 0), 4.80 (dd, JZ5.9, 3.4 Hz, 1H, H2 0), 4.59 (bs, 1H, H4 0),
4.16–4.04 (m, 2H, CH2CH2N indoline), 3.88 (d, JZ8.6 Hz,
1H, H5 0), 3.68 (d, JZ8.6 Hz, H6 0), 3.40–3.27 (m, 2H,
CH2N3), 3.12–3.06 (m, 2H, CH2CH2N indoline), 2.75–2.64
and 2.55–2.49 (2m, 2H, CH2NH), 1.72–1.65 (m, 2H, CH2),
1.57 and 1.33 (2s, 6H, C(CH3)2); 13C NMR (100 MHz,
CDCl3) d 172.7, 163.2, 150.4, 142.1, 141.8, 131.8, 127.5,
124.8, 124.6, 117.4, 114.4, 102.8, 92.8, 84.9, 83.1, 81.4,
73.0, 61.6, 49.2, 48.2, 44.8, 29.4, 27.8, 27.3, 25.3; FAB
HRMS (NBA): m/e 564.2288, MCNaC calcd for
C25H31N7O7 564.2183.

4.16. Azido alcohol 35

A solution of epoxy amide 33 (0.2 g, 0.318 mmol,
1.0 equiv) in MeOH (7 mL) was treated with a 6.4 M of
1-azido-3-propanoamine solution in Et2O (0.1 mL,
0.68 mmol, 2.1 equiv). After stirring at 70 8C for 48 h, the
crude mixture was then diluted with toluene (1.0 mL) and
concentrated in vacuo. Purification by flash column
chromatography (silica gel, 50% EtOAc in hexanes)
provided compound 35 (193 mg, 83%) as a white solid:
RfZ0.41 (silica gel, 50% EtOAc in hexanes); [a]D

22 K7.2 (c
0.5, CH2Cl2); 1H NMR (400 MHz, CDCl3) d 9.03 (bs, 1H,
NH), 8.22 (d, JZ8.1 Hz, 1H, H6), 7.68 (d, JZ8.1 Hz, 1H,
Ar), 7.19–7.17 (m, 2H, Ar), 7.03 (dd, JZ7.0, 7.0 Hz, 1H,
Ar), 5.68 (d, JZ8.1 Hz, 1H, H5), 5.62 (d, JZ6.4 Hz, 1H,
H1 0), 4.43 (dd, JZ6.4, 4.8 Hz, 1H, H2 0), 4.39 (bs, 1H, H4 0),
4.20–4.09 (m, 3H, H3 0, CH2CH2N indoline), 3.80–3.71 (m,
2H, H5 0, H6 0), 3.41–3.28 (m, 2H, CH2N3), 3.16–3.12 (m, 2H,
CH2CH2N indoline), 2.79–2.73 and 2.60–2.51 (2m, 2H,
CH2NH), 1.72–1.67 (m, 2H, CH2), 0.88 and 0.82 (2s, 18H,
C(CH3)3), 0.06, 0.003, and K0.05 (3s, 12H, Si(CH3)2); 13C
NMR (100 MHz, CDCl3) d 163.1, 150.4, 142.4, 142.2,
131.7, 127.5, 124.7, 124.6, 117.5, 102.3, 91.8, 85.6, 73.5,
73.0, 72.0, 61.8, 49.1, 48.2, 44.8, 27.9, 25.8, 25.7, 18.0,
17.9, 2.2, 1.9, 1.7; FAB HRMS (NBA): m/e 752.3584, MC
NaC calcd for C34H55N7O7Si2 752.3599.

4.17. Amino alcohol 36

A solution of N-Z-1,3-diaminopropane hydrochloride
(0.16 g, 0.63 mmol, 2.0 equiv) in MeOH (2 mL) was treated
with triethylamine (0.13 mL, 0.906 mmol, 2.9 equiv) for
30 min at room temperature. After this time, the resulting
mixture was added to a solution of epoxy amide 33 (0.2 g,
0.318 mmol, 1.0 equiv) in MeOH (4 mL) and the reaction
mixture was stirred under reflux for 48 h. Then, the mixture
was allowed to reach room temperature and toluene
(1.0 mL) was added. The solution was concentrated under
reduced pressure and the crude product was purified by flash
column chromatography (silica gel, 80% EtOAc in hexanes)
to provide amino alcohol 36 (0.22 g, 83%) as a white solid:
RfZ0.56 (silica gel, 80% EtOAc in hexanes); [a]D

22 K4.0
(c 0.4, CH2Cl2); 1H NMR (400 MHz, CDCl3) d 8.78 (bs, 1H,
NH), 8.20 (d, JZ8.1 Hz, 1H, Ar indoline), 7.34–7.26 (m,
6H, aromatics Cbz, H6), 7.18–7.14 (m, 2H, Ar indoline),
7.02 (dd, JZ7.5, 7.5 Hz, 1H, Ar indoline), 5.61 (d, JZ
8.1 Hz, 1H, H5), 5.51 (d, JZ5.4 Hz, 1H, H1 0), 5.27 (bs, 1H,
NHCbz), 5.04 (2d, JZ12.4 Hz, 2H, CH2Ar), 4.49–4.45 (m,
1H, H2 0), 4.33 (br s, 1H, H4 0), 4.17–4.10 (m, 3H, H3 0,
CH2CH2N indoline), 3.96–3.81 (br s, 2H, H5 0, H6 0), 3.32–
3.23 (m, 2H, CH2NHCO), 3.17–3.13 (m, 2H, CH2CH2N
indoline), 2.77 and 2.54 (2bs, 2H, CH2NH), 1.66 (bs, 2H,
CH2), 0.86 and 0.81 (2s, 18H, C(CH3)3), 0.05, 0.04, K0.004
and K0.07 (4s, 12H, Si(CH3)2); 13C NMR (100 MHz,
CDCl3) d 162.8, 156.6, 150.4, 142.7, 142.2, 136.6, 131.6,
128.5, 128.1, 128.0, 127.5, 124.7, 117.5, 102.4, 92.3, 86.1,
73.1, 73.0, 66.7, 62.2, 58.1, 48.2, 45.2, 38.6, 28.0, 25.7,
18.0, 17.9, K4.5, K4.6, K4.7, K5.0; FAB HRMS (NBA):
m/e 860.4066, MCNaC calcd for C42H63N5O9Si2

860.4062.

4.18. Amino alcohol 37

Procedure A. A solution of azido alcohol 35 (19 mg,
0.028 mmol, 1.0 equiv) in THF (1.0 mL) was treated with
Ph3P (29 mg, 0.11 mmol, 4.0 equiv) at room temperature
for 1 h. After this time, H2O (1 mL) was added and the
resulting mixture was vigorously stirred for additional 5 h.
After this time, the crude mixture was diluted with Et2O, the
phases were separated and the aqueous phase was extracted
with Et2O (2!5 mL). The combined ethereal solution was
washed with brine, dried (MgSO4), filtered and concentrated
to obtain a crude product, which was purified by flash
column chromatography (silica gel, 10/15% MeOH in
CH2Cl2) to provide amino alcohol 37 (15 mg, 75%) as a
white solid. Procedure B. A solution of alcohol 36 (113 mg,
0.135 mmol, 1.0 equiv) in EtOH (10 mL) was treated with
Pd–C 10% wt (0.15 g) and HCOONH4 25% w/v (1.7 mL)
under Ar atmosphere. After stirring for 30 min at room
temperature, the mixture was filtered through a pad of
Celite, and the filtrates were washed with MeOH (2!5 mL)
and concentrated under reduced pressure. The crude mixture
was purified by flash column chromatography (silica gel,
10/15% MeOH in CH2Cl2) to provide amino alcohol 37
(68 mg, 72%): RfZ0.32 (silica gel, 10% MeOH in CH2Cl2);
[a]D

22 K5.1 (c 0.4, CH2Cl2); 1H NMR (400 MHz, CDCl3) d
8.20 (d, JZ8.6 Hz, 1H, Ar), 8.02 (bs, 1H, H6), 7.18–7.14
(m, 2H, Ar), 7.02 (dd, JZ7.5 Hz, 1H, Ar) 6.03 (d, JZ
7.0 Hz, 1H, H5), 5.65 (d, JZ4.3 Hz, 1H, H1 0), 4.42–4.00 (m,
6H, H2 0, H3 0, H5 0, H6 0, CH2CH2N indoline) 4.12 (bs, 1H,
H4 0), 3.39–3.14 (m, 4H, CH2CH2N indoline, CH2NH), 3.10
and 2.66 (2bs, 2H, CH2NH2), 1.99 and 1.72 (2bs, 2H, CH2),
0.80 and 0.70 (2s, 18H, C(CH3)3), K0.003, K0.02, K0.04,
K0.1 (4s, 12H, Si(CH3)2); 13C NMR (100 MHz, CDCl3) d
169.6, 164.8, 153.8, 150.7, 142.5, 131.4, 127.4, 124.5,
124.3, 117.5, 102.7, 91.3, 85.5, 73.5, 68.4, 64.4, 48.2, 47.8,
41.2, 29.6, 28.3, 25.6, 24.3, 17.8, K4.5, K4.7, K4.9; FAB
HRMS (NBA): m/e 726.3687, MCNaC calcd for
C34H57N5O7Si2 726.3694.

4.19. Peptidic derivative 38

Z-Leu-OH (29.4 mg, 0.11 mmol, 1.3 equiv) was dissolved
in dry CH2Cl2 (1 mL) and treated with HOBt (15.3 mg,
0.11 mmol, 1.3 equiv) at room temperature. After stirring
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for 5 min, EDCI (21.7 mg, 0.11 mmol, 1.3 equiv) was added
to the solution and the resulting mixture was stirred for
45 min and added to a solution of 37 (60 mg, 0.085 mmol,
1.0 equiv) in CH2Cl2 (1.5 mL). The reaction mixture was
then stirred for additional 6 h. After that time, a 15%
aqueous NH3 solution (0.2 mL) was added and the crude
mixture was diluted with Et2O (4 mL) and washed with
NH4Cl (4 mL). The layers were separated and the aqueous
phase was extracted with Et2O (2!4 mL). The combined
organic phase was dried over MgSO4, filtered and
concentrated. Purification by flash column chromatography
(silica gel, 5% MeOH in CH2Cl2) afforded peptidic
derivative 38 (60 mg, 74%) as a white solid: RfZ0.58
(silica gel, 10% MeOH in CH2Cl2); [a]D

22 K10.8 (c 1.5,
CH2Cl2); 1H NMR (400 MHz, CDCl3) d 8.21 (d, JZ7.5 Hz,
1H, Ar indoline), 7.50 (bs, 1H, H6), 7.34–7.25 (m, 4H,
aromatics Cbz), 7.17–7.12 (m, 2H, Ar indoline), 7.01 (dd,
JZ7.5, 7.5 Hz, 1H, Ar indoline) 5.65 (d, JZ7.5 Hz, 1H,
H5), 5.53 (bs, 1H, H1 0), 5.07 (2d, JZ12.4 Hz, 2H, CH2Ar),
4.57 (bs, 1H, H2 0) 4.30 (bs, 1H, H4 0), 4.27–4.07 (m, 4H,
CH2CH2N indoline, H3 0, CHCH2CH(CH3)2), 3.83 (bs, 1H,
H5 0), 3.70 (bs, 1H, H6 0), 3.36–3.24 (m, 2H, CH2NHCO),
3.17–3.11 (m, 2H, CH2CH2N indoline), 2.78–2.70 and
2.57–2.51 (2m, 2H, CH2NH), 1.67–1.41 (m, 5H, CH2,
CHCH2CH(CH3)2, CHCH2CH(CH3)2), 0.87–0.82 (m, 24H,
CH(CH3)2, C(CH3)3), 0.03, 0.02, K0.01, K0.07 (4s, 12H,
Si(CH3)2); 13C NMR (100 MHz, CDCl3) d 172.7, 169.3,
162.8, 156.3, 150.6, 143.3, 142.4, 142.3, 136.2, 131.4,
128.5, 128.1, 128.0, 127.5, 124.7, 124.5, 117.5, 102.4, 93.5,
86.8, 74.0, 73.5, 67.0, 66.9, 62.8, 53.4, 48.1, 41.5, 37.9,
28.0, 25.7, 24.6, 23.0, 22.8, 21.9, 18.0, 17.8, K4.5, K4.6,
K4.7, K5.1; FAB HRMS (NBA): m/e 973.4905, MCNaC

calcd for C48H74N6O10Si2 973.4903.

4.20. Amine alcohol 39

Compound 38 (31 mg, 0.033 mmol, 1.0 equiv) was dis-
solved in MeOH (3 mL) and purged with Ar. Then, 10%
Pd–C (30 mg) was added and the reaction mixture was
exposed to a H2 atmosphere for 30 min. After this time, the
mixture was filtered and the filtrate was washed with MeOH
(2!3 mL). The combined organic solution was concen-
trated under reduced pressure and the resulting crude
product was purified by flash column chromatography
(silica gel, 10% MeOH in CH2Cl2) to obtain amine 39
(23 mg, 86%) as a white solid: RfZ0.39 (silica gel, 10%
MeOH in CH2Cl2); [a]D

22 K11.3 (c 0.2, CH2Cl2); 1H NMR
(400 MHz, CDCl3) d 8.20 (d, JZ8.1 Hz, 1H, Ar), 7.64 (d,
JZ8.1 Hz, 1H, H6), 7.50 (bs, 1H, NH), 7.17–7.12 (m, 2H,
Ar), 7.01 (dd, JZ7.5, 7.5 Hz, 1H, Ar) 5.67 (d, JZ8.1 Hz,
1H, H5), 5.61 (d, JZ6.4 Hz, 1H, H1 0), 4.44 (dd, JZ6.4,
5.4 Hz, 1H, H2 0) 4.31 (bs, 1H, H4 0), 4.14–4.08 (m, 3H, H3 0,
CH2CH2N indoline), 3.84 (d, JZ6.4 Hz, 1H, H5 0), 3.72 (d,
JZ6.4 Hz, 1H, H6 0), 3.43–3.21 (m, 3H, CH2NHCO,
CHCH2CH(CH3)2), 3.18–3.12 (m, 2H, CH2CH2N indoline),
2.72–2.68 and 2.53–2.43 (2m, 2H, CH2NH), 1.63–1.61 (m, 4H,
CH2, CHCH2CH(CH3)2, CHCH2CH(CH3)2), 1.32–1.25 (m,
1H, CHCH2CH(CH3)2), 0.89–0.81 (m, 24H, CH(CH3)2,
C(CH3)3), 0.04, 0.02, K0.01, K0.06 (4s, 12H, Si(CH3)2);
13C NMR (100 MHz, CDCl3) d 175.2, 169.5, 163.1, 150.5,
142.8, 142.3, 131.5, 127.5, 124.7, 124.5, 117.5, 102.4, 91.2,
86.1, 73.4, 71.4, 62.4, 53.4, 48.1, 45.2, 43.8, 36.9, 30.9,
29.6, 28.0, 25.8, 25.7, 24.8, 23.2, 21.4, 18.0, 17.9, K4.5,
K4.6, K4.7, K5.0; FAB HRMS (NBA): m/e 817.4718,
MCNaC calcd for C40H68N6O8Si2 817.4715.

4.21. Epoxy indole amide 40

A solution of epoxy amide 33 (0.47 g, 0.75 mmol,
1.0 equiv) in C6H6 (8 mL) was treated with DDQ (0.89 g,
3.73 mmol, 5.0 equiv) for 24 h at 80 8C. After this time, the
reaction mixture was allowed to reach room temperature
and diluted with CHCl3 (10 mL) and washed sequentially
with a saturated aqueous NaHCO3 solution (3!10 mL) and
brine (5 mL). The combined organic solution was concen-
trated under reduced pressure and the crude product was
purified by flash column chromatography (silica gel, 40%
EtOAc in hexanes) to afford epoxy amide 40 (0.40 g, 86%)
as a white solid: RfZ0.73 (silica gel, 50% EtOAc in
hexanes); [a]D

22 C44.0 (c 0.3, CH2Cl2); 1H NMR (400 MHz,
CDCl3) d 9.33 (bs, 1H, NH), 8.39 (d, JZ6.4 Hz, 1H, Ar),
7.73 (d, JZ8.6 Hz, 1H, H6), 7.58–7.56 and 7.39–7.29 (2m,
4H, CHCHN indoline, Ar), 6.73 (d, JZ3.8 Hz, 1H, CHCHN
indoline), 5.98 (d, JZ4.8 Hz, 1H, H1 0), 5.79 (dd, JZ8.6,
2.1 Hz, 1H, H5), 4.43 (d, JZ4.3 Hz, 1H, H4 0), 4.29 (d, JZ
1.6 Hz, 1H, H5 0), 4.30 (dd, JZ4.3, 4.3 Hz, 1H, H3 0), 4.12
(dd, JZ4.8, 4.3 Hz, 1H, H2 0), 3.61 (d, JZ1.6 Hz, 1H, H6 0),
0.91 and 0.88 (2s, 18H, C(CH3)3), 0.13, 0.12, 0.07 and 0.05
(4s, 12H, Si(CH3)2); 13C NMR (100 MHz, CDCl3) d 164.6,
163.1, 150.4, 139.2, 135.5, 130.2, 125.7, 124.6, 123.3,
121.1, 116.4, 111.1, 103.0, 88.2, 78.7, 74.9, 73.3, 57.7, 51.0,
25.7, 25.6, 18.0, 17.9, K4.4, K4.7, K4.9; FAB HRMS
(NBA): m/e 650.2692, MCNaC calcd for C31H45N3O7Si2
650.2694.

4.22. Epoxy acid 41. Reaction of epoxy amide 40 with
lithium hydroxide

To a solution of epoxy amide 40 (57 mg, 0.091 mmol,
1.0 equiv) in THF (3 mL) was added a 0.1 M aqueous LiOH
solution (1.82 mL, 0.182 mmol, 2.0 equiv) dropwise during
15 min at 0 8C. After 5 min, the reaction mixture was
diluted with EtOAc (3 mL) and both phases were separated.
The aqueous layer was washed with EtOAc (2!3 mL) and
acidified with Amberlyst-15 until pH 5. Then, the solution
was extracted with EtOAc (3!3 mL) and the combined
organic extracts were concentrated in vacuo to obtain crude
epoxy acid 41 (40 mg, 83%), which did not require further
purification and was used in the next step: RfZ0.1 (silica
gel, 50% AcOEt in hexanes); [a]D

22 C74.9 (c 0.3, CH2Cl2);
1H NMR (400 MHz, CDCl3) d 9.33 (bs, 1H, NH), 7.68 (d,
JZ8.1 Hz, 1H, H6), 5.88 (d, JZ4.8 Hz, 1H, H1 0), 5.78 (d,
JZ8.1 Hz, 1H, H5), 4.33 (d, JZ4.3 Hz, 1H, H4 0) 4.13–4.09
(m, 1H, H2 0), 4.05 (dd, JZ4.3, 4.3 Hz, 1H, H3 0), 3.64 (d, JZ
1.6 Hz, 1H, H6 0), 3.46 (bs, 1H, H5 0), 0.91 and 0.86 (2s, 18H,
C(CH3)3), 0.11, 0.10, 0.04, 0.03 (4s, 12H, Si(CH3)2); 13C
NMR (100 MHz, CDCl3) d 176.4, 172.0, 163.7, 139.8,
102.7, 88.3, 78.8, 75.0, 73.3, 57.2, 50.0, 25.8, 25.7, 18.1,
17.9, K4.4, K4.7, K4.9; FAB HRMS (NBA): m/e
551.2223, MCNaC calcd for C23H40N2O8Si2 551.2221.

4.23. t-Butyl epoxy ester 42

To a stirred solution of epoxy acid 41 (35 mg, 0.066 mmol,
1.0 equiv) in CH2Cl2 (3 mL) was added t-Butyl 2,2,2-
trichloroacetimidate 1 M in cyclohexane (0.132 mL,
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0.132 mmol, 2.0 equiv). After being stirred for 24 h at 25 8C,
the reaction mixture was concentrated under reduced
pressure. Purification by flash column chromatography
(silica gel, 35% EtOAc in hexanes) afforded t-butyl epoxy
ester 42 (38 mg, 98%) as a pale yellow solid impurified with
2,2,2-trichloroacetamide: RfZ0.33 (silica gel, 30% EtOAc
in hexanes); [a]D

22 C16.1 (c 0.6, CH2Cl2); 1H NMR
(400 MHz, CDCl3) d 9.39 (bs, 1H, NH), 7.66 (d, JZ
8.1 Hz, 1H, H6), 5.85 (d, JZ4.3 Hz, 1H, H1 0), 5.76 (dd, JZ
8.1, 1.6 Hz, 1H, H5), 4.30 (dd, JZ4.3, 1.1 Hz, 1H, H4 0)
4.11–4.08 (m, 1H, H3 0), 4.04 (dd, JZ8.6, 4.3 Hz, 1H, H2 0),
3.48 (d, JZ2.1 Hz, 1H, H6 0), 3.34 (dd, JZ2.1, 1.1 Hz, 1H,
H5 0), 1.47 (s, 9H, OC(CH3)3), 0.89 and 0.84 (2s, 18H,
C(CH3)3), 0.1, 0.09, 0.03, 0.02 (4s, 12H, Si(CH3)2); 13C
NMR (100 MHz, CDCl3) d 167.0, 150.1, 139.5, 139.4,
102.8, 88.0, 83.3, 78.9, 74.9, 73.5, 56.8, 50.1, 27.9, 25.8,
25.6, 18.1, 17.9, K4.4, K4.7, K4.8, K4.9; FAB HRMS
(NBA): m/e 607.2845, MCNaC calcd for C27H48N2O8Si2
607.2847.

4.24. Azido alcohol 43

A solution of epoxy ester 42 (95 mg, 0.16 mmol, 1.0 equiv)
in MeOH (3 mL) was treated with a 1.68 M of 1-azido-3-
propanoamine solution in Et2O (0.15 mL, 0.24 mmol,
1.5 equiv). After stirring at 70 8C for 4 days, the crude
mixture was then diluted with toluene (1.0 mL) and
concentrated in vacuo. Purification by flash column
chromatography (silica gel, 40% EtOAc in hexanes)
provided compound 43 (22 mg, 20%) as a white solid:
RfZ0.47 (silica gel, 50% EtOAc in hexanes); [a]D

22 C26.2
(c 0.4, CH2Cl2); 1H NMR (400 MHz, CDCl3) d 7.89 (d, JZ
8.1 Hz, 1H, H6), 5.71 (d, JZ8.1 Hz, 1H, H5), 5.56 (d, JZ
4.3 Hz, 1H, H1 0), 4.28 (dd, JZ4.3, 4.3 Hz, 1H, H2 0), 4.15–
4.02 (m, 4H, H3 0, H4 0, H5 0, H6 0), 3.87 (bs, 1H, OH), 3.37 (m,
2H, CH2N3), 2.91–2.81 and 2.64–2.58 (2m, 2H, CH2NH),
1.77–1.71 (m, 2H, CH2), 1.47 (s, 9H, OC(CH3)3), 0.89 and
0.84 (2s, 18H, C(CH3)3), 0.09, 0.06, 0.04 and 0.03 (4s, 12H,
Si(CH3)2); 13C NMR (100 MHz, CDCl3) d 162.8, 150.0,
141.7, 141.6, 102.1, 92.1, 84.2, 74.0, 71.9, 68.7, 64.2, 57.2,
49.4, 45.9, 29.7, 28.0, 25.8, 25.7, 18.0, 17.9, K4.3, K4.7,
K4.8, K4.9; FAB HRMS (NBA): m/e 707.3602, MCNaC

calcd for C30H56N6O8Si2 707.3596.

4.25. Azido alcohol 44

A solution of epoxy ester 42 (53 mg, 0.091 mmol,
1.0 equiv) in DMF (2 mL) was treated with sodium azide
(11.8 mg, 0.181 mmol, 2.0 equiv) and the mixture was
heated until 658. After stirring for 3 h, the solution was
allowed to reach room temperature, diluted with Et2O
(5 mL) and washed with saturated aqueous NH4Cl solution
(5 mL). The aqueous solution was extracted with Et2O (2!
2 mL) and the combined organic phase was washed with
brine (4 mL), dried over MgSO4 and concentrated under
reduced pressure. The crude mixture was purified by flash
column chromatography (silica gel, 40% EtOAc in hexanes)
to provide azido alcohol 44 (47 mg, 83%) as a white solid:
RfZ0.72 (silica gel, 50% EtOAc in hexanes); [a]D

22 C10.1
(c 0.8, CH2Cl2); 1H NMR (400 MHz, CDCl3) d 9.07 (bs, 1H,
NH), 7.64 (d, JZ8.1 Hz, 1H, H6), 5.74 (d, JZ8.1, 2.1 Hz,
1H, H5), 5.57 (d, JZ5.9 Hz, 1H, H1 0), 4.45 (dd, JZ5.9,
4.8 Hz, 1H, H2 0), 4.26 (d, JZ6.4 Hz, 1H, OH), 4.20 (bs, 1H,
H4 0), 4.14 (dd, JZ4.8, 2.7 Hz, 1H, H3 0), 3.88–3.78 (m, 2H,
H5 0, H6 0), 1.52 (s, 9H, OC(CH3)3), 0.89 and 0.84 (2s, 18H,
C(CH3)3), 0.07, 0.02, and K0.03 (3s, 12H, Si(CH3)2); 13C
NMR (100 MHz, CDCl3) d 169.2, 162.9, 150.4, 142.7,
102.5, 92.6, 84.4, 84.3, 73.4, 72.6, 70.1, 62.3, 28.0, 25.8,
25.7, 18.0, 17.9, K4.5, K4.6, K4.7, K5.0; FAB HRMS
(NBA): m/e 650.3019, MCNaC calcd for C27H49N5O8Si2
650.3017.

4.26. Bromohydrine 45

A solution of epoxy amide 33 (0.19 g, 0.302 mmol,
1.0 equiv) in dry and freshly distilled acetone was cooled
to K20 8C and treated with NaBr (0.127 g, 1.2 mmol,
4.0 equiv) and Amberlyst 15 (99 mg, 0.45 mmol,
1.5 equiv). The mixture was kept at K20 8C and vigorously
stirred for 12 h. After that time, the mixture was filtered
through a pad of Celite and washed with acetone (2!5 mL).
The filtrates were concentrated under reduced pressure and
the crude product was purified by flash column chromatog-
raphy (silica gel, 50% EtOAc in hexanes) to provide
bromohydrine 45 (0.214 g, 99%) as a white solid: RfZ0.40
(silica gel, 40% EtOAc in hexanes); [a]D

22 K76.0 (c 0.5,
CH2Cl2); 1H NMR (400 MHz, CDCl3) d 9.25 (bs, 1H, NH),
8.22 (d, JZ8.1 Hz, 1H, Ar), 7.86 (d, JZ8.1 Hz, 1H, H6),
7.22–7.18 (m, 2H, Ar), 7.07 (dd, JZ7.0, 7.0 Hz, 1H, Ar),
5.85 (dd, JZ5.4 Hz, 1H, H1 0), 5.70 (d, JZ8.1 Hz, 1H, H5),
4.55 (d, JZ3.2 Hz, 1H, H4 0), 4.48 (d, JZ9.7 Hz, 1H, H5 0),
4.39 (d, JZ9.7 Hz, 1H, H6 0), 4.34–4.27 (m, 2H, H2 0,
CH2CH2N indoline), 4.18 (dd, JZ3.8, 3.8 Hz, 1H, H3 0),
4.09–4.01 (m, 1H, CH2CH2N indoline), 3.22–3.16 (m, 2H,
CH2CH2N indoline), 0.91 and 0.85 (2s, 18H, C(CH3)3),
0.11, 0.09, 0.03 and K0.004 (4s, 12H, Si(CH3)2); 13C NMR
(100 MHz, CDCl3) d 166.0, 163.3, 150.4, 142.2, 141.3,
131.7, 127.6, 125.1, 124.8, 117.7, 102.4, 89.7, 83.6, 74.7,
72.7, 71.2, 48.0, 43.3, 27.9, 25.8, 25.7, 18.0, 17.9, K4.9,
K4.7, K4.6, K4.9; FAB HRMS (NBA): m/e 732.2117,
MCNaC calcd for C31H48BrN3O7Si2 732.2112.

4.27. Bromohydrine 47. Oxidation of bromohydrine 45
with DMP and reduction of ketone 46 with NaBH4

To a stirred solution of bromohydrine 45 (0.184 g,
0.259 mmol, 1.0 equiv) in CH2Cl2 (3 mL) was added
DMP (0.226 g, 0.518 mmol, 2.0 equiv) at 0 8C. The reaction
mixture was then stirred for 8 h with complete depletion of
starting material according to TLC chromatography. The
crude mixture was diluted with CH2Cl2 (10 mL) and washed
with saturated aqueous NaHCO3 solution (10 mL). The
aqueous solution was extracted with CH2Cl2 (2!10 mL)
and the combined organic phase was washed with brine
(10 mL), dried over MgSO4 and concentrated under reduced
pressure to obtain ketone 46, which was used in the next step
without purification.

To a solution of the obtained ketone 46 (0.151 g,
0.213 mmol, 1.0 equiv) in EtOH (3 mL) was slowly added
NaBH4 (8.39 mg, 0.213 mmol, 1.0 equiv) at 0 8C. After
stirring for 1 h 15 min, the reaction mixture was diluted with
EtOAc (5 mL) and washed with H2O (5 mL) and brine
(5 mL). The combined organic phases were dried over
MgSO4 and concentrated in vacuo. Purification by flash
column chromatography (silica gel, 30/50% EtOAc in
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hexanes) provided pure syn bromohydrine 47 (56.7 mg
38%), anti bromohydrine 45 (7.8 mg, 5%), and a more polar
fraction of unknown products (58.5 mg).

Compound [47]: White solid: RfZ0.51 (silica gel, 40%
EtOAc in hexanes); [a]D

22 K75.5 (c 1.2, CH2Cl2); 1H NMR
(400 MHz, CDCl3) d 8.71 (bs, 1H, NH), 8.17 (d, JZ8.1 Hz,
1H, Ar), 7.22–7.18 (m, 2H, Ar), 7.15 (d, JZ8.1 Hz, 1H, H6),
7.07 (dd, JZ7.0, 7.0 Hz, 1H, Ar), 5.66 (dd, JZ8.1, 2.2 Hz,
1H, H5), 5.27 (d, JZ8.1 Hz, 1H, H1 0), 5.08 (bs, 1H, OH),
4.83 (dd, JZ8.1, 4.3 Hz, 1H, H2 0), 4.78 (bs, 1H, H4 0), 4.35
(d, JZ4.3 Hz, 1H, H3 0), 4.29–4.23 (m, 1H, CH2CH2N
indoline), 4.12–4.01 (m, 2H, H5 0, CH2CH2N indoline), 3.93
(d, JZ9.1 Hz, 1H, H6 0), 3.23–3.19 (m, 2H, CH2CH2N
indoline), 0.92 and 0.81 (2s, 18H, C(CH3)3), 0.16, 0.12, 0.01
and K0.10 (4s, 12H, Si(CH3)2); 13C NMR (100 MHz,
CDCl3) d 168.3, 163.1, 149.7, 144.9, 141.9, 131.9, 127.6,
124.7, 125.0, 117.8, 102.0, 96.0, 86.2, 73.3, 70.7, 70.2, 48.0,
46.2, 27.9, 25.8, 25.7, 18.0, 17.9, K4.5, K4.6, K4.8, K5.3;
FAB HRMS (NBA): m/e 732.2117, MCNaC calcd for
C31H48BrN3O7Si2 732.2112.

4.28. Epoxy amide 48

Syn bromohydrine 47 (43 mg, 0.06 mmol, 1.0 equiv) was
treated with a 0.1 M NaOMe solution in MeOH (1.8 mL,
0.18 mmol, 3.0 equiv) at room temperature and the mixture
was stirred for 24 h. After that, the solvent was concentrated
under reduced pressure and the crude product was purified
by flash column chromatography (silica gel, 50% EtOAc in
hexanes) to obtain cis epoxy amide 48 (38 mg, 99%) as a
white solid: RfZ0.30 (silica gel, 40% EtOAc in hexanes);
[a]D

22 C8.9 (c 0.1, CH2Cl2); 1H NMR (400 MHz, CDCl3) d
8.79 (bs, 1H, NH), 8.16 (d, JZ8.1 Hz, 1H, Ar), 7.13 (d, JZ
8.1 Hz, 1H, H6), 7.20–7.16 (m, 2H, Ar), 7.03 (dd, JZ7.0,
7.0 Hz, 1H, Ar), 5.65 (dd, JZ8.1, 2.2 Hz, 1H, H5), 5.30 (d,
JZ7.5 Hz, 1H, H1 0), 4.95 (dd, JZ7.5, 4.3 Hz, 1H, H2 0), 4.28
(d, JZ4.3 Hz, 1H, H3 0), 4.17–4.07 (m, 2H, CH2CH2N
indoline), 3.86 (d, JZ8.1 Hz, 1H, H4 0), 3.79 (d, JZ4.3 Hz,
1H, H6 0), 3.62 (dd, JZ8.1, 4.3 Hz, 1H, H5 0), 3.17–3.13 (m,
2H, CH2CH2N indoline), 0.86 and 0.82 (2s, 18H, C(CH3)3),
0.1, 0.08, 0.03 and K0.05 (4s, 12H, Si(CH3)2); 13C NMR
(100 MHz, CDCl3) d 162.9, 149.7, 144.0, 142.3, 130.9,
127.5, 124.5, 124.3, 117.1, 102.2, 95.1, 83.1, 74.2, 71.3,
55.4, 54.4, 46.5, 28.2, 25.6, 25.5, 17.9, 17.8, K4.6, K4.8,
K4.9, K5.2; FAB HRMS (NBA): m/e 652.2847, MCNaC

calcd for C31H47N3O7Si2 652.2850.

4.29. Amine 49

To a solution of Boc-Leu-OH (0.11 g, 0.48 mmol,
1.2 equiv) in CH2Cl2 (3 mL) was added HOBt (66 mg,
0.48 mmol, 1.2 equiv) and the mixture was stirred for 5 min.
After that time, EDCI (94 mg, 0.48 mmol, 1.2 equiv) was
added and the reaction mixture was stirred for 45 min at
room temperature. The resulting mixture was added to a
solution of N-Z-1,3-diaminopropane hydrochloride (0.1 g,
0.4 mmol, 1.0 equiv) in MeOH (2 mL), which was
previously treated with triethylamine (0.22 mL, 1.6 mmol,
4.0 equiv) for 30 min at room temperature. The reaction
mixture was stirred at room temperature for 1 h 10 min, and
then, a 15% aqueous NH3 solution (0.5 mL) was added. The
mixture was diluted with ether (10 mL) and washed with a
saturated aqueous NH4Cl solution (2!10 mL). The
combined organic phases were dried over MgSO4 and
concentrated in vacuo. Purification by flash column
chromatography (silica gel, 60% EtOAc in hexanes)
afforded the corresponding coupling product (0.157 g,
91%) as a white solid: RfZ0.45 (silica gel, 60% EtOAc in
hexanes); [a]D

22 K20.6 (c 0.5, CH2Cl2); 1H NMR (400 MHz,
CDCl3) d 7.32–7.29 (m, 5H, aromatics Cbz), 6.78 (bs, 1H,
NH), 5.50 (br s, 1H, NHCbz), 5.06 (bs, 2H, CH2Ar), 5.00
(bs, 1H, NHBoc), K4.06 (bs, 1H, CHCH2CH(CH3)2), 3.27–
3.25 and 3.19–3.16 (2m, 4H, CH2NHC(O)O, CH2NHCO),
1.63–1.57 (m, 5H, CH2, CHCH2CH(CH3)2, CHCH2-
CH(CH3)2), 1.40 (s, 9H, C(CH3)3), 0.91–0.88 (m, 6H,
CH(CH3)2); 13C NMR (100 MHz, CDCl3) d 173.4, 156.8,
155.8, 136.5, 128.4, 127.9, 80.1, 66.5, 53.2, 41.3, 37.3, 35.8,
29.8, 28.2, 24.7, 22.8, 21.9.

A solution of coupling product (0.113 g, 0.268 mmol,
1.0 equiv) in MeOH (3 mL) was purged with Ar. Then, a
10% Pd–C (113 mg) was added, and the mixture was allowed
to be exposed to a H2 atmosphere and stirred for 40 min. After
this time, the mixture was filtered and the filtrate was washed
with MeOH (2!5 mL). The combined organic solution was
dried (MgSO4), and concentrated under reduced pressure to
obtain the corresponding free amine 49 (69 mg, 90%), which
was used in the next step without purification.

4.30. Amino alcohol 50

Epoxy amide 48 (34 mg, 0.054 mmol, 1.0 equiv) was
dissolved in MeOH (1.5 mL) and amine 49 (62 mg,
0.216 mmol, 4.0 equiv) was added. After stirring at 70 8C
for 14 days, the solvent was concentrated under reduced
pressure and the crude product was purified by flash column
chromatography (silica gel, 75% EtOAc in hexanes) to give
amino alcohol 50 (34 mg, 97%) and 10 mg of starting
material [50]: white solid: RfZ0.29 (silica gel, 70% EtOAc in
hexanes); [a]D

22 C4.5 (c 0.2, CH2Cl2); 1H NMR (400 MHz,
CDCl3) d 8.16 (d, JZ8.1 Hz, 1H, Ar), 7.38 (d, JZ7.5 Hz,
1H, H6), 7.16–7.12 (m, 2H, Ar), 7.01 (dd, JZ7.5, 7.5 Hz, 1H,
Ar), 6.85 (bs, 1H, NHCO), 5.73 (d, JZ6.4 Hz, 1H, H10), 5.52
(d, JZ7.5 Hz, 1H, H5), 5.00 (bs, 1H, NHBoc), 4.37–4.27 (m,
3H, H30, H40, CH2CH2N indoline), 4.23 (br s, 1H, H20), 4.06–
3.95 (m, 3H, H50, CH2CH2N indoline, CHCH2CH(CH3)2),
3.87 (bs, 1H, H60), 3.54 (bs, 1H, NH), 3.40 and 3.25 (2bs, 2H,
CH2NHCO), 3.13 (bs, 2H, CH2CH2N indoline), 2.79
and 2.50 (2bs, 2H, CH2NH), 1.71–1.53 (m, 4H, CH2,
CHCH2CH(CH3)2, CHCH2CH(CH3)2), 1.44–1.41 (m, 1H,
CHCH2CH(CH3)2), 1.41 (s, 9H, OC(CH3)3), 0.90 and 0.77
(2s, 18H, C(CH3)3), 0.89–0.83 (m, 6H, CH(CH3)2), 0.12,
K0.08, K0.002 and K0.07 (4s, 12H, Si(CH3)2); 13C NMR
(100 MHz, CDCl3) d 172.5, 172.0, 162.8, 155.9, 150.2,
142.0, 141.6, 131.7, 127.4, 124.7, 124.6, 117.7, 102.3, 89.3,
86.2, 80.1, 73.4, 72.5, 71.3, 62.3, 53.0, 48.2, 45.3, 40.8, 37.3,
29.7, 28.3, 25.8, 25.6, 24.6, 22.8, 18.1, 17.8, K4.5, K4.7,
K4.8; FAB HRMS (NBA): m/e 939.5065, MCNaC calcd
for C45H76N6O10Si2 939.5059.

4.31. Amino alcohol 51

Epoxy amide 33 (52 mg, 0.083 mmol, 1.0 equiv) was
dissolved in MeOH (2 mL) and amine 49 (53 mg,
0.183 mmol, 2.2 equiv) was added. The mixture was heated
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until 70 8C and stirred for 4 days. After this time, the solvent
was concentrated under reduced pressure and the crude
product was purified by flash column chromatography
(silica gel, 50% EtOAc in hexanes /10% MeOH in
CH2Cl2) to give amino alcohol 51 (59.1 mg, 99%) together
with unreacted starting material (11 mg [51]): pale yellow:
RfZ0.48 (silica gel, 10% MeOH in CH2Cl2); [a]D

22 –17.3
(c 0.4 CH2Cl2); 1H NMR (400 MHz, CDCl3) d 9.40 (br s,
1H, NH), 8.21 (d, JZ8.6 Hz, 1H, Ar), 7.56 (d, JZ8.1 Hz,
1H, H6), 7.17–7.14 (m, 2H, Ar), 7.01 (dd, JZ7.0, 7.0 Hz,
1H, Ar), 6.69 (bs, 1H, NHCO), 5.66 (d, JZ8.1 Hz, 1H, H5),
5.53 (d, JZ5.9 Hz, 1H, H1 0), 4.99 (bs, 1H, NHBoc), 4.54
(bs, 1H, H2 0), 4.30 (bs, 1H, H4 0), 4.15–4.06 (m, 4H, H3 0,
CH2CH2N indoline, CHCH2CH(CH3)2), 3.82 (d, JZ6.4 Hz,
1H, H5 0), 3.73–3.69 (m, 1H, H6 0), 3.38–3.23 (m, 2H,
CH2NHCO), 3.19–3.13 (m, 2H, CH2CH2N indoline), 2.80–
2.71 and 2.43–2.33 (2m, 2H, CH2NH), 1.67–1.51 (m, 4H,
CH2, CHCH2CH(CH3)2, CHCH2CH(CH3)2), 1.42–1.38 (m,
1H, CHCH2CH(CH3)2), 1.40 (s, 9H, OC(CH3)3), 0.91–0.81
(m, 24H, CH(CH3)2, C(CH3)3), 0.03, K0.005, K0.013 and
K0.08 (4s, 12H, Si(CH3)2); 13C NMR (100 MHz, CDCl3) d
172.9, 171.9, 162.7, 155.9, 150.6, 143.4, 142.3, 131.4,
127.5, 124.7, 124.5, 117.5, 102.4, 93.8, 86.9, 80.1, 77.2,
73.6, 72.4, 63.0, 52.8, 48.1, 45.7, 41.4, 37.9, 29.7, 28.3,
28.0, 25.7, 25.6, 24.7, 22.9, 21.9, 18.0, 17.9, K4.6, K4.7,
K5.1; FAB HRMS (NBA): m/e 939.5072, MCNaC calcd
for C45H76N6O10Si2 939.5059.
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Sánchez-Ruiz, A.; Garcı́a-Castro, M.; Assiego, C.; Sarabia,

F. Tetrahedron Lett. 2004, 45, 9069–9072.

38. Righi, G.; Pescatore, G.; Bonadies, F.; Bonini, C. Tetrahedron

2001, 57, 5649–5656.

39. Recent synthetic studies by Matsuda et al. revealed the

difficulty of the glycosylation reaction, culminating with the

first total synthesis of caprazol: Hirano, S.; Ichikawa, S.;

Matsuda, A. Angew. Chem., Int. Ed. 2005, 44, 1854–1856.



Reaction of (2-amino-5,10,15,20-tetraphenylporphyrinato)-
nickel(II) with quinones

Cristina M. A. Alonso, Maria G. P. M. S. Neves, Augusto C. Tomé, Artur M. S. Silva
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Abstract—(2-Amino-5,10,15,20-tetraphenylporphyrinato)nickel(II) reacts with 1,4-benzoquinone, 1,4-naphthoquinone and 2-hydroxy-1,4-
naphthoquinone, in the presence of a catalytic amount of sulfuric acid, to afford new porphyrin–quinone dyads and p-extended heterocyclic-
fused porphyrin derivatives.
q 2005 Elsevier Ltd. All rights reserved.
1. Introduction

Porphyrins and quinonoid compounds play important roles
in Nature, mainly in respiratory and photosynthetic
processes. Quinones also have a large number of industrial
applications such as in the dye and photography industries,
and in the new growing fields of molecular electronics and
organic semiconductors.1–4 Porphyrins, and particularly
porphyrin–quinone compounds, are important model
systems for photosynthetic electron-transfer studies,5–9 or
as anticancer agents,10 and others can be used as fluorescent
chemosensors,11,12 or as catalysts in oxidation reactions of
organic molecules.13

In previous publications14,15 we have reported the reaction
of (2-amino-5,10,15,20-tetraphenylporphyrinato)nickel(II)
(1) with a,b-unsaturated carbonyl compounds to afford
pyrido[2,3-b]porphyrins. Now, we report the reaction of
aminoporphyrin 1 with 1,4-quinones, namely 1,4-
benzoquinone, 1,4-naphthoquinone and 2-hydroxy-1,4-
naphthoquinone. From these reactions a range of new
porphyrin–quinone dyads and p-extended heterocyclic-
fused porphyrin derivatives have been obtained. In contrast
to the porphyrin–quinone dyads described in the literature,
which have the quinone moiety linked to the porphyrin
macrocycle at a meso-position, in our compounds the
quinone moiety is linked to a b-pyrrolic position.
0040–4020/$ - see front matter q 2005 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2005.09.080
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2. Results and discussion

2.1. Reaction with 1,4-benzoquinone

It is well known that 1,4-benzoquinones react with primary
enamines to afford 5-hydroxyindoles (the Nenitzescu indole
synthesis).16 This type of reaction also occurs with
substituted anilines,17 and with heteroaromatic amines.18

In that way, we were anticipating the formation of the
indole-fused porphyrin 2 from the reaction of 1 with 1,4-
benzoquinone (Scheme 1). The reaction was carried out in
refluxing tetrahydrofuran in the presence of a catalytic
amount of concentrated sulfuric acid. TLC analysis of the
reaction mixture revealed the formation of a main product
and vestigial amounts of other compounds. The main
product was obtained in 65% yield after purification by
preparative TLC and crystallization from dichloromethane/
petroleum ether. Its spectroscopic data is consistent with the
structure of the expected indole-fused porphyrin 2. The
mass spectrum (FABC) shows the [MCH]C ion (m/z 776)
and the 1H NMR spectrum reveals the resonances of only
six b-pyrrolic protons. The study of the HSQC spectrum
showed no correlation between the signals at d 4.15 and
7.41 ppm and any carbon atom; these signals were assigned
to the resonances of the NH and OH protons, respectively.
From the analysis of its 1H NMR spectrum it was also
possible to assign the resonances of the other protons of the
indole moiety: H-2 0 appears as a doublet at d 7.22 (JZ
8.6 Hz), H-3 0 appears as a double doublet at d 6.85 (JZ2.4,
8.6 Hz) and H-5 0 appears as another doublet at d 4.81 ppm
(JZ2.4 Hz). The HMBC and 13C NMR spectra also validate
the proposed structure. The first one shows, for instance, 2J
correlation between resonances of H-2 0 and NH with C-1a 0
Tetrahedron 61 (2005) 11866–11872
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and 3J correlation of H-5 0 with the same carbon. The 13C
NMR spectrum does not show any carbonyl signal, as
expected for structure 2.

In order to elucidate the structure of the minor products of
the reaction between 1 and 1,4-benzoquinone, the reaction
was repeated at room temperature. After 20 min, the TLC of
the reaction mixture shows a complete conversion of 1 into
four products (2–5, Scheme 1). These were separated by
preparative TLC (silica gel): the one with higher Rf value
was identified as 3 (11% yield), the next fraction was
identified as 4 (4% yield), then compound 2 (54% yield) and
finally compound 5 (28% yield).

The mass spectrum of the product with higher Rf value
shows a peak at m/z 777 [MC2H]C,19 consistent with a
structure resulting from the ‘addition’ of a 1,4-benzoqui-
none unit and elimination of water. The 1H NMR shows
signals corresponding to seven b-pyrrolic protons, including
a singlet at d 7.93 ppm due to H-3. The proposed structure of
the quinonimine 3 is also supported by the 13C NMR
spectrum: it shows the resonances of the carbon atoms from
the imino and carbonyl groups at d 155.3 and 187.9 ppm,
respectively. The NOESY spectrum allowed to establish the
resonances of H-2 0, H-3 0, H-5 0, H-6 0 since it shows
correlations between the resonances of H-2 0/H-3 0 and
H-5 0/H-6 0. Quinonimines of type 3, or the corresponding
N-(4-hydroxyphenyl)anilines,17 have already been obtained
in reactions of amines with 1,4-benzoquinones.20

The mass spectrum of compound 4 shows a peak at m/z 793
[MC2H]C which is consistent with the ‘addition’ of a 1,4-
benzoquinone unit to porphyrin 1. The 1H NMR spectrum
shows a broad singlet at d 4.37 ppm, corresponding to the
NH2 protons, and signals corresponding to six b-pyrrolic
protons. This indicates that the addition occurred at a
b-pyrrolic position, specifically at position 3 (the signal
corresponding to H-3 is lacking in the spectrum). The 13C
NMR spectrum shows signals corresponding to two
carbonyl groups at d 186.6 and 187.1 ppm. A careful
analysis of the COSY, HSQC and HMBC spectra allowed us
to establish the resonances of protons H-2 0, H-4 0 and H-5 0 (d
6.39, 6.51 and 6.59 ppm, respectively) and also the
resonances of other protons and carbons of the molecule.
Compound 4 is a probable intermediate in the formation of
the indole-fused porphyrin 2.

The ESI mass spectrum of compound 5 shows a [MCH]C

ion (m/z 882) corresponding to the ‘addition’ of two 1,4-
benzoquinone units and elimination of water. Its 1H NMR
spectrum shows the presence of only six b-pyrrolic protons
and reveals some broad shape signals, indicating steric
hindrance at some parts of the molecule. The NMR spectra
of compound 5 clearly indicate that it is not an indole-type
compound. The 13C NMR spectrum shows signals typical of
carbon atoms from imino (d 158.5 ppm) and carbonyl
groups (d 186.7, 187.2 and 187.3 ppm). Based on all these
data, and by a comparative analysis with the NMR spectra
of compounds 3 and 4, the structure of compound 5 is
tentatively assigned as indicated in Scheme 1.
2.2. Reaction with 1,4-naphthoquinone

The reaction of 1 with 1,4-naphthoquinone also occurs at
room temperature. A TLC of the reaction mixture carried
out after 20 min of reaction revealed the presence of three
new compounds: 6 (lower Rf), 7 and 8 (higher Rf) (Scheme 2).

The major product of this reaction (6) is analogous to
compound 4 obtained in the reaction with 1,4-benzoqui-
none. The presence of the NH2 protons was confirmed by
HETCOR spectrum due to the lack of correlation between
their resonances (d 4.42 ppm) and any carbon. We also
observed the proton exchange when the 1H NMR spectrum
was carried in the presence of D2O. The resonance of H-2 0

was assigned to the singlet at d 6.53 ppm, and the
resonances of the two carbonyl groups appear in the 13C
NMR spectrum at d 184.5 (C-8 0) and d 184.6 ppm (C-3 0).
The mass spectrum showed the expected parent ion for this
compound at m/z 842 [MCH]C.

Initially, it was thought that compound 7 could have a
similar structure as 2 (i.e., 12, Scheme 5), but this
hypothesis was soon discarded on the basis of the 13C



Scheme 2.

C. M. A. Alonso et al. / Tetrahedron 61 (2005) 11866–1187211868
NMR and mass spectra. The signal at d 182.8 ppm (a
carbonyl group) and a peak at m/z 840 [MCH]C indicates
that the cyclization reaction did not afforded 12 (Scheme 5).
The HSQC spectrum of compound 7 showed no correlation
between the singlet at d 7.82 ppm and any carbon; this
resonance was assigned to the OH proton. The NOESY
spectrum shows correlation between OH and H-6 0 reson-
ances accounting to the proposed structure.

The 1H and 13C NMR spectra of compound 8 is quite similar
to the ones of compound 3. The resonance of proton H-3
appears as a singlet at d 7.97 ppm and the protons H-2 0 and
H-3 0 appear as doublets at d 7.50 and 6.61 ppm (JZ
10.4 Hz), respectively. In the 13C NMR spectrum the imine
and the carbonyl carbon resonances appear at d 153.4 and
185.8 ppm, respectively.
2.3. Reaction with 2-hydroxy-1,4-naphthoquinone

The reaction between porphyrin 1 and 2-hydroxy-1,4-
naphthoquinone is much slower than the previous ones: it
took 3 days at room temperature (or 10 h in refluxing
tetrahydrofuran) to a complete conversion of 1 into
compounds 9 (lower Rf) and 10 (higher Rf) (Scheme 3).
The mass spectra of both products show a peak at m/z 842,
Scheme 3.
which corresponds to the ‘addition’ of 2-hydroxy-1,4-
naphthoquinone to 1 and the loss of a water molecule. The
1H NMR spectrum of compound 9 is relatively complex and
shows that 9 exists as two tautomeric forms (ca. 3:1), the
imine being the major one. On the contrary, the 1H and 13C
NMR spectra of compound 10 is simpler; it indicates that
this compound is not a tautomeric mixture. In the HSQC
spectrum, no correlation was observed between the singlet
at d 7.87 ppm and any carbon. In the 13C NMR spectrum,
signals corresponding to two carbonyl groups are observed:
one at d 180.9 (C-8 0) and the other at d 184.1 ppm (C-3 0).
These results allowed to assign the singlet at d 7.87 ppm to
the resonance of the NH proton and to exclude the imine
tautomer.

2.4. Some mechanistic considerations

The products of the reactions described above show a dual
behaviour of the aminoporphyrin 1. While compound 3, 8, 9
and 10 are the consequence of its aromatic amine behaviour,
the other products are explained by its enamine character.

The mechanism of the Nenitzescu reaction is well
studied.21,22 Its adaptation to the reaction of aminopor-
phyrin 1 with 1,4-benzoquinone is shown in Scheme 4. The
first step involves the conjugate addition of the amine to the
quinone to give the hydroquinone-adduct A. This compound
is then oxidized to the quinone derivative 4 by the quinone
used in excess or by the intermediate B. Cyclization of 4,
followed by elimination of H2O and reduction, affords the
indole-fused porphyrin 2. This final reduction step is
promoted either by the hydroquinone resulting from the
oxidation of intermediate A to 4 or by the intermediate A
itself. It is worth to mention that the intermediates A and B
were never isolated as reaction products.

The formation of compound 6 should follow an identical
mechanism to the one described for the formation of 4.
However, the product resulting from the cyclization of 6 is
compound 7 and not the expected compounds 11 or 12
(Scheme 5). While compound 2 results from an intra-
molecular 1,2-addition reaction, compound 7 results from
an intramolecular 1,4-addition. Treatment of 6 with a
catalytic amount of concentrated sulfuric acid gives 7, thus
confirming that 6 is an intermediate in the formation of 7.

Both compounds 9 and 10 resulted from 1,2-additions of the
amine 1 to 2-hydroxy-1,4-naphthoquinone. This is not
surprising, since 2-hydroxy-1,4-naphthoquinone exists in
solution in a keto-enolic equilibrium (Scheme 6). Thus, the
amine nucleophilic attack can occur at the two less hindered
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carbonyl groups C-4 and C-2 to give compounds 9 and 10.
As it is mentioned above, the analysis of the NMR spectra of
both compounds revealed that only 9 exists in solution in
two tautomeric forms, the imino being the major one.
Scheme 6.
3. Conclusions

The present results show that aminoporphyrin 1 can behave
as an aromatic amine or as an enanine in the reaction with
quinones. The products of these reactions are porphyrin–
quinone dyads and p-extended heterocyclic-fused por-
phyrin derivatives. Some of them are isolated in good
yields. The new compounds are promising candidates for
biological and electron-transfer studies.
4. Experimental

4.1. General

1H and 13C NMR spectra were recorded on Bruker AMX
300 and DRX 300 spectrometers at 300.13 and 75.47 MHz,
respectively. CDCl3 was used as solvent and TMS as
internal reference; the chemical shifts are expressed in d
(ppm) and the coupling constants (J) in Hertz [Hz].
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Unequivocal 1H assignments were made using 2D COSY
and NOESY experiments (mixing time of 800 ms), while
13C assignments were made on the basis of 2D HETCOR (or
HSQC) and HMBC experiments (delay for long-range J
C/H couplings were optimized for 7 Hz). Mass spectra and
HRMS were recorded on VG AutoSpec Q and M mass
spectrometers using CHCl3 as solvent and 3-nitrobenzyl
alcohol (NBA) as matrix. Positive ion ESI mass spectrum
was acquired using a Q-TOF 2 instrument (Micromass,
Manchester, UK). The solvent system used was chloroform/
methanol solution (1:1, v/v) containing 0.5% (v/v) of acetic
acid. The UV–vis spectra were recorded on a Uvikon
spectrophotometer using CHCl3 as solvent. Melting points
were measured on a Reichert Thermovar apparatus fitted
with a microscope and are uncorrected. Preparative thin-
layer chromatography was carried out on 20!20 cm glass
plates coated with Merck 60 silica gel (0.5 mm thick).
Analytical TLC was carried out on precoated sheets with
silica gel (Merck 60, 0.2 mm thick).

4.1.1. Synthesis of (2-amino-5,10,15,20-tetraphenylpor-
phyrinato)nickel(II), 1. This compound was prepared by
reduction of (2-nitro-5,10,15,20-tetraphenylprophyrinato)-
nickel(II) with tin powder and HCl.23 The nitro derivative
was obtained by nitration of 5,10,15,20-tetraphenylpor-
phyrin using copper nitrate, acetic acid and acetic
anhydride.23

Reaction of (2-amino-5,10,15,20-tetraphenylporphyrinato)-
nickel(II) (1) with quinones. General procedure. Concen-
trated sulfuric acid (0.1 mL) was added to a stirred solution
of 1 (23.4 mg, 0.034 mmol) and the quinone derivative
(10 equiv) in THF (8 mL). The reaction mixture was
allowed to stir at room temperature until all starting
porphyrin was consumed (20 min for 1,4-benzoquinone
and 1,4-naphthoquinone and 3 days for 2-hydroxy-1,4-
naphthoquinone). Then the solution was neutralized with
saturated aqueous solution of NaHCO3 and extracted with
dichloromethane. The organic layer was washed with water
(3!25 mL), dried over Na2SO4 and evaporated under
reduced pressure. The residue was dissolved in dichloro-
methane and the products were separated by preparative
TLC using dichloromethane/petroleum ether mixtures as
eluent (9:1 in the case of the reaction carried out with 1,4-
benzoquinone, 2:1 in reaction with 1,4-naphthoquinone and
1:1 in the case of 2-hydroxy-1,4-naphthoquinone). The
compounds were crystallized from dichloromethane/pet-
roleum ether.

4.1.2. (4-Hydroxy-6,11,16,21-tetraphenyl-1H-indolo[2,3-
b]porphyrinato)nickel(II), 2. Yield: 14.3 mg (54%) (65%
yield when the reaction is carried out at reflux); mp 203–
205 8C. 1H NMR (300 MHz, CDCl3): dZ4.15 (s, 1H, NH),
4.81 (d, JZ2.4 Hz, 1H, H-5 0), 6.85 (dd, JZ2.4, 8.6 Hz, 1H,
H-3 0), 7.22 (d, JZ8.6 Hz, 1H, H-2 0), 7.41 (br s, 1H, OH),
7.66–7.68, 7.79–7.81 and 7.84–7.89 (3m, 12H, H-Ph-m,p),
7.99–8.01 and 8.04–8.08 (2m, 8H, H-Ph-o), 8.63 (d, JZ
5.0 Hz, 1H, H-b), 8.69 (d, JZ5.0 Hz, 1H, H-b), 8.71 (d, JZ
5.0 Hz, 2H, H-b), 8.76 (s, 2H, H-12,13) ppm. 13C NMR
(75 MHz, CDCl3): dZ107.2 (C-5 0), 111.9 (C-2 0), 112.4 (C-
3 0), 114.3, 115.5, 119.4, 119.7, 122.9, 125.1, 126.8, 127.7,
127.89, 127.91, 128.2, 128.5, 128.8, 129.8 (C-b), 131.4
(C-b), 131.5 (C-b), 131.7 (C-b), 132.6, 132.7 (C-b), 133.56
(C-Ph-o), 133.61 (C-Ph-o), 134.1 (C-Ph-o), 136.4, 136.7,
140.3, 140.7, 140.8, 141.0, 141.4, 141.9, 142.4, 142.6,
144.2, 147.6, 149.5 (C-1a 0) ppm. UV–vis (CHCl3): lmax

(log 3)Z426 (5.30), 541 (4.27), 582 (4.00) nm. HRMS
(FAB): m/z calcd for C50H32N5ONi [MCH]C776.1960;
found 776.1924.

4.1.3. [2-(4-Oxocyclohexa-2,5-dien-1-ylidene)amino-
5,10,15,20-tetraphenylporphyrinato]nickel(II), 3. Yield:
2.7 mg (11%); mp 182–184 8C. 1H NMR (300 MHz,
CDCl3): dZ6.49 (dd, JZ2.1, 10.2 Hz, 1H, H-5 0), 6.53
(dd, JZ2.1, 10.0 Hz, 1H, H-3 0), 6.76 (dd, JZ2.6, 10.0 Hz,
1H, H-2 0), 7.37 (dd, JZ2.6, 10.2 Hz, 1H, H-6 0), 7.48 (br t,
JZ7.4 Hz, 2H, H-Ph-o), 7.54 (br t, JZ7.4 Hz, 1H, H-Ph-
m,p), 7.63–7.71 (m, 11H, H-Ph-m,p), 7.92 (s, 1H, H-3),
7.97–8.00 (m, 6H, H-Ph-o), 8.67–8.73 (m, 4H, H-b), 8.71 (s,
2H, H-12,13) ppm. 13C NMR (75 MHz, CDCl3): dZ118.2
(C-3), 118.5, 118.6, 119.1, 119.7, 126.88, 126.94, 127.0,
127.8, 127.9, 128.0, 128.2 (C-6 0), 131.7 (C-3 0), 132.0,
132.1, 132.3, 132.6, 132.7, 133.0, 133.5 (C-5 0), 133.59,
133.61, 133.64, 135.6, 140.39, 140.47, 140.55, 140.64,
141.6 (C-2 0), 142.7, 143.0, 143.1, 143.5, 152.5 (C-2), 155.3
(C-1 0), 187.9 (C-4 0) ppm. UV–vis (CHCl3): lmax (log 3)Z
412 (5.28), 530 (4.29), 617 (3.96) nm. HRMS (FAB): m/z
calcd for C50H33N5ONi [MC2H]C777.2038; found
777.2074.

4.1.4. [2-Amino-3-(3,6-dioxocyclohexa-1,4-dien-1-yl)-
5,10,15,20-tetraphenylporphyrinato]nickel(II), 4. Yield:
1.1 mg (4%); mp 151–153 8C. 1H NMR (300 MHz, CDCl3):
dZ4.37 (br s, 2H, NH2), 6.39 (d, JZ2.5 Hz, 1H, H-2 0), 6.51
(dd, JZ2.5, 10.1 Hz, 1H, H-4 0), 6.59 (d, JZ10.1 Hz, 1H, H-
5 0), 7.39–7.42 and 7.61–7.73 (2m, 12H, H-Ph-m,p), 7.95–
8.00 (m, 8H, H-Ph-o), 8.32 (d, JZ4.9 Hz, 1H, H-b), 8.56 (d,
JZ4.9 Hz, 1H, H-b), 8.60–8.62 (m, 3H, H-b), 8.68 (d, JZ
4.9 Hz, 1H, H-b) ppm. 13C NMR (75 MHz, CDCl3): dZ
113.5 (C-3), 114.4, 116.1, 118.8, 120.3, 126.9, 127.3, 127.7,
127.8, 128.0, 128.2, 128.4, 128.5, 128.8, 130.9, 131.0,
131.3, 131.6, 131.9, 132.4, 132.6, 133.5, 133.7, 135.0
(C-2 0), 135.5 (C-4 0), 136.9 (C-5 0), 139.1, 140.4, 140.9,
141.1, 141.5, 141.9, 142.8, 143.0, 143.6 (C-1 0), 144.4,
151.4, 186.6 (C-6 0), 187.1 (C-3 0) ppm. UV–vis (CHCl3):
lmax (log 3)Z415 (5.30), 539 (4.18) nm. HRMS (FAB): m/z
calcd for C50H33N5O2Ni [MC2H]C793.1988; found
793.2018.

4.1.5. {2-(3,6-Dioxocyclohexa-1,4-dien-1-yl)-3-[(4-oxocy-
clohexa-2,5-dien-1-ylidene)amino]-5,10,15,20-tetraphe-
nylporphyrinato}nickel(II), 5. Yield: 8.3 mg (28%); mp
129–131 8C. 1H NMR (300 MHz, CDCl3): dZ6.10–6.21 (br
m, 1H, H-30/H-50), 6.40 (dd, JZ2.2, 10.0 Hz, 1H, H-30/H-50),
6.44–6.51 (br m, 3H, H-2 00, H-4 00, H-5 00), 6.52–6.62 (br m,
1H, H-2 0/H-6 0), 6.71 (dd, JZ2.4, 10.1 Hz, 1H, H-2 0/H-6 0),
7.37–7.45 (m, 4H, H-Ph), 7.50 (br t, JZ7.1 Hz, 2H, H-Ph),
7.64–7.73 (m, 9H, H-Ph-m,p), 7.97–8.06 (m, 5H, H-Ph-o),
8.49–8.50 (m, 1H, H-b), 8.57 (d, JZ5.0 Hz, 1H, H-b), 8.65
(d, JZ5.0 Hz, 2H, H-b), 8.71 and 8.72 (AB, JZ5.0 Hz, 2H,
H-12,13) ppm. 13C NMR (75 MHz, CDCl3): dZ116.9,
118.0, 119.3, 119.9, 127.0, 127.3, 127.9, 128.4, 128.5,
129.3 (C-2 0/C-6 0), 132.3 and 132.4 (C-3 0 and C-5 0), 132.5,
132.5, 132.8, 133.5, 133.6, 134.7, 135.5 (C-200/C-400 or C-500),
136.2 (C-2 00/C-4 00 or C-5 00), 136.6 (C-2 00/C-4 00 or C-5 00),
138.9, 139.7, 140.1, 140.5 (C-2 0/C-6 0), 142.7, 142.9, 143.2,
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143.4, 143.5, 152.8 (C-2), 158.5 (C-1 0), 186.7 (C]0), 187.2
(C]0), 187.3 (C]0) ppm. UV–vis (CHCl3): lmax (log 3)Z
416 (5.29), 536 (4.18) nm. C56H33N5O3Ni$1/3H2O: calcd C
75.69, H 3.82, N 7.88; found C 75.59, H 3.53, N 7.77. MS
(ESI): m/z 882 [MCH]C.

4.1.6. [2-Amino-3-(1,4-dioxo-1,4-dihydronaphthalen-2-
yl)-5,10,15,20-tetraphenylporphyrinato]nickel(II), 6.
Yield: 20.0 mg (70%); mp 278–280 8C. 1H NMR
(300 MHz, CDCl3): dZ4.42 (s, 2H, NH2), 6.53 (s, 1H,
H-20), 6.91–6.97 (m, 1H, H-60), 7.63–7.76 (m, 15H, H-Ph-m,p
and H-4 0, 5 0, 7 0), 7.97–8.02 (m, 8H, H-Ph-o), 8.41 (d, JZ
5.0 Hz, 1H, H-b), 8.56 (d, JZ5.0 Hz, 1H, H-b), 8.60 (d, JZ
5.0 Hz, 1H, H-b), 8.61 (d, JZ5.0 Hz, 1H, H-b), 8.62 (d, JZ
5.0 Hz, 1H, H-b), 8.68 (d, JZ5.0 Hz, 1H, H-b) ppm. 13C
NMR (75 MHz, CDCl3): dZ114.4 (C-3), 114.6, 116.1,
118.8, 125.6, 126.6, 126.9, 127.1, 127.4 (C-7 0), 127.7,
127.8, 128.4, 128.8, 131.0, 131.2, 131.3, 131.6, 131.8 (C-3a0),
132.0, 132.6, 133.3, 133.5, 133.6, 133.7, 137.7 (C-2 0),
138.6, 139.2, 140.5, 141.1, 141.5, 141.9, 142.2, 142.9,
143.0, 144.4, 145.5, 151.5, 184.5 (C-8 0), 184.6 (C-3 0) ppm.
UV–vis (CHCl3): lmax (log 3)Z414 (5.22), 540 (4.09) nm.
HRMS (FAB): m/z calcd for C54H34N5O2Ni [MC
H]C842.2066; found 842.2069.

4.1.7. (7-Hydroxy-2-oxo-8,13,18,23-tetraphenyl-benzo-
[ f]indolo[2,3-b]porphyrinato)nickel(II), 7. Yield: 7.1 mg
(25%); mp 235–237 8C. 1H NMR (300 MHz, CDCl3): dZ
6.96 (br d, JZ7.6 Hz, 1H, H-6 0), 7.38 (dt, JZ0.6, 7.6 Hz,
1H, H-4 0), 7.61 (dt, JZ1.3, 7.6 Hz, 1H, H-5 0), 7.64–7.71 (m,
9H, H-Ph-m,p), 7.82 (br s, 1H, OH), 7.93–8.08 (m, 10H,
H-Ph-o,m,p and H-3 0), 8.14–8.17 (m, 2H, H-Ph-o), 8.40 (d,
JZ4.9 Hz, 1H, H-b), 8.62 (d, JZ4.9 Hz, 1H, H-b), 8.68 (d,
JZ4.9 Hz, 1H, H-b), 8.72 (d, JZ4.9 Hz, 1H, H-b), 8.73 (d,
JZ4.9 Hz, 1H, H-b), 8.84 (d, JZ4.9 Hz, 1H, H-b) ppm. 13C
NMR (75 MHz, CDCl3): dZ112.9, 117.1, 119.6, 119.8,
120.2, 120.5 (C-6 0), 127.0, 127.0, 127.7, 127.8, 128.0,
128.7, 128.9, 129.2 (C-4 0), 130.1, 130.2, 130.4, 130.5,
130.9, 131.7 (C-b), 132.1 (C-b), 132.4 (C-b), 132.9 (C-b),
133.0 (C-b), 133.2, 133.6, 133.7, 133.8, 134.1, 134.9 (C-5 0),
140.3, 140.4, 141.0, 141.7, 141.8, 141.9, 141.9, 142.3,
142.7, 143.6, 145.7, 173.9 (C-7 0), 182.8 (C-2 0) ppm. UV–vis
(CHCl3): lmax (log 3)Z421 (5.33), 545 (4.34) nm. HRMS
(FAB): m/z calcd for C54H31N5O2Ni [MCH]C840.1910;
found 840.1895.

4.1.8. [2-(4-Oxonaphthalen-1-ylidene)amino-5,10,15,20-
tetraphenylporphyrinato]nickel(II), 8. Yield: 1.1 mg
(4%); mp 222–224 8C. 1H NMR (300 MHz, CDCl3): dZ
6.61 (d, JZ10.4 Hz, 1H, H-3 0), 7.08 (t, JZ7.5 Hz, 1H,
H-Ph-p), 7.30 (t, JZ7.7 Hz, 2H, H-Ph-m), 7.50 (d, JZ
10.4 Hz, 1H, H-2 0), 7.60–7.75 (m, 13H, H-Ph-o,m,p, H-6 0

and H-7 0), 7.92–7.95 (m, 1H, H-8 0), 7.97 (s, 1H, H-3), 7.98–
8.02 (m, 6H, H-Ph-o), 8.09–8.12 (m, 1H, H-5 0), 8.61 (d, JZ
5.0 Hz, 1H, H-b), 8.67 (d, JZ5.0 Hz, 1H, H-b), 8.69 (d, JZ
5.0 Hz, 1H, H-b), 8.72–8.74 (m, 3H, H-b) ppm. 13C NMR
(75 MHz, CDCl3): dZ118.0, 118.3 (C-3), 118.5, 119.0,
119.7, 125.6 (C-5 0), 126.3 (C-8 0), 126.9, 127.0 (C-Ph-m),
127.4 (C-Ph-o), 127.8, 130.6 (C-2 0), 130.9, 131.0, 131.9,
132.0, 132.1, 132.2, 132.3, 132.7 (C-Ph-o), 133.6, 133.7,
133.8 (C-3 0), 134.4, 135.2, 140.0, 140.6, 140.9, 142.3,
142.4, 142.7, 142.9, 143.6, 153.1 (C-2), 153.4 (C-1 0), 185.8
(C-4 0) ppm. UV–vis (CHCl3): lmax (log 3)Z414 (5.13), 532
(4.14) nm. HRMS (FAB): m/z calcd for C54H35N5ONi [MC
2H]C827.2195; found 827.2172.
4.1.9. [2-(3-Hydroxy-4-oxonaphthalen-1-ylidene)amino-
5,10,15,20-tetraphenylporphyrinato]nickel(II), 9. Yield:
3.4 mg (12%); mp 90–93 8C. 1H NMR (300 MHz, CDCl3):
dZimine: 6.84 (s, 1H, H-2 0), 7.03 (br t, JZ7.5 Hz, 1H,
H-Ph-p), 7.97 (s, 1H, H-3), 8.22–8.15 (m, 1H, H-5 0), 8.58 (d,
JZ4.9 Hz, 1H, H-b), enamine: 6.59 (s, 1H, H-2 0), 6.73 (br
d, JZ7.6 Hz, 1H, H-8 0), 8.21 (dd, JZ1.5, 7.5 Hz, 1H, H-5 0),
8.50 (d, JZ5.0 Hz, 1H, H-b), remaining signals: 7.46–7.76
(m, 29H, H-Ph-o,m,p, H-6 0, H-7 0), 7.97–8.03 (m, 15H,
H-Ph-o, H-3), 8.65–8.74 (m, 10H, H-b) ppm. UV–vis
(CHCl3): lmax (log 3)Z415 (5.49), 533 (4.53), 589
(4.22) nm. HRMS (FAB): m/z calcd for C54H34N5O2Ni
[MCH]C842.2066; found 842.2042.
4.1.10. {2-[(1,4-Dioxo-1,4-dihydronaphthalen-2-yl)a-
mino]-5,10,15,20-tetraphenylporphyrinato}nickel(II),
10. Yield: 20.3 mg (71%); mp: 272–274 8C. 1H NMR
(300 MHz, CDCl3): dZ6.60 (s, 1H, H-2 0), 7.64–7.70 (m,
13H, H-Ph-m,p and H-60), 7.75 (dt, JZ1.1, 7.6 Hz, 1H, H-5 0),
7.87 (br s, 1H, NH), 7.90–7.92 and 7.96–7.99 (2m, 8H,
H-Ph-o), 8.03 (dd, JZ1.1, 7.6 Hz,1H, H-7 0), 8.09 (dd, JZ
1.1, 7.6 Hz, 1H, H-4 0), 8.54 (d, JZ5.0 Hz, 1H, H-b), 8.57 (s,
1H, H-3), 8.65 (d, JZ5.0 Hz, 1H, H-b), 8.66 (d, JZ5.0 Hz,
1H, H-b), 8.70–8.72 (m, 3H, H-b) ppm. 13C NMR (75 MHz,
CDCl3): dZ104.3 (C-2 0), 116.6, 118.4, 119.1, 119.8, 122.2
(C-3), 126.1 (C-4 0), 126.4 (C-7 0), 126.9, 127.2, 127.8, 128.1,
128.2, 129.0, 130.2 (C-7a 0), 132.0, 132.1, 132.2, 132.3
(C-3a 0), 132.4, 132.6, 132.9, 133.3, 133.5, 133.6, 133.7,
134.6 (C-5 0), 139.0, 139.4, 140.3, 140.4, 140.5, 142.4,
142.6, 142.7, 142.9, 143.0, 143.4, 143.9 (C-1 0), 180.9
(C-8 0), 184.1 (C-3 0) ppm. UV–vis (CHCl3): lmax (log 3)Z
415 (5.21), 535 (4.30), 590 (4.15) nm. HRMS (FAB): m/z
calcd for C54H32N5O2Ni [MCH]C842.2066; found
842.2056.
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13. Grennberg, H.; Faizon, S.; Bäckvall, J. E. Angew. Chem., Int.

Ed. Engl. 1993, 32, 263–264.

14. Alonso, C. M. A.; Neves, M. G. P. M. S.; Silva, A. M. S.;

Cavaleiro, J. A. S.; Hombrecher, H. K. Tetrahedron Lett. 1997,

38, 2753–2756.
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1039–1043.

19. The formation of [MC2H]C ions in the mass spectra of

porphyrins has already been discussed: (a) Domingues,

M. R. M.; Santana-Marques, M. G. O.; Domingues, P.;

Faustino, M. A.; Neves, M. G. P. M. S.; Cavaleiro, J. A. S.;

Ferrer-Correia, A. J. Rapid Commun. Mass Spectrom. 2000,

14, 2025–2029. (b) Musselman, B. D.; Watson, J. T.; Chang,

C. K. Org. Mass Spectrom. 1986, 21, 215–219.

20. Figueras, J.; Scullard, P. W.; Mack, A. R. J. Org. Chem. 1971,

36, 3497–3501.

21. Kuckländer, U. Tetrahedron 1972, 28, 5251–5259.

22. Patrick, J. B.; Saunders, E. K. Tetrahedron Lett. 1979,

4009–4012.

23. Hombrecher, H. K.; Gherdan, V. M.; Ohm, S.; Cavaleiro,

J. A. S.; Neves, M. G. P. M. S.; Condesso, M. F. Tetrahedron

1993, 49, 8569–8578.



Synthesis and solvent dependence of the photophysical properties
of [60]fullerene–sugar conjugates
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Abstract—A method for the synthesis of optically pure C60 derivatives containing one or two D-galactose or D-glucose units is described. It
involves the synthesis of sugar–malonate derivatives followed by a cyclopropanation reaction with C60. The solvent dependence of the
photophysical properties of the methano[60]fullerene–sugar derivatives was studied using nanosecond laser flash photolysis coupled with
kinetic UV–vis absorption spectroscopy and time-resolved singlet oxygen luminescence measurements. The triplet properties of these
fullerenes, including transient absorption spectra, molar absorption coefficients and quantum yield for the photosensitised production of 1O2

were determined in toluene, benzonitrile and acetonitrile solutions. The transient absorption spectral profiles are solvent independent
although small differences are observed in the transient absorption maximum: 720G5 nm for toluene, 710G5 nm for benzonitrile and
700G5 nm for acetonitrile. Triplet state molar absorption coefficients (3T) of C60 derivatives vary from 9456G2090 MK1 cmK1, for
compound 10 in toluene, and 15,272G4462 MK1 cmK1, for compound 6 in acetonitrile. Triplet state lifetimes (tT) for
methano[60]fullerene–sugar derivatives, under our experimental conditions, are similar in toluene or benzonitrile solutions
(47.5G1.1 ms%tT%51.4G2.0 ms) but are lower in acetonitrile solutions (31.8G0.6 ms%tT%43.0G1.1 ms). Toluene and benzonitrile
solutions of C60 derivatives have FD close to unity.
q 2005 Elsevier Ltd. All rights reserved.
1. Introduction

Since their discovery, fullerenes and their organic deriva-
tives have attracted great attention, mainly due to their
potential utility in medicinal chemistry and materials
science.1–7 A very important property of fullerenes is their
high capacity to generate singlet oxygen upon photo-
irradiation, even in aqueous media.8 Several photodynamic
studies with fullerenes indicated their potential importance
in medicine.9,10 The synthesis of fullerene derivatives
soluble in aqueous systems has been a prerequisite condition
for attaining their efficiency in biological systems. To
overcome the problem of the low solubility of C60, chemists
have functionalised C60 with hydrophilic groups.11–14

However, this functionalisation can lead to fullerene
aggregation. Photophysical studies can provide useful
0040–4020/$ - see front matter q 2005 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2005.09.078

Keywords: Fullerenes; Sugars; Malonates; Cyclopropanation; Singlet
oxygen; Laser flash photolysis.
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Damietta, Damietta, Egypt.
information in relation to dimerisation or aggregation of
molecules.15 In particular, the decrease of singlet oxygen
and/or triplet quantum yields has been linked to aggregation
in the case of aromatic hydrocarbons,16 porphyrins17,18 and
fullerenes.17–19 Attachment of a sugar moiety to C60 may
improve its water solubility and, since the carbohydrates
play an important role in cellular recognition,
cellular transport and adhesion phenomena,20,21 compounds
with higher selectivity and activity may be obtained in that
way. Several C60-sugar conjugates have been prepared by
different approaches, namely by reacting C60 with glycosyl-
idene carbenes,22 glycosyl azides23–25 or glycosyl azo-
methine ylides26 or by alkylation of a C60-pentathiolate with
2-bromoethyl glycosides.27 Studies on the sugar-dependent
phototoxicity of C60-sugar derivatives were reported
recently.25

Following our studies on the synthesis of potential
biologically active C60 derivatives,28,29 we report here a
simple method for the synthesis of C60 glycoconjugates. The
new compounds, containing one or two units of a
monosaccharide, were prepared from commercially avail-
able D-galactose and D-glucose derivatives via
Tetrahedron 61 (2005) 11873–11881
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cyclopropanation reactions of C60. Unlike some of the
routes to fullerene–sugar derivatives already published, our
method gives isomerically pure compounds.

We also present and compare the photophysical properties
of both singlet and triplet states of the C60 glycoconjugates
in solvents of varying polarity (toluene, benzonitrile and
acetonitrile). In addition, we have also determinated values
for the singlet oxygen quantum yields (FD) of the new
fullerenes in toluene and benzonitrile.
2. Results and discussion

2.1. Synthesis of the C60 derivatives

Galactosyl malonates 2 and 5 were obtained from the
reaction of 1,2:3,4-di-O-isopropylidene-D-galactopyranose
Scheme 1. Reagents and conditions: (i) ClCOCH2COOMe, NEt3, CH2Cl2, 0 8C to r
(iv) ClCOCH2COCl, NEt3, rt.

Scheme 2. Reagents and conditions: (i) HOCH2CH2OH, CH2Cl2, Ag2CO3, NEt3, r
NEt3, rt.
1 with methyl 3-chloro-3-oxopropanoate and malonyl
dichloride, respectively. These malonates were covalently
linked to C60 via a cyclopropanation reaction induced by I2

in the presence of DBU, at room temperature, to yield the
conjugates 3 and 6, respectively (Scheme 1). These
compounds were purified by flash chromatography (silica
gel) using toluene (for 3) or toluene/ethyl acetate 95:5 (for
6) as the eluent and then were crystallized from chloroform/
methanol yielding black solids. Deprotection of the hydro-
xyl groups in dyad 3 with trifluoroacetic acid afforded a
quantitative yield of dyad 4 (a mixture of the a and b ano-
mers). Under similar reaction conditions, deprotection of
the hydroxyl groups in compound 6 led to a solid insoluble
both in water and in organic solvents. The lack of solubility
of that product prevented its structural characterization.

The C60-glucosyl derivatives 10 and 12 were prepared as
described in Scheme 2. The first step involved the synthesis
t, 5 h; (ii) C60, I2, DBU, toluene, rt, 8 h; (iii) CHCl3/CF3CO2H/H2O, rt, 14 h;

t; (ii) ClCOCH2CO2Me, NEt3, rt; (iii) C60, I2, DBU, rt; (iv) ClCOCH2COCl,
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of glycoside 8, obtained from the reaction of 2,3,4,6-tetra-
O-acetyl-a-D-glucopyranosyl bromide 7 with 1,2-ethanediol
in the presence of silver carbonate and triethylamine.30 The
2-hydroxyethyl spacer introduced into compound 8 allowed
the synthesis of malonates 9 and 11, as described above.
These malonates were then linked to C60 by cyclopropana-
tion reactions, as described above, to afford the glycoconju-
gates 10 and 12.

The C60 glycoconjugates were characterized by 1H and 13C
NMR, MS and UV–vis. The proton and carbon resonances
of the sugar moieties are concordant with the data reported
in the literature.31–34 The chemical shifts and coupling
constants corresponding to the protons of the sugar moiety
of compounds 2 and 3 are provided in Table 1. The values
are in agreement with the coupling constants calculated for
the minimum energy conformation of 1,2:3,4-di-O-
isopropylidene-a-D-galactopyranosyl 1.35 There is a great
similarity between the chemical shifts (and coupling
constants) of the resonances corresponding to the protons
of the galactosyl moiety in compounds 2 and 3. The bigger
differences are observed for protons H-5, H-6 and H-6 0

(Table 1), which are deshielded in compound 3 due to close
proximity to the fullerene moiety.
Table 1. 1H chemical shifts and coupling constants, in CDCl3, of the
galactose protons in compounds 2 and 3

Proton 2 3

d (ppm) J (Hz) d (ppm) J (Hz)

H-1 5.53 J1,2 5.0 5.60 J1,2 5.0
H-2 4.33 J2,3 2.5 4.38 J2,3 2.5
H-3 4.63 J3,4 7.9 4.67 J3,4 7.8
H-4 4.24 J4,5 2.1 4.32 J4,5 1.9
H-5 4.04 J5,6 7.3 4.26 J5,6 6.2
H-6 4.26 J5,6 0 4.8 a J5,6 0 6.2

H-60 4.36 J6,6 0 11.5 a b

a Multiplet at 4.64–4.69 ppm.
b Unresolved.

Figure 1. Transient absorption spectra recorded at different time intervals
following laser excitation at 355 nm for compound 10 in toluene (A),
benzonitrile (B) and acetonitrile (C). All solutions were bubbled with argon
for about 45 min.
In the 1H NMR spectrum of dyad 4, the doublet
corresponding to H-1 in the a anomer appears at d
5.28 ppm with a coupling constant equal to 3.4 Hz,
characteristic of an axial–equatorial coupling, while for
the b anomer it appears at d 4.50 ppm with a coupling
constant equal to 7.3 Hz, typical of an axial–axial coupling.

The FABC mass spectra of all C60-sugar derivatives show
the corresponding [MCH]C ion. Their UV–vis spectra, in
toluene, show a strong band at 330 nm, a sharp band at
428 nm, a broad band at 493 nm and a weak band at 690 nm.
These bands are typical of methano[60]fullerene deriva-
tives.36–38

2.2. Photophysical studies

2.2.1. T–T absorption spectra and triplet molar absorp-
tion coefficients at lmax. Laser (355 nm) excitation of
solutions of the fullerene derivatives give rise to transient
absorption features in the visible and near infra-red regions.
The transient absorption spectra of derivative 10 in the three
different solvents used are shown in Figure 1. It is clear that
the spectral profile does not change with the solvent but
there are small shifts in the transient absorption maximum:
720G5 nm for toluene, 710G5 nm for benzonitrile and
700G5 nm for acetonitrile. The transient absorption
maximum is blue-shifted with respect to the 750 nm
maximum of the C60 triplet.39 This blue shift is typical of
monoadduct methano[60]fullerene derivatives.36
The transient absorption spectra for compound 10 (Fig. 1)
are similar to the ones of the other compounds for the same
solvent.

The true lifetimes of long-lived triplet states in solutions are
difficult to measure accurately,40 due to bimolecular
quenching such as impurity quenching, ground state
quenching and triplet–triplet annihilation. Previous studies
have shown that the triplet state lifetimes are dependent on
both the concentration of the fullerenes and also the laser



Table 2. Photophysical parameters for C60 derivatives using 355 nm laser excitation

Compound Toluenea Benzonitrilea Acetonitrilea

3TGD3T (MK1 cmK1)b tTGDtT (ms)c 3TGD3T

(MK1 cmK1)d
tTGDtT (ms)e 3TGD3T

(MK1 cmK1)f
tTGDtT (ms)g

3 13512G2949h 14099G3288i 51.4G2.0 12860G3337 51.1G0.6
4 12925G3462 50.1G0.6
6 12565G2732h 13117G3189i 51.2G1.0 12198G3145 49.0G1.4 15272G4462 43.0G1.1
10 12494G2683h 13032G3124i 47.8G1.4 12522G3282 47.5G1.1 10218G2513 37.0G0.7
12 10936G2369h 11387G2727i 49.8G1.0 13310G3444 48.1G0.5 10935G2703 31.8G0.6

a Argon saturated solutions.
b At 715 nm.
c At 715 nm; we doubled the standard error to give us a confidence limit of 95%.
d At 710 nm, assuming FTZFD.
e At 710 nm; we doubled the standard error to give us a confidence limit of 95%.
f At 700 nm, assuming FTZFD.
g At 700 nm; we doubled the standard error to give us a confidence limit of 95%.
h Assuming FTZFD and FD values of compounds (see Table 4) were determined using C60 in toluene as standard (FDZ1.01G0.03, see Table 3).
i Assuming FTZFD and FD values of compounds (see Table 4) were determined using C60 in toluene as standard (FDZ0.97G0.10, see Table 3).

Table 3. Values of FD for the standards used in different solvents

Standard C60 C60 Perinaphthenone
Solvent Toluene Benzonitrile Acetonitrile
FDGDFD 1.01G0.03a;

0.97G0.10b
0.93G0.13c 0.98G0.07d

a Taken from Ref. 47.
b Determined using a published FD value of 1.08G0.10 for perinaphthe-

none as standard.48

c Determined assuming FD of perinaphthenone in benzonitrile is the
average of FD in benzene (0.93G0.10) and acetonitrile (0.98G0.07).48

d Taken from Ref. 48.
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intensity.41,42 The best conditions for the determination of
the triplet state lifetimes were the same as used in the
determination of the triplet molar absorption coefficients at
lmax (see Section 4.4). The triplet state lifetimes (tT) for the
C60 derivatives in the solvents used (toluene, benzonitrile
and acetonitrile) are given in Table 2. Analysing the values
of triplet state lifetimes (tT) for compounds 3, 4, 6, 10 and
12 we can conclude that they do not change significantly
from toluene to benzonitrile but are smaller in acetonitrile
solutions (w22% smaller for compound 10 and w35%
smaller for compound 12).

The molar absorption coefficients 3T of C60 derivatives
triplet states in argon-saturated toluene, benzonitrile and
acetonitrile solutions were estimated using a comparative
method43,44 and assuming FTZFD. They were determined
by plotting the transient absorption intensity (tZ0) as a
function of the laser energy at the transient absorption
maximum. The slopes aT

Ful of the linear plots obtained for
fullerene solutions (A355w0.3) were compared with the
slopes aT

St of an equivalent plot observed at 750 nm for an
optically matched solution of C60 in benzene (A355w0.3) as
standard. The 3T of the fullerene derivatives were obtained
using Eq. 1:

3Ful
T K3Ful

G Z 3St
T K3St

G

� � FSt
T

FFul
T

� �
aFul

T

aSt
T

� �
1K10KASt

355

1K10KAFul
355

 !
(1)

The 3T value of C60 in benzene is 20,200G2000 MK1 cmK1

and the triplet quantum yield is 0.88G0.15.45,46 The singlet
oxygen quantum yields of C60 derivatives that we used to
calculate triplet quantum yield (FTZFD) are presented in
Table 4. The ground state absorption coefficient of fullerene
derivatives (3G

Ful) and ground state absorption coefficient of
C60 (3G

St) are negligible relative to the respective triplet state
absorption coefficients (3T

Ful and 3T
St, respectively) at the

absorption maximum. The values of molar absorption
coefficients of the triplet state of the C60 derivatives are
given in Table 2. The 3T values are consistent with results
previously reported for other monoadduct methano[60]ful-
lerenes.17,19 The high error associated with 3T (22–29%) is
in part due to the uncertainty in the FT value of the reference
used (0.88G0.15), which has an uncertainty of G17%.
2.2.2. Singlet oxygen quantum yield measurements (FD).
The quantum yields of singlet oxygen (FD) for all
derivatives in air-equilibrated solutions were determined
from comparative time-resolved 1O2 (1Dg) phosphorescence
measurements. Extrapolated 1270 nm signal amplitudes at
tZ0 (I0) were obtained from exponential fitting of
luminescence decay traces for optically matched solutions
of the fullerene derivative and reference standard over a
range of laser intensities. As reference we used C60 in
toluene and benzonitrile solutions and perinaphthenone in
acetonitrile solutions (Table 3). The value of FD obtained
for C60 in toluene, using perinaphthenone as standard, is in
agreement with the published one.47 We used perinaphthe-
none as standard to estimate FD of C60 in benzonitrile. This
choice was due to the fact that perinaphthenone (phenale-
none) can be used in several organic solvents and water
without a great variation in FD (0.92G0.10 in cyclohexane
%FD%1.08G0.10 in toluene).48 The FD value for
perinaphthenone in benzonitrile (0.96G0.12) was taken as
an average of the FD for perinaphthenone in benzene
(0.93G0.10) and acetonitrile (0.98G0.07).
Singlet oxygen quantum yields were determined from the
ratio of the slopes of the I0 versus laser intensity plots for the
fullerene derivatives relative to that for standard (aD

Ful/aD
St)

according to Eq. 2. Appropriate corrections of small
differences in the absorbances of the samples at 355 nm
laser excitation were made. The values of the singlet oxygen
quantum yields of standard compounds used (FD

St) are given
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in Table 3.

FFul
D Z FSt

D

aFul
D

aSt
D

� �
1K10KASt

355

1K10KAFul
355

 !
(2)

The FD values obtained for C60 derivatives in toluene
solutions are close to unity (Table 4). In benzonitrile the FD

values are slightly lower than in toluene but are similar
within the range of error. Compounds 10 and 12 have almost
the same FD values in benzonitrile and in acetonitrile. The
smallest FD value (0.60G0.09) was obtained for compound
6 in acetonitrile (a saturated solution). This result can be
attributed to absorption and scattering by aggregates at
355 nm, although the presence of aggregates is not apparent
from the absorption spectrum of the solution used.
Table 4. Singlet oxygen quantum yields (FD) for fullerene derivatives in
air-equilibrated solutions using 355 nm laser excitation

Compound FD
FulGDFD

Ful

Toluene Benzonitrile Acetonitrile

a b c d

3 0.96G0.05 0.92G0.11 0.87G0.13 e

4 e e 0.88G0.14 e

6 0.95G0.05 0.91G0.11 0.87G0.13 0.60G0.09
10 0.97G0.05 0.93G0.11 0.88G0.14 0.89G0.12
12 1.01G0.05 0.97G0.11 0.83G0.13 0.80G0.11

a FDZ1.01G0.03 for C60 in toluene as standard.47

b FDZ0.97G0.10 for C60 in toluene as standard.
c FDZ0.93G0.13 for C60 in benzonitrile as standard.
d FDZ0.98G0.07 for perinaphthenone in acetonitrile as standard.48

e The compound is insoluble in this solvent.
3. Conclusions

In conclusion, C60 derivatives containing one or two units of
D-galactose or D-glucose derivatives were obtained in low to
moderate yields by cyclopropanation reactions of C60 with
sugar-malonates prepared from commercially available
materials. The synthetic procedure is simple, requires mild
conditions, affords diastereoisomeric pure compounds and
is of general application.

The results obtained from UV–vis spectrophotometry, time-
resolved luminescence and nanosecond laser flash
photolysis reveal that functionalization of C60 with sugar
moieties allows the formation of C60 derivatives soluble in
toluene, benzonitrile and acetonitrile. We have shown that
the FD values of our methano[60]fullerenes 3, 4, 6, 10 and
12 in toluene and benzonitrile are close to unity,
irrespectively, of the sugar moiety (galactose or glucose
units with protected or free hydroxyl groups). Also,
compounds with a good singlet oxygen quantum yield in
acetonitrile can be obtained by functionalization of C60 with
one or two glucose units protected with acetyl groups.

It is known that sugar moieties have important biological
functions in sugar-derived biomolecules, namely in cellular
recognition, cellular transport and adhesion phenomena. So,
it is expected that the sugar moieties allow a selective
adhesion of these fullerene derivatives to invading cells
(virus or bacteria, for instance) or to cancer tissues
facilitating their selective destruction by photo-irradiation.
4. Experimental

C60 (O99%) used in the photophysical studies was obtained
from Stefan Kaesdorf (Munich, Germany). Perinaphthe-
none, from Aldrich, was recrystallised from cyclohexane.
Toluene (BDH-AnalaR, 99.5%), benzonitrile (Aldrich,
HPLC grade, 99.9%) and acetonitrile (HPLC grade,
99.93%) were used as supplied.

1H and 13C NMR spectra were recorded on a Bruker Avance
300 spectrometer at 300 and 75 MHz, respectively.
Deuterated chloroform and CDCl3/CD3OD were used as
solvents and TMS as internal reference. Chemical shifts (d)
are quoted in ppm relative to TMS and the coupling
constants (J) are expressed in Hertz (Hz). Peak multiplicity
is designed as s (singlet), d (doublet), dd (double doublet),
ddd (double double doublet), t (triplet), dt (double triplet), m
(multiplet), AB (AB spin system) and br s (broad signal).
Mass spectra and HRMS were recorded on VG AutoSpec Q
and M mass spectrometer. The m-nitrobenzylalcohol was
used as a matrix of FABC-MS. The IR spectra were
recorded on a Mattson 7020 Galaxy FTIR spectrometer
using KBr disks. The intensities of the bands were expressed
subjectively as strong (s), medium (m), weak (w) and sharp
(sh). The UV–vis spectra were recorded on a Perkin-Elmer
Lambda 2 UV–vis spectrophotometer. Melting points were
determined with a Reichert Thermovar electric instrument
and are uncorrected. Flash chromatography was carried out
with silica gel 0.032–0.063 mm. The reactions were
monitored by TLC. TLC of the reaction mixtures involving
sugar derivatives were revealed by spraying it with a
solution of ammonium molybdate(VI) (5 g), cerium(III)
sulfate (0.1 g) and sulfuric acid 10% (10 mL) in water
(100 mL) and heating.

The time-resolved singlet oxygen phosphorescence signal
peaking at 1270 nm was detected using a liquid-nitrogen
cooled germanium photodiode and an amplifier supplied by
Applied Detector Corporation (USA). In the flash photolysis
experiments, solutions were excited at 355 nm with a
Spectron Q-switched Nd:YAG laser.49

4.1. Synthesis of C60 derivatives with D-galactose units

4.1.1. (1,2:3,4-Di-O-isopropylidene-a-D-galactopyrano-
syl) methyl malonate (2). 1,2:3,4-Di-O-isopropylidene-D-
galactopyranose 1 (707 mg, 2.72 mmol) and anhydrous
NEt3 (3.8 mL, 10 equiv) were dissolved in CH2Cl2 (20 mL)
and the solution was cooled in a ice bath. Methyl 3-chloro-
3-oxopropanoate (3.1 mL, 5 equiv) diluted in CH2Cl2
(5 mL) was added dropwise to the reaction mixture. The
ice bath was then removed and the reaction mixture was
stirred at room temperature for 5 h. The reaction mixture
was washed with an aqueous solution of HCl 0.5% (2!
30 mL) and then with a saturated aqueous solution of
NaHCO3 (2!30 mL). The organic phase was dried
(Na2SO4) and the solvent was evaporated under vacuum.
The malonate 2 was purified by column chromatography
(silica gel) using CH2Cl2/AcOEt 8:2 as eluent. Compound 2
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was isolated as a colourless oil (803 mg, 82% yield). 1H
NMR (300 MHz, CDCl3): d 1.33 (s, 3H, C(CH3)2), 1.34 (s,
3H, C(CH3)2), 1.45 (s, 3H, C(CH3)2), 1.52 (s, 3H, C(CH3)2),
3.43 (s, 2H, OCCH2CO), 3.75 (s, 3H, OCH3), 4.04 (ddd, 1H,
H-5, J5,6Z7.3 Hz, J5,6 0Z4.8 Hz, J4,5Z2.1 Hz), 4.24 (dd,
1H, H-4, J3,4Z7.9 Hz, J4,5Z2.1 Hz), 4.26 (dd, 1H, H-6,
J6,6 0Z11.5 Hz, J5,6Z7.3 Hz), 4.33 (dd, 1H, H-2, J1,2Z
5.0 Hz, J2,3Z2.5 Hz), 4.36 (dd, 1H, H-6 0, J6,6 0Z11.5 Hz,
J5,6 0Z4.8 Hz), 4.63 (dd, 1H, H-3, J3,4Z7.9 Hz, J2,3Z
2.5 Hz), 5.53 (d, 1H, H-1, J1,2Z5.0 Hz). 13C NMR
(75 MHz, CDCl3): d 24.2, 24.74, 25.71, 25.75 (4C(CH3)2),
41.0 (OCCH2CO), 52.3 (OCH3), 64.1 (C-6), 65.6 (C-5),
70.2, 70.4, 70.7 (C-2, C-3, C-4), 96.0 (C-1), 108.6, 109.4
(2C(CH3)2), 166.2, 166.6 (2C]O). MS (EIC) m/z (rel int):
345 (MKCH3)C, 100, 287 (13), 271 (11), 227 (13), 184
(11), 169 (24), 127 (32), 112 (53), 80 (100). MS (FABC)
m/z (rel int): 361 ([MCH]C, 49), 345 (100).

4.1.2. Dyad 3. To a solution of malonate 2 (38 mg,
0.10 mmol) and C60 (75 mg, 1 equiv) in anhydrous toluene
(50 mL) were added iodine (26 mg, 1.5 equiv) and DBU
(47 mL, 3 equiv). The reaction mixture was stirred for 8 h at
room temperature, under a nitrogen atmosphere, and then it
was washed with an aqueous solution of 5% Na2S2O3 (2!
50 mL). The organic phase was concentrated and purified by
flash chromatography (silica gel) using toluene as eluent.
Compound 3 was crystallized from CHCl3/MeOH giving
black crystals (46 mg, 43% yield) with mp 213–215 8C. 1H
NMR (300 MHz, CDCl3): d 1.35 (s, 3H, C(CH3)2), 1.36 (s,
3H, C(CH3)2), 1.50 (s, 3H, C(CH3)2), 1.57 (s, 3H, C(CH3)2),
4.12 (s, 3H, OCH3), 4.26 (dt, 1H, H-5, J5,6ZJ5,6 0Z6.2 Hz,
J4,5Z1.9 Hz), 4.32 (dd, 1H, H-4, J3,4Z7.8 Hz, J4,5Z
1.9 Hz), 4.38 (dd, 1H, H-2, J1,2Z5.0 Hz, J2,3Z2.5 Hz),
4.64–4.69 (m, 3H, H-3, H-6, H-6 0), 5.60 (d, 1H, H-1, J1,2Z
5.0 Hz). 13C NMR (75 MHz, CDCl3): d 24.5, 25.0, 26.0,
26.2 (4C(CH3)2), 51.9 (methano bridge), 54.1 (s, 3H,
OCH3), 65.8, 65.9 (C-5, C-6), 70.4, 70.7, 70.9 (C-2, C-3,
C-4), 71.3 (C60-sp3), 71.4 (C60-sp3), 96.3 (C-1), 108.9, 109.8
(2C(CH3)2), 139.00, 139.04, 139.18, 139.21, 140.89,
140.92, 140.94, 141.89, 141.94, 141.96, 142.2, 142.98,
143.03, 143.9, 144.60, 144.66, 144.9, 145.05, 145.11,
145.16, 145.23, 163.4 and 164.0 (2C]O). MS (FABC)
m/z: 1079 (MCH)C, 720 (C60

C). HRMS (FABC) m/z calcd
for C76H23O9 1079.1342, found 1079.1381. IR (KBr) nmax:
2984m, 2926m, 1746s, 1430s, 1381s, 1235s, 1070s, 1004s,
755s, 580m, 552m, 527s cmK1. UV–vis (toluene): lmax 690
(3Z209 MK1 cmK1), 493 (1.57!103), 428 (2.75!103),
330 (4.46!104) nm.

4.1.3. Dyad 4. To a solution of compound 3 (15 mg,
0.014 mmol) in CHCl3 (3 mL) was added a 9:1 mixture of
CF3CO2H/H2O (5 mL). The reaction mixture was stirred for
14 h at room temperature, it was neutralized with a saturated
aqueous solution of Na2CO3 and then dyad 4 was extracted
with a 7:3 mixture of CHCl3/MeOH (3!30 mL). The
organic layer was dried (Na2SO4) and concentrated. Dyad 4
was precipitated by the addition of hexane affording a black
solid (13 mg, 96% yield) corresponding to a mixture of the
a and b anomers. MpO320 8C. 1H NMR (300 MHz, CDCl3/
CD3OD): d 4.11 (s, 6H, OCH3 of a and b anomers), 3.79–
4.08 (m, 1H of a-Gal and 3H of b-Gal), 4.18–4.40 (m, 3H of
b-Gal), 4.42–4.46 (m, 1H of a-Gal), 4.50 (d, 1H, H-1 of
b-Gal, JZ7.3 Hz), 4.53–4.77 (m, 4H of a-Gal), 5.28 (d, 1H,
H-1 of a-Gal, JZ3.4 Hz). MS (FABC) m/z: 999 (MCH)C,
720 (C60

C). HRMS (FABC) m/z calcd for C70H15O9

999.0716, found 999.0704. IR (KBr) nmax: 3423s, 2922s,
2852s, 1742s, 1631s, 1430s, 1235s, 1062s, 729s, 669s,
1742s, 575m, 552m, 526s cmK1.

4.1.4. Bis-(1,2:3,4-di-O-isopropylidene-a-D-galactopyra-
nosyl) malonate (5). Malonyl dichloride (0.8 mL,
2.5 equiv) diluted in CH2Cl2 was added dropwise to an ice
cooled solution of galactopyranose 1 (853 mg, 3.28 mmol)
and anhydrous NEt3 (4.5 mL, 10 equiv) in CH2Cl2 (25 mL).
The ice bath was removed and the reaction mixture was
stirred at room temperature for 7 h. The reaction mixture
was washed with an aqueous solution of HCl 0.5% (2!
30 mL) and then with a saturated aqueous solution of NaHCO3

(2!30 mL). The organic phase was dried (Na2SO4), the
solvent was evaporated under vacuum. The malonate 5 was
purified by column chromatography (silica gel) using
CH2Cl2/AcOEt 8:2 as eluent. Compound 5 was isolated as
a colourless oil (1.0 g, 52% yield). 1H NMR (300 MHz,
CDCl3): d 1.33 (s, 6H, C(CH3)2), 1.34 (s, 6H, C(CH3)2),
1.44 (s, 6H, C(CH3)2), 1.52 (s, 6H, C(CH3)2), 3.47 (s, 2H,
COCH2CO), 4.04 (ddd, 2H, 2!H-5, J5,6Z7.1 Hz, J5,6 0Z
5.3 Hz, J4,5Z1.8 Hz), 4.21–4.36 (m, 8H, 2!H-2, 2!H-4,
2H-6, 2H-6 0), 4.62 (dd, 2H, 2!H-3, J3,4Z7.8 Hz, J2,3Z
2.5 Hz), 5.53 (d, 2H, 2!H-1, J1,2Z5.0 Hz). 13C NMR
(75 MHz, CDCl3): d 24.1, 24.6, 25.6, 25.7 (8C(CH3)2), 40.8
(COCH2CO), 63.9 (C-6), 65.4 (C-5), 70.0, 70.3, 70.5 (C-2,
C-3, C-4), 95.9 (C-1), 108.4, 109.2 (4C(CH3)2), 166.0
(2C]O). MS (EIC) m/z (rel int): 588 (MC%, 0.3), 573 (98),
515 (10), 457 (7), 329 (15), 287 (8), 271 (15), 184 (14), 169
(27), 127 (31), 81 (100). MS (FABC) m/z: 589 [MCH]C.

4.1.5. Dyad 6. Dyad 6 was prepared in a similar way as dyad
3, using malonate 5 (47 mg, 0.081 mmol), C60 (58 mg,
1 equiv), iodine (31 mg, 1.5 equiv) and DBU (36 mL,
3 equiv) in anhydrous toluene (50 mL). It was purified by
flash chromatography (silica gel) using toluene/AcOEt 95:5
as eluent. Compound 6 was crystallized from CHCl3/MeOH
giving a black solid (39 mg, 37% yield) with mp 90–92 8C.
1H NMR (300 MHz, CDCl3): d 1.33 (s, 6H, C(CH3)2), 1.34
(s, 6H, C(CH3)2), 1.49 (s, 6H, C(CH3)2), 1.54 (s, 6H,
C(CH3)2), 4.20–4.25 (m, 2H, 2!H-5), 4.30–4.36 (m, 4H,
2!H-2, 2!H-4), 4.60–4.71 (m, 6H, 2!H-3, 2!H-6, 2!
H-6 0), 5.56 (d, 2H, 2!H-1, J1,2Z4.9 Hz). 13C NMR
(75 MHz, CDCl3): d 24.5, 24.9, 26.0, 26.2 (4C(CH3)2),
52.0 (methano bridge), 65.56, 65.62 (C-5, C-6), 70.4, 70.7,
70.8 (C-2, C-3, C-4), 71.4 (C60-sp3), 96.2 (C-1), 108.8,
109.6 (C(CH3)2), 139.19, 139.21, 140.9, 141.95, 141.99,
142.2, 142.96, 143.01, 1433.84, 143.86, 144.5, 144.7, 144.9,
145.12, 145.14, 145.19, 163.3 (2C]O). MS (FABC) m/z:
1307 (MCH)C, 720 (C60

C). HRMS (FABC) m/z calcd for
C87H39O14 1307.2340, found 1307.2368. IR (KBr) nmax:
2974m, 2906m, 1740s, 1384s, 1213s, 1067s, 1005s, 749s,
575m, 552m, 526s cmK1. UV–vis (toluene): lmax 690 (3Z
194 MK1 cmK1), 493 (1.50!103), 428 (2.63!103), 330
(4.14!104) nm.

4.2. Synthesis of C60 derivatives with D-glucose units

4.2.1. 2-Hydroxyethyl 2,3,4,6-tetra-O-acetyl-b-D-gluco-
pyranoside (8). To a solution of the glucopyranosyl
bromide 7 (600 mg, 1.46 mmol) in anhydrous CH2Cl2
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(60 mL) was added anhydrous Na2SO4 and 1,2-ethanediol
(0.81 mL, 10 equiv). After stirring at room temperature for
15 min, under a nitrogen atmosphere, Ag2CO3 (840 mg,
21 equiv) was added to the reaction mixture and stirring was
continued for 24 h. The reaction mixture was filtered,
washed with water (3!40 mL), dried (Na2SO4) and the
solvent was evaporated. Compound 8 was obtained as an oil,
which then solidified into a white solid (538 mg, 94% yield).
1H NMR (300 MHz, CDCl3): d 2.01 (s, 3H, AcO), 2.04 (s,
3H, AcO), 2.06 (s, 3H, AcO), 2.09 (s, 3H, AcO), 2.81 (t, 1H,
OH, JZ6.3 Hz), 3.69–3.87 (m, 5H, H-5 and OCH2CH2OH),
4.17 (dd, 1H, H-6 0, J6,6 0Z12.4 Hz, J5,6 0Z2.9 Hz), 4.23 (dd,
1H, H-6, J6,6 0Z12.4 Hz, J5,6Z5.2 Hz), 4.59 (d, 1H, H-1,
J1,2Z8.0 Hz), 5.01 (dd, 1H, H-2, J1,2Z8.0 Hz, J2,3Z
9.5 Hz), 5.07 (t, 1H, H-4, J3,4ZJ4,5Z9.5 Hz), 5.23 (t, 1H,
H-3, J2,3ZJ3,4Z9.5 Hz). 13C NMR (75 MHz, CDCl3): d
20.4, 20.5 (4CH3C]O), 61.6 (Glc-O–CH2), 61.8 (C-6),
68.2 (C-4), 71.1 (C-5), 71.6 (C-2), 72.4 (OCH2CH2OH),
72.6 (C-3), 101.1 (C-1), 169.2, 169.3, 170.0, 170.4
(4C]O). MS (FABC) m/z: 393 [MCH]C.

4.2.2. 2-(2,3,4,6-Tetra-O-acetyl-b-D-glucopyranosyl)-
ethyl methyl malonate (9). A solution of methyl
3-chloro-3-oxopropanoate (0.11 mL, 5 equiv) in anhydrous
CH2Cl2 (3 mL) was added dropwise to an ice cooled
solution of glycoside 8 (83 mg, 0.21 mmol) and anhydrous
NEt3 (0.23 mL, 8 equiv) in anhydrous CH2Cl2 (10 mL). The
ice bath was removed and the reaction mixture was stirred at
room temperature for 5 h. It was then washed with an
aqueous solution of HCl 0.5% (2!15 mL) and with a
saturated aqueous solution of NaHCO3 (2!15 mL). The
organic phase was separated, dried (Na2SO4) and the
solvent was evaporated under vacuum. Malonate 9 was
purified by column chromatography (silica gel) using a 7:3
mixture of CH2Cl2/AcOEt as eluent. It was obtained as a
colourless oil (99 mg, 96% yield). 1H NMR (300 MHz,
CDCl3): d 1.93 (s, 3H, AcO), 1.96 (s, 3H, AcO), 1.98 (s, 3H,
AcO), 2.02 (s, 3H, AcO), 3.35 (s, 2H, COCH2CO), 3.64 (m,
2H, H-5 and OCH2CH2O), 3.69 (OCH3), 3.91–3.97 (m, 1H,
OCH2CH2O), 4.06 (dd, 1H, H-6 0, J6,6 0Z12.3 Hz, J5,6 0Z
2.4 Hz), 4.17–4.25 (m, 3H, H-6 and OCH2CH2O), 4.53 (d,
1H, H-1, J1,2Z7.9 Hz), 4.91 (dd, 1H, H-2, J1,2Z7.9 Hz,
J2,3Z9.5 Hz), 5.01 (t, 1H, H-4, J3,4ZJ4,5Z9.5 Hz), 5.14 (t,
1H, H-3, J2,3ZJ3,4Z9.5 Hz). 13C NMR (75 MHz, CDCl3):
d 20.4, 20.5 (4CH3C]O), 40.9 (COCH2CO), 52.4 (OCH3),
61.7 (C-6), 64.1 (Glc-O–CH2), 67.0 (Glc-O–H2CH2O), 68.1
(C-4), 70.9 (C-5), 71.6 (C-2), 72.5 (C-3), 100.5 (C-1), 166.1,
166.6 (malonate C]O), 169.1, 169.2, 170.0, 170.5 (4 acetyl
C]O). MS (FABC) m/z: 493 [MCH]C.

4.2.3. Dyad 10. To a solution of malonate 9 (61 mg,
0.12 mmol) and C60 (90 mg, 1 equiv) in anhydrous toluene
(75 mL) were added iodine (48 mg, 1.5 equiv) and DBU
(56 ml, 3 equiv).

The reaction mixture was stirred for 8 h at room
temperature, under a nitrogen atmosphere, and then it was
washed with an aqueous solution of 5% Na2S2O3 (2!
50 mL). The organic phase was concentrated and purified by
flash chromatography (silica gel) using toluene (to recover
the unreacted C60) and then a 8:2 mixture of toluene/AcOEt
as eluent. Dyad 10 was crystallized from CHCl3/MeOH to
afford black crystals (47 mg, 31% yield). Mp O320 8C. 1H
NMR (300 MHz, CDCl3): d 2.01 (s, 3H, AcO), 2.03 (s, 3H,
AcO), 2.11 (s, 3H, AcO), 2.13 (s, 3H, AcO), 3.75 (ddd, 1H,
H-5, J4,5Z9.5 Hz, J5,6Z4.7 Hz, J5,6 0Z2.4 Hz), 3.94–4.00
(m, 1H, OCH2CH2O), 4.12 (s, 3H, OCH3), 4.17 (dd, 1H,
H-6 0, J6,6 0Z12.3 Hz, J5,6 0Z2.4 Hz), 4.17–4.24 (m, 1H,
OCH2CH2O), 4.30 (dd, 1H, H-6, J6,6 0Z12.3 Hz, J5,6Z
4.7 Hz), 4.64 (d, 1H, H-1, J1,2Z7.9 Hz), 4.57–4.75 (m, 2H,
OCH2CH2O), 5.05 (dd, 1H, H-2, J1,2Z7.9 Hz, J2,3Z
9.5 Hz), 5.11 (t, 1H, H-4, J3,4ZJ4,5Z9.5 Hz), 5.23 (t, 1H,
H-3, J2,3ZJ3,4Z9.5 Hz). 13C NMR (75 MHz, CDCl3): d
20.6, 20.8 (4CH3C]O), 51.8 (methano bridge), 54.2
(OCH3), 61.9 (C-6), 65.8 (Glc-O–CH2), 67.0 (Glc-
O–H2CH2O), 68.3 (C-4), 71.1 (C-5), 71.3 (C60-sp3), 72.0
(C-2), 72.7 (C-3), 100.8 (C-1), 139.0, 139.1, 141.0, 141.87,
141.89, 141.95, 142.2, 143.03, 143.06, 143.12, 143.90,
143.92, 144.60, 144.63, 144.68, 144.72, 144.9, 145.03,
145.05, 145.09, 145.2, 145.3, 163.4, 163.9 (malonate
C]O), 169.4, 170.3, 170.7 (4 acetyl C]O). MS (FABC)
m/z: 1211 (MCH)C, 720 (C60

C). HRMS (FABC) m/z calcd
for C80H27O14 1211.1401, found 1211.1349. IR (KBr) nmax:
2951m, 1754s, 1428s, 1370s, 1231s, 1039s, 755s, 580m,
527s cmK1. UV–vis (toluene): lmax 690 (3Z185 MK1 cmK1),
493 (1.44!103), 428 (2.44!103), 330 (4.01!104) nm.

4.2.4. Bis-2-(2,3,4,6-tetra-O-acetyl-b-D-glucopyranosyl)-
ethyl malonate (11). Malonyl dichloride (58 ml, 2.5 equiv)
diluted in anhydrous CH2Cl2 (3 mL) was added dropwise to
an ice cooled solution of glycoside 8 (96 mg, 0.24 mmol)
and anhydrous NEt3 (0.27 mL, 8 equiv) in anhydrous
CH2Cl2 (15 mL). The ice bath was removed and the
reaction mixture was stirred at room temperature for 7 h.
It was then washed with an aqueous solution of HCl 0.5%
(2!30 mL) and with a saturated aqueous solution of
NaHCO3 (2!30 mL). The organic phase was separated,
dried (Na2SO4) and the solvent was evaporated under
vacuum. Malonate 11 was purified by column chromato-
graphy (silica gel) with a gradient of CH2Cl2/AcOEt.
Compound 11 was obtained as a colourless oil (123 mg,
60% yield). 1H NMR (300 MHz, CDCl3): d 2.01 (s, 3H,
AcO), 2.03 (s, 3H, AcO), 2.11 (s, 3H, AcO), 2.13 (s, 3H,
AcO), 3.43 (s, 2H, COCH2CO), 3.73 (ddd, 1H, H-5, J4,5Z
9.5 Hz, J5,6Z4.8 Hz, J5,6 0Z2.3 Hz), 3.78–3.84 (m, 1H,
OCH2CH2O), 3.96–4.08 (m, 1H, OCH2CH2O), 4.14 (dd,
1H, H-6 0, J6,6 0Z12.3 Hz, J5,6 0Z2.4 Hz), 4.20–4.37 (m, 2H,
OCH2CH2O), 4.28 (dd, 1H, H-6, J6,6 0Z12.3 Hz, J5,6Z
2.4 Hz), 4.59 (d, 1H, H-1, J1,2Z7.9 Hz), 4.98 (dd, 1H, H-2,
J1,2Z7.9 Hz, J2,3Z9.5 Hz), 5.09 (t, 1H, H-4, J3,4ZJ4,5Z
9.5 Hz), 5.22 (t, 1H, H-3, J2,3ZJ3,4Z9.5 Hz). 13C NMR
(75 MHz, CDCl3): d 20.6, 20.7 (4CH3C]O), 41.1 (COCH2-
CO), 61.8 (C-6), 64.2 (Glc-O–CH2), 67.1 (Glc-
O–H2CH2O), 68.2 (C-4), 71.0 (C-5), 71.8 (C-2), 72.6
(C-3), 100.7 (C-1), 166.7 (malonate C]O), 169.3, 169.4,
170.2, 170.7 (4 acetyl C]O). MS (FABC) m/z: 853 [MC
H]C.

4.2.5. Dyad 12. Dyad 12 was prepared in a similar way of
dyad 10, using malonate 11 (107 mg, 0.12 mmol), C60

(90 mg, 1 equiv), iodine (48 mg, 1.5 equiv) and DBU
(56 ml, 3 equiv) in anhydrous toluene (75 mL). It was
purified by flash chromatography (silica gel) using toluene/
AcOEt 7:3 as eluent. Dyad 12 was crystallized from CHCl3/
MeOH affording black crystals (35 mg, 18% yield). Mp
188–190 8C. 1H NMR (300 MHz, CDCl3): d 2.01 (s, 3H,
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AcO), 2.03 (s, 3H, AcO), 2.11 (s, 3H, AcO), 2.12 (s, 3H,
AcO), 3.75 (ddd, 1H, H-5, J4,5Z9.5 Hz, J5,6Z4.5 Hz,
J5,6 0Z2.3 Hz), 3.94–4.01 (m, 1H, OCH2CH2O), 4.16 (dd,
1H, H-6 0, J6,6 0Z12.4 Hz, J5,6 0Z2.3 Hz), 4.15–4.24 (m, 1H,
OCH2CH2O), 4.31 (dd, 1H, H-6, J6,6 0Z12.4 Hz, J5,6Z
4.5 Hz), 4.65 (d, 1H, H-1, J1,2Z7.9 Hz), 4.56–4.75 (m, 2H,
OCH2CH2O), 5.03 (dd, 1H, H-2, J1,2Z7.9 Hz, J2,3Z
9.5 Hz), 5.10 (t, 1H, H-4, J3,4ZJ4,5Z9.5 Hz), 5.23 (t, 1H,
H-3, J2,3ZJ3,4Z9.5 Hz). 13C NMR (75 MHz, CDCl3): d
20.6, 20.77, 20.79 (4CH3C]O), 51.7 (methano bridge),
61.9 (C-6), 65.8 (Glc-O–CH2), 66.9 (Glc-O–H2CH2O), 68.3
(C-4), 71.1 (C-5), 71.2 (C60-sp3), 71.9 (C-2), 72.7 (C-3),
100.7 (C-1), 139.1, 141.00, 141.04, 141.85, 141.88, 142.2,
143.02, 143.04, 143.12, 144.56, 144.67, 144.70, 144.86,
144.88, 144.92, 145.01, 145.04, 145.21, 145.28, 145.31,
163.2 (malonate C]O), 169.4, 170.2, 170.6 (4 acetyl
C]O). MS (FABC) m/z: 1571 (MCH)C, 720 (C60

C). HRMS
(FABC) m/z calcd for C95H47O24 1571.2457, found
1571.2410. IR (KBr) nmax: 2960m, 2933m, 1754s, 1428m,
1366m, 1231s, 1040s, 527s cmK1. UV–vis (toluene): lmax

690 (3Z199 MK1 cmK1), 493 (1.55!103), 428 (2.62!
103), 330 (4.19!104) nm.

4.3. Singlet oxygen quantum yield measurements (FD)

Air equilibrated toluene and benzonitrile solutions of all
derivatives were optically matched at Aw0.3 (at 355 nm)
while air equilibrated acetonitrile solutions were optically
matched at Aw0.1. The solutions, in a 1!1 cm2 quartz cell,
were excited using laser energies between 0.2 and 1 mJ/
pulse. The dependence of the intensity of singlet oxygen
phosphorescence on laser energy is linear in this range. The
singlet oxygen phosphorescence trace recorded at 1270 nm
was the average of an accumulation of 16 laser shots.

4.4. T–T absorption spectra and triplet molar absorption
coefficients at lmax

The T–T absorption spectra were recorded in the range 350–
790 nm. Samples absorbances at 355 nm in toluene and
benzonitrile solutions were w0.4 (w0.3 for benzonitrile
solutions of compound 4); for acetonitrile solutions were
w0.07 for compound 6, w0.4 for compound 10 and w0.5
for compound 12. All solutions were analysed in 1!1 cm2

quartz cells and oxygen was removed by purging with argon
for approximately 45 min. Laser energies in the range of
2–4 mJ/pulse were used. It was necessary to use higher laser
energies (21 mJ/pulse) for compound 6 in acetonitrile.

The triplet molar absorption coefficients at lmax (the
wavelength of the principal T–T absorption band) were
determined via a comparative method.43 Seven different
laser energies in the range of 0.4–1.2 mJ/pulse were used for
each sample with absorbances of w0.3 at 355 nm. For
compound 6 in acetonitrile with absorbance w0.07
(saturated solution), five different laser energies in the
range of 0.9–1.6 mJ/pulse were used.
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Abstract—The first total synthesis of (G)-terreinol is described. An intramolecular Pd(II)-catalyzed cycloisomerization of a 2-(1 0-
alkynyl)benzyl alcohol via an apparent 6-endo diagonal pathway led to the 1H-isochromene ring system, which was further converted to the
desired spiro ketal via an iodine-mediated intramolecular spiro-cyclization.
q 2005 Elsevier Ltd. All rights reserved.
Figure 1. Retrosynthetic analysis of (G)-terreinol.
1. Introduction

Fungi have been one of the main resources of a wide variety
of complex natural products possessing attractive biological
activities.1 For example, lovastatin (mevinolin) derived
from fungus Aspergillus terreus is now used as a cholesterol
lowering agent.2 Terreinol was isolated more recently as a
novel metabolite by Marsaioli and co-workers in an effort to
screen enzymatic activity in malt extracts from cultures of
Brazilian strains of A. terreus.3a Its absolute configuration
was determined thereafter by 1H and 13C NMR experiments,
allowing assignment of the R configuration for terreinol.3b

This apparently simple molecule is structurally
distinguished by a highly oxygenated isochromene core
bearing a novel dioxa-spiro ketal. Attracted by its unique
structure and the interesting bioactivities of similar spiro-
cyclic compounds, we sought to establish an efficient route
for the synthesis of terreinol by using readily available
materials. Herein, we report our recent achievement of
the first total synthesis of (G)-terreinol, in which an
intramolecular Pd(II)-catalyzed cycloisomerization and
an intramolecular iodoetherification were employed as
key steps.
2. Results and discussion

Our strategy for the synthesis of terreinol was based on two
major considerations as shown in Figure 1. First, the spiro
0040–4020/$ - see front matter q 2005 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2005.09.068
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ketal core of B was to be derived from an intramolecular
haloetherification reaction, while, the 1H-isochromene ring
system of C was to be elaborated by an intramolecular
Pd(II)-catalyzed cycloisomerization of precursor D. It was
anticipated that the six-member ring would be formed
preferentially over the five-member ring. Facile removal of
the phenolic hydroxyl protections must be carefully
considered in the last step. Finally, the fully functionalized
precursor benzylalcohol derivative D could be easily
prepared from readily available starting materials, such as
aryl bromide E and terminal alkyne, by Sonogashira
coulping reaction.

As outlined in Scheme 1, commencing with the com-
mercially available 2-methylresorcinol, 2-bromobenzal-
dehyde 8 was prepared using a modification of the
recently reported protocol by Porco et al.4 Accordingly,
Tetrahedron 61 (2005) 11882–11886



Scheme 1. Reagents and conditions: (a) POCl3, DMF, 60 8C, 90%;
(b) Cu(NO3)2$3H2O, Ac2O, 94%; (c) Raney Nickel (50% in H2O), H2,
THF, 98%; (d) NBS (1.1 equiv), CHCl3, rt, 92%; (e) Concd HCl, THF/H2O,
NaNO2 then urea, 50% H3PO2, 89%; (f) PCC, 4 Å sieves, CH2Cl2, 0 8C to
rt, 87%; (g) BBr3, CH2Cl2, K78 8C to rt, 94%.

Table 1. Synthesis of 1H-isochromene 13 by Pd(II)-catalyzed cycloisome-
rization of 12

Entrya Catalyst (mol%) T (8C) Time (h) Product
(%)
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2,6-dimethoxytoluene 1 was derived from 2-methyl-
resorcinol and acylated to give aldehyde 2. Nitration of
benzaldehyde 2 was carried out with Cu(NO3)2 in acetic
anhydride to give the expected geminal diacetate 3. Raney
nickel-catalyzed reduction of the nitro group and simul-
taneously removal of the geminal diacetate were performed
in facile fashion in THF under a H2 atmosphere. Selective
bromination of the resulting 3-aminobenzyl alcohol 4 was
achieved using NBS in CHCl3 to give o-bromoaniline 5 in
excellent yield. Reductive removal of the amino group of 5
was carried out by diazotization followed by H3PO2-based
sediazotization in situ. Oxidation of the resultant 6-bromo-
2,4-dimethoxy-3-methylbenzyl alcohol 6 occurred
smoothly by using PCC and 4 Å molecular sieves in
anhydrous dichloromethane to afford the corresponding
benzaldehyde 7. Finally, treatment of 7 with BBr3 afforded
Scheme 2. Reagents and conditions: (a) 5 mol% Pd(PPh3)4, CuI,
4-pentynyl acetate 9, Et3N, DMF, 70 8C, 92%; (b) TBSCl, imid, DMF,
87%; (c) NaBH4, EtOH, 0 8C, 5 min, 75%; (d) 10 mol% PdCl2(PPh3)2, 1,4-
dioxane, 85 8C, 72%; (e) K2CO3, MeOH, rt, 97%; (f) HC, CDCl3, rt, 24 h,
quantitative.
2-bromobenzaldehyde 8 in high yield. All these improve-
ments have the advantages of more stable intermediates,
high yield for each step, and ease of operation and
reduplication.

The functionalized cycloisomerization precursor 10 was
next prepared by a Sonogashira coupling,5 which linked aryl
bromide 8 and terminal acetylene 96 (Scheme 2). The
phenolic hydroxyls were then protected as TBS ethers 11,
Treatment of benzylaldehye 11 with NaBH4 in ethanol at
0 8C gave the corresponding benzyl alcohol 12. With this
precursor in hand, construction of the 1H-isochromene
structure by intramolecular ring-closure reaction of 12 was
investigated. Earlier studies on this type of cycloisomeriza-
tion revealed that both the substituent pattern of the
substrates and the reaction conditions could influence the
reaction leading either toward the 5-exo-dig cyclization or
the 6-endo-dig cyclization products.7 A short list of Pd(II)
catalysts (Table 1) were screened on 12 for their ability to
promote the desired 6-endo cycloisomerization. To our
delight, 10 mol% of PdCl2(PPh3)2 in 1,4-dioxane at 85 8C
worked very well and 1H-isochromene 13 was obtained as a
single isomer in satisfactory yield. It is noteworthy that the
unprotected phenolic benzylalcohol didn’t produce any
desired cycloisomerized product under such conditions.
Other Pd(II) species and conditions also gave 13, however,
in lower yields or under longer reaction times (see Table 1).
Theoretically, the five-member-ring product might be also
produced under these conditions. However, no evidence of
five-member-ring product was detected during our investi-
gations. Treatment of acetate 13 with K2CO3 in methanol
at rt afforded the corresponding alcohol 14 in high yield.
It is noteworthy that this compound was quantitatively
converted to spiro ketal 198 in CDCl3 (weakly acidic) when
left in NMR tube over 24 h.
1 10% PdCl2 85 1.0 64
2 10% Pd(OAc)2 85 5.0 14
3 10% PdCl2(PPh3)2 85 1.5 72
4 5% PdCl2(PPh3)2 85 6.0 68
5 5% PdI2 85 4.0 64
6 10% Pd(PhCN)2Cl2 85 1.5 60

a The reactions were all carried out in 1,4-dioxane as the solvent.
The final key transformation to achieve our ultimate
synthetic object was to establish the spiro ketal function-
ality. It was anticipated that an intramolecular iodo-
etherification reaction could be utilized for this key
transformation. It is well known that iodoetherification is
a powerful method for the construction of THF rings from
the corresponding g-hydroxyalkenes. This is also an
efficient method to functionalize olefinic double bonds.9

Treatment of compound 14 with 2 equiv of iodine in a
mixture of CH3CN and aq NaHCO3 (10:1, v:v) at ambient
temperature gave the desired spiro ketal 15. The iodide 15
was immediately substituted by hydroxide in situ to furnish
16 as a mixture of isomers (ca. 35:1) at rt in 86% overall
yield (from 14). Dess–Martin oxidation10 of the resulting
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mixture afforded 17 quantitatively as a single product.
Finally, global deprotection11 was achieved using TBAF in
THF, to give racemic terreinol in excellent yield (Scheme 3).
Data for terreinol obtained by this route were identical with
those reported for natural material.3
Scheme 3. Reagents and conditions: (a) I2, CH3CN, aq NaHCO3, rt, 86%;
(b) Dess–Martin periodinane, CH2Cl2, 97%; (c) TBAF, THF, rt, 98%.
3. Conclusions

In conclusion, we have disclosed the first total synthesis of
the fungal metabolite terreinol. The palladium(II)-catalyzed
cycloisomerization of 2-(1 0-alkynyl)benzyl alcohol 12
efficiently furnished the key precursor 1H-isochromene
13. The spiro ketal was subsequently elaborated by
iodoetherification of alcohol 14. Further investigations
including the enantioselective synthesis of the correspond-
ing spiro cycles and bioactivity studies of this novel
metabolite are currently underway.
4. Experimental

4.1. General methods

1H NMR spectra were recorded at 300 or 400 MHz at
ambient temperature with CDCl3 as the solvent unless
otherwise stated. 13C NMR spectra were recorded at
100 MHz at ambient temperature with CDCl3 as the solvent
unless otherwise stated. All melting points were uncor-
rected. Infrared (IR) spectra were obtained using a Fourier
transform infrared spectrometer (FTIR). Flash column
chromatography was performed on silica gel (10–40 mm)
using a mixture of petroleum ether and ethyl acetate as the
eluent.

4.1.1. (5-Amino-2,4-dimethoxy-3-methylphenyl)metha-
nol (4). A solution of 3 (8.5 g, 26.0 mmol) in 150 mL
THF was treated with Raney Nickel (50% in H2O, 10.0 g).
The resulting mixture was hydrogenated under H2 at rt and
the reaction process was monitored by TLC. After
completion of the reaction, the mixture was filtered through
Celite and washed with ethyl acetate. The filtrate was
concentrated under reduced pressure to give 4 (5.0 g, 98%)
as a pale yellow solid, which was employed in the next step
without further purification. Recrystallization of the product
from hexane and ethyl acetate afforded colorless crystal for
characterization. Mp 75–77 8C. 1H NMR (300 MHz,
CDCl3): d 6.58 (1H, s), 4.59 (2H, s), 3.72 (3H, s), 3.71
(3H, s), 3.60–2.80 (2H, br s), 2.21 (3H, s) ppm. IR (KBr):
nmax 3394, 3251, 3145, 1598, 1485, 1419, 1212, 1101, 1008,
834 cmK1. ESI-MS (m/z): 198 (MCHC). Anal. Calcd for
C10H15NO3: C, 60.90; H, 7.67; N, 7.10. Found: C, 61.06; H,
7.31; N, 7.09.

4.1.2. (3-Amino-2-bromo-4,6-dimethoxy-5-methyl-
phenyl) methanol (5). To a solution of 4 (1.0 g,
5.1 mmol) in CHCl3 (20 mL) was added NBS (990 mg,
5.6 mmol). The mixture was stirred at rt for 5 min, and then
aq Na2S2O3 solution was added to quench the reaction. The
mixture was extracted with ethyl acetate for three times and
combined organic layers were washed extensively with H2O
and finally brine. The organic extracts were dried over
Na2SO4, filtered, concentrated and the residue was purified
by silica gel column (hexane/ethyl acetateZ4:1) to afford 5
(1.3 g, 92%) as a pale yellowish oil. 1H NMR (300 MHz,
CDCl3): d 4.76 (2H, s), 4.10 (2H, br s), 3.72 (3H, s), 3.71
(3H, s), 2.50 (1H, br s), 2.17 (3H, s) ppm. IR (film): nmax

3455, 3361, 2941, 1608, 1575, 1459, 1415, 1247, 1195,
1126, 1107, 1006, 981 cmK1. HRMS (ESI, m/z) calcd for
C10H15BrNO3 (MCHC): 276.0235; found: 276.0231.

4.1.3. Acetic acid 5-(2-formyl-3,5-dihydroxy-4-methyl
phenyl)pent-4-ynyl ester (10). To a mixture of 2-bromo-
benzaldehyde 8 (20 g, 86.6 mmol), alkyne 9 (13 g,
103.9 mmol), Pd(PPh3)4 (5.0 g, 4.3 mmol), CuI (840 mg,
4.4 mmol) in degassed DMF (70 mL) was added Et3N
(36 mL) under inert atmosphere. The resulting mixture was
heated and then stirred at 70 8C for about 6 h. The solvent
was removed under reduced pressure and the residue was
purified directly on silica gel column (hexane/ethyl
acetateZ5:1). The obtained crude product was then crystal-
lized from hexane and ethyl acetate, affording 10 (22 g,
92%) as a white solid. Mp 97–99 8C. 1H NMR (300 MHz,
CDCl3): d 12.27 (1H, s), 10.16 (1H, s), 7.50 (1H, br s), 6.51
(1H, s), 4.25 (2H, t, JZ6.3 Hz), 2.56 (2H, t, JZ6.9 Hz),
2.11 (3H, s), 2.10 (3H, s), 2.01–1.92 (2H, m) ppm. 13C NMR
(100 MHz, CDCl3): d 195.0, 172.1, 163.1, 161.40, 161.36,
126.8, 114.2, 112.6, 112.2, 95.2, 63.5, 27.6, 21.0, 16.4, 7.2.
IR (KBr): nmax 3379, 1711, 1635, 1609, 1588, 1422,
1367, 1303, 1251, 1139, 1107, 1049, 834, 769, 586 cmK1.
ESI-MS (m/z): 274 (MCHC). Anal. Calcd for C15H16O5: C,
65.21; H, 5.84. Found: C, 65.18; H, 5.81.

4.1.4. Acetic acid 5-[3,5-bis(tert-butyldimethylsilanyl
oxy)-2-formyl-4-methylphenyl]pent-4-ynyl ester (11). A
mixture of phenol 10 (2.0 g, 5.9 mmol), imidazole (2.4 g,
35.5 mmol) and TBSCl (4.5 g, 29.6 mmol) in anhydrous
DMF (6.0 mL) was stirred at rt for about 4 h under N2

atmosphere. The mixture was then diluted with ethyl acetate
(100 mL) and water (30 mL). The organic layer was
separated and washed with H2O (4!30 mL), brine, dried
over Na2SO4, filtered, and concentrated. The crude product
was purified by silica gel column (hexane/ethyl acetateZ
50:1) to give 11 (2.6 g, 87%) as a colorless oil. 1H NMR
(300 MHz, CDCl3): d 10.31 (1H, s), 6.61 (1H, s), 4.28 (2H,
t, JZ6.3 Hz), 2.59 (2H, t, JZ6.9 Hz), 2.09 (3H, s), 2.08
(3H, s), 2.07–1.98 (2H, m), 1.06 (9H, s), 1.04 (9H, s), 0.28
(6H, s), 0.15 (6H, s) ppm. 13C NMR (100 MHz, CDCl3): d
189.4, 171.0, 159.2, 157.5, 123.8, 123.1, 122.2, 118.2, 93.9,
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79.2, 63.2, 27.7, 25.9 (!3), 25.7 (!3), 20.9, 18.6, 18.3,
16.6, 10.9, K3.6 (K2), K4.1 (!2) ppm. IR (film): nmax

2957, 2932, 1745, 1696, 1576, 1548, 1473, 1237, 1153, 840,
827 cmK1. HRMS (ESI, m/z) calcd for C27H45O5Si2 (MC
HC): 505.2806; found: 505.2804.

4.1.5. Acetic acid 5-[3,5-bis(tert-butyldimethylsilanyl
oxy)-2-hydroxymethyl-4-methylphenyl]pent-4-ynyl
ester (12). To a pre-cooled solution of aldehyde 11 (1.5 g,
3.0 mmol) in ethanol (40 mL) was added NaBH4 (170 mg,
4.5 mmol) at 0 8C. 5 min later, aq NH4Cl was added slowly
to quench the reaction. The mixture was then diluted with
ethyl acetate (200 mL). The organic layer was separated and
washed with H2O and brine, dried over Na2SO4, filtered,
concentrated. The residue was purified by silica gel column
chromatography (hexane/ethyl acetateZ4:1) to give 12
(1.1 g, 75%) as a colorless oil. 1H NMR (300 MHz, CDCl3):
d 6.56 (1H, s), 4.71 (2H, d, JZ6.3 Hz), 4.24 (2H, t, JZ
6.3 Hz), 2.55 (2H, t, JZ7.2 Hz), 2.45 (1H, t, JZ6.3 Hz),
2.07 (s, 3H), 2.06 (s, 3H), 2.00–1.91 (m, 2H), 1.04 (s, 9H),
1.00 (s, 9H), 0.21 (s, 6H), 0.18 (s, 6H) ppm. 13C NMR
(100 MHz, CDCl3): d 171.1, 154.1, 152.6, 127.1, 121.8,
121.0, 116.5, 91.9, 79.6, 63.1, 58.9, 27.9, 26.1 (!3), 25.8
(!3), 20.9, 18.7, 18.3, 16.4, 11.9, K3.6 (!2), K4.2 (!
2) ppm. IR (film): nmax 3600, 2958, 2860, 1744, 1593, 1556,
1472, 1254, 1145, 1114, 898, 828, 782 cmK1. HRMS (ESI,
m/z) calcd for C27H46O5Si2Na (MCNaC): 529.2781; found
529.2774.

4.1.6. Acetic acid 3-[6,8-bis(tert-butyldimethylsilanyl
oxy)-7-methyl-1H-2-benzopyran-3-yl]propyl ester (13).
To a mixture of 12 (120 mg, 0.24 mmol) in 1,4-dioxane
(60 mL) was added PdCl2(PPh3)2 (17 mg, 0.024 mmol)
under N2. The mixture was warmed to 85 8C and stirred at
same temperature for 4 h. The solvent was removed under
reduced pressure, and the residue was purified directly on
silica gel column (hexane/ethyl acetateZ20:1) to afford 13
(86 mg, 72%) as a colorless oil. 1H NMR (300 MHz,
CDCl3): d 6.12 (1H, s), 5.56 (1H, s), 4.98 (2H, s), 4.13 (2H,
t, JZ6.6 Hz), 2.26 (2H, t, JZ7.5 Hz), 2.06 (3H, s), 2.03
(3H, s), 1.95–1.86 (2H, m), 1.03 (9H, s), 1.01 (9H, s), 0.20
(6H, s), 0.15 (6H, s) ppm. 13C NMR (100 MHz, CDCl3): d
171.1, 156.7, 154.3, 149.3, 130.2, 118.3, 111.2, 107.5,
101.7, 65.0, 63.9, 30.1, 26.2, 26.0 (!3), 25.8 (!3), 20.9,
18.6, 18.3, 11.4, K3.5 (!2), K4.2 (!2) ppm. IR (film):
nmax 2931, 2860, 1650, 1604, 1566, 1474, 1423, 1257, 1127,
840, 780 cmK1. MALDI-FTMS (DHB, m/z) calcd for
C27H46O5Si2Na (MCNaC): 529.2781; found 529.2761.

4.1.7. 3-[6,8-Bis(tert-butyldimethylsilanyloxy)-7-methyl-
1H-2-benzopyran-3-yl]propan-1-ol (14). To a solution of
13 (80 mg, 0.16 mmol) in methanol (10 mL) was added
K2CO3 (87 mg, 0.63 mmol). The whole mixture was stirred
at rt for 2 h. The mixture was then diluted with CH2Cl2
(100 mL) and saturated NH4Cl solution (20 mL). The
organic layer was separated and then washed with H2O
and brine, dried over Na2SO4, filtered, concentrated. The
residue was purified by silica gel chromatography (hexane/
ethyl acetateZ4:1) to afford alcohol 14 (71 mg, 97%) as a
colorless oil. 1H NMR (300 MHz, CDCl3): d 6.13 (1H, s)
5.58 (1H, s), 4.99 (2H, s), 3.72 (2H, t, JZ5.7 Hz), 2.29 (2H,
t, JZ7.2 Hz), 2.03 (3H, s), 1.88–1.79 (2H, m), 1.04 (9H, s),
1.01 (9H, s), 0.20 (6H, s), 0.15 (6H, s) ppm. 13C NMR
(100 MHz, CDCl3): d 157.2, 154.3, 149.2, 130.2, 118.4,
111.1, 107.5, 101.7, 64.9, 62.3, 30.2, 30.0, 25.9 (!3), 25.8
(!3), 18.5, 18.3, 11.4, K3.6 (!2), K4.2 (!2) ppm. IR
(film): nmax 3464, 2932, 2860, 1744, 1652, 1604, 1567,
1474, 1423, 1256, 1128, 1049, 973, 840, 781 cmK1.
MALDI-FTMS (DHB, m/z) calcd for C25H44O4Si2Na
(MCNaC): 487.2676; found 487.2683.

4.1.8. Compound 16. To a solution of alcohol 14 (80 mg,
0.17 mmol) in CH3CN (50 mL) and aq NaHCO3 (5 mL) was
added iodine (87 mg, 0.34 mmol). The mixture was stirred
at rt overnight, and then quenched by aq Na2S2O3, extracted
with ethyl acetate (3!50 mL). The combined organic
phases were washed with H2O and brine, dried over
anhydrous Na2SO4, filtered and concentrated. The residue
was purified on silica gel column (hexane/ethyl acetateZ
5:1) to give 16 (72 mg, 86%) as mixture of two isomers.
Data of the major isomer (70 mg): 1H NMR (300 MHz,
CDCl3): d 6.55 (1H, s), 4.69 (2H, s), 4.16 (1H, d, JZ
10.2 Hz), 4.05–4.00 (2H, m), 2.18–2.14 (2H, m), 2.05 (3H,
s), 2.00–1.96 (2H, m), 1.01 (18H, s), 0.22 (12H, s) ppm. 13C
NMR (100 MHz, CDCl3): d 153.8, 149.9, 132.7, 120.3,
117.7, 113.1, 107.2, 69.6, 69.4, 60.4, 34.5, 26.1 (!3), 25.8
(!3), 23.8, 18.8, 18.3, 11.4, K2.8, K3.0, K4.1,
K4.2 ppm. IR (film): nmax 3423, 2931, 2860, 1608, 1585,
1474, 1256, 1126, 1041, 904, 833, 780 cmK1. HR-MS (ESI,
m/z) calcd for C25H44O5Si2Na (MCNaC) 503.2625; found
503.2621.

4.1.9. Compound 17. To a solution of alcohol 16 (58 mg,
0.12 mmol) in dichloromethane (10 mL) was added Dess–
Martin periodinane10 (76 mg, 0.18 mmol) at rt. The reaction
was stirred for 3 h and quenched by adding aq Na2S2O3 and
aq NaHCO3. Stirring was continued until the mixture turned
clear. The mixture was extracted with ethyl acetate (3!
50 mL). The combined organic layers were washed with
water and brine, dried over Na2SO4, filtered, concentrated.
Purification on silica gel column (hexane/ethyl acetateZ
10:1) gave 17 (56 mg, 97%) as a colorless oil. 1H NMR
(400 MHz, CDCl3): d 7.17 (1H, s), 5.01 (1H, d, JZ
15.4 Hz), 4.74 (1H, d, JZ15.4 Hz), 4.14–4.06 (1H, m), 4.04
(1H, dd, JZ14.6, 7.7 Hz), 2.73 (1H, dt, JZ12.9, 8.8 Hz),
2.16–2.08 (2H, m), 2.12 (3H, s), 1.88 (1H, ddd, JZ12.7, 8.1,
4.4 Hz), 1.03 (9H, s), 1.01 (9H, s), 0.234 (3H, s), 0.230 (3H,
s), 0.20 (3H, s), 0.19 (3H, s) ppm. 13C NMR (100 MHz,
CDCl3): d 188.9, 154.2, 149.7, 127.7, 127.0, 126.4, 109.8,
105.4, 70.2, 59.1, 33.1, 26.0 (!3), 25.8 (!3), 24.9, 18.7,
18.3, 12.1, K2.9, K3.3, K4.3 (!2) ppm. IR (film): nmax

2958, 2932, 1702, 1597, 1467, 1321, 1261, 1133, 1050, 886,
829, 782 cmK1. HR-MS (ESI, m/z) calcd for C25H42O5Si2-
Na (MCNaC) 501.2468; found 501.2463.

4.1.10. (G)-Terreinol. A solution of compound 17 (42 mg,
0.088 mmol) in THF (10 mL) was treated with TBAF
(1.0 M in THF, 170 mL, 0.17 mmol) at rt for 10 min. The
solvent was removed under reduced pressure. The residue
was purified directly on silica gel column (hexane/ethyl
acetateZ5:1) to afford racemic terreinol (22 mg, 98%) as a
white wax. 1H NMR (400 MHz, CD3OD): d 6.97 (1H, s),
4.94 (1H, d, JZ15.7 Hz), 4.74 (1H, d, JZ15.7 Hz), 4.08–
4.03 (1H, m), 3.97 (1H, dd, JZ15.1, 7.6 Hz), 2.63 (1H,
dt, JZ12.8, 8.8 Hz), 2.13 (3H, s), 2.13–2.09 (1H, m),
2.04–2.00 (1H, m), 1.89 (1H, ddd, JZ12.7, 8.1,
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4.5 Hz) ppm. 13C NMR (100 MHz, CD3OD): d 191.2,
157.1, 152.8, 128.3, 123.5, 121.2, 107.1, 105.2, 71.5, 60.1,
34.2, 26.3, 9.8 ppm. IR (KBr): nmax 3405, 2509, 2075, 1690,
1438, 1353, 1119, 974 cmK1. HR-MS (ESI, m/z) calcd for
C13H14O5Na (MCNaC) 273.0739; found 273.0736.
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Abstract—The reaction of a-keto esters with cyclopent-2-enone catalyzed by tertiary-phosphines provides the corresponding Baylis–
Hillman adducts. Among the catalysts, diphenylmethylphosphine was found to be the most effective promoter allowing the reaction to
proceed smoothly at room temperature and to give the corresponding adducts in higher yields in the presence of p-nitrophenol. Whereas, the
similar reaction of a-keto esters with cyclopent-2-enone catalyzed by tertiary-amine of DBU furnishes the corresponding aldol adducts with
syn-configuration exclusively.
q 2005 Elsevier Ltd. All rights reserved.
1. Introduction

Baylis–Hillman reaction is a superior carbon–carbon bond-
forming reaction1 that furnishes products of high functional-
group density from relatively simple starting materials.2 In a
broad sense, the Baylis–Hillman reaction can be regarded as
a one-pot combination of Michael and aldol reactions.
Highly basic amines,3 phosphines,4 Lewis-acid catalysts5

have been employed for performing the Baylis–Hillman
reaction of aldehydes with a,b-unsaturated ketones such as
methyl vinyl ketone (MVK) or esters such as methyl
acrylate. In addition, Basavaiah and co-workers reported a
new Baylis–Hillman reaction between a-keto esters and
acrylonitrile or methyl acrylate catalyzed by DABCO to
give the corresponding adducts in moderate to good yields.6

In the mean time, they also found that the titanium tetra-
chloride (TiCl4) mediated reaction of a-keto esters with
5,5-dimethylcyclohex-2-enone produces the corresponding
Baylis–Hillman adducts exclusively, whereas a similar reac-
0040–4020/$ - see front matter q 2005 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2005.09.067

Scheme 1. Baylis-Hilman/aldol reaction of a-keto esters with cyclopent-2-enone
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tion of a-keto esters with cyclohex-2-enone furnishes the
corresponding aldol adducts, which clearly demonstrated
the role of the steric factors in directing the reaction pathway.5f

More recently, organocatalysts, metal-free organic com-
pounds, which exhibit catalytic abilities in organic
reactions, have received much attention because of their
advantages from an environmental as well as a resource
standpoint.7 During our ongoing investigation on the
Baylis–Hillman reaction, we reported that either ‘normal’
or ‘abnormal’ Baylis–Hillman adducts could be formed
depending on the employed organocatalysts (Lewis base
promoters) under otherwise identical conditions.8 In this
article, we describe an interesting organocatalyst mediated
reaction of a-keto esters with cyclopent-2-enone to provide
two kinds of functionalized tertiary alcohols in the presence
of organocatalysts of diphenylmethylphosphine (PPh2Me)
and 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU), respect-
ively, (Scheme 1).
Tetrahedron 61 (2005) 11887–11894
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Table 1. Baylis–Hillman reaction between methyl phenylglyoxylate (1a) with cyclopent-2-enone in the presence of various Lewis basesa

Entry Lewis base Time (h) 3a (%)b 4 (%)b

1 PBu3 72 65 34
2c PBu3 72 17 0.7
3d PBu3 72 29 11
4 PPhMe2 72 43 15
5 PPh2Me 72 68 13
6e PMe3 120 — —
7e PPh3 120 — —
8e DBU 120 — —
9e DABCO 120 — —
10 DMAP 72 46 5

a Compounds 1a (0.3 mmol), cyclopent-2-enone 2 (0.6 mmol), and Lewis base (0.1 mmol) were used at room temperature.
b Isolated yields.
c Compounds 1a (0.6 mmol) and 2 (0.3 mmol) were used in the reacion.
d Compounds 1a (0.3 mmol) and 2 (0.3 mmol) were used in the reaction.
e No reaction took place.
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2. Results and discussion

2.1. Baylis–Hillman reaction of a-keto esters with
cyclopent-2-enone catalyzed by tertiary-phosphines

Our efforts to seek out the optimized reaction conditions
were first focused on the reaction mechanism of the Baylis–
Hillman reaction. Since the first step in the Baylis–Hillman
reaction involves a Michael addition of the organocatalyst
on the olefinic moiety of the employed activated olefins,
nucleophilic and steric characters of the organocatalyst
should be of great importance in the efficiency of the
process. As a model, we used methyl phenylglyoxylate 1a
and cyclopent-2-enone 2 as reactants to examine the
suitable reaction conditions in the presence of various
nitrogen or phosphine containing organocatalysts (Lewis
bases). These reactions were conducted by using 30 mol%
of various organocatalysts under solvent free conditions at
room temperature. Representative results are highlighted in
Table 1. We found that tributylphosphine (PBu3), phenyl-
dimethylphosphine (PPhMe2), and diphenylmethylphos-
phine (PPh2Me) were much more effective than other
tested organocatalysts such as triphenylphosphine (PPh3) to
give the corresponding Baylis–Hillman adduct 3a in good
yields along with the formation of a byproduct 4a in low
yields under identical conditions, suggesting that nucleo-
philicity of the organocatalyst prevails in the catalytic
activity (Table 1, entries 1–7). The excess amount of
cyclopent-2-enone 2 (molar ratio of 1a:2Z1:2) is required
to give 3a in higher yield (Table 1, entries 1–3). DBU and
DABCO showed no catalytic abilities in this reaction
although in the presence of DMAP, 3a was obtained in 46%
yield along with 5% of 4a (Table 1, entries 8–10).
Diphenylmethylphosphine is the best organocatalyst
(Lewis base promoter) in this reaction. It should be noted
that no reaction occurred using methyl vinyl ketone (MVK),
cyclohexane-2-enone or cycloheptanone-2-enone as
Michael acceptor in this reaction. In addition, in the
presence of organic solvents such as THF, toluene and
dichloromethane, no reaction occurred either.

To demonstrate the usefulness of this tertiary phosphine-
catalyzed Baylis–Hillman reaction, a variety of a-keto
esters were tested (Table 2). Various substituted aryl a-keto
esters are suitable for this PPh2Me-catalyzed reaction to
give the corresponding Baylis–Hillman products 3 along
with trace of byproducts 4. However, in some cases the
corresponding Baylis–Hillman products 3 were obtained in
low yields (Table 2, entries 1–8). Therefore, we attempted to
improve the yields of 3 under the similar conditions. On the
basis of the recent investigation on the Baylis–Hillman
reaction, several reports showed that using phenol as an
additive, the Baylis–Hillman reaction rate can be acceler-
ated, although the exact role of the additive is not yet clear.9

We believe that phenol can act as an intermolecular
H-bonding donor (a phenolic Brønsted acid as a Lewis
acid catalyst) to accelerate the reaction. In fact, we found
that in all of these cases with the addition of 30 mol% of
p-nitrophenol, the corresponding Baylis–Hillman reaction
proceeded smoothly to give the corresponding adduct in
higher yield in comparison with the corresponding phenol-
free Baylis–Hillman reactions (Table 2, entries 1–8). It
seems to us that phenolic compound having stronger acidity
such as p-nitrophenol (pKaZ7.15) gives better results than
others (Table 2, entry 4).10 This PPh2Me/p-nitrophenol
mediated reaction was then successfully applied to a variety
of alkyl a-keto esters to give the corresponding Baylis–
Hillman adducts in good yields (Table 2, entries 9 and 10).



Table 2. Baylis–Hillman reaction of a-keto esters with cyclopent-2-enone in the presence of diphenylmethylphosphinea

Entry 1 Additive (pKa)
b Yield (%)c

1

1a

—d 68

2

1b

—d 65
p-NO2C6H4OH (7.15) 72

3

1c

—d 38
p-NO2C6H4OH 60

4

1d

—d 32
p-NO2C6H4OH 71
C6H5OH (9.99) 54
p-CH3OC6H4OH (10.21) 47

5

1e

p-NO2C6H4OH 63

6

1f

p-NO2C6H4OH 63

7

1g

p-NO2C6H4OH 37

8

1h

p-NO2C6H4OH 46

9

1i

p-NO2C6H4OH 73

10

1j

p-NO2C6H4OH 86

a Compounds 1 (0.3 mmol), 2 (0.6 mmol) and PPh2Me (0.1 mmol) were used at room temperature and the reaction was carried out for 72 h.
b Refers to the pKa of the various phenols in H2O at 25 8C.10

c Isolated yields.
d No additive was used.
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Figure 1. The ORTEP drawing of syn-5a.
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2.2. Aldol reaction of a-keto esters with cyclopent-2-
enone catalyzed by amines

Interestingly, we found that using 1,8-diazabicyclo[5.4.0]-
undec-7-ene (DBU) as a organocatalyst in the reaction of
a-keto ester with cyclopent-2-enone produced the corre-
sponding aldol reaction product. Although our main aim
was not directed toward aldol reaction, we were fascinated
by the formation of the aldol reaction product 5a because
this aldol reaction product was formed exclusively as syn-
configuration using DBU as a catalyst. A carefully literature
survey reveals that although aldehydes have been very
extensively used as electrophiles in various stereoefficient
aldol carbon–carbon bond-forming reactions,11 the direct
applications of a-keto esters12 in aldol reactions have been
relatively less studied and the aldol reaction of a-keto esters
with cyclopent-2-enone catalyzed by amine has not been
reported so far. Therefore, we attempted to screen the
optimal reaction conditions of this aldol reaction. The
results are summarized in Table 3. We can see from the
Table 3 that the solvent significantly effects the reaction
(Table 3, entries 1–12). In neat condition, no aldol reaction
product was formed with 8–25 mol% of DBU (Table 3,
entries 2–4, also see Table 1, entry 8). With 50 mol% of
DBU as a catalyst, 5a was obtained in 10% yield after 30 h
(Table 3, entry 1). In organic solvents, 5a was produced in
8–64% yield with 12.5–25 mol% of DBU. DMF and toluene
are the solvent of choice to give 5a in good yields, although
a prolonged reaction time is required in toluene (Table 3,
entries 8 and 11). In other solvents, 5a was produced in
lower yields, for example, in methanol only 8% yield of the
product was obtained. Various amounts of DBU in this
Table 3. Optimization of the aldol reaction of methyl phenylglyoxylate 1a
with cyclopent-2-enone in the presence of DBUa

Entry Base (mol%) Solvent Time (h) Yield (%)b

1c DBU (50) — 30 10
2c DBU (25) — 48 —
3c DBU (12.5) — 48 —
4c DBU (8) — 72 —
5 DBU (25) THF 72 Trace
6 DBU (25) CH2Cl2 72 42
7 DBU (25) MeCN 72 32
8 DBU (25) DMF 12 64
9 DBU (25) DMSO 12 40
10 DBU (25) MeOH 12 8
11 DBU (25) PhCH3 48 64
12 DBU (12.5) DMF 48 50
13 DBU (37.5) DMF 8 47
14 DBU (50) DMF 12 60
15 DBU (50) PhCH3 15 41
16 DBU (70) PhCH3 15 59
17 DBU (100) PhCH3 15 33
18d DBU (100) PhCH3 (0.5 M) 15 37
19e DBU (100) PhCH3 (0.3 M) 72 26

a Compounds 1a (0.3 mmol), cyclopent-2-enone 2 (0.6 mmol), and solvent
(0.3 mL) were used at room temperature.

b Isolated yields.
c No solvent was used.
d Toluene (0.6 mL) was used.
e Toluene (1.0 mL) was used.
reaction have been tested and the best result is using
25 mol% of DBU in this reaction. syn-Hydroxy-(2-oxo-
cyclopent-3-enyl)-phenyl-acetic acid methyl ester 5a was
obtained as a sole product in up to 64% isolated yield under
the optimal conditions (Table 3, entry 8). The syn-
stereochemistry of this molecule was determined by X-ray
diffraction (Fig. 1).13 Using cyclohexane-2-enone or
cycloheptanone-2-enone as a Michael acceptor and DBU
as a catalyst in DMF, only trace of the corresponding
product was formed. Moreover, in the presence of PBu3,
PPh2Me and PPhMe2, no reaction occurred under identical
conditions. This is might be due to that in aldol reaction, the
key step is the formation of the corresponding enolate and
DBU is the strongest base among all of the employed
catalysts in this reaction. Therefore, it is the best catalyst for
the aldol reaction. The function of solvent might dilute the
reactants and suppress the by-reaction pathway in aldol
reaction.

Next, we extended this methodology to the reaction of a
variety of a-keto esters with cyclopent-2-enone. As shown
in Table 4, a variety of aryl a-keto esters such as 1b–1e can
react with cyclopent-2-enone to give the corresponding
products in moderate yields either in DMF or in toluene in
the presence of DBU (25–70 mol%) (Table 4, entries 1–11).
Under above optimized reaction conditions, a-keto esters
1b–1e gave the corresponding aldol reaction products in low
yields with 25 mol% of DBU. Increasing the amount of
DBU to 50 or 70 mol% of DBU can shorten the reaction
time and give the corresponding products in higher yields
(Table 4, entries 3–11). However, using alkyl a-keto esters
such as 1i and 1j as substrates under the same conditions, no
reaction occurred (Table 4, entries 12 and 13).

A plausible reaction mechanism of a-keto ester with
cyclopent-2-enone has been proposed on the basis
of generally accepted mechanism of aldol reaction



Table 4. Aldol reaction of a-keto esters with cyclopent-2-enonea

Entry Ar R Base (mol%) Solvent Time (h) Yield (%)b

1 1a: C6H5 Me DBU (25) DMF 12 64
2 1a DBU (25) PhCH3 48 64
3 1b: p-CH3C6H4 Me DBU (50) DMF 17 26
4 1b DBU (50) PhCH3 48 41
5 1b DBU (70) PhCH3 24 65
6 1c: C6H5 Et DBU (25) DMF 24 54
7 1c DBU (50) DMF 6 62
8 1d: p-CH3C6H4 Et DBU (50) DMF 72 20
9c 1d DBU (70) PhCH3 24 60
10 1e: p-ClC6H4 Et DBU (50) DMF 72 55
11 1e DBU (70) PhCH3 24 20
12 1i: Ph(CH2)3 Et DBU (50) DMF 72 NRd

13 1j: Cy Et DBU (50) DMF 72 NRd

a a-Keto ester 1 (0.3 mmol), cyclopent-2-enone 2 (0.6 mmol), and solvent (0.3 mL) were used at room temperature.
b Isolated yields.
c Molecular sieves of 4 Å was used.
d No reaction took place.
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(Scheme 2).14 DBU abstracts a proton from cyclopent-2-
enone to give an enolate intermediate A, which produces the
aldol reaction intermediate B by the reaction with a-keto
ester. For the aldol reaction intermediate B-2 with anti-
configuration, it suffers from more steric repulsion than
intermediate B-1 with syn-configuration on the basis of
Cram rule. Therefore, the corresponding aldol reaction
products are produced exclusively with syn-configuration as
a sole product (Scheme 2).
3. Conclusion

In summary, we have found that the basicity and
nucleophilicity of organocatalysts play important roles in
the reaction of a-keto esters with cyclopent-2-enone. We
have successfully demonstrated that the reaction of a-keto
esters with cyclopent-2-enone in the presence of diphenyl-
methylphosphine, a nucleophilic organocatalyst (a Lewis
base promoter), produces the corresponding Baylis–
Hillman reaction products in moderate to good yields in
Scheme 2. A Plausible mechanism of aldol reaction.
neat condition. The introduction of phenol as an additive in
this process can afford the product in higher yield,
presumably due to a synergistic bifunctional cooperation
between the Brønsted-basic diphenylmethylphosphine and
Brønsted-acidic p-nitrophenol resulting in clean reaction
and high yield. With basic amine such as DBU as an
organocatalyst in this reaction, the aldol reactions take place
to give the adducts exclusively as syn-configuration in
moderate yields either in DMF or in toluene. Efforts are in
progress to elucidate the mechanistic details of this reaction
and to disclose its scope and limitations in further
transformation.
4. Experimental
4.1. General remarks

MP was obtained with a micro melting point apparatus and
is uncorrected. Infrared spectra were measured on a
spectrometer. 1H and 13C NMR spectra were recorded for
a solution in CDCl3 with tetramethylsilane (TMS) as
internal standard. J-values are in Hz. Mass spectra were
recorded with a HP-5989 instrument and HRMS was
measured by a Finnigan MACmass spectrometer. Organic
solvents used were dried by standard methods when
necessary. All solid compounds reported in this paper
gave satisfactory CHN microanalyses and HRMS values.
Elemental anal2yses were measured at the service Italian
Carlo-Erba 110. Commercially obtained reagents were used
without further purification. All reactions were monitored
by TLC with Huanghai GF254 silica gel coated plates. Flash
column chromatography was carried out using silica gel at
increased pressure. Baylis–Hillman reaction experiments
were performed under argon atmosphere using standard
Schlenk techniques. The starting materials 1b–1j were
synthesis according to the previous literature.15
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4.2. Typical reaction procedure for the preparation of 3
and 4

To a mixture of a-keto ester compound (0.3 mmol),
cyclopent-2-enone (51 mL, 0.6 mmol) and p-nitrophenol
(14 mg, 0.1 mmol), was added tertiary-phosphine
(0.1 mmol) under argon at room temperature. The resulting
mixtures were stirred under the conditions indicated in the
Tables. After the reaction solution was concentrated under
reduced pressure, the residue was purified by flash
chromatography on silica gel (Eluent: EtOAc/petroleumZ
1:4) to afford pure products 3 and 4.

4.2.1. Hydroxy-(5-oxo-cyclopent-1-enyl)-phenyl-acetic
acid methyl ester (3a). A white solid: 50 mg, 68% yield.
Mp: 86–87 8C; IR (CH2Cl2): n 2926, 1736, 1703 cmK1; 1H
NMR (CDCl3, 300 MHz, TMS): d 2.50–2.65 (m, 4H, CH2),
3.81 (s, 3H, CH3), 4.53 (s, 1H, OH), 7.22 (t, 1H, JZ2.7 Hz,
CH), 7.34–7.42 (m, 3H, Ar), 7.58–7.61 (m, 2H, Ar); 13C
NMR (CDCl3, 75 MHz, TMS): d 26.4, 34.9, 53.3, 75.2,
125.9, 128.1, 138.4, 147.1, 161.9, 173.1, 208.0; MS (EI) m/z
247 (MCC1, 2.08), 187 (97.90), 109 (100), 77 (27.96).
Anal. Calcd for C14H14O4: C, 68.28%; H, 5.73%. Found; C,
68.26%; H, 5.82%.

4.2.2. Hydroxy-[4-(hydroxy-methoxycarbonyl-phenyl-
methyl)-5-oxo-cyclopent-1-enyl]-phenyl-acetic acid
methyl ester (4). A white solid: 16 mg, 13% yield. Mp:
117–118 8C; IR (CH2Cl2): n 2955, 1737, 1705, 1172,
1132 cmK1; 1H NMR (CDCl3, 300 MHz, TMS): d 2.39–
2.50 (m, 2H, CH2), 3.71 (dd, 1H, JZ3.0, 6.9 Hz, CH), 3.81
(s, 3H, CH3), 3.90 (s, 3H, CH3), 3.96 (s, 1H, OH), 4.42 (s,
1H, OH), 7.18 (t, 1H, JZ2.4 Hz, CH), 7.31–7.39 (m, 6H,
Ar), 7.55–7.62 (m, 4H, Ar); 13C NMR (CDCl3, 75 MHz,
TMS): d 22.6, 31.5, 53.4, 53.7, 75.9, 77.5, 125.7, 126.0,
128.1, 128.2, 128.4, 138.3, 139.8, 146.7, 161.7, 172.9,
174.4, 206.4; MS (EI) m/z 411 (MCC1, 5.53), 187 (85.74),
105 (100), 77 (30.90); HRMS (MALDI) for C23H22O7Na
(MCNa)C: 433.1263. Found; 433.1258.

4.2.3. Hydroxy-(5-oxo-cyclopent-1-enyl)-p-tolyl-acetic
acid methyl ester (3b). A white solid: 56 mg, 72% yield.
Mp: 90–91 8C; IR (CH2Cl2): n 2954, 2925, 1739, 1705 cmK1;
1H NMR (CDCl3, 300 MHz, TMS): d 2.36 (s, 3H, CH3),
2.49–2.64 (m, 4H, CH2), 3.80 (s, 3H, CH3), 4.50 (s, 1H,
OH), 7.19 (d, 2H, JZ8.1 Hz, Ar), 7.24–7.27 (m, 1H, CH),
7.47 (d, 2H, JZ8.4 Hz, Ar); 13C NMR (CDCl3, 75 MHz,
TMS): d 21.0, 26.5, 35.0, 53.4, 75.3, 125.9, 128.9, 135.6,
138.0, 147.3, 161.9, 173.3, 208.1; MS (EI) m/z 260 (MC,
0.18), 243 (24.60), 201 (47.58), 109 (100). Anal. Calcd for
C15H16O4: C, 69.22%; H, 6.20%. Found; C, 68.97%; H,
6.22%.

4.2.4. Hydroxy-(5-oxo-cyclopent-1-enyl)-phenyl-acetic
acid ethyl ester (3c). A white solid: 47 mg, 60% yield.
Mp: 82–83 8C; IR (CH2Cl2): n 2981, 2927, 1736, 1706 cmK1;
1H NMR (CDCl3, 300 MHz, TMS): d 1.27 (t, 3H, JZ
6.9 Hz, CH3), 2.50–2.65 (m, 4H, CH2), 4.28 (q, 2H, JZ
7.5 Hz, CH2), 4.49 (s, 1H, OH), 7.20 (t, 1H, JZ2.4 Hz, CH),
7.34–7.41 (m, 3H, Ar), 7.60–7.63 (m, 2H, Ar); 13C NMR
(CDCl3, 75 MHz, TMS): d 13.9, 26.5, 35.0, 62.7, 75.2,
126.0, 128.1, 138.6, 147.4, 161.9, 172.7, 207.8; MS (EI) m/z
261 (MCC1, 12.12), 187 (57.17), 109 (100), 53 (26.64);
HRMS (MALDI) for C15H16O4Na (MCNa)C: 283.0946.
Found; 283.0941.

4.2.5. Hydroxy-(5-oxo-cyclopent-1-enyl)-p-tolyl-acetic
acid ethyl ester (3d). A white solid: 58 mg, 71% yield.
Mp: 111–112 8C; IR (CH2Cl2): n 2980, 2925, 1735, 1707,
1095 cmK1; 1H NMR (CDCl3, 300 MHz, TMS): d 1.26 (t,
3H, JZ6.9 Hz, CH3), 2.36 (s, 3H, CH3), 2.49–2.65 (m, 4H,
CH2), 4.26 (q, 2H, JZ7.5 Hz, CH2), 4.45 (s, 1H, OH), 7.17–
7.27 (m, 3H, Ar and CH), 7.48 (d, 2H, JZ8.1 Hz, Ar); 13C
NMR (CDCl3, 75 MHz, TMS): d 13.9, 21.0, 26.4, 35.0,
62.5, 75.0, 125.9, 128.8, 135.7, 137.8, 147.5, 161.8, 172.8,
207.8; MS (EI) m/z 274 (MC, 0.20), 201 (36.42), 109 (100).
Anal. Calcd for C16H18O4: C, 70.06%; H, 6.61%. Found; C,
70.04%; H, 6.68%.

4.2.6. (4-Chlorophenyl)-hydroxy-(5-oxo-cyclopent-1-
enyl)-acetic acid ethyl ester (3e). A white solid: 55 mg,
63% yield. Mp: 92–94 8C; IR (CH2Cl2): n 3432, 1744, 1697,
1489, 1129, 1095 cmK1; 1H NMR (CDCl3, 300 MHz,
TMS): d 1.27 (t, 3H, JZ7.2 Hz, CH3), 2.50–2.73 (m, 4H,
CH2), 4.28 (q, 2H, JZ7.2 Hz, CH2), 4.49 (s, 1H, OH), 7.20
(t, 1H, JZ2.7 Hz, CH), 7.37 (d, 2H, JZ9.0 Hz, Ar), 7.57 (d,
2H, JZ9.0 Hz, Ar); 13C NMR (CDCl3, 75 MHz, TMS): d
13.9, 26.5, 34.9, 62.8, 74.8, 127.6, 128.3, 134.1, 137.2,
147.1, 161.7, 172.3, 207.6; MS (EI) m/z 294 (MC, 0.42),
221 (48.49), 109 (100), 53 (21.26). Anal. Calcd for
C15H15ClO4: C, 61.13%; H, 5.13%. Found; C, 60.84% H,
5.16%.

4.2.7. Hydroxy-(5-oxo-cyclopent-1-enyl)-pyridin-3-yl-
acetic acid ethyl ester (3f). A yellow oil: 49 mg, 63%
yield; IR (CH2Cl2): n 2985, 1741, 1705, 1436 cmK1; 1H
NMR (CDCl3, 300 MHz, TMS): d 1.25 (t, 3H, JZ7.2 Hz,
CH3), 2.49–2.52 (m, 2H, CH2), 2.63–2.66 (m, 2H, CH2),
4.27 (q, 2H, JZ6.9 Hz, CH2), 5.90 (s, 1H, OH), 7.27–7.32
(m, 1H, Ar), 7.47 (t, 1H, JZ2.7 Hz, CH), 7.75–7.77 (m, 2H,
Ar), 8.57 (d, 2H, JZ4.8 Hz, Ar); 13C NMR (CDCl3,
75 MHz, TMS): d 13.9, 26.6, 35.0, 62.4, 76.2, 121.7, 123.3,
137.1, 146.3, 147.6, 157.0, 161.6, 171.3, 207.6; MS (EI) m/z
261 (MC, 0.35), 188 (100), 106 (37.50), 78 (70.79); HRMS
(MALDI) for C14H16NO4

C: 262.1079. Found; 262.1074.

4.2.8. Hydroxy-(4-methoxyphenyl)-(5-oxo-cyclopent-1-
enyl)-acetic acid methyl ester (3g). A white solid:
31 mg, 37% yield. Mp: 108–109 8C; IR (CH2Cl2): n 2953,
1743, 1704, 1511, 1181 cmK1; 1H NMR (CDCl3, 300 MHz,
TMS): d 2.50–2.65 (m, 4H, CH2), 3.80 (s, 3H, CH3), 3.82 (s,
3H, CH3), 4.48 (s, 1H, OH), 6.91 (d, 2H, JZ9.0 Hz, Ar),
7.26 (t, 1H, JZ2.7 Hz, CH), 7.50 (d, 2H, JZ8.7 Hz, Ar);
13C NMR (CDCl3, 75 MHz, TMS): d 26.5, 35.1, 53.4, 55.3,
75.1, 113.6, 127.3, 130.5, 147.5, 159.5, 162.0, 172.4, 208.2;
MS (EI) m/z 276 (MC, 0.15), 217 (38.84), 109 (100), 53
(15.75); HRMS (MALDI) for C15H16O5Na (MCNa)C:
299.0895. Found; 299.0890.

4.2.9. Hydroxy-(4-methoxyphenyl)-(5-oxo-cyclopent-1-
enyl)-acetic acid ethyl ester (3h). A white solid: 40 mg,
46% yield. Mp: 112–113 8C; IR (CH2Cl2): n 2930, 1736,
1706, 1510, 1176 cmK1; 1H NMR (CDCl3, 300 MHz,
TMS): d 1.27 (t, 3H, JZ7.2 Hz, CH3), 2.49–2.64 (m, 4H,
CH2), 3.82 (s, 3H, CH3), 4.27 (q, 2H, JZ6.6 Hz, CH2), 4.45
(s, 1H, OH), 6.90 (d, 2H, JZ8.7 Hz, Ar), 7.22–7.27 (m, 1H,
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CH), 7.52 (d, 2H, JZ8.7 Hz, Ar); 13C NMR (CDCl3,
75 MHz, TMS): d 14.0, 26.5, 35.1, 55.2, 62.6, 74.9, 113.5,
127.3, 130.7, 147.7, 159.4, 161.9, 172.9, 208.0; MS (EI) m/z
290 (MC, 0.29), 217 (56.32), 109 (100), 53 (22.32); HRMS
(MALDI) for C16H18O5Na (MCNa)C: 313.1052. Found;
313.1047.

4.2.10. 2-Hydroxy-2-(5-oxo-cyclopent-1-enyl)-5-phenyl-
pentanoic acid ethyl ester (3i). A yellow oil: 66 mg, 73%
yield; IR (CH2Cl2): n 2926, 1739, 1703, 1174, 1101 cmK1;
1H NMR (CDCl3, 300 MHz, TMS): d 1.24 (t, 3H, JZ
7.5 Hz, CH3), 1.50–1.55 (m, 1H, CH2), 1.80–1.90 (m, 1H,
CH2), 2.00–2.06 (m, 2H, CH2), 2.43–2.45 (m, 2H, CH2),
2.61–2.67 (m, 4H, CH2), 4.20 (q, 2H, JZ5.4 Hz, CH2), 4.31
(s, 1H, OH), 7.15–7.20 (m, 3H, Ar), 7.25–7.30 (m, 2H, Ar),
7.57 (t, 1H, JZ2.7 Hz, CH); 13C NMR (CDCl3, 75 MHz,
TMS): d 14.0, 24.7, 26.3, 35.0, 35.5, 36.1, 62.0, 74.5, 125.7,
128.2, 128.3, 141.7, 145.6, 159.9, 173.5, 208.3; MS (EI) m/z
303 (MCC1, 21.77), 229 (100), 211 (74.46), 91 (65.86);
HRMS (MALDI) for C18H22O4Na (MCNa)C: 325.1416.
Found; 325.1410.

4.2.11. Cyclohexyl-hydroxy-(5-oxo-cyclopent-1-enyl)-
acetic acid ethyl ester (3j). A yellow oil: 69 mg, 86%
yield; IR (CH2Cl2): n 2927, 2854, 1707, 1152, 1121 cmK1;
1H NMR (CDCl3, 300 MHz, TMS): d 1.18–1.35 (m, 6H,
CH2), 1.27 (t, 3H, JZ7.2 Hz, CH3), 1.52–1.78 (m, 4H,
CH2), 2.27–2.32 (m, 1H, CH), 2.47–2.50 (m, 2H, CH2),
2.61–2.64 (m, 2H, CH2), 4.22 (q, 2H, JZ6.9 Hz, CH2), 4.66
(s, 1H, OH), 7.45 (t, 1H, JZ2.7 Hz, CH); 13C NMR (CDCl3,
75 MHz, TMS): d 14.0, 26.0, 26.1, 26.1, 26.1, 35.5, 43.2,
61.9, 79.0, 143.9, 161.7, 173.8, 208.4; MS (EI) m/z 267
(MCC1, 21.31), 193 (100), 175 (81.58), 109 (76.74), 84
(85.99), 55 (79.74); HRMS (EI) for C15H22O4: 266.1518.
Found; 266.1536.

4.3. Typical procedure for the preparation of 5

To a mixture of a-keto ester compound (0.3 mmol) and
cyclopent-2-enone (51 mL, 0.6 mmol) in the appropriate
solvent (0.3 mL), was added dropwise DBU at room
temperature. After stirring at room temperature under the
conditions indicated in the Tables, the reaction mixtures
were washed with water (5 mL) and extracted with
dichloromethane (3!5 mL). The combined organic layers
were dried over anhydrous sodium sulfate. Solvent was
evaporated under reduced pressure and the residue was
purified by flash chromatography on silica gel (Eluent:
EtOAc/petroleum etherZ1:10) to afford pure product 5.

4.3.1. Hydroxy-(2-oxo-cyclopent-3-enyl)-phenyl-acetic
acid methyl ester (5a). A white solid: 47 mg, 64% yield.
Mp: 102–103 8C; IR (CH2Cl2): n 3497, 3058, 2954, 1732,
1701, 1170, 1129 cmK1; 1H NMR (CDCl3, 300 MHz,
TMS): d 2.42–2.63 (m, 2H, CH2), 3.55 (dd, 1H, JZ3.3,
6.6 Hz, CH), 3.88 (s, 3H, CH3), 3.98 (s, 1H, OH), 6.21 (dt,
1H, JZ2.1, 5.7 Hz, CH), 7.31–7.41 (m, 3H, Ar), 7.61–7.64
(m, 2H, Ar), 7.69 (dt, 1H, JZ2.7, 5.7 Hz, CH); 13C NMR
(CDCl3, 75 MHz, TMS): d 31.6, 51.9, 53.2, 77.1, 125.6,
127.7, 128.1, 133.7, 140.0, 164.5, 174.5, 207.8; MS (EI) m/z
246 (MC, 0.30), 187 (27.69), 105 (100), 77 (26.49). Anal.
Calcd for C14H14O4: C, 68.28%; H, 5.73%. Found; C,
68.47%; H, 5.75%.
4.3.2. Hydroxy-(2-oxo-cyclopent-3-enyl)-p-tolyl-acetic
acid methyl ester (5b). A white solid: 51 mg, 65% yield.
Mp: 96–98 8C; IR (CH2Cl2): n 3506, 2955, 2925, 1735,
1704, 1170, 1132 cmK1; 1H NMR (CDCl3, 300 MHz,
TMS): d 2.35 (s, 3H, CH3), 2.48–2.57 (m, 2H, CH2), 3.53
(dd, 1H, JZ3.3, 6.6 Hz, CH), 3.87 (s, 3H, CH3), 3.95 (s, 1H,
OH), 6.19 (dt, 1H, JZ1.8, 6.0 Hz, CH), 7.17 (d, 2H, JZ
8.1 Hz, Ar), 7.49 (d, 2H, JZ8.1 Hz, Ar), 7.68 (dt, 1H, JZ
2.4, 6.0 Hz, CH); 13C NMR (CDCl3, 75 MHz, TMS): d 20.9,
31.8, 52.1, 53.5, 77.2, 125.7, 129.0, 134.0, 137.1, 137.7,
164.6, 174.9, 208.1; MS (EI) m/z 260 (MC, 0.15), 201
(28.63), 119 (100), 91 (23.81). Anal. Calcd for C15H16O4: C,
69.22%; H, 6.20%. Found; C, 69.30%; H, 6.21%.
4.3.3. Hydroxy-(2-oxo-cyclopent-3-enyl)-phenyl-acetic
acid ethyl ester (5c). This is a known compound.5f A
white solid: 48 mg, 62% yield. 1H NMR (CDCl3, 300 MHz,
TMS): d 1.32 (t, 3H, JZ7.2 Hz, CH3), 2.34–2.72 (m, 2H,
CH2), 3.55 (dd, 1H, JZ3.6, 6.9 Hz, CH), 4.01 (s, 1H, OH),
4.28–4.43 (m, 2H, CH2), 6.19 (dt, 1H, JZ2.4, 5.7 Hz, CH),
7.30–7.39 (m, 3H), 7.62–7.68 (m, 2H).
4.3.4. Hydroxy-(2-oxo-cyclopent-3-enyl)-p-tolyl-acetic
acid ethyl ester (5d). A white solid: 50 mg, 60% yield.
Mp: 86–87 8C; IR (CH2Cl2): n 3436, 2988, 2926, 1741,
1691, 1165 cmK1; 1H NMR (CDCl3, 300 MHz, TMS): d
1.32 (t, 3H, JZ7.2 Hz, CH3), 2.35 (s, 3H, CH3), 2.47–2.55
(m, 2H, CH2), 3.54 (dd, 1H, JZ3.3, 6.9 Hz, CH), 3.97 (s,
1H, OH), 4.24–4.43 (m, 2H, CH2), 6.19 (dt, 1H, JZ2.1,
5.7 Hz, CH), 7.17 (d, 2H, JZ8.4 Hz, Ar), 7.51 (d, 2H, JZ
8.4 Hz, Ar), 7.67 (dt, 1H, JZ2.4, 6.0 Hz, CH); 13C NMR
(CDCl3, 75 MHz, TMS): d 13.9, 21.0, 31.9, 52.2, 62.8, 77.2,
125.7, 129.0, 134.1, 137.4, 137.6, 164.5, 174.4, 208.1; MS
(EI) m/z 274 (MC, 0.54), 201 (30.97), 119 (100), 91 (23.96).
Anal. Calcd for C16H18O4: C, 70.06%; H, 6.61%. Found; C,
70.00%; H, 6.64%.
4.3.5. (4-Chlorophenyl)-hydroxy-(2-oxo-cyclopent-3-
enyl)-acetic acid ethyl ester (5e). A white solid: 46 mg,
55% yield. Mp: 134–135 8C; IR (CH2Cl2): n 3436, 2986,
2928, 1743, 1695, 1165 cmK1; 1H NMR (CDCl3, 300 MHz,
TMS): d 1.32 (t, 3H, JZ6.9 Hz, CH3), 2.47–2.56 (m, 2H,
CH2), 3.54 (dd, 1H, JZ3.6, 6.9 Hz, CH), 3.98 (s, 1H, OH),
4.24–4.43 (m, 2H, CH2), 6.19 (dt, 1H, JZ2.1, 5.7 Hz, CH),
7.17 (d, 2H, JZ7.8 Hz, Ar), 7.51 (d, 2H, JZ8.4 Hz, Ar),
7.67 (dt, 1H, JZ2.7, 5.7 Hz, CH); 13C NMR (CDCl3,
75 MHz, TMS): d 14.0, 31.7, 52.2, 63.1, 77.0, 127.3, 128.5,
134.1, 138.9, 142.3, 164.4, 173.9, 207.6; MS (EI) m/z 294
(MC, 0.56), 221 (39.35), 139 (100), 111 (18.52). Anal.
Calcd for C15H15ClO4: C, 61.13%; H, 5.13%. Found; C,
60.95%; H, 5.06%.
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Abstract—Mono- and dinuclear isoquinolino[4,5-bc]acridine derivatives were designed and facilely synthesized, their DNA-binding
affinities and cytotoxic activities were evaluated. A4 induced unwinding of supercoiled plasmid pBR 322 DNA by (36G2)8 while A6
induced that by (41G1)8, both of which were higher than the mono-analogue A1 ((19G2)8). A6 exhibited the highest in vitro antitumor
activity against human lung cancer cell (A549) and A4 was the most active one against murine leukemia cell (P388). DNA binding constant
and molecular model indicated that both the length of linker chain and the distance of interchromophore were key impact factors for DNA
binding affinity and biological activity.
q 2005 Elsevier Ltd. All rights reserved.
1. Introduction

DNA intercalators have received much attention due to their
therapeutic potential in anticancer treatment.1 The recent
molecular design of novel antitumor agents is focused on
bisintercalating compounds, which present higher DNA
binding affinities and slower dissociation rates than the
corresponding monomers.2 Over the past two decades, a
great number of dimeric forms of DNA intercalators, such
as bis-acridinecarboxamides, bis-naphthalimides, and bis-
imidazoacridones (see Fig. 1), have been developed as
potential anticancer drugs.3

DNA intercalators usually exhibit a planar structure with at
least two annelated aromatic rings, also termed as
chromophores, and have one or two flexible basic side
chains such as polyamides. Many of these compounds were
reported to function as DNA-targeted topoisomerase I
and/or II inhibitors.4 Both naphthalimide and acridine
derivatives have proved valuable chromophores in anti-
tumor activity and various modifications have been
attempted to promote their bioactivities.4

The heterocyclic-fused larger ring system, in particular in
dimeric forms, was found to account for the high DNA
affinity and antitumor activity. As we know well, bis-
0040–4020/$ - see front matter q 2005 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2005.09.065
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heterocycle modified bis-naphthalimide and bis-acridine
derivatives have been extensively studied for their
cytotoxicity, antitumor, and antiparasitic activities.5,6

However, the reports that could take full advantage of the
structural characteristics of both naphthalimide and acridine
chromophores seldom appeared. In our continuous attempt7

to develop high DNA binding affinity and highly active
antitumor agents, we designed and synthesized novel mono-
and bis-isoquinolino[4,5-bc]acridine derivatives A1–A6
(Figure 2). In this study, naphathalimide active group was
Tetrahedron 61 (2005) 11895–11901
Figure 1. Structure of bis-naphthalimides (a), bis-acridinecarboxamides
(b), and bis-imidazoacridones (c).



Figure 2. The structures of mono- and dinuclear isoquinolino[4,5-
bc]acridine derivatives A1–A6.
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remained and the acridine unit was effectively fused with
electron-deficiency group. Also, several polyamine chains
ranging from 7.3–12.3 Å were used as linkers to bridge two
heterocyclic-fused acridine chromophores at the 8-site of
these compounds.8 This resulted structure therefore
distinguished our work from the common bisintercalating
mode of naphthalimide derivatives and was expected to
show higher DNA intercalative property and better
antitumor activity due to the presence of two intercalator
groups, naphthalimide and acridine.
2. Results and discussion

2.1. Synthesis and spectra

The facile syntheses of these compounds were outlined in
Scheme 1. To avoid the imidation of naphthalic anhydride
by 2-aminobenzoic acid, 4-bromo-1, 8-naphthalic anhy-
dride, the starting material, was reacted with N,N-
dimethylethylenediamine in ethanol for 2 h as the initial
reaction step. Then, the naphthalimide derivative 1 was
coupled with 2-aminobenzoic acid in DMF, catalyzed by
CuI and Cu.9 The obtained intermediate 2 was not purified
Scheme 1. Synthesis of mono- and bis-isoquinolino[4,5-bc]acridines derivatives
aminobenzoic acid, Cu/CuI, DMF, 100 8C, 24 h, 86% yield; (c) phosphorus oxyc
reflux, 10 h, 90–33% yield.
and directly carried out the ring closure reaction in
phosphorus oxychloride.10 The ring closure was proceeded
through the formation of a mixed anhydride followed by
intramolecular acylation and elimination of hydrochloric
acid.10 And then, it was poured into the ice-cold aqueous
solution of NH4OH, filtered, dried, and separated on silica
gel chromatography (CHCl3/MeOHZ9:1, v/v), to give
yellow product 3. Mention should be made here that this
ring closure reaction could reach satisfactory yields (88%)
of the desired product. Since the compound 3 was of the
characteristics of the strong electron-deficiency, the sub-
stituent chloride would be a good leaving group, which
made the compounds A2–A6 easily obtained by the reaction
with different polyamines and the yields were acceptable
(from 90 to 33%). However, polyamines were highly
hygroscopic and could adopt a different salt, which made
elementary analysis an inadequate method of measuring
the purity of these compounds.11 Thus, structures of the
obtained novel mono- and bisintercalators were confirmed
by IR, 1H NMR and H RMS after purification by silica gel
chromatography (CHCl3, MeOH, and NH4OH). And the
UV–vis and fluorescent spectra for these compounds were
measured and the data were shown in Table 1.

The linkers of A2–A6 were designed to enable the bis-
acridine chromophores to extend over a distance of 7.3–
12.3 Å and thus could form the bisintercalated DNA
complex.8

2.2. DNA unwinding property

To illustrate the intercalating mode by the bis-acridine
derivatives, we investigated their unwinding ability of
supercoiled closed circular DNA pBR322 by electrophor-
etic mobility measurements on 2% agarose gels. Figure 3
showed the difference of electrophoretic mobility between
the intact supercoiling pBR322 and the treated pBR322
DNA by A1, A4, and A6 in the range of 0.005–0.090 molar
ratios of intercalator per nucleotide (r). The DNA
unwinding angle was calculated from the Eq. (1):12

f Z 18 s=rðcÞ (1)

where s is the superhelical density, r(c) is the molar ratio of
intercalator per nucleotide at the coalescence point.

In Figure 3, the DNA unwinding angles for compounds A1,
A4, and A6 were (19G2)8, (36G2)8, (41G1)8, respectively.
(a) N,N-dimethylethylenediamine, ethanol, reflux, 2 h, 85% yield; (b) 2-
hloride, 110 8C,12 h, 88% yield; (d) corresponding polyamine, acetonitrile,



Table 1. Spectra dataa,b, properties of the linkers and cytotoxicity (A-549,c P388d) of compounds

Compounds UV lmax (nm)
(log 3)

FL lmax (nm) (F) Interchromophore Cytotoxicity [IC50 (mM)]

Linker Distance (Å) A549 P388

A1 462(4.04) 544(0.056) NAe NA 3.71 0.275
A2 472(3.94) 558(0.024) (CH2)2NH(CH2)2 7.3 56.2 122
A3 473(4.19) 550(0.015) (CH2)3NH(CH2)3 9.8 0.150 0.472
A4 473(4.20) 567(0.010) (CH2)3NCH3(CH2)3 9.8 0.333 0.246
A5 474(4.27) 557(0.024) (CH2)2NH(CH2)2NH(CH2)2 11.0 0.547 1.03
A6 470(3.88) 562(0.012) (CH2)2NH(CH2)3NH(CH2)2 12.3 0.025 0.281

a In absolute ethanol.
b With rhodamine B in ethanol as quantum yield standard (fZ0.97).
c Cytotoxicity (CTX) against human lung cancer cell (A549) was measured by sulforhodamine B dye-staining method.
d CTX against murine leukemia cells (P388) was measured by microculture tetrazolium–formazan method.
e NA, not applicable.

Figure 3. Effects of A1, A4, and A6 on the supercoiled pBR 322 DNA.
Panel (a) Drug to DNA ratios (r) in lanes 1–12 for A1 are 0.090, 0.085,
0.079, 0.075, 0.072, 0.065, 0.055, 0.04, 0.025, 0.01, 0.005, 0; Panel
(b) Drug to DNA ratios (r) in lanes 1–9 for A4; 0.060, 0.050, 0.043, 0.040,
0.037, 003, 0.02, 0.01, 0; Panel (c) Drug to DNA ratios (r) in lanes 1–9 for
A6: 0.050, 0.045, 0.039, 0.035, 0.033, 0.025, 0.02, 0.01, 0.

Figure 4. The dose–response curve of the compound A6 for both A549 and
P388.
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For A4 and A6, the unwinding angles were 1.9–2.2-fold
greater than that of the monomer, 8-(dimethylamino)ethyl-
amino-5-(2-(dimethylamino)ethyl)-5H-isoquinolino[4,5-
bc]acridine-4,6-dione, indicating that A4 and A6 may have
bis-intercalated with pBR 322 DNA. In addition, the
calculated helix-unwinding angles also revealed that linkers
played a key role on unwinding supercoiling of DNA.

2.3. Structure–activity relationships for cellular growth
inhibition

SRB (Sulforhodamine B) assay against A549 (human lung
cancer cell) and MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide) assay against P388 (murine
leukemia cell) were used to evaluate the antitumor activities
of these compounds. IC50 represents the drug concentration
Table 2. Cytotoxic activities of A1–A6 against A549 and P388 at different conce

Compounds (M) Inhibition of tumor growth (%)
A549

10K4 10K5 10K6 10K7 10K8

A1 98.4 97.2 38.4 0 0
A2 50.7 13.8 4.2 3.4 0
A3 84.3 97.8 80.2 39.9 13.8
A4 99.6 99.0 43.9 11.2 8.5
A5 94.3 82.2 73.8 15.2 12.2
A6 89.5 98.9 82.7 59.2 33.0
(micromolar) required to inhibit cell growth by 50%. The
IC50 values were calculated based on the parameters in
Table 2. Figure 4 presented the dose–response curve of the
representative compound A6 for both A549 and P388. The
structure parameters of these compounds and their
cytotoxicities (as IC50 values) were listed in Table 1. It
was showed that these polyamine systems except A2 were
active in the described panels, although their activities were
in every case different. The dinuclear NH substituted
compound A6 was found to be the most effective antitumor
agent against A549 (IC50, 0.025 mM) and A4 was more
cytotoxic against P388 (IC50, 0.246 mM). However, A1, the
mononuclear analogue exhibited higher activity towards
P388 (IC50, 0.275 mM) than against A549 (IC50, 3.71 mM).

For A549, the dimeric forms of isoquinolino[4,5-bc]acri-
dine exhibited 10–20 fold more active cytotoxicity than its
ntrations (mol/L)

Inhibition of tumor growth (%)
P388

10K4 10K5 10K6 10K7 10K8

100.0 100.0 39.7 10.7 4.2
30.8 8.9 5.1 2.1 0

100.0 100.0 39.5 9.0 0.4
100.0 100.0 91.6 10.5 1.2
100.0 80.9 6.1 5.4 5.2
100.0 100.0 70.4 10.3 1.8



Figure 6. Images of A5 and A6 intercalated into d (CGCGC). Carbon atoms
are colored in green, nitrogens in blue, oxygens in red and hydrogens in
white, phosphorus in yellow and sodium counterions is in pink. All the
atoms of A5 and A6 are colored in green.
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mono-derivative. Compound A4, the N-methylation of the
potent cytotoxic agent A3, resulted in approximately a
2-fold less activity. A5, with shorter CH2 spacer between
two N atoms, led to nearly 22-fold loss of cytotoxic potency
than that of A6. Evaluation of the polyamine bridge
indicated that A2–A5 did not exhibit good cytotoxic activity
as A6 (12.3 Å) did, which may be caused by their relatively
shorter linker (from 7.3 to 11.0 Å) not allowing both inter-
calator moieties intercalating DNA at the same time. The
aminoalkyl linker chain [(CH2)2–NH–(CH2)3–NH–(CH2)2]
of A6, exhibited decent antitumor activity against both
A549 and P388.

There was one interesting trend listed in Table 1 that
deserved further discussion. We could see that for both
A549 and P388, the alkyl chain between the aminicimidic
nitrogens was propylene (A6) rather than ethylene (A5)
exerted greater activity (22-fold and 5-fold, respectively). In
order to analyze the difference between A5 and A6, their
Scatchard binding constants to calf thymus DNA (in 20 mM
Tris–HCl buffer, pH 7.0) were determined based on the
method of fluorescence quenching technique.13 Figure 5
presented the Scatchard plots of spectrophotometric
titrations of CT-DNA to the representative compound A6.
The calculated Scatchard binding constants for A5 and A6
were 3.56!104 MK1 and 2.37!105 MK1, respectively,
indicating that A6 could form a more stable DNA complex.
The order of Scatchard constants and the binding site size
were similar to those in the reference.14a–c
Figure 5. Scatchard plots of spectrophotometric titration of CT-DNA to A6
in Tris–HCl buffer. A plot of rb/c versus rb gives the association constant
(slope, 2.37!105 MK1) and the apparent number of binding sites per
nucleotide (x-intercept, 0.04) for the agent.
To further illustrate the difference between A5 and A6 DNA
complexes, hyperchem 7.0 package was used to build a
simple molecular model. The properly modified AMBER
method was selected in this study. The intercalation
energies (DE) were calculated using DEZEcomplexK
[EcompdCEDNA], where Ecomplex, Ecompd, and EDNA were
the computed potential energies for the minimized average
A5/A6-DNA complex, free A5/A6 and free DNA.15

The images of A5 and A6 DNA complexes obtained by
molecular modeling were presented in Figure 6. The
calculated intercalation energies (DE) for A5 and A6 were
K2.91 and K23.78 kcal/mol, respectively. According to
the stable geometries of the bisintercalation complexes and
the calculated intercalation energies (DE), we concluded
that A6 could exhibit higher DNA affinity than A5, which
could be caused by the sufficient long interchromophore
distance (12.3 Å).16
3. Conclusion

The design, facile synthesis, DNA-binding affinity and the
cytotoxic activity of novel mono- and dinuclear isoquino-
lino[4,5-bc]acridine derivatives A1–A6 were demonstrated.
A6 exhibited the highest in vitro antitumoral activity against
human lung cancer cell (A549) and A4 was the most active
against murine leukemia cell (P388). DNA binding study
and molecular modeling of the A5/A6 DNA complexes
indicated that A6 with the long enough linker could exhibit
the higher DNA affinity than A5, which contributed to its
higher antitumor activity.
4. Experimental

4.1. Materials

All the solvents were of analytic grade. 1H NMR was
measured on a Bruker AV-400 spectrometer with chemical
shifts reported as parts per million (in DMSO-d6/CDCl3,
TMS as an internal standard). Mass spectra were measured
on a HP 1100 LC-MS spectrometer. Melting points were
determined by an X-6 micro-melting point apparatus and
uncorrected. Absorption spectra were determined on
PGENERAL TU-1901 UV–vis spectrophotometer.

4.2. Synthesis

4.2.1. 8-(Dimethylamino)ethylamino-5-(2-(dimethyl-
amino)ethyl)-5H-isoquinolino[4,5-bc]acridine-4,6-dione
(A1):. 4-Bromo-1, 8-naphthalic anhydride (2.77 g, 10 mmol)
and N,N-dimethylethylenediamine (1.0 g, 11.4 mmol) were
added to 10 mL ethanol, the reaction mixture was stirred at
reflux temperature for 2 h, then cooled, filtered, and dried,
the crude product was obtained as yellow solid 1 (2.95 g,
8.5 mmol). APCI-MS (positive) m/z: 348.2 ([MCH]C).
(b) The obtained 4-bromo-1,8-naphthalimide derivative
(2 g, 5.76 mmol) and 2-aminobenzoic acid (0.8 g, 6 mmol),
copper bronze (0.038 g, 0.6 mmol), CuI (0.101 g, 0.53 mmol),
were added to 10 mL DMF. The reaction mixture was
stirred at 100 8C for 24 h, filtered while it was hot, and the
filtrate was cooled and poured into the ice water, filtered,
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and dried to get the red product 2. (2.0 g, 4.95 mmol, 86%
yield) APCI-MS (positive) m/z: 404.3 ([MCH]C). This
product was not purified and used directly in the next step.
(c) 1 g of 2 was stirred in phosphorus oxychloride at 110 8C
for 12 h, then cooled and poured into the ice water, N(Et)3

was added when stirred vigorously, filtered, and dried to
give yellow solid 3 (0.88 g, 88% yield).

Purified by silica gel chromatography (CHCl3/MeOHZ9:1,
v/v) to get pure product 3, Mp: 204.8–205.2 8C. 1H NMR
(CDCl3) d (ppm): 2.99 (s, 6H, NCH3), 3.51 (s, 2H, NCH2),
4.69–4.72 (t, J1Z6.0 Hz, J2Z6.0 Hz, 2H, CONCH2), 7.77–
7.81 (t, J1Z7.6 Hz, J2Z7.6 Hz, 1H), 7.97–8.04 (m, 2H),
8.39–8.42 (d, J1Z8.8 Hz, 1H), 8.52–8.54 (d, JZ8.4 Hz,
1H), 8.72–8.74 (d, JZ7.6 Hz, 1H), 9.52 (s, 1H), 9.77–9.79
(d, JZ8.0 Hz, 1H), ESI-HRMS: calcd for C23H19ClN3O2

(MCHC): 404.1166, Found: 404.1166, Found: 404.1158.
IR (KBr): 2923, 2853, 1702, 1660, 1347 cmK1.

The above obtained compound (1 g, 2.48 mmol) and N,N-
dimethylethylenediamine (0.26 g, 2.97 mmol) were added
to 10 mL acetonitrile. The solution was refluxed for 5 h,
cooled and filtered. Separated by silica gel chromatography
(CHCl3/MeOHZ5:1, v/v) to get pure A1 (1.01 g, 90%
yield), Mp: 148.9–150.4 8C. 1H NMR (CDCl3) d (ppm):
2.47 (s, 6H, N(CH3)2), 2.52 (s, 6H, N(CH3)2), 2.75–2.78
(t, J1Z6.0 Hz, J2Z5.2 Hz, 2H, CH2), 2.87 (s, 2H, CH2),
4.06–4.09 (t, J1Z5.6 Hz, J2Z6.0 Hz, 2H, CH2), 4.42–4.46
(t, J1Z6.8 Hz, J2Z7.2 Hz, 2H, CH2), 7.52–7.55 (t, J1Z
6.8 Hz, J2Z7.6 Hz, 1H), 7.79–7.88 (m, 2H), 8.13–8.15 (d,
JZ8.4 Hz, 1H), 8.20–8.22 (d, JZ8.4 Hz, 1H), 8.61–8.63
(d, JZ7.6 Hz, 1H), 9.35 (s, 1H), 9.63–9.65 (d, JZ8.8 Hz,
1H), ESI-HRMS: calcd for C13.5H15.5N2.5O (MC2HC/2):
228.6239, Found: 228.6231. IR (KBr): 3397, 2924, 2854,
1692, 1653, 1347 cmK1.

4.3. Synthesis of dinuclear isoquinolino[4,5-bc]acridine
derivatives A2–A6

The preparation and purification procedure of A2–A6 was
similar to that of A1: several polyamine chains were
selected instead of N,N-dimethylethylenediamine.

4.3.1. Compound A2. Purified by silica gel chromato-
graphy (CHCl3/MeOH/NH4OHZ1:2:0.03, v/v/v), 69%
yield, Mp: 191.3–191.5 8C. 1H NMR (d6-DMSO) d (ppm):
2.28 (s, 4H, 2CH2), 2.45 (s, 12H, 2N(CH3)2), 3.19 (s, 4H,
2CH2), 3.71 (s, 4H, 2CH2), 4.02 (s, 4H, 2CH2), 7.33 (s, 2H),
7.67–7.71 (m, 4H), 7.78–7.80 (d, JZ8.4 Hz, 2H), 8.23–8.25
(d, JZ8.0 Hz, 2H), 8.28–8.30 (d, JZ8.4 Hz, 2H), 8.96
(s, 2H), 9.08–9.10 (d, JZ8.4 Hz, 2H), ESI-HRMS: calcd for
C25H24.5N4.5O2 (MC2HC/2): 419.6954, Found: 419.6948.
IR (KBr): 3427, 2922, 2853, 1696, 1653, 1346 cmK1.

4.3.2. Compound A3. Purified by silica gel chromato-
graphy (CHCl3/MeOH/NH4OH Z1:2:0.03, v/v/v), 61%
yield, Mp: 195.9–196.1 8C. 1H NMR (CDCl3) d (ppm): 2.18
(s, 4H, 2CH2), 2.32 (s, 12H, 2N(CH3)2), 2.47 (s, 4H, 2CH2),
3.18 (s, 4H, 2CH2), 3.85 (s, 4H, 2CH2), 4.18 (s, 4H, 2CH2),
7.32–7.36 (t, J1Z7.2 Hz, J2Z8.0 Hz, 2H), 7.62–7.66 (m,
4H), 7.77–7.79 (d, JZ8.4 Hz, 2H), 8.02 (s, br, 2H), 8.32–
8.34 (d, JZ8.0 Hz, 2H), 8.86 (s, 2H), 8.97–8.99 (d, JZ
8.0 Hz, 2H), ESI-HRMS: calcd for C17.3H18N3O1.3 (MC
3HC/3): 289.4766, Found: 289.4767. IR (KBr): 3399, 2924,
2853, 1689, 1650, 1376 cmK1.

4.3.3. Compound A4. Purified by silica gel chromato-
graphy (CHCl3/MeOH/NH4OH Z1:2:0.03, v/v/v), 85%
yield, Mp: 213.6–213.8 8C. 1H NMR (d6-DMSO) d (ppm):
2.15 (s, 4H, 2CH2), 2.30 (s, 4H, 2CH2), 2.32 (s, 3H, NCH3),
2.42 (s, 12H, 2NCH3), 2.74 (s, 4H, 2CH2), 3.66 (s, 4H,
2CH2), 4.01 (s, 4H, 2CH2), 7.33–7.37 (t, J1Z7.6 Hz, J2Z
7.6 Hz, 2H), 7.33–7.37 (t, J1Z7.6 Hz, J2Z7.6 Hz, 2H),
7.56–7.69 (m, 6H), 8.12–8.14 (d, JZ7.2 Hz, 2H), 8.28–8.30
(d, JZ8.0 Hz, 2H), 8.71 (s, 2H), 8.85–8.87 (d, JZ7.2 Hz,
2H), ESI-HRMS: calcd for C17.7H18.7N3O1.3 (MC3HC/3):
294.1485, Found: 294.1483. IR (KBr): 3431, 2922, 2854,
1691, 1652, 1395 cmK1.

4.3.4. Compound A5. Purified by silica gel chromato-
graphy (CHCl3/MeOH/NH4OH Z1:2:0.06, v/v/v), 52%
yield, Mp: 159.9–160.1 8C. 1H NMR (d6-DMSO) d (ppm):
2.35–2.39 (t, J1Z6.8 Hz, J2Z6.8 Hz, 4H, 2CH2), 2.40
(s, 6H, 2NCH3), 2.97 (s, 4H, 2CH2), 3.13 (s, 4H, 2CH2),
3.79 (s, 4H, 2CH2), 3.97 (s, 4H, 2CH2), 7.33 (s, 2H), 7.57–
7.64 (m, 6H), 8.12–8.14 (d, JZ6.8 Hz, 2H), 8.29–8.31
(d, JZ8.0 Hz, 2H), 8.85 (s, 2H), 8.92–8.94 (d, JZ8.4 Hz,
2H), ESI-HRMS: calcd for C26H27N5O2 (MC2HC/2):
441.2165, Found: 441.2179. IR (KBr): 3419, 2926, 2852,
1693, 1650, 1392 cmK1.

4.3.5. Compound A6. Purified by silica gel chromato-
graphy (CHCl3/MeOH/NH4OH Z1:2:0.06, v/v/v), 33%
yield, Mp: 102.2–102.5 8C. 1H NMR (d6-DMSO) d (ppm):
2.11–2.14 (m, 2H, CH2), 2.37 (s, 4H, 2CH2), 2.54 (s, 12H,
2N(CH3)2), 2.89 (s, 4H, 2CH2), 3.03 (s, 4H, 2CH2), 3.82
(s, 4H, 2CH2), 3.90 (s, 4H, 2CH2), 7.40 (s, 2H), 7.60–7.69
(m, 6H), 8.17–8.19 (d, JZ7.6 Hz, 2H), 8.26–8.28 (d, JZ
8.0 Hz, 2H), 8.85 (s, 2H), 8.97–8.99 (d, JZ8.0 Hz, 2H),
ESI-HRMS: calcd for C26.5H28N5O2 (MC2HC/2):
448.2243, Found: 448.2260. IR (KBr): 3334, 2924, 2853,
1695, 1654, 1391 cmK1.

4.4. CT-DNA binding studies

The solution of compounds A5 and A6 in DMSO (10K3–
10K4 M) was diluted with 20 mM Tris–HCl (pH 7.0) to the
samples at the concentration of 1, 2.5, 5, 7.5, 10, 15, 20, 25 mM,
respectively. Then, it was separated to two parts: one
contained Calf-thymus DNA 30 mM, the other contained no
DNA but the same concentration of chemical as control. All
the above solutions were shaken for 3 days at 25 8C in the
dark. Fluorescence wavelength and intensity area of
samples were measured.

4.5. DNA unwinding angle measurement

Covalently closed circular plasmid DNA, pBR 322, was
purchased from TaKaRa Co., Ltd as a 0.5 mg per mL. Prior
to application to the agarose gel, pBR322 DNA aliquots
were incubated with the compounds at 37 8C in TE buffer
(Tris–HCl 10 mm, pH 7.4, EDTA 0.1 mM) for 24 h at
several molar ratios of drug to nucleotide. The density of
supercoiling was d K0.08 under our experimental
conditions.17
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The fraction of unreacted drug was separated from the
mixture by precipitation of the DNA with 2.5 V of ethanol
and 0.3 M sodium acetate, pH 4.8. Two percentage of
agarose gel electrophoresis was carried out at 25 V in
40 mM TAE buffer (40 mM tris(hydroxymethyl)amino-
methane, 30 mM glacial acetic acid, 1 mM EDTA, pH 7.5).
After electrophoresis, the gel was stained with ethidium
bromide.
4.6. Molecular modeling methods

The d (CGCGC) was selected as the intercalation site
sequence, a preferential feature for cytostatic active prin-
ciples17b,18a,b and the similar intercalative mode by A5 and
A6 was supposed. According to the parameters of refer-
ence,18c–e AMBER method was properly modified. In all
cases, xZ4r was used to simulate the solvent effects NaC

counterions were included, placed at 6 Å distance from each
phosphate–oxygen bisector.
4.7. Cytotoxic activity in vitro

The prepared compounds have been submitted to Shanghai
Institute of Materia Medica for testing their cytotoxicities
in vitro.

A549 (human lung cancer cell) and P388 (murine leukemia
cell) were seeded into 96 well cell culture plates before
experimental manipulation, and then treated with a test
compound each at different concentrations for 72 h. At the
end of treatments, A549 and P388 cell numbers were
determined by SRB and MTT assay, respectively.19,20

For the MTT assay, briefly, a 20 mL of MTT [3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide]
solution (5 mg/mL) was added directly to all the appropriate
wells. The cultures were then incubated for 4 h. Then
100 mL of ‘triplex solution’ (10% SDS/ 5% isobutanol/
12 mM HCl) was added. After the plates were incubated at
37 8C overnight, they were measured by the absorbance at
570 nm using a multiwell spectrophotometer.

For the SRB assay, in brief, the cells were fixed with 10%
trichloroacetic acid for an hour at 4 8C. After they were
extensively washed, fixed cells were stained for 30 min with
0.4% sulforhodamine B (SRB) in 1% acetic acid. Unbound
SRB was washed away with 1% acetic acid. Then, the
cultures were air-dried. Bound dye was solubilized with
10 mM Tris (pH 10.5) prior to reading plates. The OD value
was read on a plate reader at a wavelength of 515 nm. The
ratio of the OD (optical density) value of a compound-
treated culture to the OD value of a mock-treated culture,
expressed in percentage, was used to quantify the
cytotoxicity of a compound. Results were expressed as
IC50 (the drug concentration that reduces by 50% the
absorbance in treated cells with respect to untreated cells).

The cytotoxic activities of A1–A6 against the selected
tumor cell lines A549 and P388 at different concentrations
were listed in Table 2. The numbers 10K4–10K8 were the
concentrations of the test compounds while the numbers in
the matrix were the ratio of the OD of the treated sample
relative to that of the control sample. IC50 in Table 1 was
calculated based on these parameters.
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Abstract—New transient arenesulfenic acids were involved in the synthesis of enantiopure 2-arylsulfinyl-1,3-dienes, showing central or
axial chirality of the substituted arene residue, apart from the chirality related to the stereogenic sulfur atom. Some of the obtained dienes,
that is, (Sa,SS)- and (SaRS)-2-(2 0-hydroxy-1,1 0-binaphthalen-2-sulfinyl)-3-methyl-1,3-butadienes, were subjected to diastereoselective Diels–
Alder cycloadditions with N-methylmaleimide. Removal of the arylsulfoxide auxiliary, in the major adduct, was accomplished by reductive
cleavage with Raney nickel.
q 2005 Elsevier Ltd. All rights reserved.
1. Introduction

It has been widely demonstrated that chemo and regio-
selective syn-addition of a sulfenic acid to conjugated
enynes represents a convenient synthetic strategy for the
preparation of diene sulfoxides, significant partners in
Diels–Alder (DA) cycloadditions, with the sulfinyl group
acting as chiral auxiliary.1 The syn-addition is a thermal six-
electron process whose intrinsic nature does not imply any
acid or basic conditions, so ensuring formation of the
sulfoxide moiety even in the presence of pH sensitive
functional groups. Good to high yields are generally
observed. Sulfenic acids, that are generated in situ from
opportune precursors, can be obtained in enantiomerically
pure form, providing access to enantiopure sulfinyl dienes.

Camphorsulfonic and mandelic acids, readily available
members of the chiral pool, were choosen as starting
compounds in the preparation of precursors of enantiopure
sulfenic acids 1–3 for the contiguity of a hydroxy function to
the sulfur atom (Fig. 1). This contiguity guarantees an
intramolecular hydrogen bond, between the hydroxy group
Tetrahedron 61 (2005) 11902–11909
0040–4020/$ - see front matter q 2005 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2005.09.052

Figure 1. Transient enantiopure sulfenic acids.

Keywords: Arenesulfenic acids; Diastereofacial selectivity; Diels–Alder
cycloadditions; N-methylmaleimide; Sulfinyl dienes.
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Scheme 1. Reagents and conditions: (a) MenCl, K2CO3, 50 8C, 46 h;
(b) PhtNSCl, CHCl3, 0 8C, 20 min; (c) LAH, THF, rt, 1 h; (d) CH2]
CHCN, Et3N, THF, rt, 20 h; (e) m-CPBA, CH2Cl2, 0 8C, 20 min (1:1
S-epimers); (f) 1-ethynylcyclohexene, 130 8C, 1 h (1:1 S-epimers).
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and the oxygen atom of the sulfoxide moiety, that facilitates
the chromatographic separation of diastereoisomers and in
some cases enhances stereoselection in concerted
processes.2 The high steric demands of the camphor
skeleton are maintained in the commercially available
[(1S)-endo]-(K)-borneol that was easily transformed into a
precursor of the enantiopure sulfenic acid 6, showing no
possibilities of intramolecular hydrogen bonding.2d–g

Indeed, an intramolecular hydrogen bonding, also useful
in preventing self-condensation of sulfenic acids, can
present some disadvantages due to unexpected and
undesired reactions of the hydroxy function in the
subsequent synthetic transformations of the sulfoxides
obtained from sulfenic acids such as 1–3.2f,3

L-cysteine
and a- and b-D-1-thioglycopyranose are stimulating starting
products for the generation of transient sulfenic acids 4, 5, 7,
8 that allowed the synthesis of enantiopure sulfinyl dienes
showing the L-cysteine or 1-thio-D-glycopyranose S-oxide
frameworks as chiral auxiliaries where the stereo-
differentiating moiety is also a biologically active residue.4

Almost all the sulfinyl dienes, including the chiral above-
mentioned S-alkyl residues, have been involved in DA
reactions that afforded the expected cycloadducts, easily
obtainable in enantiomerically pure forms and good yields.
However, removal from these adducts of the sulfoxide
function, directly linked to an alkyl group on one side, and
to an unsaturated carbon on the other, represented a big
challenge. Desulfurization by nickel reagents or sodium
amalgam failed on several occasions and indirect method-
ologies were exploited for reaching this goal.2d,5

In this paper we describe the synthesis of new sulfinyl
dienes in which an enantiopure aryl group is directly linked
to the sulfur atom. These S-arylsulfinyl dienes have been
obtained via the corresponding sulfenic acids, possessing
central or axial chirality, and their addition to opportune
enynes. Some of the obtained dienes have been subjected to
DA cycloaddition with N-methylmaleimide (NMM),
followed by removal of the arylsulfoxide auxiliary that
was accomplished by Raney nickel desulfurization, making
straightforward and efficient the overall synthetic process
towards functionalized enantiopure cyclic molecules.
2. Results and discussion

Two main reasons gave rise to the selection of resorcinol (9)
as starting material for the preparation of enantiopure dienes
15 via sulfenic acid 14 showing central chirality (Scheme 1):
(i) an electron-rich aromatic ring was necessary for the
chosen synthetic sequence [sulfenylation with phtalimide-
sulfenyl chloride (PhtNSCl)6 of 10 followed by LAH
reduction] that allowed the introduction of a thiol function
onto the benzene nucleus; (ii) only one of the two hydroxy
functions in 9 could be easily derivatized, with a
commercial enantiopure reagent, for the generation of the
enantiopure arenesulfenic acid 14, where the remaining free
hydroxy substituent, opportunely placed onto the aromatic
ring, would provide an intramolecular hydrogen bonding
with the oxygen atom in the sulfenic function, so mitigating
the heavy disposition of sulfenic acids to self-condensation.
The commercially available (K)-chloromethyl menthyl
ether (MenCl) was used to link a chiral auxiliary to one
hydroxy function in 9, since the Men residue has the
advantage of possessing no reactive groups that could
interfere during the whole synthetic pathway. The reaction
between resorcinol (9) and MenCl was performed in the
presence of potassium carbonate, in a molar ratio of 5:1:3,
respectively (Scheme 1).

Enantiopure phenol 10 was then subjected to completely
regioselective sulfenylation with PhtNSCl, at 0 8C to avoid
ether cleavage, and compound 11 was obtained as the
unique product. LAH reduction, conjugate addition onto
acrylonitrile, and m-CPBA oxidation led to epimeric
sulfoxides 13, that are precursors of the enantiopure
arenesulfenic acid 14. Thermolysis of nitrile mixture 13
was performed in neat 1-ethynylcyclohexene, at 130 8C for
1 h. The completely chemo- and regioselective addition of
sulfenic acid 14 to the triple bond of ethynylcyclohexene
gave the epimeric mixture of sulfinyl dienes 15 in 1:1 ratio.
These two epimeric sulfoxides appeared as a single spot by
TLC, although several different solvent systems were
evaluated. Column chromatography of the mixture 15
allowed the isolation of only small quantities of each of
the two enantiopure epimers 15 that were fully
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characterized. However, this difficulty in isolation prompted
us to drop the project of involving enantiopure dienes 15 in
DA cycloadditions. The very difficult separation of sulfinyl
dienes 15 appears as a consequence of their similar
chromatographic features, due to the distance between the
stereodifferentiating menthyl substituent and the sulfinyl
group.

Our attention then turned to S-arylsulfinyl dienes whose aryl
substituent could possess an intrinsic chirality. Enantiopure
dienes 20 and 21 in Scheme 2 show not only the central
chirality due to the stereogenic sulfur atom but also the axial
chirality coming from the atropoisomeric binaphthyl moiety
linked to the sulfoxide group. The synthesis of 20 and 21
was performed starting from enantiopure (Sa)-2

0-mercapto-
1,1 0-binaphthalen-2-ol (16), easily prepared from com-
mercial (Sa)-(K)-1,1 0-bi-2-naphthol.7 Thiol 16 can be
warmed up to 250 8C without racemization, thus allowing
the safe generation of sulfenic acid 19 in enantiomerically
pure form by the well-assessed thermal strategy that implies
Scheme 2. Reagents and conditions: (a) CH2]CHCN, Et3N, THF, rt, 72 h;
(b) m-CPBA, CH2Cl2, K50 8C, 1 h (1:1 S-epimers); (c) 2-methyl-1-buten-
3-yne, 110 8C, 1.5 h (20/21 1:1); (d) N-methylmaleimide, CH2Cl2, 40 8C
(22/23 2:1, 24/25 3:2).
the use of temperatures between 40 and 140 8C, in
dependence of the structure of the sulfoxide precursor.8

Nucleophilic addition of thiol 16 onto acrylonitrile in the
presence of triethylamine, followed by m-CPBA oxidation,
led to sulfoxides 18 (1:1 S-epimers). Thermolysis of 18 to
19 was performed in the presence of commercially available
2-methyl-1-buten-3-yne, at 110 8C for 1.5 h, and gave
sulfinyl dienes 20 and 21 in 1:1 ratio and 75% total yield.
The epimeric mixture of the two sulfinyl dienes 20 and 21
was subjected to column chromatography, and they were
easily separated and fully characterized. The configuration
at sulfur atom of sulfoxides 20 and 21, shown in Scheme 2,
was inferred from X-ray crystallographic analysis of
cycloadduct 25 (Fig. 2). The obtained results confirmed
expectations based on the intramolecular hydrogen bonding,
between the hydroxy function of the binaphtyl residue and
the sulfoxide oxygen, and its relationship with the difference
in chromatographic mobility2c observed between the two
epimeric sulfinyl dienes 20 and 21.
Figure 2. Perspective view of the structure of 25 crystallized with a
molecule of ethyl acetate in the asymmetric unit.
Actually (Sa,RS)-2-(2 0-hydroxy-1,1 0-binaphthalen-2-sul-
finyl)-3-methyl-1,3-butadiene (21) was reacted with NMM
in dichloromethane to give the two diastereoisomeric
cycloadducts 24 and 25 in 3:2 ratio and 69% total yield
(Scheme 2). Column chromatography furnished the major
adduct 24 as first eluted product, followed by minor adduct
25. The two cycloadducts 24 and 25 were separately
subjected to several recrystallizations, but only minor
cycloadduct 25 afforded crystals suitable for X-ray analysis
from ethyl acetate (Fig. 2). Results of crystallographic
analysis allowed assignment of configurations at the newly
formed stereocentres C-3a and C-7a of cycloadducts 24
(Sa,RS,3aR,7aS) and 25 (Sa,RS,3aS,7aR). The stereochemical
outcome of the cycloaddition between enantiopure diene 21
and NMM can be rationalized as follows. Low diastereo-
facial selectivity was observed, in favour of cycloadduct 24,
which came from NMM approaching the (Si) face of diene
21 preferentially adopting the A conformation in the DA
transition state (Fig. 3).9 The appreciable formation of the
minor adduct 25 by NMM approach to the (Re) face of diene



Figure 3. Conformational preferences in Diels–Alder transition states of
diene 21.
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21 in its B conformation, where sulfur oxygen is maintained
transoid to C-1/C-2 double bond, is a consequence of the
steric features of both the binaphthyl group linked to
the sulfoxide sulfur and the 3-methyl substituent on the
2-sulfinyl-1,3-diene skeleton. These two factors, together
with the steric requirement of the dienophile, reduce the
topological differentiation between the diene faces, induced
by the sulfinyl group.10

DA cycloaddition of (Sa,SS)-2-(2 0-hydroxy-1,1 0-bina-
phthalen-2-sulfinyl)-3-methyl-1,3-butadiene (20) with
NMM led to cycloadducts 22 (chromatographically more
mobile) and 23 in 2:1 ratio, respectively, and 87% overall
yield (Scheme 2). This diastereoselection amount is in line
with the one measured in the DA cycloaddition of diene 21
(see above). The configuration at C-3a and C-7a shown in
Scheme 2 for adducts 22 and 23 is determined by the sulfur
configuration in 20, so that the diene 20 (SS)/NMM
approaches are opposite to the ones observed in the DA
reaction of diene 21 (RS).

Desulfurization of the major adduct 24 was realized in 5 h
by commercial W-2 Raney nickel (Scheme 3). (3aS,7aR)-
3a,4,7,7a-tetrahydro-2,5-dimethyl-1H-isoindole-1,3(2H)-
dione (26) and (3aS,7aR)-hexahydro-2,5-dimethyl-1H-iso-
indole-1,3(2H)-diones 27 (6:1 epimeric mixture) were
obtained in 55% overall yield, separated by column
chromatography, and identified by comparison with
literature data.11 Despite the formation of 27, together
with the enantiopure compound 26, was unsatisfactory but
predictable in the reductive cleavage of aryl(ethenyl)sulf-
oxide 24, the use of a S-aryl substituted chiral auxiliary
ensured an easy desulfurization process.
Scheme 3. Reagents and conditions: (a) Raney nickel, THF, rt, 5 h (26/27
2:1).
3. Conclusions

In this paper, we have reported an useful development of the
well-assessed methodology to build up diene skeletons,
bearing a chiral sulfinyl substituent.1–5 New transient
arenesulfenic acids were involved in the synthesis of
enantiopure 2-arylsulfinyl-1,3-dienes, showing central or
axial chirality of the substituted arene residue, apart from
the chirality related to the stereogenic sulfur atom. Some of
the obtained dienes show a binaphthyl moiety linked to the
sulfoxide group and were easily prepared from (Sa)-2

0-
mercapto-1,1 0-binaphthalen-2-ol (16). Both enantiopure
(Sa)-2-(2 0-hydroxy-1,1 0-binaphthalen-2-sulfinyl)-3-methyl-
1,3-butadienes 20 and 21 were subjected to DA reaction
with NMM, and the diastereomeric mixtures of cyclo-
adducts were easily separated by column chromatography.
The binaphthyl residue conferred crystallinity to all the
obtained cycloadducts. Although low diastereofacial
selectivity was recorded in DA reactions of dienes 20 and
21, the preferred face of dienophile approach is the one,
which was expected on the basis of previously reported
considerations concerning the stereochemical outcome of
sulfinyl diene cycloadditions.9 The actual work gives new
support to our previous statement that the sulfur configur-
ation is not the only controller of the diastereofacial
selectivity, but further structural features of diene, dieno-
phile, and non-diene group linked to the sulfoxide sulfur
contribute significantly to the process of facial discrimi-
nation. Finally, removal of the arylsulfoxide auxiliary from
adduct 24 was easily accomplished by Raney nickel
desulfurization method.
4. Experimental
4.1. General

All reactions were monitored by TLC on commercially
available precoated plates (silica gel 60 F 254) and the
products were visualized with iodine or acid vanillin
solution. Silica gel 60, 230–400 mesh, was used for
column chromatography. Petrol refers to light petroleum,
bp 30–40 8C. Melting points were measured on a
microscopic apparatus and are uncorrected. Optical
rotations were measured in CHCl3 solutions unless
otherwise stated. 1H and 13C NMR spectra were recorded
at 300 and 75 MHz, respectively, in CDCl3 solutions (unless
otherwise stated) with TMS as internal standard. IR spectra
were recorded in nujol. Mass spectrum was measured by
FAB (m-nitrobenzyl alcohol as matrix).

X-ray crystallography. The analysis was carried out with a
Goniometer Oxford Diffraction KM4 Xcalibur2 at room
temperature. Graphite-monochromated Mo Ka radiation
(40 mA/K40 KV) and a KM4 CCD/SAPPHIRE detector
were used for cell parameter determination and data
collection. The integrated intensities, measured using the
u scan mode, were corrected for Lorentz and polarization
effects.12 The substantial redundancy in data allows
empirical absorption corrections (SADABS13) to be applied
using multiple measurements of symmetry-equivalent
reflections. Structure was solved by direct methods of
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SIR9714 and refined using the full-matrix least squares on F2

provided by SHELXL97.15

Crystallographic data (excluding structure factors) for the
structure in this paper have been deposited with the
Cambridge Crystallographic Data Center as supplementary
publication number CCDC 278055. Copies of the data can
be obtained, free of charge, on application to CCDC, 12
Union Road, Cambridge CB2 1EZ, UK [fax: C44 1223
336033 or e-mail: deposit@ccdc.cam.ac.uk].

4.1.1. 3-[(1R,2S,5R)-menthoxymethoxy]-phenol (10). To
a mixture of resorcinol (9) (2.42 g, 21.98 mmol) and
anhydrous K2CO3 (1.82 g, 13.17 mmol) in anhydrous
DMF (30 mL) MenCl (0.92 mL, 4.41 mmol) was added
under Ar. After being stirred at 50 8C for 46 h, the reaction
mixture was allowed to reach spontaneously the room
temperature and quenched with saturated NH4Cl solution
(60 mL). The aqueous layer was extracted with CH2Cl2 (4!
60 mL), the organic phases were recollected, washed with
H2O (6!250 mL) and dried over Na2SO4. Evaporation of
the solvent gave a crude mixture that was purified by
column chromatography (CH2Cl2/MeOH 50:1) to obtain
phenol 10 as an orange solid (1.05 g, 3.77 mmol, 85% from
MenCl), mp 62–64 8C; [a]D

24K154.6 (c 0.1); 1H NMR d 7.10
(t, JZ8.1 Hz, 1H), 6.58 (ddd, JZ8.1, 2.1, 0.9 Hz, 1H), 6.54
(t, JZ2.1 Hz, 1H), 6.47 (ddd, JZ8.1, 2.1, 0.9 Hz, 1H), 6.32
(br s, 1H), 5.30 (d, JZ7.2 Hz, 1H), 5.22 (d, JZ7.2 Hz, 1H),
3.49 (dt, JZ10.8, 4.2 Hz, 1H), 2.1–2.0 (m, 2H), 1.7–1.6 (m,
2H), 1.4–1.3 (m, 1H), 1.3–1.2 (m, 1H), 1.1–0.8 (m, 3H),
0.90 (d, JZ6.6 Hz, 3H), 0.84 (d, JZ6.9 Hz, 3H), 0.63 (d,
JZ6.9 Hz, 3H); 13C NMR d 158.7, 156.9, 129.9, 108.6,
107.9, 103.4, 91.1, 78.1, 48.1, 41.1, 34.3, 31.5, 25.2, 22.9,
22.2, 21.0, 15.5. Anal. Calcd for C17H26O3: C, 73.34; H
9.41. Found: C, 73.26; H, 9.32.

4.1.2. 2-{2-Hydroxy-4-[(1R,2S,5R)-menthoxymethoxy]-
phenylsulfanyl}-1H-isoindole-1,3(2H)-dione (11). To a
solution of phenol 10 (1.90 g, 6.82 mmol) in anhydrous
CHCl3 (70 mL) kept at 0 8C under Ar, a PhtNSCl solution6

(1.46 g, 6.82 mmol) in anhydrous CHCl3 (70 mL) was
added dropwise. The reaction mixture was stirred at 0 8C for
20 min, then quenched with saturated NaHCO3 solution
(100 mL). The organic phase was extracted with CH2Cl2
(100 mL), washed with H2O (2!150 mL), and dried over
Na2SO4. The solvent was removed at reduced pressure.
Column chromatography (CH2Cl2) afforded compound 11
as a white solid (1.79 g, 3.93 mmol, 58%), mp 128–130 8C;
[a]D

24K70.5 (c 0.3); 1H NMR d 8.33 (s, 1H), 7.9–7.7 (m,
4H), 7.74 (d, JZ8.7 Hz, 1H), 6.66 (d, JZ2.4 Hz, 1H), 6.52
(dd, JZ8.7, 2.4 Hz, 1H), 5.28 (d, JZ7.2 Hz, 1H), 5.17 (d,
JZ7.2 Hz, 1H), 3.42 (dt, JZ10.8, 4.2 Hz, 1H), 2.1–2.0 (m,
2H), 1.6 (m, 2H), 1.4–1.3 (m, 1H), 1.2–1.1 (m, 1H), 1.0–0.7
(m, 3H), 0.87 (d, JZ6.6 Hz, 3H), 0.81 (d, JZ6.9 Hz, 3H),
0.59 (d, JZ6.9 Hz, 3H); 13C NMR d 168.5, 162.9, 160.4,
139.4, 134.7, 131.8, 124.1, 110.8, 108.9, 103.5, 91.3, 78.7,
48.0, 41.1, 34.2, 31.4, 25.1, 22.8, 22.2, 20.9, 15.5. Anal.
Calcd for C25H29NO5S: C, 65.91; H, 6.42; N, 3.07. Found:
C, 65.68; H, 6.21; N, 3.11.

4.1.3. 3-{2-Hydroxy-4-[(1R,2S,5R)-menthoxymethoxy]-
phenylsulfanyl}-propanenitrile (12). A solution of thio-
derivative 11 (1.79 g, 3.93 mmol) in anhydrous THF
(40 mL) was added, at 0 8C under Ar, to a suspension of
LAH (0.90 g, 23.72 mmol) in anhydrous THF (25 mL).
After 1 h of stirring at room temperature, the mixture was
quenched with HCl 1 N (50 mL) and ice. The resulting
suspension was extracted with Et2O (3!100 mL) and
the organic phase dried over Na2SO4. Evaporation of
the solvent under reduced pressure gave the crude
5-[(1R,2S,5R)-menthoxymethoxy]-2-mercapto-phenol
(1.49 g) that was used in the next step without purification;
1H NMR d 7.35 (d, JZ8.7 Hz, 1H), 6.67 (d, JZ2.7 Hz, 1H),
6.54 (dd, JZ8.7, 2.7 Hz, 1H), 6.39 (s, 1H), 5.29 (d, JZ
7.2 Hz, 1H), 5.19 (d, JZ7.2 Hz, 1H), 3.46 (dt, JZ10.5,
4.2 Hz, 1H), 2.82 (s, 1H), 2.1–2.0 (m, 1H), 1.7–1.6 (m, 2H),
1.4–1.2 (m, 2H), 1.0–0.7 (m, 4H), 0.90 (d, JZ6.6 Hz, 3H),
0.84 (d, JZ7.2 Hz, 3H), 0.62 (d, JZ7.2 Hz, 3H). The
solution of the crude 5-[(1R,2S,5R)-menthoxymethoxy]-2-
mercapto-phenol (1.49 g, 4.8 mmol about) in anhydrous
THF (40 mL), was added under Ar to a solution of
acrylonitrile (3.16 mL, 48.00 mmol) and Et3N (0.64 mL,
4.59 mmol) in anhydrous THF (15 mL). The mixture was
stirred at room temperature for 20 h, then quenched with
saturated NH4Cl solution (40 mL) and extracted with Et2O
(2!40 mL). The organic phase was washed with H2O (2!
100 mL) and dried over Na2SO4. After removal of the
solvent under reduced pressure, the crude product was
purified by column chromatography (petrol/EtOAc 3:1) to
nitrile 12 as an orange solid (0.95 g, 2.61 mmol, 66% from
11), mp 64–66 8C; [a]D

25K95.4 (c 0.3); 1H NMR d 7.36 (d,
JZ8.7 Hz, 1H), 6.71 (d, JZ2.7 Hz, 1H), 6.55 (s, 1H), 6.59
(dd, JZ8.4, 2.7 Hz, 1H), 5.31 (d, JZ7.2 Hz, 1H), 5.22 (d,
JZ7.2 Hz, 1H), 3.46 (dt, JZ10.5, 4.2 Hz, 1H), 2.85 (t, JZ
7.2 Hz, 2H), 2.51 (t, JZ7.2 Hz, 2H), 2.1–2.0 (m, 2H), 1.7–
1.6 (m, 2H), 1.4–1.3 (m, 1H), 1.3–1.2 (m, 1H), 1.0–0.8 (m,
3H), 0.90 (d, JZ6.6 Hz, 3H), 0.83 (d, JZ7.2 Hz, 3H), 0.60
(d, JZ6.6 Hz, 3H); 13C NMR d 160.9, 158.3, 137.1, 117.8,
109.5, 107.7, 102.9, 91.1, 78.4, 48.1, 41.0, 34.3, 31.8, 31.5,
25.2, 22.9, 22.2, 21.0, 17.9, 15.6; IR nmax 2360 (CN) cmK1.
Anal. Calcd for C20H29NO3S: C, 66.08; H, 8.04; N, 3.85.
Found: C, 65.86; H, 7.96; N, 3.77.
4.1.4. 3-{2-Hydroxy-4-[(1R,2S,5R)-menthoxymethoxy]-
phenylsulfinyl}-propanenitriles 13 (two S-epimers). To
a solution of sulfide 12 (0.95 g, 2.61 mmol) in anhydrous
CH2Cl2 (130 mL) at 0 8C m-CPBA (0.64 g 70%,
2.60 mmol) was added. The solution was stirred at 0 8C
for 20 min, diluted with CH2Cl2 (100 mL) and washed with
saturated NaHCO3 solution (2!150 mL). The organic
phase was dried over Na2SO4 and concentrated. The crude
product was purified by column chromatography (petrol/
EtOAc 1:1), to give an inseparable 1:1 mixture of sulfur
epimers 13 as a white solid (0.76 g, 2.00 mmol, 77%), mp
128–131 8C; 1H NMR d 9.81 (s, 1H), 7.00 (d, JZ8.7 Hz,
1H), 6.7–6.6 (m, 2H), 5.32 (d, JZ7.5 Hz, 1H), 5.23 (d, JZ
7.5 Hz, 1H), 3.46 (dt, JZ10.5, 4.2 Hz, 1H), 3.4–3.2 (m,
2H), 3.0–2.9 (m, 1H), 2.7–2.6 (m, 1H), 2.1–2.0 (m, 2H),
1.7–1.6 (m, 2H), 1.4–1.3 (m, 1H), 1.3–1.2 (m, 1H), 1.0–0.8
(m, 3H), 0.92 (d, JZ6.3 Hz, 3H), 0.84 (d, JZ6.9 Hz, 3H),
0.61 (d, JZ6.9 Hz, 3H); 13C NMR d 162.2, 160.0, 126.6,
116.8, 112.6, 108.9, 106.1, 91.2, 78.7, 49.0, 48.1, 41.1, 34.3,
31.5, 25.3, 23.0, 22.2, 20.9, 15.6, 10.7. Anal. Calcd for
C20H29NO4S: C, 63.30; H, 7.70; N, 3.69. Found: C, 63.01;
H, 7.55; N, 3.51.
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† When sulfide 17 was oxidized with an equimolar amount of m-CPBA at
K15 8C, the 1:1 mixture of epimeric sulfoxides 18 was obtained in 73%
total yield, together with (Sa)-3-(2 0-hydroxy-1,1 0-binaphthalen-2-sul-
fonyl)-propanenitrile (14%), mp 204–206 8C, more mobile than
sulfoxides 18 (column chromatography with CH2Cl2/EtOAc 19:1); 1H
NMR d 8.34 (d, JZ8.8 Hz, 1H), 8.22 (d, JZ8.8 Hz, 1H), 8.04 (d, JZ
8.3 Hz, 1H), 8.03 (d, JZ9.0 Hz, 1H), 7.93 (split d, JZ7.8 Hz, 1H), 7.68
(ddd, JZ8.3, 6.9, 1.3 Hz, 1H), 7.4–7.3 (m, 4H), 7.22 (split d, JZ8.5 Hz,
1H), 6.74 (split d, JZ8.4 Hz, 1H), 3.0–2.5 (m, 4H).
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4.1.5. 1-(1-Cyclohexen-1-yl)-1-{2-hydroxy-4-[(1R,2S,
5R)-menthoxymethoxy]-phenylsulfinyl}-ethene 15 (two
S-epimers). A mixture of sulfoxides 13 (0.20 g, 0.53 mmol)
and 1-ethynylcyclohexene (0.50 mL, 4.25 mmol) was
heated at 130 8C under Ar. After 1 h of stirring, the mixture
was allowed to reach spontaneously the room temperature
and then was diluted with CH2Cl2 (10 mL). Evaporation of
the solvent under reduced pressure gave a crude product
that was purified by column chromatography (petrol/EtOAc
7:1). An oily 1:1 mixture of epimers 15 was isolated (0.11 g,
0.25 mmol, 47%). Anal. Calcd for C25H36O4S: C, 69.41; H,
8.39. Found: C, 69.78; H, 8.15. Further attempts of
chromatographic separation of the two epimers allowed
the isolation of very small amounts of enantiopure
sulfoxides. More mobile sulfur epimer 15 was obtained
as an oil; [a]D

25K119.0 (c 0.1); 1H NMR d 9.92 (s, 1H),
6.96 (dd, JZ8.4, 0.6 Hz, 1H), 6.6–6.5 (m, 2H), 5.93 (br
s, 2H), 5.65 (br s, 1H), 5.28 (d, JZ7.2 Hz, 1H), 5.20 (d,
JZ7.2 Hz, 1H), 3.44 (dt, JZ10.5, 4.2 Hz, 1H), 2.2–2.0
(m, 5H), 1.7–1.2 (m, 10H), 1.0–0.8 (m, 2H), 0.89 (d,
JZ6.6 Hz, 3H), 0.82 (d, JZ7.2 Hz, 3H), 0.58 (d,
JZ7.2 Hz, 3H); 13C NMR d 161.5, 161.4, 152.6,
131.6, 129.9, 128.1, 113.2, 112.9, 107.5, 106.0, 90.9,
78.4, 48.2, 41.1, 34.4, 31.5, 28.6, 25.4, 25.3, 23.1, 22.4,
22.2, 21.6, 21.0, 15.6. Less mobile sulfur epimer 15 was
obtained as an oil; [a]D

25K58.2 (c 0.02); 1H NMR d
9.95 (s, 1H), 6.96 (d, JZ9.0 Hz, 1H), 6.50 (m, 2H),
5.93 (br s, 2H), 5.65 (br s, 1H), 5.28 (d, JZ7.5 Hz,
1H), 5.20 (d, JZ7.2 Hz, 1H), 3.45 (dt, JZ10.5, 4.2 Hz,
1H), 2.2–2.0 (m, 5H), 1.7–1.2 (m, 10H), 1.0–0.8 (m,
2H), 0.89 (d, JZ6.6 Hz, 3H), 0.82 (d, JZ6.9 Hz, 3H),
0.58 (d, JZ7.2 Hz, 3H); 13C NMR d 161.5, 161.5,
152.6, 131.6, 129.9, 128.1, 113.3, 112.9, 107.2, 106.3,
91.0, 78.4, 48.2, 41.1, 34.4, 31.5, 28.6, 25.4, 25.3, 23.1,
22.4, 22.2, 21.6, 21.0, 15.5.

4.1.6. (Sa)-3-(2 0-hydroxy-1,1 0-binaphthalen-2-sulfanyl)-
propanenitrile (17). To a solution of (Sa)-2

0-mercapto-
1,1 0-binaphthalen-2-ol7,16 (16) (2.00 g, 6.61 mmol) in
anhydrous THF (60 mL), acrylonitrile (4.38 mL,
66.53 mmol) and Et3N (0.92 mL, 6.61 mmol) were added
under N2. The reaction mixture was stirred at room
temperature for 72 h. The resulting yellow-orange solution
was diluted with CH2Cl2 (200 mL) and washed with
saturated NH4Cl solution (3!200 mL) and H2O (2!
200 mL). The organic layer was dried over Na2SO4, and
the solvent removed under reduced pressure. Column
chromatography (eluant: from petrol/CH2Cl2 1:1 to pure
CH2Cl2) gave nitrile 17 as a white solid (1.77 g, 4.98 mmol,
75%), mp 93–95 8C; [a]D

24K67.8 (c 1.0, THF); 1H NMR
(CD3CN) d 8.05 (d, JZ8.7 Hz, 1H), 7.97 (d, JZ8.7 Hz,
1H), 7.94 (d, JZ9.3 Hz, 1H), 7.89 (d, JZ8.1 Hz, 1H), 7.73
(d, JZ8.7 Hz, 1H), 7.47 (dt, JZ7.4, 1.1 Hz, 1H), 7.29 (m,
3H), 7.21 (dt, JZ7.7, 1.2 Hz, 1H), 7.04 (d, JZ8.7 Hz, 1H),
6.83 (d, JZ8.7 Hz, 1H), 3.12 (t-like, JZ7.1 Hz, 2H), 2.57
(t-like, JZ7.1 Hz, 2H); 13C NMR [(CD3)2CO] d 153.3,
135.5, 134.8, 134.5, 134.4, 133.4, 130.6, 129.65, 129.59,
128.9, 127.6, 127.5, 127.2, 126.7, 126.5, 124.9, 123.7,
119.1, 118.1, 29.4, 18.6. Anal. Calcd for C23H17NOS: C,
77.72; H, 4.82; N, 3.94. Found: C, 77.35; H, 4.80; N, 4.00.
The same chromatography allowed the isolation of small
amounts (4%) of bis[(Sa)-2

0-hydroxy-1,1 0-binaphthyl-2-yl]
disulfide; [a]D

27K87.3 (c 1.0).7
4.1.7. (Sa)-3-(2 0-hydroxy-1,1 0-binaphthalen-2-sulfinyl)-
propanenitriles 18 (two S-epimers). To a solution of
sulfide 17 (1.11 g, 3.12 mmol) in CH2Cl2 (50 mL), at
K50 8C, a solution of m-CPBA (0.73 g 70%, 2.96 mmol) in
CH2Cl2 (80 mL) was added dropwise. After 1 h of stirring,
the mixture was diluted with CH2Cl2 (50 mL) and treated
with 10% Na2S2O3 solution (150 mL). The organic phase
was washed with saturated NaHCO3 solution (2!150 mL)
and H2O (2!150 mL), dried over Na2SO4, and evaporated
under reduced pressure to give sulfoxides 18 as a 1:1
mixture (1.07 g, 2.88 mmol, 92%) of two S-epimers. The
epimers were separated by column chromatography
(CH2Cl2/EtOAc, 20:1). More mobile sulfur epimer 18 was
obtained as a white solid, mp 78–80 8C; [a]D

26K193.0 (c 0.3,
THF); 1H NMR d 8.18 (d, JZ8.7 Hz, 1H), 8.07 (d, JZ
8.7 Hz, 1H), 7.97 (d, JZ8.1 Hz, 1H), 7.91 (d, JZ8.7 Hz,
1H), 7.86 (d, JZ8.1 Hz, 1H), 7.6–7.5 (m, 1H), 7.4–7.2 (m,
5H), 6.95 (d, JZ8.4 Hz, 1H), 6.57 (s, 1H), 3.0–2.8 (m, 2H),
2.7–2.6 (m, 1H), 2.5–2.4 (m, 1H); 13C NMR d 152.0, 138.1,
135.1, 133.0, 132.5, 132.2, 131.6, 130.2, 128.8, 128.7,
128.3, 128.2, 127.9, 127.7, 125.8, 124.1, 123.9, 119.7,
117.7, 117.5, 113.4, 47.9, 9.5. Anal. Calcd for C23H17NO2S:
C, 74.37; H, 4.61; N, 3.77. Found: C, 74.58; H, 4.60; N,
3.57. Then less mobile sulfur epimer 18 was eluted as a
white solid, mp 98–100 8C; [a]D

26C377.4 (c 0.8, THF); 1H
NMR (CD3CN) d 8.27 (d, JZ8.4 Hz, 1H), 8.14 (d, JZ
8.7 Hz, 1H), 8.04 (d, JZ8.1 Hz, 1H), 7.98 (d, JZ9.0 Hz,
1H), 7.92 (d, JZ7.8 Hz, 1H), 7.7–7.6 (m, 1H), 7.4–7.2 (m,
5H), 6.79 (d, JZ8.4 Hz, 1H), 5.93 (br s, 1H), 2.6–2.5 (m,
2H), 2.5–2.3 (m, 2H); 13C NMR [(CD3)2SO] d 152.6, 139.3,
134.5, 133.7, 132.7, 132.0, 130.9, 129.3, 128.6 (2C), 127.8,
127.7, 127.4, 127.2, 125.7, 123.3, 123.0, 120.0, 118.5,
118.3, 112.5, 47.0, 8.8. Anal. Calcd for C23H17NO2S: C,
74.37; H, 4.61; N, 3.77. Found: C, 74.27; H, 4.72; N, 3.80.†
4.1.8. (Sa)-2-(2 0-hydroxy-1,1 0-binaphthalen-2-sulfinyl)-3-
methyl-1,3-butadienes 20 and 21 (two S-epimers). To a
suspension of sulfoxides 18 (0.18 g, 0.48 mmol) in toluene
(12 mL) 2-methyl-1-buten-3-yne (0.70 mL, 7.36 mmol) was
added and the reaction mixture refluxed and stirred for 1.5 h.
The resulting yellow solution was cooled to room
temperature and the 1:1 mixture of dienes 20 and 21 was
obtained as a white precipitate (0.14 g, 0.36 mmol, 75%
total yield). The epimers were separated by column
chromatography (initial elution with CH2Cl2, then
CH2Cl2/EtOAc 9:1). First eluted was (Sa,SS)-2-(2 0-
hydroxy-1,1 0-binaphthalen-2-sulfinyl)-3-methyl-1,3-buta-
diene (20) as a white solid, mp 173 8C dec; [a]D

24K206.7 (c
1.0, THF); 1H NMR d 8.14 (d, JZ9.0 Hz, 1H), 7.98 (d, JZ
7.2 Hz, 1H), 7.96 (d, JZ8.1 Hz, 1H), 7.87 (d, JZ8.1 Hz,
1H), 7.60 (m, 1H), 7.4–7.2 (m, 6H), 7.11 (d, JZ8.1 Hz, 1H),
5.92 (s, 1H), 5.68 (s, 1H), 4.88 (s, 1H), 4.81 (s, 1H), 1.65 (s,
3H); 13C NMR [DCON(CD3)2] d 154.8, 154.4, 141.6, 137.5,
137.3, 135.5, 135.0, 133.2, 131.2, 130.3, 129.0, 128.9,
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128.7, 128.6, 127.8, 127.4, 127.3, 124.9, 123.6, 121.7,
118.8, 117.0 (2C), 115.5, 22.1; IR nmax 3280 (OH), 1007
(SO) cmK1. Anal. Calcd for C25H20O2S: C, 78.09; H, 5.24.
Found: C, 77.88; H, 5.25. Then (Sa,RS)-2-(2 0-hydroxy-1,1 0-
binaphthalen-2-sulfinyl)-3-methyl-1,3-butadiene (21) was
eluted as a white solid, mp 124–126 8C; [a]D

25C378.4 (c
1.0, THF); 1H NMR d 8.04 (d, JZ8.7 Hz, 1H), 7.91 (d, JZ
8.4 Hz, 1H), 7.82 (m, 2H), 7.53 (t, JZ7.0 Hz, 1H), 7.47 (d,
JZ9.0 Hz, 1H), 7.4–7.1 (m, 5H), 6.76 (d, JZ8.4 Hz, 1H),
6.23 (s, 1H), 5.87 (s, 1H), 4.34 (s, 1H), 4.26 (s, 1H), 1.59 (s,
3H); 13C NMR [DCON(CD3)2] d 155.7, 154.0, 142.2, 137.4,
136.1, 135.4, 135.1, 133.2, 131.2, 130.0, 129.1, 128.9,
128.8, 128.4, 127.7, 127.4, 126.8, 125.7, 123.4, 121.7,
119.1, 116.5, 116.4, 115.4, 22.0; IR nmax 3250 (OH), 1015
(SO) cmK1. Anal. Calcd for C25H20O2S: C, 78.09; H, 5.24.
Found: C, 78.20; H, 5.12.

4.1.9. (Sa,SS)-3a,4,7,7a-tetrahydro-5-(2 0-hydroxy-1,1 0-
binaphthalen-2-sulfinyl)-2,6-dimethyl-1H-isoindole-1,
3(2H)-diones 22 and 23 (two diastereomers). To a
suspension of (Sa,SS)-2-(2 0-hydroxy-1,1 0-binaphthalen-2-
sulfinyl)-3-methyl-1,3-butadiene (20) (0.21 g, 0.55 mmol)
in CH2Cl2 (40 mL) NMM (1.19 g, 10.71 mmol) was added,
and the mixture was refluxed and stirred for 72 h. After
removal of the solvent, the crude product was purified by
column chromatography (eluant: from CH2Cl2/EtOAc 1.5:1
to pure EtOAc) to give the two diastereomeric cycloadducts
22 and 23, in 2:1 ratio (0.24 g, 0.48 mmol, 87% overall
yield). First eluted was the major adduct (3aS,7aR,Sa,SS)-
3a,4,7,7a-tetrahydro-5-(2 0-hydroxy-1,1 0-binaphthalen-2-
sulfinyl)-2,6-dimethyl-1H-isoindole-1,3(2H)-dione (22),
white solid, mp 183 8C dec; [a]D

25K226.5 (c 0.8); 1H
NMR d 8.3–8.1 (m, 2H), 7.9–7.7 (m, 3H), 7.5–7.4 (m, 1H),
7.3–7.1 (m, 5H), 6.99 (d, JZ8.4 Hz, 1H), 2.8–2.5 (m, 4H),
2.71 (s, 3H), 2.3–2.2 (m, 2H), 1.02 (s, 3H). Anal. Calcd for
C30H25NO4S: C, 72.71; H, 5.08; N, 2.83. Found: C, 73.06;
H, 5.10; N, 2.87. Less mobile was the minor adduct
(3aR,7aS,Sa,SS)-3a,4,7,7a-tetrahydro-5-(2 0-hydroxy-1,1 0-
binaphthalen-2-sulfinyl)-2,6-dimethyl-1H-isoindole-
1,3(2H)-dione (23), white solid, mp 164–166 8C; [a]D

25K
151.8 (c 0.6); 1H NMR [(CD3)2SO] d 9.53 (s, 1H), 8.31 (d,
JZ8.8 Hz, 1H), 8.16 (d, JZ8.8 Hz, 1H), 8.09 (d, JZ
8.4 Hz, 1H), 7.93 (d, JZ8.8 Hz, 1H), 7.88 (d, JZ8.1 Hz,
1H), 7.58 (t, JZ7.0 Hz, 1H), 7.36 (t, JZ8.2 Hz, 1H), 7.3–
7.2 (m, 3H), 7.10 (d, JZ8.7 Hz, 1H), 6.87 (d, JZ8.1 Hz,
1H), 3.0–2.9 (m, 1H), 2.8–2.6 (m, 2H), 2.66 (s, 3H), 2.35
(dd, JZ15.3, 7.8 Hz, 1H), 2.04 (dd, JZ15.0, 10.4 Hz, 1H),
1.63 (t-like, JZ12.3 Hz, 1H), 1.05 (s, 3H); MS m/z (%) 496
(29, MC1), 268 (15), 239 (8), 95 (49), 81 (51), 69 (82), 55
(100), 43 (76); IR nmax 3200 (OH), 1770 and 1701 (CO),
1005 (SO) cmK1. Anal. Calcd for C30H25NO4S: C, 72.71;
H, 5.08; N, 2.83. Found: C, 73.00; H, 5.18; N, 2.90.

4.1.10. (Sa,RS)-3a,4,7,7a-tetrahydro-5-(2 0-hydroxy-1,1 0-
binaphthalen-2-sulfinyl)-2,6-dimethyl-1H-isoindole-1,
3(2H)-diones 24 and 25 (two diastereomers). To a
solution of (Sa,RS)-2-(2 0-hydroxy-1,1 0-binaphthalen-2-sul-
finyl)-3-methyl-1,3-butadiene (21) (0.20 g, 0.52 mmol) in
CH2Cl2 (25 mL) NMM (1.18 g, 10.62 mmol) was added and
the mixture refluxed for 72 h. After removal of the solvent,
the crude product was purified by column chromatography
(eluant: from CH2Cl2/EtOAc 2.3:1 to pure EtOAc) to give
the two diastereomeric cycloadducts 24 and 25 in 3:2 ratio
(0.18 g, 0.36 mmol, 69% overall yield). First eluted was the
major adduct (3aR,7aS,Sa,RS)-3a,4,7,7a-tetrahydro-5-(2 0-
hydroxy-1,1 0-binaphthalen-2-sulfinyl)-2,6-dimethyl-1H-
isoindole-1,3(2H)-dione (24), white solid, mp 175–177 8C;
[a]D

27C179.7 (c 0.5); 1H NMR [(CD3)2SO] d 10.00 (s, 1H),
8.32 (d, JZ8.7 Hz, 1H), 8.10 (d, JZ8.7 Hz, 2H), 7.94 (d,
JZ9.0 Hz, 1H), 7.88 (d, JZ8.1 Hz, 1H), 7.58 (t, JZ7.4 Hz,
1H), 7.39 (d, JZ9.0 Hz, 1H), 7.33 (t, JZ7.6 Hz, 1H), 7.27
(t, JZ7.2 Hz, 1H), 7.15 (t, JZ7.2 Hz, 1H), 6.96 (d, JZ
8.4 Hz, 1H), 6.41 (d, JZ8.4 Hz, 1H), 2.9–2.7 (m, 2H), 2.67
(s, 3H), 1.8–1.7 (m, 2H), 1.3–1.2 (m, 2H), 0.51 (s, 3H); 13C
NMR [(CD3)2SO] d 178.9, 178.4, 152.6, 144.2, 139.4,
134.2, 133.8, 133.2, 132.2, 132.1, 130.4, 128.5, 128.1,
128.0, 127.3, 127.1, 126.5, 125.4, 123.5, 122.8, 120.4,
118.7, 113.3, 38.7, 38.5, 30.7, 30.0, 24.5, 19.9, 18.1; IR nmax

3100 (OH), 1780 and 1698 (CO), 985 (SO) cmK1. Anal.
Calcd for C30H25NO4S: C, 72.71; H, 5.08; N, 2.83. Found:
C, 72.92; H, 5.05; N, 2.83. Less mobile was the minor
adduct (3aS,7aR,Sa,RS)-3a,4,7,7a-tetrahydro-5-(2 0-hydroxy-
1,1 0-binaphthalen-2-sulfinyl)-2,6-dimethyl-1H-isoindole-
1,3(2H)-dione (25), white solid, mp 154–156 8C; [a]D

27C
168.0 (c 0.5); 1H NMR [(CD3)2SO] d 9.99 (br s, 1H), 8.30
(d, JZ8.4 Hz, 1H), 8.15 (d, JZ8.7 Hz, 1H), 8.09 (d, JZ
8.1 Hz, 1H), 7.94 (d, JZ9.0 Hz, 1H), 7.86 (d, JZ8.1 Hz,
1H), 7.57 (t, JZ7.4 Hz, 1H), 7.38 (d, JZ9.0 Hz, 1H), 7.32
(t, JZ7.7 Hz, 1H), 7.23 (t, JZ7.4 Hz, 1H), 7.00 (t, JZ
7.5 Hz, 1H), 6.95 (d, JZ8.4 Hz, 1H), 6.32 (d, JZ8.1 Hz,
1H), 2.68 (s, 3H), 1.81 (dd, JZ15.4, 7.9 Hz, 2H), 1.5–1.4
(m, 2H), 1.01 (dd, JZ15.2, 8.6 Hz, 2H), 0.55 (s, 3H); 13C
NMR [(CD3)2SO] d 178.6, 178.5, 152.5, 144.5, 139.6,
134.2, 133.8, 133.0, 132.1, 130.4, 128.6, 128.4, 128.1,
128.0, 127.2, 127.0, 126.5, 125.5, 123.4, 122.7, 120.3,
118.6, 113.5, 37.8, 30.0, 24.2, 19.4, 17.6. Anal. Calcd for
C30H25NO4S: C, 72.71; H, 5.08; N, 2.83. Found: C, 72.51;
H, 5.10; N, 3.22.

X-ray structural analysis of 25, CCDC no. 278055: formula
C34H33NO6S (C30H25NO4SCC4H8O2), MZ583.67, ortho-
rhombic, space group P 21 21 21, aZ10.517(2) Å,
bZ12.410(2) Å, cZ22.803(7) Å, VZ2976(1) Å3, ZZ4,
DcZ1.303, mZ0.156 mmK1, F(000)Z1232. Reflections
(4700) were collected with a 2.63!q!21.36 range with a
completeness to q 95.3%; 3107 were independent, the
parameters were 385, and the final R index was 0.0839 for
reflections having IO2s(I), and 0.1559 for all data.
Compound 25 crystallizes with a molecule of EtOAc in
the asymmetric unit. The positions of EtOAc carbon and
oxygen atoms in are not well defined so that their
coordinates have been splitted, they were refined as
isotropic, and the relative hydrogen atoms were not
assigned. The non-hydrogen atoms of compound 25 were
refined anisotropically whereas its hydrogen atoms were
refined as isotropic and assigned in calculated positions.

4.2. Desulfurization of (3aR,7aS,Sa,RS)-3a,4,7,7a-tetra-
hydro-5-(2 0-hydroxy-1,1 0-binaphthalen-2-sulfinyl)-2,6-
dimethyl-1H-isoindole-1,3(2H)-dione (24)

To a solution of cycloadduct 24 (0.10 g, 0.20 mmol) in
anhydrous THF (20 mL) a suspension of commercial W-2
Raney nickel (nickel sponge, suspension in water, 1.80 mL)
in anhydrous THF (10 mL) was added. The reaction mixture
was stirred at room temperature for 5 h and then filtered
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through a Celite pad. The Celite cake was washed with
EtOAc and the resulting clear solution was concentrated
under reduced pressure. The crude mixture was purified by
two consecutive column chromatographies (petrol/EtOAc
2.3:1) to give, in order of increasing retention times (2:1
molar ratio, 55% overall yield), (3aS,7aR)-hexahydro-2,5-
dimethyl-1H-isoindole-1,3(2H)-diones 27 (6:1 epimeric
mixture, 6.7 mg, 0.04 mmol), followed by (3aS,7aR)-
3a,4,7,7a-tetrahydro-2,5-dimethyl-1H-isoindole-1,3(2H)-
dione (26) (13.3 mg, 0.07 mmol). The analytical and
spectroscopic data, measured for 26 and 27, were fully
consistent with the ones reported in the literature.11
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Abstract—Stereospecific Stille coupling reactions of 2-metallo-dihydropyrans with Z-vinyl iodo alcohols and subsequent cyclisation
provides rapid access to 1,7-dioxaspiro[5.5]undecane family of spiroketals.
q 2005 Elsevier Ltd. All rights reserved.
1. Introduction

We1 and others2 have previously reported on the Stille
coupling of tri-butylstannyldihydrofuran and -pyran deriva-
tives. This methodology provides rapid access to a variety of
C-glycosides,2 heterosubstituted dienes1 and has been
employed in the synthesis of benzofused spiroketal-contain-
ing systems.3 Herein we report an extension of this
chemistry leading to the rapid synthesis of simple
spirocyclic systems which are ubiquitous as pheromones4a

and is a structural motif present in an ever expanding
number of biologically active molecules.4b Our basic
strategy centred upon the use of Stork’s Wittig method-
ology5 for the synthesis of Z-vinyl iodides 1 followed by a
Stille coupling6 (retention of alkene geometry) with an
appropriately metallated enol ether 2 to afford a diene 3
which would undergo cyclisation to afford the desired
spiroketal 4, Scheme 1.
0040–4020/$ - see front matter q 2005 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2005.09.055

Scheme 1.

Keywords: Spiroketal; Palladium; Stille; Vinyl iodide; Stork; Selenium.
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2. Results and discussion

Oxidation of the readily available mono-protected diol 57a

using Swern’s procedure afforded the aldehyde 67b in
excellent yield (92%). Olefination5 (Ph3P]CHI, 1.2 equiv;
THF; K78 8C) generated 7 which on deprotection (CSA, cat.;
MeOH; 25 8C; 78%) led to the isolation of the vinyl iodide
8Z,E, as a mixture of geometrical isomers8 (Z:EZ6.4:1). With
the key intermediate 8Z,E in hand, its palladium-mediated
coupling with dihydropyran-derived organometallics was next
investigated. Reaction of the iodide 8Z,E (1.1 equiv) with the
stannane 9 (1 equiv) in the presence of Pd(OAc)2 (5 mol%)
and tri-o-tolyl phosphine (10 mol%) dissolved in acetonitrile
containing triethylamine (Et3N/CH3CN; 2.5% v/v) at 80 8C
for 1.5 h afforded the labile diene alcohols 10Z,E in moderate
yield (33%). As anticipated the coupling reaction proceeds
with retention of olefin geometry, generating the dienes
10Z,E as a 6:1 mixture of geometrical isomers.
Tetrahedron 61 (2005) 11910–11923
il: peter.quayle@manchester.ac.uk
OX14 4RU, UK.
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Substantially higher yields (71 and 72%, respectively) of the
dienes 10 were obtained under milder reaction conditions
(0–10 8C; THF; 1 h) from the coupling reaction of the zinc
reagent9 11 with the iodide 8Z,E using either ‘Pd(PPh3)2’10

or Pd(PPh3)4 as catalyst. Exposure of the diene-alcohol
10Z,E to a catalytic quantity of CSA in CH2Cl2 at ambient
temperature resulted in the isolation of the unsaturated
spiroketal 1211 in 82% yield. A common feature of these
spiroketalisation reactions is that, although enriched
Z/E-mixtures of the precursor alcohols were usually
employed in the cyclisation reaction, none of the acyclic
E-double bond isomers could be detected by 1H NMR
spectroscopy at the end of reaction.12 Presumably acid
catalysed isomerisation of the unreactive E-isomer to the
Z-isomer and subsequent cyclisation is responsible for this
observation. Catalytic hydrogenation (H2, 1 atm; 5% Pd/C;
EtOAc; 25 8C) of 12 afforded the racemic spiroketal 13, the
pheromone13 of Dacus oleae, D. cacumintus, in 93% yield.
Alternatively, cyclisation3b,14 of the alcohol 10Z,E with
PhSeCl (1.1 equiv; pyridine, 3 equiv; CH2Cl2; K78–20 8C)
afforded the diastereoisomerically pure selenide 14 (H11 d
3.21 ppm; dd, JZ12.5, 4.5 Hz) in good isolated yield
(73%). Finally oxidation of 14 followed by in situ
thermolysis3b (2-benzenesulfonyl-3-phenyloxaziridine,
‘Davis oxaziridine’,15 1.1 equiv; pyridine; CHCl3; 80 8C)
afforded the doubly unsaturated spiroketal 1516 in 62%
yield, Scheme 2.

This basic synthetic strategy was next applied to the
protected dihydropyran 16. Lithiation of 16 using Boeck-
man’s conditions17 (tBuLi, 2.2 equiv; THF; K78 to 0 8C),
transmetallation (ZnCl2, 1.1 equiv; THF; 2 h) to the
organozinc 18 and coupling with the vinyl iodides 8Z,E

[‘Pd(PPh3)2’, 5 mol%; THF; 5–20 8C, 1 h] afforded the
diene-alcohols 19Z,E in 72% isolated yield. Again, the
coupling reaction proceeded with retention of configuration
of double bond geometry as 19Z,E was isolated as a 8:1
Scheme 2. Reagents and conditions: (i) (COCl)2 (1.1 equiv), DMSO (2.2 equiv
(0.1 equiv), MeOH, 20 8C, 15 h; (iv) a. tBuLi (1 equiv), THF, K78 8C to 0 8C, b. B
ZnCl2 (1.2 equiv), 0–20 8C, 2 h; (vi) 9 (1 equiv), (o-Tol)3P (10 mol%), Pd(OAc
(5 mol%), THF, 0 8C, 1 h; (viii) (11) (2 equiv), Pd(Ph3P)4 (5 mol%), THF, 0 8C, 1 h
(xi) pyridine (3 equiv), PhSeCl (1.1 equiv), CH2Cl2, K78 to 20 8C, 1 h; (xii) Dav
mixture of diastereoisomers. Exposure of the alcohols 19Z,E

to camphorsulfonic acid (0.1 equiv) in CH2Cl2 at ambient
temperature brought about immediate cyclisation to the
spiroketal 20, which was isolated in 58% yield after
chromatography. Catalytic hydrogenation of 20 afforded
the spiroketal 21, which upon fluoride-induced deprotection
afforded the functionalised spiroketal 2218 in 82% overall
yield. Stereochemical assignments in this cyclisation
sequence are based on stereoelectronic arguments (vide
infra) and are supported by spectroscopic data, most
cogently illustrated by the excellent correlation of the 13C
NMR of 22 with the published data for this compound.18b

Alternatively, reaction of the dienes 19Z,E with PhSeCl-
pyridine, as above, afforded a diastereoisomeric mixture of
the selenides 23 and 24 (57% yield; 23:24Z2:1), in which
the major diasteroisomer 23 possesses an equatorial
phenylseleno-substituent at C5 (H5: d 3.24 ppm; dd, JZ
12.5, 4.5 Hz). Removal of the phenylseleno-group was
readily accomplished in our standard, two step procedure,
affording the unsaturated spiroketal 25, as a single
diastereoisomer, in 73% yield, Scheme 3.

The preparation of branched-chain vinyl iodides and their
utilisation in this coupling-cyclisation procedure is also
possible, Scheme 4. Reduction of the protected ester 26 to
the aldehyde 2719 (Dibal-H, 1.6 equiv; toluene; K78 8C;
1 h; 88%) followed by Stork olefination afforded the vinyl
iodides20 29Z,E in 73% overall yield (Z:EZ8.2:1). In our
hands the alternate route to aldehyde 27, via alcohol 28, was
not as amenable to scale-up when compared to the direct
reduction of ester 26, with the caveat that due care was
exercised in quenching the Dibal-H reduction (10% aqueous
citric acid). Deprotection of the ethers 29Z,E to the partially
separable alcohols21 30Z,E proceeded smoothly (CSA,
0.1 equiv; MeOH; 25 8C, 85%), albeit with a slight erosion
of stereochemical integrity about the olefinic centre (Z:EZ
6.4:1). Palladium-mediated cross coupling of the
), CH2Cl2, K78 8C; (ii) Ph3P]CHI (1.2 equiv), THF, K78 8C; (iii) CSA
u3SnCl (0.75 equiv), K78 8C; (v) a. tBuLi (1 equiv), THF, K78 to 0 8C, b.
)2 (5 mol%), Et3N, CH3CN, 80 8C, 1.5 h; (vii) 11 (2 equiv), ‘(Ph3P)2Pd’
; (ix) CSA (0.1 equiv), CH2Cl2, 20 8C; (x) 5% Pd/C, H2, EtOAc, 1 atm., 6 h;
is oxaziridine (1.1 equiv), pyridine (5 equiv), CHCl3, 80 8C, 15 h.



Scheme 3. Reagents and conditions: (i) a. tBuLi (2.2 equiv), THF, K78–0 8C; b. THF (excess); (ii) ZnCl2 (1.1 equiv); THF, 0 8C, 2 h; (iii) 8, Pd(PPh3)4

(5 mol%) or ‘Pd(PPh3)2’ (5 mol %); see text for conditions; (iv) CSA (0.1 equiv), CH2Cl2; (v) 5% Pd/C, H2, EtOAc, 1 atm.; (vi) TBAF (1 equiv), THF, 20 8C,
12 h; (vii) pyridine (3 equiv), PhSeCl (1.1 equiv), CH2Cl2, K78–20 8C, 1 h; (viii) Davis oxaziridine (1.1 equiv), pyridine (5 equiv), CHCl3, 80 8C, 15 h.
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geometrically pure Z-isomer 30Z with the zinc reagent 11
proved uneventful, affording the diene-alcohol 31Z in 76%
yield. Acid promoted cyclisation of the alcohol 31Z

generated the spiroketal 3222 as a single diastereoisomer
(66% yield), which on catalytic hydrogenation afforded the
racemic pheromone of epeolus cruciger 3323 in 74% yield.
Cyclisation of the alcohol 31Z using PhSeCl-pyridine again
afforded only two of the possible four diastereoisomeric
selenides 34 and 35 (anomeric carbons in 13C NMR
{75 MHz CDCl3} at d 95.02, 95.39 ppm) in a ratio of
7:11. Inspection of the 1H NMR spectra of these compounds
Scheme 4. Reagents and conditions: (i) TBDMSCl (1.1 equiv), DBU (1 equiv),
K78 8C; (iii) a. Dibal-H (3.0 equiv), toluene, K78–20 8C; b. (COCl)2 (1.1 eq
(0.1 equiv), MeOH, 20 8C; (vi) 11, (2 equiv), Pd(PPh3)4 (5 mol%), THF, 5 8C, 1 h
(ix) pyridine (3 equiv), PhSeCl (1 equiv), CH2Cl2, K78–20 8C, 1 h; (x) ‘CDCl3’,
indicated that the major product 35 possessed an equator-
ially disposed selenide group (H11: d 3.16 ppm, dd, JZ13,
4.5 Hz) whereas that of 34 was axially disposed (H11: d

3.40 ppm, tr. JZ4.5 Hz). Furthermore dissolution of an
enriched mixture of 34 and 35 (34:35Z1:2) in CDCl3 at
ambient temperature effected complete isomerisation of this
mixture to 35 over a period of 3 days. Notably cyclisation of
both 19 (to give 23 and 24) and 31 (to give 34 and 35)
afforded only two of the possible four diastereoisomeric
selenides. Molecular mechanics calculations24 suggest that
in each case the thermodynamically more stable
CH2Cl2, 20 8C; (ii) a. Dibal-H (1.6 equiv), toluene, K78 8C, b. citric acid,
uiv), DMSO (2.2 equiv), K78 8C; (iv) Ph3P]CHI (1.2 equiv); (v) CSA
; (vii) CSA (cat.), CH2Cl2, 20 8C; (viii) 5% Pd/C, H2, EtOAc, 1 atm., 6 h;

20 8C; (xi) Davis oxaziridine (1.1 equiv), pyridine (5 equiv), CHCl3, 80 8C.



Scheme 5.
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diastereoisomers are isolated: the equatorial selenide 23
being more stable than the axial selenide 24 by ca.
12.5 kJ molK1 whilst 35 is more stable than 34 by ca.
11.2 kJ molK1.

The equilibration of 34 and 35 can be explained by invoking
a reversible25 ring opening of the selenides 34 and 35 via the
oxonium cations 37. Cation 37 is presumably in equilibrium
with the enol ether 37 0 thereby providing a pathway for the
epimerisation26 at C11. Ring closure under conditions of
thermodynamic control (i.e., maximum anomeric effect in
which both exocyclic oxygen substituents are axial with
respect to each of the pyranose rings27) would account for
the interconversion of 34 into the more stable diastereo-
isomer 35, Scheme 5. The fact that epimerisation at C11 had
occurred in this particular reaction is further substantiated
by the observation that oxidation of the diastereoisomeric
mixture of selenides 34 and 35 (34:35Z7:11) followed by
mild thermolysis afforded the doubly-unsaturated sprioketal
36 as a single diastereoisomer in 73% isolated yield.

Finally, the synthesis of spiroketal 44, which serves as a
model for more complex systems present in a number of
natural products,28 has also been achieved using this basic
strategy. Protection (DBU, TBDMSCl, dichloromethane;
87% yield) of the hydroxyl group of ethyl (3R*,2R*)-3-
hydroxy-2-methylbutanoate29 38 (95% de) and reduction of
the ester group with Dibal-H afforded the known aldehyde
40.30 The unstable aldehyde 40 was used immediately in
Stork’s Wittig olefination sequence affording, without any
detectable epimerisation, the light-sensitive vinyl iodide 41
Scheme 6. Reagents and conditions: (i) TBDMSCl (1.1 equiv), DBU (1 equiv), CH
CHI (1.2 equiv); (iv) 60% HFaq in CH3CN; (v) 11, (4 equiv), Pd(PPh3)4 (5 mol
(1 equiv), K78–20 8C; b. 11, Pd(PPh3)4 (5 mol%), THF, 5 8C, 1 h; (viii) a. Dibal
as a mixture of geometric isomers (Z:EZ6:1) in 41%
overall yield from the ester 38.

Deprotection of 41E,Z to 42Z (77% yield) was best
accomplished using aqueous hydrogen fluoride in aceto-
nitrile31 and was then treated with an excess of the
organozinc reagent 11 (ca. 4 equiv) in the presence of
Pd(PPh3)4 to afford the diene 43, as a single geometrical
isomer, in 72% yield. The diene 43 was very sensitive to
traces of acid and occasionally underwent spirocyclisation
in CDCl3 when trying to obtain its 1H NMR spectrum.
Cyclisation of 43 on a preparative scale was best
accomplished using camphorsulfonic acid as promoter
(0.1 equiv) in dichloromethane enabling isolation of the
volatile spiroketal 4432 in 42% yield.

Presumably cyclisation under these conditions is again
subject to thermodynamic control: diastereoisomer 44
benefits from a maximum exo anomeric effect (each oxygen
is axial to the adjacent pyranose ring) which is augmented
by the diequatorial disposition of the methyl groups at C2

and C3, Scheme 6. As an excess (ca. 4 equiv) of the
organozinc reagent 11 was used in this coupling sequence
(1 equiv just serves to deprotonate the free hydroxyl group
of 42), which is obviously wasteful if more elaborate
organometallics were to be employed, in situ protection of
the hydroxyl group was briefly investigated. Germane to this
discussion is Negishi’s33 observation that alkoxyzincs,
generated in situ from (Z)-iodo-2-buten-1-ol by reaction
with EtZnCl, undergo efficient cross-coupling reactions
with organometallic reagents, providing a highly
2Cl2, 0 8C, 3 h; (ii) Dibal-H (1.6 equiv), toluene, K80 8C, 1 h; (iii) Ph3P]
%), THF, 5 8C, 1 h; (vi) CSA (0.1 equiv), CH2Cl2, 20 8C; (vii) a. EtZnCl
-H (1 equiv), K78–20 8C; b. 11, Pd(PPh3)4 (5 mol%), THF, 5 8C, 1 h.
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stereoselective procedure for the synthesis of (Z)-3-methyl-
2-alken-1-ols. Unfortunately, this modification was not
successful in our hands. We did observe however that prior
treatment of 42 with Dibal-H (1 equiv), followed by
reaction with the vinylzinc reagent 11, as previously
described, afforded the coupled product 45 (19% yield) in
which transfer of an iso-butyl group from aluminium34

rather than cross coupling with the zinc reagent 11 had taken
place, Scheme 6.
3. Conclusion

In conclusion, this study illustrates that the 1,7-dioxa-
spiro[5.5]undec-4-ene system is readily accessible using a
Wittig–Stille route, and that application of this strategy to
the synthesis of more elaborate spiroketals of biological
inteserest28 should be possible. Further studies in this area
are in progress the results of which will be reported at a
future date.
4. Experimental

4.1. General

All non-aqueous reactions were performed under an
atmosphere of dry nitrogen at temperatures which were
those of the external bath. Proton and carbon nuclear
magnetic resonance (1H and 13C NMR) spectra were
recorded on Bruker AC 300, Varian XL 300, Varian
Gemini 200 spectrometers, with residual non-deuterated
solvent as internal standard. All chemical shifts are quoted
in parts per million downfield from tetramethylsilane. J
values are given in Hz. Splitting patterns were abbreviated
as follows: singlet (s), doublet (d), triplet (t), quartet (q),
multiplet (m), broad (br). Infrared spectra were recorded on
a Perkin–Elmer 1710 FT spectrometer as evaporated films
unless otherwise stated. Absorption maxima (nmax) were
reported in wavenumber (cmK1). Mass spectra were
recorded on Kratos MS20 and MS25 spectrometers. The
modes of ionisation used were electron impact (EI) and
chemical ionisation (CI). Microanalysis was performed at
the University of Manchester. Melting points were recorded
on a Kofler heated stage microscope, and are uncorrected.
Petrol refers to that fraction of light petroleum ether which
distils between 40 and 60 8C, and was redistilled prior to
use. Tetrahydrofuran (THF) was dried over sodium/
benzophenone ketyl and distilled under an atmosphere of
dry nitrogen. Dichloromethane was dried over phosphorus
pentoxide and distilled. Methanol was dried over mag-
nesium methoxide and distilled. Triethylamine was dried
over potassium hydroxide pellets and distilled. Pyridine was
dried over potassium hydroxide pellets and redistilled under
nitrogen. Dimethyl sulfoxide was dried over calcium
hydride and redistilled at atmospheric pressure. Toluene
was dried over sodium and redistilled under nitrogen.
Where ether is mentioned it refers to diethyl ether.
n-Butyllithium was supplied as solution in hexanes and
t-butyllithium as a solution in pentane. Chromatography
refers to flash column chromatography and was carried out
using Merck silica gel 60H (40–63 mm, 230–400 mesh) as
stationary phase. Thin layer chromatography was carried
out on plates precoated with Kieselgel 60 F254 silica.
Visualisation was achieved by ultraviolet absorption or
treatment with an ethanolic solution of dodecamolybdo-
phosphoric acid followed by heating.

4.1.1. 3-(t-Butyldimethylsilyloxy)propan-1-ol, 5.7a

Sodium hydride (80% suspension in oil) (1.5 g,
49.8 mmol) was suspended in THF (100 mL) after being
washed with hexane. 1,3-Propanediol (3 mL, 3.16 g,
41.5 mmol) was added to the mixture at room temperature
and stirred for 45 min, after which time an opaque white
precipitate had formed. t-Butyldimethylsilyl chloride
(6.26 g, 41.5 mmol) was then added, and vigorous stirring
was continued for 45 min. The mixture was poured into
ether (100 mL), washed with 10% potassium carbonate
(30 mL) and brine (30 mL), dried (MgSO4) and concen-
trated in vacuo. The resulting oil was purified by flash
column chromatography using ethyl acetate/petrol (1:4) as
eluent to afford the title compound 5 (6.3 g, 80%) as a
colourless oil; nmax (film) 3353, 2930, 2858, 1472, 1389,
1362, 1256, 1097, 1008, 963, 837, 777, 720 and 663 cmK1;
dH (300 MHz, CDCl3): 0.09 (6H, s, MeSi), 0.9 (9H, s, tBuSi),
1.77 (2H, quintet, JZ5.5 Hz, 2-H), 2.60 (1H, br s, OH), 3.80
(2H, t, JZ5.5 Hz, 1-H), 3.82 (2H, t, JZ5.5 Hz, 3-H); dC

(75 MHz, CDCl3): K5.50 (MeSi), 18.17 (CMe3), 25.67
(CMe3), 34.29 (C-2), 62.27 (C-1), 62.77 (C-3); m/z (CI)
191 {[MCH]C, 100%}. Found: m/z 191.1465. C9H23O2Si
{[MCH]C} requires m/z 191.1467.

4.1.2. 3-(t-Butyldimethylsilyloxy)propanal, 6.7b The title
compound was prepared from the alcohol 5 (10.43 g,
54.9 mmol) using method A as above. Purification by
flash chromatography afforded 6 as a colourless oil (9.46 g,
92%); nmax (film) 2956, 2930, 2858, 1728, 1473, 1390,
1390, 1362, 1257, 1100, 1007, 972, 837 and 778 cmK1; dH

(300 MHz, CDCl3) 0.09 (6H, s, MeSi), 0.90 (9H, s, tBuSi),
2.59 (2H, dt, JZ6, 2 Hz, 2-H), 3.98 (2H, t, JZ6.5 Hz, 3-H),
9.80 (1H, t, JZ2 Hz, 1-H); dC (75 MHz) K5.46 (MeSi),
18.20 (CMe3), 25.80 (CMe3), 46.57 (C-2), 57.41 (C-3),
201.68 (C-1); m/z (CI) 189 {[MCH]C, 100%}. Found m/z
189.1310. C9H21O2Si {[MCH]C} requires m/z 189.1311.

4.1.3. Iodomethyltriphenylphosphonium iodide.36 To a
suspension of triphenylphosphine (60 g, 0.23 mol) in
toluene (60 mL) was added methylene iodide (24 mL,
0.3 mol). The mixture was kept at 45–50 8C for 15 h after
which time the crystals were collected, washed with toluene
(3!100 mL), and dried in vacuo (0.1 mmHg) for 4 h
affording the title compound (111.2 g, 91.2%) as a white
solid, mp 230 8C (dec) [Lit.35 228–230 8C (dec)]; nmax (KBr
disc) 2919, 2849, 1639, 1618, 1586, 1499, 1482, 1438,
1318, 1111, 1084, 997, 785, 727, 689, 566, 508 and
484 cmK1. dH (300 MHz, d6-DMSO): 5.15 (2H, d,
2J{P–H}Z9 Hz), 7.95 (15H, s, Ar). Found: C, 43.4; H,
3.35; I, 47.4; P, 5.7. C19H17I2P requires: C, 43.0; H, 3.25; I,
47.9; P, 5.85%.

4.1.4. 2-Tri-n-butylstannyl-5,6-dihydro-2H-pyran, 9.35 A
solution of t-butyl lithium (17.5 mL, 1.7 M solution in
pentane) was added dropwise to a stirred solution of 2,3-
dihydro-2H-pyran (2.5 g, 2.7 mL, 29.7 mmol) in THF
(10 mL) at K78 8C. The mixture was allowed to warm up
to 0 8C and was stirred at this temperature for 30 min, then
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recooled to K78 8C. Tri-n-butyltin chloride (6 mL,
22.3 mmol) was added dropwise and the resulting mixture
was allowed to warm up to room temperature and to stir for
2 h. After quenching with aq. ammonium chloride, the
product was extracted into ether (3!30 mL), the ethereal
extracts dried (MgSO4) and evaporated and the residue
purified by column chromatography (triethylamine/petrol
1:19) to afford the title compound 9 (7.23 g, 87%) as a
colourless oil; nmax (film) 2955, 2926, 2854, 1606, 1464,
1377, 1221, 1070, 1054, 898, 839, 780 and 666 cmK1; dH

(300 MHz, CDCl3): 0.91 (15H, m, SnCH2– and –CH3), 1.33
(6H, m, –CH2–, JZ7.5 Hz), 1.50 (6H, m, –CH2–, JZ
7.5 Hz), 1.85 (2H, m, 4-H, JZ5 Hz), 2.01 (2H, m, JZ4 Hz,
3-H), 3.90 (2H, t, JZ5 Hz, 5-H), 4.72 (1H, t, JZ3.5 Hz,
2-H, 3J{H–Sn}Z30 Hz); m/z (EI) 317 [[MCKBu], 120Sn
100%], 315 {[MCKBu], 118Sn 73%}. (CI) 375 {[MCH]C,
120Sn 100%}, 373 {[MCH]C, 118Sn 76%}.

4.1.5. (G)-2-(t-Butyldiphenylsilyloxymethyl)-3,4-dihy-
dro-2H-pyran, 16. Sodium hydride (80% suspension in
mineral oil) (2.12 g, 70.6 mmol) was suspended in THF
(100 mL) after being washed with hexane. 2-(Hydroxy-
methyl)-3,4-dihydro-2H-pyran (6.71 g, 58.8 mmol) was
added to the mixture at room temperature and left to stir
at this temperature for 45 min during which time a light
brown precipitate had formed. t-Butyldiphenylsilyl chloride
(11.76 g, 42.8 mmol) was then added, and vigorous stirring
was continued for 40 h. The mixture was poured into ether
(100 mL), washed with ammonium chloride, dried (MgSO4)
and concentrated in vacuo. The resulting oil was purified by
flash column chromatography using ethyl acetate/petrol
(1:99) as eluent to afford the title compound 16 (12.53 g,
83%) as a colourless, viscous oil; nmax (film) 3070, 2930,
2857, 1650, 1472, 1428, 1391, 1362, 1242, 1188, 1136,
1112, 1071, 1005, 939, 909, 824, 798, 740 and 702 cmK1;
dH (300 MHz, CDCl3) 1.15 (3H, s, tBuSi), 1.70–1.85 (1H,
m, 3-H), 1.95–2.20 (3H, m, 4-H, 3 0-H), 3.76 (1H, dd, JZ10,
5.5 Hz, CH2OSi), 3.88 (1H, dd, JZ10, 5 Hz, CH2OSi),
3.90–4.00 (1H, m, 2-H), 4.70 (1H, br s, 5-H), 6.43 (1H, d,
JZ6.5 Hz, 6-H), 7.40–7.80 (10H, m, Ar); dC (75 MHz,
CDCl3) 19.27 (C-4), 19.36 (CMe3), 24.49 (CMe3), 66.11,
75.38 (C-1), 100.35 (C-5), 127.69, 129.68, 133.69, 135.69
(Ar), 143.64 (C-6); m/z (CI) 275 {[MCKPh], 100%}; m/z (EI)
295 [[MCKtBu], 65.1%]. Found: m/z (CI); 353.1935 {[MC
H]C}. C22H29O2

28Si {[MCH]C} requires m/z 353.1937.

4.1.6. Ethyl (G)-3-(t-butyldimethylsilyloxy)butanoate,
26.19 To a solution of racemic ethyl-3-hydroxybutanoate
(7.12 g, 53.9 mmol) in dichloromethane (10 mL) was added
1,8-diazobicyclo[5,4,0]undec-7-ene (8.9 mL, 59.25 mmol)
at 0 8C followed by a solution of t-butyldimethylsilyl
chloride (8.53 g, 56.56 mmol) in dichloromethane (10 mL).
After 3 h at room temperature, the mixture was poured into
water (100 mL) and extracted into ether (100 mL). The
organic extracts were washed with water (50 mL), hydro-
chloric acid (0.1 M, 50 mL), water (50 mL), saturated
sodium bicarbonate (50 mL) and water (50 mL). The
organic layer was dried (MgSO4), concentrated in vacuo,
and the residue chromatographed (1:19 ethyl acetate petrol)
to afford the title compound, 26 (13.12 g, 99%) as a
colourless oil; nmax (film) 2958, 2931, 2858, 1740, 1474,
1377, 1301, 1256, 1184, 1140, 1084, 1035, 1003, 940, 837,
811 and 777 cmK1; dH (300 MHz, CDCl3): 0.03 (3H, s,
MeSi), 0.07 (3H, s, MeSi), 0.85 (9H, s, tBuSi), 1.19 (3H, d,
JZ6 Hz, 4-H), 1.25 (3H, t, JZ7 Hz, OCH2CH3), 2.35 (1H,
dd, JZ14, 5.5 Hz, 2-H), 2.46 (1H, dd, JZ14, 7.5 Hz, 2-H),
4.11 (2H, m, OCH2), 4.27 (1H, m, 3-H); dC (75 MHz,
CDCl3) K5.03, K4.51 (Me2Si), 14.21 (OCH2CH3), 17.96
(Me3C), 23.93 (C-4), 25.73 (Me3C), 44.96 (C-2), 60.25
(C-3), 65.67 (OCH2), 171.67 (C-1); m/z (EI) 161 [MCK
TBDMS, 100%]. (CI) 45 {[(CH3)H2Si]C, 82.1%}. Found:
m/z, 189.0950. C8H17SiO3 [MCKtBu] requires 189.0947.
Found: C, 58.7; H, 10.4; Si, 11.7. C12H26O3Si requires: C,
58.5; H, 10.6; Si, 11.4%.

4.1.7. (G)-3-(t-Butyldimethylsilyloxy)butanal, 27.19

Method A. A solution of oxalyl chloride (0.9 mL,
10 mmol) in dichloromethane (100 mL) was cooled to
K78 8C to which was added dropwise freshly dried
dimethyl sulfoxide (1.5 mL, 20.8 mmol). After 15 min. at
K78 8C a solution of (G)-3-(t-butyldimethylsilyloxy)buta-
nol 2836 (1.75 g, 8.58 mmol) in dichloromethane (20 mL)
was added dropwise and the reaction mixture stirred at
K78 8C for 25 min. The reaction was quenched by the
addition of triethylamine (6 mL) and allowed to warm to
room temperature. After 1 h the reaction was poured into
saturated aqueous sodium bicarbonate solution (50 mL).
The layers were separated and the aqueous layer extracted
with dichloromethane. The combined organic layers were
washed with brine (50 mL), dried (MgSO4) and concen-
trated in vacuo. The residue was diluted with hexane
(30 mL), washed with water (20 mL), dried (MgSO4) and
concentrated in vacuo. Flash column chromatography of the
residue using 1:19 ethyl acetate:petrol as eluent, gave the
title compound 27 as a colourless oil (1.34 g, 77%).

Method B. Dibal-H in toluene (1 M, 47.3 mL) was added
dropwise to a cooled (K80 8C) solution of ethyl (G)-3-(t-
butyldimethylsilyloxy)butanoate 26 (7.27 g, 29.55 mmol) in
anhydrous toluene (210 mL). After 1 h at K78 8C the
reaction was quenched by the dropwise addition of
methanol (30 mL) whilst keeping the temperature below
K78 8C. Citric acid (10% aqueous solution, 300 mL) was
then added, the mixture was allowed to warm to room
temperature, the organic phase was decanted and the
aqueous layer was extracted with dichloromethane (3!
100 mL). The combined organic phases were dried
(MgSO4), the solvent was removed under reduced pressure
and the residue purified by flash chromatography (ethyl
acetate/petrol 1:19) to afford the title compound 27 (5.26 g,
88%); nmax (film) 2957, 2931, 2896, 2858, 2721, 1730,
1473, 1464, 1377,1363, 1257, 1219, 1186, 1138, 1100,
1030, 940, 904, 837, 811 and 777 cmK1; dH (300 MHz,
CDCl3): 0.06 (3H, s, MeSi), 0.08 (3H, s, MeSi), 0.85 (9H, s,
tBuSi), 1.24 (3H, d, JZ6 Hz, 4-H), 2.45 (1H, ddd, JZ15, 5,
2 Hz, 2-H), 2.55 (1H, ddd, JZ15, 7, 3 Hz, 2-H), 4.35 (1H,
sextet, JZ5.5 Hz, 2-H), 9.80 (1H, t, JZ2.5 Hz, 1-H); dC

(75 MHz, CDCl3): K4.48, K3.90 (Me2Si), 18.43 (Me3C),
24.66 (C-4), 26.2 (Me3C), 53.45 (C-2), 65.02 (C-3), 202.74
(C-1); m/z (EI) 145 [MCKtBu, 100%], (CI) 203 {[MC
H]C, 100%}. Found: m/z (CI) 220.1742. C10H26NSiO2

{[MCNH4]C} requires m/z 220.1733. Found: C, 59.1; H,
11.1. C10H22O2Si requires: C, 59.4; H, 10.8%.

4.1.8. (G)-3-(t-Butyldimethylsilyloxy)butan-1-ol, 28.37

To a solution of ethyl (G)-3-(t-butyldimethylsilyloxy)butanoate
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25 (3.02 g, 12.3 mmol) in THF (10 mL) was added Dibal-H
(1 M solution in toluene, 27.0 mmol) at K78 8C. The
mixture was allowed to warm up to room temperature and
stirred for 2–3 h. The reaction was quenched with water
(1 mL), poured into diethyl ether (100 mL), sodium
hydroxide (3 M, 1 mL) was added and the mixture was
stirred until the aluminium salts had precipitated. The
supernatant was filtered through celitew and the celitew pad
washed with ether (3!30 mL). The combined organic
extracts were dried (MgSO4), concentrated and the residue
purified by column chromatography (ethyl acetate/petrol
1:4) to afford the title compound (28) (1.95 g, 78%) as a
colourless oil. nmax (film) 3356, 2957, 2930, 2858, 1473,
1376, 1256, 1141, 1100, 1060, 1030, 943, 904, 837, 776,
718 and 664 cmK1; dH (300 MHz, CDCl3): 0.05 (6H, s,
Me2Si), 0.88 (9H, s, tBuSi), 1.22 (3H, d, JZ6 Hz, 4-H), 1.62
(1H, m, 2-H), 1.75 (1H, m, 2-H), 2.70 (1H, s, OH), 3.70 (1H,
m, 1-H), 3.80 (1H, m, 1-H), 4.1 (1H, m, 3-H); dC (75 MHz):
K4.96, K4.36 (Me2Si), 17.94 (Me3C), 23.44 (C-4), 25.80
(Me3C), 40.57 (C-2), 60.41 (C-1), 68.25 (C-3); m/z (EI) 75
[[(CH3)2HSi–O]C, 100%], (CI) 205 {[MCH]C,100%}
Found: m/z (CI) 205.1625. C10H25O2Si {[MCH]C}
requires m/z 205.1624. Found: C, 58.7; H, 12.2; Si, 14.2.
C10H24O2Si requires C, 58.8; H, 11.8; Si, 13.7%.

4.1.9. (G)-(Z,E)-4-(t-Butyldimethylsilyloxy)-1-iodopent-
1-ene, 29. To a suspension of iodomethyltriphenylphos-
phonium iodide (16.35 g, 30.85 mmol) in THF (16 mL) at
room temperature was slowly added sodium hexamethyldi-
silazide (1 M solution in THF, 32.4 mL). After stirring for
10 min, the dark red-coloured solution of the yield was
cooled to K78 8C and (G)-3-(t-butyldimethylsilyloxy)bu-
tanal 28 (4.99 g, 24.7 mmol) was added slowly. The mixture
was allowed to warm up to room temperature and, after
30 min, the solvent was removed in vacuo. The residue was
triturated with petrol (3!50 mL) and the combined extracts
filtered through celitew to remove triphenylphosphine
oxide. The combined organic extracts were concentrated
in vacuo and the residue purified by column chromato-
graphy (dichloromethane/hexane 1:19) to afford the title
compound 29 (6.7 g, 83%) as a light-sensitive colourless38

oil, (Z:EZ8.2:1); nmax (film) 2956, 2929, 2894, 2857, 1611,
1472, 1377, 1361, 1308, 1256, 1131, 1089, 1022, 836, 808
and 776 cmK1; dH (300 MHz, CDCl3): Z-isomer; 0.07 (6H,
s, Me2Si), 0.90 (9H, s, tBuSi), 1.19 (1H, d, JZ6 Hz, 5-H),
2.31 (2H, distorted triplet, 3-H), 3.98 (1H, sextet, JZ6 Hz,
4-H), 6.28 (2H, m, 2-H). E-isomer 0.07 (6H, s, Me2Si), 0.90
(9H, s, tBuSi), 1.15 (1H, d, JZ6 Hz, 5-H), 2.18 (2H,
distorted triplet, 3-H), 3.86 (1H, sextet, JZ6 Hz, 4-H), 6.03
(1H, d, JZ14.5 Hz, 1-H), 6.55 (1H, dt, JZ14.5, 7.5 Hz,
2-H). dC (75 MHz, CDCl3): Z-isomer K4.69, K4.46
(Me2Si), 18.11 (Me3C), 23.59 (C-5), 25.88 (Me3C), 44.55
(C-3), 67.30 (C-4), 83.69 (C-1), 138.33 (C-2). m/z (EI) 269
[MCKtBu, 100%] (CI) m/e 327 {[MCH}C, 48%]. Found:
m/z (CI) 327.0643. C11H24IOSiO requires m/z 327.0655.

4.1.10. (Z,E)-4-(t-Butyldimethylsilyloxy)-1-iodobut-1-
ene, 7. The title compound was prepared from the aldehyde
6 (5.21 g, 27.7 mmol) using the method described above.
Isolated as a light-sensitive, colourless, oil38 (6.71 g, 78%;
Z:EZ7.6:1); nmax (film) 2954, 2929, 2857, 1610, 1472,
1385, 1287, 1257, 1103, 939, 836 and 777 cmK1; dH

(300 MHz, CDCl3): Z-isomer 0.09 (6H, s, MeSi), 0.90 (9H,
s, tBuSi), 2.36 (2H, m, 4-H), 3.70 (2H, t, JZ6.5 Hz, 3-H),
6.29 (2H, m, 1-H, 2-H); E-isomer 0.08 (6H, s, MeSi), 0.90
(9H, s, tBuSi), 2.26 (2H, m, 4-H), 3.65 (2H, t, JZ6.5 Hz,
3-H), 6.02 (1H, d, JZ14.5 Hz, 1-H), 6.54 (1H, dt, JZ14.5,
7.5 Hz, 2-H); dC (75 MHz, CDCl3) Z-isomer K5.27 (MeSi),
18.33 (CMe3), 25.93 (CMe3), 38.37 (C-3), 61.2 (C-4), 83.62
(C-1), 138.31 (C-2); E-isomer K5.27, 18.33, 25,93, 39.39,
61.68, 83.63, 143.33; m/z (EI) 255 [MCKtBu, 100%] (CI)
313 {[[MCH]C, 100%}. Found: m/z (CI) 313.0485.
C10H22IOSi requires m/z 313.0486.

4.1.11. (Z,E)-4-Hydroxy-1-iodobutene, 8. The title com-
pounds were prepared from the vinyl iodide 7 (2.48 g,
7.95 mmol) using the method above. Flash chromatography
afforded the iodide as a colourless, light-sensitive oil38

(1.23 g, 78%), (Z:EZ6.4:1); nmax (film) 3338, 3066, 3948,
2880 1610, 1423, 1336, 1307, 1284, 1254, 1165, 1040, 946,
883, 852 and 691 cmK1; dH (300 MHz, CDCl3) Z-isomer
1.75 (1H, s, OH), 2.44 (2H, dq, JZ6.5, 1 Hz, 3-H), 3.75
(2H, t JZ6.5 Hz, 4-H), 6.28 (1H, q, JZ7 Hz, 2-H), 6.37
(1H, td, JZ7, 1 Hz, 1-H); E-isomer 1.75 (1H, s, OH), 2.32
(2H, dq, JZ6.5, 1 Hz, 3-H), 3.68 (2H, t, JZ6.5 Hz, 1-H),
6.16 (1H, td, JZ14.5, 1 Hz, 1-H), 6.55 (1H, dt, JZ14.5,
7 Hz, 2-H); dC (75 MHz, CDCl3): Z-isomer 38.11 (C-3),
60.96 (C-4), 84.74 (C-1), 137.68 (C-2); E-isomer 39.16
(C-3), 61.01 (C-4), 84.74 (C-1), 142.68 (C-2); m/z (EI) 198
[MC, 32.7%]. Found: m/z 197.9544. C4H7IO [MC] requires
197.9543.

4.1.12. (G)-(Z,E)-4-Hydroxy-1-iodopentene, 30. To a
solution of (G)-(Z,E)-4-(t-butyldimethylsilyloxy)-1-iodo-
pentene 29 (1.68 g, 5.15 mmol) in methanol (10 mL) was
added camphorsulfonic acid (30 mg) and mixture stirred for
15 h at ambient temperature after which time anhydrous
potassium carbonate (0.15 g) was added and stirring was
continued for 15 min. The mixture was filtered and
concentrated in vacuo. The residue was dissolved in
dichloromethane (50 mL), washed with saturated aqueous
sodium hydrogencarbonate solution, dried (MgSO4), con-
centrated in vacuo and the residue chromatographed (1:4
ethyl acetate petrol) to afford the title compound 30 (0.93 g,
85%) as a colourless, light-sensitive oil38 (Z:EZ6.4:1); nmax

(film) 3340, 2967, 2925, 1609, 1456, 1376, 1307, 1262,
1121, 1081, 973, 943 and 844 cmK1; dH (300 MHz, CDCl3):
Z-isomer 1.25 (3H, d JZ6.5 Hz, 5-H), 2.34 (2H, t, JZ
6.5 Hz, 3-H), 3.98 (1H, sextet, JZ6.5 Hz, 4-H), 6.29 (1H, q,
JZ7 Hz, 2-H), 6.36 (1H, distorted d, JZ8 Hz, 1-H);
E-isomer 1.20 (3H, d, JZ6.5 Hz), 2.10 (2H, t, JZ6.5 Hz),
3.87 (1H, sextet, JZ6.5 Hz), 6.13 (1H, d, JZ15 Hz, 1-H),
6.55 (1H, dt, JZ15, 7.5 Hz, 2-H); dC (75 MHz, CDCl3):
Z-isomer 23.20 (C-5), 44.10 (C-3), 66.89 (C-4), 84.80 (C-1),
137.56 (C-2); E-isomer 22.87, 45.50, 66.58, 84.90, 142.60;
m/z (EI) 212 [MC,11.6% (CI) 230 {[MCNH4]C, 100%}.
Found: m/z (CI) 211.9704. C5H9IO [MC] requires m/z
211.9700.

4.1.13. (G)-(4Z,E)-5-(3,4-Dihydro-2H-6-pyranyl)-4-pen-
ten-2-ol, 31. Method A. To a stirred mixture of palladium(II)
acetate (41 mg, 5 mol%), tri-(o-tolyl)phosphine (77 mg,
10 mol%) and triethylamine (0.25 mL) in acetonitrile
(10 mL) was added 2-tri-n-butylstannyl-5,6-dihydro-2H-
pyran 9 (1.22 g, 3.22 mmol) followed by (G)-(Z,E)-4-
hydroxy-1-iodopentene 30 (0.73 g, 3.44 mmol). The
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reaction mixture was brought to reflux for 1.5 h, cooled to
ambient temperature and saturated aqueous potassium
fluoride in 10% ammonium hydroxide was added. The
resulting mixture was filtered and extracted with ether (3!
30 mL). The combined organic extracts were dried
(MgSO4), concentrated in vacuo, and the residue chromato-
graphed (3:1:16 ethyl acetate/triethylamine/petrol) to afford
the title compound 31 (261 mg, 48%, colourless oil) as an
inseparable mixture of isomers (Z:EZ6:1).

Method B. A solution of t-butyl lithium (7.4 mL, 1.7 M
solution in pentane) was added dropwise to a stirred solution
of 2,3-dihydro-2H-pyran (1.15 mL, 12.6 mmol) in THF
(8 mL) at K78 8C. The mixture was allowed to warm to
0 8C and was stirred at this temperature for 30 min, then
recooled to K78 8C. Zinc chloride (1 M solution in ether,
13.8 mL) was added dropwise and the resulting mixture was
allowed to warm up to room temperature and to stir for 2 h.
Catalyst generation: in a separate flask, Dibal-H (1 M solution
in toluene, 0.33 mL) was added dropwise to PdCl2(PPh3)2

(116 mg, 0.16 mmol, 5 mol%) in THF (5 mL) at 0 8C and the
resulting mixture was stirred for 30 min. The solution
containing the catalyst was then transferred by canula under
nitrogen to the solution of the vinyl zinc intermediate 11 at
5–10 8C, followed by a solution of (Z,E)-4-hydroxy-1-
iodopentene 30 (0.72 g, 3.4 mmol) in THF (2 mL) and
resulting mixture was stirred for 1 h at ambient temperature.
After quenching with sodium hydroxide (10 mL), the product
was extracted into ether (3!30 mL), the ethereal extracts
dried (MgSO4), concentrated in vacuo, and column chroma-
tography (3:1:16 ethyl acetate/triethylamine/petrol) of the
residue afforded the title compound 30 (400 mg, 74%;
Z:EZ6:1) as a mobile oil.

Method C. The title compound 31 was prepared in exactly
the same way as in method B except that freshly prepared
Pd(PPh3)4 (192 mg, 5 mol%) was used as the catalyst. (G)-
(Z,E)-4-hydroxy-1-iodopentene 30 (0.72 g, 3.4 mmol)
afforded 31 (413 mg, 76%; Z:EZ6:1); nmax (film) 3379,
2967, 2929, 1656, 1612, 1414, 1374, 1352, 1310, 1234,
1165, 1122, 1085, 1060, 1002, 922, 886, 846, 814 and
781 cmK1; dH (300 MHz, C6D6) Z-isomer 1.23 (3H, d, JZ
6 Hz, 1 0-H), 1.45 (2H, quintet, JZ5.5 Hz, 3-H), 1.85 (2H,
m, 4-H), 2.05–2.15 (1H, br s, OH), 2.73 (1H, dt, JZ15,
7 Hz, 3 0-H), 2.82 (1H, dt, JZ15, 7 Hz, 3 0-H), 3.76 (1H, t,
JZ6.5 Hz, 2 0-H), 3.85 (2H, t, JZ6.5 Hz, 2-H), 4.72 (1H, t,
JZ4 Hz, 5-H), 5.48 (1H, dt, JZ12, 6 Hz, 4 0-H), 5.82 (1H, d,
JZ12 Hz, 5 0-H); E-isomer 1.12 (3H, d, JZ6 Hz, 1 0-H), 1.32
(2H, quintet, JZ5.5 Hz, 3-H), 1.91 (2H, m, 4-H), 2.15–2.30
(3H, m, 3 0-H, OH), 3.70 (1H, t, JZ6.5 Hz, 2 0-H), 3.89 (2H,
t, JZ6.5 Hz, 2-H), 4.69 (1H, t, JZ4 Hz, 5-H), 5.90 (1H, d,
JZ15.5 Hz, 5 0-H), 6.27 (1H, dt, JZ15.5, 7.5 Hz, 4 0-H); dC

(75 MHz, C6D6) Z-isomer 20.98 (Me), 22.23 (C-4), 23.39
(C-3), 39.01 (C-3 0), 65.61 (C-2 0), 67.91 (C-2), 103.11 (C-5),
127.02 (C-4 0), 127.15 (C-5 0), 153.03 (C-6); E-isomer 21.03
(Me), 22.23 (C-4), 22.66 (C-3), 42.65 (C-3 0), 65.87 (C-2 0),
67.35 (C-2), 100.96 (C-5), 125.06 (C-4 0), 129.09 (C-5 0),
153.03 (C-6); m/z (EI) 168 [MC, 42.3%] (CI) 169 {[MC
H]C, 8.4%}. Found m/z (CI) 168.1146. C10H16O2 [MC]
requires m/z 168.1150.

4.1.14. (Z,E)-4-(3,4-Dihydro-2H-6-pyranyl)-3-buten-1-
ol, 10. The following coupling procedures were attempted:
method A (using 0.5 g, 2.52 mmol vinyl iodide 8) afforded
10 (127 mg, 33%); method B (using 0.75 g, 3.79 mmol of
the iodide 8) gave 10 (395 mg, 71%) whilst method C (same
scale as in method B) afforded the diene 10 in 72% yield
(Z:EZ6:1); nmax (film) 3357, 3020, 2930, 2875, 1656, 1612,
1466, 1435, 1414, 1352, 1310, 1234, 1163, 1087, 1060, 966,
934, 890, 865 and 784 cmK1; dH (300 MHz, C6D6) Z-isomer
1.44 (2H, quintet, JZ5.5 Hz, 3-H), 1.83 (2H, dt, JZ6, 4 Hz,
4-H), 2.81 (2H, q, JZ6.5 Hz, 2 0-H), 3.6 (2H, t, JZ6.5 Hz,
1 0-H), 3.75 (2H, t, JZ5 Hz, 2-H), 4.71 (1H, t, JZ4 Hz,
5-H), 5.40 (1H, dt, JZ12, 7 Hz, 3 0-H), 5.82 (1H, d, JZ
12 Hz, 4 0-H); E-isomer 1.52 (2H, quintet, JZ5.5 Hz, 3-H),
1.90 (2H, dt, JZ6, 4 Hz, 4-H), 2.21 (2H, q, JZ6.5 Hz,
2 0-H), 3.45 (2H, t, JZ6.5 Hz, 1 0-H), 3.85 (2H, t, JZ5 Hz,
2-H), 4.68 (1H, t, JZ4 Hz, 5-H), 5.87 (1H, d, JZ15.5 Hz,
4 0-H), 6.22 (1H, dt, JZ15.5, 7.5 Hz, 3 0-H); dC (75 MHz;
C6D6) Z-isomer 20.96 (C-3), 22.22 (C-4), 32.98 (C-2 0),
62.58 (C-1 0), 65.61 (C-2), 103.08 (C-5), 127.11, 127.19
(C-3 0, C-4 0), 153.00 (C-6); E-isomer 21.01 (C-3), 22.66
(C-4), 36.31 (C-2 0), 62.08 (C-1 0), 65.86 (C-2), 100.88 (C-5),
124.97 (C-3 0), 128. 82 (C-4 0), 153.0 (C-6); m/z (CI) 155
{[MCH]C, 100%}. Found: m/z (CI) 154.0990. C9H14O2

[MC] requires m/z 154.0994.
4.1.15. (2R*,6S*)-2-Methyl-1,7-dioxaspiro[5.5]undec-4-
ene, 3222 To a solution of (Z,E)-4-(3,4-dihydro-2H-6-
pyranyl)-3-buten-1-ol, 31 (261 mg, 1.55 mmol) in dichloro-
methane (5 mL) was added camphorsulfonic acid (30 mg)
and the mixture stirred at room temperature for 1 h. After
quenching with saturated sodium bicarbonate, the product
was extracted into ether (2!20 mL), the ethereal extracts
dried (MgSO4), and evaporated and the residue purified by
column chromatography (ethyl acetate/petrol 1:19) to afford
the title compound 32 (172 mg, 66%) as a colourless oil;
nmax (film) 2940, 1658, 1397, 1270, 1201, 1186, 1101,
1072,1046, 1002, 953, 899 and 808 cmK1; dH (300 MHz,
CDCl3): 1.27 (3H, d, JZ6.5 Hz, Me), 1.50–1.65 (5H, m, 9-
H, 10-H, 11-H), 1.90–2.00 (3H, m, 3-H, 11 0-H), 3.60 (1H, br
d, JZ10 Hz, 8eq-H), 3.85 (1H, dt, JZ11.5, 2.5 Hz, 8ax-H),
4.01 (1H, ddq, JZ10, 6, 4.5 Hz, CHMe), 5.61 (1H, ddd, JZ
10, 2.5, 1 Hz, 5-H), 5.89 (1H, ddd, JZ10, 5, 2.5 Hz, 4-H);
dC (50 MHz, CDCl3) 19.01 (C-10), 21.60 (C-Me), 25.59
(C-11), 32.79 (C-9), 35.39 (C-3), 61.18 (C-8), 63.54 (C-2),
94.49 (C-6), 128.31 (C-5), 130.79 (C-4); m/z (EI) 168 [MC,
79.2%]; (CI) 169 {[MCH]C, 87.9%}. Found: m/z (CI)
168.1146. C10H16O2 [MC] requires m/z 168.1150.
4.1.16. (G)-1,7-Dioxaspiro[5.5]undec-4-ene, 12.11 The
title compound was prepared using the method above
from the diene 10 (359 mg, 2.33 mmol) as a colourless oil
(293 mg, 82%); nmax (film) 3040, 2940, 2874, 1656, 1428,
1398, 1379, 1353, 1335, 1273, 1201, 1184, 1160, 1138,
1096, 1069, 1053, 1039, 953, 897, 868, 812, 769, 722 and
689 cmK1; dH (300 MHz, CDCl3) 1.4–1.65 (5H, m, 10-H,
11-H, 9ax-H), 1.70–1.90 (2H, m, 9eq-H, 3eq-H), 2.23 (1H,
dddt, JZ18, 10, 5.5, 2.5 Hz, 3ax-H), 3.53–3.60 (1H, m, 8eq-
H), 3.70 (1H, dd, JZ11.5, 6.5 Hz, 2eq-H), 3.80 (1H, dt, JZ
12, 3 Hz, 8ax-H), 3.87 (1H, dt, JZ12, 3.5 Hz, 2ax-H), 5.64
(1H, ddd, JZ10, 3, 1.5 Hz, 5-H), 5.87 (1H, dd, JZ10, 5 Hz,
4-H); dC (75 MHz, CDCl3) 18.53 (C-10), 24.71 (C-3), 24.98
(C-8), 34.79 (C-11), 57. 56 (C-2), 60.78 (C-8), 92.78 (C-6),
127.58 (C-5), 130.66 (C-4); m/z (CI) 155 {[MCH]C,
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100%}; (EI) 154 [MC, 75.1%]. Found: (CI) m/z 154.1001.
C9H14O2 [MC] requires m/z 154.0993.

4.1.17. (2R*,6S*)-2-Methyl-1,7-dioxaspiro[5.5]undecane,
33.23 To a solution of (2R*,6S*)-2-methyl-1,7-
dioxaspiro[5.5]undec-4-ene, 32 (228 mg, 1.34 mmol) in
ethyl acetate (20 mL) was added 5% palladium on carbon
(30 mg) and the mixture was hydrogenated at 1 atm for 6 h
at room temperature. The catalyst was removed by filtration
through celitew, the celitew pad washed with ethyl acetate
(25 mL) and the combined organic extracts were concen-
trated in vacuo. The residue was purified by column
chromatography (ethyl acetate/petrol 3:97) to afford the
title compound 33 (171 mg, 74%) as a colourless oil; nmax

(film) 2939, 2870, 1449, 1384, 1349, 1282, 1257, 1231,
1214, 1182, 1138, 1095, 1065, 1048, 999, 965, 948, 926,
897, 845 and 804 cmK1; dH (300 MHz, CDCl3) 1.15 (3H, d,
JZ6 Hz), 1.20–2.00 (12H, m), 3.50–3.80 (3H, m, 2-H, 8-
H); dC (75 MHz, CDCl3) 18.57, 18.89 (C-10, C-4), 21.79
(Me), 25.42 (C-9), 32.69 (C-3), 35.08, 35.83 (C-5, C-7),
60.23 (C-8), 65.10 (C-1), 95.54 (C-6); m/z (EI) 169
{[MKH]C, 86.2%}. Found: m/z (CI) 169.1225. C10H17O2

{[MKH]C} requires m/z 169.1228.

4.1.18. (G)-1,7-Dioxaspiro[5.5]undecane, 1313 The title
compound was prepared using the method above from the
spiroketal 12 (226 mg, 1.46 mmol) as a colourless oil
(213 mg, 93%); nmax (film) 2948, 2870, 1452, 1384, 1280,
1256, 1230, 1208, 1179, 1096, 1068, 991, 935, 913, 876 and
796 cmK1; dH (300 MHz, CDCl3) 1.40–2.00 (12H, m),
3.60–3.80 (4H, m, 2-H, 8-H); dC (75 MHz) 18.54 (C-4,
C-10), 25.33 (C-5, C-11), 35.76 (C-3, C-9), 60.37 (C-2, C-
8), 95.01 (C-6); m/z (EI) 155 {[MKH]C, 32.1%}. Found:
m/z (CI) 155.1068. C9H15O2 {[MKH]C} requires m/z
155.1072.

4.1.19. (2R*,6R*,11S*)-2-Methyl-11-phenylselenyl-1,7-
dioxaspiro[5.5]undec-4-ene, 34 and (2R*,6R*,11R*)-2-
methyl-11-phenylselenyl-1,7-dioxaspiro[5.5]undec-4-
ene, 35. To a solution of (4Z,E)-5-(3,4-dihydro-2H-6-
pyranyl)-4-penten-1-ol, 31 (0.36 g, 2.14 mmol) in dichloro-
methane (5 mL) was added pyridine (0.2 mL, 6.4 mmol).
The mixture was cooled to K78 8C, phenylselenyl chloride
(0.45 g, 2.35 mmol) was added and the reaction was allowed
to warm to room temperature and stir for 1 h. After
quenching with ice cold aqueous sodium hydrogencarbo-
nate, the product was extracted into dichloromethane (3!
30 mL), the combined extracts dried (MgSO4), and
evaporated and residue purified by column chromatography
(ethyl acetate/petrol 3:97) to afford the title compounds 34
and 35 (458 mg, 66%) as an inseparable mixture (34:35Z
7:11). The diastereoisomers equilibrated in CDCl3 after
3 days at 20 8C to 35 as a single diastereoisomer. Mixture:
nmax (film) 3053, 2931, 2874, 1658, 1579, 1478, 1437,
1396,1342, 1282, 1231, 1188, 1133, 1101, 1064, 1023, 991,
949, 932, 893, 845, 742 and 709 cmK1; dH (300 MHz,
CDCl3): Initially 1.30 (33/18H, d, JZ6.5 Hz, Me), 1.32 (21/
18H, d, JZ6.5 Hz, Me), 1.50–1.80 (3H, m, 9-H, 3ax-H),
1.90–2.10 (2H, m, 10eq-H, 3eq-H), 2.28 (11/18H, qd, JZ
13, 4.5 Hz, 10ax-H), 2.50–2.65 (7/18H, m, 10ax-H), 3.16
(11/18H, dd, JZ13, 4.5 Hz, 11-H), 3.40 (7/18H, t, JZ
4.5 Hz, 11-H), 3.62–3.76 (1H, m, 8eq-H), 3.87–4.00 (1H, m,
8ax-H), 4.06 (1H, sextet, JZ6.5 Hz, 2-H), 5.71 (11/18H, dt,
JZ10, 2 Hz, 5-H), 5.98–6.12 (1H, m, 4-H), 6.36 (7/18H, dt,
JZ10, 2 Hz, 5-H), 7.25–7.62 (5H, m, Ar); Equilibrated
(essentially 35) dH 1.30 (3H, d, JZ6.5 Hz, Me), 1.50–1.80
(3H, m, 9-H, 3ax-H), 1.95–2.10 (2H, 10eq-H, 3eq-H), 2.28
(1H, qd, JZ13, 4.5 Hz, 10ax-H), 3.16 (1H, dd, JZ13,
4.5 Hz, 11-H), 3.62–3.76 (1H, m, 8eq-H), 3.87–3.90 (1H, dt,
JZ11, 3 Hz, 8ax-H), 4.04 (1H, sextet, JZ6.5 Hz, 2-H), 5.71
(1H, dt, JZ10, 2 Hz, 5-H), 6.05 (1H, dt, JZ9.5, 4 Hz, 4-H),
7.20–7.65 (5H, m, Ar); dC (75 MHz; CDCl3): Initially
21.01, 22.48, 26.63, 27.40, 28.34, 32.09, 31.14, 49.63,
50.21, 60.16, 61.03, 63.84, 64.31, 95.90, 96.09, 126.85,
126.98, 127.17, 128.07, 128.89, 128.96, 129.13, 129.13,
129.32, 130.23, 130.93, 133.38, 134.30; Equilibrated 21.01
(Me), 27.40 (C-9), 28.34 (C-3), 32.09 (C-7), 49.63 (C-11),
60.16 (C-8), 63.84 (C-2), 96.10 (C-6), 127.17, 127.74,
128.88, 129.19 (Ar), 129.13, 129.32 (C-4, C-5), 131.57,
134.30, 134.37 (Ar); m/z (EI) 324 [MC, 80Se 47.5%]; (CI)
325 {[MCH]C, 80Se 38.3%}. Found: m/z 324.0616.
C16H20O2

80Se [MC] requires m/z 324.0628.

4.1.20. (6S*,11S*)-11-Phenylselenyl-1,7-dioxaspiro[5.5]
undec-4-ene, 14. The title compound was prepared from
the diene 10 (382 mg, 2.48 mmol) using the method above
and isolated, after flash chromatography, as essentially a
single diastereoisomer (559 mg, 73%); nmax (film) 3042,
2935, 2876, 1658, 1599, 1477, 1437, 1395, 1377, 1344,
1316, 1283, 1229, 1209, 1177, 1145, 1070, 1036, 993, 949,
929, 888, 853, 772, 743, 713, 693 and 671 cmK1; dH

(300 MHz, CDCl3) 1.55–1.80 (2H, m, 9-H), 1.90–2.10 (2H,
m, 3eq-H, 10eq-H), 2.23 (1H, dq, JZ13, 4.5 Hz, 10ax-H),
2.41 (1H, dddt, JZ18, 9, 5.5, 2.5 Hz, 3ax-H), 3.21 (1H, dd,
JZ12.5, 4.5 Hz, 11-H), 3.67 (1H, br dd, JZ11, 5 Hz, 8eq-
H), 3.80–4.03 (3H, m, 2-H, 8ax-H), 5.74 (1H, ddd, JZ10, 3,
1 Hz, 5-H), 6.12 (1H, dd, JZ10, 5.5 Hz, 4-H), 7.24–7.62
(10H, m, Ar); dC (75 MHz, CDCl3) 24.52 (C-3), 27.29
(C-9), 28.83 (C-10), 49.45 (C-11), 58.12 (C-4), 60.32 (C-8),
94.92 (C-6), 127.28, 128.93 (Ar), 129.12 (C-5), 129.60
(C-6), 129.95, 133.45, 134.33, 134.40 (Ar); m/z (CI) 311
{[MCH], 100%]}. Found: m/z 310.0473. C15H18O2

80Se
[MC] requires m/z 310.0472.

4.1.21. (2R*,6S*)-2-Methyl-1,7-dioxaspiro[5.5]undec-4,
10-diene, 36. The diastereomeric mixture of the selenides
34 and 35 (0.39 g, 1.22 mmol) was dissolved in chloroform
(5 mL) to which was added pyridine (0.5 mL, 6.02 mmol)
and 2-benzenesulfonyl-3-phenyloxaziridine15 (413 mg,
1.58 mmol) and the reaction mixture brought to a gentle
reflux 15 h. The solvent was removed in vacuo and the
residue chromatographed (2:3 dichloromethane/petrol) to
afford the title compound 35 (147 mg, 73%) as a yellow oil;
nmax (film) 3041, 2974, 2931, 2895, 2828, 1656, 1462, 1446,
1425, 1398, 1386, 1367, 1339, 1270, 1214, 1201, 1183,
1135, 1100, 1076, 1048, 1021, 980, 928, 903, 874, 851, 819,
769, 730 and 701 cmK1; dH (300 MHz, CDCl3) 1.25 (3H, d,
JZ6.5 Hz, Me), 1.80–2.00 (3H, m, 3-H, 9eq-H), 2.29 (1H,
dddt, JZ18, 9, 6, 3 Hz, 9ax-H), 3.76 (1H, dd, JZ12, 6 Hz,
8eq-H), 4.02 (1H, dt, JZ12, 3.5 Hz, 8ax-H), 4.00–4.15 (1H,
m, 2-H), 5.59 (2H, br d, JZ10 Hz, 5-H, 11-H), 5.99 (2H, m,
4-H, 10-H); dC (75 MHz, CDCl3) 21.29 (Me), 24.53 (C-9),
31.95 (C-3), 58.25 (C-2), 64.01 (C-8), 92.07 (C-6), 128.27,
128.35, 128.54, 129.11 (C-4, C-5, C-10, C-11); m/z (CI) 167
{[MCH]C, 72.2%}. Found: m/z 166.0993. C10H14O2 [MC]
requires m/z 166.0994.
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4.1.22. (G)-1,7-Dioxaspiro[5.5]undec-4,10-diene, 15.16

The title compound was prepared from the selenide 14
(532 mg, 1.71 mmol) using the method described above.
Flash chromatography (1:1 dichloromethane/petrol)
afforded the title compound as a yellow oil (161 mg,
62%); nmax (film) 3041, 2965, 2933, 2878, 2830, 1654,
1463, 1426, 1395, 1368, 1335, 1271, 1201, 1185, 1157,
1119, 1075, 1023, 901, 862, 778, 735 and 705 cmK1; dH

(300 MHz, C6D6) 1.50 (2H, ddd, JZ18, 5, 3 Hz, 9eq-H,
3eq-H), 2.10 (2H, dddt, JZ18, 12, 6, 2 Hz, 3ax-H, 9ax-H),
3.67 (2H, dd, JZ10, 6 Hz, 2eq-H, 8eq-H), 4.07 (2H, dt, JZ
11, 3.5 Hz, 2ax-H, 8ax-H), 5.75 (2H, dd, JZ10, 3 Hz, 5-H,
11-H), 5.82 (2H, dd, JZ10, 5 Hz, 4-H, 10-H); dC (75 MHz,
C6D6) 24.81 (C-3, C-9), 58.33 (C-2, C-8), 91.36 (C-6),
127.82 (C-4, C-10), 130.08 (C-5, C-11); m/z (EI) 152 [MC,
35.5%]. Found: m/z 152.0834. C9H12O2 [MC] requires m/z
152.0837.

4.1.23. (Z,E)-4-[(2R*)-2-(t-Butyldiphenylsilyloxy-
methyl)-3,4-dihydro-2H-6-pyranyl]-3-buten-1-ol, 19.
Method A. A solution of t-butyllithium (20.6 mL, 1.7 M
solution in pentane) was added dropwise to a stirred solution
of 2-(t-butyldiphenylsilyloxymethyl)-3,4-dihydro-2H-pyran
16 (5.61 g, 15.94 mmol) in THF (8 mL) at K78 8C. The
mixture was allowed to warm up to 0 8C and was stirred at
this temperature for 2 h, then recooled to K78 8C (excess
t-butyllithium was destroyed by adding more THF
[30 mL]). Zinc chloride (1 M solution in ether, 16.9 mL)
was added dropwise and the resulting mixture was allowed
to warm up to room temperature and to stir for 2 h. In a
separate flask, Dibal-H (1 M solution in toluene, 0.4 mL)
was added dropwise to PdCl2(PPh3)2 (133 mg, 0.19 mmol,
5 mol%) in THF (5 mL) at 0 8C and the resulting mixture
was stirred for 30 min. The solution containing the Pd(0)
catalyst was then added to the vinyl zinc at 5–10 8C,
followed by a solution of (Z,E)-4-hydroxy-1-iodobut-1-ene
8 (0.69 g, 3.48 mmol) in THF (2 mL) and resulting mixture
was stirred for 1 h at 0 8C. After quenching with sodium
hydroxide (10 mL), the product was extracted into ether
(3!30 mL), the ethereal extracts dried (MgSO4), concen-
trated in vacuo. The residue was chromatographed (3:1:16
ethyl acetate/triethylamine/petrol) to afford the title
compound 19 (1.08 g, 72%; mobile oil) as an inseparable
mixture of geometrical isomers (Z:EZ8:1)

Method B. The title compound 19 was prepared from (Z,E)-
4-hydroxy-1-iodobut-1-ene 8 (0.75 g, 3.79 mmol) in exactly
the same way as method A except that freshly prepared
Pd(PPh3)4 (213 mg, 5 mol%) was used as the catalyst.
Work-up and chromatography (3:1:16 ethyl acetate/triethyl-
amine/petrol) afforded the title compound (1.06 g, 70%,
colourless oil), as a mixture of geometrical isomers (Z:EZ
8:1); nmax (film) 3385, 2930, 2857, 1655, 1613, 1590, 1472,
1428, 1112, 1068, 1006, 824, 789, 741 and 703 cmK1; dH

(300 MHz, C6D6) Z-isomer: 1.25 (9H, s, tBuSi), 1.49–1.58
(2H, m, 3-H), 1.85–1.95 (2H, m, 4-H), 2.90 (2H, q, JZ7 Hz,
3 0-H), 3.66 (2H, t, JZ6 Hz, 1 0-H), 3.77 (1H, dd, JZ10,
4.5 Hz, CH2OSi), 3.80–3.90 (1H, m, CH2OSi), 3.88–4.00
(1H, m, 2-H), 4.72 (1H, t, JZ4 Hz, 5-H), 5.50 (1H, dt, JZ
12, 8 Hz, 2 0-H), 5.85 (1H, d, JZ12 Hz, 1 0-H), 7.30–8.00
(10H, m, Ar); E-isomer: 1.27 (9H, s, tBuSi), 1.40–1.6 (2H,
m, 3-H), 1.61–1.81 (2H, m, 4-H), 2.30 (2H, q, JZ7 Hz, 2 0-
H), 3.50–3.58 (2H, m, 1 0-H), 3.77 (1H, dd, JZ10, 4.5 Hz,
CH2OSi), 3.80–3.90 (1H, m, CH2OSi), 3.90–4.00 (1H, m,
2-H), 4.68 (1H, t, JZ4 Hz, 5-H), 5.91 (1H, d, JZ15.5 Hz,
4 0-H), 6.25 (1H, dt, JZ15.5, 7.5 Hz, 3 0-H), 7.30–8.00 (10H,
m, Ar); dC (75 MHz, C6D6) Z-isomer: 19.45 or 19.51
(CMe3), 20.75 (C-4), 23.84 (C-3), 26.95 or 27.03 (CMe3),
33.13 (C-2 0), 62.54 (C-1 0), 66.69 (CH2OSi), 76.12 (C-2),
102.64 (C-5), 126.76 (C-3 0), 127.80 (C-4 0), 128.06, 128.09,
130.01, 133.83, 135.97, 136.01 (Ar), 152.63 (C-6);
E-isomer: 19.45 or 19.51 (CMe3), 20.75 (C-4), 24.34
(C-3), 26.95 or 27.03 (CMe3), 36.44 (C-2 0), 62.05 (C-1 0),
66.69 (CH2OSi), 75.97, (C-6), 100.97 (C-5), 125.18 (C-3 0),
126.76 (C-4 0), 128.06, 128.09, 130.01, 133.83, 135.97,
136.01 (Ar), 151.14 (C-6); m/z (CI) 345 {[[MCKPh],
100%}. Found: m/z (CI) 423.2358. C26H35O3

28Si {[MC
H]C} requires m/z 423.2355.

4.1.24. (2R*,6S*)-2-(t-Butyldiphenylsilyloxymethyl)-1,7-
dioxa-spiro[5.5]undec-10-ene, 20. The title compound was
prepared from the diene 19 (0.908 g, 2.15 mmol) using the
method described above for 32. Isolated as a colourless,
viscous oil after flash chromatography (1:99 ethyl acetate/
petrol); yield 0.53 g, (58%); nmax (film) 3071, 3046, 2933,
2858, 1657, 1590, 1473, 1428, 1361, 1273, 1206, 113, 1079,
1029, 998, 958, 919, 904, 889, 862, 824, 805, 739 and
704 cmK1; dH (300 MHz, CDCl3) 1.13 (9H, s, tBuSi), 1.28
(1H, dq, JZ12, 3.5 Hz, 3ax-H), 1.58 (1H, dt, JZ13, 5 Hz,
5eq-H), 1.65–2.05 (4H, m, 4-H, 9eq-H, 3eq-H, 5ax-H), 2.35
(1H, dddt, JZ18, 9, 5.5, 2.5 Hz, 9ax-H), 3.62 (1H, dd, JZ
10, 6 Hz, CH2OSi), 3.70–3.85 (2H, m, CH2OSi, 8eq-H),
3.90–4.05 (2H, m, 8ax-H, 2ax-H), 5.67 (1H, br d, JZ10 Hz,
11-H), 5.99 (1H, br dt, JZ10, 5 Hz, 10-H), 7.30–7.80 (10H,
m, Ar); dC (75 MHz, CDCl3) 18.54 (C-4), 19.33 (CMe3),
24.80 (C-9), 26.82 (CMe3), 27.13 (C-3), 34.67 (C-5), 57.58
(C-8), 67.72 (CH2OSi), 70.57 (C-2), 93.43 (C-6), 127.58
(Ar), 129.54 (C-10), 130.89 (Ar), 133.93 (C-11), 135.67,
135.75 (Ar); m/z (CI) 423 {[MCH]C, 67%} (EI) 365
{[MKtBu]C, 58.6%}. Found: (CI) m/z 423.2339 {[MC
H]C}. C26H35O3Si requires m/z 423.2355.

4.1.25. (2R*,6R*)-2-(t-Butyldiphenylsilyloxymethyl)-1,7-
dioxaspiro[5.5]undecane, 21. The title compound 21 was
prepared from the spiroketal 20 (369 mg, 0.87 mmol) using
the method above. Isolated after flash chromatography (1:99
ethyl acetate/petrol) as a colourless, viscous oil (345 mg,
94%); nmax (film) 2937, 2858, 1428, 1386, 1280, 1229,
1211, 1112, 1086, 994, 951, 932, 875, 824, 800, 739 and
702 cmK1; dH (300 MHz, CDCl3) 1.13 (9H, s, tBuSi), 1.20–
1.70 (10H, m, 3-H, 4-H, 5-H, 9-H, 10-H, 11-H), 1.83–2.10
(2H, m, 9-H, 10-H), 3.64 (1H, dd, JZ10, 5 Hz, CH2OSi),
3.58–3.67 (1H, m, 8-H), 3.75 (1H, dd, JZ10, 6 Hz,
CH2OSi), 3.80–3.90 (2H, m, 2-H, 8-H) 7.4–7.85 (10H, m,
Ar); dC (75 MHz, CDCl3) 18.55 (C-4, C-10), 19.27 (CMe3),
25.39 (C-3), 26.61 (CMe3), 27.18 (C-9), 35.45, 35.78, (C-5,
C-11), 60.25 (CH2OSi), 67.55 (C-8), 70.15 (C-2), 95.50
(C-6), 127.60, 129.52, 129.55, 133.96, 135.69, 135.73, (Ar);
m/z (CI) 442 [[MCNH4]C,100%]. Found: m/z 425.2516.
C26H37O3

28Si {[MCH]C} requires m/z 425.2512.

4.1.26. (2R*,6R*)-2-(Hydroxymethyl)-1,7-dioxa-
spiro[5.5]-undecane, 22.18 To a solution of the TBDPS-
protected alcohol 21 (275 mg, 0.65 mmol) under nitrogen in
THF (10 mL) at ambient temperature was added TBAF
(1 M in THF, 1.3 mL) and the resulting pale green solution
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was stirred at this temperature for 16 h. Ether (30 mL) was
added and the organic solution was washed with saturated
aqueous ammonium chloride (2!15 mL) and brine (1!
15 mL), then dried (MgSO4), and concentrated in vacuo.
Flash chromatography (2:3 ethyl acetate/petrol) of the
residue afforded the title compound 22 (105 mg, 87%) as a
colourless, viscous oil; nmax (film) 3425, 2941, 2871, 1440,
1384, 1281, 1228, 1210, 1182, 1094, 1077, 1049, 1022, 992,
951, 928, 894, 875 and 808 cmK1; dH (300 MHz, CDCl3)
1.20–1.70 (10H, m, 3-H, 4-H, 5-H, 9-H, 10-H, 11-H), 1.78–
2.00 (2H, m, 9-H, 10-H), 2.10 (1H, br s, OH), 3.54 (1H, dd,
JZ11, 7 Hz, CH2OH), 3.65 (1H, dt, JZ11, 3 Hz, 8ax-H),
3.60–3.70 (2H, m, CH2OH and 8eq-H), 3.73–3.83 (1H, m,
2-H); dC (75 MHz, CDCl3) 18.18, 18.61 (C-4, C-10), 25.21
(C-3), 26.46 (C-9), 35.42, 35.59 (C-5, C-11), 60.43
(CH2OH), 66.31 (C-8), 69.67 (C-2), 95.51 (C-6); m/z (CI)
187 [[MCH]C, 100%]. Found: m/z 186.1252. C10H18O3

[MC] requires m/z 186.1256.

4.1.27. (2R*,5S*,6R*)-2-(t-Butyldiphenylsilyloxy-
methyl)-5-phenylselenyl-1,7-dioxaspiro[5.5]-undec-10-
ene, 23 and (2R*,5R*,6R*)-2-(t-butyldiphenylsilyloxy-
methyl)-5-phenylselenyl-1,7-dioxaspiro[5.5]undec-10-
ene, 24. The title compounds were prepared from the diene
19 (0.94 g, 2.23 mmol) using the standard cyclisation
procedure. Isolated as a 2:1 (23:24) mixture of diastereo-
isomers (0.74 g, 57%) after flash chromatography (1:99
ethyl acetate/petrol); nmax (film) 3071, 3049, 2997, 2931,
2857, 1657, 1579, 1475, 1428, 1392, 1361, 1339, 1300,
1271, 1235, 1210, 1189, 1113, 1079, 999, 909, 824, 739 and
705 cmK1; dH (300 MHz, CDCl3): 1.18 (6H, s, tBuSi, eq.
isomer, 23), 1.21 (3H, s, tBuSi, ax. isomer, 24), 1.70–1.80
(2/3H, m), 1.80–2.04 (2H, m), 2.04–2.22 (1H, m), 2.22–2.60
(2H, m), 2.62–2.78 (1/3H, m), 3.24 (2/3H, dd, JZ12.5,
4.5 Hz, 5-H), 3.46 (1/3H, br s, 5-H), 3.60–4.20 (5H, m, 2-H,
8-H, CH2OSi), 5.80 (2/3H, d, JZ10 Hz, 11-H), 6.02–6.10
(1/3H, m, 10-H), 6.12–6.20 (2/3H, m, 10-H), 6.49 (1/3H, d,
JZ10 Hz, 11-H), 7.25–7.85 (15H, m, Ar); dC (75 MHz,
CDCl3) Equatorial isomer, 23: 19.37 (CMe3), 24.62 (C-3),
26.97 (CMe3), 28.37 (C-9), 29.65 (C-10), 49.37 (C-11),
58.09 (C-2), 67.33 (CH2OSi), 70.27 (C-8), 95.39 (C-6),
127.80 (Ar), 128.92 (C-4), 129.01, 129.11, 129.66 (Ar),
129.84 (C-6), 133.17, 134.51, 135.81 (Ar); Axial isomer,
24: 19.41 (CMe3), 23.73 (C-9), 26.16 (C-9), 26.89 (C-4),
26.97 (CMe3), 50.16 (C-5), 58.44 (C-8), 67.48 (CH2OSi),
70.53 (C-2), 95.02 (C-6), 127.80 (Ar), 128.59 (C-10),
129.01, 129.11, 129.66 (Ar), 129.92 (C-11), 133.92, 133.17,
134.51, 135.81 (Ar); m/z FAB 579 {[MCH]C, 4.2%}.
Found: m/z 579.1856. C32H39O3

80Se28Si {[MCH]C}
requires 579.1834.

4.1.28. (2R*,6R*)-2-(t-Butyldiphenylsilyloxymethyl)-1,7-
dioxaspiro[5.5]undec-4,10-diene, 25. The title compound
was prepared from the diastereomeric mixture of selenides
23 and 24 (503 mg, 0.87 mmol). Isolated as a single isomer,
a pale yellow oil, (265 mg, 73%) after flash chromatography
(1:99 ethyl acetate/petrol); nmax (film) 3044, 2930, 2857,
1657, 1473, 1428, 1389, 1201, 1113, 1077, 1020, 908, 824,
796, 740 and 702 cmK1; dH (300 MHz, CDCl3): 1.10 (9H, s,
tBuSi), 1.90 (1H, dt, JZ18, 4.5 Hz, 9eq-H), 2.00–2.10 (2H,
m, 3-H), 2.35 (1H, dddt, JZ18, 9, 5.5, 3 Hz, 9ax-H), 3.70
(1H, dd, JZ10, 5.5 Hz, CH2OSi), 3.80 (1H, dd, JZ11,
6 Hz, 8eq-H), 3.87 (1H, dd, JZ10, 5 Hz, CH2OSi), 4.10
(1H, dt, JZ12, 3.5 Hz, 8ax-H), 4.20 (1H, dq, JZ10, 5 Hz,
2-H), 5.60–5.70 (2H, m, 5-H, 11-H), 6.12–6.22 (2H, m, 4-H,
10-H), 7.30–7.80 (10H, m, Ar); dC (75 MHz, CDCl3) 19.03
(CMe3), 24.53 (C-9), 26.64 (CMe3), 27.08 (C-3), 58.32
(C-8), 66.90 (CH2OSi), 68.66 (C-2), 91.89 (C-6), 127.61,
127.72, 127.80 (Ar), 127.88, 128.15 (C-4, C-10), 128.24,
128.71 (C-5, C-11), 129.57, 129.60, 133.72, 135.50, 135.62,
135.69, 135.76; m/z (EI) 362 [MCKtBu, 61%] (CI) 421
[[MCH]C, 100%]. Found: (CI) m/z 421.2185.
C26H33O3

28Si {[MCH]C} requires m/z 421.2200.

4.1.29. Ethyl (2R*,3R*)-3-(t-butyldimethylsilyloxy)-2-
methylbutanoate, 39.30 To a solution of ethyl (2R*,3R*)-
3-hydroxy-2-methylbutanoate 38 (9.95 g, 68.1 mmol) in
dichloromethane (10 mL) was added 1,8-diazobicyclo-
[5,4,0]undec-7-ene (10.2 mL, 65.6 mmol) at 0 8C followed
by t-butyldimethylsilyl chloride (9.89 g, 65.6 mmol) in
dichloromethane (10 mL). After 3 h at room temperature the
mixture was poured into water (100 mL), extracted into
ether (100 mL) and washed with water (50 mL), hydro-
chloric acid (0.1 M, 50 mL), water (50 mL), saturated
sodium bicarbonate (50 mL) and water (50 mL). The
organic layer was dried (MgSO4), concentrated in vacuo,
and the residue was purified by flash column chromato-
graphy (1:19 ethyl acetate petrol) to afford the title
compound 39 (14.02 g, 87%) as a colourless oil; nmax

(film) 2958, 2931, 2858, 1737, 1474, 1376, 1320, 1256,
1185, 1113, 1068, 1039, 982, 953, 839, 811 and 776 cmK1;
dH (300 MHz, CDCl3): 0.06 (3H, s, CH3Si), 0.09 (3H, s,
CH3Si), 0.90 (9H, s, CH3CSi), 1.11 (3H, d, JZ7 Hz, C2–
Me), 1.16 (3H, d, JZ6 Hz, H-4), 1.25 (3H, t, JZ7 Hz,
OCH2CH3), 2.51 (1H, quintet JZ7 Hz, H-2), 3.95–4.15
(1H, m, H-3), 4.13 (2H, q, JZ7 Hz, OCH2); dC (75 MHz)
K5.12, K4.32, 12.68, 14.19, 17.92, 20.24, 25.72, 48.15,
60.12, 70.15, 175.15; m/z (CI) 261 [MCH]C, 100%], 203
[MCKtBu, 20%]. Found: (CI) m/z 261.1884. C13H29O3

28Si
{[MCH]C} requires m/z 261.1886.

4.1.30. (1ZE,3S*,4R*)-4-(t-Butyldimethylsilyloxy)-1-
iodo-3-methylpentene, 41. Dibal-H (1 M in toluene,
15.7 mL, 15.7 mmol) was added dropwise to a cooled
(K78 8C) and stirred solution of ethyl (2R*,3R*)-3-(t-
butyldimethylsilyloxy)-2-methylbutanoate 39 (2.42 g,
9.83 mmol) in anhydrous toluene (100 mL). After being
stirred at K80 8C for 1 h the reaction was quenched by
dropwise addition of methanol (10 mL) keeping the
temperature below K78 8C. Citric acid (10% aqueous
solution, 80 mL) was then added, the mixture was allowed
to warm to room temperature, the organic phase was
decanted and the aqueous layer was extracted with
dichloromethane (3!100 mL). The combined organic
phases were dried (MgSO4), the solvent was removed
under vacuum. The crude aldehyde 4030 {dH (300 MHz,
CDCl3): 0.04 (3H, s, CH3Si), 0.05 (3H, s, CH3Si), 0.90 (9H,
s, CH3CSi); 1.10 (3H, d, JZ7.5 Hz, C2–Me), 1.25 (3H, d,
JZ6 Hz, 4-H), 2.30–2.40 (1H, m, H-2); 4.05 (1H, quintet,
JZ6 Hz, H-3), 9.85 (1H, d, JZ2.5 Hz, H-1)} was used
immediately in the next reaction.

To a suspension of iodomethyltriphenylphosphonium iodide
(6.51 g, 12.3 mmol) in THF (27 mL) at room temperature
was slowly added sodium hexamethyldisilazide (1 M
solution in THF, 11.3 mL). After stirring for 10 min, the
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dark-coloured solution of the yield was cooled to K78 8C
and crude (2R*,3R*)-3-(t-butyldimethylsilyloxy)-2-methyl-
butanal 40 in THF (10 mL) was added slowly. The mixture
was allowed to warm to room temperature and after 30 min,
the solvent was removed in vacuo. The residue was washed
with 3!(50 mL 50:1 petrol/diethyl ether) and the super-
natant filtered through celitew to remove triphenylphos-
phine oxide. The combined eluents were concentrated in
vacuo and the residue purified by flash column chromato-
graphy (dichloromethane /hexane 1:19) to afford the title
compound 41 as a light sensitive, colourless, oil38 (1.38 g,
41% overall yield from 39; E:ZZ6:1). Z-isomer; nmax (film)
2957, 2927, 2885, 2857, 1608, 1472, 1462, 1375, 1259,
1152, 1086, 1064, 1027, 1007, 956, 850, 837, 802, 775, 745,
699 and 665 cmK1; dH (300 MHz, CDCl3): 0.10 (3H, s,
CH3Si), 0.11 (3H, s, CH3Si), 0.93 (9H, s, CH3CSi), 1.05
(3H, d, JZ7 Hz, C3–Me), 1.12 (3H, d, JZ6.5 Hz, 5-H),
2.50–2.56 (1H, m, 3-H), 3.80–3.88 (1H, m, 4-H), 6.15 (1H,
dd, JZ9, 7.5 Hz, 2-H), 6.25 (1H, d, JZ7 Hz, 1-H); dC

(75 MHz; CDCl3): K4.75, K4.23, 15.76, 18.07, 21.45,
25.87, 49.65, 70.87, 81.90, 143.41; m/z (CI) 341 [[MC
H]C,34%]. Found: m/z (CI) 341.0804. C12H25IO28Si {[MC
H]C} requires m/z 341.0798. E-isomer nmax (film) 2957,
2929, 2885, 2857, 1603, 1552, 1472, 1462, 1374, 1361,
1253, 1188, 1157, 1128, 1102, 1064, 1029, 1007, 988, 956,
837, 806, 775 and 663 cmK1; dH (300 MHz, CDCl3): 0.10
(6H, s, CH3Si), 0.95 (9H, s, CH3CSi), 1.02 (3H, d, JZ
6.5 Hz, C3–Me), 1.11 (3H, d, JZ6 Hz, 5-H), 2.15–2.25 (1H,
m, 3-H), 3.65–3.72 (1H, m, 4-H), 6.02 (1H, dd, JZ14.5,
0.5 Hz, H-1), 6.52 (1H, dd, JZ14.5, 8.5 Hz, H-2); dC

(75 MHz, CDCl3): K4.78, K4.35, 15.69, 18.07, 21.24,
25.86, 48.37, 71.23, 74.73, 149.04; m/z (CI) 341 {[MCH]C,
36%}. Found: m/z (CI) 341.0807. C12H25IO28Si {[MC
H]C} requires m/z 341.0798.

4.1.31. (2R*,3S*,4Z)-5-Iodo-3-methyl-4-penten-2-ol, 42.
To a solution of (1ZE,3S*,4R*)-4-(t-butyldimethyl-sily-
loxy)-3-methyl-1-iodopentene 41 (1.29 g, 3.79 mmol) in
acetonitrile (67 mL) was added 60% aqueous hydrogen
fluoride (2.25 mL). The mixture was stirred for 10 min at
ambient temperature after which time the reaction mixture
was diluted with water (50 mL) and extracted with
chloroform (2!50 mL). The combined organic extracts
were dried (MgSO4), concentrated in vacuo and the residue
purified by flash column chromatography (1:4 ethyl acetate
petrol) to afford the title compound 42 (0.66 g, 77%) as a
light sensitive, colourless, oil38; nmax (film) 3376, 3064,
2969, 2929, 1609, 1452, 1376, 1352, 1262, 1200, 1152,
1112, 1085, 1045, 1015, 995, 929, 886, 797 and 702 cmK1;
dH (300 MHz, CDCl3): 1.08 (3H, d, JZ7 Hz, 3 0-H), 1.24
(3H, d, JZ6.5 Hz, 1-H), 2.42–2.56 (1H, m, 3-H), 3.81 (1H,
quintet, JZ6 Hz, 2-H), 6.15 (1H, dd, JZ9, 7 Hz, 4-H), 6.36
(1H, d, JZ7.5 Hz, 5-H); dC (75 MHz, CDCl3): 15.65, 20.85,
46.70, 70.90, 83.35, 142.86. m/z (CI) 244 [[MCNH4]C,
100%]. Found: m/z (CI) 244.0204. C6H15INO {[MC
NH4]C} requires m/z 244.0198.

4.1.32. (2R*,3S*,4Z)-5 0-(3 0,4 0-Dihydro-2H-6-pyranyl))-3-
methyl-4-penten-2-ol, 43. A solution of t-butyllithium
(5.8 mL, 1.7 M solution in pentane) was added dropwise to
a stirred solution of 2,3-dihydro-2H-pyran (0.8 mL,
9.36 mmol) in THF (5 mL) at K78 8C. The mixture was
allowed to warm up to 0 8C and was stirred at this
temperature for 30 min, then re-cooled to K78 8C. Zinc
chloride (1 M solution in ether, 9.8 mL) was added
dropwise and the resulting mixture was allowed to warm
up to room temperature and to stir for 2 h, generating a stock
solution of the zinc reagent 11. A solution of (2R*,3S*,4Z)-
5-iodo-3-methyl-4-penten-2-ol 42 (500 mg, 1.17 mmol) and
Pd(PPh3)4 (127 mg, 5 mol%) in THF (5 mL) was added to
the vinylzinc 11 at 5–10 8C, and resulting mixture was
stirred for 1 h. After quenching with sodium hydroxide
(10 mL), the product was extracted with ether (3!30 mL),
the ethereal extracts dried (MgSO4), concentrated in vacuo,
and the residue was purified by flash column chromato-
graphy (3:1:16 ethyl acetate/triethylamine/petrol) to afford
the title compound 43 as a colourless oil (290 mg, 72%);
nmax (film) 3412, 2969, 2930, 2874, 1723, 1656, 1610, 1450,
1394, 1375, 1353, 1311, 1274, 1234, 1153, 1086, 1060, 999,
972, 936, 893, 862 and 787 cmK1; dH (200 MHz, C6D6)
1.03 (3H, d, JZ6 Hz, C-3 0Me), 1.18 (3H, d, JZ6 Hz, H-1 0),
1.35 (2H, apparent quintet, JZ6 Hz, 3-H), 1.76–1.90 (2H,
m, 4-H), 3.30–3.50 (1H, m, 3 0-H), 3.45–3.55 (1H, m, 2 0-H),
3.68 (2H, t, JZ6 Hz, 2-H), 4.66 (1H, t, JZ4 Hz, 5-H), 5.15–
5.30 (1H, m, 4 0-H), 5.75 (1H, d, JZ12 Hz, 5 0-H); m/z (CI)
183 [[MCH]C, 100%]. Found m/z (CI) 182.1301.
C11H18O2 [MC] requires m/z 182.1307.

4.1.33. (2R*,3S*,6S*)-2,3-Dimethyl-1,7-dioxaspiro[5.5]
undec-4-ene, 44. To a solution of (2R*,3S*,4Z)-5-(3,4-
dihydro-2H-6-pyranyl))-3-methyl-4-penten-2-ol 43 (247 mg,
1.35 mmol) in dichloromethane (5 mL) was added cam-
phorsulfonic acid (30 mg) and the mixture stirred at room
temperature for 1 h. After quenching with saturated sodium
bicarbonate (15 mL), the reaction mixture was extracted
with ether (2!20 mL), the ethereal extracts dried (MgSO4),
and evaporated and the residue purified by flash column
chromatography (ethyl acetate/petrol 1:19) to afford the title
compound 44 (105 mg, 42%) as a colourless oil; nmax (film)
3034, 2939, 2872, 1657, 1450, 1398, 1378, 1269, 1225,
1204, 1186, 1169, 1106, 1091, 1074, 1055, 1002, 954, 923,
896, 813 and 723 cmK1; dH (300 MHz, CDCl3): 0.92 (3H, d,
JZ6 Hz, Me) 1.23 (3H, d, JZ6.5 Hz, Me), 1.45–1.65 (5H,
m, 10-H, 11-H, 9ax-H), 1.80–2.00 (2H, m, 3-H, 9eq-H),
3.50–3.61 (2H, m, 8eq-H, 2-H), 3.80 (1H, dt, JZ11, 3 Hz,
8ax-H), 5.54 (1H, dd, JZ10, 2 Hz, 5-H) 5.64 (1H, dd, JZ
10, 1.5 Hz, 4-H); dC (75 MHz, CDCl3) 16.73, 18.52, 19.14,
25.13, 34.88, 36.22, 60.75, 69.46, 93.59, 129.39, 134.42;
m/z (CI) 182 [MC, 100%]. Found: m/z (CI) 183.1386.
C11H19O2 {[MCH]C} requires m/z 183.1386.

4.1.34. (2R*,3S*,4Z)-3,7-Dimethyl-4-octen-2-ol, 45.
Dibal-H (2.5 mL of a 1 M solution in toluene) was added
to the vinyl iodide 42 (570 mg, 2.5 mmol) at K78 8C and
then allowed to warm up to room temperature. This solution
was then added, via cannula, to a mixture of the zinc reagent
11 (2.5 mmol) and Pd(PPh3)4 (5 mol%) in THF. After 1 h at
5 8C work-up and chromatography as above afforded the
title compound 45 as a colourless oil (75 mg, 19%); nmax

(film) 3363, 2958, 2871, 1465, 1368, 1164, 1091, 1044,
1014, 924, 877, 831 and 792 cmK1; dH (300 MHz, CDCl3):
0.95–1.10 (9H, m, 3!Me), 1.22 (3H, d, JZ7 Hz, Me), 1.65
(1H, apparent septet, JZ6.5 Hz, 7-H), 1.82 (1H, br d s, OH),
2.00–2.20 (2H, m, 6-H), 2.45–2.60 (1H, m, 3-H), 3.52 (1H,
quintet, JZ6.5 Hz, 2-H), 5.28–5.40 (1H, m, 4-H), 5.59 (1H,
dt, JZ11, 7 Hz, 5-H); dC (50 MHz, CDCl3) 16.9, 20.0, 22.1,
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22.5, 28.6, 36.8, 39.9, 71.6, 131.3, 132.4; m/z (CI) 156 [MC,
38%], 174 [[MCNH4]C, 100%]. Found: m/z (CI) 174.1855.
C10H24NO {[MCNH4]C} requires m/z 174.1858.
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Abstract—Investigation of the organic extract of Aptenia cordifolia leaves revealed six new oxyneolignans named apteniols A–F. The
structures were determined by means of spectroscopic methods. The C6C3 units are linked by an oxygen atom at C4–C4 0 or C4–C2 0 and they
are dihydrophenylpropanoid acid units. Their effects on germination and growth of Lactuca sativa L. have been studied in the range
concentration 10K4–10K7 M.
q 2005 Elsevier Ltd. All rights reserved.
1. Introduction

Aptenia cordifolia, belonging to the Aizoaceae family, is a
perennial herb native to South Africa and has now largely
spread throughout Europe. The most commonly grown
plant, usually grown under the cultivar name of ‘Red
Apple’, is considered by some botanists to be actually a
hybrid between Aptenia cordifolia and the closely related
Platythyra Aptenia haeckeliana.1 Previous chemical studies
of the aerial part of A. cordifolia evidenced the presence of
flavonoids.2 As part of our research on bioactive natural
products isolated from spontaneous plants present in Italy
and their use as natural herbicide models, we recently
reported that some metabolites isolated from Brassica
fruticulosa and Chenopodium album inhibited the germina-
tion and growth of some mono and dicotyledons.3,4
0040–4020/$ - see front matter q 2005 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2005.09.054
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Continuing the phytochemical study of common weeds
widely distributed in the Mediterranean area, we have
investigated A. cordifolia. The present paper reports the
isolation and structure elucidation of six new oxyneolignans
from the hydroalcoholic infusion of fresh leaves of
A. cordifolia. The C6C3 units are linked by an oxygen
atom at C4–C4 0 or C4–C2 0 and they are dihydrophenylpro-
panoid acid units. The phytotoxic activity of the compounds
have been evaluated on the dicotyledon Lactuca sativa.
2. Results and discussion

Repeated column chromatographies and preparative HPLC
of the methanol/water extract of leaves of the plants, after
acetone precipitation, afforded compounds 1–6. The
Tetrahedron 61 (2005) 11924–11929
lysis; Lactuca sativa.
ellagre@unina.it



Table 1. 1H NMR Data of 1–6 (CD3OD) at 500 MHza

Position 1 2 3b 4b 5b 6

2 6.92d (8.5) 6.72d (1.5) 6.70d (1.5) 6.44s 6.42s
3 6.63d (8.5) 7.21c

4 7.23c

5 6.63d (8.5) 6.82d (8.2) 6.83d (8.0) 7.12m
6 6.92d (8.5) 6.70dd (8.2, 1.5) 6.68dd (8.0, 1.5) 6.44s 6.42s 7.21c

7 2.84t (8.1) 2.89t (8.0) 2.88t (7.5) 2.90t (7.5) 2.88t (8.0) 2.89t (7.6)
8 2.66t (8.1) 2.66t (8.0) 2.59t (7.5) 2.67t (7.5) 2.61t (8.0) 2.44t (7.6)

2 0 6.92d (8.5) 7.05d (8.5) 7.05d (9.0) 6.72s 6.42s 6.82d (2.0)

3 0 6.63d (8.5) 6.74d (8.5) 6.75d (9.0)

5 0 6.63d (8.5) 6.74d (8.5) 6.75d (9.0) 6.82d (8.5) 6.67d (8.0)

6 0 6.92d (8.5) 7.05d (8.5) 7.05d (9.0) 6.70d (8.5) 6.42s 6.63dd (8.0, 2.0)

7 0 2.84t (8.1) 2.89t (8.0) 2.88t (7.5) 2.90t (7.5) 2.88t (8.0) 2.82t (7.8)

8 0 2.66t (8.1) 2.66t (8.0) 2.61t (7.5) 2.67t (7.5) 2.61t (8.0) 2.41t (7.8)

3-OMe 3.86s 3.87s 3.87s 3.88s
5-OMe 3.87s 3.88s

3 0-OMe 3.87s 3.88s 3.87s

5 0-OMe 3.88s

9-OMe 3.67s

9 0-OMe 3.67s

a J values (in Hz) in parentheses.
b Recorded in CDCl3 500 MHz.
c Multiplicity was not determined due to overlapping.
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structure of these compounds was elucidated by their
spectral data.

Apteniol A (1) showed a molecular peak at m/z 337 [MC
Na]C in the MALDI-MS spectrum suggesting, along with
the elemental analysis, a molecular formula C18H18O5. The
UV spectrum revealed band at 278 nm. The 1H NMR and
the 13C NMR spectra indicated a highly symmetric
molecule. In the 1H NMR spectrum (Table 1) eight aromatic
protons were present as two ortho-coupled protons and eight
methylene protons as two triplets in aliphatic region. The
13C NMR spectrum (Table 2) showed only seven carbon
signals. The 1H and 13C resonances of 1 were assigned by
combination of COSY, DEPT, HMQC and HMBC
experiments. The DEPT spectrum showed two methylenes,
Table 2. 13C NMR Data of 1–6 (CD3OD) at 125 MHz

Position 1 2 3a

1 129.6 132.1 132.7
2 130.7 111.0 110.2
3 116.6 146.4 146.7
4 157.4 144.0 144.2
5 116.6 114.4 114.6
6 130.7 120.8 121.0
7 35.7 30.3 30.9
8 42.9 35.9 36.3
9 180.6 178.9 173.8

1 0 129.6 132.1 130.0

2 0 130.7 129.4 129.6

3 0 116.6 115.4 115.5

4 0 157.4 154.1 154.4

5 0 116.6 115.4 115.5

6 0 130.7 129.4 129.6

7 0 35.7 30.3 30.9

8 0 42.9 35.8 36.3

9 0 180.6 178.9 173.8

3-OMe 55.8 56.1
5-OMe

3 0-OMe

5 0-OMe
9-OMe 51.9

9 0-OMe 51.9

a Recorded in CDCl3.
and two methines. According to the structure in the HMBC
spectrum both the H-7/H-7 0 and H-8/H-8 0 protons were
correlated to the C-9/C-9 0 at d 180.6 and C-1/C-1 0 at d
129.6; furthermore the H-3/H-3 0 protons were correlated to
C-1/C-1 0, and C-4/C-4 0 carbons at d 157.4.

The molecular ion at m/z 390 [MC2Na]C in the MALDI-
MS spectrum along with the elemental analysis, defined
the molecular formula C19H20O6 of apteniol B (2). Its
1H NMR spectra (Table 1) indicated the presence of four
ortho-coupled protons, two doublet protons, and one double
doublet proton in the aromatic region; a methyl singlet of a
methoxyl group, and two triplets in the aliphatic region. In
the 13C NMR spectrum (Table 2) fourteen carbons were
evident. The DEPT spectrum indicated the presence of a
4a 5a 6

133.1 132.0 135.7
104.8 104.9 113.5
146.9 147.0 148.6
131.9 145.2 145.8
146.9 147.0 116.4
104.8 104.9 122.0
30.7 31.2 34.0
35.7 36.1 41.9

177.8 178.4 182.2
131.2 132.0 127.1

110.8 104.9 144.2

146.9 147.0 129.2

144.0 145.2 129.2

114.3 147.0 126.6

120.7 104.9 129.2

30.2 31.2 34.4

35.7 36.1 41.6

177.8 178.4 182.2

56.1 56.3 56.5
56.1 56.3
55.7 56.3

56.3
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methyl, three methylenes, and five methines. The HMQC
experiment allowed the assignment of the protons to the
corresponding carbons. The HMBC spectrum showed cross-
peaks of both the H-2 and H-5 protons with the C-3 and C-4
carbons and the H-6 with the C-1 and C-7. Furthermore the
H-2 0/H-6 0 protons gave cross peaks with the C-4 0 and C-7 0

carbons, the H-7 0 and the H-8 0 protons gave cross peaks with
the C-1 0 and C-9 0 carbons. These data led to the structure 2
as depicted. The assignment of the methoxyl at C-3 was
confirmed by NOE between the methoxyl and the H-2
proton.

Apteniol C (3) had the molecular formula C21H24O6 as
deduced from the molecular peak at m/z 372 in the MALDI-
MS spectrum. The general features of its IR and NMR
spectra (Tables 1 and 2) closely resembled those of 2, except
for the presence of two methoxyl signals in the NMR
Figure 1. (A) Effect of compounds 1–6 on germination of Lactuca sativa L. Value
1–6 on root length of Lactuca sativa L. Value presented as percentage differences f
L. Value presented as percentage differences from control.
spectra. The structure of compound 3 was also deduced
from the NOE observed between the methoxyls at d 3.67
and the H-8/H-8 0 protons in the NOESY experiment.
Compound 3 was also obtained by treatment of Apteniol
B with ethereal CH2N2.

Apteniol D (4) had the molecular formula C21H24O8, as
established by the ion at m/z 427 [MCNa]C in the MALDI-
MS spectrum and elemental analysis. The 1H NMR
spectrum (Table 1) showed the presence of one aromatic
ring with three coupled protons in a ABX system, an
aromatic ring with two protons meta coupled, two
methylenes as triplets and a methyl singlet of three
methoxyls. In the 13C NMR spectrum (Table 2) fifteen
carbon signals were present, and the DEPT experiment
evidenced two methyls, two methylenes, and four methines.
The 1H and 13C resonances of apteniol C were assigned by
presented as percentage differences from control. (B) Effect of compounds
rom control. (C) Effect of compounds 1–6 on shoot length of Lactuca sativa
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combination of COSY, DEPT, HMQC and HMBC
experiments. The HMBC spectrum of compound 4 showed
cross-peaks of both the H-2 and H-6 with C-4 and C-7, and
both the H-2 0 and the H-5 0 protons with the C-1 0 and C-4 0

carbons. NOEs between the signal at d 3.87 and the H-2, H-6
and H-2 0 protons allowed to assign the methoxyls at C-3,
C-5, and C-5 0 positions.

Apteniol E (5) showed a molecular peak at m/z 480 [MC
2Na]C in the MALDI-MS spectrum suggesting, along with
the elemental analysis, a molecular formula C22H26O9. The
UV spectrum revealed bands at 322, 279 and 244 nm. The
1H NMR spectrum (Table 1) showed only one singlet
aromatic signal, two triplets in aliphatic region, and a
methyl signals. In the 13C NMR spectrum (Table 2) only
eight carbon signals were present indicating a highly
symmetric molecule. The 1H and 13C resonances of 5
were assigned by combination of COSY, DEPT, HMQC and
HMBC experiments. The DEPT spectrum showed one
methyl, two methylenes, and one methine. According to the
structure in the HMBC spectrum both the H-7/H-7 0 and the
H-8/H-8 0 protons were correlated to the C-9/C-9 0 at d 178.4
and the C-1/C-1 0 at d 132.0; furthermore the H-2, H-6/H-2 0,
H-6 0 protons were correlated to the C-1/C-1 0 and C-4/C-4 0

carbons. The NOE of the signal at d 3.88 with H-2/H-6 and
H-2 0/H-6 0 allowed assignment of the methoxyls at the C-3,
C-3 0, C-5, and C-5 0 positions.

Apteniol F (6) had the same molecular formula as 2 as
deduced from a molecular peak at m/z 343 [MKH]C in the
MALDI-MS spectrum, and the elemental analysis. The 1H
NMR spectrum (Table 1) showed the presence of one
aromatic ring with three coupled protons in a ABX system,
an aromatic ring with four adjacent protons, two methylenes
as triplets and a methyl singlet of a methoxyl group. In the
13C NMR spectrum (Table 2) sixteen carbon signals were
present, and the DEPT experiment showed one methyl, four
methylenes, and five methines. The 1H and 13C resonances
of apteniol F were assigned by a combination of COSY,
DEPT, HMQC and HMBC experiments. The HMBC
spectrum of compound 6 showed cross-peaks of H-7 with
C-2, C-6 and C-9, H-8 with C-1, and both the H-2 0 and the
H-5 0 protons with the C-1 0 and C-4 0 carbons. NOEs between
the signal at d 3.87 and H-2 0 allowed assignment of the
methoxyl at the C-3 0 position.

All of the compounds isolated from A. cordifolia were tested
for their phytotoxicity on the seeds of Lactuca sativa.5 This
species was selected as representative of main dicotyledon
commercial crops.5 It has been used extensively as a test
organism because of its fast germination and high
sensitivity, and allows comparison of bioassay results for
many different compounds.6,7 Aqueous solution of oxy-
neolignans 1–6, ranging between 10K4 and 10K7 M, were
tested on germination, root length and shoot length of
treated lettuce seeds (Fig. 1). All the tested compounds
reduced the germination by 25% at 10K4 M, and dose
dependence effects were observed. They reduced the root
elongation by 20% at 10K4 M, but compound 1 was the
most active (40%) when compared to the control and
compound 3 was almost completely inactive. Amongst
compounds 1–6, only oxyneolignan 4 reduced shoot
elongation by 15% at the highest concentration and no
important effects were observed for compounds 1, 3, and 6,
while compounds 2 and 5 showed stimulatory effects within
20–50%.

Lignans, found widely throughout the plant kingdom,
exhibit interesting antimicrobic, antiviral, herbicidal, or
antifeedant activities that are thought to participate in plant
defence mechanisms against biotic stresses.8–11 Cancer
protective effects of dietary lignans have been also
demonstrated.12,13 In contrast, neolignans are distributed
in the limited plant families, as Pinaceae and Cupressa-
ceae.14,15 The presence of dihydrocinnamic acid residues, in
oxyneolignans isolated from A. cordifolia is peculiar
because, to the best of our knowledge, the more common
compounds isolated contain a reduced carboxylic group as
alcohol or alkane.
3. Experimental

3.1. General procedures

NMR spectra were recorded at 25 8C on a Varian UNITY
INOVA-500 spectrometer, operating at 500 and 125 MHz
for 1H and 13C, respectively. Matrix assisted laser
desorption ionization (MALDI) mass spectra were recorded
using a Voyager-DE MALDI-TOF mass spectrometer. UV–
vis spectra were recorded in methanol on a Perkin-Elmer
Lambda 7 spectrophotometer. Liquid chromatography over
silica gel (230–400 mesh) was performed at medium
pressure. Preparative HPLC was run on a Agilent 1100
equipped with an UV detector and using SiO2 (LiChrospher
Silica 10 mm, 250!10 mm i.d., Merck), RP-18
(LiChrospher 10 mm, 250!10 mm i.d., Merck) columns.
Analytical TLC was performed on precoated Merck
aluminum sheet (DC-Alufolien Kielselgel 60 F254,
0.2 mm) or RP-18 F254 plates with 0.2 mm film thickness.
The spots were visualized by UV light or by spraying with
H2SO4–AcOH–H2O (1:20:4). The plates were then heated
for 5 min at 110 8C. Prep. TLC was performed on Merck
Kiesegel 60 F254 plates, with 0.5 or 1 mm film thickness.

3.2. Plant material

Leaves of Aptenia cordifolia were collected in Italy
(Campania) during the summer (August) and identified by
Professor Pollio of the Dipartimento di Biologia Vegetale of
University Federico II of Napoli. A voucher specimen
(HERBNAPY680) has been deposited in the herbarium at
the University Federico II.

3.3. Extraction and isolation of metabolites

Fresh leaves (12 kg) of the plants were powdered and
extracted with H2O–CH3OH (9/1) at room temperature
(25 8C) for 7 days. To an aqueous suspension (800 ml) of the
H2O/CH3OH extract (450 g), cold (CH3)2CO (1.0 l) was
added, and the mixture was placed on a stirring plate
overnight at K18 8C. The (CH3)2CO addition led to heavy
precipitation consisting mostly of proteinaceous material,
which was removed by centrifugation. The (CH3)2CO was
removed and the aqueous solution was chromatographed on
Amberlite XAD-2 with H2O, CH3OH and (CH3)2CO to give
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3 fractions. The fraction eluted with CH3OH (45.0 g) was
rechromatographed on silica gel column to give 13
fractions. Fraction 5 (5.5 g) eluted with CH2Cl2–CH3OH
(4/1) was rechromatographed on SiO2 flash column eluting
with CH2Cl2–AcOEt–(CH3)2CO gradient to afford 9
subfractions. Subfraction 1 (91 mg) eluted with CH2Cl2–
(CH3)2CO (4/1) was purified by preparative TLC [petrol
ether–(CH3)2CO (3/1)], to give 3 (8 mg).

Fraction eluted with (CH3)2CO (50.0 g) was rechromato-
graphed on silica gel column to give 11 fractions. Fraction 6
(5.0 g) eluted with CH2Cl2–CH3OH (1/1) was rechromato-
graphed on SiO2 flash column eluting with CH2Cl2–
(CH3)2CO–CH3OH gradient to afford 15 subfractions.
Subfraction 10 (498 mg) eluted with CH2Cl2–CH3OH
(4/1) was rechromatographed on SiO2 flash column eluting
with AcOEt–(CH3)2CO–CH3OH gradient to afford the
fractions A–M. Fraction B (52 mg) eluted with AcOEt–
(CH3)2CO (9/1) was purified by reversed-phase HPLC
column (LiChrosphere RP-18 10 mm, 250!10 mm i.d.,
Merck) [H2O–CH3OH (1/1)], to give 6 (4 mg). Subfraction
13 (2.3 g) eluted with (CH3)2CO–CH3OH (1/1) was
rechromatographed on SiO2 flash column, eluting with
CH2Cl2–(CH3)2CO–CH3OH gradient to afford the fractions
A–I. Fraction C (46 mg) eluted with CH2Cl2–(CH3)2CO
(4/1) was purified by preparative TLC [Petrol ether 40–60–
(CH3)2CO (3/1)], to give 5 (4 mg). Fraction D (30 mg)
eluted with CH2Cl2–(CH3)2CO (3/1) was purified by
reversed-phase HPLC column [H2O–CH3OH (1/1)], to
give 4 (9 mg) and 2 (11 mg). Fraction 8 (16.0 g) eluted
with CH3OH was rechromatographed on SiO2 flash column
eluting with (CH3)2CO–CH3OH gradient to afford 7
subfractions. Subfraction 6 (292 mg) eluted with
(CH3)2CO–CH3OH (1/1) was rechromatographed on SiO2

flash column eluting with (CH3)2CO–CH3OH (7/3) to afford
the fractions A–G. Fraction B (76 mg) was purified by
preparative TLC [(CH3)2CO–CH3OH–H2O (35/14/1)], to
give 1 (8 mg).

3.3.1. 4,4 0-Oxyneolign-9,9 0-dioic acid (1). UV lmax

(CH3OH) nm: 278 (log 3 3.2). MALDI-MS m/z (%): 337
(70), 277 (10), 255 (100). Anal. Calcd for C18H18O5: C,
68.78, H, 5.77. Found: C, 69.00, H, 5.79. 1H and 13C NMR
data are listed in Tables 1 and 2.

3.3.2. 3-Methoxy-4,4 0-oxyneolign-9,9 0-dioic acid (2). UV
lmax (CH3OH) nm: 280 (log 3 2.2). MALDI-MS m/z (%):
390 (15), 344 (10), 329 (20), 300 (30), 179 (100). Anal.
Calcd for C19H20O6: C, 66.27, H 5.85. Found: C, 66.45, H,
5.95. 1H and 13C NMR data are listed in Tables 1 and 2.

3.3.3. Dimethyl 3-methoxy-4,4 0-oxyneolign-9,9 0-dioate
(3). UV lmax (CH3OH) nm: 280 (log 3 3.1). MALDI-MS
m/z (%): 372 (18), 254 (30), 209 (100), 163 (40). Anal.
Calcd for C21H24O6: C, 67.73, H, 6.50. Found: C, 67.91, H,
6.48. 1H and 13C NMR data are listed in Tables 1 and 2.

3.3.4. 3,3 0,5-Trimethoxy-4,4 0-oxyneolign-9,9 0-dioic acid
(4). UV lmax (CH3OH) nm: 321 (log 3 0.9), 280 (2.6), 242
(2.5). MALDI-MS m/z (%): 427 (10), 409 (20), 331 (10),
226 (20), 273 (100). Anal. Calcd for C21H24O8: C, 76.18, H,
4.79. Found: C, 76.10, H, 4.50. 1H and 13C NMR data are
listed in Tables 1 and 2.
3.3.5. 3,3 0,5,5 0-Tetramethoxy-4,4 0-oxyneolign-9,9 0-dioic
acid (5). UV lmax (CH3OH) nm: 322 (log 3 1.5), 279
(3.0), 244 (2.8). MALDI-MS m/z (%): 507 (20), 344 (20),
240 (100). Anal. Calcd for C22H26O9: C, 60.82, H, 6.03.
Found: C, 61.00, H, 6.05. 1H and 13C NMR data are listed in
Tables 1 and 2.

3.3.6. 3 0-Methoxy-2,4 0-oxyneolign-9,9 0-dioic acid (6). UV
lmax (CH3OH) nm: 280 (log 3 1.4). MALDI-MS m/z (%):
343 (20), 272 (30), 179 (100), 196 (35). Anal. Calcd for
C19H20O6: C, 66.27, H, 5.85. Found: C, 66.91, H, 5.90. 1H
and 13C NMR data are listed in Tables 1 and 2.

3.4. Bioassays

Seeds of Lactuca sativa L. (cv. Cavolo di Napoli, collected
during 2003, were obtained from Ingegnoli Spa (Milan,
Italy). All undersized or damaged seeds were discarded and
the assay seeds were selected for uniformity. For the
bioassays we used Petri dishes of 50 mm diameter with one
sheet of Whatman No. 1 filter paper as support. In four
replicate experiments, germination and growth were
conducted in aqueous solutions at controlled pH. Test
solutions (10K4 M) were prepared using MES (2-[N-
morpholino]ethanesulfonic acid, 10 mM, pH 6) and the
rest (10K5–10K7 M) were obtained by dilution. Parallel
controls were performed. After adding 25 seeds and 2.5 ml
test solutions, Petri dishes were sealed with Parafilmw to
ensure closed-system models. Seeds were placed in a
growth chamber KBW Binder 240 at 25 8C in the dark.
Germination percentage was determined daily for 5 days (no
more germination occurred after this time). After growth,
plants were frozen at K20 8C to avoid subsequent growth
until the measurement process. Data are reported as
percentage differences from control in the graphics and
tables. Thus, zero represents the control, positive values
represent stimulation of the parameter studied and negative
values represent inhibition.
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Abstract—(1S,2R,3S)-, (1R,2R,3S)- and (1S,2R,3R)-4-amino-1,2,3-trihydroxybutylphosphonic acids were synthesised. The synthetic
strategy involved preparation of the respective 4-azido-2,3-O-isopropylidene-L-threose or -D-erythrose, addition of dialkyl phosphites,
separation of C-1 epimeric O,O-dibenzyl phosphonates, the reduction of azides and the removal of the protecting groups. The (2R,3S) and
(2R,3R) configurations in the final products were secured by employing diethyl L-tartrate and D-isoascorbic acid as starting materials. The
stereochemical course of the addition to the carbonyl groups in 4-azido-2,3-O-isopropylidene-L-threose or -D-erythrose followed that
established earlier for 2,3-O-isopropylidene-D-glyceraldehyde and similar (3:1–4:1) diastereoselectivities were achieved.
q 2005 Elsevier Ltd. All rights reserved.
1. Introduction

In comparison to a-aminophosphonates, which are surro-
gates of aminoacids, d-aminophosphonates are less known
class of compounds.1 Several important examples of
phosphonates bearing an amino group at C-4 are shown
on Figure 1. (2S,3Z)-2-amino-5-phosphono-3-pentenoic
acid 1 is a constituent of rhizocticin A, an antifungal
peptide antibiotic.2 4-Aminobutylphosphonic acid 2 has
often been used in studies on characterisation of GABAB

receptors.3 (R)-2-amino-5-phosphonovaleric acid (R)-3 is a
selective NMDA antagonist4 and was used as a lead
structure in development of other competitive NMDA
antagonists.5 On the other hand, (S)-3 showed antagonist
activity at mGluR2 receptor,6 while (R)-3 was almost not
active in this case. The b-ketophosphonate 4 as well as its
5-fluoro- and 5,5-difluoro analogues mimic b-aspartyl
phosphate and were shown to be inhibitors of aspartate-
semialdehyde dehydrogenase.7 Further studies from this
group led to synthesis of conformationaly rigid analogues
having a cyclopropane framework.8 In attempts to pharma-
cologically characterise glutamate receptor subtypes the
following d-aminophosphonates: 5,9 6,10 7,11 8,12 9,13 10
(a racemic mixture14 and both enantiomers15) and 1114,16

have been used. Several phosphonates containing a terminal
0040–4020/$ - see front matter q 2005 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2005.09.057
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triazole moiety, including compounds 12 and 13 showed
inhibition of glycerol phosphate dehydratase.17 The phospho-
nate 14 was found to be a competitive inhibitor of human
glycinamide ribonucleoside transformylase.18 One of the most
active bisphosphonates,19 15 is marketed as Alendronate for
treatment of osteoporosis and related diseases.

Recently, we have elaborated an efficient synthesis of enantio-
merically pure dimethyl (1R,2S)- and (1S,2S)-3-azido-2-
benzyloxy-1-hydroxypropylphosphonates from (S)-3-azido-
2-benzyloxypropanal and showed their clean transformation
into the respective 3-acetamido-1,2-dihydroxypropylphos-
phonates.20 Herein, we describe an extension of this approach
to the synthesis of (1R,2R,3S)-, (1S,2R,3S)- and (1S,2R,3R)-
Tetrahedron 61 (2005) 11930–11938
Figure 1.
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4-amino-1,2,3-trihydroxybutylphosphonates 16 through the
intermediacy of two new (2R,3S)- and (2R,3R)-4-azido-2,3-
O-isopropylidene-2,3-dihydroxybutanals 17 (Schemes 1
and 2), which were obtained from diethyl L-tartrate 18 and
D-isoascorbic acid 20, respectively, as starting materials.
Scheme 1. Retrosynthesis of (1RS,2R,3S)-4-amino-1,2,3-trihydroxy-
butylphosphonates.

Scheme 2. Retrosynthesis of (1RS,2R,3R)-4-amino-1,2,3-trihydroxy-
butylphosphonates.

Scheme 4. Synthesis of 4-azido-4-deoxy-2,3-O-isopropylidene-D-erythrose,
(2R,3R)-17. Reagents and conditions: (a) Refs. 27 and 28; (b) Me2C
(OMe)2, acetone, TsOH, rt, 16 h; (c) NaN3, DMF, 110 8C, 48 h; (d) MeI,
DMF, rt, 2 days; (e) NaBH4–LiCl, THF–EtOH (1/2), 0 8C to rt, 16 h;
(f) DMSO, (COCl)2, K78 8C, 2 h, DIPEA, K78–0 8C, 0.5 h.
2. Results and discussion

To synthesise the aldehyde (2R,3S)-17 (Scheme 3), diethyl
L-tartrate 18 was protected as the isopropylidene deriva-
tive,21 which was later reduced with a sodium borohydride–
lithium chloride mixture22 leading to the known23 diol 21 in
86% yield. Tosylation of 21 with 1.1 equiv of tosyl
chloride24 produced the monotosylate 22 without traces of
a disubstituted compound. The monotosylate 22 could not
be purified on a silica gel column and a crude material was
subjected to standard azidation to give the known azide
(2S,3S)-23.25 Oxidation under Swern conditions26 gave
unstable 4-azidoaldehyde (2R,3S)-17, which was immedi-
ately used in the next step as a crude product.
Scheme 3. Synthesis of 4-azido-4-deoxy-2,3-O-isopropylidene-L-threose,
(2R,3S)-17. Reagents and conditions: (a) H(OEt)3, acetone, 3.7 M HCl–
AcOEt, 4 days; (b) NaBH4–LiCl, THF–EtOH (1/2), 0 8C to rt, 16 h; (c)
TsCl, KI, Ag2O, CH2Cl2, rt, 2 h; (d) NaN3, DMF, 70 8C, 24 h; (e) DMSO,
(COCl)2, K78 8C, 2 h, TEA or DIPEA, K78 8C, 0.5 h.

Scheme 5. Phosphonylation of (2R,3S)-17. Reagents and conditions:
(a) (RO)2P(O)H, NEt3, rt, overnight.
In order to synthesise (2R,3R)-17 (Scheme 4), D-isoascorbic
acid was converted into D-erythronolactone,27,28 which was
subjected to isopropylidenation to give the protected lactone
24 in 75% yield.28 To open the lactone ring in 24 with
sodium azide the literature procedure was followed.29

Transformation of the crude sodium salt 25 into the
respective methyl ester 26 was accomplished in one step
using methyl iodide in DMF.30 Reduction of 26 was
achieved in a similar way as described above22 to furnish the
stable alcohol (2S,3R)-23, which was obtained in 98% yield
after purification on a silica gel column. Again, the Swern
protocol26 was applied to prepare the unstable 4-azidoal-
dehyde (2R,3R)-17, which was immediately subjected to
phosphonylations as a crude product.

Detailed analyses of the 1H NMR spectra of crude aldehydes
(2R,3S)-17 and (2R,3R)-17 clearly showed, that some
epimerisation at C-2 occurred during oxidation. Thus, a
93:7 mixture of (2R,3S)-17 and (2S,3S)-17 was obtained
from the azidoalcohol (2S,3S)-23, while from (2S,3R)-23, a
7:93 mixture of (2S,3R)-17 and (2R,3R)-17 was produced
independent of the amine (triethyl- vs diisopropylethyl-
amine) used in the last step of the Swern reaction. Oxidation
of structurally related azidoalcohols also led to partial
epimerisation.31 Attempts at employing the Dess-Martin
periodinane32 led to the formation of the aldehydes in low
yield.

When the crude azidoaldehyde (2R,3S)-17 was subjected to
the base-catalysed phosphonylation with dialkyl phosphites
(Scheme 5), 3:1 mixtures of C-1 diasteoreoisomeric
phosphonates (1S,2R,3S)-27a–30a and (1R,2R,3S)-27b–
30b were produced, respectively. They were contaminated
with the phosphonates (1R,2S,3S)-31a–34a and (1S,2S,3S)-
31b–34b, which were formed in 4:1 ratios. The 31P NMR
spectra also allowed to calculate the ratio of the
phosphonates (1SR,2R,3S)-27–30 to (1SR,2S,3S)-31–34 as
ca. 85:15. This observation results from further epimerisa-
tion of the 4-azidoaldehyde (2R,3S)-17 in the presence of a
basic catalyst used in the Abramov reaction. Previously, we
noticed similar process for the phosphonylation of Garner
aldehyde.33 Chromatographic purification on silica gel gave
pure phosphonates (1S,2R,3S)-27a and (1S,2R,3S)-28a as
colourless oils in 12 and 13% yields, respectively. From the



Figure 2. A preferred conformation of (1S,2R,3S)-36a.
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crude mixtures of diastereoisomeric diisopropyl phosphon-
ates, (1S,2R,3S)-29a and (1R,2R,3S)-29b were isolated in 54
and 14% yields, respectively. We were also successful in
separating the dibenzyl phosphonates (1S,2R,3S)-30a (59%)
and (1R,2R,3S)-30b (24%).

Base-catalysed phosphonylation of the 4-azidoaldehyde
(2R,3R)-17 with dialkyl phosphites (Scheme 6) gave 4:1
mixtures of diastereoisomeric phosphonates (1S,2R,3R)-
31a–34a and (1R,2R,3R)-31b–34b. All mixtures of esters
were contaminated with ca. 15% of the phosphonates
(1R,2S,3R)-31a–34a and (1S,2S,3R)-31b–34b, which were
formed in a 3:1 ratio. We were unable to purify the mixtures
of dimethyl, diethyl and diisopropyl esters, mostly because
of the presence of the phosphonates obtained from partially
epimerised aldehydes. However, dibenzyl esters (1S,2R,3R)-
34a and (1R,2R,3R)-34b were cleanly separated on a silica
gel column in 59 and 15% yield, respectively.
Scheme 6. Phosphonylation of (2R,3R)-17. Reagents and conditions:
(a) (RO)2P(O)H, NEt3, rt, overnight.

Scheme 8. Reagents and conditions: (a) MeOH, water, Dowex-50W!8
(HC), 75 8C, 4 h; (b) PhCH(OMe)2, TsOH, CDCl3, 48 h.
Configurational assignments at C-1 in the diastereoisomeric
pairs of phosphonates from the a and b series are based on
the well-established stereochemistry of the addition of
dialkyl phosphites to 2,3-O-isopropylidene(cyclohexyli-
dene)-D-glyceraldehyde.34–36 From the protected (2R)-
aldehydes, (1S,2R)-dihydroxyphosphonates were formed
as the major diastereoisomers in approximately 3:1 ratios.
To gather additional support, the isopropylidene acetal
(1S,2R,3S)-30a was hydrolysed to the azidotriol (1S,2R,3S)-
35a, which was acetylated to give the triacetate (1S,2R,3S)-
36a (Scheme 7).
Scheme 7. Reagents and conditions: (a) MeOH, water, Dowex-50W!8
(HC), 75 8C, 4 h; (b) Ac2O, NEt3, DMAP, rt, overnight.
Detailed analyses of the 1H and 1H{31P} NMR spectra of the
azidotriol [3J(H1–H2)Z9.3 Hz; 3J(H2–H3)Z1.5 Hz;
3J(H2–P)Z9.0 Hz; 3J(C3–P)Z11.3 Hz] and the respective
triacetate [3J(H1–H2)Z9.3 Hz; 3J(H2–H3)Z2.4 Hz;
3J(H2–P)Z11.4 Hz] led to the conclusion that they both
exist in a preferred conformation37,38 depicted in Figure 2
and thus, the major phosphonates (1S,2R,3S)-27a–30a
(Scheme 5) have 1S configuration at C-1.

The same approach to the assignment of the absolute
configuration at C-1 in the phosphonate (1S,2R,3R)-34a
failed, because the 1H NMR spectrum of the respective
azidotriacetate at 300 MHz was not amenable to the first-
order analysis. However, when the trihydroxyphosphonate
(1S,2R,3R)-34a was treated with an excess of benzaldehyde
dimethyl acetal in the presence of p-toluenesulfonic acid, a
clean transformation to a single product was observed by
31P NMR spectroscopy after 36 h at room temperature.
Purification on a silica gel column followed by crystal-
lisation gave fluffy needles, which were identified by 1H and
13C NMR as (4R,5R,6S)-4-azidomethyl-6-(O,O-dibenzyl-
phosphoryl)-5-hydroxy-2-phenyl-1,3-dioxane 37 (Scheme 8).
A list of structurally important data extracted from 1H and
13C NMR spectra of (4R,5R,6S)-37 includes: 3J(H5–H6)Z
9.8 Hz, d(C2)Z102.0 ppm, 3J(P–C2)Z14.6 Hz, 3J(P–
C4)Z14.0 Hz and 4J(P–CH2N3)Z2.9 Hz.40–45 On these
basis we learned about diaxial disposition of H5 and H6
protons and, in consequence, the equatorial position of
the O,O-dibenzylphosphoryl group, which was further
supported by observation of large vicinal P–C couplings
to C2 and C4. Furthermore, the appearance of a four-bond
P-CH2N3 coupling (W-coupling) clearly shows that the
formation of conformationally rigid 1,3-dioxane ring forced
the acyclic azidotriol (1S,2R,3R)-35 to adapt fully extended
zig-zag conformation.

Transformation of pure dibenzyl esters (1S,2R,3S)-30a,
(1R,2R,3S)-30b and (1S,2R,3R)-34a into the respective
4-amino-1,2,3-trihydroxybutylphosphonic acids (1S,2R,3S)-
16, (1R,2R,3S)-16 and (1S,2R,3R)-16 was accomplished in
two steps involving acetal hydrolysis and catalytic hydro-
genation of azides with simultaneous hydrogenolysis of the
benzyl esters (Scheme 9). The intermediate dibenzyl
4-azido-1,2,3-trihydroxybutylphosphonates 35 were iso-
lated in 74–86% yields as white amorphous solids. The
final acids 16 appeared as creamy powders, which
decomposed before melting. They were insoluble in all
solvents including DMSO and only sparingly soluble in
water to afford concentrations suitable for taking 1H and 31P



Scheme 9. Reagents and conditions: (a) MeOH–water, Dowex-50W!8
(HC), 75 8C, 4 h; (b) H2, Pd/C, MeOH–water, 24–48 h.
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NMR spectra only, but preventing 13C NMR and optical
activity measurements. However, optical activity of the
acids 16 was measured for solutions in 5% ammonia.
3. Conclusions

Two new four-carbon chirons, 4-azido-4-deoxy-2,3-O-
isopropylidene-L-threose, (2R,3S)-17 and 4-azido-4-deoxy-
2,3-O-isopropylidene-D-erythrose, (2R,3R)-17, were syn-
thesised from L-tartrate and D-isoascorbic acid, respectively.
They were partially (up to 7%) epimerised during oxidation
under Swern conditions. Diastereoselectivities of the
additions of dimethyl, diethyl, diisopropyl and dibenzyl
phosphites to (2R,3S)-17 were 3:1, while to (2R,3R)-17 -
4:1. Only mixtures of dibenzyl (1S,2R,3S)-, (1R,2R,3S)-,
(1S,2R,3R)- and (1R,2R,3R)-4-azido-2,3-O-isopropylidene-
1-hydroxybutylphosphonates 30 and 34 were easily separ-
able into pure C-1 epimeric 1-hydroxyphosphonates. The
absolute configurations at C-1 were unequivocally estab-
lished by detailed analysis of NMR spectra of dibenzyl
(1S,2R,3S)-4-azido-1,2,3-triacetyloxybutylphosphonate and
(4R,5R,6S)-4-azidomethyl-6-(O,O-dibenzylphosphoryl)-5-
hydroxy-2-phenyl-1,3-dioxane. The dibenzyl esters were
transformed in two steps into the respective (1S,2R,3S)-,
(1R,2R,3S)- and (1S,2R,3R)-4-amino-1,2,3-trihydroxybutyl-
phosphonic acids by hydrolysis of the isopropylidene
acetals followed by the reduction of the azide and hydro-
genolysis of the benzyl residues.
4. Experimental

4.1. General

General procedures and instrumentation have been
described earlier.39

4.1.1. (2S,3S)-2,3-O-Isopropylidene-1,2,3,4-butanetetrol,
(2S,3S)-21. To a solution of diethyl L-tartrate (4.71 g,
22.8 mmol) and ethyl orthoformate (5.0 mL, 30 mmol) in
anhydrous acetone (6.0 mL), 3.5 M HCl in ethyl acetate
(0.25 mL) was added and the reaction mixture was kept at
room temperature for 4 days. After neutralisation with
triethylamine, the mixture was concentrated, diluted with
ether (60 mL), the solution was washed with water (3!
20 mL) and finally dried over MgSO4. Evaporation of all
volatiles in vacuo gave crude diethyl 2,3-O-isopropylidene-
L-tartrate 18 (3.67 g, 84%) as a yellowish oil, which was
pure enough to be used in the next step.
To a solution of 18 (3.67 g, 14.9 mmol) in a THF–ethanol
mixture (1/2, v/v, 105 mL) containing lithium chloride
(3.80 g, 89.6 mmol), sodium borohydride (3.39 g, 89.6 mmol)
was added portionwise below 5 8C. After stirring for 20 h at
room temperature, acetone (24 mL) was added to quench an
excess of borohydride and all precipitates were removed by
filtration through a layer of Celite. The solution was
concentrated in vacuo and the crude product was chromato-
graphed on a silica gel column with methylene chloride–
methanol (50/1, v/v) to give (2S,3S)-2123 (2.08 g, 86%) as
a colourless oil. 1H NMR (CDCl3): dZ4.03–4.00 (m, 2H,
H–C-2, H–C-3), 3.85–3.66 (m, 4H, CH2OH), 2.5–2.3 (br s),
1.44 (s, 6H, CH3).

4.1.2. (2S,3S)-4-Azido-2,3-O-isopropylidene-1,2,3-butane-
triol, (2S,3S)-23. A suspension of the diol (2S,3S)-21
(1.13 g, 6.97 mmol), silver(I) oxide (2.42 g, 10.5 mmol),
tosyl chloride (1.46 g, 7.67 mmol) and potassium iodide
(0.231 g, 1.39 mmol) in methylene chloride (40 mL) was
stirred at room temperature for 2 h. Solids were filtered off
on a short layer of silica gel using ethyl acetate. Evaporation
of solvents in vacuo afforded a crude monotosylate (2S,3S)-
22 (2.20 g, 100%) as a colourless oil. 1H NMR (CDCl3): dZ
7.82–7.78 (m, 2H), 7.37–7.34 (m, 2H), 4.16–4.07 (m, 3H),
3.98 (ddd, JZ7.5, 4.2, 3.6 Hz, 1H), 3.81 (ddd, JABZ
11.9 Hz, JZ5.0, 3.6 Hz, 1H), 3.63 (ddd, JABZ11.9 Hz, JZ
7.7, 4.2 Hz, 1H), 2.48 (s, 3H), 1.96 (br s, 1H), 1.92 (s, 3H),
1.35 (s, 3H).

A solution of the crude monotosylate (2S,3S)-22 (2.20 g,
6.97 mmol) in DMF (15 mL) was stirred with sodium azide
(0.680 g, 10.5 mmol) at 80 8C for 24 h. The reaction mixture
was washed with water (20 mL) and aqueous phase was
extracted with methylene chloride (4!30 mL). The com-
bined organic phases were dried over MgSO4, solvents were
removed in vacuo, and the crude azide was purified on a
silica gel column with ethyl acetate–hexanes to furnish
(2S,3S)-2325 (1.26 g, 94%) as a colourless oil. 1H NMR
(CDCl3): dZ4.15–3.96 (m, 2H), 3.83 (dd, JZ11.9, 3.6 Hz,
1H, CHaHbO), 3.65 (dd, JZ11.9, 3.8 Hz, 1H, CHaHbO),
3.57 (dd, JZ13.1, 3.8 Hz, 1H, CHaHbN), 3.34 (dd, JZ13.1,
4.8 Hz, 1H, CHaHbN), 2.17 (br s, 1H), 1.47 (s, 3H), 1.44 (s,
3H).

4.1.3. Methyl (2R,3R)-4-azido-1,2-dihydroxy-2,3-O-iso-
propylidenebutanoate, (2R,3R)-26. A mixture of 2,3-O-
isopropylidene-D-erythronolactone27,28 (1.08 g, 6.81 mmol)
and sodium azide (1.77 g, 27.2 mmol) in DMF (7.5 mL) was
stirred at 110 8C for 24 h. After cooling to room tem-
perature, the solids were filtered off. The solution was
treated with methyl iodide (40 mL) and kept at room
temperature for 2 days. Ether (100 mL) was added and the
solution was washed with water (3!60 mL). The organic
phase was dried over MgSO4, concentrated in vacuo and the
crude product was purified on a silica gel column with
chloroform–methanol (100/1, v/v) to afford (2R,3R)-26
(0.764 g, 52%). IR (film): nZ2995, 2962, 2101, 1731, 1438,
1212 cmK1. [a]D

20 C78.9 (c 1.42, CHCl3). 1H NMR
(CDCl3): dZ4.67 (d, JZ7.2 Hz, 1H, H–C-2), 4.52 (ddd,
JZ7.2 Hz, 6.0, 3.9 Hz, 1H, H–C-3), 3.49 (dd, JABZ
13.2 Hz, JZ3.9 Hz, 1H, HaHbC-4), 3.32 (dd, JABZ
13.2 Hz, JZ6.0 Hz, 1H, HaHbC-4), 1.40 (s, 3H), 1.63 (s,
3H). 13C NMR (CDCl3): dZ169.7, 111.3, 76.6, 75.4, 52.5,
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50.5, 27.0, 25.5. Anal. Calcd for C8H13N3O4!1⁄4H2O: C,
43.73; H, 5.96; N, 19.12. Found: C, 43.50; H, 5.72; N,
19.09%.

4.1.4. (2S,3R)-4-Azido-2,3-O-isopropylidene-1,2,3-butane-
triol, (2S,3R)-23. To a solution of (2R,3R)-26 (0.565 g,
2.63 mmol) in a THF–ethanol mixture (1/2, v/v, 30 mL)
containing lithium chloride (0.334 g, 7.88 mmol), sodium
borohydride (0.298 g, 7.88 mmol) was added portionwise
below 5 8C. After stirring for 24 h at room temperature,
acetone (10 mL) was added to quench an excess of
borohydride and all precipitates were removed by filtration
through a layer of Celite. The solution was concentrated in
vacuo and the crude product was chromatographed on a
silica gel column with methylene chloride–methanol (100/1,
v/v) to give (2S,3R)-23 (0.483 g, 98%) as a colourless oil. IR
(film): nZ3315, 2991, 2972, 2110, 1425, 1217 cmK1. [a]D

20

C16.8 (c 0.92, CHCl3). 1H NMR (CDCl3): dZ4.30–4.18
(m, 2H), 3.69 (dd, JABZ11.7 Hz, JZ4.8 Hz, 1H, CHaHbO),
3.66 (dd, JABZ11.7 Hz, JZ5.1 Hz, 1H, CHaHbO), 3.46 (dd,
JZ12.6, 6.6 Hz, 1H, CHaHbN), 3.36 (dd, JZ12.6, 4.8 Hz,
1H, CHaHbN), 1.45 (s, 3H), 1.33 (s, 3H). 13C NMR
(CDCl3): dZ109.1, 77.0, 75.8, 60.8, 50.9, 27.0, 25.3. Anal.
Calcd for C7H13N3O3: C, 44.91; H, 7.00; N, 22.45. Found:
C, 44.62; H, 6.93; N, 22.57%.

4.1.5. (2R,3S)-4-Azido-2,3-O-isopropylidene-2,3-di-
hydroxybutanal (4-azido-4-deoxy-2,3-O-isopropylidene-
L-threose), (2R,3S)-17. To a solution of oxalyl chloride
(0.473 mL, 5.42 mmol) in methylene chloride (10 mL)
cooled to K70 8C a solution of DMSO (0.807 mL,
11.4 mmol) in methylene chloride (4.0 mL) was added
dropwise followed, after 15 min, by a solution of (2S,3S)-23
(0.819 g, 4.37 mmol) in methylene chloride (4.0 mL). After
stirring for 2 h at K70 8C, triethylamine (1.8 mL,
13.1 mmol) was injected at this temperature and the reaction
mixture was allowed to reach 0 8C, when it was treated with
a saturated solution of NH4Cl (10 mL). The reaction
mixture was extracted with methylene chloride (3!
20 mL), organic phases were combined, dried over
MgSO4 and concentrated in vacuo to give a crude aldehyde
(2R,3S)-17 as a yellowish oil (1.12 g), which was
immediately used in the next step. 1H NMR (CDCl3): dZ
9.81 (d, JZ0.6 Hz, 1H, CHO), 4.26–4.24 (m, 2H), 3.69–
3.64 (m, 1H), 3.36–3.30 (m, 1H), 1.55 (s, 3H), 1.43 (s, 3H).

4.1.6. (2R,3R)-4-Azido-2,3-O-isopropylidene-2,3-di-
hydroxybutanal(4-azido-4-deoxy-2,3-O-isopropylidene-
D-erythrose), (2R,3R)-17. In a similar way as described for
(2R,3S)-17 (Section 4.1.5), from (2S,3R)-23 (0.955 g,
5.10 mmol), the crude aldehyde (2R,3R)-17 (1.10 g) was
obtained as a yellowish oil. 1H NMR (CDCl3): dZ9.76 (d,
JZ2.1 Hz, 1H, CHO), 4.59 (ddd, JZ8.1, 4.2, 3.3 Hz, 1H,
H–C-3), 4.42 (dd, JZ8.1, 2.1 Hz, 1H, H–C-2), 3.59 (dd, JZ
13.5, 3.3 Hz, 1H, HaHbC-4), 3.22 (dd, JZ13.5, 4.2 Hz, 1H,
HaHbC-4), 1.64 (s, 3H), 1.42 (s, 3H).

4.2. Phosphonylation of the aldehydes 17 (general
procedure)

To the crude aldehyde 17 (1.0 mmol), dialkyl phosphite was
added followed by triethylamine (0.1 mmol) and the
reaction mixture was left at room temperature for 24 h.
All volatiles were removed in vacuo, the crude 1-hydro-
xyphosphonates were analysed by 1H and 31P NMR
spectroscopy and later subjected to column chromatography
on silica gel.

4.2.1. Dimethyl (1S,2R,3S)-4-azido-1,2,3-trihydroxy-2,3-
O-isopropylidenebutylphosphonate, (1S,2R,3S)-27a.
According to the general procedure, from the aldehyde
(2R,3S)-17 (1.09 g, 5.89 mmol) and dimethyl phosphite
(0.45 mL, 5.9 mmol), a 3:1 mixture of the phosphonates
(1S,2R,3S)-27a and (1R,2R,3S)-27b (1.14 g) was obtained.
After chromatography with ethyl acetate–hexanes (1/1, v/v),
(1S,2R,3S)-27a was separated (0.204 g, 12%) as a yellowish
oil. IR (film): nZ3304, 2103, 1224, 1051 cmK1. [a]D

20

K67.7 (c 1.21, CHCl3). 1H NMR (CDCl3): dZ4.35 (ddd,
JZ7.3, 5.2, 2.8 Hz, 1H, H–C-3), 4.17 (ddd, JZ7.3, 6.0,
6.0 Hz, 1H, H–C-2), 4.10 (dd, JZ7.9, 6.0 Hz, 1H, H–C-1),
3.84 (d, JZ10.5 Hz, 6H), 3.70 (dd, JZ13.2, 2.8 Hz, 1H,
HaHbC-4), 3.42 (dd, JZ13.2, 5.2 Hz, 1H, HaHbC-4), 1.48 (s,
3H), 1.44 (s, 3H). 13C NMR (CDCl3): dZ110.3, 78.2 (d, JZ
9.4 Hz), 76.4 (d, JZ5.4 Hz), 68.6 (d, JZ160.9 Hz, C-1),
54.0 and 53.7 (2d, JZ7.0 Hz, COP), 52.7 (s, C-4), 27.3,
27.2. 31P NMR (CDCl3): dZ24.65. Anal. Calcd for
C9H18N3O6P: C, 36.62; H, 6.14; N, 14.23. Found: C,
36.82; H, 6.12; N, 14.45%.

4.2.2. Diethyl (1S,2R,3S)-4-azido-1,2,3-trihydroxy-2,3-O-
isopropylidenebutylphosphonate, (1S,2R,3S)-28a. From
the aldehyde (2R,3S)-17 (1.02 g, 5.55 mmol) and diethyl
phosphite (0.71 mL, 5.55 mmol), a 3:1 mixture of the
phosphonates (1S,2R,3S)-28a and (1R,2R,3S)-28b (1.59 g)
was obtained. After chromatography with ethyl acetate–
hexanes (1/1, v/v), (1S,2R,3S)-28a was separated (0.228 g,
13%) as colourless plates. Mp 58–59 8C. IR (film): nZ3229,
2991, 2935, 2117, 1223, 1031 cmK1. [a]D

20 K59.4 (c 1.37,
CHCl3). 1H NMR (CDCl3): dZ4.36 (ddd, JZ7.5, 5.2,
2.6 Hz, 1H, H–C-3), 4.25–4.15 (m, 5H, CH2OP, H–C-2),
4.08 (dd, JZ8.5, 5.6 Hz, 1H, H–C-1), 3.71 (dd, JZ13.3,
2.7 Hz, 1H, HaHbC-4), 3.44 (dd, JZ13.3, 5.3 Hz, 1H,
HaHbC-4), 1.48 (s, 3H), 1.44 (s, 3H), 1.36 (t, JZ7.0 Hz, 6H,
CH3CH2). 13C NMR (CDCl3): dZ110.1, 77.7 (d, JZ
6.8 Hz), 76.7 (d, JZ6.0 Hz), 68.5 (d, JZ161.5 Hz, C-1),
63.6 and 63.3 (2d, JZ7.0 Hz, COP), 52.7 (s, C-4), 27.3,
27.2, 16.8 and 16.7 (2d, JZ2.3 Hz, CCOP). 31P NMR
(CDCl3): dZ21.30. Anal. Calcd for C11H22N3O6P: C,
40.86; H, 6.86; N, 13.00. Found: C, 41.03; H, 7.05; N,
13.13%.

4.2.3. Diisopropyl (1S,2R,3S)- and (1R,2R,3S)-4-azido-1,
2,3-trihydroxy-2,3-O-isopropylidenebutylphosphonates,
(1S,2R,3S)-29a and (1R,2R,3S)-29b. These compounds
were obtained according to the general procedure using the
aldehyde (2R,3S)-17 (0.96 g, 5.2 mmol) and diisopropyl-
phosphite (0.77 g, 4.7 mmol). A 3:1 mixture of the
phosphonates (1S,2R,3S)-29a and (1R,2R,3S)-29b was
subjected to chromatography on a silica gel column with
chloroform–methanol (150/1, v/v) to give (1S,2R,3S)-29a
(0.987 g, 54%) and (1R,2R,3S)-29b (0.266 g, 14%), both as
colourless needles.

The phosphonate (1S,2R,3S)-29a. Mp 91–92 8C, from
hexanes. IR (KBr): nZ3180, 2982, 2933, 2101, 1216,
1016 cmK1. [a]D

20 K57.6 (c 1.21, CHCl3). 1H NMR
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(CDCl3): dZ4.86–4.69 (m, 2H), 4.38 (ddd, JZ7.5, 5.1,
2.7 Hz, 1H, H–C-3), 4.18 (ddd, JZ7.5, 5.1, 3.6 Hz, 1H, H–
C-2), 4.04 (dd, JZ9.6, 5.1 Hz, 1H, H–C-1), 3.73 (dd, JZ
13.2, 2.7 Hz, 1H, HaHbC-4), 3.45 (dd, JZ13.2, 5.1 Hz, 1H,
HaHbC-4), 1.48 (s, 3H), 1.44 (s, 3H), 1.36 (d, JZ6.3 Hz,
3H), 1.35 (d, JZ6.3 Hz, 9H). 13C NMR (CDCl3): dZ109.9,
77.1 (d, JZ6.8 Hz), 76.8 (d, JZ6.0 Hz), 72.4 and 72.1 (2d,
JZ7.2 Hz, COP), 68.4 (d, JZ163.8 Hz, C-1), 52.6 (s, C-4),
27.3, 27.2, 24.5 (d, JZ3.0 Hz, CCOP), 24.4 (d, JZ3.0 Hz,
CCOP), 24.2 (d, JZ4.5 Hz, CCOP) and 24.1 (d, JZ5.3 Hz,
CCOP). 31P NMR (CDCl3): dZ20.12. Anal. Calcd for
C13H26N3O6P: C, 44.44; H, 7.46; N, 11.96. Found: C, 44.75;
H, 7.71; N, 11.91%.

The phosphonate (1R,2R,3S)-29b. Mp 54–56 8C, from
hexanes. IR (film): nZ3284, 2985, 2935, 2103, 1219,
997 cmK1. [a]D

20 K47.5 (c 2.53, CHCl3). 1H NMR (CDCl3):
dZ4.85–4.73 (m, 2H), 4.28–4.20 (m, 2H, H–C-3, H–C-2),
3.75 (dd, JZ11.4, 2.7 Hz, 1H, H–C-1), 3.59 (dd, JZ13.2,
3.3 Hz, 1H, HaHbC-4), 3.39 (dd, JZ13.2, 4.5 Hz, 1H,
HaHbC-4), 1.48 (s, 3H), 1.45 (s, 3H), 1.37 (d, JZ6.3 Hz,
3H), 1.36 (d, JZ6.0 Hz, 6H), 1.34 (d, JZ6.3 Hz, 3H). 13C
NMR (CDCl3): dZ110.5, 77.3 (C-2), 76.0 (d, JZ11.3 Hz,
C-3), 72.3 and 72.0 (2d, JZ6.8 Hz, COP), 67.4 (d, JZ
163.1 Hz, C-1), 51.8 (s, C-4), 27.3, 27.3, 24.6 (d, JZ3.0 Hz,
CCOP), 24.4 (d, JZ3.8 Hz, CCOP), 24.3 (d, JZ5.3 Hz,
CCOP) and 24.1 (d, JZ5.3 Hz, CCOP). 31P NMR (CDCl3):
dZ19.88. Anal. Calcd for C13H26N3O6P: C, 44.44; H, 7.46;
N, 11.96. Found: C, 44.71; H, 7.72; N, 11.78%.

4.2.4. Dibenzyl (1S,2R,3S)- and (1R,2R,3S)-4-azido-1,2,3-
trihydroxy-2,3-O-isopropylidenebutylphosphonates,
(1S,2R,3S)-30a and (1R,2R,3S)-30b. According to the
general procedure employing the aldehyde (2R,3S)-17
(0.476 g, 2.57 mmol) and dibenzylphosphite (0.606 g,
2.31 mmol), a 3:1 mixture of the phosphonates (1S,2R,3S)-
30a and (1R,2R,3S)-30b was obtained. After purification on
a silica gel column with chloroform–ethyl acetate–methanol
(200/1/0.5, v/v), (1S,2R,3S)-30a (0.683 g, 59%) as a white
powder and (1R,2R,3S)-30b (0.274 g, 24%) as a colourless
oil were obtained.

The phosphonate (1S,2R,3S)-30a. Mp 105–106 8C, from
ethyl acetate–hexanes. IR (KBr): nZ3222, 2995, 2923,
2102, 1271, 1222, 997, 744, 698 cmK1. [a]D

20 K47.8 (c 1.28,
CHCl3). 1H NMR (CDCl3): dZ7.37–7.26 (m, 10H), 5.14–
5.02 (m, 4H, CH2OP), 4.31 (ddd, JZ7.5, 5.0, 3.0 Hz, 1H,
H–C-3), 4.17 (ddd, JZ7.5, 6.0, 4.5 Hz, 1H, H–C-2), 4.09
(dd, JZ7.5, 6.0 Hz, 1H, H–C-1), 3.62 (dd, JZ13.2, 3.0 Hz,
1H, HaHbC-4), 3.35 (dd, JZ13.2, 5.1 Hz, 1H, HaHbC-4),
1.44 (s, 3H), 1.38 (s, 3H). 13C NMR (CDCl3): dZ135.8 and
135.8 (2d, JZ6.0 Hz, Cipso), 128.7, 128.7, 128.6, 128.1,
128.0, 110.3, 78.1 (d, JZ9.4 Hz), 76.5 (d, JZ5.4 Hz), 69.1
(d, JZ160.6 Hz, C-1), 68.8 and 68.6 (2d, JZ7.2 Hz, COP),
52.6 (s, C-4), 27.3, 27.2. 31P NMR (CDCl3): dZ22.96.
Anal. Calcd for C21H26N3O6P: C, 56.37; H, 5.86; N, 9.39.
Found: C, 56.41; H, 5.92; N, 9.41%.

The phosphonate (1R,2R,3S)-30b. IR (film): nZ3259, 2988,
2934, 2103, 1242, 1217, 1018, 737, 698 cmK1. [a]D

20 K46.2
(c 2.50, CHCl3). 1H NMR (CDCl3): dZ7.38–7.26 (m, 10H),
5.18–5.03 (m, 4H, CH2OP), 4.26–4.18 (m, 2H, H–C-2, H–
C-3), 3.85 (dd, JZ11.6, 2.1 Hz, 1H, H–C-1), 3.49 (dd, JZ
13.2, 3.6 Hz, 1H, HaHbC-4), 3.35 (dd, JZ13.2, 4.5 Hz, 1H,
HaHbC-4), 1.45 (s, 3H), 1.39 (s, 3H). 13C NMR (CDCl3):
dZ136.2 and 136.0 (2d, JZ6.0 Hz, Cipso), 128.7, 128.7,
128.6, 128.1, 128.1, 110.6, 77.0 (s, C-2), 75.6 (d, JZ
11.3 Hz, C-3), 68.7 and 68.5 (2d, JZ6.9 Hz, COP), 67.3 (d,
JZ161.2 Hz, C-1), 51.6 (s, C-4), 27.3, 27.1. 31P NMR
(CDCl3): dZ22.79. Anal. Calcd for C21H26N3O6P: C,
56.37; H, 5.86; N, 9.39. Found: C, 56.23; H, 5.81; N, 9.61%.

4.2.5. Dimethyl (1S,2R,3R)- and (1R,2R,3R)-4-azido-1,2,
3-trihydroxy-2,3-O-isopropylidenebutylphosphonates,
(1S,2R,3R)-31a and (1R,2R,3R)-31b. According to the
general procedure, from the aldehyde (2R,3R)-17 (0.263 g,
1.42 mmol) and dimethyl phosphite (0.117 mL, 1.28 mmol),
a 4:1 mixture of the phosphonates (1S,2R,3R)-31a and
(1R,2R,3R)-31b (0.419 g) was obtained. After chromato-
graphy with chloroform–methanol (150/1–100/1, v/v) only
minute quantities of impure (1S,2R,3R)-31a (purity ca.
90%) and (1R,2R,3R)-31b (purity ca. 90%) were separated
as yellowish oils.

The phosphonate (1S,2R,3R)-31a. 1H NMR (CDCl3): dZ
4.44–4.32 (m, 2H, H–C-2, H–C-3), 4.04 (dd, JZ9.0, 5.4 Hz,
1H, H–C-1), 3.84 and 3.83 (2d, JZ10.5 Hz, 6H), 3.67 (dd,
JZ13.2, 3.3 Hz, 1H, HaHbC-4), 3.53 (dd, JZ13.2, 7.5 Hz,
1H, HaHbC-4), 1.50 (s, 3H), 1.40 (s, 3H). 31P NMR
(CDCl3): dZ26.67.

The phosphonate (1R,2R,3R)-31b. 1H NMR (CDCl3): dZ
4.54 (ddd, JZ7.2, 5.1, 1.8 Hz, 1H, H–C-2), 4.38 (dddd, JZ
7.5, 7.2, 5.1, 1.8 Hz, 1H, H–C-3), 4.04 (dd, JZ12.6, 1.8 Hz,
1H, H–C-1), 3.85 and 3.83 (2d, JZ10.5 Hz, 6H), 3.71 (dd,
JZ12.6, 7.5 Hz, 1H, HaHbC-4), 3.50 (dd, JZ12.6, 5.1 Hz,
1H, HaHbC-4), 1.55 (s, 3H), 1.41 (s, 3H). 31P NMR
(CDCl3): dZ24.31.

4.2.6. Diethyl (1S,2R,3R)- and (1R,2R,3R)-4-azido-1,2,3-
trihydroxy-2,3-O-isopropylidenebutylphosphonates,
(1S,2R,3R)-32a and (1R,2R,3R)-32b. From the aldehyde
(2R,3R)-17 (208 mg, 1.12 mmol) and diethyl phosphite
(0.13 mL, 1.0 mmol), a 4:1 mixture of the phosphonates
(1S,2R,3R)-32a and (1R,2R,3R)-32b (0.463 g) was obtained.
Attempts to purify the crude product by the silica gel
chromatography with chloroform–methanol (200/1, v/v)
failed.

4.2.7. Diisopropyl (1S,2R,3R)- and (1R,2R,3R)-4-azido-1,
2,3-trihydroxy-2,3-O-isopropylidenebutylphosphonates,
(1S,2R,3R)-33a and (1R,2R,3R)-33b. From the aldehyde
(2R,3R)-17 (0.337 mg, 1.82 mmol) and diisopropyl phos-
phite (0.27 mL, 1.63 mmol), a 4:1 mixture of the phosphon-
ates (1S,2R,3R)-32a and (1R,2R,3R)-32b was obtained
(0.543 g). An attempt at purifying the crude product by
the silica gel chromatography with chloroform–methanol
(100/1, v/v) failed.

4.2.8. Dibenzyl (1S,2R,3R)- and (1R,2R,3R)-4-azido-1,2,
3-trihydroxy-2,3-O-isopropylidenebutylphosphonates,
(1S,2R,3R)-34a and (1R,2R,3R)-34b. According to the
general procedure employing the aldehyde (2R,3R)-17
(0.945 g, 5.10 mmol) and dibenzylphosphite (1.34 g,
5.10 mmol), a 4:1 mixture of the phosphonates (1S,2R,3R)-
34a and (1R,2R,3R)-34b was obtained. Purification on a
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silica gel column with chloroform–ethyl acetate–methanol
(200/1/0.5, v/v) gave (1S,2R,3R)-34a (1.34 g, 59%) and
(1R,2R,3R)-34b (0.353 g, 15%) as white powders.

The phosphonate (1S,2R,3R)-34a. Mp 110.1–110.6 8C, from
ethyl acetate–hexanes; IR (KBr): nZ3212, 2088, 1484,
1240, 1140, 1056, 936 cmK1. [a]D

20 C25.8 (c 1.18, CHCl3).
1H NMR (CDCl3): dZ7.37–7.26 (m, 10H), 5.15–5.00 (m,
4H, CH2OP), 4.43–4.34 (m, 2H, H–C-2, H–C-3), 4.05 (dd,
JZ9.3, 4.8 Hz, 1H, H–C-1), 3.60 (dd, JZ13.2, 3.3 Hz, 1H,
HaHbC-4), 3.46 (dd, JZ13.2, 7.5 Hz, 1H, HaHbC-4), 1.42 (s,
3H), 1.34 (s, 3H). 13C NMR (CDCl3): dZ136.3 and 136.2
(2d, JZ5.7 Hz, Cipso), 128.7, 128.7, 128.6, 128.6, 128.1,
128.0, 109.9, 77.3 (d, JZ13.6 Hz, C-3), 75.5 (s, C-2), 68.8
and 68.6 (2d, JZ7.2 Hz, COP), 66.7 (d, JZ160.8 Hz, C-1),
51.0 (s, C-4), 28.1, 25.8. 31P NMR (CDCl3): dZ25.02.
Anal. Calcd for C21H26N3O6P: C, 56.37; H, 5.86; N, 9.39.
Found: C, 56.26; H, 5.55; N, 9.65%.

The phosphonate (1R,2R,3R)-34b. Mp 78.2–79.0 8C, from
diethyl ether–hexanes. IR (KBr): nZ3241, 2079, 1472,
1249, 1130, 1059, 940 cmK1. [a]D

20 C36.0 (c 1.03, CHCl3).
1H NMR (CDCl3): dZ7.37–7.32 (m, 10H), 5.17–5.02 (m,
4H, CH2OP), 4.55 (ddd, JZ6.9, 5.1, 1.8 Hz, 1H, H–C-2),
4.31 (dddd, JZ7.8, 6.9, 5.1, 1.8 Hz, 1H, H–C-3), 4.00 (dd,
JZ12.3, 1.8 Hz, 1H, H–C-1), 3.64 (dd, JZ12.6, 7.8 Hz, 1H,
HaHbC-4), 3.40 (dd, JZ12.6, 5.1 Hz, 1H, HaHbC-4), 1.48 (s,
3H), 1.37 (s, 3H). 13C NMR (CDCl3): dZ136.2 and 136.0
(2d, JZ5.7 Hz, Cipso), 128.6, 128.6, 128.6, 128.5, 128.4,
128.3, 128.1, 128.0, 109.4, 76.3 (d, JZ13.7 Hz, C-3), 74.6
(d, JZ1.4 Hz, C-2), 68.8 and 68.4 (2d, JZ7.2 Hz, COP),
66.6 (d, JZ160.9 Hz, C-1), 51.5 (s, C-4), 27.1, 24.9. 31P
NMR (CDCl3): dZ22.69. Anal. Calcd for C21H26N3O6P: C,
56.37; H, 5.86; N, 9.39. Found: C, 56.29; H, 5.59; N, 9.37%.

4.3. Dibenzyl 4-azido-1,2,3-trihydroxybutylphospho-
nates 35 (general procedure)

Enantiomerically pure dibenzyl 4-azido-1,2,3-trihydroxy-2,
3-O-isopropylidenebutylphosphonates, (1S,2R,3S)-30a or
(1R,2R,3S)-30b or (1S,2R,3R)-34a (0.40 mmol) were dis-
solved in aqueous methanol (20 mL) and Dowex 50W!4
(HC) (1.00 g) was added. The slurry was stirred at 70 8C for
4 h. Cooled solution was filtered, the resin was washed with
methanol and water. After concentration the solid residue
was crystallised from methanol–water to give pure dibenzyl
4-azido-1,2,3-trihydroxybutylphosphonates as white amor-
phous solids.

4.3.1. The phosphonate (1S,2R,3S)-35. From the phos-
phonate (1S,2R,3S)-30a (0.196 g, 0.438 mmol), the triol
(1S,2R,3S)-35 (0.140 g, 78%) was obtained. Mp 138.0–
138.6 8C. IR (KBr): nZ3384, 3288, 2096, 1488, 1256, 1240,
1140, 1040, 940 cmK1. [a]D

20 C17.4 (c 1.04, CH3OH). 1H
NMR (CD3OD): dZ7.37–7.28 (m, 10H), 5.10 and 5.08 (2d,
JZ8.1 Hz, 4H, CH2OP), 4.13 (dd, JZ9.3, 4.5 Hz, 1H, H–C-
1), 4.03 (dddd, JZ7.8, 5.1, 1.5, 1.2 Hz, 1H, H–C-3), 3.80
(ddd, JZ9.3, 9.0, 1.5 Hz, 1H, H–C-2), 3.47 (dd, JZ12.6,
7.8 Hz, 1H, HaHbC-4), 3.31 (dd, JZ12.6, 5.1 Hz, 1H,
HaHbC-4). 13C NMR (CD3OD): dZ136.2 and 136.0 (2d,
JZ5.7 Hz, Cipso), 129.5, 129.4, 129.1, 129.0, 72.2 (d, JZ
2.3 Hz, C-2), 70.4 (d, JZ11.3 Hz, C-3), 69.5 and 69.3 (2d,
JZ7.2 Hz, COP), 69.5 (d, JZ163.8 Hz, C-1), 55.0 (s, C-4).
31P NMR (CD3OD): dZ26.45. Anal. Calcd for
C18H22N3O6P: C, 53.07; H, 5.44; N, 10.32. Found: C,
53.25; H, 5.34; N, 10.23%.

4.3.2. The phosphonate (1R,2R,3S)-35. From the phos-
phonate (1R,2R,3S)-30b (0.154 g, 0.342 mmol), the triol
(1R,2R,3S)-35 (0.120 g, 86%) was obtained. Mp 73.6–
74.2 8C. IR (KBr): nZ3361, 3276, 2101, 1481, 1247, 1231,
1150, 1037, 937 cmK1. [a]D

20 K2.6 (c 1.03, CH3OH). 1H
NMR (CD3OD): dZ7.42–7.31 (m, 10H), 5.12 (d, JZ
8.0 Hz, 2H, CH2OP), 5.07 (dd, JZ8.1, 3.0 Hz, 2H, CH2OP),
4.40 (dd, JZ9.6, 3.9 Hz, 1H, H–C-1), 3.95–3.87 (m, 2H, H–
C-3, H–C-2), 3.38 (d, JZ5.4 Hz, 2H, HaHbC-4). 13C NMR
(CD3OD): dZ137.8 and 137.6 (2d, JZ5.7 Hz, Cipso), 129.6,
129.4, 129.4, 129.1, 129.0, 128.7, 72.8 (d, JZ10.6 Hz, C-3),
72.1 (d, JZ3.8 Hz, C-2), 69.9 and 69.2 (2d, JZ6.8 Hz,
COP), 69.4 (d, JZ162.3 Hz, C-1), 54.7 (s, C-4). 31P NMR
(CD3OD): dZ24.02. Anal. Calcd for C18H22N3O6P!H20:
C, 50.83; H, 5.69; N, 9.89. Found: C, 50.72; H, 5.89; N,
9.82%.

4.3.3. The phosphonate (1S,2R,3R)-35. From the phos-
phonate (1S,2R,3R)-34a (0.173 g, 0.387 mmol), the triol
(1S,2R,3R)-35 (0.117 g, 74%) was obtained. Mp 113.1–
113.8 8C, from methanol–water; IR (KBr): nZ3352, 3269,
2090, 1474, 1251, 1242, 1139, 1042, 943 cmK1. [a]D

20 C3.1
(c 1.8, CH3OH). 1H NMR (CD3OD): dZ7.39–7.28 (m,
10H), 5.16–4.99 (m, 4H, CH2OP), 4.25 (dd, JZ8.4, 6.0 Hz,
1H, H–C-1), 4.07 (ddd, JZ6.6, 6.6, 3.3 Hz, 1H, H–C-3),
3.91 (ddd, JZ17.1, 6.6, 6.0 Hz, 1H, H–C-2), 3.48 (dd, JZ
13.0, 3.3 Hz, 1H, HaHbC-4), 3.41 (dd, JZ13.0, 6.6 Hz, 1H,
HaHbC-4). 13C NMR (CD3OD): dZ138.0 and 137.9 (2d,
JZ5.7 Hz, Cipso), 129.5, 129.4, 129.3, 129.0, 74.8 (d, JZ
2.0 Hz, C-2), 73.0 (d, JZ6.9 Hz C-3), 70.8 (d, JZ161.6 Hz,
C-1), 69.8 and 69.1 (2d, JZ7.6 Hz, COP), 54.8 (s, C-4). 31P
NMR (CD3OD): dZ26.26. Anal. Calcd for C18H22N3O6P:
C, 53.07; H, 5.44; N, 10.32. Found: C, 52.85; H, 5.19; N,
10.23%.

4.3.4. Dibenzyl 4-azido-1,2,3-triacetyloxybutylphospho-
nates, (1S,2R,3S)-36. Standard acetylation of the phosphon-
ate (1S,2R,3S)-35a (0.043 g, 0.11 mmol) with acetic
anhydride (0.035 mL, 0.37 mmol) in the presence of NEt3
(0.052 mL, 0.37 mmol) and one crystal of DMAP in
chloroform (1 mL) gave the crude triacetate (1S,2R,3S)-36
(0.040 g; purity O95%) as a colourless oil. 1H NMR
(CDCl3): dZ7.38–7.25 (m, 10H), 5.58 (ddd, JZ11.4, 9.3,
2.4 Hz, 1H, H–C-2), 5.42 (dd, JZ9.3, 7.5 Hz, 1H, H–C-1),
5.30 (ddd, JZ7.2, 4.8, 2.4, Hz, 1H, H–C-3), 5.11–4.92 (m,
4H, CH2OP), 3.39 (dd, JZ13.2, 4.8 Hz, 1H, HaHbC-4), 3.31
(dd, JZ13.2, 7.2 Hz, 1H, HaHbC-4), 2.08 (s, 3H), 2.02 (s,
3H), 1.98 (s, 3H). 31P NMR (CDCl3): dZ19.40.

4.3.5. (4R,5R,6S)-4-azidomethyl-6-(O,O-dibenzylphos-
phoryl)-5-hydroxy-2-phenyl-1,3-dioxane, 37. To a solu-
tion of the phosphonate (1S,2R,3R)-35 (0.029 g, 0.071 mmol)
in chloroform-d (0.7 mL) and benzaldehyde dimethyl acetal
(0.021 mL, 0.14 mmol) a crystal of p-toluenesulfonic acid
was added. The progress of the reaction was monitored by
31P NMR spectroscopy at room temperature for 48 h. After
concentration the residue was chromatographed on a silica
gel column with chloroform–methanol (100/1, v/v) to give
(4R,5R,6S)-37 (0.030 g, 83%) as a white solid, which was
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recrystallised from ethyl acetate–petroleum ether. Mp
106.9–107.2 8C. IR (KBr): nZ3384, 3184, 2096, 1488,
1256, 1208, 1052, 976 cmK1. [a]D

20 C21.3 (c 0.96, CHCl3).
1H NMR (CDCl3): dZ7.45–7.25 (m, 15H), 5.47 (s, 1H,
H–C-2), 5.20–5.07 (m, 4H, CH2OP), 3.95 (dd, JZ9.8,
7.4 Hz, 1H, H–C-6), 3.87–3.74 (m, 2H, H–C-4, H–C-5),
3.62 (dd, JZ13.2, 1.3 Hz, 1H, HaHbC–N), 3.48 (s, 1H, HO)
3.47 (dd, JZ13.2, 4.6 Hz, 1H, HaHbC–N). 13C NMR
(CDCl3): dZ136.6, 135.7 and 135.5 (2d, JZ5.7 Hz,
Cipso), 129.4, 128.9, 128.8, 128.7, 128.4, 128.2, 128.1,
126.3, 102.0 (d, JZ14.6 Hz, C-2), 80.6 (d, JZ14.0 Hz, C-4),
76.8 (d, JZ166.6 Hz, C-6), 69.6 and 69.0 (2d, JZ7.2 Hz,
COP), 62.8 (d, JZ2.3 Hz, C-5), 51.4 (d, JZ2.9 Hz,
CH2N3). 31P NMR (CDCl3): dZ20.28. Anal. Calcd for
C26H26N3O6P!0.5H2O: C, 60.46; H, 5.27; N, 8.14. Found:
C, 60.22; H, 5.45; N, 8.15%.

4.4. 4-Amino-1,2,3-trihydroxybutylphosphonic acids 16
(general procedure)

Enantiomerically pure dibenzyl 4-azido-1,2,3-trihydroxy-
butylphosphonates, (1S,2R,3S)-35 or (1R,2R,3S)-35 or
(1S,2R,3R)-35 (0.25 mmol) were dissolved in methanol
(10 mL) and 10% Pd/C (4 mg) was added. The slurry was
stirred under hydrogen atmosphere at room temperature for
24–48 h. After 1 h distilled water (10 mL) was injected to
make stirring possible. The catalyst was filtered off on a
layer of Celite and the aqueous solution was concentrated in
vacuo to give oily residues, which were crystallised from
aqueous ethanol to afford creamy amorphous powders.

4.4.1. The phosphonic acid (1S,2R,3S)-16. From the
phosphonate (1S,2R,3S)-35 (0.103 g, 0.253 mmol), the
phosphonic acid (1S,2R,3S)-16 (0.037 g, 72%) was
obtained. IR (KBr): nZ3500–2500 (broad), 1632, 1536,
1140, 1080, 1052, 920 cmK1. [a]D

20 C16.1 (c 1.0, 5%
ammonia). 1H NMR (D2O): dZ4.24 (dd, JZ6.0, 6.0 Hz,
1H, H–C-3), 3.84–3.75 (m, 2H, H–C-1, H–C-2), 3.26–3.16
(m, 2H, HaHbC-4). 31P NMR (D2O): dZ18.28. Anal. Calcd
for C4H12NO6P!H20: C, 21.92; H, 6.44; N, 6.39. Found: C,
21.99; H, 6.53; N, 6.16%.

4.4.2. The phosphonic acid (1R,2R,3S)-16. From the
phosphonate (1R,2R,3S)-35 (0.083 g, 0.20 mmol), the phos-
phonic acid (1R,2R,3S)-16 (0.035 g, 85%) was obtained. IR
(KBr): nZ3500–2500 (broad), 1641, 1529, 1145, 1076,
1043, 925 cmK1. [a]D

20 C2 (c 0.9, 5% ammonia). 1H NMR
(D2O): dZ4.20 (ddd, JZ8.7, 3.9, 3.6 Hz, 1H, H–C-3),
3.87–3.77 (m, 2H, H–C-1, H–C-2), 3.22 (dAB, JABZ
13.0 Hz, JZ3.9 Hz, 1H, HaHbC-4), 3.17 (dAB, JABZ
13.0 Hz, JZ8.7 Hz, 1H, HaHbC-4). 31P NMR (D2O): dZ
17.07. Anal. Calcd for C4H12NO6P: C, 23.89; H, 6.01; N,
6.97. Found: C, 23.79; H, 5.71; N, 6.74%.

4.4.3. The phosphonic acid (1S,2R,3R)-16. From the
phosphonate (1S,2R,3R)-35 (0.079 g, 0.19 mmol), the
phosphonic acid (1R,2R,3S)-16 (0.030 g, 77%) was
obtained. IR (KBr): nZ3500–2500 (broad), 1637, 1534,
1139, 1085, 1055, 917 cmK1. [a]D

20 C12.4 (c 1.0, 5%
ammonia). 1H NMR (D2O): dZ4.20 (dd, JZ8.1, 2.6 Hz,
1H, H–C-3), 4.05–3.85 (m, 2H, H–C-1, H–C-2), 3.38 (dAB,
JABZ13.0 Hz, JZ2.6 Hz, 1H, HaHbC-4), 3.16 (dAB, JABZ
13.0 Hz, JZ8.1 Hz, 1H, HaHbC-4). 31P NMR (D2O): dZ
17.54. Anal. Calcd for C4H12NO6P!H2O: C, 21.92; H,
6.44; N, 6.39. Found: C, 21.62; H, 6.58; N, 6.13%.
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Abstract—We report a synthesis of a single enantiomer of a mycolic acid from Mycobacterium tuberculosis containing a di-cis-
cyclopropane. The method can be simply varied to modify the chain lengths or the absolute stereochemistry of either cyclopropane.
q 2005 Elsevier Ltd. All rights reserved.
1. Introduction

Tuberculosis, caused my Mycobacterium tuberculosis, kills
some 3 m people each year and accounts for about 25% of
preventable deaths. It has been estimated that between a
quarter and a half of the world population is infected with
the organism, though in most cases this does not lead to the
development of the disease.1 A limited number of drugs is
available for treating TB; however, the emergence of multi-
drug-resistant strains of the bacterium with associated
fatality rates of 40–60% is a serious problem. Many other
mycobacteria are either obligate or opportunistic patho-
gens.1 M. leprosae causes leprosy, which afflicts over 12 m
people; other mycobacteria cause opportunistic infections in
immunologically compromised patients, for example, in
AIDS. Mycobacteria are resistant to many common
antibiotics, chemotherapeutic agents and disinfectants.
This resistance is partly because the cell wall, containing
a complex heteropolymer involving a series of esters of very
long chain ‘mycolic acids’, is particularly impermeable. The
barrier is probably caused by a parallel alignment of
mycolic acids in the inner leaflet. The balance of these
structures, which is dependent on the mycobacterial species,
changes membrane permeability and fluidity and hence
resistance to a therapeutic agent. Mycolic acids are highly
complex but include long-chain (R,R)-b-hydroxy-acids
(R 0CH(OH)CH(CO2H)R 00), commonly containing cis-
cyclopropanes, a-methyl-trans-cyclopropanes, a-methyl-
b-keto- and a-methyl-b-methoxy- groups in the R 0-chain
and a simple long-chain alkyl group in the R 00 position,2–4

such as compounds 1–4 below (Scheme 1). Mycolic acids
0040–4020/$ - see front matter q 2005 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2005.09.056
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containing trans-cyclopropanes at the position in the chain
closest to the hydroxyacid are reported to have a particular
effect on the cell wall and therefore on the sensitivity of
mycobacterial species to hydrophobic antibiotics.5 Mycolic
acids are present both as bound tetramycolyl penta-
arabinose clusters and as extractable trehalose 6,6 0-
dimycolates (‘cord factor’).1,6 Cord factors protect mice
against Klebsiella pneumoniae or Listeria monocyogenes,
disrupt mitochondrial and sub-mitochondrial membranes,
are granulomagenic,7 adjuvant active, and a virulence
factor. Lipid fractions from M. bovis show antituberculosis
and antitumour immunogenicity, effects that are directly
dependent on the content of a mycolic acid fraction.
Tetrahedron 61 (2005) 11939–11951
Scheme 1.
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A correlation between lung cancer and pulmonary tubercu-
losis has been discussed.7 ‘Cord factor appears to be one of
the most potent immuno-modulators in the mycobacterial
cell’.7b Thus, the detection of antibodies against cord factor
produced in the serum of patients with pulmonary
tuberculosis is clinically useful in the rapid seriodiagnosis
of the disease;8 similar approaches have been reported
for the seriodiagnosis of Hansen’s disease/leprosy and for
Rhodococcus ruber.9 The need to characterise the molecular
mechanism for such responses is identified. The availability
of unique mycolic acids is seen as key; the availability of the
derived cord factors also offers the potential for improved
ELISA assays for disease.

Mycolic acids from Mycobacteria, usually containing
70–90 carbons, are present as complex mixtures with
varying values of a–d above, the exact composition
depending on the species. Structural assignment has often
been based on mass spectra of mixtures of homologues.10 It
is often difficult from the early literature to judge the
certainty with which a structure has been assigned or,
indeed, which actual values of a–d have been determined.
However, recent detailed studies have clarified the situation
considerably.11,1 Moreover, although the hydroxyacid
grouping is known to be of R,R-configuration, the absolute
stereochemistries of the other groups are not known. There
is some evidence that the 1-methyl-2-methoxy unit at the
distal position from the hydroxy acid in mycolic acids (2) is
S,S,12 while other reports identify an R-stereochemistry for
the three stereo-centres of an a-methyl-trans-epoxy unit.13

Much is now known about the enzymes controlling the
biosynthesis of mycolic acids,14 and it has been proposed,
for example, that the cis-cyclopropane unit, the a-methyl-
trans-cyclopropane and the a-methyl-b-alkoxy unit are
formed from a Z-alkene through a common intermediate
(Scheme 2).15 A consequence of this would be that the three
sub-units should have a common absolute stereochemistry
at the carbon bearing the methyl group and C-1 of the
cis-cyclopropane.
Scheme 2.

Scheme 5. (i) KMnO4, CH3(CH2)15NMe3Br, H2O/HOAc (78%); (ii)
LiAlH4/THF (83%); (iii) Li2CuCl4, THF (91%); (iv) aq HBr, Bu4NCBrK

(99%); (v) PPh3, toluene (85%).

† A preliminary account of these results has already been published (Al
Dulayymi, J. R.; Baird, M. S. and Roberts, E. J. Chem. Soc., Chem.
Comm. 2003, 228–229).
Among the most important of these acids are those
containing two cis-cyclopropanes. The acid 5 (or 1, aZ
19, bZ14, cZ11, dZ23) was reported by Minnikin and
Polgar to be the major mycolic acid of M. tuberculosis var
hominis.2 Syntheses of the ‘mero-mycolic acid’ 6 as a
mixture of four isomeric di-cis-cyclopropanes,16 and of a
single enantiomer of compound 7 have been reported
(Scheme 3).17 The synthesis of single stereoisomers of
individual mycolic acids may lead to a fuller understanding
of their biosynthesis and of the structures of bacterial cell
walls and to cord factor antibodies derived from discrete
mycolic acids characteristic of individual bacteria.
We now report the synthesis of a single enantiomer 8 of the
mycolic acid 5,2 protected at the acid and alcohol positions.†

The stereochemistry of the cyclopropanes A and B is that,
which could have a common biosynthetic precursor with
some S-methyl-branched mycolates.18 The synthetic
method used, which can be varied to allow the synthesis
of either absolute stereochemistry of each cyclopropane,
involved the use of a common precursor for the two chiral
cyclopropane units, C–C bonds being created at the
positions shown below (Scheme 4).
The (1S,2R)-aldehyde 13 was prepared by a method
described earlier from (1S,2R)-butyryloxymethyl-2-formyl-
cyclopropane 10.19 The first step required the generation of
an ylid from the nonadecyltriphenylphosphonium salt 9.
This was prepared from nonadecanol by conversion into the
bromide by standard methods, followed by reaction with
triphenylphosphine. The nonadecanol was itself prepared
efficiently either by oxidation of eicosene to nonadecanoic
acid,20 and reduction, or by the coupling of heptylmagne-
sium bromide to 12-bromodecanol in the presence of
dilithium tetrachlorocuprate (Scheme 5).
Reaction of (10) with the salt (9) and butyllithium in
tetrahydrofuran led to the ester (11) as a mixture of E and
Z-isomers in ratio 1:6. This was first reduced to the
corresponding alcohols and then the double bond was
saturated using di-imide generated from hydrazine hydrate,



Scheme 6. (i) Me(CH2)18PPh3Br (9), BuLi, THF (81%, 6:1 Z/E),
(ii) LiAlH4, THF (95%), (iii) N2H4, NaIO4, AcOH, CuSO4, i-PrOH (80%);
(iv) PCC, CH2Cl2 (90%).

Scheme 9. (i) BrMg(CH2)9OTHP, CuI, 2 h, K30 8C (86%); (ii) imidazole,
t
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sodium periodate and copper sulphate in acetic acid and
isopropanol. The derived alcohol 12 was then readily
oxidised to aldehyde (13) (Scheme 6).

The aldehyde 13 was homologated to give 14 by reaction
with 1-carbomethoxy-12-triphenylphosphoniumundecyl
iodide and base, again to give a mixture of E-and Z-alkenes,
followed by the same sequence of reduction to the
corresponding alcohols, hydrogenation of the alkenes
using di-imide, and then oxidation to the aldehyde
(Scheme 7).
Scheme 7. (i) MeO2C(CH2)11PPh3I, MeONa, THF, DMF (70%);
(ii) LiAlH4, THF (92%); (iii) N2H4, NaIO4, AcOH, CuSO4, i-PrOH (85%);
(iv) PCC, CH2Cl2 (93%).

DMF, Bu SiMe2Cl (93%); (iii) H2, Pd/C, MeOH (84%); (iv) NaIO4,
RuCl3$H2O, CH3CN, H2O, CCl4 (69%); (v) MeOH, H2SO4.

Scheme 10.
The second cyclopropane unit was prepared by a similar
route, though in this case a Julia reaction was used in place
of Wittig coupling. Ester 1519 was converted into sulphone
16 by reaction with the thiazole 17, triphenylphosphine and
diethyl azodicarboxylate then oxidation of the derived
thioether.21 The sulphone was treated with aldehyde 14 in a
modified Julia reaction,21 to give a 1:1 mixture of E- and
Z-alkenes 18. Reduction to the corresponding alcohols using
lithium aluminium hydride followed by hydrogenation of
the alkene, again using di-imide gave a single enantiomer of
alcohol 19 (Scheme 8).
Scheme 8. (i) (17), PPh3, DEAD; (ii) H2O2 or MCPBA, CH2Cl2;
(iii) LiHMDS; (iv) (14) (43% two steps); (v) LiAlH4; (vi) NH2NH2, NaIO4,
CuSO4, AcOH, i-PrOH (77% two steps).
The remaining major problem was to link the single
enantiomer of the dicyclopropane unit to the hydroxyacid
portion of the target molecule 8. Syntheses of a shorter chain
dialkyl mycolic acid containing no cyclopropane ring as the
R,R-isomer has been reported earlier.22,23 In the present
work, a modified approach for the synthesis of 8 was used.
Ring opening of the epoxide 2024 with a Grignard reagent
prepared from 9-bromononan-1-ol tetrahydropyranyl ether
led to a single enantiomer of the mono-protected diol 21
(as a diastereomeric mixture at the OTHP group) in 86%
yield. This was transformed in four steps into the diol 22
(Scheme 9).
1-Iodotetracosane (24) was prepared by coupling dodecyl-
magnesium bromide to 12-bromododecanol to give tetra-
cosan-1-ol (23) (90%), bromination with NBS and
triphenylphosphine (93%) to give 1-bromotetracosane and
then conversion of the bromide into the iodide with sodium
iodide in acetone (86%) (Scheme 10).
The diol 22 was protected at the primary alcohol group as a
silyl ether and then alkylated,25 using 1-iodotetracosane to
give the hydroxy ester 25 using a method that has been
applied to shorter chain alkyl mycolic acids,23 although the
yield was moderate at best. Protection of the secondary
alcohol in 25 as the acetate, deprotection of the primary
alcohol and oxidation led to the aldehyde 26 (Scheme 11).
Scheme 11. (i) ButPh2SiCl, DMAP, Et3N (84%); (ii) LDA, CH3(CH2)23I,
HMPA (31%); (iii) Ac2O, pyridine (86%); (iv) FK (75%); (v) PCC (95%).
In the final stages of the synthesis, the single enantiomer of
protected aldehyde 26 was coupled to the dicyclopropane
19. Reaction of alcohol 19 with the thiazole 17,
triphenylphosphine and diethyl azodicarboxylate then
oxidation of the derived thioether as before gave the
sulphone 27. Treatment of this with the aldehyde 26 and
base in a Julia reaction led to a mixture of Z- and E- alkenes
28; hydrogenation with di-imide generated from
dipotassium azodicarboxylate and acid gave the saturated
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protected mycolic acid 8,26 [a]D
22 C4.2 (c 0.735, CHCl3)

(Scheme 12).
Scheme 12.

Figure 2. MALDI MS of synthetic protected a-mycolic acid (8).
The 1H and 13C NMR spectra of 8 were essentially identical
to those of a sample extracted from M. tuberculosis and then
protected ([a]D C3.7),27 which is a mixture of homologues
in which 8 predominates. However, it must be recognised
that in such large molecules, identity of 1H and 13C NMR
spectra is no guarantee that the relative stereochemistries
are identical. The specific rotation of the synthetic material
([a]D C4.2) was also close to that of the natural mixture of
homologues; in this case the rotation is probably dominated
by the chirality of the hydroxy acid part of the molecule and
not indicative of the chirality of the cyclopropanes. The
mass spectrum of 8 measured either using MALDI or
electrospray MS gave a molecular ion pattern (Fig. 2) which
corresponded to the major isomer of the natural sample
(Fig. 1). Studies to further compare the natural and synthetic
samples in order to establish the stereochemistry of the
former are under way.
Figure 1. MALDI MS of natural mixture of protected a-mycolic acid
homologues.
Variation of the chain lengths in the above sequence or
adjustment of the absolute stereochemistry by using the
enantiomers of either or both of the cyclopropanes 14 and 16
can be used to provide a simple and flexible approach to any
cis-dicyclopropane mycolic acid.19,28
2. Experimental
2.1. General

Chemicals used were obtained from commercial suppliers
or prepared from them by methods described. Solvents,
which had to be dry, for example, ether, tetrahydrofuran
were dried over sodium wire. Petroleum was of boiling
point 40–60 8C. Reactions carried under inert conditions,
were carried out under a slow stream of nitrogen. Reactions
carried out at low temperatures were cooled using a bath of
methylated spirit with liquid nitrogen. Silica gel (Merck
7736 silica gel) and silica plates used for thin layer and
column chromatography were obtained from Aldrich.
Organic solutions were dried over anhydrous magnesium
sulphate.

GLC’s were carried out on a Perkin-Elmer Model 8410
using a capillary column (15 m!0.53 mm). IR spectra were
carried out on a Perkin-Elmer 1600 F.T.I.R. spectrometer as
liquid films. NMR spectra were recorded on a Bruker
AC250 or Advance500 spectrometer. [a]D values were
recorded in CHCl3 on a POLAAR 2001 Optical Activity
polarimeter. Mass spectra were recorded on Bruker
Microtof or Maldi tof instruments or by the EPSRC MS
service in Swansea.
2.1.1. Nonadecanoic acid. Potassium permanganate (80 g,
506 mmol) was added in portions of 1.5 g over 2 h to a
mechanically stirred solution of eicosene (50 g,
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178.57 mmol), water (1000 ml), acetic acid (20 ml),
hexadecyltrimethylammonium bromide (6 g) and sulphuric
acid 1 M (120 ml) in dichloromethane (1000 ml) at 3 8C.
The mixture was stirred for 16 h at room temperature, then
quenched carefully with satd aq sodium metabisulphite until
a clear solution was obtained. The organic layer was
separated and the aqueous layer was extracted with
dichloromethane (2!400 ml). The combined organic layers
were dried, concentrated to 400 ml, decanted from a small
amount of insolubles and then cooled to K10 8C for 12 h.
The solid was filtered, washed with cold dichloromethane
(60 ml) and petroleum (50 ml) and dried to give non-
adecanoic acid as a white solid (41.4 g, 78%) (mp 65–67 8C,
lit.:20 mp 67–68 8C), which showed dH (250 MHz, CDCl3):
2.44 (2H, t, JZ7.0 Hz), 1.65 (2H, pent, JZ6.9 Hz), 1.25
(30H, br s), 0.85 (3H, t, JZ7.1 Hz); dC: 179.8, 34.1, 31.9,
29.7, 29.4, 29.4, 29.2, 29.1, 24.7, 22.7, 20.3, 14.1; nmax:
3703 (very broad) cmK1.

2.1.2. 1-Nonadecanol. Method A. Nonadecanoic acid (30 g,
100 mmol) in tetrahydrofuran (500 ml) was added dropwise
over 15 min to a suspension of lithium aluminium hydride
(6 g, 157.9 mmol) in tetrahydrofuran (200 ml) at room
temperature. The mixture was refluxed for 1 h, then
quenched carefully with freshly prepared satd aq sodium
sulphate (40 ml) followed by the addition of anhydrous
magnesium sulphate (10 g). The mixture was stirred
vigorously for 10 min, filtered through a pad of Celite and
washed with tetrahydrofuran (2!50 ml). The filtrate was
evaporated and the residue was recrystallized from
methanol (500 ml) and water (30 ml) at K10 8C for 12 h
then washed with cold methanol (50 ml) to give 1-nona-
decanol as a white solid (23.75 g, 83%) (mp 60–62 8C, lit.: 29

mp 62 8C), which showed dH (250 MHz, CDCl3): 3.65 (2H,
t, JZ7.1 Hz), 1.62 (2H, pent, JZ6.8 Hz), 1.3 (33H, br s),
0.92 (3H, t, JZ7.1 Hz); dC: 63.1, 32.8, 31.9, 29.7, 29.4,
29.4, 25.7, 22.7, 14.1; nmax: 3430 cmK1.

Method B. 1-Bromoheptane (13.6 g, 76 mmol) was added
dropwise to a suspension of magnesium turnings (1.97 g,
81 mmol) in dry tetrahydrofuran (80 ml) at a rate sufficient to
maintain a steady reflux. Once the exothermic reaction had
subsided, the mixture was heated under reflux for 1 h then
cooled to K10 8C, when 12-bromododecanol (5.3 g,
20 mmol) in tetrahydrofuran (50 ml) was added. The mixture
was cooled to K40 8C followed by the addition of dilithium
tetrachlorocuprate (5 ml), then stirred for 2 h at this
temperature and at room temperature for 12 h. Satd aq
ammonium chloride (100 ml) was added together with ethyl
acetate (100 ml). The organic layer was separated and the
aqueous layer was re-extracted with ethyl acetate (2!50 ml).
The combined organic layers were washed with water, dried
and evaporated to give a residue, which was treated with
petroleum (50 ml). The solution was cooled to K10 8C for
12 h and the solid was filtered off to give 1-nonadecanol
(5.2 g, 91%), which showed identical spectra to those above.

2.1.3. 1-Bromononadecane. 1-Nonadecanol (23.75 g,
83.62 mmol) was added to a stirred solution of hydrobromic
acid (48%, 100 ml) and tetrabutylammonium bromide (1 g).
The mixture was refluxed for 3 h, cooled to room
temperature and diluted with dichloromethane (120 ml)
and water (300 ml). The aqueous layer was re-extracted
with dichloromethane (2!40 ml), and the combined
organic layers were washed with satd aq sodium bicarbonate
(200 ml), satd aq sodium chloride (200 ml), and dried. The
solvent was evaporated to give a solid; chromatography
eluting with petroleum and ether (10:0.5) gave a white solid,
1-bromononadecane (28.7 g, 99%), mp 35–37 8C (lit.: 30 mp
37 8C), which showed dH (250 MHz, CDCl3): 3.44 (2H, t,
JZ6.7 Hz), 1.86 (2H, pent, JZ6.7 Hz), 1.65–1.22 (32H, br
m), 0.93 (3H, t, JZ6.4 Hz); dC 33.9, 32.9, 31.9, 29.7 (very
broad), 29.6, 29.4, 28.8, 28.2, 22.7, 14.1; nmax: 2960, 1460,
1261, 1215 cmK1.

2.1.4. Nonadecyltriphenylphosphonium bromide (9).
1-Bromononadecane (29 g, 83.5 mmol) was added to a
stirred solution of triphenylphosphine (33.00 g, 125 mmol)
in toluene (250 ml). The mixture was refluxed for 120 h.
The solvent was evaporated and petroleum (100 ml) was
added and again evaporated. The residue was treated with
diethyl ether (150 ml) and stirred for 1 h; by this time a
slurry of fine crystals had formed. These were filtered,
washed well with ether and dried to give a white solid,
1-nonadecyltriphenylphosphonium bromide (9) (43.5 g,
85%) which showed dH (250 MHz, CDCl3): 7.9–7.45
(15H, m), 3.8–3.72 (2H, m), 1.66–1.51 (4, m), 1.23 (30H,
br s), 0.83 (3H, t, JZ7.0 Hz); dC: 135, 133.7, 133.6, 130.6,
130.4, 119.1, 117.8, 31.9, 30.5, 30.3, 29.7, 29.3, 29.2, 23.2,
22.7, 14.1.

2.1.5. (1S,2R)-(2-Eicosylcyclopropyl)methanol (12). (A)
n-Butyl lithium (24 ml, 34.8 mmol) was added dropwise to
a stirred solution of 1-nonadecyltriphenylphosphonium
bromide (9) (18.0 g, 29.5 mmol) in dry tetrahydrofuran
(180 ml) under nitrogen at K40 8C. The mixture was
allowed to reach room temperature and stirred for 1 h, then
cooled to K50 8C and (1S,2R)-butyryloxy-methyl-2-for-
mylcyclopropane (10)19,28 (4.2 g, 24.6 mmol) in dry
tetrahydrofuran (20 ml) was added. The mixture was stirred
at room temperature overnight. Satd aq ammonium chloride
(150 ml) was added dropwise to quench the reaction,
followed by the addition of petroleum–ether (1/1)
(120 ml). The organic layer was separated and the aqueous
layer was re-extracted with petroleum/ether (2!50 ml).
The combined organic phases were washed with satd aq
sodium chloride, dried and evaporated to give a residue,
which was purified by chromatography eluting with
petroleum–ether (5/2) to give (6:1)-Z,E butyric acid
2-eicos-1-enyl-cyclopropylmethyl ester (11) (7.13 g, 81%)
which showed dH (250 MHz, CDCl3) (major isomer): 5.45
(1H, br td, JZ7.3, 10.7 Hz), 5.05 (1H, br t, JZ10.7 Hz),
4.13 (1H, dd, JZ7.2, 11.7 Hz), 3.96 (1H, dd, JZ8.1,
11.7 Hz), 2.28 (2H, t, JZ7.35 Hz), 2.13 (2H, br q, JZ
6.7 Hz), 1.76–1.68 (1H, m), 1.65 (2H, sext, JZ7.3 Hz),
1.22–1.05 (33H, br m), 1.05 (1H, dt, JZ4.8, 8.3 Hz), 0.94
(3H, t, JZ7.3 Hz), 0.88 (3H, t, JZ6.4 Hz), 0.37 (1H, br q,
JZ5.5 Hz); (minor isomer): 5.58 (1H, td, JZ6.7, 15.2 Hz),
5.25 (1H, br dd, JZ7.64, 15.2 Hz), 2.12–2.01 (2H, br m)
(the remaining signals were obscured by the major isomer);
dC (for two isomers):173.6, 133.5, 127.3, 65.0, 64.9, 36.2,
32.6, 31.9, 29.7, 29.3, 29.2, 27.6, 22.6, 18.5, 16.5, 16.3,
14.2, 14.06, 13.6, 12.2, 10.3; nmax: 1737, 1465 cmK1.

(B) The above mixture of esters (7 g, 0166 mol) in
tetrahydrofuran (20 ml) was added dropwise to a stirred
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suspension of lithium aluminium hydride (1 g) in tetra-
hydrofuran (80 ml) at room temperature. The mixture was
refluxed for 1 h when TLC showed no starting material was
left, then worked up as before to give a white solid. This was
purified by chromatography on silica eluting with petro-
leum–ether (5/2) to give 6:1 Z,E-2-eicos-1-enyl-cyclo-
propylmethanol (5.54 g, 95%) [a]D

24 C27.5 (c, 0.24 g in
10 ml CHCl3) (mp 43–45 8C), which showed dH (250 MHz,
CDCl3) (major isomer): 5.45 (1H, br td, JZ7.3, 10.7 Hz),
5.05 (1H, br t, JZ10.7 Hz), 3.69 (1H, dd, JZ6.5, 11.65 Hz),
3.43 (1H, dd, JZ8.7, 11.64 Hz), 2.15–2.07 (2H, br m),
1.70–1.55 (1H, m), 1.45–1.15 (34H, br m), 0.95 (1H, dt, JZ
4.74, 8.23 Hz), 0.83 (3H, t, JZ6.1 Hz), 0.32 (1H, br q, JZ
5.4 Hz); (2nd isomer): dH 5.65–5.52 (1H, td, JZ6.7,
15.2 Hz), 5.25 (1H, br dd, JZ7.64, 15.2 Hz), 1.95 (2H, br
m), 1.53–1.46 (1H, m); the remaining signals were obscured
by the major isomer; dC (for two isomers): 132.3, 132.1,
127.8, 127.6, 63.6, 63.3, 34.8, 32.6, 31.9, 29.9, 29.6, 29.5,
29.3, 27.6, 22.6, 20.65, 20.4, 18.9, 18.1, 14.1, 13.9, 12.3,
10.5; nmax: 3400 cmK1.

(C) Sodium (meta)periodate (30.55 g, 142.8 mmol) in hot
water (90 ml) was added over 90 min at 70–80 8C to a
stirred solution of the above mixture of alcohols (5 g,
14.28 mmol) in isopropanol (250 ml), acetic acid (2 ml),
satd aq copper sulphate (2 ml) and hydrazine hydrate
(20 ml). The mixture was stirred for 2 h to reach room
temperature and worked up as before to give (1S,2R)-(2-
eicosylcyclopropyl)methanol (12) (4.03 g, 80%) as a white
solid, [a]D

22 K7.5 (c 1.30, CHCl3) (mp 60–62 8C) [Found: C,
81.8; H, 13.7; C24H48O requires: C, 81.74; H, 13.72], which
showed dH (250 MHz, CDCl3): 3.65 (1H, dd, JZ7.1,
11.3 Hz), 3.58 (1H, dd, JZ8, 11.3 Hz), 1.72–1.31 (40H,
m), 1.34–1.14 (1H, m), 0.88 (3H, t, JZ6.4 Hz), 0.71 (1H, dt,
JZ4.5, 8.3 Hz), K0.01 (1H, br q, JZ5.2 Hz); dC: 63.4,
31.9, 30.2, 29.7, 29.3, 28.5, 22.7, 18.2, 16.2, 14.1, 9.5; nmax:
3400 cmK1.

2.1.6. (1S,2R)-2-Eicosylcyclopropanecarbaldehyde (13).
(1S,2R)-2-(Eicosylcyclopropyl)methanol (6.3 g, 17.86
mmol) in dichloromethane (30 ml) was added to a stirred
suspension of pyridinium chlorochromate (7.95 g,
37 mmol) in dichloromethane (170 ml) at room tempera-
ture. After stirring vigorously for 3 h, TLC showed no
starting material. Diethyl ether (400 ml) was added and the
mixture was filtered through a pad of Celite, then through a
pad of silica, which was washed well with ether and the
filtrate was evaporated to give a solid. Chromatography on
silica eluting with petroleum–ether (5/2) gave (1S,2R)-2-
eicosylcyclopropanecarbaldehyde (13) (5.63 g, 90%) as a
white solid (mp 42–44 8C) [Found: C, 82.1; H, 13.2;
C24H46O requires: C, 82.21; H, 13.22], which showed dH

(250 MHz, CDCl3): 9.34 (1H, d, JZ5.5 Hz), 1.87–1.81 (1H,
m), 1.75–1.04 (41H, m), 0.87 (3H, t, JZ7 Hz); dC: 201.8,
31.9, 29.95, 29.7 (very broad), 29.6, 29.5, 29.3, 29.2,
28.2, 27.8, 24.8, 22.7, 14.7, 14.1; nmax: 1694 cmK1; [a]D

22

K3.9 (c 1.22, CHCl3).

2.1.7. 12-(Triphenyl-l5-phosphanyl)dodecanoic acid
methyl ester iodide. (A) Methyl 12-bromododecanoate
(25 g, 85.3 mmol) was added to a stirred solution of sodium
iodide (38.4 g, 256 mmol) in acetone (250 ml) at room
temperature, followed by the addition of sodium
bicarbonate (10.75 g, 128 mmol). The mixture was refluxed
for 3 h, when GLC showed no starting material. The solvent
was evaporated and the residue was diluted with water
(100 ml), and dichloromethane (250 ml). The organic layer
was separated and the aqueous layer was re-extracted with
dichloromethane (2!50 ml). The combined organic layers
were washed with satd aq sodium thiosulphate, dried and
evaporated to give a pale yellow oil, which was purified by
chromatography on silica eluting with petroleum–ether (5/
1) to give methyl 12-iodododecanoate31 (26.1 g, 90%) as a
colourless oil, which showed dH (250 MHz, CDCl3): 3.60
(3H, s), 3.12 (2H, br t, JZ7.0 Hz), 2.24 (2H, t, JZ7.4 Hz),
1.75 (2H, br pent, 7 Hz), 1.55–1.45 (2H, m), 1.42–1.17
(14H, m); dC: 176.9, 51.4, 34.1, 33.5, 30.4, 29.4, 29.3, 29.2,
28.5, 24.9, 7.2; nmax: 1730 cmK1.

(B) The above ester (36 g, 105.8 mmol) was added to a stirred
solution of triphenylphosphine (50 g, 190.6 mmol) in
benzene (150 ml) and refluxed for 42 h. The solvent was
evaporated and ether (200 ml) was added. A very viscous
lower layer separated and this was agitated with the ether
upper layer as well as possible. The ether layer was decanted
off and the procedure was repeated with ether (2!200 ml).
The bottom layer was evaporated under vacuum to leave an
orange/yellow viscous oil, 12-(triphenyl-l5-phosphanyl)
dodecanoic acid methyl ester iodide32 (39.8 g, 62%), which
showed dH (250 MHz, CDCl3): 7.75–7.62 (15H, m), 3.55
(3H, s), 3.54–3.37 (2H, br m), 2.19 (2H, t, JZ7.4 Hz),
1.63–1.45 (6H, m), 1.21–1.45 (12H, m); dP: 23.4 ppm.

2.1.8. 13-((1S,2R)-2-Eicosylcyclopropyl)tridecan-1-ol.
Sodium methoxide (4.1 g, 75.9 mmol) was added to a
stirred solution of 12-(triphenyl-l5-phosphanyl)dodecanoic
acid methyl ester iodide (46.62 g, 77 mmol) in dry
dimethylformamide (190 ml) under nitrogen at K7 8C.
The mixture was allowed to reach 0 8C for 10 min, then
room temperature for 20 min, then cooled to K2 8C,
followed by the addition of (1S,2R)-2-eicosylcyclopro-
panecarbaldehyde (13) (5.63 g, 16 mmol) in tetrahydrofuran
(20 ml) and dimethylformamide (80 ml). The mixture was
stirred at ambient temperature for 18 h. Satd aq ammonium
chloride (25 ml) was added and the mixture was then diluted
with water (1400 ml) and dichloromethane (160 ml).
The organic phase was separated and the aqueous layer
re-extracted with dichloromethane (3!50 ml). The com-
bined organic phases were washed with a half satd aq
sodium chloride (500 ml), dried and evaporated to yield a
brownish residue. This was stirred with a 1:1 mixture of
ether/petroleum (2!300 ml), filtered through a pad of
silica, then evaporated to give a brown oil. The residue was
purified by chromatography on silica eluting with petro-
leum–ether (10/0.5) to give Z-(1S,2R)-13-(2-eicosyl-cyclo-
propyl)tridec-12-enoic acid methyl ester (6.10 g, 69.5%)
(with a minor amount of the E-isomer). The ester (5.5 g,
10 mmol) in tetrahydrofuran (20 ml) was added to a stirred
suspension of lithium aluminium hydride (1.1 g) in
tetrahydrofuran (120 ml) at room temperature, then refluxed
for 2.5 h. When TLC showed no starting material was left,
satd aq sodium sulphate (5 ml) was added, followed by
anhydrous magnesium sulphate. The solids were filtered off,
washed with tetrahydrofuran and the filtrate was evaporated
to give crude Z-(1S,2R)-13-(2-eicosylcyclopropyl)tridec-
12-en-1-ol (4.8 g, 92%), which was used for next step
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without purification. Sodium (meta)periodate (18.6 g,
86.8 mmol) in hot water (90 ml) was added over 70 min at
70–80 8C, to a stirred solution of the alcohol (4.5 g,
8.7 mmol) in isopropyl alcohol (200 ml), acetic acid
(2 ml), satd aq copper sulphate (2 ml) and hydrazine hydrate
(20 ml). The mixture was stirred for 2 h to reach room
temperature, then diluted with water (300 ml) and dichloro-
methane (450 ml). Because of the low solubility of the
product, the mixture was warmed almost to the boiling point
of dichloromethane to allow separation. The aqueous layer
was re-extracted with warm dichloromethane (3!100 ml).
The combined organic phases were washed with water
(300 ml), dried and evaporated to give a solid, which was
recrystallized from benzene to give a white solid,
13-((1S,2R)-2-eicosylcyclopropyl)tridecan-1-ol (3.84 g,
85%) (mp 74–76 8C) [Found: C, 83.1; H, 14.1; C36H72O
requires: C, 82.99; H, 13.92], which showed dH (250 MHz,
CDCl3): 3.60 (2H, t, JZ6.56 Hz), 1.66–1.12 (63H, m), 0.84
(3H, t, JZ6.4 Hz), 0.6–0.54 (3H, m), K0.36 to K0.39 (1H,
m); dC: 63.1, 32.8, 31.9, 30.2, 29.7, 29.4, 29.2, 28.7, 25.7,
22.67, 15.80, 14.1, 10.9; nmax: 3400 cmK1, [a]D

22 K2.04
(c 1.03, CHCl3).

2.1.9. 13-((1S,2R)-2-Eicosylcyclopropyl)tridecanal (14).
13-((1S,2R)-2-Eicosylcyclopropyl)tridecan-1-ol (1.3 g,
2.51 mmol) was dissolved in hot dichloromethane
(50 ml) and added to a refluxing suspension of
pyridinium chlorochromate (1.3 g, 6.03 mmol) in
dichloromethane (50 ml). The mixture was stirred
vigorously under reflux for 1 h. When TLC showed no
starting material, the mixture was allowed to reach room
temperature, diluted with diethyl ether (100 ml) and
filtered through a pad of Celite and then through a pad
of silica. The silica was washed with a 1:1 mixture of
ether/petroleum (60 ml). The combined filtrate was
evaporated to give a residue. Chromatography on silica
eluting with petrol–ether (5/1) gave a white solid, 13-
((1S,2R)-2-eicosylcyclopropyl)tridecanal (14) (1.2 g, 93%)
as a white solid, [a]D K1.69 (c 1.19, CHCl3), mp
64–66 8C, [Found: C, 83.2; H, 13.5; C36H70O requires: C,
82.81; H, 13.59], which showed dH (250 MHz, CDCl3):
9.72 (1H, t, JZ1.8 Hz), 2.38 (2H, dt, JZ1.8, 7.3 Hz),
1.62–1.56 (4H, m), 1.45–1.04 (56H, m), 0.84 (3H, t, JZ
6.4 Hz), 0.64–0.52 (3H, m), K0.37 (1H, q, JZ3.65 Hz);
dC: 203, 43.9, 31.9, 30.2, 29.7, 29.4, 29.3, 29.2, 28.7,
22.7, 22.1, 15.76, 14.1, 10.9; nmax: 1720 cmK1.

2.1.10. Butyric acid (1S,2R)-2-(benzothiazole-2-sulfonyl-
methyl)cyclopropylmethyl ester (16). (A) Diethyl azodi-
carboxylate (11.14 g, 63.9 mmol) in dry tetrahydrofuran
(25 ml) was added to a stirred solution of butyric acid
(1S,2R)-2-hydroxymethylcyclopropylmethyl ester (15)19,28

(10 g, 58.1 mmol), triphenylphosphine (16.77 g,
63.9 mmol) and 2-mercaptobenzthiazole (17) (10.69 g,
63.9 mmol) in tetrahydrofuran (120 ml) at 0 8C. After 18 h
at room temperature, the solvent was evaporated and the
residue was treated with petrol–ether (5/2), filtered and the
filter cake was washed with petrol/ether. The combined
organic layers were evaporated to give a pale yellow oil.
Chromatography on silica eluting with 5:2 petrol/ether gave
butyric acid (1S,2R)-2-(benzothiazol-2-ylsulfanylmethyl)-
cyclopropylmethyl ester (14.4 g, 77%) [Found:
MC321.083; C16H19O2S2N requires: 321.086], which
showed dH (250 MHz, CDCl3): 7.83 (1H, dm, JZ
8.04 Hz), 7.72 (1H, dm, JZ8.4 Hz), 7.46–7.33 (1H, m),
7.27–7.22 (1H, m), 4.32 (1H, dd, JZ6.5, 12.1 Hz), 3.98
(1H, dd, JZ8.5, 12 Hz), 3.52 (1H, dd, JZ7.5, 13.27 Hz),
3.34 (1H, dd, JZ7.4, 13.27 Hz), 2.34 (2H, t, JZ7.3 Hz),
1.65 (2H, sext, JZ5.3 Hz), 1.45–1.32 (2H, m), 0.93 (3H, t,
JZ7.3 Hz), 0.95–0.85 (1H, m), 0.37 (1H, br q, JZ5.6 Hz);
dC: 173.7, 166.8, 153.2, 135.2, 126.0, 124.2, 21.4, 121, 64.1,
36.2, 33.9, 18.4, 16.13, 15.7, 13.7, 11.0; nmax: 1733, 1458,
1427, 1180 cmK1; [a]D

24 C4.9 (c 2.4, CHCl3).

(B) Method (1). m-Chloroperbenzoic acid (20.2 g,
116.8 mmol) in dichloromethane (100 ml) was added
slowly to a stirred solution of butyric acid (1S,2R)-2-
(benzothiazol-2-ylsulfanylmethyl)cyclopropylmethyl ester
(12.5 g, 38.9 mmol) and sodium bicarbonate (14.72 g,
175.2 mmol) in dichloromethane (100 ml) at 5 8C. The
mixture was stirred for 16 h at room temperature, when TLC
showed no starting material. The solvent was evaporated
and the residue was diluted with ethyl acetate and quenched
slowly with satd aq sodium metabisulphite (25 ml). The
organic layer was separated and the aqueous layer was
extracted with ethyl acetate (2!100 ml). The combined
organic layers were washed with satd aq sodium bicarbonate
(30 ml), water (50 ml), dried, filtered and evaporated to give
a pale yellow oil, which was columned on silica eluting with
petroleum–ether (1/1) to give butyric acid (1S,2R)-2-
(benzothiazole-2-sulfonylmethyl)cyclopropylmethyl ester
(16) (11.3 g, 82.3%) which showed dH (250 MHz,
CDCl3): 8.21–8.15 (1H, m), 7.99–7.95 (1H, m), 7.62–7.45
(2H, m), 4.24 (1H, distorted dd, JZ6, 12 Hz), 3.83–3.72
(2H, m), 3.35 (1H, distorted dd, JZ9.5, 14.7 Hz), 2.22 (2H,
t, JZ7.4 Hz), 1.65 (2H, sext, JZ7.4 Hz), 1.38–1.30 (2H,
m), 0.95–0.8 (4H, m, including t, JZ7.36 Hz), 0.28 (1H, br
q, JZ5.7 Hz); dC: 173.4, 165.8, 152.6, 136.8, 128, 127.6,
125.4, 122.3, 63.6, 55.1, 4, 18.35, 14.4, 13.6, 9.7, 9.1; nmax:
1730, 1707, 1470, 762 cmK1, [a]D

24 K58.34 (c 1.59,
CHCl3); m/z: MC(353), 266 (MCKC4H7O2), 155 (MCK
C7H4S2O2N).

Method (2). To a stirred solution of butyric acid (1S,2R)-2-
(benzothiazol-2-ylsulfanylmethyl)cyclopropylmethyl ester
(4.0 g, 12.46 mmol) in methylated spirit (100 ml) at 5 8C
was added dropwise a yellow solution of ammonium
molybdate tetrahydrate (1.48 g, 1.17 mmol) in 35% H2O2

(5.44 ml, 56 mmol). The resulting yellow suspension was
stirred for 2 at this temperature and then at room
temperature for 16 h. The solvent was evaporated and the
residue was diluted with water (30 ml) then extracted with
dichloromethane (3!50 ml). The combined organic layers
were washed with brine, dried and evaporated to give a
residue, which was purified by column on silica eluting with
petroleum–ether (1/1) to give butyric acid (1S,2R)-2-
(benzothiazole-2-sulfonylmethyl)cyclopropylmethyl ester
(16) (4.06 g, 92.5%).

2.1.11. {(1S,2R)-2-[14-((1S,2R)-2-Eicosylcyclopropyl)tet-
radecyl]cyclopropyl}methanol (19). Lithium hexamethyl-
disilazide (16 ml, 1 M) was added to a stirred solution of
13-((1S,2R)-2-eicosylcyclopropyl)tridecanal (16) (4.3 g,
8.3 mmol) and butyric acid (1S,2R)-2-(benzothiazole-2-
sulfonylmethyl)cyclopropylmethyl ester (4.6 g, 12.6 mmol)
in tetrahydrofuran (100 ml) under nitrogen at K15 8C.
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The mixture was allowed to reach room temperature and
stirred for 24 h, then quenched with satd aq ammonium
chloride (50 ml) followed by the addition of dichloro-
methane (200 ml). The organic layer was separated and
the aqueous layer was re-extracted with dichloromethane
(2!50 ml). The combined organic layers were washed with
50% brine solution (200 ml), dried and evaporated to give a
thick dark brown residue. The residue was purified by
chromatography on silica eluting with petroleum–ether
(5/1) to give a 1:1 mixture E/Z of butyric acid (1S,2S)-2-
[14-((1S,2R)-2-eicosylcyclopropyl)tetradec-1-enyl]cyclo-
propylmethyl esters (18) (2.34 g, 43%). The product (2.3 g)
was dissolved in tetrahydrofuran (20 ml), added to a
stirred suspension of lithium aluminium hydride (1 g) in
tetrahydrofuran (100 ml) and refluxed for 2 h, when TLC
showed no starting material. The mixture was quenched
with satd aq sodium sulphate (3 ml) and worked up as
before to give a white solid, E/Z-{(1S,2S)-2-[14-((1S,2R)-2-
eicosylcyclopropyl)tetradec-1-enyl]cyclopropyl}methanol
(1.8 g, 86%). The crude product (1.8 g) was dissolved in
propan-2-ol (150 ml) and mixed with hydrazine hydrate
(15 ml), acetic acid (1.5 ml) and satd aq copper sulphate
(1.5 ml). The mixture was stirred and heated to 75 8C, then
sodium (meta)periodate (15 g) in warm water (60 ml) was
added in portions maintaining the temperature below 85 8C.
The mixture was allowed to cool to room temperature
and worked up as before to give a solid, which was
purified by recrystallisation from petroleum–ether (10/1) to
give {(1S,2R)-2-[14-((1S,2R)-2-eicosylcyclopropyl)-
tetradecyl]cyclopropyl}methanol (19) (16 g, 89%) (Found:
C, 83.9; H, 13.8. C41H80O requires: C, 83.60; H, 13.68)
which showed dH (250 MHz, CDCl3): 3.69–3.53 (2H, m),
1.84–1.21 (67H, br m), 1.15–1.05 (1H, m), 0.95–0.85 (5H,
m, including a triplet with coupling constant 6.8 Hz), 0.75–
0.5 (3H, m), K0.04 (1H, br q, JZ5.5 Hz), K0.33 (1H, br q,
JZ5.5 Hz), dc: 63.6, 31.9, 30.2, 29.7 (very broad), 29.3,
28.7, 28.5, 22.7, 18.1, 16.1, 15.7, 14.1, 10.9, 9.5, nmax:
3300 cmK1, [a]D

22 K4.55 (c 1.17, CHCl3).

2.1.12. (R)-(C)-1-Benzyloxy-3-hydroxy-13-tetrahydro-
pyranyl-oxytridecane (21). 1-Bromo-9-tetrahydropyranyl-
oxynonane37 (12.93 g, 0.042 mol) in tetrahydrofuran
(15 ml) was added dropwise to magnesium turnings
(1.31 g, 0.054 mol) in tetrahydrofuran (20 ml) under
nitrogen. The mixture was refluxed for 2 h, then cooled to
room temperature and added dropwise to a stirred solution
of purified copper iodide (0.53 g, 0.0028 mol)39 in dry
tetrahydrofuran (30 ml) at K30 8C. After 10 min a solution
of (S)(K)-(2-benzyloxyethyl)oxirane (20)36 (5 g,
0.028 mol) in tetrahydrofuran (10 ml) was added dropwise.
The mixture was stirred for 3 h at K30 8C, when TLC
showed no starting material, quenched with satd aq
ammonium chloride (10 ml) and allowed to reach room
temperature. The product was extracted with ethyl acetate
(3!50 ml); the combined organic layers were washed with
water (30 ml), dried and evaporated to give a colourless oil;
chromatography on silica eluting with petroleum–ethyl
acetate (5/2) gave (R)-(C)-1-benzyloxy-3-hydroxy-13-
tetrahydropyranyloxytridecane (21) (9.8 g, 86%) (Found:
C, 73.4; H, 10.1; C25H42O4 requires: C, 73.84; H, 10.41)
which showed dH (250 MHz, CDCl3): 7.32 (5H, br s), 4.57
(1H, br t, JZ4.25 Hz), 4.13 (2H, s), 3.77–3.66 (5H, m),
3.52–3.41 (1H, m), 3.35 (1H, dt, JZ6.9, 9.8 Hz), 1.96–1.81
(1H, m), 1.75 (2H, pent, JZ6.1 Hz), 1.65–1.25 (24H, br m);
dC: 137.9, 128.4, 127.7, 127.6, 98.8, 73.3, 71.45, 69.3, 67.7,
62.3, 37.4, 36.4, 30.8, 29.7, 29.7, 29.6, 29.55, 29.5, 29.5,
26.2, 25.7, 25.6, 25.5, 19.7; nmax: 3455 cmK1; [a]D

20 C7.77
(c 1.62, CHCl3).

2.1.13. (R)-(C)-1-Benzyloxy-3-acetoxy-13-tetrahydro-
pyranyloxytridecane. 1-Benzyloxy-3-hydroxy-13-tetra-
hydropyranyloxytridecane (3 g, 0.0074 mol) was mixed
with acetic anhydride (15 ml) and anhydrous pyridine
(15 ml) at room temperature. The mixture was stirred for
16 h then toluene (20 ml) was added and the solvent was
evaporated to give an oil. The residue was purified by
chromatography on silica eluting with petroleum–ethyl
acetate (5/0.5) to give (R)-1-benzyloxy-3-acetoxy-13-
tetrahydropyranyloxytridecane (2.97 g, 90%) as a colour-
less oil (Found: C, 72.2; H, 9.9; C27H44O5: required: C,
72.28; H, 9.88), which showed dH (250 MHz, CDCl3): 7.28
(5H, br s), 5.00 (1H, br p, JZ4.3 Hz), 4.57 (1H, t, JZ
3.9 Hz), 4.43 (2H, s), 3.95–3.85 (1H, m), 3.74 (1H, dt, JZ7,
9.4 Hz), 3.52–3.41 (3H, m), 3.87 (1H, dt, JZ6.7, 9.75 Hz),
1.96 (3H, s), 1.85–1.83 (2H, br m), 1.6–1.4 (8H, m), 1.35–
1.25 (16H, br m); dC: 170.7, 138.3, 128.3, 127.7, 127.5,
98.8, 73.0, 71.9, 67.65, 66.8, 62.3, 34.4, 34.3, 30.8, 29.7,
29.5, 29.5, 26.2, 25.5, 25.2, 21.2, 19.7; nmax: 1737 cmK1;
[a]D

20 K12.1 (c 1.3, CHCl3).

2.1.14. (R)-1-Hydroxy-3-acetoxy-13-tetrahydropranyl-
oxytridecane. (R)-1-Benzyloxy-3-acetoxy-13-tetrahydro-
pyranyloxytri-decane (6.5 g, 0.014 mol) in methanol
(350 ml) was stirred with Pd/C (10%) under a hydrogen
atmosphere for 30 h. TLC showed no starting material; the
mixture was filtered through Celite and evaporated to give
an oil. This was purified by chromatography on silica
eluting with petroleum–ethyl acetate (5/1) to give (R)-1-
hydroxy-3-acetoxy-13-tetrahydropyranyloxytridecane as a
colourless oil (4.71 g; 91.5%), (Found: C, 66.8; H, 10.6;
C20H38O5 requires: C, 67.00; H, 10.68) which showed dH

(250 MHz, CDCl3): 5.52–4.82 (1H, m), 4.56 (1H, br t, JZ
4.3 Hz), 3.92–3.81 (1H, m), 3.75–3.68 (1H, m), 3.65–3.55
(1H, m), 3.54–3.45 (2H, m), 3.42–3.35 (1H, m), 2.34 (1H, br
s), 2.10 (3H, s), 1.80 (2H, s), 1.7–1.4 (10H, m), 1.25 (16H,
br s); dC:171.9, 98.8, 71.6, 67.6, 62.3, 58.5, 37.4, 34.5, 30.7,
29.7, 29.5, 29.4, 29.3, 26.2, 25.5, 25.4, 21.1, 19.6; nmax:
3453, 1736 cmK1; [a]D

20 K12.2 (c 1.45, CHCl3).

2.1.15. (R)-(C)-1-Benzyloxy-3-t-butyldimethylsilyloxy-
13-tetrahydropyranyloxytridecane. (i) Method A.
Triethylamine (4.11 g, 0.04 mol) was added to a stirred
solution of (R)-(C)-1-benzyloxy-3-hydroxy-13-tetrahydro-
pyranyloxytridecane (6.6 g, 0.016 mol) in dry dichloro-
methane (20 ml) under nitrogen. The mixture was stirred
for 10 min then t-butyldimethylsilylchloride (2.94 g,
0.019 mol) in dry dichloromethane (5 ml) was added,
followed by dimethylaminopyridine (300 mg) in dichloro-
methane (3 ml). The mixture was stirred for 48 h, then
quenched with water (10 ml). The organic layer was
separated and the aqueous layer re-extracted with
dichloromethane (2!50 ml). The combined organic
layers were dried and evaporated to give an oil; chromato-
graphy on silica eluting with petroleum–ether (5/1) gave
(R)-(C)-1-benzyloxy-3-t-butyldimethylsilyloxy-13-tetra-
hydropyranyloxytridecane (5.3 g, 62.7%) (Found: C, 71.2;
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H 10.7; C31H56O4S requires: C, 71.48; H, 10.84) which
showed dH (250 MHz, CDCl3): 7.32 (5H, br s), 4.60 (1H, br
m), 4.53 (1H, d, JZ11.6 Hz), 4.46 (1H, d, JZ11.6 Hz),
3.95–3.7 (3H, m), 3.62–3.45 (3H, m, including a triplet with
JZ6.7 Hz), 3.42–3.34 (1H, m), 1.93–1.71 (2H, m), 1.65–
1.50 (6H, m), 1.45–1.22 (18H, br m), 0.88 (9H, s), 0.054
(3H, s), 0.045 (3H, s); dC: 138.6, 128.3, 127.6, 127.5, 98.8,
72.9, 69.5, 67.7, 67.3, 62.3, 37.6, 36.9, 30.77, 29.8, 29.8,
29.6, 29.6, 29.5, 29.5, 26.2, 25.9, 25.5, 25.0, 19.7, 18.1,
K4.4, K4.6; nmax: 2926, 2854, 1119, 1034 cmK1.

(ii) Method B. (R)-(C)-1-Benzyloxy-3-hydroxy-13-tetra-
hydropyranyloxytridecane (10 g, 0.025 mol) in dry DMF
(10 ml) was added to a stirred solution of imidazole (4.36 g,
0.064 mol) in dry DMF (40 ml) at 5 8C, followed by the
addition of t-butyldimethylsilylchloride (4.83 g, 0.032 mol).
The mixture was allowed to reach room temperature and
stirred for 4 h. When TLC showed no starting material, the
reaction was quenched with water (200 ml) and the product
was extracted with dichloromethane (3!100 ml). The
combined organic layers were washed with water (2!
100 ml), dried and evaporated to give an oil; chromatog-
raphy on silica eluting with petroleum and ethyl acetate (5:
0.5) gave (R)-(C)-1-benzyloxy-3-t-butyl-dimethylsilyloxy-
13-tetrahydropyranyloxytridecane (11.9 g, 93%) which
showed identical spectra to those obtained above.

2.1.16. (R)-1-Hydroxy-3-t-butyldimethylsilyloxy-13-
tetrahydropyranyloxytridecane. A solution of (R)-1-
benzyloxy-3-t-butyldimethyl-silyloxy-13-tetrahydropyra-
nyloxytridecane (7 g; 0.0134 mol) in methanol (350 ml)
was stirred with Pd/C (1.5 g; 10%) under a hydrogen
atmosphere for 30 h. When the TLC showed no starting
material, the mixture was filtered through Celite and
evaporated to give an oil. Chromatography on silica eluting
with 5:1 petroleum/ethyl acetate gave (R)-1-hydroxy-3-t-
butyldimethyl-silyloxy-13-tetrahydropyranyloxytridecane
(4.86 g; 84%), (Found: C, 67.0; H, 11.7; C24H50O4Si
requires: C, 66.92; H, 11.70) which showed dH (250 MHz,
CDCl3): 4.53 (1H, br t, JZ4.3 Hz), 3.92–3.75 (3H, m),
3.71–3.63 (2H, m), 3.54–3.42 (1H, m), 3.35 (1H, dt, JZ6.9,
9.4 Hz), 1.85–1.72 (2H, m), 1.68–1.44 (10H, m), 1.23 (15H,
br s), 0.84 (9H, s), 0.04 (3H, s), 0.03 (3H, s); dC: 98.8, 72.0,
67.7, 62.3, 60.35, 37.65, 36.8, 30.75, 29.7, 29.5, 29.5, 26.2,
25.8, 25.5, 25.3, 21.0, 19.67, 17.94, 14.16, K4.4, K4.7;
nmax: 3445, 2928, 1077 cmK1; [a]D

20 K7.3 (c 1.2, CHCl3).

2.1.17. Methyl (R)-3,10-dihydroxytridecanoate (22).
(R)-1-Hydroxy-3-t-butyldimethylsilyloxy-13-tetrahydro-
pyranyloxytridecane (2.9 g; 0.0067 mol) in carbon tetra-
chloride (15 ml) was added over 4 h at 20 8C with stirring to
a solution of sodium (meta)periodate (4.33 g; 0.02 mol) and
ruthenium(III)chloride hydrate (56 mg; 0.0003 mol) in
acetonitrile (30 ml), carbon tetrachloride (15 ml) and
water (40 ml). The mixture was stirred for an additional
16 h, then diluted with dichloromethane (50 ml). The
aqueous layer was re-extracted with dichloromethane (2!
50 ml). The combined organic layers were dried and
evaporated to give a thick black oil, which was dissolved
in ether (100 ml) and filtered through a pad of Celite; the
solvent was evaporated and the residue was dissolved in
methanol (50 ml) and concentrated sulphuric acid (2 ml).
The mixture was refluxed for 6 h, then cooled to room
temperature and the solvent evaporated. The residue was
dissolved in dichloromethane (50 ml) and washed with satd
aq sodium bicarbonate (10 ml) and water (15 ml). The
aqueous layer was re-extracted with dichloromethane (2!
30 ml). The combined organic layers were dried and
evaporated to give a brown precipitate. Chromatography
eluting with petroleum/ethyl acetate (1:1) (RfZ0.24) gave
methyl (R)-3,10-dihydroxytridecanoate (22) as a white solid
(1.2 g; 69%), (mp 55–57 8C) (Found: C, 64.7; H, 10.8;
C14H28O4 requires: C, 64.58; H, 10.83), which showed dH

(250 MHz, CDCl3): 4.00–3.91 (1H, m), 3.65 (3H, s), 3.57
(2H, t, JZ6.7 Hz), 2.46 (1H, dd, JZ3.6, 16.4 Hz), 2.32 (1H,
dd, JZ7.75, 16.4 Hz), 2.15 (2H, br s), 1.66–1.53 (2H, br m),
1.48–1.25 (16H, br m); dC:173.5, 67.97, 62.96, 51.7, 41.1,
36.5, 32.7, 29.5, 29.5, 29.4, 29.3, 25.7, 25.4; nmax: 3300,
1737 cmK1; [a]D

24 K15.6 (c 1.035, CHCl3).

2.1.18. Tetracosan-1-ol (23). 1-Bromododecane (45.14 g,
0.118 mol) in tetrahydrofuran (50 ml) was added to
magnesium turnings (5.2 g, 0.217 mol) in dry tetrahydro-
furan (150 ml) at a rate sufficient to maintain a steady
reflux. Once the exothermic reaction had subsided, the
mixture was heated under reflux for 3 h. When GLC
showed no starting material was left, the Grignard reagent
was cooled (0 to K5 8C) then 12-bromododecanol (15 g,
0.0566 mol) in tetrahydrofuran (120 ml) was added. The
reaction was cooled again to K50 8C followed by the
addition of dilithium tetrachlorocuprate (13 ml, 0.1 M
solution). The mixture was stirred for 2 h at this
temperature and at room temperature for 12 h, then satd
aq ammonium chloride (150 ml) and dilute hydrochloric
acid (60 ml, 8 M solution) were added. The mixture was
extracted with hot ethyl acetate (2!300 ml). The
combined organic layers were washed with brine, dried
and evaporated to give crude product; recrystallisation
from ethyl acetate gave tetracosanol (23) as a white solid
(17.96 g, 90%). An analytical sample was further purified
by column on silica eluting with petroleum–ethyl acetate
(5/1) (mp 74–76 8C, lit.: 33,29 mp 75.5 8C) (Found: C, 81.5;
H, 14.2; C24H50O requires: C, 81.28; H, 14.21) which
showed dH (250 MHz, CDCl3): 3.60 (2H, t, JZ6.4 Hz),
1.55–1.45 (4H, m), 1.26 (41H, br s), 0.88 (3H, t, JZ
6.7 Hz); dC: 63.1, 32.8, 31.9, 29.7, 29.6, 29.6, 29.4, 29.35,
25.7, 22.6, 14.1; nmax: 3300 cmK1.

2.1.19. 1-Bromotetracosane. Triphenylphosphine (8.53 g,
0.032 mol) was added to a stirred suspension of tetracosan-
1-ol (9.6 g, 0.027 mol) in dry dichloromethane (250 ml),
followed by N-bromosuccinimide (6.27 g, 0.035 mol) at
w25 8C. The exothermic reaction was controlled using a
water bath. The mixture was stirred at room temperature for
5 h when TLC showed no starting material, then quenched
with water (200 ml) and the organic layer separated. The
aqueous layer was extracted with dichloromethane (2!
100 ml). The combined organic layers were dried and
evaporated to give a solid, which was refluxed with
petroleum (500 ml) and ethyl acetate (20 ml) then filtered.
The filtrate was evaporated to give a white solid;
chromatography eluting with petroleum–ethyl acetate
(5/1) gave a white solid, 1-bromotetracosane (10.5 g,
93%) (mp 49–51 8C, lit.: 34 mp 51–52.5 8C) (Found: C,
69.3; H, 11.7; C24H49Br requires: C, 69.04; H, 11.83) which
showed dH (250 MHz, CDCl3): 3.36 (2H, t, JZ6.7 Hz), 1.82
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(2H, pent, JZ6.7 Hz), 1.62–1.15 (42H, br s), 0.84 (3H, t,
JZ6.2 Hz); dC: 34.0, 32.8, 31.9, 29.7 (very broad), 29.6,
29.5, 29.4, 29.35, 28.8, 28.2, 22.7, 14.1; nmax: 2960, 1463,
1261, 1215 cmK1.

2.1.20. 1-Iodotetracosane (24). Sodium iodide (11.33 g,
0.075 mol) was added to a stirred solution of 1-bromo-
tetracosane (10.5 g, 0.025 mol) in acetone (400 ml). Sodium
bicarbonate (2.3 g, 0.0277 ml) was added and the mixture
was refluxed for 5 h then cooled and evaporated. Water
(100 ml) was added and the mixture was extracted with hot
dichloromethane (3!100 ml). The combined organic layers
were dried, and evaporated to give a solid; chromatography
on silica eluting with petroleum–ethyl acetate (5/1) gave
1-iodotetracosane (24)38 (10.0 g, 86%) as a creamy white
solid (mp 52–54 8C, lit.: 35 mp 52–53 8C) (Found: C, 61.9;
H, 10.6; C24H49I requires: C, 62.05; H, 10.63) which
showed dH (250 MHz, CDCl3): 3.14 (2H, t, JZ6.97 Hz),
1.75 (2H, pent, JZ6.7 Hz), 1.50–1.20 (42H, br s), 0.83 (3H,
t, JZ6.5 Hz); dC: 33.55, 31.9, 30.5, 29.7, 29.6, 29.5, 29.4,
28.5, 22.7, 14.1, 9.1, 7.4; nmax: 2950, 1462, 1165, 719 cmK1.

2.1.21. Methyl (R)-3-hydroxy-13-t-butyldiphenylsilyloxy-
tridecanoate. Triethylamine (1.77 g; 0.0175 mol) was
added to a stirred solution of methyl (R)-3,10-dihydroxy-
tridecanoate (1.3 g; 0.005 mol) in dry dichloromethane
(15 ml). After 10 min, t-butyldiphenylsilyl chloride
(1.78 g, 0.0065 mol) in dichloromethane (3 ml) was
added, followed by dimethylaminopyridine (61 mg) in
dichloromethane (3 ml). The mixture was stirred for 4 h,
when TLC showed no starting material, then quenched with
water (10 ml) and worked-up as before to give an oil.
Chromatography on silica eluting with 5:1 petrol/ethyl
acetate gave a colourless oil, methyl (R)-3-hydroxy-13-t-
butyldiphenylsilyloxytridecanoate (2.1 g; 84%). (Found: C,
72.0; H, 9.2; C30H46O4Si requires: C, 72.24; H, 9.30), which
showed dH (250 MHz, CDCl3): 7.77–7.40 (4H, m), 7.46–
7.73 (6H, m), 4.08–4.00 (1H, m), 3.73 (3H, s), 3.66 (2H, t,
JZ6.1 Hz), 2.87 (1H, br d, JZ4.27 Hz), 2.54 (1H, dd, JZ
3.6, 16.4 Hz), 2.38 (1H, dd, JZ8.5, 16.4 Hz), 1.66–1.52
(2H, m), 1.45–1.22 (16H, br m) 1.09 (9H, s); dC: 173.6,
135.6, 134.8, 134.2, 129.6, 129.4, 127.7, 127.5, 67.9, 64.0,
51.7, 41.0, 36.4, 32.6, 29.6, 29.5, 29.4, 26.9, 26.5, 25.8,
25.5, 19.2; nmax: 3455, 1738 cmK1; [a]D

24 K10.6 (c 0.97,
CHCl3).

2.1.22. Methyl (2R,3R)-3-hydroxy-2-tetracosanyl-13-t-
butydiphenylsilyloxytridecanoate (25). Butyllithium
(6.8 ml; 0.01 mol, 1.5 M in hexane) was added to a stirred
solution of diisopropylamine (1.02 g; 0.01 mol) in dry
tetrahydrofuran (10 ml) at K10 8C, allowed to reach room
temperature for 15 min, then the solution of lithium
diisopropylamide was cooled to K50 8C and methyl
(R)-3-hydroxy-13-tert-butyldiphenylsilyloxytridecanoate
(2.03 g; 0.00407 mol) in dry tetrahydrofuran (8 ml) was
added dropwise at below K40 8C. The reaction was allowed
to reach K10 8C, when a mixture of 1-iodo-tetracosane
(2.83 g; 0.006 mol), and hexamethylphosphoramide (1.5 g;
0.008 mol) in tetrahydrofuran (10 ml) was added. The
mixture was slowly allowed to reach 10 8C, stirred for
22 h, then quenched with satd aq ammonium chloride
(15 ml) and extracted with ethyl acetate (3!50 ml).
The combined organic layers were washed with water
(2!20 ml), dried and evaporated to give a residue.
Chromatography on silica eluting with petrol–ethyl acetate
(5/0.5) gave methyl (2R,3R)-3-hydroxy-2-tetracosanyl-13-t-
butyldiphenylsilyloxytridecanoate (25) (1.05 g; 31%), as a
white solid, mp 46–48 8C (Found: C, 77.4; H, 11.0;
C54H94O4Si requires: C, 77.63; H, 11.34), which showed
dH (250 MHz, CDCl3): 7.71–7.67 (4H, m), 7.44–7.22 (6H,
m), 3.73 (3H, s), 3.70 (1H, m), 3.67 (2H, t, JZ6.4 Hz), 2.45
(1H, br dt, JZ5.8, 9.0 Hz; integration showed two protons,
which reduced to one after shaking with D2O), 1.85–1.21
(64H, br m), 1.07 (9H, s), 0.90 (3H, t, JZ6.4 Hz); dC: 176.2,
135.56, 134.2, 129.4, 127.5, 72.3, 64.0, 51.45, 50.8, 35.7,
32.6, 31.9, 29.7, 29.55, 29.4, 29.35, 27.4, 26.9, 25.8, 22.7,
19.2, 14.1; nmax: 3358, 1713 cmK1; [a]D

22 C4.46 (c 1.03,
CHCl3).

2.1.23. (2R,3R)-3-Acetoxy-2-tetracosanyl-13-hydroxytri-
decanoate. (A) A mixture of acetic anhydride (10 ml) and
anhydrous pyridine (10 ml) was added to a stirred solution
of methyl (2R,3R)-3-hydroxy-2-tetracosanyl-13-t-butyl-
diphenylsilyloxytridecanoate (25) (0.89 g; 0.96 mmol) in
dry toluene (7 ml). The mixture was stirred for 16 h at room
temperature then diluted with toluene (10 ml); the solvent
was evaporated under reduced pressure to give an oil.
Chromatography on silica eluting with petrol–ethyl acetate
(5/0.5) gave methyl (2R,3R)-3-acetoxy-2-tetracosanyl-13-t-
butyldiphenylsilyloxytridecanoate (0.73 g, 86%) as a thick
oil (Found: C, 77.1; H, 11.2; C56H96O5Si requires: C, 76.65;
H, 11.03) which showed dH: 7.72–7.67 (4H, m), 7.55–7.36
(6H, m) 5.15–5.11 (1H, m), 3.70 (3H, s), 3.67 (2H, t, JZ
6.7 Hz), 2.64 (1H, ddd, JZ4.25, 6.7, 10.67 Hz), 2.04 (3H,
s), 1.62–1.52 (6H, m), 1.30 (58H, br s), 1.07 (9H, s), 0.90
(3H, t, JZ6.1 Hz); nmax: 1742 cmK1, [a]D

22 C6.9 (c 1.39,
CHCl3).

(B) Tetra-n-butylammonium fluoride (1.8 ml, 1 M solution,
1.8 mmol) was added with stirring to methyl (2R,3R)-3-
acetoxy-2-tetracosanyl-13-t-butyldiphenylsilyloxytride-
canoate (0.62 g; 0.71 mmol) in dry tetrahydrofuran (10 ml)
at ca. 5 8C. The mixture was stirred for 16 h at room
temperature when TLC showed no starting material; the
solution was evaporated, the residue quenched with water
(10 ml) and the product extracted with dichloromethane
(3!30 ml). The combined organic layers were dried and
evaporated to give a thick oil. Chromatography on silica,
eluting with petrol–ethyl acetate (5/1.5) gave methyl (2R,
3R)-3-acetoxy-2-tetracosanyl-13-hydroxytridecanoate as a
white solid (0.32 g, 74%) (mp 52–54 8C) (Found: C, 75.4;
H, 12.2; C40H78O5 requires: C, 75.18; H, 12.3) which
showed dH (250 MHz, CDCl3): 5.08 (1H, ddd, JZ4.2, 7,
11.3 Hz), 3.67 (3H, s), 3.63 (2H, t, JZ6.4 Hz), 2.61 (1H,
ddd, JZ4.2, 6.7, 10.7 Hz), 2.03 (3H, s), 1.65–1.55 (6H, m),
1.25 (59H, br s), 0.88 (3H, t, JZ7 Hz); dC: 173.6, 170.3,
74.1, 63, 51.5, 49.6, 32.75, 31.9, 31.7, 29.6, 29.6, 29.5, 29.5,
29.4, 29.4, 28.1, 27.4, 25.7, 24.96, 22.6, 20.9; nmax: 3415,
1731 cmK1; [a]D

22 C10.14 (c 1.015, CHCl3).

2.1.24. ((1R, 2R)-1-Acetoxy-11-oxoundecyl)hexacosanoic
acid methyl ester (26). Methyl (2R,3R)-3-acetoxy-2-
tetracosanyl-13-hydroxytridecanoate (0.2 g, 0.0031 mol) in
dichloromethane (3 ml) was added to a suspension of
pyridinium chlorochromate (0.17 g, 0.0078 mol) in
dichloromethane (10 ml) at room temperature. A black
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colour appeared after 10 min; after 2 h, TLC showed no
starting material, and the reaction was diluted with ether
(50 ml) and filtered through a pad of silica. The solvent was
evaporated to give a solid. Chromatography eluting with
petrol and ethyl acetate (5:1) gave a white solid, ((1R, 2R)-
1-acetoxy-11-oxoundecyl)hexacosanoic acid methyl ester
(26) (0.19 g, 95%) (Found: C, 75.8; H, 11.8; C40H76O5

requires: C, 75.42; H, 12.02) which showed dH (250 MHz,
CDCl3): 9.73 (1H, t, JZ1.8 Hz), 5.03 (1H, ddd, JZ4.2, 7,
11.3 Hz), 3.64 (3H, s), 2.57 (1H, ddd, JZ4.2, 6.7, 10.7 Hz),
2.38 (2H, dt, JZ1.8, 7.2 Hz), 2.03 (3H, s), 1.95–1.08 (62H,
br s), 0.88 (3H, t, JZ7 Hz); dC: 202.9, 173.6, 170.3, 74.1,
51.5, 49.6, 43.9, 31.9, 31.7, 29.7 (very broad), 29.3, 29.1,
28.1, 27.5, 25.0, 22.6, 22.0, 21.0, 14.1; nmax: 2917, 2849,
1741 cmK1; [a]D

22 C9.8 (c 1.06, CHCl3).

2.1.25. 2-{(1S,2R)-2-[14-((1S,2R)-2-Eicosylcyclopropyl)
tetradecyl]cyclopropylmethanesulfonyl}benzothiazole
(27). (A) Diethyl azodicarboxylate (1.06 g, 6.1 mmol) in dry
tetrahydrofuran (10 ml) was added to a stirred solution of
{(1S,2R)-2-[14-((1S,2R)-2-eicosylcyclopropyl)tetradecyl]-
cyclopropyl}methanol (2.5 g, 4.23 mmol), triphenylphos-
phine (1.57 g, 6.0 mmol) and 2-mercaptobenzthiazole
(0.88 g, 5.28 mmol) in dry tetrahydrofuran (25 ml) at 0 8C.
The mixture was allowed to reach room temperature and
stirred for 48 h. The solvent was evaporated and the residue
was dissolved in ether (50 ml) and petroleum (50 ml), then
filtered through a pad of silica and evaporated to give a pale
yellow oil. Chromatography on silica eluting with 10:0.5
petrol/ether gave 2-{(1S,2R)-2-[14-((1S,2R)-2-eicosylcyclo-
propyl)tetradecyl]cyclopropylmethylsulfanyl}benzothia-
zole (2.1 g, 66%) which showed dH (250 MHz, CDCl3):
7.88 (1H, br dd, JZ0.6, 8.25 Hz), 7.76 (1H, br dd, JZ6,
8 Hz), 7.44 (1H, br dt, JZ1.5, 8.5 Hz), 7.30 (1H, dt, JZ
1.22, 8 Hz), 3.48 (1H, dd, JZ7.6, 15.5 Hz), 3.39 (1H, dd,
JZ7.9, 12.5 Hz), 1.65–1.22 (66H, br m), 0.92–0.83 (6H,
m), 0.68–0.59 (3H, m), 0.09–0.05 (1H, m), K0.30 to K0.35
(1H, m); dc: 167.4, 153.3, 135.2, 125.9, 124.0, 121.4, 120.9,
34.8, 31.9, 30.2, 30.0, 29.7 (very broad), 29.6, 29.3, 28.7,
28.5, 22.7, 17.7, 15.8, 14.9, 14.1, 12.3, 10.9; nmax: 2923,
1455, 1426 cmK1, [a]D

22 K6.38 (c 1.36, CHCl3).

(B) m-Chloroperbenzoic acid (3 g) in dichloromethane
(25 ml) was added slowly to a stirred solution of 2-
{(1S,2R)-2-[14-((1S,2R)-2-eicosylcyclopropyl)tetradecyl]-
cyclopropylmethyl sulfanyl}benzothiazole (2 g, 2.8 mmol)
and sodium bicarbonate (1.7 g, 20 mmol) in dichloro-
methane (30 ml) at 5 8C. The mixture was stirred for 48 h
at room temperature, when TLC showed no starting
material. Work up as before gave a yellow solid, which
was purified by chromatography on silica eluting with 5:2
petroleum/diethyl ether to give 2-{(1S,2R)-2-[14-((1S,2R)-2-
eicosylcyclopropyl)tetradecyl]cyclopropylmethanesulfon-
yl}benzothiazole (27) (1.36 g, 62%) [Found: C, 74.4; H,
10.6; N, 2.0; C48H83O2S2N requires: C,74.84; H, 10.86; N,
1.82] [Found MC: 770.5927, C48H83O2S2N requires:
770.5943] which showed dH (250 MHz, CDCl3): 8.24 (1H,
br d, JZ8 Hz), 8.03 (1H, dd, JZ1.2, 8 Hz), 7.68–7.57 (2H,
m), 3.74 (1H, dd, JZ5.2, 14.3 Hz), 3.34 (1H, dd, JZ9.45,
14.3 Hz), 1.95–1.12 (66H, br m), 0.99–0.89 (5H, m,
including a triplet with a coupling constant JZ6.4 Hz),
0.81–0.72 (1H, m), 0.71–0.52 (3H, m), 0.01 (1H, br q, JZ
5.5 Hz), K0.31 (1H, q, JZ5.5 Hz), dc: 166.1, 152.6, 136.8,
127.9, 127.6, 125.4, 122.3, 55.7, 31.9, 30.2, 29.7 (very
broad), 29.3, 29.0, 28.7, 22.7, 15.8, 15.8, 14.1, 11.3, 10.9,
8.8; nmax: 2922, 1707, 1468 cmK1, [a]D

22 C14.8 (c 0.81,
CHCl3).

2.1.26. (R)-2-((R)-1-Acetoxy-12-{(1S,2R)-2-[14-((1S,2R)-
2-eicosylcyclopropyl)tetradecyl]cyclopropyl}dodec-11-
enyl)hexacosanoic acid methyl ester. Lithium hexa-
methyldisilazide (0.5 ml, 0.49 mmol) was added dropwise
to a stirred solution of (26) (0.19 g, 0.3 mmol) and (27)
(0.253 g, 0.33 mmol) in dry THF (15 ml) under nitrogen at
K5 8C. The reaction was exothermic and the temperature
rose to 5 8C resulting in a dark orange solution. It was
allowed to reach room temperature and stirred for 24 h, then
cooled to 0 8C and quenched with satd aq ammonium
chloride (5 ml). The product was extracted with ethyl
acetate (2!20 ml), dried and evaporated to give a thick oil,
which was purified by chromatography on silica eluting
with petroleum–ether (10/0.5) to give ca. 1.7:1 E:Z (R)-2-
((R)-1-acetoxy-12-{(1S,2R)-2-[14-((1S,2R)-2-eicosylcyclo-
propyl)tetradecyl]cyclopropyl}dodec-11-enyl)hexacosa-
noic acid methyl ester (28) (0.13 g, 37%) which showed dH

(250 MHz, CDCl3) (major isomer): 5.53 (1H, br dt, JZ6.6,
15.1 Hz), 5.18 (1H, br dd, JZ8.5, 15.1 Hz), 5.11 (1H, m),
3.68 (3H, s), 2.62 (1H, ddd, JZ4.2, 6.7, 10.7 Hz), 2.18–2.12
(1H, m), 2.03 (3H, s), 2.00–1.95 (2H, m) 1.75–1.48 (14H, br
m), 1.45–1.12 (113H, m), 0.97–0.82 (9H, including a triplet,
JZ7 Hz), 0.72–0.62 (2H, m), 0.58 (1H, dt, JZ4.1, 8 Hz),
0.12 (1H, br q, JZ5.35 Hz), K0.31 (1H, br q, JZ5.3 Hz);
dH (minor isomer): 5.43 (1H, br t, JZ11.0 Hz), 5.05 (1H, br
t, JZ11.0 Hz), the remaining signals were obscured by
those of the major isomer, dC: 173.6, 170.3, 130.4, 130.13,
129.5, 74.1, 51.5, 49.6, 32.7, 31.9, 31.7, 30.2, 29.7 (very
broad), 29.5, 29.5, 29.3, 29.1, 28.7, 28.1, 27.45, 25.0, 22.6,
21, 18.4, 18.24, 15.75, 14.1, 13.9, 12.3, 10.9; nmax: 2917,
2849, 1745, 1467, 1234, 1021 cmK1; mass spectra: FAB,
m/z: 1214 (MCNa)C for C81H154O4 (1191.1847), NOBA
matrix showed: 121/894/1046/1132/1214.

2.1.27. (R)-2-((R)-1-Acetoxy-12-{(1S,2R)-2-[14-((1S,2R)-
2-eicosylcyclopropyl)tetradecyl]cyclopropyl}dodecyl)-
hexacosanoic acid methyl ester (8). Dipotassium azo-
dicarboxylate (1.5 g, 7.73 mmol) was added to a stirred
solution of (28) (0.05 g, 0.042 mmol) in dry THF (7 ml) at
10 8C under nitrogen resulting in a yellow suspension.
A solution of glacial acetic acid (2 ml) in dry THF (4 ml)
was added dropwise over 16 h, after which a white
precipitate had formed. The mixture was cooled to 0 8C
and quenched slowly with satd aq ammonium chloride
(5 ml). The product was extracted with ethyl acetate (2!
25 ml). The combined organic layers were washed with
water (20 ml), dried and evaporated to give a thick oil,
which solidified slowly; however, the 1H NMR spectra
showed that there was still starting material left. The
procedure was repeated for another 16 h and the residue was
purified by chromatography on silica eluting with petro-
leum–ether (10/0.5) to give (R)-2-((R)-1-acetoxy-12-
{(1S,2R)-2-[14-((1S,2R)-2-eicosylcyclopropyl)tetradecyl]-
cyclopropyl}dodecyl)hexacosanoic acid methyl ester (8) as
a semi-solid (0.03 g, 60%) (Found: C, 81.5; H, 12.9;
C81H156O4 requires: C, 81.47; H, 13.17); which showed dH

(500 MHz): 5.11–5.07 (1H, ddd, JZ4.2, 7, 11.3 Hz,
CHOCOCH3), 3.68 (3H, s, OCH3), 2.64–2.60 (1H, ddd,
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JZ4.2, 6.7, 10.7 Hz, CHCO), 2.03 (3H, s, COCH3) 1.61–
1.15 (134H, br m, CH satd), 0.88 (6H, t, JZ6.45 Hz, 2!
terminal CH3), 0.68–0.62 (4H, m, 4!CH cyclopropane),
0.58–0.53 (2H, dt, JZ4, 8 Hz, 2!HCH, of the cyclopro-
pane), K0.31 to K0.34 (2H, br q, JZ5.5 Hz, 2!HCH of
cyclopropane); dC: 173.6, 170.3, 74.1 (K), 51.5 (K),
49.6 (K), 31.9 (C), 31.7 (C), 30.2(C), 29.7 (very broad,
C), 29.5 (C), 29.4 (C), 29.3(C), 28.7 (C), 28.1(C),
27.5(C), 24.96(C), 22.6(C), 21(K), 15.8(K), 14.1(K),
10.9(C)[CveZCH2, KveZCH, CH3]; nmax: 2921, 2849,
1736 cmK1; [a]D

22 C4.22 (c 0.735, CHCl3).
Acknowledgements

We thank Professor D. E. Minnikin for valuable discussions.
Thanks are also due to the EPSRC MS Service in Swansea
and to Dr. B. Grail of the School of Biological Sciences,
Bangor, for obtaining the mass spectra of 8.
References and notes

1. (a) Brennan, P. J.; Nikaido, H. Annu. Rev. Biochem. 1995, 64,

29–63. (b) Qureshi, N.; Takayama, K.; Jordi, H. C.; Schnoes,

H. K. J. Biol. Chem. 1978, 253, 5411–5417. (c) Minnikin,

D. E.; Daffe, M.; Draper, P. Adv. Microbial Phys. 1998, 39,

131–203. (d) Minnikin, D. E.; Kremer, L.; Dover, L. G.; Besra,

G. S. Chem. Biol. 2002, 9, 545.

2. Minnikin, D. E.; Polgar, N. J. Chem. Soc., Chem. Commun.

1967, 312–314, 916–918. (See also pp 1172–1174).

3. Yuan, Y.; Crane, D. C.; Musser, J. M.; Sreevatsan, S.; Barry,

C. E. J. Biol. Chem. 1997, 272, 10041–10049. George, K. M.;

Yuan, Y.; Sherman, D. S.; Barry, C. E. J. Biol. Chem. 1995,

272, 27292–27298.

4. Dobson, G.; Minnikin, D. E.; Minnikin, S. M.; Parlett, J. H.;

Goodfellow, M.; Ridell, M.; Magnusson, M. In Chemical

Methods in Bacterial Systematics; Minnikin, D. E., Good-

fellow, M., Eds.; Academic: London, 1985; p 237.

5. Glickman, M. S.; Cahill, S. M.; Jacobs, W. R. J. Biol. Chem.

2001, 276, 2228–2233.

6. Toubiana, R.; Desh, B. C.; Defaye, J.; Mompon, G.; Toubiana,

M.-J. Carbohydr. Res. 1975, 44, 308–312. Prome, J.-C.;

Lacave, C.; Ahibo-Coffy, A.; Savagnac, A. Eur. J. Biochem.

1976, 63, 543–552. Baer, H. H.; Wu, X. Carbohydr. Res. 1993,

245, 347.

7. See, for example, Matsunaga, I.; Oka, S.; Fujiwara, N.; Yano,

I. J. Biochem. 1996, 120, 663–670. Parant, M.; Audibert, F.;

Parant, F.; Chelid, L.; Soler, E.; Polonsky, J.; Lederer, E.

Infect. Immunol. 1978, 20, 12–19. Tanaka, A.; Sugiwara, K.;

Azuma, I.; Yamamura, Y.; Kato, M.; Goren, M. B. Infect.

Immun. 1976, 13, 776–781. Sueoka, E.; Nishiwaki, S.; Okabe,

S.; Iida, N.; Suganuma, M.; Yano, I.; Aoki, K.; Fujiki, H.

Jpn. J. Cancer Res. 1995, 86, 749–755. Yano, I. Kekkaku

1998, 73, 37–42.

8. See, for example, Pan, J.; Fujiwara, N.; Oka, S.; Maekura, R.;

Ogura, T.; Yano, I. Microbiol. Immunol. 1999, 43, 863–869.

Fujiwara, N.; Pan, J.; Enomoto, K.; Terano, Y.; Honda, T.;

Yano, I. FEMS Immunol. Med. Microbiol. 1999, 24, 141–149.

He, H.; Oka, S.; Han, Y.; Yamamura, Y.; Kusunose, E.;

Kusunose, M.; Yano, I. Microbiol. Immunol. 1991, 76,
201–204. Maekura, R.; Nakagawa, M.; Nakamura, Y.; Higara,

T.; Yamamura, Y.; Ito, M.; Ueda, E.; Yano, S.; He, H.; Oka, S.;

Kashima, K.; Yano, I. Am. Rev. Respir. Dis. 1993, 148,

997–1001.

9. Wang, L.; Izumi, S.; He, H.; Fujiwara, N.; Saita, N.; Yano, I.;

Kobayashi, K.; Tatsumi, N. Jpn. J. Lepr. 1999, 68, 165–174.

Fujiwara, N.; Oka, S.; Ide, M.; Kashima, K.; Honda, T.; Yano,

I. Microbiol. Immunol. 1999, 43, 785–793.

10. See, for example, Gensler, W. J.; Marshall, J. P. Chem. Phys.

Lipids 1977, 19, 128–143.

11. For the analysis of mycolic acids see, for example, Watanabe,

M.; Aoyagi, Y.; Mitome, H.; Fujita, T.; Naoki, H.; Ridell, M.;

Minnikin, D. E. Microbiology 2002, 148, 1881. Watanabe, M.;

Aoyagi, Y.; Ridell, M.; Minnikin, D. E. Microbiology 2001,

147, 1825. Minnikin, D. E.; Kremer, L.; Dover, L. G.; Besra,

G. S. Chem. Biol. 2002, 9, 545.
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13. Daffé, M.; Lanéelle, M. A.; Lacave, C. Res. Microbiol. 1991,

142, 397–403. Dubnau, E.; Lanéelle, M.-A.; Soares, S.;
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Abstract—Oxidative nucleophilic substitution of hydrogen (ONSH) in nitroarenes with carbanion of isopropyl phenyl acetate gives various
products depending on the conditions and oxidant. The reaction carried out in liquid ammonia and KMnO4 oxidant gives iso-propyl
a-hydroxy-a-nitroarylphenylacetates formed via hydroxylation of the initial ONSH products. In some cases additionally dimeric, trimeric
and tetrameric products are formed. In THF and Bu4NCMnO4

K or DDQ oxidants simple ONSH products are formed whereas oxidation by
dimethyl dioxirane (DMD) gave iso-propyl hydroxyaryl phenyl acetates. The dimeric and trimeric products are apparently formed via
coupling of nitrobenzylic radicals generated in course of oxidation with nitrobenzylic carbanions of the ONSH products.
q 2005 Elsevier Ltd. All rights reserved.
1. Introduction

Oxidative nucleophilic substitution of hydrogen (ONSH), in
nitroarenes and other electron deficient arenes is presently a
well recognized process.1–6 Of particular interest and value
is introduction of carbon substituents into nitroaromatic
rings via oxidation of sH adducts of carbon nucleophiles
such as Grignard reagents7–9 and carbanions10 to nitro-
arenes. In our recent studies we have shown that this
reaction proceeds efficiently between nitroarenes and
tertiary (methinic) carbanions generated from 2-phenyl-
alkanenitriles11 and esters of iso-butyric12 and 2-phenyl-
propionic acids.13 Addition of these carbanions to
nitroarenes proceeds mainly para to the nitro group and
the produced sH adducts are oxidized by KMnO4

11–13 in
liquid ammonia or DDQ in THF giving products of ONSH
in para positions. It should be noted that oxidation with
KMnO4 is sensitive to steric hindrances, bulky substituents
ortho to the addition site (meta to the nitro group) hinder or
inhibit the oxidation process.11 On the other hand,
oxidation of these sH adducts with dimethyl dioxirane
(DMD) in THF gives para substituted phenols.14,15 This
oxidant reacts directly with negatively charged nitro group
0040–4020/$ - see front matter q 2005 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2005.09.053
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of the sH adducts in a process analogous to the Nef
reaction.15

Oxidation of sH adducts of secondary (methylenic)
carbanions to nitroarenes is somewhat more complicated
process because the addition can take place at ortho and
para positions so isomeric sH adducts and subsequently
ONSH products can be formed. Moreover the products in
which hydrogen of the methylenic group is replaced with a
nitroaromatic ring are much stronger CH acids than the
carbanion precursors thus in the case the reaction media
contain basis agents, the ONSH products could be
deprotonated and further oxidized. The highly stabilized
nitrobenzylic carbanions of the ONSH products are weak
nucleophiles and do not form sH adducts with nitroarenes so
disubstitution via ONSH is not observed. There are many
reported examples of ONSH process with secondary
carbanions in which atmospheric oxygen acted as the
oxidant, usually in these cases the reaction requires excess
of base.10,16,17 It is therefore supposed that sH adducts of
such carbanions are further deprotonated before being
oxidized with oxygen. The reaction of secondary carbanion
of phenylacetonitrile with nitrobenzene in liquid ammonia
and KMnO4 oxidant gave a mixture of o- and p-nitrobenzo-
phenones.18 It seems that the initial ONSH products formed
by oxidation of the sH adducts ortho and para to the
nitrogroup were deprotonated and the produced carbanions
oxidized to cyanohydrines that dissociated to
benzophenones.
Tetrahedron 61 (2005) 11952–11964



Scheme 1.

Table 1. Oxidation of sH adducts of 2K to nitroarenes by KMnO4 in NH3liq
and by Bu4NCMnO4

K in THF (Scheme 1)

ArNO2 Products, No. yields

X No. KMnO4/NH3liqa QCMnO4
K/

THFb

H 1a 4a 78
2-F 1b 4b 77 3b 45
3-F 1c 4c 39 5c 27 6c 5 3c 20
2-Cl 1d 4d 57 3d 30
3-Cl 1e 4e 29 5e 39 6e 15 3e 69
2-Br 1f 4f 60 3f 26
3-Br 1g 4g 27 5g 48 6g 17 3g 73
3-I 1h 4h 22 5h 37 6h 13
3-MeO 1j 4j 29 5j 19 6j 23c

2-CN 1k 4k 47
2-NTd 1l 4l 26
1-NNe 1m 4m 40

a Ratio ArNO2: 2Z2.
b Ratio ArNO2: 2Z1.2.
c Tetramer 6j 0 was also isolated.
d 2-Nitrothiophene.
e 1-Nitronaphthalene.
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2. Results and discussion

The products of ONSH reaction in nitroarenes by
carbanions of alkyl phenylacetates—esters of nitroaryl
phenylacetic acids—upon deprotonation and further oxi-
dation should form esters of a-hydroxy nitroaryl phenyl-
acetic acids. Since such esters should be stable under these
conditions we have studied ONSH reaction in a series of
substituted nitrobenzenes 1a–o with carbanion of iso-propyl
phenylacetate 2. The reactions were carried out in liquid
ammonia, the carbanions generated by action of NaNH2 and
the intermediate sH adducts oxidized with KMnO4. Since
the expected ONSH products 3a should be strong CH acids
the base was used in excess. The reaction of 2 with
nitrobenzene 1a in ratio 1:1 gave not a simple ONSH
product 3a, but iso-propyl 2-phenyl-2-p-nitrophenyl-2-
hydroxypropionate 4a, in moderate yield 40%. Obviously,
the expected initially formed ONSH product was further
deprotonated and oxidized in form of nitrobenzylic
carbanion to the hydroxy ester. When nitrobenzene was
used in an excess (2 equiv) yield of 4a was much higher:
78%. It seems therefore that in the former case, due to
moderate electrophilicity of 1a, the addition equilibrium
was not sufficiently shifted to the sH adducts, hence in
further experiments nitroarenes were used in excess. It
should be mentioned that under these conditions the ONSH
reaction proceeded only para to the nitro group. Similar
products were formed in the reaction of 2 with a series of
nitroarenes 1b–m.

The reaction of 2 with m-halonitrobenzenes 1c,e,g,h, and j
was more complicated. Besides of the expected a-hydroxy-
esters 4c,e,g,h,j, produced via hydroxylation of the initial
ONSH products, substantial quantities of products of higher
molecular weight were isolated from the reaction mixtures.
For instance the reaction of 2 with m-chloronitrobenzene 1e
gave expected hydroxyester 4e 29% and two other products
5e and 6e. On the basis of detailed MS (EI and ESI
experiments), 1H and 13C NMR analysis including
correlation spectra of the compounds 5e and 6e they were
assigned dimeric and trimeric structures, respectively, as
shown in Scheme 1. Detailed analyses of the NMR spectra
of compounds 5 and 6 are presented at the end of the paper.
Results of the reaction of 2 with nitroarenes and KMnO4

oxidant are given in Table 1
It should be stressed that compounds 5 and 6 were formed
only when the reacting nitroarene contained a substituent X
located meta to the nitro group. It appears that this
substituent affects the reaction course due to its steric, not
electronic, effects because products 5 and 6 were formed
also in the reaction of 2 with nitrobenzene substituted in
meta position not only with halogens but also with
electrodonating group (XZOMe), m-nitroanisole 1j. It
appears that hydroxy esters 3 and dimeric and trimeric
products 5 and 6 are formed as a result of oxidation of
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M. Mąkosza et al. / Tetrahedron 61 (2005) 11952–1196411954
carbanions of initial ONSH products 3. In the oxidation of
the initial products of ONSH in nitroarenes containing
substituents X in meta position formation of dimeric
products 5 competes with the hydroxylation reaction. In
order to confirm that products 4, 5 and 6 are indeed formed
via oxidation of nitrobenzylic carbanions of the initial
ONSH products, 3a and 3e were prepared independently via
SNAr of halogen in 4-fluoro and 3,4-dichloronitrobenzene



Scheme 3.
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with carbanion of 2. These nitroarylated esters 3a and 3e
dissolved in liquid ammonia are deprotonated by the solvent
to a low degree, addition of NaNH2 to such solutions
converts 3a and 3e into carbanions 3aK and 3eK that are
stable and can be recovered upon acidification of the
solution with NH4Cl. Treatment of a solution of carbanion
of 3a in NH3 liquid with KMnO4 gave 4a whereas carbanion
of 3e gave a mixture of 4e, 5e and 6e, respectively.
Composition of the latter mixture was similar to that
obtained in the direct reaction of 2 with 3-chloronitro-
benzene. These results confirm that of 4, 5 and 6 are
produced by further conversion of 3 as shown in Scheme 1.

It appears that compounds 5 and 6 are formed via coupling
of carbanions 3K with free radicals of 3, produced by
oxidation of carbanions of 3 by KMnO4. A speculative
pathway of formation of 4 and 5 is shown in Scheme 2.
Perhaps substituents X hinder conjugation of the carbo-
anionic and free radical centers in 3K and 3% with the
nitroaryl rings, whereas steric hindrances prevent addition
of 3% to the carbanion a- to the alkoxycarbonyl group.
Thanks to the increased electron density on unsubstituted
phenyl ring of 3K it adds electrophilic radical 3% giving
anion-radical, that is subsequently oxidized, deprotonated
and hydroxylated to 5. On the other hand, direct oxidation of
3% with KMnO4 gave 4. Thus competition between
formation of 4 and 5 seems to depend on relation of rates
of direct oxidation 3%/4 and addition of 3% to 3K, that is
affected by steric effects of substituents X. Similar
carbanion coupling under oxidative condition has been
previously observed.19,20

In order to verify this hypothesis we have done additional
experiments changing ratio and order of mixing of the
reactants. However changes of the procedure, for example,
slow addition of a solution of sH adducts to a solution of
KMnO4 did not change the outcome of the reaction.
Attempts to arrest the reaction of 2K with ArNO2, carried
out in NH3 and KMnO4 oxidant, on the stage of 3 by using
small amounts of the base and oxidant gave negative results.
In such experiments mixtures of starting materials and
products 3, 4 (and 5 and 6) were produced.
Formation and oxidation of sH adducts with permanganate
anions can be carried out not only in liquid NH3 but also in
moderately polar solvents, for example, THF, provided a
soluble salt of this anion is used. Indeed, treatment of 2 with
t-BuOK in THF produced carbanions that form sH adducts
upon addition of ArNO2. Oxidation of such system with
tetrabutylammonium permanganate, results in formation of
ONSH products 3 in moderate to good yields. Interestingly
no hydroxylated esters 4 were formed under these
conditions and the reaction proceeded only para to the
nitro group. Results of these reactions are presented in
Table 1.

Another oxidant, widely used for oxidation of the anionic
sH adducts, is DDQ. For obvious reasons it cannot be used
in the reactions carried out in liquid ammonia. Oxidation of
sH adducts of 2K to nitroarenes generated in THF with
DDQ gave somewhat different results as compared with
oxidation by QCMnO4

K. As it was mentioned earlier,
permanganate anions oxidize efficiently only sH adducts
para to the nitro group so with KMnO4 and QCMnO4

K

oxidants the reaction of 2 with nitroarenes 1 gave products
3, 4 (and 5 and 6), in which hydrogen located para to the
nitro group was substituted by the carbanion moiety.
Oxidation of sH adducts with DDQ is less sensitive to
steric hindrances and the reaction of 2K with nitroarenes
and DDQ oxidant always gives mixtures of para and ortho
isomers of the ONSH products 3 and 7, respectively
(Scheme 3, Table 2).

Since oxidation of the sH adducts of 2K and nitroarenes by
DDQ in THF is not accompanied with hydroxylation we
have applied this system for the ONSH in nitrobenzene 1a
and 4-chloronitrobenzene 1o with phenylacetonitrile
carbanion. This reaction proceeded efficiently giving a
mixture of 2-nitrophenyl and 4-nitrophenyl phenylaceto-
nitrile 10a and 11a and 2-nitro-5-chlorophenyl acetonitrile
11o, respectively. Further hydroxylation of the ONSH
products was not observed (Scheme 4).

Although oxygen is a moderately active oxidant, it can
oxidize sH adducts, particularly those produced by



Table 2. Oxidation of sH adducts of 2K to nitroarenes by DDQ in THF
(Scheme 3)

ArNO2 Products

X No. No. yield

H 1a 3a 16 7a 30a

2-F 1b 3b 36 7b 17b

3-F 1c 3cc 54
2-Cl 1d 3d 44 7d 23a

3-Cl 1e 3e 59 7e 10a

2-Br 1f 3f 32 7f 24b

3-Br 1g 3g 56 7g 9b

1-NNd 1m 3m 12 7m 75a

3-CN 1n 3n 32 7n 53a

4-Cl 1o 7o 78a

a Ratio ArNO2: 2Z2.
b Ratio ArNO2: 2Z1.2.
c Small amount of a mixture containing isomeric products ortho-

substitution was formed but not separated.
d 1-Nitronaphthalene.

Scheme 4.
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secondary carbanions that under the reaction conditions can
be deprotonated to dianions. We have made a few
experiments in order to oxidize sH adducts of 2K to
nitroarenes in liquid ammonia and in THF bubbling oxygen
through the reaction mixtures. Indeed under these con-
ditions the oxidation proceeded giving mixtures of ONSH
products 3, and hydroxylated products 4 but usually in low
overall yields so this line of experiments was not pursued.

As it was mentioned earlier oxidation of the sH adducts of
tertiary carbanions to nitroarenes with dimethyldioxirane,
DMD, gave p-substituted phenols—the oxidation proceeded
at the negatively charged nitro group.14,15

In our experiments we have found that oxidation of sH

adducts of secondary carbanions 2K to nitroarenes with
DMD proceeds also along this pathway to give mixtures of
Table 3. Oxidation of sH adducts of 2K to nitroarenes by DMD in THF
(Scheme 3)a

ArNO2 Products

X No. No. yield

2-Cl 1d 8d 49 9d 17
3-Cl 1e 8e 65 9e 12
2-Br 1f 8f 42 9f 18
3-Br 1g 8g 76 9g 20
1-NN 1m 8m 19 9m 42
4-Cl 1o 9o 60

a Ratio ArNO2: 2Z1.2.
o- and p-isomers of substituted phenols usually in good
yields (Table 3).
2.1. Detailed analysis of the NMR spectra of compounds
5–6

The structures of compounds 3, 4, 7, 8 and 9 (see Schemes 1
and 3) could be easily established on the basis of 1H NMR
spectra only, but a special effort has to be made in order to
prove the structures of the products of higher molecular
weight (5 and 6), which were obtained when KMnO4 was
used as the oxidizing agent (see Scheme 1). For all these
compounds a meticulous analysis of the 1H and 13C NMR
data including g-HSQC and g-HMQC spectra has to be
performed. A similar analysis has to be made also for
compounds 4c, 4e, 4g, 4h and 4j which served as the model
compounds.
The 1H and 13C NMR data obtained for compound 5g has
been collected in Table 4, for compounds 4c, 4e, 4g, 4h and
4j in Tables 5 and 6, and for compounds 5 in Tables 7 and 8
(Tables 5–8 are available in Supplementary data). This form
of the presentation of the vast NMR material revealed the
trends occurring in the chemical shifts under the influence of
substituents and provided us with an additional check of the
correctness of the assignments made on the basis of the
correlation spectra.

An analysis of the spectra has been performed in two steps.
In the first step, the signals in the 1H and 13C NMR spectra
of the 3-substituted a-hydroxyesters, 4c, 4e, 4g, 4h and 4j,
were assigned on the basis of the general knowledge of
substituent effects, and the preliminary assignments have
been confirmed by means of the g-HSBC and g-HMBC
spectra.

In the second step the 1H and 13C NMR spectra of the
products of the oxidation reaction denoted as 5 have been
compared with the spectra of the corresponding compounds
4. It becomes immediately clear that the spectra of these
new compounds contain two fragments which are very
similar, in some cases almost identical, to the spectra of
compounds 4. The differences observed can be easily
interpreted in terms of the substitution effects. Furthermore,
many of the signals are apparent doublets, the differences
between them being in the range of several Hz at 11.7 T,
which is typical of the pairs of diastereoisomers. A thorough



Table 4. 1H (in parantheses) and 13C NMR spectra of bromo dimer 5g measured in CDCl3 and acetone-d6 and the relevant g-HMB correlation peaks; all data
are in ppm against TMSa,b,c

In CDCl3 In CD3COCD3 HMBC C/HNo. In CDCl3 In CD3COCD3 HMBC

2 72.12; 72.11 71.58; 71.56 2 0 70.69 71.13

(5.22)dd (5.17)e (5.22)d (5.17)e

3 172.31; 172.30 172.15; 172.10 2, OH, CH3 3 0 170.45; 170.41 170.98 20, CH3
4 80.73; 80.70 81.83; 81.88 10,12 4 0 67.10; 67.08 67.83 10 0,12 0,13
5 147.67 149.54; 149.51 7,9,OH 5 0 150.69; 150.65 151.60 70,9 0, 10 0

6 124.30 124.82 7,9,10 6 0 126.84; 126.81 127.35 70,9 0,10 0

7 129.32 129.70 9,10 7 0 129.00; 128.98 129.45 90

(8.480) (8.445) (8.485) (8.470; 8.466)
8 147.57; 147.53 148.54 7,9,10 8 0 147.00 148.01 70,9 0, 10 0

9 121.63; 121.62 122.59 7,10 9 0 121.71 122.74 70,10 0

(8.015; 8.008) (8.133; 8.128) (8.080; 8.076) (8.189; 8.187)
10 131.63; 131.60 132.19; 132.16 10 0 132.01 133.19

(7.037; 7.009) (7.287; 7.264) (7.012; 7.009) (7.121; 7.119)
11 138.31; 138.28 140.30; 140.27 12,13,OH 11 0 141.26; 141.22 141.76; 141.72 13 0

12 126.72; 126.67 127.82;1 27.78 12 0 129.83 130.73 13 0

(7.602) (7.657) (7.23) (7.314)
13 130.42; 130.37 130.97; 130.93 13 0 128.52; 128.50 129.21; 129.20 14 0

(7.41) (7.448) (7.35)f (7.384)g

14 140.54; 140.53 142.13; 142.09 12 14 0 128.03; 128.00 128.64; 128.63 12 0,13 0

(7.35)f (7.384)g

OH (4.370; 4.357) (5.8)

a Signals of the protons 1 and 1 0 (centred at ca. 1.26 ppm) and carbons 1 and 1 0 (centred at ca. 21.5 ppm) are strongly overlapped.
b JHH coupling values are almost identical with those observed for the corresponding compounds 4 (see Table 5 in Supplementary data) and therefore are not

shown in this Table.
c g-HSQ correlation peaks are shown in Table 8 (see Supplementary data).
d–g Signals overlapped.
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analysis of the g-HSBC and g-HMBC spectra performed for
compounds 5 indicated that, as a matter of fact, a dimeric
structure should be assigned to them (see Scheme 1). As an
example the spectra obtained for the bromo derivative 5g,
are discussed below more closely.

The measurements of the spectra for this compound have
been performed in CDCl3 and acetone-d6 solutions and at
two magnetic fields, 9.4 and 11.7 T. This allowed us to
clarify the problems when an accidental overlap of the
signals occurred and to discriminate between a genuine
coupling and a splitting of the signals due to the presence of
diastereoisomers.

Out of the two groups of signals corresponding to the
quaternary aliphatic carbons, appearing at about 80 and at
67 ppm, those at the lower field should be assigned to
carbon 4 and those at the higher field to carbon 4 0. The
correlation signals observed in the g-HMBC spectra
recorded in acetone-d6 between these two carbons and
protons at 7.287; 7.264 and 7.121; 7.119 ppm allow one to
assign the latter to H10 and H10 0, respectively. Subsequent
assignment of all the remaining signals of rings A and A 0
becomes easy. Further crucial information is provided by
the correlations observed in the CDCl3 solution between the
proton of the OH group and the carbon signals at 172.31;
172.30, 147.67 and 138.31; 138.28 ppm which can be
consequently assigned to carbons C3, C5 and C11,
respectively. The correlations (in acetone-d6) between
carbon C4 0 and signals at 7.121; 7.119, 7.314 and
7.448 ppm indicate that the latter belong to H10 0, H12 0

and H13, respectively.

A similar analysis performed for the compounds with
still higher molecular weights showed that the trimeric
and tetrameric structures should be assigned to them
(see Scheme 1). However, a precise assignment of the
signals to particular hydrogen and carbon atoms in 1H
and 13C NMR spectra, respectively, is rather difficult for
obvious reasons. First of all, the number of diastereo-
isomers increases causing further splitting of the signals
and secondly, a discriminating influence of the OH
group on the shielding of the atoms in more remote
rings is almost negligible. As a result, in many cases a
strong overlap of the signals occurs. Therefore, the
NMR data for compounds 6 have been included in
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Section 3, where only tentative assignments have been
proposed.
3. Conclusions

Secondary carbanions of isopropyl phenyl acetate 2 add to
nitroarenes in positions of ortho and para to the nitro group.
The produced anionic sH adducts can be oxidized by a
variety of oxidants. Permanganate anions oxidize only sH

adducts para to the nitro group, the final outcome depends
on the conditions. In liquid ammonia the initially formed
ONSH products 3 are oxidized further to esters of
a-hydroxyacids 4 and, in some cases, undergo dimerization
to 5 and trimerization to 6. This unprecedented process is
observed in the reaction of m-substituted nitroarenes and
proceeds apparently via coupling of carbanions with free
radicals, generated during oxidation of the carbanions. On
the other hand, oxidation of the sH adducts with
tetrabutylammonium permanganate carried out in THF
gave ONSH products 3, under these conditions only sH

adducts in para positions are oxidized. DDQ oxidizes both
ortho and para sH adducts thus in the reaction of 2K with
nitroarenes and DDQ oxidant mixtures of isomeric ONSH
products are formed. Oxidation of sH adducts of 2K to
nitroarenes with DMD proceeds at the negatively charged
nitrogroup of the ortho and para sH adducts that results in
formation of isomeric substituted phenols.
4. Experimental
4.1. General

1H and 13C NMR spectra were recorded with a Mercury-
400BB (400 MHz) and Bruker DRX 500 instruments. Mass
spectra were measured on AMD 604 Inectra GmBH
spectrometer using EI or ESI. For analytical TLC Merck
alufolien sheets Kieselgel 60 F254 were used. For column
chromatography silica gel 230–400 mesh Merck was used.
DMF was distilled over calcium hydride and stored over
molecular sieves, THF was distilled over potassium
benzophenone ketyl. Acetone solution of DMD was
prepared according to the literature procedure.21 All
reactions were performed under argon atmosphere.

Nitroarenes, DDQ, phenylacetonitryle and potassium tert-
butoxide were commercial products. Commercially avail-
able potassium permanganate was ground. Isopropyl
phenylacetate was synthesized from phenylacetic acid and
iso-propyl alcohol.13 Tetrabutylamonium permanganate
was prepared as follows: To a stirred solution of
tetrabutylamonium bromide (5.2 mmol) in water (15 ml) a
solution of potassium permanganate 5 mmol in water
(100 ml) was added. The precipitated product was filtered,
washed with water (10 ml) and dried in vacuum until
constant weight. The product can be stored in fridge for no
longer then 1 month. Caution: dry tetrabutylamonium
permanganate is explosive thus it must not be heated during
drying. All usual precautions should be taken. For safety
reason we dried the product in small, 3–4 mmol portions.
4.2. Procedures for the oxidative substitution of
hydrogen with carbanion of 2

Procedure A. Oxidation with KMnO4 in liquid ammonia. To
a suspension of sodium amide freshly prepared from sodium
(120 mg, 5.2 mmol) in liquid ammonia (ca 25 ml), at
K70 8C, iso-propyl phenylacetate 2 (360 mg, 2 mmol) in
THF (1.5 ml) was added. After 3 min nitroarene 1 (4 or
2.4 mmol) in THF (1.5 ml) was added dropwise in 1 min.
The reaction mixture was stirred for additional 3 min, and
solid potassium permanganate (632 mg, 4 mmol) was added
in one portion. The reaction mixture was stirred for 4 min
and quenched with solid ammonium chloride (ca. 400 mg,
8 mmol). The cooling bath was removed and ammonia was
evaporated. To the residue a saturated aqueous solution of
oxalic acid was added and the mixture was extracted with
ethyl acetate (3!20 ml). The combined organic layers were
dried over MgSO4. The solvent was evaporated and the
products were purified by column chromatography with
AcOEt/hexane as eluent.

Procedure B. Oxidation with DDQ. To a solution of t-BuOK
(112 mg, 1 mmol) in THF (10 ml) at K70 8C, a solution of
iso-propyl phenylacetate 2 (1 mmol) in THF (1.5 ml) was
added. After 3 min nitroarene 1 (1.2 mmol) in THF (1.5 ml)
was added dropwise during 1 min and the mixture was
stirred for 3 min at K70 8C. Then solution of DDQ
(273 mg, 1.2 mmol) in DMF (2 ml) was added and the
reaction mixture was stirred for 5 min, quenched with
saturated aqueous NH4Cl (0.2 ml) and the cooling bath was
removed. The reaction mixture was poured to water
(100 ml) and extracted with ethyl acetate (3!20 ml) and
extracts were washed with brine and dried over MgSO4. The
solvent was evaporated and products were purified by
column chromatography in AcOEt/hexane. With some
cases we were not able to separate the isomeric products 3
and 7 by column chromatography, so compositions of the
mixtures were established by 1H NMR spectroscopy.

Procedure C. Oxidation with QCMnO4
K. Experiments were

conducted according to procedure B. Instead of DDQ solid
QCMnO4

K was added. After quench 10 ml of saturated
aqueous solution of oxalic acid was added and procedure B
was followed.

Procedure D. Oxidation with DMD. Experiments were
conducted according to procedure B. Instead of DDQ water
(0.02 ml, 1 mmol) and acetone solution of DMD (ca.
1.2 mmol, 20 ml of ca. 0.06 M) was added to the mixture.
The color changed to bright yellow. After 5 min of stirring,
saturated aqueous NH4Cl (0.2 ml) was added the cooling
bath was removed and procedure B was followed.

4.2.1. iso-Propyl a-(4-nitrophenyl)phenylacetate 3a.
Colourless oil. 1H NMR (400 MHz, CDCl3): dZ1.22 (d,
3H, JZ6.2 Hz), 1.25 (d, 3H, JZ6.2 Hz), 5.06 (s, 1H), 5.06–
5.14 (m, 1H), 7.27–7.38 (m, 5H), 7.47–7.51 (m, 2H), 8.15–
8.19 (m, 2H). 13C NMR (CDCl3): dZ21.54, 21.63, 56.93,
69.27, 123.66, 127.74, 128.39, 128.89, 129.58, 137.42,
146.14, 147.03, 170.8. MS (EI): m/z (%)Z299 (MC, 6), 212
(100), 196 (28), 165 (66), 105 (29), 43 (79). Anal. Calcd for
C17H17NO4: C, 68.22: H, 5.72; N, 4.68. Found: C, 68.17; H,
5.74; N, 4.45.
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4.2.1.1. iso-Propyl a-(2-nitrophenyl)phenylacetate 7a.
Colourless oil. 1H NMR (400 MHz, CDCl3): dZ1.17 (d,
1.8H, JZ6.2 Hz), 1.23 (d, 1.2H, JZ6.2 Hz), 1.25 (d, 1.2H,
JZ6.2 Hz), 1.28 (d, 1.8H, JZ6.2 Hz), 5.06 (s, 0.4H), 5.06–
5.17 (m, 1H), 5.62 (s, 0.6), 7.08–7.16 (m, 0.6H), 7.15–7.33
(m, 3H), 7.33–7.45 (m, 3H), 7.46–7.51 (m, 1.5H), 8.02 (dd,
0.6H, JZ1.51, 8 Hz), 8.17 (m, 0.6H). 13C NMR (CDCl3):
dZ21.41, 21.55, 21.64, 21.68, 53.41, 56.94, 69.17, 69.28,
123.67, 124.81, 127.77, 128.07, 128.4, 128.9, 128.96,
129.16, 129.58, 131.6, 133.07, 134.14, 136.72, 137.42,
146.14, 148.87, 170.82.

4.2.2. iso-Propyl a-(3-fluoro-4-nitrophenyl)phenyl-
acetate 3b. Colourless oil. 1H NMR (400 MHz, CDCl3):
dZ1.22 (d, 3H, JZ6.3 Hz), 1.26 (d, 3H, JZ6.3 Hz), 5.0 (s,
1H), 5.03–5.13 (m, 1H), 7.22–7.26 (m, 1H), 7.28–7.31 (m,
4H), 7.32–7.39 (m, 3H), 7.99–8.06 (m, 1H). 13C NMR
(CDCl3): dZ21.51, 21.64, 56.69, 69.54, 118.69 (d, JCFZ
21.1 Hz), 124.78 (d, JCFZ5 Hz), 126.12 (d, JCFZ3 Hz),
128.02, 128.33, 129.07, 136.77, 147.83 (d, JCFZ9 Hz),
155.4 (d, JCFZ265 Hz), 170.3 MS (EI): m/z (%)Z317
(MC, 1), 257 (27), 230 (100), 214 (43), 183 (66), 105 (31),
43 (98). Anal. Calcd for C17H16FNO4: C, 64.35: H, 5.08; N,
4.41. Found: C, 64.4; H, 5.1, N, 4.38.

4.2.3. iso-Propyl a-(3-fluoro-2-nitrophenyl)phenyl-
acetate 7b. Colourless oil. 1H NMR (400 MHz, CDCl3):
dZ1.2 (d, 0.9H, JZ6.2 Hz), 1.22 (d, 2.1H, JZ6.3 Hz),
1.25–1.28 (dCd, 3H, JZ6.3, 6.2 Hz), 5.0 (s, 0.7H), 5.03–
5.13 (m, 1H), 5.17 (s, 0.3H), 7.06–7.12 (m, 0.3H), 7.12–7.21
(m, 0.3H), 7.21–7.31 (m, w4H), 7.31–7.45 (m, w4H),
7.97–8.06 (m, 0.7H). 13C NMR (CDCl3): dZ21.44, 21.52,
21.57, 21.64, 51.85, 51.86, 56.69, 69.55, 69.63, 115.91,
116.1, 118.58, 118.8, 124.75, 124.8, 126.1, 126.13, 127.97,
128.03, 128.34, 128.64, 128.99, 129.07, 129.16, 131.79,
131.87, 136.21, 136,77, 147.78, 147,86, 152.62, 154.11,
156.75, 169.96, 170.3.

4.2.4. iso-Propyl a-(2-fluoro-4-nitrophenyl)phenyl-
acetate 3c. Colourless oil. 1H NMR (400 MHz, CDCl3):
dZ1.21 (d, 3H, JZ6.24 Hz), 1.26 (d, 3H, JZ6.23 Hz), 5.11
(m, 1H), 5.28 (s, 1H), 7.28–7.44 (m, 6H), 7.91–7.99 (m,
2H). 13C NMR (CDCl3): dZ21.46, 21.59, 50.21, 69.5,
111.09 (d, JCFZ27 Hz), 119.2 (d, JCFZ4 Hz), 128.03,
128.63, 129.07, 130.8 (d, JCFZ4 Hz), 134.07 (d, JCFZ
15 Hz), 135.79, 147.78 (d, JCFZ9 Hz), 159.83 (d, JCFZ
251.5 Hz), 170.1. MS (EI): m/z (%)Z317 (MC, 2), 230
(100), 214 (18), 183 (44), 105 (9), 43 (71). HRMS (ES)
calcd for C17H16FNO4Na: 340.0956. Found: 340.0976.

4.2.5. iso-Propyl a-(3-chloro-4-nitrophenyl)phenyl-
acetate 3d. Colourless oil. 1H NMR (400 MHz, CDCl3):
dZ1.22 (d, 3H, JZ6.2 Hz), 1.27 (d, 3H, JZ6.2 Hz), 4.99
(s, 1H), 5.04–5.14 (m, 1H), 7.26–7.4 (m, 6H), 7.51 (d, 1H,
JZ1.9 Hz), 7.84 (d, 1H, JZ8.4 Hz). 13C NMR (CDCl3):
dZ21.52, 21.65, 56.46, 69.52, 125.72, 127.27, 127.87,
127.97, 128.32, 129.05, 132.06, 136.89, 145.08, 146.63,
170.39. MS (EI): m/z (%)Z333 (MC, 1), 273 (16), 246
(100), 230 (33), 165 (62), 105 (29), 43 (82). Anal. Calcd for
C17H16ClNO4: C, 61.18; H, 4.83; N, 4.2; Cl, 10.62. Found:
C, 61.25; H, 4.86; N, 4.33; Cl, 10.52.

4.2.5.1. iso-Propyl a-(3-chloro-2-nitrophenyl)
phenylacetate 7d. Colourless oil. 1H NMR (400 MHz,
CDCl3): dZ1.16–1.24 (m, 3H), 1.26 (d, 3H, JZ6.3 Hz),
4.95 (s, 0.3H), 4.99 (s, 0.7H), 5.04–5.14 (m, 1H), 7.26–7.4
(m, 5H), 7.4–7.44 (m, 0.3H), 7.51 (d, 0.7H, JZ1.9 Hz), 7.84
(d, 0.7H, JZ8.4 Hz). 13C NMR (CDCl3): dZ21.47, 21.52,
21.65, 51.78, 56.46, 69.52, 69.7, 124.99, 125.72, 127.27,
127.87, 127.95, 127.98, 128.32, 128.35, 128.98, 129.05,
129.15, 129.43, 130.72, 132.06, 132.68, 136.27, 136.88,
169.8, 170.4.

4.2.6. iso-Propyl a-(2-chloro-4-nitrophenyl)phenyl-
acetate 3e. Colourless oil. 1H NMR (400 MHz, CDCl3):
dZ1.21 (d, 3H, JZ6.4 Hz), 1.26 (d, 3H, JZ6.2 Hz), 5.05–
5.19 (m, 1H), 5.49 (s, 1H), 7.26–7.3 (m, 1H), 7.32–7.41 (m,
5H), 8.03 (ddd, 1H, JZ0.4, 2.4, 8.6 Hz), 8.27 (d, 1H, JZ
2.4 Hz). 13C NMR (CDCl3): dZ21.45, 21.61, 54.21, 69.48,
121.67, 124.53, 128.01, 128.76, 129.07, 130.94, 135.11,
135.92, 144.08, 147.19, 170.12. MS (EI): m/z (%)Z333
(MC, 1), 273 (9), 246 (100), 230 (22), 165 (59), 43 (74).
Anal. Calcd for C17H16ClNO4: C, 61.18; H, 4.83; N, 4.2; Cl,
10.62. Found: C, 61.07, H, 4.93, N, 4.11, Cl, 10.54.

4.2.6.1. iso-Propyl a-(4-chloro-2-nitrophenyl)phenyl-
acetate 7e. Colourless oil. 1H NMR (400 MHz, CDCl3): dZ
1.16 (d, 0.45H, JZ6.3 Hz), 1.21 (d, 2.5H, JZ6.2 Hz), 1.27
(d, 3H, JZ6.3 Hz), 5.08–5.15 (m, 1H), 5.45 (s, 0.85H), 5.57
(s, 0.15H), 7.02–7.05 (d, 0.15H, JZ8.5 Hz), 7.22–7.29 (m,
2H), 7.32–7.42 (m, 5H), 7.44 (dd, 0.15H, JZ2.2, 8.5 Hz),
8.02–8.06 (m, 0.85H), 8.27 (d, 0.85H, JZ2.3 Hz). 13C NMR
(CDCl3): dZ21.46, 21.63, 21.63, 21.67, 53.06, 54.22,
69.04, 69.49, 121.68, 124.56, 128, 128.76, 129.09, 129.12,
130.95, 132.75, 132.9, 133.08, 133.92, 135.13, 135.94,
136.25, 144.09, 147.22, 170.14, 170.47.

4.2.7. iso-Propyl a-(3-bromo-4-nitrophenyl)phenyl-
acetate 3f. Colourless oil. 1H NMR (400 MHz, CDCl3):
dZ1.23 (d, 3H, JZ6.3 Hz), 1.26 (d, 3H, JZ6.3 Hz), 4.98
(s, 1H), 5.03–5.16 (m, 1H), 7.27–7.39 (m, 5H), 7.40–7.44
(m, 1H), 7.70 (d, 1H, JZ1.8 Hz), 7.80 (d, 1H, JZ8.5 Hz).
13C NMR (CDCl3): dZ21.52, 21.65, 56.36, 69.5, 114.63,
125.71, 127.95, 128.31, 128.53, 129.03, 135.02, 136.92,
144.98, 148.5, 170.4. MS (EI): m/z (%)Z377 (MC, 1), 317
(16), 290 (100), 274 (21), 195 (27), 165 (56), 105 (17), 43
(43). Anal. Calcd for C17H16BrNO4: C, 53.99; H, 4.26; N,
3.7. Found: C, 54.2; H, 4.25; N, 3.57.

4.2.7.1. iso-Propyl a-(3-bromo-2-nitrophenyl)phenyl-
acetate 7f. Colourless oil. 1H NMR (400 MHz, CDCl3): dZ
1.2–1.23 (m, 3H), 1.27 (m, 3H), 4.96 (s, 0.4H), 4.98 (s,
0.6H), 5.03–5.16 (m, 1H), 7.23–7.3 (m, 2H), 7.3–7.43 (m,
4H), 7.57 (dd, 0.4H, JZ1.3, 8.1 Hz), 7.69–7.71 (m, 0.6H),
7.81 (d, 0.6H, JZ8.3 Hz). 13C NMR (CDCl3): dZ21.47,
21.53, 21.65, 51.91, 56.37, 69.5, 69.68, 112.78, 114.63,
125.71, 127.93, 127.95, 128.31, 128.53, 128.97, 129.03,
129.81, 130.95, 132.56, 132.69, 135.2, 136.32, 136.92,
144.98, 148.5, 169.81, 170.4.

4.2.8. iso-Propyl a-(2-bromo-4-nitrophenyl)phenyl-
acetate 3g. Colourless oil. 1H NMR (400 MHz, CDCl3):
dZ1.23 (d, 3H, JZ6.3 Hz), 1.27 (d, 3H, JZ6.2 Hz), 5.06–
5.18 (m, 1H), 5.46 (s, 1H), 7.26–7.34 (m, 3H), 7.34–7.42
(m, 3H), 8.08 (ddd, 1H, JZ0.4, 2.4, 8.7 Hz), 8.46 (d, 1H,
JZ2.4 Hz). 13C NMR (CDCl3): dZ21.48, 21.66, 56.67,
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69.52, 122.24, 125.17, 127.82, 128.02, 128.75, 129.09,
131.06, 136.2, 145.75, 147.13, 170.11. MS (EI): m/z (%)Z
377 (MC, 1), 317 (8), 290 (95), 274 (19), 211 (20), 165
(100), 43 (91). Anal. Calcd for C17H16BrNO4: C, 53.99; H,
4.26; N, 3.7. Found: C, 54.3; H, 4.47; N, 3.58.

4.2.8.1. iso-Propyl a-(4-bromo-2-nitrophenyl)phenyl-
acetate 7g. Colourless oil. 1H NMR (400 MHz, CDCl3):
dZ1.2–1.24 (dCd, 3H, JZ6.3, 6.3 Hz), 1.26–1.29 (dCd,
3H, JZ6.2, 6.2 Hz), 5.06–5.18 (m, 1H), 5.46 (s, 0.85H),
5.55 (s, 0.15H), 6.97 (d, 0.15H, JZ8.5 Hz), 7.22–7.3 (m,
w2H), 7.3–7.44 (m, w4H), 7.59 (ddd, 0.15H, JZ0.4, 2.1,
8.5 Hz), 8.08 (ddd, 0.85H, JZ0.4, 2.5, 8.7 Hz), 2.16 (d,
0.15H, JZ2.1 Hz), 8.46 (d, 0.85H, JZ2.5 Hz).

4.2.9. iso-Propyl 1-(4-nitronaphthyl)phenylacetate 7m.
Yellow crystals, mp 156–158 8C (hexane/ethyl acetate). 1H
NMR (400 MHz, CDCl3): dZ1.24 (d, 3H, JZ6.4 Hz), 1.26
(d, 3H, JZ6.3 Hz), 5.05–5.19 (m, 1H), 5.21 (s, 1H), 1.29–
1.38 (m, 5H), 7.5 (d, 1H, JZ8.8 Hz), 7.55–7.65 (m, 2H),
7.74–7.76 (m, 1H), 7.84–7.91 (m, 2H). 13C NMR (CDCl3):
dZ21.56, 21.58, 51.83, 69.47, 121.77, 124.21, 126.42,
127.51, 127.71, 127.95, 128.12, 128.42, 128.65, 128.89,
130.51, 132.84, 136.98, 147.63, 170.26. MS (EI) m/zZ303
(13), 262 (37), 261 (48), 218 (52), 105 (100), 77 (22), 43
(29). Anal. Calcd for C21H19NO4: C, 72.19; H, 5.42; N,
4.01. Found: C, 71.47; H, 5.23; N, 3.72.

4.2.10. iso-Propyl a-(2-cyano-4-nitrophenyl)phenyl-
acetate 3n. Colourless oil, 1H NMR (400 MHz, CDCl3):
dZ1.16 (d, 3H, JZ6.2 Hz), 1.28 (d, 3H, JZ6.2 Hz), 5.05–
5.15 (m, 1H), 5.62 (s, 1H), 7.04 (dd, 1H, JZ2.3 Hz), 7.23–
7.27 (m, 1H), 7.35–7.44 (m, 5H), 8.01 (d, 1H, JZ8.8 Hz).
13C NMR (CDCl3): dZ21.37, 21.68, 53.48, 69.46, 126.34,
128.17, 128.3, 129.18, 129.23, 131.76, 135.88, 136.32,
139.75, 147.07, 170.34. MS (ES, MeOH): m/z (%)Z347
(MCC Na), HRMS (ES) calcd for C18H16N2O4Na:
347.1002. Found: 347.1019.

4.2.11. iso-Propyl a-(4-cyano-2-nitrophenyl)phenyl-
acetate 7n. Colourless oil, 1H NMR (400 MHz, CDCl3):
dZ1.16 (d, 3H, JZ6.2 Hz), 1.28 (d, 3H, JZ6.2 Hz), 5.05–
5.15 (m, 1H), 5.65 (s, 1H), 7.22–7.27 (m, 2H), 7.25 (d, 1H,
JZ8.1 Hz), 7.38–7.45 (m, 3H), 7.74 (dd, 1H, JZ8.1,
1.6 Hz), 8.31 (d, 1H, JZ1.6 Hz). 13C NMR (CDCl3): dZ
21.6, 21.91, 53.88, 70.1, 112.81, 116.62, 128.56, 128.64,
129.33, 129.63, 133.26, 135.7, 136.02, 139.48, 149.22,
170.1. MS (ES, MeOH): m/z (%)Z347 (MCC Na), HRMS
(ES) calcd for C18H16N2O4Na: 347.1002. Found: 347.1017.

4.2.12. iso-Propyl a-(5-chloro-2-nitrophenyl)phenyl-
acetate 7o. White crystals, mp 133–134 8C (heptane). 1H
NMR (400 MHz, CDCl3): dZ1.16 (d, 3H, JZ6.2 Hz), 1.28
(d, 3H, JZ6.2 Hz), 5.05–5.15 (m, 1H), 5.62 (s, 1H), 7.04
(dd, 1H, JZ2.3 Hz), 7.23–7.27 (m, 1H), 7.35–7.44 (m, 5H),
8.01 (d, 1H, JZ8.8 Hz). 13C NMR (CDCl3): dZ21.37,
21.68, 53.48, 69.46, 126.34, 128.17, 128.3, 129.18, 129.23,
131.76, 135.88, 136.32, 139.75, 147.07, 170.34. MS (EI): m/
z (%)Z315 (2), 273 (37), 246 (48), 229 (34), 194 (24), 165
(41), 105 (58), 77 (37), 43 (100). HRMS (EI) calcd for
C17H16N2O4Cl: 333.07679. Found: 333.07717. Anal. Calcd
for C17H16ClNO4: C, 61.16; H, 4.83; N, 4.2; Cl, 10.62.
Found: C, 61.2; H, 4.86; N, 4.03; Cl, 10.55.
4.2.13. a-(4-Nitrophenyl)phenyloacetonitrile 10a.
Colourless oil. 1H NMR (400 MHz, CDCl3): dZ5.25 (s,
1H), 7.3–7.47 (m, 5H), 7.52–7.57 (m, 2H), 8.2–8.28 (m,
2H). 13C NMR (CDCl3): dZ42.27, 118.46, 124.39, 126.61,
127.69, 128.7, 128.91, 129.58, 134.35, 142.7. MS (EI): m/z
(%)Z238 (MC, 100), 221 (17), 192 (37), 165 (58). Anal.
Calcd for C14H10N2O4: C, 70.58; H, 4.23; N, 11.76. Found:
C, 70.72; H, 4.5; N, 11.53.

4.2.14. a-(2-Nitrophenyl)phenylacetonitrile 11a. Colour-
less oil. 1H NMR (400 MHz, CDCl3): dZ6.17 (s, 1H), 7.3–
7.4 (m, 5H), 7.53–7.58 (m, 1H), 7.68–7.75 (m, 2H), 8.07
(dd, 1H, JZ1.3, 8.2 Hz). 13C NMR (CDCl3): dZ38.3,
118.61, 125.77, 127.87, 128.51, 129.31, 129.68, 130.53,
130.94, 134.07, 134.14, 147.66. MS (EI): m/z (%)Z238
(MC, 1), 221 (100), 204 (90), 190 (70), 167 (72), 77 (30).
Anal. Calcd for C14H10N2O4: C, 70.58; H, 4.23; N, 11.76.
Found: C, 70.6; H, 4.49; N, 11.74.

4.2.15. a-(5-Chloro-2-nitrophenyl)phenylacetonitrile
11o. Colourless oil. 1H NMR (400 MHz, CDCl3): dZ6.19
(s, 1H), 7.29–7.35 (m, 2H), 7.35–7.44 (m, 3H), 7.52 (dd, 1H,
JZ8.8, 2.4 Hz), 7.69 (d, 1H, JZ2.4 Hz), 8.04 (d, 1H, JZ
8.8 Hz). 13C NMR (CDCl3): dZ38.17, 118.08, 127.3,
127.87, 129.01, 129.5, 129.89, 130.93, 132.55, 133.33,
140.85, 145.8. MS (EI): m/z (%)Z271 (MCK 1, 1), 255
(71), 238 (94), 229 (36), 201 (39), 190 (100), 166 (88),
77(57). Anal. Calcd for C14H9ClN2O2: C, 61.66; H, 3.33; N,
10.27; Cl, 13. Found: C, 61.59; H, 3.33; N, 10.06; Cl, 13.04.

4.2.16. iso-Propyl a-hydroxy-a-(4-nitrophenyl)phenyl-
acetate 4a. Colourless oil. 1H NMR (400 MHz, CDCl3):
dZ1.23 (d, 3H, JZ6.2 Hz), 1.3 (d, 3H, JZ6.4 Hz), 4.42 (s,
1H), 5.14–5.24 (m, 1H), 7.32–7.39 (m, 5H), 7.68 (m, 2H),
8.18 (m, 2H). 13C NMR (CDCl3): dZ21.46, 21.51, 71.95,
80.37, 123.03, 126.96, 128.47, 128.51, 128.58, 131.74,
132.03, 141.41, 147.48, 148.77, 172.68. MS (EI): m/z (%)Z
315 (MC, 1), 228 (100), 150 (67). Anal. Calcd for
C17H17NO5: C, 64.75; H, 5.43; N, 4.44. Found: C, 64.9;
H, 5.25; N, 4.31.

4.2.17. iso-Propyl a-hydroxy-a-(3-fluoro-4-nitrophenyl)
phenylacetate 4b. White crystals, mp 69–75 8C (hexane/
AcOEt). 1H NMR (400 MHz, CDCl3): dZ1.25 (d, 3H, JZ
6.2 Hz), 1.32 (d, 3H, JZ6.3 Hz), 4.42 (s, 1H), 5.11–5.29 (m,
1H), 7.35–7.38 (m, 5H), 7.44 (ddd, 1H, JZ8.7, 1.9,
0.96 Hz), 7.5 (dd, 1H, JZ12.2, 1.9 Hz), 8.02 (dd, 1H, JZ
8.7, 7.6 Hz) 13C NMR (CDCl3): dZ21.47, 21.52, 72.28,
79.99, 117.76 (d, JCFZ22.1 Hz), 123.75 (d, JCFZ3 Hz),
125.47(d, JCFZ2 Hz), 126.77, 128.62, 128.73, 126.51(d,
JCFZ8 Hz), 141, 150.44 (d, JCFZ4 Hz), 155.02 (d, JCFZ
264.5 Hz), 172.09. HRMS (ES) calcd for C17H15FNO5:
332.0929. Found: 332.0910.

4.2.18. iso-Propyl a-hydroxy-a-(2-fluoro-4-nitrophenyl)
phenylacetate 4c. White crystals, mp 73–76 8C (hexane/
AcOEt). 1H NMR Table 4, 13C NMR, Table 5 MS (EI): m/z
(%)Z333 (MC, 2), 246 (MCK 87, 100), 168 (63), 122 (18).
Anal. Calcd for C17H16FNO5: C, 61.26; H, 4.84; N, 4.2.
Found: C, 61.09; H, 4.91; N, 4.21.

4.2.19. iso-Propyl a-hydroxy-a-(3-chloro-4-nitrophenyl)
phenylacetate 4d. White crystals, mp 65–70 8C (hexane/
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AcOEt). 1H NMR (400 MHz, CDCl3): dZ1.25 (d, 3H, JZ
6.2 Hz), 1.32 (d, 3H, JZ6.4 Hz), 4.43 (s, 1H), 5.2 (m, 1H),
7.3–7.4 (m, 5H), 7.53 (dd, 1H, JZ8.6, 2.0 Hz), 7.76 (d, 1H,
JZ2.0 Hz), 7.83 (d, 1H, JZ8.6 Hz). 13C NMR (CDCl3):
dZ21.45, 21.48, 72.21, 79.89, 125.01, 126.69, 126.8,
126.97, 128.58, 128.66, 130.87, 141.04, 147.03, 147.64,
172.17. MS (EI): m/z (%)Z349 (MC, 1), 262 (100), 184
(28), 105 (13). Anal. Calcd for C17H16ClNO5: C, 58.38; H,
4.61; N, 4.0; Cl, 10.14. Found: C, 58.38; H, 4.41; N, 3.97;
Cl, 9.98.

4.2.20. iso-Propyl a-hydroxy-a-(2-chloro-4-nitrophenyl)
phenylacetate 4e. White crystals, mp 65–75 8C (heptane).
1H NMR Table 4, 13C NMR, Table 5 MS (EI): m/z (%)Z
349 (MC, 2), 262 (100), 184 (41). Anal. Calcd for
C17H16ClNO5: C, 58.38; H, 4.61; N, 4.0; Cl, 10.14.
Found: C, 58.18; H, 4.81; N, 3.98; Cl, 9.94.

4.2.21. iso-Propyl a-hydroxy-a-(3-bromo-4-nitrophenyl)
phenylacetate 4f. White crystals, mp 68–75 8C (heptane).
1H NMR (400 MHz, CDCl3): dZ1.26 (d, 3H, JZ6.3 Hz),
1.32 (d, 3H, JZ6.3 Hz), 4.39 (s, 1H), 5.16–5.24 (m, 1H),
7.3–7.44 (m, 5H), 5.58 (dd, 1H, JZ8.6, 2 Hz), 7.8 (d, 1H,
JZ8.6 Hz), 7.96 (d, 1H, JZ2 Hz). 13C NMR (CDCl3): dZ
21.49, 21.52, 72.24, 79.23, 114.09, 125.01, 126.85, 127.68,
128.6, 128.69, 134.03, 141.09, 147.5, 148.97, 172.24. MS
(EI): m/z (%)Z393 (MC, 2), 306 (100), 228 (30), 105 (20),
77 (15), 43 (21). Anal. Calcd for C17H16BrNO5: C, 51.79; H,
4.09; N, 3.55. Found: C, 51.52; H, 4.28; N, 3.49.

4.2.22. iso-Propyl a-hydroxy-a-(2-bromo-4-nitrophenyl)
phenylacetate 4g. Colourless oil. 1H NMR Table 4, 13C
NMR, Table 5 MS (EI): m/z (%)Z393 (MC, 1), 306 (MCK
87, 100), 262 (42), 228 (43), 184 (25), 105 (27), 77 (21), 43
(27). Anal. Calcd for C17H16BrNO5: C, 51.79; H, 4.09; N,
3.55. Found: C, 51.65; H, 3.91; N, 3.6.

4.2.23. iso-Propyl a-hydroxy-a-(2-iodo-4-nitrophenyl)
phenylacetate 4h. Colourless oil. 1H NMR Table 4, 13C
NMR, Table 5 MS (EI): m/z (%)Z441 (MC, 2), 354 (100),
276 (39). HRMS (ES) calcd for C17H16INO5Na: 463.9965.
Found: 463.9986. Anal. Calcd for C17H16INO5: C, 46.28; H,
3.66; N, 3.17. Found: C, 47.83; H, 3.95; N, 2.95.

4.2.24. iso-Propyl a-hydroxy-a-(2-methoxy-4-nitro-
phenyl)phenylacetate 4j. White crystals, mp 104–112 8C
(heptane). 1H NMR (400 MHz, CDCl3): dZ1.19–1.3 (m,
6H), 3.97 (s, 3H), 4.44 (s, 1H), 5.14, (m, 1H), 6.91 (d, 1H,
JZ8.6 Hz), 7.37–7.47 (m, 3H), 7.68 (dd, 1H, JZ8.6,
2.2 Hz), 7.69–7.72 (m, 2H), 7.77 (d, 1H, JZ2.2 Hz). 13C
NMR (CDCl3): dZ21.39, 21.42, 55.92, 70.63, 77.92,
105.71, 115.36, 127.04, 128.2, 128.47, 130.04, 138.21,
138.64, 148.66, 157.59, 173.27. MS (EI): m/z (%)Z345
(MC, 1), 258 (100), 180 (62). Anal. Calcd for C18H19NO6:
C, 62.6; H, 5.55; N, 4.06. Found: C, 62.51; H, 5.68; N, 4.11.

4.2.25. iso-Propyl a-hydroxy-a-(3-cyano-4-nitrophenyl)
phenylacetate 4k. Colourless oil, 1H NMR (400 MHz,
CDCl3): dZ1.25 (d, 3H, JZ6.2 Hz), 1.35 (d, 3H, JZ
6.3 Hz), 4.41 (s, 1H), 5.16–5.24 (m, 1H), 7.3–7.37 (m, 2H),
7.37–7.42 (m, 3H), 7.97 (dd, 1H, JZ8.8, 2.1 Hz), 8.09 (dd,
1H, JZ2.1, 0.3 Hz), 8.27 (dd, 1H, JZ8.8, 0.4 Hz). 13C
NMR (CDCl3): dZ21.5, 21.54, 72.62, 79.88, 107.55,
114.96, 124.99, 126.55, 128.9, 129.06, 132.77, 134.73,
144.77, 147.64, 149.05, 171.5. MS (EI): m/z (%)Z340
(MC, 1), 253 (MCK 87, 100), 175 (47). Anal. Calcd for
C18H16N2O5: C, 63.52; H, 4.74; N, 8.23. Found: C, 63.43;
H, 4.96; N, 8.14.

4.2.26. iso-Propyl a-hydroxy-a-[2-(5-nitrothiophen)]
phenylacetate 4l. Colourless oil. 1H NMR (400 MHz,
CDCl3): dZ1.19 (d, 3H, JZ6.2 Hz), 1.28 (d, 3H, JZ
6.2 Hz), 4.65 (s, 1H), 5.14, (m, 1H), 6.38 (d, 1H, JZ5.6 Hz),
7.3 (d, 1H, JZ5.6 Hz), 7.38–7.45 (m, 3H), 7.66–7.69 (m,
2H). 13C NMR (CDCl3): dZ21.47, 21.52, 70.92, 126.09,
128.45, 128.77, 129.48, 131.32, 139.29, 145.56, 147.94,
171.11. MS (EI): m/z (%)Z321 (MC, 1), 234 (MCK 87,
100), 200 (25), 156 (95), 105 (20), 77 (17), 43 (22). Anal.
Calcd for C15H15NO5S: C, 56.07; H, 4.7; N, 4.36. Found: C,
55.84; H, 4.81; N, 4.23.

4.2.27. iso-Propyl a-hydroxy-a-[2-(1-nitronaphthyl)]-
phenylacetate 4m. Colourless oil. 1H NMR (400 MHz,
CDCl3): dZ1.23 (d, 3H, JZ6.4 Hz), 1.36 (d, 3H, JZ
6.2 Hz), 4.21 (s, 1H), 5.27 (m, 1H), 7.03 (d, 1H, JZ8.8 Hz),
7.4–7.46 (m, 3H), 7.51–7.55 (m, 2H), 7.56–7.66 (m, 2H),
7.78 (m, 2H), 7.86 (m, 1H). 13C NMR (CDCl3): dZ21.41,
21.59, 71.78, 80.62, 122.06, 124.7, 126.85, 127.05, 127.71,
127.75, 128.59, 128.66, 128.74, 129.34, 130.81, 133.34,
141.23, 146.16, 171.82. MS (EI): m/z (%)Z365 (MC, 2),
278 (MCK 87, 100), 200 (32), 105 (11). Anal. Calcd for
C21H19NO5: C, 69.03; H, 5.24; N, 3.83. Found: C, 69.18; H,
5.44; N, 3.63.

4.2.28. iso-Propyl 2-(2-fluoro-4-nitrophenyl)-2{4-[1-(2-
fluoro-4-nitrophenyl)-1-hydroxy-2-iso-propoxy-2-oxo-
ethyl]-phenyl}-2-phenylacetate 5c. 1H NMR Table 6, 13C
NMR, Table 7. MS (EI): m/z (%)Z561 (MCK 87, 100),
474 (MCK 2!87, 32), 306 (10), 43 (67). Anal. Calcd for
C34H30F2N2O9: C, 62.96; H, 4.66; N, 4.32. Found: C, 63.38;
H, 4.68; N, 3.95.

4.2.29. iso-Propyl 2-(2-chloro-4-nitrophenyl)-2{4-[1-(2-
chloro-4-nitrophenyl)-2-hydroxy-2-iso-propoxy-2-oxo-
ethyl]-phenyl}-2-phenylacetate 5e. 1H NMR Table 6, 13C
NMR, Table 7 MS (LSIMSC): m/zZ703 (MCC23). MS
(EI): m/z (%)Z593 (MCK 87, 100), 506 (40), 43 (35).
HRMS (EI) calcd for (M-87 (COOiPr)) C30H23

35Cl2N2O7:
593.08823. Found: 593.08804. Anal. Calcd for
C34H30Cl2N2O9: C, 59.92; H, 4.44; N, 4.11; Cl, 10.4.
Found: C, 59.67; H, 4.59; N, 4.27; Cl, 9.51.

4.2.30. iso-Propyl 2-(2-bromo-4-nitrophenyl)-2{4-[1-(2-
bromo-4-nitrophenyl)-1-hydroxy-2-iso-propoxy-2-oxo-
ethyl]phenyl}-2-phenylacetate 5g. White crystals. 1H
NMR Table 6, 13C NMR, Table 7. MS (ES) (CHCl3):
m/zZ793. MS (EI): m/z (%)Z683 (MCK 87, 100), 639
(32), 596 (40), 552 (15), 43(85). HRMS (ES) calcd for
C34H30Br2N2O9Na: 791.0210. Found: 791.0239. Anal.
Calcd for C34H30Br2N2O9: C, 53.01; H, 3.92; N, 3.64.
Found: C, 54.05; H, 4.45; N, 3.48.

4.2.31. iso-Propyl 2-(2-iodo-4-nitrophenyl)-2{4-[1-(2-
iodo-4-nitrophenyl)-1-hydroxy-2-iso-propoxy-2-oxoethyl]-
phenyl}-2-phenylacetate 5h. White powder. 1H NMR
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Table 6, 13C NMR, Table 7. MS (ES): m/z (%)Z887 (MCC
23).

4.2.32. iso-Propyl 2-(2-methoxy-4-nitrophenyl)-2{4-[1-
(2-methoxy-4-nitrophenyl)-1-hydroxy-2-iso-propoxy-2-
oxoethyl]phenyl}-2-phenylacetate 5j. Colourless oil. 1H
NMR Table 6, 13C NMR, Table 7. MS (LSIMSC): m/z
(%)Z695 (MCC23), 655, 585 (MCK 87). HRMS (ES)
calcd for C36H36N2O11Na: 695.2211. Found: 695.2231.
Anal. Calcd for C36H36N2O11: C, 64.28; H, 5.39; N, 4.16.
Found: C, 63.98; H, 5.55; N, 3.98.

4.2.33. Fluoro trimer 6c. Colourless oil. 1H NMR
(400 MHz, CDCl3): dZ1.2–1.29 (m, 18H), 4.39 (s, 1H),
5.15–5.25 (m, 3H), 6.97–7.06(m, 2H), 7.1–7.17 (m, 1H),
7.17–7.28 (m), 7.30–7.38 (m, 5H), 7.55–7.59 (m, 2H), 7.88–
8.0 (m, 6H). 13C NMR (CDCl3): dZ21.21, 21.3, 2121.16,
21.36, 21.42, 63.3, 63.54, 70.31, 70.44, 72.14, 111.12 (d,
JZ29.2 Hz), 111.29 (d, JZ28 Hz), 111.65 (d, JZ
27.53 Hz), 118.78 (d, JZ3.4 Hz), 118.85 (d, JZ3 Hz),
118.94 (d, JZ3 Hz), 126.68, 126.72, 127.96, 128.4, 129.36,
129.55, 129.77, 130.57, 130.7, 130.73, 130.84, 137.03–
137.12 (m), 137.9–137.93 (m), 138.9 (d, JZ12.8 Hz),
139.12–139.25 (m), 139.76–139.84 (m), 140.4–140.47 (m),
148.03–148.18 (m), 148.73 (d, JZ9.2 Hz), 159.3, 159.35,
159.37, 161.34, 169.37, 161.39, 170.11, 170.28, 172.3. 19F
NMR (CDCl3): dZK107.6–(K107.8) (m, 1F), K101.2–
(K101) (m, 1F), K100.95–(K101) (m, 1F). MS (EI) m/z
(%)Z876 (MCK87, 24), 789 (5), 149 (68), 43 (100).

4.2.34. Chloro trimer 6e. Colourless oil. 1H NMR
(400 MHz, CDCl3): dZ1.2–1.3 (m, 18H), 4.41 (s, 1H),
5.15–5.3 (m, 3H), 6.98–7.06 (m, 3H), 7.15–7.45 (m), 7.58–
7.65 (m, 1H), 7.93–8.08 (m, 3H), 8.25–8.29 (m, 3H). 13C
NMR (400 MHz, CDCl3): dZ21.03, 21.3, 21.36, 21.4,
21.47, 65.32, 65.57, 70.49, 70.63, 72.08, 72.11, 79.55,
79.75, 121.17, 121.24, 121.36, 125.39, 125.41, 125.51,
125.77, 126.73, 126.79, 127.95, 128.43, 129.49, 129.72,
129.99, 130.02, 130.08, 130.14, 131.38, 131.59, 131.73,
135.44, 136.65, 138.18, 139.5, 139.58, 140.02, 140.05,
140.09, 140.18, 140.22, 140.69, 140.75, 146.09, 146.13,
147.19, 147.26, 147.86, 148.78, 148.8, 148.84, 149.05,
149.09, 170.24, 170.37, 170.4, 172.36. MS (ES): m/z (%)Z
1034 (MCNa)C.

General remarks concerning spectra of compounds 6g, 6h,
6j and 6j 0: (a) denotes approximate average for a group of
slightly non-equivalent protons or carbons; (b) denotes that
no efforts were made to assign chemical shifts to individual
1H or 13C nuclei within this group; H 0 (C 0), H 00 (C 00) and H 000

(C 000) denotes that the particular protons (or carbons) belong
to subsequent aromatic rings A 0(B 0), A 00 (B 00) or A 000 (B 000),
for atom numbering see Tables 6 or 7. For additional
comments see also the main body of the text.

4.2.35. Bromo trimer 6g. Yellowish, amorphous powder
(1H and 13C NMR spectra measured in acetone-d6).

C(CH3)2 (1.25, 18 H)a, OH (5.700, 1H), H2, H2 0, H2 00 (5.12,
3H)a, H10 0, H10 00 (7.152d; 7.150d; 7.143d; 7.140d, 1H,
7.095, 1H)b, H10 (ca. 7.28, a signal hidden under aromatic
signals), Ar (7.30, 7.37, 9H)a, H13 (7.444, 2H), H12 (7.668,
2H), H9 (8.109dd, 1H), H9 0, H9 00 (8.179, 2H)a, H7 0, H7 00
(8.442, 2H)a,b, H7 (8.463d, 1H) C1, C1 0, C1 00 (21.54),
C2(71.59; 71.56), C3(172.11; 172.06), C4 (81.93),
C5(149.52), C6(124.82), C7(129.70), C8(148.54),
C9(122.60), C10 (132.18; 132.16), C11 (140.47), C12
(128.01; 127.98), C13(130.84), C14(141.92), C2 0,
C2 00(71.27, 71.13)b, C3 0, C3 00(170.99; 170.97, 170.90)b,
C4 0, C4 00(67.72; 67.70, 67.53; 67.51)b, C5 0, C5 00(151.61,
151.40)b, C6 0, C6 00(127.33), C7 0, C7 00 (129.45, 129.53)b,
C8 0, C8 00(148.00, 148.05), C9 0, C9 00(122.74, 122.80), C10 0,
C10 00(133.16, 131.10), C11 0, C11 00(141.24, 141.65)b, C12 0,
C12 00(130.53, 130.82)b, C13 0, C13 00(130.71, 129.22)b, C14 0,
(140.96; 140.91)b, C14 00 (128.64). MS (ES, negative ions:
m/zZ1170. Anal. Calcd for C51H44N3Br3O13: C, 53.42, H,
3.87; N, 3.66: Br, 20.64. Found: C, 53.2, H, 4.09; N, 3.86:
Br, 20.51.

4.2.36. Iodo trimer 6h. Yellowish, amorphous powder (1H
and 13C NMR measured in CDCl3).

C(CH3)2 (1.32, 18 H)a, OH (4.336; 4.326; 4.324; 4.322; 1H),
H2, H2 0, H2 00 (5.12, 3H)a,b, H10, H10 0, H10 00(6.96, 3H)a,b,
Ar (7.25, 7.37, 11 H)a, H12 (7.585 2H), H9 (8.055dd, 1H),
H9 0, H9 00 (8.155, 2H)a,b, H7 (8.808d, 1H), H7 0, H7 00 (8.782,
2H)a,b C1, C1 0, C1 00 (21.5)a,b, C2(72.26), C3(172.07), C4
(81.94; 81.91), C5(149.79), C6(96.51), C7(136.56),
C8(147.12), C9(122.33), C10(131.70), C11(139.05;
139.03), C12(127.04; 126.98), C13(130.52; 130.48),
C14(141.06), C2 0, C2 00(70.89; 70.86, 71.03; 70.99)b, C3 0,
C3 00(170.52, 170.48)b, C4 0, C4 00(68.92, 68.70)b, C5 0,
C5 00(153.58; 153.55, 153.31; 153.24; 153.19)b, C6 0,
C6 00(101.86, 101.80)b, C7 0, C7 00 (136.18, 136.04)b, C8 0,
C8 00(146.36, 146.28)b, C9 0, C9 00(122.25, 122.20)b, C10 0,
C10 00(131.58, 131.02)b), C11 0, C11 00(139.78, 141.06)b, C12 0,
C12 00(129.93, 130.48)b, C13 0, C13 00(129.89, 128.55)b, C14 0,
(140.67; 140.63), C14 00(128.01). MS (ES) m/zZ1310.1
(C51H44N3I3O13Na).

4.2.37. Methoxy trimer 6j. Yellowish, amorphous powder
(1H and 13C NMR measured in CDCl3) C(CH3)2 (1.19,
18H)a,b, OCH3

0–OCH3
00 (3.74, 6H)a,b, OCH3, (3.96, 3H),

OH (4.41, 1H), H2, H2 0, H2 00 (5.12, 3H)a, H10, H10 0, H10 00

(6.90, 3H)a, Ar (7.25, 11 H)a, H12 (7.58, 2H), H7, H7 0, H7 00,
H9, H9 0, H9 00 (7.72, 6H)a,b C1, C1 0, C1 00 (21.39), C2(70.71;
70.67), C3(173.13), C4 (77.88), C5(138.40; 138.31),
C6(157.62), C7(105.74), C8(148.71), C9(115.51),
C10(129.90), C11(137.16), C12(126.49; 126.42),
C13(129.90), C14(141.14), OCH3 (55.93) C2 0, C2 00(69.30,
69.21)b, C3 0, C3 00(171.15, 171.05)b, C4 0, C4 00(63.41,
63.18)b, C5 0, C5 00 (140.28, 140.33)b, C6 0, C6 00 (157.57,
157.51)b, C7 0, C7 00 (105.42,105.35)b, C8 0, C8 00(148.16,
148.09)b, C9 0, C9 00, (115.44, 115.43)b, C10 0, C10 00

(129.90)b, C11 0, C11 00(139.83), C12 0(129.61),
C12 00(129.35), C13 0 (129.53), C13 00 (127.79), C14 0

(140.78), C14 00 (127.24). MS (LSIMSC) m/z (%))Z
1022(MCC23), 982, 912 (MCK87). Anal. Calcd for
C54H53N3O16: C, 64.68; H, 5.34; N, 4.2. Found C, 64.93;
H, 5.52; N, 3.75.

4.2.38. Methoxy tetramer 6j 0. Yellowish, amorphous
powder (1H and 13C NMR measured in CDCl3) C(CH3)2

(1.19, 24 H)a,b, OCH3
0–OCH3

000 (3.74, 9H)a, OCH3, (3.95,
3H), OH (4.396; 4.390; 4.378; 4.376, 1H), H2, H2 0, H2 00,
H2 000 (5.12, 4H)a, H10-10 000 (6.90, 4H)a, Ar (7.17, 10 H)a, Ar
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(7.28 5H)a, H12 (7.58, 2H), H7-7 000 and H9-9 000 (7.72, 8H)a

C1, C1 0, C1 00, C1 000 (21.39)a,b, C2(70.70; 70.66), C3(173.10),
C4 (77.94), C5(138.49; 138.40), C6 (157.68), C7 (105.83;
105.81), C8(148.77), C9(115.51), C10(130 vs, broad),
C11(137.28), C12 (126.54; 126.46), C13(129.5),
C14(141.22; 141.17; 141.12), OCH3 (55.96) C2 0, C2 00,
C2 000 (69.31, 69.24; 69.20)b, C3 0, C3 00, C3 000 (171.14, 171.11,
171.03 broad)b, C4 0, C4 00, C4 000(63.46, 63.24; 63.23, 63.11)b,
C5 0, C5 00, C5 000(a group of the signals at 140.3)b, C6 0, C6 00,
C6 000(157.63, 157.59, 157.57)b, C7 0, C7 00, C7 000 (105.52;
105.49, 105.43; 105.40)b, C8 0, C8 00, C8 000(148.23, 148.17,
148.16)b, C9 0, C9 00, C9 000(115.45 vs, broad signal), C10 0,
C10 00, C10 000(130, vs, broad), C11 0, C11 00, C11 000(a group of
the signals at about 140)b, C12 0, C12 00, C12 000, C13 0, C13 00

(129.55, 129.38; 129.34, vs, broad signals)b, C13 000(127.80),
C14 0, C14 00 (140.86,140.41)b, C14 000(127.26). MS (ES)
m/zZ1349.4 (C72H70N4O21Na).

4.2.39. iso-Propyl a-(3-chloro-2-hydroxyphenyl)phenyl-
acetate 8d. Colourless oil. 1H NMR (500 MHz, CDCl3):
dZ1.21 (d, 3H, JZ6.3 Hz), 1.23 (d, 3H, JZ6.3 Hz), 4.87
(s, 1H), 5.07 (m, 1H), 5.66 (s, 1H), 6.94 (d, 1H, JZ8.4 Hz),
7.11 (dd, 1H, JZ8.4, 2.2 Hz), 7.25–7.35 (m, 6H). 13C NMR
(CDCl3): dZ21.59, 21.64, 56.11, 68.82, 116.16, 119.86,
127.3, 128.35, 128.64, 128.69, 129.08, 132.07, 138.48,
150.51, 171.78, MS (EI): m/z (%)Z304 (MC, 13), 217
(100), 182 (20), 136 (20), 107 (22). HRMS (EI) calcd for
C17H17

35ClO3: 304.08662. Found: 304.08594.

4.2.40. iso-Propyl a-(3-chloro-4-hydroxyphenyl)phenyl-
acetate 9d. Colourless oil. 1H NMR (400 MHz, CDCl3):
dZ1.22 (d, 3H, JZ6.3 Hz), 1.25 (d, 3H, JZ6.2 Hz), 5.1 (m,
1H), 5.24 (s, 1H), 6.37 (s, 1H), 6.78–6.83 (m, 1H), 6.99–
7.03 (m, 1H), 7.25 (dd, 1H, JZ8.3, 1.7 Hz), 7.27–7.35 (m,
5H). 13C NMR (CDCl3): dZ21.58, 21.64, 52.2, 69, 120.48,
120.76, 126.91, 127.36, 128.11, 128.53, 128.61, 137.16,
149.4, 172.37. MS (EI): m/z (%)Z304 (MC, 18), 244 (29),
217 (100), 182 (32). Anal. Calcd for C17H17ClO3: C, 67; H,
5.62; Cl, 11.63. Found: C, 66.86; H, 5.79; Cl, 11.33.

4.2.41. iso-Propyl a-(2-chloro-4-hydroxyphenyl)phenyl-
acetate 8e. White crystals, mp 133–134 8C (heptane). 1H
NMR (500 MHz, CDCl3): dZ1.2 (d, 3H, JZ6.3 Hz), 1.27
(d, 3H, JZ6.3 Hz), 5.12 (sep, 1H, JZ6.3 Hz), 5.31 (s, 1H),
6.18 (s, 1H), 6.82 (d, 1H, JZ8.6 Hz), 6.48 (dd, 1H, JZ8.6,
2.6 Hz), 6.82 (d, 1H, JZ2.6 Hz), 7.20–7.36 (m, 5H). 13C
NMR (CDCl3): dZ21.48, 21.64, 53.74, 69.34, 114.29,
116.59, 127.42, 128.33, 128.76, 128.84, 130.74, 134.37,
137.2, 155.7, 172.99. MS (EI): m/z (%)Z304 (MC, 14),
244 (25), 217 (100), 182 (19). Anal. Calcd for C17H17ClO3:
C, 67; H, 5.62; Cl, 11.63. Found: C, 66.96; H, 5.7; Cl,
11.66.

4.2.42. iso-Propyl a-(4-chloro-2-hydroxyphenyl)phenyl-
acetate 9e. Colourless oil. 1H NMR (400 MHz, CDCl3): dZ
1.29 (d, 3H, JZ6.2 Hz), 1.31 (d, 3H, JZ6.2 Hz), 5 (s, 1H),
5.14 (sep, 1H, JZ6.2 Hz), 6.86 (dd, 1H, JZ8.2, 2.2 Hz),
6.93 (d, 1H, JZ2.2 Hz), 7.03 (d, 1H, JZ8.2 Hz), 7.16–7.22
(m, 2H), 7.25–7.35 (m, 3H), 8.17 (s, 1H). 13C NMR
(CDCl3): dZ21.59, 21.63, 55.1, 70.42, 118.5, 120.74,
122.41, 127.51, 127.56, 128.76, 132.16, 134.65, 136.46,
155.94, 174.85. MS (EI): m/z (%)Z304 (MC, 18), 244 (32),
217 (100), 182 (22). HRMS (EI) calcd for C17H17

35ClO3:
304.08662. Found: 304.08801. Anal. Calcd for C17H17ClO3:
C, 67; H, 5.62; Cl, 11.63. Found: C, 66.77; H, 5.91; Cl,
11.14.

4.2.43. iso-Propyl a-(3-bromo-2-hydroxyphenyl)phenyl-
acetate 8f. Colourless oil. 1H NMR (400 MHz, CDCl3): dZ
1.2–1.25 (m, 6H), 4.87 (s, 1H), 5.01–5.13 (m, 1H), 6.94 (d,
1H, JZ8.4 Hz), 7.16 (dd, 1H, JZ8.4, 2.2 Hz), 7.26–7.36
(m, 5H), 7.42 (d, 1H, JZ2.2 Hz). 13C NMR (CDCl3): dZ
21.6, 21.65, 56.01, 68.82, 110.16, 115.98, 126.4, 127.3,
128.33, 128.65, 129.45, 132, 132.48, 138.5, 151.44, 171.76.
MS (EI): m/z (%)Z348 (MC, 13), 263 (100), 261 (99),182
(34), 152 (14), 43 (17). HRMS (EI) calcd for C17H17

79NO3:
348.03611. Found: 348.03671.

4.2.44. iso-Propyl a-(3-bromo-4-hydroxyphenyl)phenyl-
acetate 9f. Colourless oil. 1H NMR (400 MHz, CDCl3): dZ
1.22 (d, 3H, JZ6.2 Hz), 1.25 (d, 3H, JZ6.3 Hz), 5.04–5.16
(m, 1H), 5.24 (s, 1H), 6.39 (s, 1H), 6.75 (m, 1H), 7.04 (dd,
1H, JZ7.8, 1.3 Hz), 7.26–7.36 (m, 5H), 7.39 (dd, 1H, JZ8,
1.3 Hz). 13C NMR (CDCl3): dZ21.58, 21.64, 52.5, 69.02,
110.91, 121.35, 126.84, 127.36, 128.32, 128.59, 128.63,
129.33, 131.17, 137.15, 150.24, 172.42. MS (EI): m/z (%)Z
348 (MC, 16), 288 (36), 261 (100), 182 (47), 152 (21), 43
(28). HRMS (EI) calcd for C17H17

79BrO3: 348.03611. Found:
348.03571.

4.2.45. iso-Propyl a-(2-bromo-4-hydroxyphenyl)phenyl-
acetate 8g. White crystals, mp 127–128 8C (heptane). 1H
NMR (400 MHz, CDCl3): dZ1.2 (d, 3H, JZ6.4 Hz), 1.28
(d, 3H, JZ6.3 Hz), 5.13 (m, 1H), 5.31 (s, 1H), 6.15, (s, 1H),
6.54 (dd, 1H, JZ8.5, 2.6 Hz), 6.84 (d, 1H, JZ8.5 Hz), 6.95
(d, 1H, JZ2.6 Hz), 7.21–7.4 (m, 5H). 13C NMR (CDCl3):
dZ215, 21.66, 56.06, 69.28, 114.85, 119.77, 124.9, 127.39,
128.76, 128.8, 129.97, 130.86, 137.86, 137.44, 155.62,
172.83. MS (EI): m/z (%)Z348 (MC, 11), 306 (5), 288 (25),
261 (100), 182 (74), 181 (55). Anal. Calcd for C17H17BrO3:
C, 58.47; H, 4.91. Found: C, 58.6; H, 5.01.

4.2.46. iso-Propyl a-(4-bromo-2-hydroxyphenyl)phenyl-
acetate 9g. Colourless oil. 1H NMR (400 MHz, CDCl3):
dZ1.28 (d, 3H, JZ6.2 Hz), 1.31 (d, 3H, JZ6.3 Hz), 5 9s,
1H), 5.14 (m, 1H), 6.96 (d, 1H, JZ8.3 Hz), 7.01 (dd, 1H,
JZ8.6, 1.9 Hz), 7.08 (d, 1H, JZ1.9 Hz), 7.17–7.22 (m,
2H), 7.26–7.34 (m, 3H), 8.13 (s, 1H). 13C NMR (CDCl3):
dZ21.58, 21.61, 55, 70.38, 121.29, 122.46, 123.02, 123.66,
127.56, 128.75, 132.37, 136.39, 155.98, 174.71. MS (EI):
m/z (%)Z348 (MC, 22), 306 (8), 288 (26), 261 (100), 181
(22). Anal. Calcd for C17H17BrO3: C, 58.47; H, 4.91. Found:
C, 58.6; H, 4.92.

4.2.47. iso-Propyl a-(1-4-hydroxynaphthyl)phenyl-
acetate 8m. White crystals. Mp 150–152 8C (hexane/ethyl
acetate) 1H NMR (500 MHz, CDCl3): dZ1.28 (d, 3H, JZ
6.3 Hz), 1.36 (d, 3H, JZ6.2 Hz), 5.12 (s, 1H), 5.17 (m, 1H),
7.2–7.3 (m, 6H), 7.38 (d, 1H, JZ8.4 Hz), 7.45–7.5 (m, 2H),
7.75–7.79 (m, 1H), 8.31–8.36 (m, 1H), 9.21 (s, 1H). 13C
NMR (CDCl3): dZ21.63, 21.73, 56.71, 70.64, 115.93,
120.1, 122.82, 125.31, 126.53, 126.61, 127.18, 127.41,
127.45, 128.72, 129.37, 134.49, 136.91, 151.73, 175.9. MS
(EI): m/z (%)Z320 (MC, 24), 260 (43), 231 (100). HRMS
(EI) calcd for C21H20O3: 320.14124. Found: 320.14188.
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4.2.48. iso-Propyl a-(2-1-hydroxynaphthyl)phenyl-
acetate 9m. White crystals, mp 134–135 8C (hexane/ethyl
acetate) 1H NMR (400 MHz, CDCl3): dZ1.16 (d, 3H, JZ
6.3 Hz), 1.30 (d, 3H, JZ6.2 Hz), 5.03–12 (m, 1H), 5.12 (s,
1H), 6.53 (s, 1H), 7.28–7.43 (m, 6H), 7.72–7.77 (m, 2H),
8.02–8.08 (m, 1H), 8.08–8.14 (m, 1H). 13C NMR (CDCl3):
dZ21.4, 21.66, 51.59, 69.24, 126.2, 126.79, 128.15, 129,
129.16, 131.93, 131.99, 133.86, 133.96, 134.51, 136.54,
149, 170.14, 184.44, 185.02. MS (EI): m/z (%)Z320 (MC,
18), 260 (47), 231(100). HRMS (EI) calcd for C21H20O3:
320.14124. Found: 320.14076.

4.2.49. iso-Propyl a-(5-chloro-2-hydroxy)phenylacetate
9o. White crystals, mp 97–99 8C (heptane), 1H NMR
(400 MHz, CDCl3): dZ1.29 (d, 3H, JZ6.2 Hz), 1.3 (d,
3H, JZ6.3 Hz), 5.03 (s, 1H), 5.10–5.18 (m, 1H), 6.79, (d,
1H, JZ8.5 Hz), 7.07 (d, 1H, JZ2.5 Hz), 7.13 (dd, 1H, JZ
8.5, 2.5 Hz), 7.24–7.35 (m, 5H), 7.8–8.0 (bs, 1H). 13C NMR
(CDCl3): dZ21.56, 54.42, 70.1, 118.79, 125.05, 125.84,
127.56, 127.82, 128.75, 128.95, 130.48, 153.57, 174.17. MS
(ES, MeOH): m/z (%)Z327 (MCC Na). Anal. Calcd for
C17H17ClO3: C, 67.00; H, 5.62; Cl, 11.63. Found: C, 66.81;
H, 5.73; Cl, 11.87.
Supplementary data

Supplementary data associated with this article can be
found, in the online version at 10.1016/j.tet.2005.09.053
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Abstract—The synthesis of four new series of acyclic heteroaromatic receptors is described. They are built by two flexible polyether chains
functionalised at their end with pyridazinone or methylpyridazine rings and connected by pyridine or benzene units. Their ability as carriers
of lipophilic and hydrophilic phenethylamines and metallic cations has been evaluated. Transport rates show that, in general, these
compounds are much more efficient carriers of lipophilic amines than of dopamine and NaC, KC and Ca2C ions. Their transport selectivities
towards phenethylamine and homoveratrylamine are discussed on the basis of their structural features. Molecular modelling studies suggest
that interaction of the aromatic moiety of the guest with the pyridazinone rings via double p-stacking, or with the pyridine ring by single
p-stacking, should be responsible of their enhanced efficacy and selectivity in the transport of lipophilic phenethylamines.
q 2005 Elsevier Ltd. All rights reserved.
1. Introduction

b-Phenylethylamine derivatives are very interesting
molecules, which biological functions depend in part on
their hydrophilic or lipophilic character. Thus, dopamine
and norepinephrine are hydrophilic neurotransmitter
catecholamines that govern a broad range of essential
body functions and, therefore, they are considered as
important targets in therapeutic research.1,2 However, a
great number of lipophilic b-phenylethylamines such as
amphetamine, methamphetamine, and their methoxy- and/
or methylenedioxy derivatives are psychotropic drugs able
to produce a variety of undesirable neurotoxic effects.3–5 In
fact, the fast impact of methamphetamine (commonly
named speed) on brain has been related with its strong
lipophilic character.6

The combination of the impressive development of
supramolecular chemistry in recent years and the pharma-
ceutical interest of catecholamines has inspired many
research groups to prepare a wide range of artificial hosts
for dopamine and/or norepinephrine with acyclic, mono-
cyclic or bicyclic structure.7–11
0040–4020/$ - see front matter q 2005 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2005.09.069
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However, the design of receptors for the selective binding of
psychotropic drugs has received much less attention till
now.12 In this field, our research group has reported a
series of tetraester crowns containing two 3,5-disubstituted
1H-pyrazole rings, which behave as selective monotopic
hosts for amphetamine and related compounds.13,14

It is generally believed that most of the drugs with
dependence liability are able to affect dopaminergic
transmission. That accounts for the interest in developing
synthetic receptors that can mimic the selective complexa-
tion of the above-mentioned drugs in relation to dopamine
and metallic cations involved in neurotransmission
mechanism. Those compounds should be useful tools for
unravelling the complex mechanism underlying the neuro-
toxicity of amphetamines and related drugs.15

Concerning this matter, we have recently described a new
series of cyclic heteroaromatic receptors with structures
1a–c (Fig. 1), which selectively complex and transport
ammonium with respect to NaC, KC and Ca2C ions.16

Molecular modelling studies suggest that the nitrogen
atoms at the pyridine and the pyridazinone units play an
important role in the formation of the ammonium
complexes.
Tetrahedron 61 (2005) 11965–11975



Figure 1. Cyclic heteroaromatic ammonium hosts.
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Now, with the idea of increasing the ability of this type of
compounds as b-phenylethylamine receptors, we have
undertaken the synthesis of ditopic acyclic hosts of related
structure, able to simultaneously interact with the
ammonium ion by hydrogen bonding and the aromatic
ring by p-stacking, as schematised in Figure 2. It is well
known the important role that p-stacking interactions play
in stabilising host–guest complexes.17,18
Figure 2. Model for b-phenethylamines receptors.
With that goal in mind, we have prepared four series of
compounds (2–5). In the first one, a pyridine ring is used as a
connector of two flexible chains containing a variable
number of ethylenedioxy units functionalised at their end
with N-methylpyridazinone rings (2a–c, Fig. 3).
Figure 3. New series of acyclic heteroaromatic b-phenethylamines
receptors.
In order to evaluate the influence of the electronic density at
the terminal rings on the complexation, the pyridazinone
units were substituted by others of methylpyridazine (3a–c).

On the other hand, for considering the contribution of the
pyridine ring in the stabilisation of the complexes by
formation of CNH/N hydrogen bonds, we have also
prepared two additional series (4a–c and 5a–c) in which the
pyridine ring was substituted by benzene.
2. Results and discussion

2.1. Synthesis and characterisation of receptors 2–5

The synthesis of receptors 2–5 has been performed in two
consecutive steps as indicated in Scheme 1.
Scheme 1. General synthesis of the hosts.
Treatment of 3-chloro-1-methyl-6-pyridazinone (6) or
3-chloro-6-methylpyridazine (7) with the mono-sodium
salt of ethylene glycol, diethylene glycol and triethylene
glycol afforded, respectively, the precursors 8a–c and 9a–c
with yields around 80%. The reactions took place at
80–100 8C by using the corresponding glycol as the solvent.

In a second step, reaction of 8a–c or 9a–c with 2,6-
bis(bromomethyl)pyridine (2:1 molar ratio) in the presence
of sodium hydride led to, respectively, receptors 2a–c and
3a–c. Compounds 4a–c and 5a–c were obtained in a similar
way starting from 1,3-bis(bromomethyl)benzene in variable
yields (32–83%).



Table 1. 13C NMR [CD3OD, d (ppm)] chemical shifts of the most significant carbons in compounds 2–5

2a 2b 2c 3a 3b 3c 4a 4b 4c 5a 5b 5c

C4 139.2 139.1 139.1 139.2 139.1 139.1 129.5 129.4 129.4 129.5 129.4 129.4
C3,5 121.8 121.6 121.7 121.8 121.7 121.7 128.2 128.2 128.2 128.0 128.2 128.2
C2,6 160.0 159.1 159.0 159.0 159.1 159.1 139.7 139.8 139.9 139.6 139.9 139.9
C1 — — — — — — 128.2 128.2 128.3 128.5 128.3 128.4
C7 74.4 74.4 74.4 74.5 74.5 74.5 73.9 74.0 74.0 73.9 74.0 74.1
Ca 70.0 70.1 69.9 70.3 70.4 70.4 69.1 70.1 70.1 69.3 70.4 70.4
Ca 67.6 67.6 67.6 67.6 67.6 67.6 67.6 67.6 67.7 66.3 67.6 67.6
C3 0 154.6 154.7 154.5 165.3 165.3 165.3 154.6 154.7 154.7 165.1 165.3 167.8
C4 0 128.6 128.6 128.7 119.8 119.7 119.7 128.7 128.7 128.7 119.6 119.8 119.8
C5 0 133.2 133.1 133.2 132.5 132.5 132.5 133.1 133.1 133.1 132.5 132.5 132.5
C6 0 161.3 161.3 161.4 156.9 156.9 156.9 161.2 161.2 161.2 156.7 156.8 156.9
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All the compounds synthesised were purified by flash
column chromatography and isolated as pure low melting
point solids or oils.

Structures were assigned on the basis of analytical and
spectroscopic data. Molecular ions obtained from FAB or EI
techniques fit the proposed structures and agree in most
cases with the base peak, as can be seen in Section 3.

For an accurate identification of the 1H and 13C NMR
spectra signals, 2D experiments (gCOSY, gHSQC and
gHMBC) were specially useful. Interesting criteria obtained
in the signals assignment are immediately after. The 1H
NMR diazine signals are easily differentiated from those of
the pyridine and benzene rings, appearing as neat AB
systems with coupling constants in the range of 9.6–9.9 Hz.
On the contrary, pyridine protons are shown as doublets and
triplets of 2:1 relative intensities with coupling constants in
the range of 8 Hz. Finally, the benzene ring originates a
more complex pattern, with H1 (see Fig. 3 for numbering)
appearing always as the highest chemical shift for
pyridazinone derivatives or the highest chemical shift in
the benzene ring for the methylpyridazine ones.

In the 13C NMR spectra (Table 1) C6 0 is the most deshielded
signal in the pyridazinone derivatives (2 and 4), but this
feature corresponds to C3 0 in the methylpyridazine
compounds (3 and 5). The methylene groups linked to the
pyridine ring are about 0.5 ppm more deshielded than those
of the benzene ring. The more shielded methylene groups of
the polyethylene glycol units are those neighbouring the
diazine moiety.
Table 2. Transport rates (mM hK1) for alkali, alkaline earth and organic ammoni

Compound Phen Ho Do

1a 10.0 16.1 0.5
1b 13.7 9.1 0.8
1c 0.1 2.4 0.9
2a 15.3 29.5 1.2
2b 61.3 13.2 1.0
2c 46.2 11.8 0.8
3a 37.6 31.6 1.0
3b 52.0 27.4 0.9
3c 34.3 31.9 0.3
4a 4.9 16.7 1.0
4b 65.5 33.6 1.6
4c 18.9 22.1 1.4
5a 6.2 18.4 1.4
5b 6.9 18.3 2.6
5c 5.3 15.3 2.8
2.2. Ionophoric properties in relation to structural
features for receptors 2–5

We have measured the ability of compounds 2–5 as carriers
of the ammonium ion of phenethylamine (Phen) and
homoveratrylamine (Ho). Both amines have been taken as
elementary models of lipophilic psychotropic drugs
structurally related to amphetamine and their methoxy-
and/or methylenedioxy derivatives. We have also evaluated
the selectivity against the hydrophilic dopamine (Do) and
biologically significant metallic cations (NaC, KC and
Ca2C).

Transport rates have been determined by using a bulk liquid
membrane of chloroform, following a classical procedure in
which the transport process occurs by carrier mediated
facilitated diffusion along the concentration gradient of the
guest salts. (See Section 3).19,20

The results obtained for the new acyclic series 2–5 are
shown in Table 2 together with those corresponding to the
cyclic analogues 1, which had not been previously evaluated
as carriers of phenethylamine derivatives.16

It can be observed that all the compounds assayed behave as
much more efficient carriers of the lipophilic ammonium
ions than of the hydrophilic dopaminium. Moreover, they
also exhibit an excellent selectivity in relation to the
metallic ions.

As a rule, acyclic derivatives 2–4 show higher transport
rates for both phenethylamine and homoveratrylamine than
um ions through a 7!10K4 M chloroform solution of receptors 1–5

NaC KC Ca2C

4.9 2.6 1.3
6.3 6.9 4.9
3.3 4.5 2.0
1.7 1.6 0.6
1.7 0.9 0.6
6.2 6.5 5.0
1.0 3.9 0.3
1.6 4.8 1.2
3.8 7.4 2.2
1.0 0.1 0.7
1.0 2.7 0.8
4.0 2.0 2.3
2.7 2.3 0.8
4.9 1.8 1.1
3.2 2.5 5.9
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the cyclic ones with the same chain length. Furthermore, all
the 5a–c derivatives are better carriers of homoveratryl-
amine than the 1a–c series.

Concerning the relative transport efficiency of the acyclic
compounds, it should be noted than in all of them the best
phenethylamine transport values correspond to the b series
that contains diethylenedioxy units. The homoveratrylamine
transport values are more random and less dependent of the
chain length.

With the idea of performing a rational consideration of the
transport activity/structure relation, we have focused our
attention in a common structural feature: the presence of the
diethylenedioxy chain as a spacer. That selection was made
because previous molecular modelling suggested that this
chain has the most adequate length for allowing simul-
taneous interaction of the ammonium group and the
aromatic ring of the guest with the receptor. Therefore, in
the following discussion, we will refer only to the best
phenethylamine carriers 2b–5b.

When comparing the pyridazinone functionalised com-
pounds (2b and 4b) with those ones containing methyl-
pyridazine units (3b and 5b), it is shown that an increase in
the electronic density of the terminal rings leads always to
lower phenethylamine transport rates. With respect to
homoveratrylamine, this fact is also true when the connector
is the benzene ring.

Concerning the nature of the connector ring, it should be
noted that phenethylamine transport rates are scarcely
affected when the pyridine ring of 2b (vZ61.3 mMhK1) is
changed by benzene in 4b (vZ65.5 mMhK1). However,
homoveratrylamine is clearly best transported in the
presence of the benzene connector ring.(2b, vZ
13.2 mMhK1; 4b, vZ33.6 mMhK1). In contrast, compound
3b, functionalised with a pyridine connector, is a much
better carrier of both lipophilic amines than its benzene
analogue 5b.

Table 3 displays the excellent selectivity found for the
lipophilic amines against dopamine in the two pyridazinone
derivatives 2b and 4b and in the methylpyridazine
derivative 3b. Compound 5b clearly appears as the less
efficient and selective carrier (i.e., 2b is 20 times more
selective for phenethylamine with respect to dopamine than
5b).
Table 3. Selected transport rates selectivity

Compound Phen/Do Ho/Do

2b 61.3 13.2
4b 40.9 21.0
3b 57.8 30.4
5b 2.6 7.0
The lesser transport rates usually found for homoveratryl-
amine with respect to phenethylamine could be due in part
to the presence of the methoxy groups, which makes more
difficult the extraction process from the aqueous phase. The
interaction among homoveratrylamine and the water
molecules is supposedly stronger than that one of
phenethylamine.

In order to evaluate both the ammonium-receptors
interactions and the p-stacking features involved for the
most promising carriers found in this work, we have
performed molecular modelling of the phenethylamine and
homoveratrylamine complexes of ligands 2b–5b. The
additive AMBER force field has been used because it is
especially adequate for describing the complexation
processes of our ligands, since it is one of the best
methods21 in reproducing H-bonding and p-stacking
stabilisation energies. Methodology and conventions
adopted are summarised in Section 3.

Figure 4 displays the most stable conformations obtained for
the phenethylamine complexes of 2b–5b. Intermolecular
hydrogen bonds linking ligands heteroatoms with the
ammonium ion are also shown in every case.

Compounds 2b and 4b exhibit double p-stacking between
the aromatic ring of the guest and the two p-deficient
pyridazinone units, and it is shown that the three aromatic
rings are disposed in a nearly parallel way. On the other
hand, the ammonium group is hydrogen bonded to oxygen
atoms O11 and O14 belonging to one of the side chains of 2b.
The ammonium complexation in 4b takes place in a similar
way by interaction with the O8 and O14 atoms at the same
side chain of the host. It has been stated above that both 2b
and 4b are very good phenethylamine carriers. Therefore, it
seems that the pyridine ring is not playing an essential role
in the complexation with respect to the benzene unit.

In contrast, when the pyridazinone rings of 2b are
substituted by the more electron-rich methylpyridazine
units (3b), molecular modelling suggests that the guest
disposition is reversed, so that the four methylpyridazine
nitrogen atoms simultaneously interact with two hydrogen
atoms of the ammonium group, whereas only a single
p-stacking between the ring of the guest and the pyridine
unit can be observed. Bradshaw and Izatt had previously
reported that kind of aromatic interaction for the complexa-
tion of 1-naphtylethylamine with crown ethers containing a
pyridine ring.22

A similar disposition is found for the benzene ligand 5b.
Bifurcated and trifurcated hydrogen bonds with the
methylpyridazine nitrogen atoms are found for the
ammonium ion of the guest, and the interaction between
the aromatic rings of host and guest is even worse because
they are located in very unfavourable disposition for
allowing effective p-stacking. These facts account again
for the influence of that kind of interaction, since 3b and 5b
are worse phenethylamine carriers than 2b and 4b.

The complexation models of homoveratrylamine with
2b–5b (Fig. 5) follow very similar patterns to those
described above, but with some significant modifications
that could explain the transport rates differences obtained
for that amine with respect to phenethylamine.

In the 2b complex, the ammonium group exhibits single
hydrogen bonding with the pyridine heteroatom, and



Figure 4. Molecular modelling and hydrogen bonding lengths for the 2b–5b complexes with phenethylamine.
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another one bifurcated with one nitrogen of the pyridazi-
none unit and with the neighbouring oxygen. The aromatic
ring of the host remains parallel to both diazine rings, but it
is rotated about 458 with respect to the phenethylamine
complex. On the other hand, two ammonium protons are
single-linked to two oxygen atoms located at different sides
of the 4b benzene ring, and that interaction seems to favour
an orientation of the aromatic ring of the guest that is similar
to that found in the 2b and 4b phenethylamine complexes.
We think that these results could explain the higher
efficiency in homoveratrylamine transport found for 4b
with respect to 2b, confirming the predominant role of
p-stacking interactions.23

If we turn now towards the 3b and 5b homoveratrylamine
complexes, the reversion of the host–guest disposition
found for phenethylamine is also found here. In both cases
the ammonium group interacts in a bifurcate way with the
methylpyridazine nitrogen atoms and there is supplemen-
tary bonding with one oxygen at the flexible side-chain. The
main difference rests on the fact that the interaction between
the aromatic ring of the amine and another one of the host is
clearly observed in the 3b model, whereas no p-stacking is
found in the 5b complex. That is again reflected in the
transport effectiveness, since 5b is a much poorer carrier of
homoveratrylamine.

In an effort to confirm the structural differences suggested
by molecular modelling, we have selected the 1:1
phenethylamine complexes of ligands 2b and 3b and
performed more detailed NMR studies. In a first instance,
those complexes were formed in situ in a 9:1 CDCl3/
CD3OH solution and the corresponding 13C NMR spectra
were registered and compared with those obtained from the
free ligands and the amine under the same conditions. We
did not use an excess of phenethylamine because the
stoichiometry could change due to the acyclic character of
the ligands involved. A detailed consideration of the spectra
showed that the behaviour of ligands 2b and 3b against
complexation seems quite different, because shielding and
deshielding are reversed or modified in the ring moieties
after complexation. However, the chemical shifts variations
obtained are very small and not significative, as could be
expected for this kind of acyclic and flexible ligands.
Therefore, these results can only be considered as
indicative.

In search of more significative data, we performed then the



Figure 5. Molecular modelling and hydrogen bonding lengths for the 2b–5b complexes with homoveratrylamine

Figure 6. Selected ROESY correlations exhibited by the [2b]Phen and
[3b]Phen complexes.
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2D-ROESY and 2D-NOESY spectra under the same
conditions indicated above. Spectra of the free ligands
show plenty of correlations corresponding to intramolecular
NOE and ROE effects, as could be expected from the high
conformational flexibility supposed for 2b and 3b. In the
phenethylamine complexes, new intramolecular and inter-
molecular cross-peaks are found.

A more detailed study of the [2b]Phen complex allows to
determine the presence of cross-peaks between the N-Me
hydrogens at the pyridazinone ring of the ligand and those at
the aromatic moiety of phenethylamine, and also between
the methylene groups a and b with respect to the pyridine
ring (see Fig. 6) and the methylene next to the ammonium of
phenethylamine. This result are in agreement with a
disposition in which the aliphatic chain of phenethylamine
is located inside the cavity, whereas the aromatic ring points
to the outside neighbouring to the pyridazinone rings, in
accordance with the model proposed in Figure 4.

On the other hand, the [3b]Phen complex exhibits
intramolecular correlations between the C6 0-Me protons at
one of the pyridazine units of the ligand and the H4,
hydrogen of the second unit, indicating the close proximity
of both rings. Furthermore, the appearance of inter-
molecular cross-peaks between the a and b methylene
groups of the ligand and the meta hydrogens of the
phenethylamine ring is indicative that the last one is now
located inside the cavity (see Fig. 6). These data agree with
the model proposed in Figure 4. In consequence, we think
that NMR experiments reasonably support the hypothesis
suggested by molecular modelling.

In conclusion, we have prepared new series of acyclic
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receptors that behave as effective and selective carriers of
lipophilic phenethylamines, by the formation of ditopic
complexes stabilised both by p-stacking and hydrogen
bonding. Among them, the pyridazinone derivatives 2b and
4b are the most efficient and are also the compounds with
stronger interactions involving the aromatic moieties. As
proposed in our initial planning, p-stacking seems to play
an important role and rules the structure of the complexes on
the basis of the respective electronic densities of the
aromatic rings in host and guest.
3. Experimental

3.1. General

Reagents were purchased from commercial suppliers and
used without further purification unless otherwise stated.
Ligands were prepared in dry solvents under an argon
atmosphere. All the reactions were monitored using thin-
layer chromatography (TLC) on precoated aluminium
sheets of silica gel, and compounds were detected with
UV light and/or iodine chamber. Flash column chromato-
graphy was performed in the indicated solvent and
supported on silica gel (particle size 0.040–0.063 mesh).
Melting points were determined in a Gallenkamp apparatus.
1D NMR spectra (1H and 13C) were recorded at room
temperature using TMS as internal reference (chemical
shifts in d values, J in Hz) on a Bruker AC 200 or on a
VARIAN VXR300S spectrometers. Two-dimensional (2D)
spectra were recorded on a Varian Unity 500 instrument
working at 499.88 MHz (1H) and 125.71 MHz (13C).
gCOSY, gHSQC and gHMBC were acquired using standard
conditions. ROESY spectra were recorded with 300 and 500
mixing times. A total of 2!200!2048 data matrix with 64
scans per t1 value was collected. Gaussian line broadening
and a sine-bell function were used in weighting the t2 and t1
dimensions, respectively. After two-dimensional Fourier
transformations, the spectra were obtained as 2k!2k
matrices, and were phase and baseline corrected in both
dimensions. NOESY spectra resulted from 2!200!2048
data matrices with 64 scans per t1 value. The spectral data
were acquired at 298 K with 300 and 500 ms mixing times.
The time domain data were zero filled to yield 2k!2k
spectral data matrices and were processed in a similar way
to those of the 2D ROESY spectra described above.

Mass spectra were recorded by electronic impact (EI) at
70 eV, or by the fast atomic bombardment (FAB) technique
using a m-nitrobenzyl alcohol matrix. Elemental analyses
(C, H and N) were performed on a Perkin-Elmer 2400 CHN
apparatus.

3-Chloro-1-methyl-6-pyridazinone was prepared by
treatment of 3-hydroxy-1-methyl-6-pyridazinone with
phosphorus oxychloride.24

3.2. Synthesis of 3-alkoxy-1-methylpyridazin-6-ones
(8a–c)

To a solution of 7 mmol (160 mg) of sodium in excess of the
appropriate glycol (5 mL) 3.5 mmol (500 mg) of 3-chloro-
1-methyl-6-pyridazinone (6) was slowly added. The mixture
was heated to 100 8C for 1 h and excess of glycol was
removed under reduced pressure. The residue was diluted
with water (ca. 3–5 mL) and extracted with chloroform. The
crude product was purified by flash chromatography using
toluene/ethyl acetate/chloroform/methanol 1:2:1:1, v:v as
eluent.

3.2.1. 3-(2-Hydroxyethoxy)-1-methylpyridazin-6-one
(8a). Rf 0.35. Yield 68%; mp 68–70 8C. IR (KBr) n: 3400
(OH), 1675, 1600 cmK1. 1H NMR (CD3OD) d: 7.18 (1H, d,
JZ9 Hz, 4 0-H), 6.96 (1H, d, JZ9 Hz, 5 0-H), 4.23 (2H, m,
a 0-H), 3.85 (2H, m, CH2OH), 3.64 (3H, s, N–CH3). 13C
NMR (CD3OD) d: 161.3, 154.8, 133.1, 128.7, 69.8, 61.0,
40.0. MS m/z (%): 170 (26, MC), 126 (54), 98 (100). Anal.
Calcd for C7H10N2O3: C, 49.4; H, 5.9; N, 16.5. Found: C,
49.2; H, 5.8; N, 16.2.

3.2.2. 3-[2-(2-Hydroxyethoxy)-ethoxy]-1-methyl-pyrida-
zin-6-one (8b). Rf 0.46. Yield 52%; mp 88–90 8C. IR (KBr)
n: 3390 (OH), 1660, 1500 cmK1. 1H NMR (CD3OD) d: 6.97
(1H, d, JZ9 Hz, 4 0-H), 6.91 (1H, d, JZ9 Hz, 5 0-H), 4.31
(2H, m, a 0-H), 3.83 (2H, m, b 0-H), 3.64 (2H, m, g 0-H), 3.77
(2H, m, CH2OH), 3.65 (3H, s, N–CH3). 13C NMR (CD3OD)
d: 159.5, 152.4, 132.7, 126.6, 72.6, 69.1, 66.3, 61.7, 39.6.
MS m/z (%): 214 (6, MC), 126 (55), 45 (C2H5O, 100). Anal.
Calcd for C9H14N2O4: C, 50.5; H, 6.6; N, 13.1. Found: C,
50.7; H, 6.4; N, 13.1.

3.2.3. 3-{2-[2-(2-Hydroxyethoxy)-ethoxy]-ethoxy}-1-
methylpyridazin-6-one (8c). Rf 0.57. Yield 59%; mp 64–
66 8C. IR (KBr) n: 3350, 1660, 1590 cmK1. 1H NMR
(CD3OD) d: 7.0 (1H, d, JZ9 Hz, 4 0-H), 6.91 (1H, d, JZ
9 Hz, 5 0-H), 4.31 (2H, m, a 0-H), 3.83 (2H, m, b 0-H), 3.71
(2H, m, CH2OH), 3.62 (6H, m, g 0, d 0, 3 0-H), 3.64 (3H, s,
N–CH3). 13C NMR (CD3OD) d: 159.5, 152.4, 132.7, 126.7,
72.6, 70.7, 70.4, 69.2, 66.2, 61.7, 39.5. MS m/z (%): 258 (1,
MC), 126 (15), 45 (C2H5O, 100). Anal. Calcd for
C11H18N2O5: C, 51.15; H, 7.0; N, 10.85. Found: C, 50.9;
H, 7.0; N, 10.6.

3.3. Synthesis of 3-alkoxy-6-methylpyridazines (9a–c)

To a solution of 2 mmol (50 mg) of sodium in excess of the
appropriate glycol (3 mL) 1 mmol (130 mg) of 3-chloro-6-
methylpyridazine (7) was slowly added. The mixture was
heated to 100 8C for 1 h and excess of glycol was removed
under reduced pressure. The residue was diluted with water
(ca. 3 mL) and extracted with chloroform. The crude
product was purified by flash chromatography using
toluene/ethyl acetate/ethanol 1:1:0.3, v:v as eluent.

3.3.1. 3-(2-Hydroxyethoxy)-6-methylpyridazine (9a). Rf

0.33. Yield 71%; mp 71–748 C. IR (KBr) n: 3450 (OH),
1600 cmK1. 1H NMR (CD3OD) d: 7.50 (1H, d, JZ9 Hz, 5 0-
H), 7.13 (1H, d, JZ9 Hz, 4 0-H), 4.49 (2H, m, a 0-H), 3.91
(2H, m, CH2OH), 2.56 (3H, s, CH3). 13C NMR (CD3OD) d:
165.5, 156.9, 132.4, 119.8, 69.8, 61.3, 20.9. MS m/z (%):
137 (100, MCK17), 111 (33). Anal. Calcd for C7H10N2O2:
C, 54.9; H, 6.3; N, 18.2. Found: C, 55.1; H, 6.3; N, 18.4.

3.3.2. 3-[2-(2-Hydroxyethoxy)-ethoxy]-6-methyl-pyrida-
zine (9b). Rf 0.29. Yield 77%; yellow oil. IR (CHCl3) n:
3500–3100 (OH), 1610, and 1590 cmK1. 1H NMR



L. Campayo et al. / Tetrahedron 61 (2005) 11965–1197511972
(CD3OD) d: 7.50 (1H, d, JZ9 Hz, 5 0-H), 7.10 (1H, d, JZ
9 Hz, 4 0-H), 4.56 (2H, m, a 0-H), 3.87 (2H, m, b 0-H), 3.67
(2H, m, CH2OH), 3.55 (2H, m, g 0-H), 2.56 (3H, s, CH3). 13C
NMR (CD3OD) d: 165.3, 156.9, 132.5, 119.8, 73.5, 70.3,
67.6, 62.3, 20.9. MS (FAB) m/z (%) 199 (1, MHC), 181 (1,
MCK17), 137 (26), 111 (100), 110 (37). Anal. Calcd for
C9H14N2O3$0.5H2O: C, 52.2; H, 7.3; N, 13.5. Found: C,
52.2; H, 7.2; N, 13.1.

3.3.3. 3-{2-[2-(2-Hydroxyethoxy)-ethoxy]-ethoxy}-6-
methylpyridazine (9c). Rf 0.14. Yield 84%; yellow oil.
IR (CHCl3) n: 3350 (OH), 1610 cmK1. 1H NMR (CD3OD)
d: 7.50 (1H, d, JZ9 Hz, 5 0-H), 7.11 (1H, d, JZ9 Hz, 4 0-H),
4.55 (2H, m, a 0-H), 3.88 (2H, m, b 0-H), 3.70–3.50 (8H, m,
g 0, d 0, 3 0-H, and CH2OH), 2.56 (3H, s, CH3). 13C NMR
(CD3OD) d: 165.3, 156.9, 132.5, 119.8, 73.7, 71.5, 71.4,
70.4, 67.5, 62.2, 20.9. MS m/z (%) 243 (10, MHC), 225 (1,
MCK17), 137 (45), 111 (100), 110 (43). Anal. Calcd for
C11H18N2O4$0.5H2O: C, 52.6; H, 7.6; N, 11.15. Found: C,
52.7; H, 7.6; N, 10.9.

3.4. General procedure for the preparation of pyridine
receptors 2 and 3

To a suspension of 4 mmol of sodium hydride in 60 mL of
anhydrous THF a solution of 2 mmol of the appropriate
hydroxy derivative 8 or 9 in 40 mL of dry THF and a
solution of 1 mmol of 2,6-bis(bromomethyl)pyridine in
40 mL of anhydrous THF were slowly and simultaneously
added. The reaction mixture was heated at 60–70 8C for 6 h,
stirred at room temperature overnight, diluted with water,
and extracted with chloroform. Solvent was removed under
reduced pressure and the residue was chromatographed on
silicagel using as eluent a mixture of toluene/ethyl acetate/
chloroform/methanol 1:2:1:0.5, v:v.

3.4.1. 2,6-Bis[2-(1-methyl-6-oxopyridazin-3-yloxy)-
ethoxymethyl]pyridine (2a). Rf 0.54. Yield 49%; mp 89–
92 8C. IR (KBr) n: 3010, 1675 (C]O), 1595, 1255 cmK1.
1H NMR (CD3OD) d: 7.82 (1H, t, JZ8 Hz, 4-H), 7.42 (2H,
d, JZ8 Hz, 3,5-H), 7.16 (2H, d, JZ9 Hz, 4 0-H), 6.95 (2H, d,
JZ9 Hz, 5 0-H), 4.67 (4H, s, 7-H), 4.38 (4H, m, a 0-H), 3.91
(4H, m, a-H), 3.63 (6H, s, N–CH3). 13C NMR (CD3OD) d:
161.3, 160.0, 154.6, 139.2, 133.2, 128.6, 121.8, 74.4, 69.9,
67.6, 40.0. MS m/z (%) 444 (78. MHC), 153 (34), 138 (46),
107 (39). Anal. Calcd for C21H25N5O6: C, 57.0; H, 5.7; N,
15.8. Found: C, 57.0; H, 5.8; N, 15.6.

3.4.2. 2,6-Bis{2-[2-(1-methyl-6-oxopyridazin-3-yloxy)-
ethoxy]-ethoxymethyl}pyridine (2b). Rf 0.41. Yield
55%; yellow oil. IR (CHCl3) n: 3010, 1670 (C]O), 1600,
1230 cmK1. 1H NMR (CD3OD) d: 7.79 (1H, t, JZ8 Hz,
4-H), 7.42 (2H, d, JZ8 Hz, 3,5-H), 7.16 (2H, d, JZ9 Hz,
4 0-H), 6.93 (2H, d, JZ9 Hz, 5 0-H), 4.63 (4H, s, 7-H), 4.31
(4H, m, a 0-H), 3.84 (4H, m, b 0-H), 3.74 (8H, m, b and a-H),
3.63 (6H, s, N–CH3). 13C NMR (CD3OD) d: 161.3, 159.1,
154.7, 139.1, 133.1, 128.6, 121.6, 74.4, 71.7, 71.5, 70.1,
67.6, 40.0. MS (FAB) m/z (%) 532 (44, MHC), 155 (30),
139 (20). Anal. Calcd for C25H33N5O8$H2O: C, 54.6; H,
6.4; N, 12.7. Found: C, 54.85; H, 6.2; N, 12.4.

3.4.3. 2,6-Bis(2-{2-[2-(1-methyl-6-oxopyridazin-3-yloxy)-
ethoxy]-ethoxy}-ethoxymethyl)pyridine (2c). Rf 0.33.
Yield 37%; yellow oil. IR (CHCl3) n: 3060, 1665 (C]O),
1590, 1265 cmK1. 1H NMR (CDCl3) d: 7.69 (1H, t, JZ
8 Hz, 4-H), 7.37 (2H, d, JZ8 Hz, 3,5-H), 6.95 (2H, d, JZ
9 Hz, 4 0-H), 6.88 (2H, d, JZ9 Hz, 5 0-H), 4.67 (4H, s, 7-H),
4.29 (4H, m, a 0-H), 3.83 (4H, m, b 0-H), 3.72 (16H, m, g 0, g,
b, and a-H), 3.64 (6H, s, N–CH3). 13C NMR (CDCl3) d:
159.4, 158.0, 152.4, 137.4, 132.6, 126.7, 120.4, 74.1, 70.8,
70.7, 70.4, 69.3, 66.3, 39.6. MS m/z (%) 620 (5, MHC), 619
(10, MC); 125 (7). Anal. Calcd for C29H41N5O10$H2O: C,
54.6; H, 6.75; N, 11.0. Found: 54.8; H, 6.7; N, 10.9.

3.4.4. 2,6-Bis[2-(6-methylpyridazin-3-yloxy)-ethoxy-
methyl]pyridine (3a). Rf 0.22. Yield 74%; pale yellow
oil. IR (CHCl3) n: 3010, 1610, 1445, 1220, 1050 cmK1. 1H
NMR (CD3OD) d: 7.80 (1H, t, JZ8 Hz, 4-H), 7.50 (2H, d,
JZ9 Hz, 5 0-H), 7.42 (2H, d, JZ8 Hz, 3,5-H), 7.11 (2H, d,
JZ9 Hz, 4 0-H), 4.67 (4H, s, 7-H), 4.62 (4H, m, a 0-H), 3.96
(4H, m, a-H), 2.56 (6H, s, CH3). 13C NMR (CD3OD) d:
165.3, 159.0, 156.9, 139.2, 132.5, 121.8, 119.8, 74.5, 70.3,
67.6, 20.9. MS (FAB) m/z (%) 412 (82, MHC), 302 (64),
153 (15), 137 (100), 121 (20), 105 (18). Anal. Calcd for
C21H25N5O4: C, 61.25; H, 6.1; N, 17.0. Found: C, 61.0; H,
6.2; N, 16.7.

3.4.5. 2,6-Bis{2-[2-(6-methylpyridazin-3-yloxy)- ethoxy]-
ethoxymethyl}pyridine (3b). Rf 0.40. Yield 29%; yellow
oil. IR (CHCl3) n: 3020, 1605, 1450, 1220, 1050 cmK1. 1H
NMR (CD3OD) d: 7.77 (1H, t, JZ8 Hz, 4-H), 7.47 (2H, d,
JZ9 Hz, 5 0-H), 7.42 (2H, d, JZ8 Hz, 3,5-H), 7.08 (2H, d,
JZ9 Hz, 4 0-H), 4.62 (4H, s, 7-H), 4.56 (4H, m, a 0-H), 3.96
(4H, m, b 0-H), 3.75 (8H, m, b and a-H), 2.55 (6H, s, CH3).
13C NMR (CD3OD) d: 165.3, 159.1, 156.9, 139.1, 132.5,
121.6, 119.7, 74.5, 71.7, 71.5, 70.4, 67.6, 20.9. MS (FAB)
m/z (%) 500 (100, MHC), 499 (6, MC), 153 (8), 137 (61),
121 (12), 105 (13). Anal. Calcd for C25H33N5O6$H2O: C,
58.0; H, 6.2; N, 12.7. Found: C, 58.0; H, 6.7; N, 12.5.

3.4.6. 2,6-Bis(2-{2-[2-(6-methylpyridazin-3-yloxy)-
ethoxy]-ethoxy}-ethoxymethyl)pyridine (3c). Rf 0.16.
Yield 39%; yellow oil. IR (CHCl3) n: 3020, 1605, 1450,
1220, 1050 cmK1. 1H NMR (CD3OD) d: 7.79 (1H, t, JZ
8 Hz, 4-H), 7.48 (2H, d, JZ9 Hz, 5 0-H), 7.43 (2H, d, JZ
8 Hz, 3,5-H), 7.07 (2H, d, JZ9 Hz, 4 0-H), 4.61 (4H, s, 7-H),
4.55 (4H, m, a 0-H), 3.88 (4H, m, b 0-H), 3.71-3.66 (16H, m,
g 0, g, b, and a-H), 2.55 (6H, s, CH3). 13C NMR (CD3OD) d:
165.3, 159.1, 156.9, 139.1, 132.5, 121.7, 119.7, 74.5, 71.7,
71.5, 70.4, 67.6, 20.9. MS (FAB) m/z (%) 588 (100, MHC),
587 (7, MC), 153 (10), 137 (72), 121 (16), 105 (13). Anal.
Calcd for C29H41N5O8$H2O: C, 57.5; H, 7.1; N, 11.6.
Found: C, 57.4; H, 7.1; N, 11.2.

3.5. General procedure for the preparation of benzene
receptors 4 and 5

To a suspension of 3 mmol of sodium hydride in 20 mL of
anhydrous THF a solution of 2 mmol of the appropriate
hydroxy derivative in 25 mL of dry THF and a solution of
1 mmol of 1,3-bis(bromomethyl)benzene in 25 mL of
anhydrous THF were slowly and simultaneously added.
The reaction mixture was heated at 65–70 8C for 6 h, stirred
at room temperature overnight, diluted with water, and
extracted with chloroform. Solvent was removed under
reduced pressure and the residue was chromatographed on
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silicagel using as eluent a mixture of toluene/ethyl acetate/
ethanol 2:1:0.5, v:v.

3.5.1. 1,3-Bis[2-(1-methyl-6-oxopyridazin-3-yloxy)-
ethoxymethyl]benzene (4a). Rf 0.63. Yield 29%; yellow
oil. IR (CHCl3) n: 3060, 1670, 1590, 1265, 1110 cmK1. 1H
NMR (CD3OD) d: 7.35 (1H, s, 1-H), 7.34–7.27 (3H, m,
3,4,5-H), 7.13 (2H, d, JZ9 Hz, 4 0-H), 6.93 (2H, d, JZ9 Hz,
5 0-H), 4.58 (4H, s, 7-H), 4.31 (4H, m, a 0-H), 3.81 (4H, m,
a-H), 3.60 (6H, s, N–CH3). 13C NMR (CD3OD) d: 161.3,
154.7, 139.7, 133.1, 129.5, 128.7, 128.2, 128.1, 73.9, 69.1,
67.6, 40.0. MS (FAB) m/z (%) 443 (100, MHC), 289 (29),
153 (77), 136 (56), 120 (16), 104 (21). Anal. Calcd for
C22H26N4O6$0.5H2O: C, 58.5; H, 6.0; N, 12.4. Found: C,
58.2; H, 6.2; N, 11.8.

3.5.2. 1,3-Bis{2-[2-(1-methyl-6-oxopyridazin-3-yloxy)-
ethoxy]-ethoxymethyl}benzene (4b). Rf 0.56. Yield 32%;
colourless oil. IR (CHCl3) n: 3070, 1670 (C]O), 1550;
1270, 1110 cmK1. 1H NMR (CD3OD) d: 7.34 (1H, s, 1-H),
7.30–7.26 (3H, m, 3,4,5-H), 7.13 (2H, d, JZ9 Hz, 4 0-H),
6.93 (2H, d, JZ9 Hz, 5 0-H), 4.54 (4H, s, 7-H), 4.30 (4H, m,
a 0-H), 3.82 (4H, m, b 0-H), 3.71 (4H, m, a-H), 3.64 (4H, m,
b-H), 3.62 (6H, s, N–CH3). 13C NMR (CD3OD) d: 161.3,
154.7, 139.8, 133.1, 129.4, 128.7, 128.2, 128.1, 74.0, 71.7,
70.7, 70.1, 67.6, 40.0. MS (FAB) m/z (%) 531 (MHC, 27%),
154 (100), 136 (77), 120 (16), 104 (11). Anal. Calcd for
C26H34N4O8$H2O: C, 56.9; H, 6.6; N, 10.2. Found: C, 57.2;
H, 6.6; N, 10.3.

3.5.3. 1,3-Bis(2-{2-[2-(1-methyl-6-oxopyridazin-3-yloxy)-
ethoxy]-ethoxy}-ethoxymethyl)benzene (4c). Rf 0.51.
Yield 64%; colourless oil. IR (CHCl3) n: 3080, 1670
(C]O), 1550; 1270, 1110 cmK1. 1H NMR (CD3OD) d:
7.34 (1H, s, 1-H), 7.31–7.26 (3H, m, 3,4,5-H), 7.14 (2H, d,
JZ9 Hz, 4 0-H), 6.93 (2H, d, JZ9 Hz, 5 0-H), 4.54 (4H, s,
7-H), 4.28 (4H, m, a 0-H), 3.81 (4H, m, b 0-H), 3.66–3.55
(16H, m, g 0, g, b, and a-H), 3.62 (6H, s, N–CH3). 13C NMR
(CD3OD) d: 161.3, 154.7, 139.9, 133.1, 129.4, 128.7, 128.3,
128.2, 74.0, 71.7, 70.7, 70.1, 67.7, 40.0. MS (FAB) m/z (%)
619 (27, MHC), 361 (10), 154 (100), 136 (80), 120 (16).
Anal. Calcd for C30H42N4O10$H2O: C, 56.6; H, 6.9; N, 8.8.
Found: C, 56.3; H, 6.9; N, 8.7.

3.5.4. 1,3-Bis[2-(6-methylpyridazin-3-yloxy)-ethoxy-
methyl]benzene (5a). Rf 0.39. Yield 55%; yellow oil. IR
(CHCl3) n: 1600, 1550, 1270, 1040 cmK1. 1H NMR
(CD3OD) d: 7.40 (2H, d, JZ9 Hz, 5 0-H), 7.36 (1H, s,
1-H), 7.27 (3H, m, 3, 4, 5-H), 7.09 (2H, d, JZ9 Hz, 4 0-H),
4.57 (4H, s, 7-H), 4.55 (4H, m, a 0-H), 3.84 (4H, m, a-H),
2.53 (6H, s, CH3). 13C NMR (CD3OD) d: 165.1, 156.7,
139.6, 132.5, 129.3, 128.5, 128.0 119.8, 73.9, 69.3, 66.3,
20.7. MS (FAB) m/z (%) 411 (2, MHC), 273 (100), 153 (2),
137 (29), 110 (60). Anal. Calcd for C22H26N4O4$0.5H2O: C,
63.0; H, 6.4; N, 13.4. Found: C, 62.7; H, 6.55; N, 14.1.

3.5.5. 1,3-Bis{2-[2-(6-methylpyridazin-3-yloxy)- ethoxy]-
ethoxymethyl}benzene (5b). Rf 0.27. Yield 56%; colour-
less oil. IR (CHCl3) n: 1600, 1460, 1215 cmK1. 1H NMR
(CD3OD) d: 7.46 (2H, d, JZ9 Hz, 5 0-H), 7.32 (1H, s, 1-H),
7.17 (3H, m, 3, 4, 5-H), 7.07 (2H, d, JZ9 Hz, 4 0-H), 4.52
(4H, s, 7-H), 4.57 (4H, m, a 0-H), 3.86 (4H, m, b 0-H), 3.68
(8H, m, b and a-H), 2.43 (6H, s, CH3). 13C NMR (CD3OD)
d: 165.3, 156.8, 139.9, 132.5, 129.4, 128.4, 128.2, 119.8,
74.0, 71.7, 70.7, 70.4, 67.6, 20.9. MS (FAB) m/z (%) 499
(100, MHC), 317 (28), 301 (308), 153 (3), 137 (30), 111
(57). Anal. Calcd for C26H34N4O6$H2O: C, 60.45; H, 7.0; N,
10.85. Found: C, 60.35; H, 6.85; N, 10.7.

3.5.6. 1,3-Bis(2-{2-[2-(6-methylpyridazin-3-yloxy)-
ethoxy]-ethoxy}-ethoxymethyl)benzene (5c). Rf 0.25.
Yield 75%; colourless oil. IR (CHCl3) n: 1600, 1460,
1215, 1100 cmK1. 1H NMR (CD3OD) d: 7.44 (2H, d, JZ
9 Hz, 5 0-H), 7.36 (1H, s, 1-H), 7.22 (3H, m, 3, 4, 5-H), 7.06
(2H, d, JZ9 Hz, 4 0-H), 4.52 (4H, s, 7-H), 4.56 (4H, m, a 0-
H), 3.86 (4H, m, b 0-H), 3.66 (16H, m, g 0, g, b, and a-H),
2.54 (6H, s, CH3). 13C NMR (CD3OD) d: 167.8, 156.9,
139.9, 132.5, 129.4, 128.4, 128.2, 119.8, 74.1, 71.7, 70.7,
70.4, 67.6, 20.9. MS (FAB) m/z (%) 587 (91, MHC), 361
(37), 345 (27), 153 (9), 137 (63), 111 (100). Anal. Calcd for
C30H42N4O8$H2O: C, 59.6; H, 7.3; N, 9.3. Found: C, 59.25;
H, 7.4; N, 9.6.

3.6. Transport rates measurement

Transport experiments were performed at room temperature
following a known procedure19,20 in a U-tube (9 mm, id).
The membrane phase (3 mL of chloroform, Uvasol, Merck),
in which the carrier is dissolved (7!10K4 mol LK1), lay
below and bridged the two aqueous phases. The first
aqueous phase (1 mL) contains 5!10K5 mol LK1 of
LiOH, 10K1 mol LK1 of alkali or ammonium nitrate, and
2!10K3 mol LK1 of the corresponding alkali or
ammonium picrate. The second aqueous phase contains
1 mL of deionized water. The membrane phase is slowly
and constantly stirred by a magnetic bar. The picrate
concentration in the second aqueous phase, monitored
spectroscopically by UV (lZ355 mm), was confirmed to
increase linearly with running time (!12 h) and the initial
transport rates were calculated. In each case, a similar
experiment was carried out in the absence of carrier. The
values indicated in Table 3 were estimated from the
differences in the transport rates of carrier-containing
systems and blank systems (no carrier present). Dibenzo
[18]crown-6 was taken as reference ligand, and it showed
the following transport rates (mM hK1): NaC22.5;
KC198.2; Ca2C2.4; Phen 39.2; Ho 22.3; Do 3.1.

3.7. Molecular modelling

Molecular modelling studies were carried out using the
AMBER25 method implemented in the Hyperchem pack-
age.26 The required parameters were extracted from the
lit.16,27

Ions are not separated far away and nor solvated in
chloroform. Consequently, there is the need to use counter-
ions. We have used the chloride anion in our calculations to
mimic the picrate anion, as Wang et al.28 used it and claimed
that the cavities sizes of the hosts should not strongly
depend on the anions used in the simulations, although the
strength of interaction of the picrate anion with the
environment is lesser than that of the chloride anion. In
the absence of explicit solvent molecules, a constant
dielectric factor qualitatively simulates the chloroform
environment, as it is considered that intermolecular
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electrostatic interactions should not die off fast with the
distance, since chloroform has a low dielectric constant.

In all cases, geometries were minimized to a maximum
energy gradient of 0.1 Kcal/Å mol using the Polak-Ribiere
algorithm, and simulated annealing procedure was used to
cover all conformational space running molecular dynamics
at 400 K, with equilibration for 10 ps, followed by
simulation for 45 ps with a time step of 1 fs. Trajectory
frames were collected every 100 steps. A set of trajectory
frames were selected on the basis of potential energy, with
DE!5 kcal/mol. These selected trajectory frames were
minimized until rms of 0.1 kcal/Å mol. To optimise host-
guest interactions the amine hydrochloride was moved and
docked into the cavity of the ligand, taking into account the
structures showing stabilising interactions, such as hydro-
gen bonding or p-stacking, and also the conformational
preferences of 2-phenylethylamines.29 Three main approxi-
mation ways were chosen: the ammonium cationic head, the
aromatic framework, and the ‘collapsed’ conformation.
After that, the energy of the complex was minimized with
no restrains.
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Abstract—We describe the synthesis of novel C4-linked imidazole ribonucleoside phosphoramidite (PA) 1a by which the imidazole moiety
is incorporated into VS ribozyme to study its role in general acid and base catalysis. Investigation of protecting groups for the imidazole-N
first indicated that pivaloyloxymethyl (POM) was adequate as an N-protecting group for the imidazole nucleoside, which could be readily
removed under mild basic conditions. Further, the synthetic method was extended to synthesis of 2 0-deoxy- and 2 0-O-allyl nucleoside PAs 1b
and 1c.
q 2005 Elsevier Ltd. All rights reserved.
1. Introduction

The VS ribozyme is the largest of a group of nucleolytic
ribozymes that include hammerhead, hairpin, and HDV
ribozymes, and catalyzes the site-specific cleavage of a
phosphodiester linkage to generate products containing 2 0,
3 0-cyclic phosphate and 5 0-OH termini.1 We recently
indicated that the A730 loop of VS ribozyme was an
important component of the active site in general acid and
base catalysis (Fig. 1).2 In particular, the adenine (A756) in
the A730 loop is a critical base in the cleavage,3 because
sequence variants at the position 756 are especially
impaired in the cleavage and ligation activity. In these
studies, we have used a trans-acting VS ribozyme, where a
three-piece ribozyme-substrate system was used, as
illustrated in Figure 1.

Been and co-workers previously reported a phenomenon
called ‘imidazole rescue’: cleavage activity of the uracil-
substituted mutant (aC76U) at the active site in HDV
antigenomic ribozyme could be restored by addition of
exogeneous imidazole.4 This is probably due to rare
circumstances in which the active site region of HDV is
quite open to the solvent. By contrast, in the case of A756G
Tetrahedron 61 (2005) 11976–11985
0040–4020/$ - see front matter q 2005 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2005.09.063

Figure 1. Schematic of a substrate and VS ribozyme, with helices
numbered and the cleavage position arrowed. The trans-acting VS
ribozyme was used in our studies where the substrate and ribozyme were
separated. The A730 loop is boxed.
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Figure 2. Incorporation of the imidazole into A756 of VS ribozyme using phosphoramidite 1a.
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or A756 abasic variants of VS ribozyme, addition of
imidazole in the medium failed to restore the activity,
possibly due to the fact that the active site is buried in a cliff
between stem I and IV, therefore preventing free imidazole
entering the active site.3

From these results, we have developed a new chemical
strategy for determining the role of acid–base catalysis in a
ribozyme function, in which C4-linked imidazole was
placed into A756 of VS ribozyme covalently as a
pseudonucleobase (Fig. 2).5 In this study, a novel C4-linked
imidazole ribonucleoside phosphoramide (PA) 1a was
subjected to a tBDMS approach of RNA automatic
synthesis to provide an imidazole-substituted VS ribozyme
(A756 Imz) in an average 99% coupling yield. The A756
Imz catalyzed the almost-complete cleavage of a substrate
stem-loop at the correct position. Although the rate is slow
(KobsZ0.01 minK1), it was comparable to that of the uracil-
substituted HDV ribozyme in the presence of exogeneous
imidazole.4 The result powerfully supported a direct role of
the nucleobase at position 756 in the chemistry of natural
VS ribozyme.5
Figure 3. Novel C4-linked imidazole ribonucleoside PAs.
We herein describe the chemical synthesis of the imidazole
ribonucleoside PA 1a,6 which is a crucial building block in
the construction of the imidazole-containing oligonucleo-
tides, starting from 4(5)-2,3,5-tri-O-benzyl-b-ribofuranosyl-
imidazole 2.7 The key feature of the synthesis is the use of
the pivaloyloxymethyl (POM) group as an efficient
N-protecting group of imidazole. In connection with this
study, 2 0-deoxy-3 0-O-PA 1b and 2 0-O-allylribonucleoside-
3 0-O-PA 1c were synthesized, since removal of the
2 0-hydroxy group from the ribose of A756 led to a small
(10-fold slower) reduction in the rate of cleavage.3 (Fig. 3)
2. Results and discussion
2.1. An adequate protecting group for imidazole-N in the
RNA synthesis

We reported an efficient and stereoselective synthesis of tri-
O-benzyl-b-ribofuranosylimidazole 2, 4(5)-b-D-ribofurano-
sylimidazole 3a, its Nim-ethoxycarbonyl compound 3b,
which were useful intermediates to supply related nucleo-
sides.7,8 First, 5 0-O-dimethoxytritylation of non-protected
or Nim-ethoxycarbonylated imidazole C-nucleosides (ICNs)
3a or 3b was attempted according to the ordinary PA
synthesis.9 Although the ethoxycarbonyl group of imida-
zole-N could be removed by aqueous ammonia,7b

dimethoxytritylation of 3a or 3b failed to give the desired
compounds (Scheme 1). Instability of 5 0-O-dimethoxytrityl
(DMT) products seems responsible for the failure, but the
result emphasized the need for a suitable protecting group of
imidazole-N.



Scheme 1. Attempted direct tritylation of 3a and 3b.

L. Araki et al. / Tetrahedron 61 (2005) 11976–1198511978
Bergstrom et al.10 previously reported the synthesis of 2 0-
deoxy-b-ribofuranosylimidazole with p-nitrophenylethyl
(PNPE)11 as a protecting group at imidazole-N. They
described that PNPE could be removed by treatment with
DBU, but they did not give any experimental details. We
thus examined whether the PNPE group at the imidazole-N
could be easily removed by DBU in the ribo-situation. As a
nitro group could be reduced under debenzylation-condition
such as catalytic hydrogenation, we assumed a protecting
group, p-trifluoromethylphenylethyl group, which could be
stable under such reductive conditions. Reaction of
tribenzyl compound 2 with PNPE bromide afforded
PNPE-protected ICN 4a (86%) as an 8:1 isomeric mixture
at the Nim position (Scheme 2). Treatment of 4a with DBU
(5 equiv) in acetonitrile at room temperature (rt) did not
remove the PNPE group, but prolonged refluxing (20 h) of
the reaction mixture gave 2 in only 22% yield. These results
indicated that the PNPE group was not appropriate for
protection of imidazole-N in the RNA synthesis. p-Tri-
fluoromethylphenylethyl-protected ICN 4b (36%) was
similarly obtained from 2, but reaction of 4b with DBU
was ineffective.

We envisaged the indispensable factors as a protecting
group for imidazole-N in RNA synthesis by the tBDMS
approach: (1) The factor, which might contribute to the
Scheme 2. Attempted imidazole N-protection and deprotection.

Table 1. Preparation of imidazole N-protected nucleosides

Entry Reaction condition (equiv, h) 5 (%) 5 to 2
(%)

1 p-CH3OC6H4COCl (1.1), iPr2NEt, pyridine, 1.5 5a, 74 73
2 Cl3CCH2OCOCl (1.1), DMAP, benzene, 4 5b, 89 89
3 (CH3)3CCO2CH2Cl (1.5), NaH, THF, 3 5c, 94 92
stability of the synthetic intermediates in the whole process
via the building block 1a from 2. (2) The factor, which
should be compatible with the deprotection-condition [28%
aqueous ammonia–ethanol (3/1, v/v)] at the end of the solid-
phase RNA synthesis by the tBDMS–phosphoramidite
approach. (3) The factor, which could be tolerated under
the debenzylation-condition of 2 0,3 0,5 0-tri-O-benzyl-N-pro-
tected ICNs 5.7b (4) Further, the factor which might increase
the lipophilicity of imidazole, which facilitated the
extraction and isolation of each synthetic intermediate.
We investigated the protecting group from the viewpoint of
the factors (2) and (3), and focused our attention on
p-anisoyl (An),12 2,2,2-trichloroethoxycarbonyl (Troc),13

and the POM groups14 as candidates. They were introduced
into the imidazole-N of 2 via the corresponding chlorides to
give 5a (74%), 5b (89%), and 5c (94%) as single isomers
(Table 1). The location of the protecting groups was
tentatively assigned to be t-nitrogen because N-acylation of
the imidazole ring occurs regioselectively on the less-
hindered t-nitrogen.15 The substituents on the imidazole-N
could be readily removed to give back 2 by aqueous
ammonia–MeOH (1/3, v/v) at rt after 3 h in 73–92% yields.

Next, the protected imidazoles 5a–c were evaluated under
catalytic debenzylation as shown in Table 2. Hydro-
genolysis of 5a (An) or 5b (Troc) over Pd–C cleaved their
Nim-substituted groups as well as benzyl groups to give a
non-protected imidazole C-nucleoside 3a (R1, R2, R3ZH,
quant) (Table 2, entries 1 and 2). However, POM-protected
imidazole 5c interestingly maintained the POM group under
the reduction conditions to give partial debenzylated
products 6 and 7 (Table 2, entry 3). Further, treatment of
5c with Pd(OH)2–C/cyclohexene in refluxing ethanol
produced N-POM–ICN 8 in quantitative yield. Accordingly,
the POM group satisfied the factors (2) and (3) required for
the protecting group of imidazole-N.

Zaramella and co-workers recently reported a convenient
method for positioning of the imidazole-protecting group, in
which 1H–15N heteronuclear multiple bond correlation
(HMBC) in the NMR method was used for several histidine
derivatives.16 We then applied the method to 8 to determine
the location of the POM group at the t-nitrogen: a
1H(C1 0)/15N(p) cross-peak could clearly be seen in
1H–15N HMBC signals [d (ppm) 15N (t) 176.1, 15N (p)
247.1, and 1H (C1 0) 4.66] (Scheme 3), since the signal of the
substituted imidazole-N always appeared at lower chemical
shift (d) than that of the unsubstituted one.

The utility of the POM group may be pointed out in RNA



Scheme 3. Preparation of imidazole PA 1a. Reagents and conditions: (a) DMTCI, Et3N, cat. DMAP, pyridine; (b) TBDMSOTf, pryidine, K40 8C, MS 4 Å; (c)
(iPr2N)2POCH2CH2CN, 4,5-DCl, ClCH2CH2Cl, 40 8C, 15 h.

Table 2. Catalytic debenzylation of N-protected imidazoles

Entry Reaction conditions Product Yield (%)

1 5a (An), H2/10% Pd–C (3 kg/cm2), 16 h 3a, R1, R2, R3ZH Quant
2 5b (Troc), H2/5% Pd–C (1 kg/cm2), 6 h 3a, R1, R2, R3ZH Quant
3 5c (POM), H2/10% Pd–C (3 kg/cm2), 16 h 6, R1ZPOM, R2, R3ZBn 22

7, R1ZPOM, R2ZH, R3ZBn or R1ZPOM, R2ZBn, R3ZH 33
4 5c (POM), 20% Pd(OH)2–C, cyclohexene,

reflux, 3 h
8, R1ZPOM, R2, R3ZH Quant
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automatic synthesis: (1) In the capping step, the unreacted
5 0-hydroxy group is acetylated with acetic anhydride to
prevent the growing oligonucleotide chain with a nucleoside
deletion,9 whereas activated Nim-carbonyl groups (as in
5a,b) may be susceptible to potential exchange-reactions at
this stage, leading to complexities. (2) Base-protecting
groups are conventionally removed in the final step of RNA
synthesis by an ammonia and ethanol mixture [28%
aqueous NH3–EtOH (3/1, v/v)] at 60 8C for 16 h. As the
POM group can be removed under faster and milder
conditions, it is particularly attractive to sensitive RNA such
as Cy5 labelled RNA where deprotection is recommended at
rt to minimize the destruction of cyanine dye. Obviously,
the very mild conditions require other bases to be protected
with more labile groups such as PAC or TAC for RNA
monomers A, G, and C. Hence, the N-POM group is the
most suitable and practical protecting group for the
imidazole RNA.
2.2. Synthesis of imidazole ribonucleoside PA 1a

5 0-O-DMT-2 0-O-tert-butyldimethylsilyl(TBDMS)-3 0-O-
cyanoethyldiisopropylphosphoramidite 1a was synthesized
in three steps from the N-POM-imidazole 8 (Scheme 3).
After DM-tritylation of 8, 5 0-O-DMT-ribonucleoside 9
(80%) was isolated immediately through a basic silica gel
bed, because the DMT group of 9 was removed by neutral or
standard silica gel chromatography. In this note, the basic
silica gel was used for the purification and isolation of the
labile compounds containing the DMT group. Although the
silylation reaction of the 2 0-hydroxy group can be controlled
to some extent by using AgNO3 as an additive,17 silylation
of 9 with TBDMSCl did not proceed in the presence of
AgNO3 and pyridine in THF. On the other hand, treatment
of 9 with TBDMSOTf in pyridine led to an inseparable 1:1
mixture 10ab (52%) of 2 0-O-TBDMS and 3 0-O-TBDMS
isomers, together with a 2 0,3 0-bis-O-substituted derivative



Figure 4. The NOESY experiments of phosphoramidities 1a and 12.
Arrows indicate interactions between sets of two protons.
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11 (17%). Unfortunately, since the TBDMS group readily
migrated between the 2 0- and the 3 0-hydroxy function, the
desired 2 0-protected ribonucleoside 10a was not separated
as a stable compound.18 Thus, the mixture 10ab was
subjected to phosphitylation. Treatment of 10ab with
2-cyanoethyl N,N,N 0,N 0-tetraisopropylphosphodiamidite in
the presence of diisopropylammonium tetrazolide (DIPT) in
dichloromethane at rt (90 h) generated 3 0- and 2 0-phosphor-
amidites 1a and 12 in low yields. Alternatively, use of 4,5-
Scheme 4. Preparation of imidazole PA 1b. Reagents and conditions: (a) NaH,
cyclohexene, EtOH, reflux, 3 h; (d) DMTCl$Et3N, DMAP (cat.), py, rt; (e) (iPr2N

Scheme 5. Preparation of imidazole 20-allyl ribonucleoside PA 1c. Reagents and
ethyl carbonate, Pd2(dba)3, Ph3P, reflux, 15 h; (d) HF, TMEDA, 0 8C then rt, 2.5 h
5-DCl, rt, 24 h.
dicyanoimidazole (DCI) as an activator and heating at 40 8C
for 15 h in 1,2-dichloroethane improved the reaction to
provide 1a and 12 in the range of 49–31 and 25% yields,
respectively. Since the final phosphoramidite 1a was
decomposed on a standard TLC plate (Merck 60 F254), the
purification of the crude product was not straightforward.
However, further efforts clarified that the phosphoramidite
1a could be purified by a basic preparative TLC plate.

The stereochemical assignment of phosphoramidites 1a and
12 was indicated by the observation of an NOESY between
the C1 0 and Si-Me protons of 1a, as illustrated in Figure 4,
while NOE enhancement between C1 0 and NCHMe2

protons in 12 was observed. It was further supported
by observation of a 31P–1H (C3 0) coupling constant
[3JP–H(C3 0)Z13.4 Hz] with the aid of the 31P-decoupled 1H
NMR spectrum of 1a [31P NMR: d 148.9 ppm (CD3CN) as a
singlet-like peak for two P-diastereoisomers]. Although MS
measurement of PAs has been problematic owing to their
labile properties, we have very recently found that the
accurate molecular weight (MW) of PAs may be generally
POMCl, rt; (b) 28% NH3–MeOH (1/4, v/v), rt, 3 h; (c) 20% Pd(OH)2–C,
)2POCH2CH2CN, DIPT, 40 8C, 46 h.

condition: (a) Table 2, entry 4; (b) TIPDSCl2, 0 8C then py, rt, 3 h; (c) allyl
; (e) DMTCl, Et3N, DMAP (cat.), py, rt, 19 h; (f) (iPr2N)2POCH2CH2CN, 4,
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determined by using a suitable matrix system, triethanol-
amine (TEOA)–NaCl, on liquid secondary ion (LSI) MS
equipped with a double-focusing mass spectrometer. The
present method successfully revealed the molecular-related
ion [MCNa]C of 1a at m/z 953.4625, leading to the
composition formula (C50H71N4O9PSi).19 Purified imida-
zole phosphoramidite 1a was stored for several months at
K20 8C to check its long-term stability, but 31P and 1H
NMR measurements of the stored compound did not show
any substantial decomposition.

2.3. Synthesis of 2 0-deoxy- and 2 0-O-allyl nucleoside PAs
1b and 1c

The synthetic method using POM protection of imidazole-N
was extended to the preparation of 2 0-deoxy- and 2 0-O-allyl
imidazole C-nucleoside PAs 1b and 1c (Schemes 4 and 5). It
is noted that 2 0-O-allyl nucleosides are potent antisense
molecules because of their high nuclease resistance.20 The
imidazole-N of 3 0,5 0-di-O-benzyl-2 0-deoxy-D-ribonucleo-
sides 137b was analogously protected by the POM group
to give 3 0,5 0-di-O-benzyl-N-protected ICN 14 (90%).
Subsequent debenzylation followed by DM-tritylation
gave 5 0-O-DMT-2 0-deoxyribonucleoside 16 (51%). Phos-
phitylation of 16 produced the fully protected 2 0-deoxy
nucleoside PA 1b (32–14%). The moderate yield of 1b was
due to isolation problems caused by column chromato-
graphy. The feasibility of 1b as a protecting group of the
Nim-POM group on 2 0-deoxy-D-ribonucleosides was
examined by restoration of N-protected imidazole 14 into
unsubstituted imidazole 13 in aqueous ammonia–MeOH.

For the synthesis of 2 0-O-allyl imidazole C-nucleoside PAs
1c, 3 0,5 0-O-TIPDS-protection (TIPDS Z1,1,3,3-tetra-
isopropyldisiloxanediyl) was carried out to give 17 (67%),
starting from tribenzylated POM–ICN 5c (Scheme 5), as the
regioselective formation for 2 0-O-allyl ribonucleosides had
been reported.21a Palladium-catalyzed allylation21a,b of the
2 0-hydroxy group of 17 produced a 2 0-O-allyl compound 18
(38%). Desilylation of 18 gave a 3 0, 5 0-dihydroxy compound
19 (74%). Further, DM-tritylation (quant) followed by
phosphitylation provided the desired 2 0-O-allyl nucleoside
PA 1c (60–27%).
3. Conclusion

A novel C4-linked ICN PA 1a was designed and
synthesized starting from tribenzylribofuranosylimidazole
2. The imidazole PA enabled incorporation of the imidazole
moiety into VS ribozyme in order to elucidate its roles in the
general acid and base catalysis of ribozyme. In the synthetic
study, POM was first introduced as a protecting group of
imidazole-N and it could be readily removed under mild
basic conditions. Further, the imidazole nucleoside 1a
places the base at the natural C1-atom, while other modified
nucleosides with imidazole attached to the nucleobase have
been reported.22 As the imidazole base may be incorporated
at any site in an RNA sequence using 1a, the present
approach would be applied to other situations in which
nucleobase participation is suspected. 2 0-Deoxy and 2 0-O-
allyl analogues 1b and 1c could be applicable to insert the
imidazole into modified DNA and RNA oligonucleotides.
Further work on application of the imidazole oligonucleo-
tides is under way and will be published in due course.
4. Experimental

4.1. General

The melting points were determined on a hot-stage
apparatus and are uncorrected. IR spectra were recorded
on a Shimadzu IR-435 spectrometer. 1H and 13C NMR
spectra were taken with tetramethylsilane as an internal
standard on a Varian Gemini-200, Varian Mercury-300, and
Varian UNITY INOVA-500 spectrometers. Reactions with
air- and moisture-sensitive compounds were carried out
under an argon atmosphere. Unless otherwise noted, all
extracts were dried over Na2SO4, and the solvent was
removed in a rotary evaporator under reduced pressure.
Unless otherwise stated, Fuji Silysia FL-60D silica gel, Fuji
Silysia BW-127ZH silica gel, and Merck 60 F254 were used
for flash column chromatography, column chromatography
and thin-layer chromatography (TLC), respectively. As for
the basic (N–H) silica gel, Chromatorex NH-DM 1020 (Fuji
Silisia Chemical Ltd) was used. The accurate molecular
weight measurements of nucleoside PAs 1a, 1b, and 1c were
determined by MS spectrometry using a novel matrix
system, triethanolamine (TEOA)–NaCl, on LSIMS
equipped with a double-focusing MS spectrometer.19

4.1.1. 4(5)-(2,3,5-Tri-O-benzyl-b-D-ribofuranosyl)-1-[2-
(4-nitrophenyl)ethyl]imidazole (4a). To a solution of 2
(81 mg, 0.17 mmol) in 4-methyl-2-pentanone (0.5 ml) was
added a solution of p-nitrophenethyl bromide (56 mg,
0.24 mmol) in 4-methyl-2-pentanone (0.5 ml) followed by
potassium carbonate (50 mg, 0.36 mmol). The resulting
mixture was refluxed for 5 h and then evaporated. The
residue was dissolved with EtOAc and the resulting solution
was washed with water, brine. The organic layers were
dried, and evaporated. The crude oil was purified by flash
column chromatography [80% EtOAc in hexane] to give 4a
(90 mg, 86%) as a colorless oil; IR (film, cmK1) 1600, 1510,
1450, 1345 (NO2); 1H NMR (CDCl3) d 2.95 (t, 6/4H, JZ
7.2 Hz), 3.09 (t, 2/4H, JZ7.2 Hz), 3.50 (dd, 1H, JZ9.5,
3.8 Hz), 3.77 (dd, 1H, JZ9.5, 3.8 Hz), 3.98 (t, 2H, JZ
3.6 Hz), 4.02–4.72 (m, 8H), 4.96 (d, 1/4H, JZ6.5 Hz), 5.10
(d, 3/4H, JZ3.8 Hz), 6.86 (s, 1H), 7.08 (d, 2H, JZ8.6 Hz),
7.15 (s, 1H), 7.25–7.35 (m, 15H), 8.08 (d, 2H, JZ8.6 Hz);
HRMS(EIMS) calcd for C37H37N3O6 [(M)C]: 619.2680,
found 619.2681.

4.1.2. 4(5)-(2,3,5-Tri-O-benzyl-b-D-ribofuranosyl)-1-[2-
(4-trifluoromethylphenyl)ethyl]imidazole (4b). The
same procedure (4a) was used for the preparation of 4b
(44 mg, 36%, a colorless oil) from 2 (90 mg, 0.19 mmol);
1H NMR (CDCl3) d 2.92 (t, 6/4H, JZ6.8 Hz), 3.05 (t, 2/4H,
JZ7.2 Hz), 3.62 (dd, 1H, JZ10.3, 3.5 Hz), 3.76 (dd, 1H,
JZ10.3, 3.5 Hz), 3.97 (t, 2H, JZ6.8 Hz), 4.02–4.68 (m,
9H), 4.98 (d, 1/4H, JZ6.8 Hz), 5.10 (d, 3/4H, JZ3.5 Hz),
6.85 (s, 1H), 7.07 (d, 2H, JZ7.2 Hz), 7.12–7.39 (m, 16H),
7.48 (d, 2H, JZ7.2 Hz).

Conversion of 4a into 2. A mixture of 4a (45 mg,
0.07 mmol) and DBU (56 mg, 0.37 mmol) in acetonitrile
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(2 ml) was refluxed for 20 h. After cooling, acetic acid
(28 mg) was then added. The reaction mixture was
evaporated to give a residue, which was subsequently
dissolved in CH2Cl2. The organic layer was washed with
water, dried over anhydrous MgSO4, and evaporated to give
a residue. Chromatography using EtOAc in hexane
(60–100%) gave a mixture (colorless oil, 37 mg), showing
ca. 1:3 ratio of 2 (22%) and 4a (65%) from 1H NMR.

4.1.3. 4-(2,3,5-Tri-O-benzyl-b-D-ribofuranosyl)-1-(4-
methoxybenzoyl)imidazole (5a). To a mixture of 2
(101 mg, 0.22 mmol) and diisopropylethylamine (56 mg,
0.43 mmol) in pyridine (1 ml) was added p-anisoyl chloride
(74 mg, 0.43 mmol) in pyridine (1 ml). The resulting mixtue
was stirred for 1.5 h and then evaporated to give a residue,
which was subsequently diluted with EtOAc. The organic
layer was washed with 1.5 N HCl followed by brine. The
organic layers were dried, and evaporated. The resulting
crude oil was purified by flash column chromatography on
silica gel using 50% EtOAc in hexane to give compound 5a
(96 mg, 74%) as a colorless oil; 1H NMR (CDCl3) d 3.61
(dd, 1H, JZ10.3, 4.8 Hz), 3.70 (dd, 1H, JZ10.3, 4.0 Hz),
3.88 (s, 3H), 4.06 (t, 1H, JZ5.6 Hz), 4.25 (t, 1H, JZ
4.8 Hz), 4.33 (dt, 1H, JZ5.6, 4.0 Hz), 4.47–4.69 (m, 6H),
5.11 (d, 3/4H, JZ4.0 Hz), 6.98 (d, 2H, JZ9.1 Hz), 7.21–
7.35 (m, 15H), 7.48 (s, 1H), 7.76 (d, 2H, JZ9.1 Hz), 8.09
(d, 2H, JZ1.4 Hz); HRMS(EIMS) calcd for C37H36N2O6

[(M)C]: 604.2571, found 604.2571.

4.1.4. 2,2,2-Trichloroethyl 4-(2,3,5-tri-O-benzyl-b-D-
ribofuranosyl)imidazole-1-carboxylate (5b). A mixture
of 2 (57 mg, 0.12 mmol), trichloroethoxycarbonyl chloride
(29 mg, 0.13 mmol), pyridine (12 mg, 0.16 mmol), and a
catalytic amount of 4-DMAP (1 mg) in benzene (3.5 ml)
was stirred for 3 h. After H2O (0.5 ml) was added to the
mixture, the solvent was evaporated to give a residue, which
was subsequently dissolved with EtOAc. The organic layer
was washed with water, brine, dried, and evaporated to give
a crude oil. It was purified by flash column chromatography
using 20% EtOAc in hexane to give 5b (69 mg, 89%) as a
colorless oil; 1H NMR (CDCl3) d 3.60 (dd, 1H, JZ10.9,
4.3 Hz), 3.70 (dd, 1H, JZ10.9, 3.9 Hz), 4.05 (t, 1H, JZ
5.8 Hz), 4.21 (t, 1H, JZ4.8 Hz), 4.32 (dt, 1H, JZ5.8,
4.3 Hz), 4.45–4.65 (m, 6H), 4.91 (d, 1H, JZ11.6 Hz), 5.00
(d, 1H, JZ11.6 Hz), 5.07 (d, 1H, JZ4.8 Hz), 7.18–7.36 (m,
15H), 7.44 (s, 1H), 8.12 (s, 1H).

4.1.5. [4-(2,3,5-Tri-O-benzyl-b-D-ribofuranosyl)imidazo-
lyl]methyl 2,2-dimethylpropiolate (5c). Under stirring,
60% NaH (72 mg, 1.80 mmol) in mineral oil was added to
THF (7 ml) to give a suspension. A solution of 2 (562 mg,
1.20 mmol) in THF (3 ml) was added to the suspension, and
the resulting mixture was stirred at rt for 3 h. Then, a
solution of chloromethyl pivaloate (271 mg, 1.80 mmol) in
THF (8 ml) was added. After 1 h, H2O (0.5 ml) was added
and the whole was evaporated to give a residue, which was
subsequently dissolved with EtOAc. The organic layer was
washed with water, brine, dried, and evaporated. The crude
product was purified by flash column chromatography on
silica gel using 50% EtOAc in hexane to give compound 5c
(654 mg, 94%) as a colorless oil; 1H NMR (CDCl3) d 1.15
(s, 9H), 3.63 (dd, 1H, JZ7.3, 3.1 Hz), 3.71 (dd, 1H, JZ7.3,
3.1 Hz), 4.03 (t, 1H, JZ3.1 Hz), 4.20 (t, 1H, JZ2.9 Hz),
4.26 (m, 1H), 4.44–4.67 (m, 6H), 5.06 (d, 1H, JZ2.9 Hz),
5.64 (dd, 1H, JZ19.5, 7.3 Hz), 7.03 (s, 1H), 7.21–7.38 (m,
15H), 7.61 (s, 1H).

Conversion of 5c into 2. A mixture of 5c (20 mg,
0.04 mmol) in methanol (1.5 ml) and 28% aqueous NH3

(0.5 ml) was stirred 3 h at rt. After evaporation, the resulting
residue was purified by flash column chromatography using
AcOEt to give 2 (15 mg, 92%) as a colorless oil. By the
same procedure, 5a and 5b were converted into 2 in 74 and
89% yields, respectively.

Catalytic debenzylation of 5a (Table 2, entry 1). A solution
of 5a (52 mg, 0.09 mmol) in EtOH (8 ml) was hydrogenated
over 10% Pd on carbon23 (35 mg) at 3.0 kg/cm2 for 16 h.
After filtration through Celite, the filtrate was evaporated to
give a residue, which was purified by column chromato-
graphy to give 3a7b (17 mg, quant).

Catalytic debenzylation of 5b (Table 2, entry 2). By the
same procedure as above (Table 2, entry 1), 5b (30 mg,
0.05 mmol) in EtOH (5 ml) was hydrogenated over 5% Pd
on carbon23 (20 mg) at 1.0 kg/cm2 for 6 h to give 3a7b

(10 mg, quant).

Catalytic debenzylation of 5c (Table 2, entry 3). By the
same procedure as above (Table 2, entry 1), 5c (36 mg,
0.06 mmol) in EtOH (6 ml) was hydrogenated over 5% Pd
on carbon23 (25 mg) at 3.0 kg/cm2 for 16 h to give 6 (7 mg,
22%) and 7 (8 mg, 33%).7b
4.1.6. [4-(b-D-Ribofuranosyl)imidazolyl]methyl 2,2-
dimethylpropiolate (8) (Table 2, entry 4). A mixture of
5c (206 mg, 0.35 mmol), 20% Pd(OH)2–C23 (124 mg), and
cyclohexene (1.1 ml, 10.56 mmol) in EtOH (10 ml) was
refluxed for 3 h. After filtration through Celite, the filtrate
was evaporated to give a residue, which was purified by
column chromatography [MeOH–EtOAc (1/20)] to give 8
(111 mg, quant) as a colorless oil; 1H NMR (CD3OD) d 1.18
(s, 9H), 3.52–4.19 (m, 5H), 4.66 (d, 1H, JZ5.4 Hz), 6.02 (s,
2H), 7.45 (s, 1H), 8.36 (s, 1H). LSIMS m/z: 315 [(MCH)C].
The t positioning of POM group on the imidazole ring was
determined by means of a 1H–15N HMBC experiment
[conditions: 25 8C, 499.7 MHz for 1H and 50.7 MHz for
15N; d (ppm) relative to external DMF (103.2 ppm)];
1H–15N HMBC (CD3OD) d 176.1 [15N (t)], 247.1 [15N
(p)], and the cross peak coordinate 247.1/4.66 [1H(C1 0)].16
4.1.7. [4-(5-O-DMT-D-b-ribofuranosyl)imidazolyl]
methyl 2,2-dimethylpropiolate (9). Compound 8
(111 mg, 0.35 mmol) was coevaporated with pyridine
(2 ml) three times and redissolved in pyridine (2 ml)
again. DMTCl (188 mg, 0.51 mmol), Et3N (0.07 ml,
0.51 mmol), and DMAP (1 mg, 0.01 mmol) were added to
the pyridine solution of 8. After the mixture was stirred
overnight, methanol (1 ml) was added to the reaction
mixture. The solvent was removed to give a residue,
which was purified through NH-silica gel bed with
chloroform to give compound 9 (174 mg, 80%) as white
amorphous product; 1H NMR (CD3OD) d 1.09 (s, 9H),
3.15–3.38 (overlapped with CD3OD), 3.76 (s, 6H), 3.99–
4.13 (m, 3H), 4.79 (d, 1H, JZ5.3 Hz), 5.73–5.92 (m, 2H),



L. Araki et al. / Tetrahedron 61 (2005) 11976–11985 11983
6.82 (d, 4H, JZ8.3 Hz), 7.12–7.49 (m, 10H), 7.81 (s, 1H);
LSIMS m/z 617 [(MC1)C].

4.1.8. [4-(5-O-DMT-2(3)-O-TBDMS-b-D-ribofuranosyl)
imidazolyl]methyl 2,2-dimethylpropiolate (10ab). Com-
pound 9 (314 mg, 0.51 mmol) was coevaporated with
pyridine (2 ml) three times and dissolved in pyridine
(5 ml) again. TBDMSOTf (0.13 ml, 0.56 mmol) was
added to a solution of 9 at K40 8C. The reaction mixture
was stirred for 5 min and then evaporated. The crude
product was chromatographied by NH-silica gel chroma-
tography using gradient solvent system [20–30% EtOAc in
hexane] to give compound 11 (33 mg, 8%) and 10ab
(250 mg, 67%) in that order. Compound 10ab. A pale
yellow amorphous product; 1H NMR (CDCl3) d 0.00 (s,
3H), 0.06 (s, 3H), 0.88 (s, 9H), 1.16 (s, 9H), 2.70 (m, 1H),
3.16 (dd, 1/3H, JZ11.0, 4.3 Hz), 3.25 (dd, 2/3H, JZ11.0,
4.3 Hz), 3.37 (dd, 1/3H, JZ11.0, 3.1 Hz), 3.38 (dd, 2/3H,
JZ11.0, 3.1 Hz), 3.78 (s, 6H), 4.07 (m, 2/3H), 4.24 (m,
2/3H), 4.46 (t, 1H, JZ4.3 Hz), 4.76 (d, 2/3H, JZ5.1 Hz),
4.82 (d, 1/3H, JZ5.1 Hz), 5.73 (q, 2H, JZ10.2 Hz), 6.80 (d,
4H, JZ10.2 Hz), 7.08 (s, 2/3H), 7.12 (s, 1/3H), 7.16–7.52
(m, 9H), 7.62 (s, 1H); HRMS(EIMS) calcd for
C41H54N2O8Si [(M)C] 730.3647, found 730.3649.
Compound 11. A pale yellow amorphous; 1H NMR
(CDCl3) d K0.10 (s, 3H), K0.08 (s, 3H) K0.04 (s, 6H),
0.79 (s, 9H), 0.82 (s, 9H), 1.10 (s, 9H), 3.18 (dd, 1H, JZ
10.3, 4.5 Hz), 3.37 (dd, 1H, JZ10.3, 4.5 Hz), 3.76 (s, 6H),
4.04 (t, 1H, JZ4.3 Hz), 4.09 (m, 1H), 4.22 (t, 1H, JZ
4.3 Hz), 4.84 (d, 1H, JZ4.3 Hz), 5.61 (d, 1H, JZ10.8 Hz),
5.72 (d, 1H, JZ10.8 Hz), 6.80 (d, 4H, JZ9.0 Hz), 7.08 (s,
1H), 7.14–7.51 (m, 9H), 7.59 (s, 1H).

4.1.9. {4-[5-O-DMT-2-O-TBDMS-3-O-(2-CE-N,N-diiso-
propylphosphoramidite)-b-D-ribofuranosyl]imidazolyl}-
methyl 2,2-dimethylpropiolate (1a) and {4-[5-O-
DMT-3-O-TBDMS-2-O-(2-CE-N,N-diisopropylphos-
phoramidite)-b-D-ribofuranosyl]imidazolyl}methyl 2,2-
dimethylpropiolate (12). Compound 10ab (93 mg,
0.13 mmol) was coevaporated with dichloroethane (2 ml)
three times and dissolved in dichloroethane (1.5 ml) again.
To the solution was added 4,5-DCI (19 mg, 0.16 mmol) and
2-cyanoethyl N,N,N 0,N 0-tetraisopropylphosphodiamidite
(0.09 ml, 0.26 mmol). The resulting mixture was stirred at
40 8C for 15 h and then evaporated. The residual oil was
chromatographed (25% EtOAc in hexane) by NH-silica gel
chromatography to give partially purified 12 (25%) and 1a
(49%) in that order. The desired PA 1a was further carefully
purified on a preparative NH-TLC with 50% EtOAc in
hexane to give 1a (37 mg, 31%), while PA 12 remained
without further purification owing to its instability.
Compound 1a. A white foam; Rf Z0.69 (50% EtOAc/
hexane); 1H NMR (500 MHz, CDCl3) d K0.09 (s, 3H),
K0.03 (s, 3H), 0.82 (s, 9H), 1.00 (d, 6H, JZ7.0 Hz), 1.14
(s, 9H), 1.16 (d, 6H, JZ7.0 Hz), 2.55–2.68 (m, 2H), 3.16
(dd, 1H, JZ10.0, 4.0 Hz), 3.40 (dd, 1H, JZ10.0, 5.0 Hz),
3.52–3.60 (m, 2H), 3.78 (s, 6H), 3.82–3.88 (m, 1H), 3.90–
3.96 (m, 1H), 4.21 (t, 3/2H, JZ3.5 Hz), 4.49 (t, 1/2H, JZ
3.0 Hz), 4.49 (dd, 1H, JZ7.0, 4.0 Hz), 4.80 (d, 1H, JZ
7.0 Hz), 5.69 (d, 1H, JZ10.5 Hz), 5.75 (d, 1H, JZ10.5 Hz),
6.79 (dd, 4H, JZ9.0 Hz), 7.11 (d, 1H, JZ2.5 Hz), 7.16–
7.20 (m, 1H), 7.26–7.28 (m, 3H), 7.39 (dd, 3H, JZ6.0 Hz),
7.49–7.52 (m, 2H), 7.62 (d, 1H, JZ1.5 Hz); 13C NMR
(CDCl3) d K4.8, K4.7, 18.2, 20.4, 24.5, 24.6, 24.6, 24.7,
25.9, 26.9, 27.0, 29.7, 38.7, 42.8, 42.9, 55.2, 58.6, 58.7,
64.3, 67.7, 73.9, 76.5, 78.5, 82.7, 86.2, 113.0, 113.1, 117.7,
118.4, 126.6, 127.7, 128.4, 130.3, 130.3, 136.1, 136.1,
138.0, 141.7, 145.0, 158.4, 177.6; 31P NMR (202 MHz,
CD3CN) d 148.9; HRMS(LSIMS)19 calcd for C50H71N4O9-
SiPCNa [(MCNa)C] 953.4621, found 953.4625.
Compound 12. A white powder; Rf Z0.75 (50% EtOAc/
hexane); 1H NMR (500 MHz, CD3CN) d K0.10 (s, 3H),
0.02 (s, 3H), 0.77 (s, 9H), 1.07 (s, 9H), 1.08 (d, 3H, JZ
5.0 Hz), 1.16 (d, 9H, JZ8.3 Hz), 2.52–2.53 (m, 2H), 3.00
(dd, 1H, JZ11.0, 7.4 Hz), 3.30 (dd, 1H, JZ7.4, 3.7 Hz),
3.55–3.65 (m, 2H), 3.75 (s, 6H), 3.70–3.85 (m, 2H), 3.95–
4.05 (m, 1H), 4.30–4.35 (m, 2H), 4.92 (s, 1H), 5.75 (s, 2H),
6.84 (d, 4H, JZ8.0 Hz), 7.14 (s, 1H), 7.2–7.5 (br m, 9H),
7.61 (s, 1H); 31P NMR (202 MHz, CD3CN) d 149.1, 150.7;
HRMS (LSIMS)19 calcd for C50H71N4O9SiPCNa [(MC
Na)C] 953.4621, found 953.4618.

4.1.10. [4-(3,5-Di-O-benzyl-2-deoxy-b-D-ribofuranosyl)
imidazolyl]methyl 2,2-dimethylpropiolate (14). By the
same procedure as used for the preparation of 5c, 2-deoxy
compound 137b (1480 mg, 4.06 mmol) was converted to 14
(1750 mg, 90%) as a colorless oil; 1H NMR (CDCl3) d 1.14
(s, 9H), 2.20–2.38 (m, 2H), 3.53 (dd, 1H, JZ7.0, 5.8 Hz),
3.64 (dd, 1H, JZ7.0, 4.7 Hz), 4.08–4.26 (m, 2H), 4.55 (d,
4H, JZ6.25 Hz), 5.13 (dd, 1H, JZ5.8, 4.7 Hz), 7.00 (s,
1H), 5.75 (s, 2H), 7.20–7.40 (m, 11H), 7.60 (s, 1H);
HRMS(EIMS) calcd for C28H34N2O5 [(M)C] 478.2466,
found 478.2464.

Conversion of 14 into 13. To a solution of 14 (114 mg,
0.24 mmol) in methanol (10 ml) 28% aqueous NH3 (2.5 ml)
was added and then the whole was stirred for 3 h at rt. After
evaporation, the resulting residue was purified by flash
column chromatography (70–100% AcOEt) to give 13
(87 mg, quant) as a colorless oil.

4.1.11. [4-(5-O-DMT-2-deoxy-D-b-ribofuranosyl)imi-
dazolyl]methyl 2,2-dimethylpropiolate (16). By the
same procedures as used for the preparations of 8 and 9,
2-deoxy compound 14 (229 mg, 0.48 mmol) was converted
to a crude diol 15, which was subsequently tritylated to give
16 (146 mg, 51%) as a colorless oil; 1H NMR (CDCl3) d
1.16 (s, 9H), 2.10–2.44 (m, 2H), 3.12–3.26 (m, 1H), 3.32–
3.45 (m, 1H), 3.80 (s, 6H), 3.92–4.08 (m, 1H), 4.38–4.50
(m, 1H), 5.10–5.22 (m, 1H), 6.78 (s, 2H), 6.80 (d, 4H, JZ
8.0 Hz) 7.00 (s, 1H), 7.16–7.40 (m, 9H), 7.60 (s, 1H).

4.1.12. {4-[5-O-DMT-2-deoxy-3-O-(2-CE-N,N-diiso-
propylphosphoramidite)-b-D-ribo-furanosyl]imidazo-
lyl}methyl 2,2-dimethylpropiolate (1b). By the same
procedure for 1a, compound 16 (129 mg, 0.22 mmol) was
coevaporated with dichloroethane (2 ml) three times and
dissolved in dichloroethane (1.0 ml) again. To the
solution of 16 was added DIPT (18 mg, 0.11 mmol) and
2-cyanoethyl N,N,N 0,N 0-tetraisopropylphosphodiamidite
(0.08 ml, 0.24 mmol). The resulting mixture was stirred at
40 8C for 46 h and then evaporated. The residual oil was
chromatographed by NH-silica gel chromatography to give
partially purified 1b (56 mg, 32%). PA 1b was further
purified on a preparative NH-TLC with 65% EtOAc in
hexane to give 1b (25 mg, 14%) as a colorless oil; 1b: 1H
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NMR (500 MHz, CDCl3) d 1.13 (s, 12H), 1.26 (s, 9H),
2.27–2.30 (m, 2H), 2.45 (dt, 2H, JZ6.5, 2.8 Hz), 3.23 (d,
2H, JZ5.0 Hz), 3.57–3.63 (m, 2H), 3.66–3.74 (m, 2H), 3.79
(s, 6H), 4.15–4.19 (m, 1H), 4.50–4.56 (m, 1H), 5.15 (dd, 1H,
JZ9.2, 5.8 Hz), 5.75 (d, 2H, JZ2.6 Hz), 6.81 (d, 4H, JZ
8.4 Hz), 7.04–7.06 (m, 1H), 7.17–7.22 (m, 1H), 7.23–7.29
(m, 3H), 7.30–7.36 (m, 4H), 7.43–7.47 (m, 2H), 7.61 (d, 1H,
JZ1.0 Hz); 13C NMR (CDCl3) d 20.2, 24.5, 24.7, 26.8,
29.7, 38.7, 43.3, 55.2, 59.4, 64.2, 67.7, 75.1, 76.5, 86.1,
97.5, 113.0, 116.6, 126.7, 127.7, 128.3, 130.2, 136.2, 138.0,
143.4, 158.4, 177.6; 31P NMR (202 MHz, CD3CN) d: 148.7;
HRMS (LSIMS)19 calcd for C44H57N4O8PCNa [(MC
Na)C] 823.3809, found 823.3801.

4.1.13. {4-[3,5-O-(1,1,3,3-Tetraisopropyldisiloxane-1,3-
diyl)-b-D-ribofuranosyl]imidazolyl}methyl 2,2-dimethyl-
propiolate (17). A mixture of 5c (755 mg, 1.29 mmol), 20%
Pd(OH)2–C23 (453 mg), and cyclohexene (3.9 ml,
38.80 mmol) in EtOH (30 ml) was refluxed for 3 h. After
filtration through Celite, the filtrate was evaporated to give
triol 8 (437 mg), which was subsequently dissolved with dry
pyridine (18 ml). 1,3-Dichloro-1,1,3,3-tetraisopropyl-
disiloxane (0.4 ml) was added dropwise to the pyridine
solution of 8 at 0 8C. The resulting mixture was stirred for
1 h at the same temperature and then at rt for 3 h. After
evaporation, the crude product was purified by flash column
chromatography (30–50% EtOAc in hexanes) to obtain 17
(481 mg, 67%) as a colorless oil; 1H NMR (CDCl3) d 0.94–
1.12 (m, 28H), 1.18 (s, 9H), 3.00 (br s, 1H), 3.94–4.10 (m,
3H), 4.27 (dd, 1H, JZ12.0, 7.7 Hz), 4.46 (t, 1H, JZ
12.0 Hz), 4.77 (d, 1H, JZ7.7 Hz), 5.78 (s, 2H), 7.10 (s, 1H),
7.66 (s, 1H); HRMS(EIMS) calcd for C26H48N2O7Si2
[(M)C] 556.2997, found 556.2988.

4.1.14. {4-[2-O-Allyl-3,5-O-(1,1,3,3-tetraisopropyldi-
siloxane-1,3-diyl)-b-D-ribofuranosyl]imidazolyl}methyl
2,2-dimethylpropiolate (18). Compound 17 (481 mg,
0.87 mmol) was rendered anhydrous by coevaporation
with dry pyridine three times. The residue was repeated
coevaporated with dry toluene and finally dissolved in dry
THF (9 ml). Triphenylphosphine (45 mg, 0.17 mmol) and
tris(dibenzylideneacetone)-dipalladium (0) (16 mg,
0.017 mmol) were added. Finally, allyl ethyl carbonate
(0.2 ml, 1.74 mmol) was added dropwise with stirring, and
the reaction mixture was refluxed for 15 h and then
evaporated. The residue was purified by flash column
chromatography (10–30% EtOAc in hexanes) to obtain 18
(197 mg, 38%) as a colorless oil; 1H NMR (CDCl3) d 0.92–
1.12 (m, 28H), 1.16 (s, 9H), 3.97 (dd, 1H, JZ12.7, 2.4 Hz),
4.00–4.06 (m, 3H), 4.11 (dd, 1H, JZ12.7, 2.4 Hz), 4.16–
4.43 (m, 2H), 4.97 (s, 1H), 5.15 (dq, 1H, JZ10.1, 1.9 Hz),
5.32 (dq, 1H, JZ17.5, 1.9 Hz), 5.76 (dd, 1H, JZ15.9,
10.6 Hz), 5.87–6.01 (ddt, 1H, JZ17.5, 10.1, 5.0 Hz), 7.10
(s, 1H), 7.62 (s, 1H); HRMS(EIMS) calcd for
C29H52N2O7Si2 [(M)C] 596.3310, found 596.3308.

4.1.15. [4-(2-O-Allyl-b-D-ribofuranosyl)imidazolyl]
methyl 2,2-dimethylpropiolate (19). A solution of
TMEDA (0.3 ml, 1.98 mmol) in CH3CN (0.3 ml) and HF
(46% aqueous solution, 57 ml) was added to a small round-
bottom flask at 0 8C. The HF/TMEDA mixture was stirred at
0 8C for 10 min, and a solution of 18 (197 mg, 0.33 mmol)
in CH3CN (2.3 ml) was added dropwise over 5 min. The
resulting mixture was stirred at 0 8C for 30 min and then at rt
for 2.5 h. The solvent was evaporated to give a residue,
which was subsequently purified by flash column chroma-
tography (5–15% MeOH in EtOAc) to obtain 19 (86 mg,
74%) as a colorless oil; 1H NMR (CDCl3) d 1.17 (s, 9H),
3.62 (dd, 1H, JZ12.6, 4.2 Hz), 3.77 (dd, 1H, JZ12.6,
3.1 Hz), 3.90–3.97 (m, 2H), 3.98 (ddt, 1H, JZ13.1, 5.3,
1.6 Hz), 4.08 (ddt, 1H, JZ13.1, 5.3, 1.6 Hz), 4.19 (dd, 1H,
JZ5.2, 4.5 Hz), 4.77 (d, 1H, JZ6.6 Hz), 5.07 (ddt, 1H, JZ
10.3, 1.6, 1.2 Hz), 5.16 (dq, 1H, JZ17.4, 1.6 Hz), 5.82 (ddt,
1H, JZ17.4, 10.3, 5.3 Hz), 5.94 (s, 2H), 7.32 (s, 1H), 7.84
(s, 1H); HRMS(EIMS) calcd for C17H27N2O6 [(MCH)C]
355.1867, found 355.1869.
4.1.16. [4-(2-O-Allyl-5-O-DMT-D-b-ribofuranosyl)imi-
dazolyl]methyl 2,2-dimethylpropiolate (20). By the
same procedure as used for the preparation of 9, a mixture
of allyl compound 19 (43 mg, 0.12 mmol), DMTCl (66 mg,
0.18 mmol), Et3N (0.03 ml, 0.18 mmol), and DMAP
(0.4 mg, 0.003 mmol) was stirred at rt for 19 h to give 20
(81 mg, quant) as an amorphous product; 1H NMR (CDCl3)
d 1.12 (s, 9H), 3.28 (dd, 1H, JZ10.0, 4.8 Hz), 3.38 (dd, 1H,
JZ10.0, 3.9 Hz), 3.78 (s, 6H), 4.00–4.28 (m, 5H), 4.97 (d,
1H, JZ3.8 Hz), 5.17 (dd, 1H, JZ10.3, 1.4 Hz), 5.26 (dd,
1H, JZ17.1, 3.0, 1.4 Hz), 5.69 (q, 2H, JZ10.8 Hz), 5.90
(ddt, 1H, JZ17.1, 15.7, 5.4 Hz), 6.81 (d, 4H, JZ9.0 Hz),
7.07 (br s, 1H), 7.14–7.50 (m, 9H), 7.62 (br d, 2H, JZ
1.3 Hz); 13C NMR (CDCl3) d 27.1, 55.3, 64.2, 67.7, 71.2,
71.4, 78.2, 82.1, 82.9, 86.0, 112.7, 117.2, 126.2, 127.3,
127.9, 129.8, 133.5, 135.6, 137.7, 141.6, 144.5, 157.8, 176.8
(CO); HRMS(EIMS) calcd for C38H44N2O8 [(M)C]
656.3095, found 656.3091.
4.1.17. {4-[2-O-Allyl-5-O-DMT-3-O-(2-CE-N,N-diiso-
propylphosphoramidite)-b-D-ribofuranosyl]imidazolyl}-
methyl 2,2-dimethylpropiolate (1c). By the same
procedure for 1a, compound 20 (43 mg, 0.07 mmol) was
dissolved in dichloromethane (0.3 ml). To the solution was
added a solution of DCI (6 mg, 0.05 mmol) in CH3CN
(0.05 ml) followed by CETPA (21 ml, 0.07 mmol). After the
mixture was stirred at rt for 12 h, DCI (6 mg, 0.05 mmol) in
CH3CN (0.05 ml) and 2-cyanoethyl N,N,N 0,N 0-tetraiso-
propylphosphodiamidite (21 ml, 0.07 mmol) were added.
The resulting mixture was further stirred for 12 h at rt and
then evaporated. The residual oil was chromatographed
using benzene by NH-silica gel chromatography to give
partially purified 1c (33 mg, 60%). The semi-purified 1c was
further purified by NH-silica gel (35% EtOAc in hexane) to
give 1c (15 mg, 27%) as a colorless oil; 1H NMR (500 MHz,
CDCl3) d 1.00 (s, 2H), 1.08–1.40 (m, 19H), 2.32 (t, 1H, JZ
6.5 Hz), 2.61 (q, 1H, JZ5.9 Hz), 3.20 (td, 2H, JZ8.8,
3.8 Hz), 3.33–3.65 (m, 5H), 3.78 (s, 6H), 4.00–4.45 (m, 5H),
4.98 (t, 1H, JZ5.3 Hz), 5.11 (br d, 1H, JZ9.5 Hz), 5.23 (d,
1H, JZ17.3 Hz), 5.60–5.77 (m, 2H), 5.80–5.95 (m, 1H),
6.80 (dd, 4H, JZ8.3, 6.4 Hz), 7.10 (br d, 1H, JZ3.7 Hz),
7.16–7.30 (m, 3H), 7.31–7.39 (m, 4H), 7.44–7.50 (m, 2H),
7.61 (s, 1H); 31P NMR (202 MHz, CDCl3) d 149.7, 150.4;
HRMS(LSIMS)19 calcd for C47H62N4O9P [(MCH)C]
857.4251, found 857.4252; calcd for C47H61N4O9PNa
[(MCNa)C] 879.4070, found 879.4069; calcd for
C47H61N4O9PK [(MCK)C] 895.3810, found 895.3811.
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J. Org. Chem. 2003, 68, 7521–7523.

17. Hakimelahi, G. H.; Proba, Z. A.; Ogilvie, K. K. Can. J. Chem.

1982, 60, 1106–1113.

18. Jones, S. S.; Reese, C. B. J. Chem. Soc., Perkin Trans. 1 1979,

2762–2764.

19. Fujitake, M.; Harusawa, S.; Araki, L.; Yamaguchi, M.; Lilley,

D. M. J.; Zhao, Z.; Kurihara, T. Tetrahedron 2005, 61,

4689–4699.

20. (a) Sproat, B. S.; Iribarren, A.; Beijer, B.; Pieles, U.; Lamond,

A. I. Nucleosides Nucleotides 1991, 10, 25–36. (b) Sproat,

B. S.; Iribarren, A. M.; Garcia, R. G.; Beijer, B. Nucleic Acids

Res. 1991, 19, 733–738.

21. (a) Kumar, V.; Gopalakrishnan, V.; Ganesh, K. N. Bull. Chem.

Soc. Jpn. 1992, 65, 1665–1667. (b) Lakhmiri, R.; Lhoste, R.;

Sinou, D. Tetrahedron Lett. 1989, 30, 4669–4672.

22. (a) Santoro, S. W.; Joyce, G. F.; Sakthivel, K.; Gramatikova,

S.; Barbas, C. F., III J. Am. Chem. Soc. 2000, 122, 2433–2439.

(b) Gourlain, T.; Sidorov, A.; Mignet, N.; Thorpe, S. J.; Lee,

S. E.; Grasby, J. A.; Williams, D. M. Nucleic Acids Res. 2001,

29, 1898–1905.

23. Pd–C (5 and 10%) and 20% Pd(OH)2–C were purchased from

Wako Pure Chemicals and Aldrich, respectively.



New enantioselective method for hydration of alkenes using
cyclodextrins as phase transfer catalyst

Artur R. Abreu,a Iva Costa,a Carla Rosa,a Luı́sa M. Ferreira,a Ana Lourençoa

and Pedro P. Santosb,*

aREQUIMTE, Departamento de Quı́mica, FCT-UNL, 2829-516 Caparica, Portugal
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Abstract—A new enantioselective/inverse phase transfer catalysis (IPTC) reaction for the Markovnikov hydration of double bounds by an
oxymercuration–demercuration reaction with cyclodextrins as catalysts was disclosed. Moderate ee (up to 32%) and yields (14–60%) were
obtained for allylic amines and protected allylic alcohols as starting materials.
q 2005 Elsevier Ltd. All rights reserved.
1. Introduction

The enantioselective funcionalization of alkenes is
extremely important in synthetic organic chemistry and
much effort has been expended for the development of new
synthetic methods.1 The epoxidation of allylic alcohols with
titanium tartarate complexes (Sharpless) and of styrene-like
olefins with porphyrin complexes (Katsuki–Jacobsen) are
two prominent ways of asymmetric funtionalization of
olefins.1 For asymmetric hydration of a terminal double
bond, Sharpless or Jacobsen asymmetric epoxidation
followed by hydride opening of the resulting epoxide ring
might be a satisfactory solution (Scheme 1). However, the
scope of this strategy is limited by the epoxidation step as
the asymmetric epoxidation of some olefins cannot be
accomplished.1
Scheme 1. Main synthetic strategies for asymmetric hydration of terminal
double bonds.
Alternatively, Markovnikov-like hydration of double bonds
may be performed by the classical oxymercuration–
0040–4020/$ - see front matter q 2005 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2005.09.064
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demercuration process. The reaction of mercuric acetate
with unsaturated substrates leads to the addition of a
hydroxyl group to one side of the double bound and mercury
to the other side, via a mercurinium ion intermediate.
Reduction of the C–Hg bond with sodium borohydride in
aqueous sodium hydroxide yields the alcohol corresponding
to a Markovnikov addition of water to the double bound.2

The enantioselective version of this reaction was achieved
by the use of optically active mercuric salts but low yields
and moderate ee were observed.3 Another drawback of this
method is that the mercuric salts are not readily available
and have to be synthesized. Oxymercuration of (1:1)
complexes of olefin–b-cyclodextrin is also not a practical
proposition.4

The present new method of hydration of alkenes using
cyclodextrins was developed to overcome difficulties
observed with some alkenes where the Sharpless/Jacobsen
epoxidation failed to produce enantioselective epoxides.
2. Results and discussion

To improve synthetic efficiency of the hemisynthesis of
homopumiliotoxins5 from jussiaeiines6 the enantioselective
hydration of a double bond was needed (Scheme 2).

Piperidine model compounds were used as starting
materials to develop the synthetic procedure. A piperidine
ring containing an exocyclic double bond (1) was produced
from a protected 3-hydroxymethylene piperidine, similar to
the starting natural products. The enantioselective
Tetrahedron 61 (2005) 11986–11990



Scheme 2. Proposed pathway for the hemisynthesis of homopumiliotoxins from jussiaeiines.

Scheme 3. Enantioselective oxymercuration–demercuration of the piper-
idine derivative 1.
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epoxidation/hydride opening by Sharpless and Jacobsen/
Katsuky catalysts were assayed but both failed.

A new synthetic method for direct enantioselective
hydration of the double bond was searched and an inverse
phase transfer catalysis (IPTC) process with a chiral catalyst
looked promising and therefore, investigated.

PTC reactions have been extensively applied to promote a
variety of interfacial reactions with small molecules and
several enantioselective methods have been developed (for
example, Michael additions and reductions).7 IPTC
reactions—where a lipophilic reactant is transported to the
aqueous phase by the catalyst—are still rare and only
limited examples have been reported. We now report the
first example of an enantioselective IPTC hydration
reaction, promoting the hydration of alkenes via an
oxymercuration–demercuration process.

The intermediate of the oxymercuration reaction results
from the attack of the neutral alkene to the water soluble
mercuric salt in the usual solvent system aqueous THF.8 A
two phase PTC reaction would allow to control the contact
between the alkene and the mercuric salt, as the former will
stay in the organic phase and the latter in the aqueous phase.
A neutral PTC catalyst would be the right choice to carry the
alkene to the aqueous phase and to create an asymmetric
environment where the reaction would take place (Fig. 1).
Figure 1. Simplified mechanism of an IPTC process mediated by
cylodextrins.
Neutral cyclodextrins were tested as phase transfer
catalysts. They are cyclic polymeric sugars with a basket-
like structure and are known to behave as chiral phase
transfer reagents.9 Stereochemical (size of the hydrophobic
cavity) and stereoelectronic effects may have strong
influence on the behaviour of the cyclodextrin as IPTC
catalyst.

Surprisingly or not, enantioselectivity was observed when
the oxymercuration–demercuration process of 1 (Scheme 3)
was conducted in a two phase water–n-hexane (1/1) system
with a-and b-cyclodextrin as IPTC catalyst (Table 1, entries
1,2).
Following this result, several other alkenes were tested. The
alkenes were reacted with different molar quantities of
mercuric salts in a water–n-hexane mixture (1/1) containing
a phase transfer catalyst with formation of oxymercurials.
These intermediates were not isolated but submitted to
demercuration with alkaline borohydride.

Depending on the demercuration conditions the dihydroxyl-
ation product was also formed10. The demercuration
reaction was conducted under inert atmosphere to increase
the yield of monoalcohol product. The resulting alcohols
were purified by preparative thin-layer chromatography and
the ees were determinated by HPLC on chiral stationary
phase or by 1H NMR experiments (using chiral shift
reagents or Mosher’s esters) (Tables 1 and 2).

Unfunctionalized alkenes like styrene failed to react under
the IPTC conditions. However, hydration of allylic amines
and allylic protected alcohols was successful and moderate
enantioselectiviy was observed. As usual, this reaction gave
excellent chemoselectivity with formation of the more
substituted alcohol.

A study of the reaction conditions was carried out with the
allylic alcohol 2 as starting material (Table 2). The use of
ultrasound, previously applied to prepare the mercuric salt
in situ,11 increased significantly the reaction rate (entries
1–4). Even though Hg(OCOCF3)2 gives better yields then
Hg(OCOCH3)2, enantioselectivity was only achieved with
the latter (entries 5 and 7). The yield of the process was
increased using an excess of the mercuric compound
(entries 8–11). For this substrate, b-cyclodextrin was a
better catalyst (entries 5–9) and higher enantioselectivity



Table 1. Reaction conditions, yields and ee for IPTC oxymercuration–demercuration of allylic amines

Substrate Entry IPTC catalyst
(cyclodextrin)

Time (h) Yield (%) ee (%)

1

1 b 4 58 25a

2 a 4 36 32a

3 2,6-Di-O-methyl-b 4 36 18a

4 Random methyl-b 4 38 11a

5b b 0.7 60 15a

6b a 0.7 27 17a

7b 2,6-Di-O-methyl-b 0.7 53 11a

8b Random methyl-b 0.7 46 14a

4

9 b 2 31 25a

10 a 2 40 11a

11 2,6-Di-O-methyl-b 2 60 11a

12 Random methyl-b 2 43 10a

5

13 b 3 40 30c

14 a 3 42 11c

15 2,6-Di-O-methyl-b 3 25 28c

16 Random methyl-b 3 55 31c

6

17 b 2 30 0c

18 a 2 32 0c

19 2,6-Di-O-methyl-b 2 27 6c

20 Random methyl-b 2 14 0c

a ee calculated by 1H NMR experiment by addition of chiral shift reagent (Eu(hfpc)3).
b Hg(OCOCH3)2 as oxymercuration agent.
c ee calculated by 1H NMR experiment of the Mosher’s esters.
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was obtained by lowering the temperature of the reaction
mixture (entry 12–14). The best conditions were found to be
3 mol equiv of mercuric acetate in H2O/n-hexane with
b-cyclodextrin as IPTC catalyst, at 0 8C with ultrasound
conditions. Moderate ees were observed. A non-catalyzed
hydration process always operates and reduces the observed
ee (entry 15, 19% yield at 0 8C obtained without PTC
catalyst).

Allylic amines showed similar behaviour. The optimized
Table 2. Reaction conditions, yields and ee for IPTC oxymercuration–demercura

Entry Mercuric salt Solvent Mixing IP
(c

1 Hg(OCOCF3)2 (1 equiv) H2O/THF Magnetic stirring —
2 Hg(OCOCF3)2 (1 equiv) H2O/n-hexane Magnetic stirring —
3 Hg(OCOCF3)2 (1 equiv) H2O/THF Ultra sound —
4 Hg(OCOCF3)2 (1 equiv) H2O/THF Ultra sound —
5 Hg(OCOCF3)2 (1 equiv) H2O/n-hexane Ultra sound b
6 Hg(OCOCF3)2 (1 equiv) H2O/n-hexane Ultra sound a
7 Hg(OCOCH3)2 (1 equiv) H2O/n-hexane Ultra sound b
8 Hg(OCOCH3)2 (1 equiv) H2O/n-hexane Ultra sound a
9 (2 equiv) H2O/n-hexane Ultra sound b
10 (3 equiv) H2O/n-hexane Ultra sound b
11 (4 equiv) H2O/n-hexane Ultra sound b
12 (3 equiv) H2O/n-hexane Ultra sound b
13 (3 equiv) H2O/n-hexane Ultra sound b
14 (3 equiv) H2O/n-hexane Ultra sound b
15 (3 equiv) H2O/n-hexane Ultra sound —

a ee calculated by 1H NMR experiment by addition of chiral shift reagent (Eu(hf
b ee calculated by HPLC on chiral stationary phase.
process for 2 was applied to four different allylic amines
with four different cyclodextrins as catalysts. It looks like
that an aromatic ring must be present in the substrate to
achieve enantioselectivity (Table 1, entries 17–20). The best
results are always obtained with a- or b-cyclodextrin.
Modified cyclodextrins (2,6-di-O-methyl and random
methyl cyclodextrins) neither improve yield nor enantio-
selectivity. N-allyl-N-benzylmethylamine is an interesting
example as the benzyl group may be removed by catalytic
hydrogenation.
tion of allylic alcohol (2)

TC catalyst
yclodextrin)

Temperature
(8C)

Time
(h)

Yield
(%)

ee
(%)

20 6 41 0a,b

20 24 35 —
20 1.5 52 —
20 1.5 42 —
20 0.5 52 0a

20 0.75 38 0a

20 0.5 20 16a

20 0.75 18 0a

20 0.75 35 15a

20 0.75 52 15a

20 0.75 52 14a

25 0.70 52 15a

0 0.75 51 25a,b

K75 5 0 —
0 0.75 19 —

pc)3).
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3. Experimental

Melting points were recorded on a Reichert-Thermovar hot
stage apparatus and are reported uncorrected. Infrared (IR)
spectra were recorded on Perkin Elmer Spectrum 1000 as
KBr pellets or as film over NaCl plates.

Proton and carbon nuclear magnetic resonance spectra (1H
and 13C NMR) were recorded on Bruker ARX (400 MHz)
spectrometer. Chemical shifts are expressed in ppm,
downfield from TMS (dZ0) as an internal standard; J
values are given in Hz. The exact attribution of NMR
signals was preformed using two dimensional NMR
experiments.

Mass spectra were taken with a Micromass GC-TOF (GCT)
mass spectrometer. Microanalyses were performed on a
Thermo Finnigan-CE Instruments Flash EA 1112 CHNS
series microanalyser. The analyses were performed by the
analytical services laboratory of REQUIMTE.

All reagents and solvents were reagent grade and were
purified and dried by standard methods.

Organic extracts were dried over anhydrous sodium sulfate.
Analytical thin-layer chromatography was performed on
Merck Kieselgel 60, F254 silica gel 0.2 mm thick plates. For
preparative TLC (PTLC) Merck Kieselgel 60, F254 silica
gel 0.5, and 1 mm thick plates (20!20 cm) were used.
Column chromatography was eluted over Merck Kieselgel
60 (240–400 mm) silica gel.

HPLC was performed on a system equipped with a Dionex
P680 pump, UVD340S detector and Carolcel OD column.

3.1. Synthesis of non commercial olefins

3.1.1. 3-Methylenepiperidine-1-carboxylic acid benzyl
ester (1). 3-Hydroxymethylenepiperidine was treated with
benzylchloroformate by standard method12 to obtain the
Cbz derivative: yellow oil, IV: nmax (cmK1) 3436, 1678; 1H
NMR (CDCl3) d 7.40–7.26 (5H, m, ArH), 5.12 (2H, s,
CH2benzylic), 3.98–3.78 (2H, m, N(Cbz)CaHeq), 3.48 (2H,
m, CH2OH), 3.09–2.93 (2H, m, N(Cbz)CaHax), 1.81–1.65
(3, m, CHCH2OH, N(Cbz)CbHeq, N(Cbz)CgHeq), 1.45 (1H,
m, N(Cbz)CbHax), 1.26–1.19 (1H, m, N(Cbz)CgHax); 13C
NMR (CDCl3) d 155.0, 136.8, 128.6–126.9 (5C), 67.0, 64.3,
46.5, 44.8, 33.0, 26.8, 24.0. This compound was tosylated
by standard method13 to obtain the tosylated derivative:
white solid, mp 60–62 8C, IV: nmax (cmK1) 1694, 1354; 1H
NMR (CDCl3) d 7.76 (2H, d, JZ7.48 Hz, HTs), 7.38–7.26
(8H, m, ArH), 5.10 (2H, s, CH2benzylic), 3.96–3.84 (4H, m,
N(Cbz)CaHeq, CH2OTs) 2.85 (1H, m, N(Cbz)CaHax), 2.68–
2.60 (1H, m, N(Cbz)CaHax), 2.44 (3H, s, CH3), 1.89–1.84
(1H, m, CHCH2OTs), 1.75 (1H, m, N(Cbz)CgHeq) 1.66–
1.61 (1H, m, N(Cbz)CbHeq), 1.45–1.42 (1H, m, N(Cbz)Cb-
Hax), 1.26–1.21 (1H, m, N(Cbz)CgHax); 13C NMR (CDCl3)
d 155.2, 144.9, 136.7, 132.7, 129.9–127.9, 71.6, 67.1, 46.3,
44.3, 35.3, 26.6, 23.9, 21.6. Anal. Calcd for C21H25NO5S: C,
62.51; H, 6.25; N, 3.47; S, 7.95 found C, 62.15; H, 6.17; N,
3.41; S, 7.75. This compound was treated with potassium
t-butoxide (1.1 equiv) in DMSO (1.6 M) under inert
atmosphere at room temperature for 2 h. Then the reaction
was quenched with water and extracted with ethyl ether, the
organic phase dried and concentrated to dryness under
vacuum. The residue was chromatographed by column
chromatography with ethyl acetate–n-hexane (1/2). Com-
pound (1)14 was obtained as a colourless oil, IV: nmax (cmK1)
1698, 1656; 1H NMR (CDCl3) d 7.36–7.28 (5H, m, ArH),
5.13 (2H, s, CH2benzylic), 4.84–4.77 (2H, m, CCH2), 3.96
(2H, s, N(Cbz)CH2C), 3.52 (2H, t, JZ5.6 Hz, N(Cbz)CH2-
CH2), 2.27 (2H, t, JZ5.6 Hz, CCH2CH2), 1.64 (2H, m,
CCH2CH2); 13C NMR (CDCl3) d 155.1, 142.4, 136.9,
128.4–127.8, 110.2, 66.9, 50.5, 44.2, 32.6, 26.5.

3.1.2. N-allyl-N-benzylmethylamine (4).15 To N-benzyl-
methylamine and NaH (1.1 equiv) in dry DMF (0.8 M) at
0 8C allylbromide (1.1 equiv) was added. The reaction was
completed in 1 h at room temperature. Water was added and
the mixture extracted 3! with ethyl acetate, the organic
phases dried and concentrated to dryness under vacuum.
Compound (4) was obtained as a colourless oil (76%), 1H
NMR (CDCl3) 7.36–7.26 (5H, m, ArH), 5.92 (1H, m, CH),
5.17 (2H, m, CH2CH), 3.50 (2H, s, CH2benzylic), 3.03 (2H,
d, JZ6.3 Hz, NCH2CH), 2.19 (3H, s, NCH3).

3.1.3. N-allyl-N-cyclohexylmethylamine (6).16 This com-
pound was prepared from cyclohexylmethylamine by the
same procedure as compound (4). Compound (6) was
purified by extraction to an acidic phase (HCl 10%),
neutralization and recovered with dichloromethane. By
evaporation of the dried organic phase the pure compound
was obtained as a colourless oil (79%), 1H NMR (CDCl3)
5.84 (1H, m, CHallyl), 5.13 (2H, m, CH2CHallyl), 3.10 (2H,
d, JZ6.0 Hz, NCH2CH), 2.37 (1H, m, NCH), 2.22 (3H, s,
NCH3), 1.78 (4H, m, H-cyclohexyl), 1.61 (1H, m,
H-cyclohexyl), 1.21 (4H, m, cyclohexyl), 1.07 (1H, m,
cyclohexyl).

3.2. Oxymercuration–demercuration reactions

Standard homogeneous conditions. To 10 ml of H2O–THF
mixture (1/1) the mercuric reagent was added followed by
the addition of the alkene (0.4 mmol). After alkene
consumption, 4 ml of NaOH (3 M) were added under inert
atmosphere followed by the addition of NaBH4 (1 equiv) in
2 ml of NaOH (3 M). The mixture was stirred until complete
flocculation of Hg0. The THF was evaporated, the aqueous
phase extracted with ethyl acetate, the organic phase dried
and concentrated to dryness under vacuum. The resulting
alcohol was purified by plate chromatography.

Heterogeneneous conditions. The alkene (0.4 mmol) was
dissolved in 5 ml of n-hexane followed by the addition, at
the pretended temperature, of cyclodextrin (0.04 mmol),
5 ml of water and the mercuric reagent. After alkene
consumption, 4 ml of NaOH (3 M) were added under inert
atmosphere followed by the addition of NaBH4 (1 equiv) in
2 ml of NaOH (3 M). The mixture was stirred until complete
flocculation of Hg0 and then extracted with ethyl acetate, the
organic phase dried and concentrated to dryness under
vacuum. The resulting alcohol was purified by plate
chromatography.

By the above procedures the following compounds were
prepared. The spectral data were in accordance with



A. R. Abreu et al. / Tetrahedron 61 (2005) 11986–1199011990
literature: 1-benzyloxypropan-2-ol (3),17 1-(benzylmethyl-
amino)-propan-2-ol,18 1-imidazol-1-yl-propan-2-ol,19

3-hydroxy-3-methylpiperidine-1-carboxylic acid benzyl
ester.20

3.2.1. 1-(Cyclohexylmethylamino)-propan-2-ol. The
alcohol was obtained as a colourless oil, 1H NMR
(CDCl3) 3.71 (1H, m, CHOH), 2.82 (1H, br l, OH), 2.38–
2.34 (2H, m, CH2N), 2.25 (3H, s, NCH3), 2.22 (1H, m,
NCH), 1.80 (3H, m, H-cyclohexyl), 1.65 (2H, m,
H-cyclohexyl), 1.61 (1H, m, H-cyclohexyl), 1.33–1.01
(5H, m, cyclohexyl), 1.11 (3H, d, JZ6.1 Hz, CH3CH);
13C NMR (CDCl3) d 63.5, 62.4 (CHOH, CHN), 61.2
(CH2N), 37.2 (CH2N), 29.7, 29.3, 28.2, 26.3, 26.0, 19.9
(CH3C).

3.3. Methods for ee determination

By the addition of a chiral shift reagent. To a CDCl3
solution of the alcohol (4.7!10K2 mmol), Eu(hfpc)3

(0.2 equiv) was added and the resulting solution was
analysed by 1H NMR.

By HPLC on a chiral column. A mixture of 2 and 3 was
eluted with n-hexane–isopropanol (99/1) resulting on the
retention times: 14 min for 2, and 38, 42 min for each
enantiomer of 3.

By formation of Mosher’s esters. The Mosher’s esters were
prepared by the addition of 1 equiv of Mosher’s acid
chloride to the alcohol in a CH2Cl2 solution in the presence
of base (K2CO3). The diastereomer pair was purified by
thin-layer chromatography and analysed by 1H NMR.
4. Conclusions

A completely new and simple method of asymmetric
hydration of terminal double bonds of allylic amines and
protected allylic alcohols was discovered. The readily
available a- and b-cyclodextrins where able to induce
enantioselectivity to the hydration method via an IPTC
process. Moderate yields and ees were obtained. Results
were found to be dependent on the starting alkene and on
reaction conditions. Although there were previously
reported methods for enantioselective hydration of allylic
alcohols, no equivalent method was up-to-date available for
the direct enantioselective functionalization of allylic
amines. The present method was able to induce enantio-
selectiviy to the direct hydration of allylic amines. Further
developments to improve this new method (yields and
enantioselectivity) are underway and will be reported.
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Abstract—Tricyanovinyl-substituted 1-(alkyl)aryl-2-(2 0-thienyl)pyrroles 1 have been synthesized by direct tricyanovinylation reaction of
1-(alkyl)aryl-2-(2 0-thienyl)pyrroles 2 using TCNE. The tricyanovinyl-derivatives 1 display dramatic reductions in both their optical and
electrochemical band gaps relative to thienylpyrrole precursors 2. The solvatochromic behavior of compounds 1 was investigated in a variety
of solvents. Hyper-Rayleigh scattering was used to measure the first hyperpolarizabilities b of the mentioned compounds. The b values show
that the new compounds prepared could be used on the manufacture of materials with good non-linear (NLO) properties.
q 2005 Elsevier Ltd. All rights reserved.
1. Introduction

Novel conjugated organic molecules containing both donor
and acceptor moieties have attracted much attention because
they are critical components for many great advanced
technologies such as non-linear optical (NLO), photo- and
electroluminescent devices, and photovoltaic devices.
Organic NLO materials have many advantages over
inorganic materials, such as large nonlinear optical
coefficients, greater ease for synthetic design, simple
preparation and lower cost.1–3 It has been revealed that
the second order hyperpolarizabilities (b) of heterocyclic
chromophores are often higher than their benzene
analogues.4–12 Recently we have also demonstrated that
donor–acceptor substituted bithiophenes and terthiophenes
have many favorable features as NLO materials.13–16

Conjugated thiophene and pyrrole derivatives as donors
combined with substituted acceptor groups are promising
candidates among such D–A systems due to their numerous
applications. Unlike the thiophene or furane analogues, the
0040–4020/$ - see front matter q 2005 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2005.09.062
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pyrrole ring can be further substituted on the nitrogen atom
so that the electron density of the chromophore can be
changed. In addition, replacing the N–H group of the
pyrrole ring with another substituent would eliminate some
intramolecular hydrogen bond, which might also affect their
macroscopic structures and NLO properties. Some of these
molecules, in particular the thienylpyrroles, have served as
prospective monomers for non-linear optical materials and
organic conductive polymers. The latter combine high
electrical conductivity, with thermal and environmental
stability.17–29 In the last few years donor substituted
tricyanovinyl compounds have received a lot of interest.
Due to their strong solvatochromic properties, which mainly
originate from their donor–acceptor substitution, they can
be used as model compounds for dyes with strong NLO
properties. Such dyes have found applications in manu-
facturing new materials capable of generating special
electrooptical effects, such as frequency doubling or wave
mixing.20–24,30 Therefore, tricyanovinyl-derivatives 1
represent promising candidates for NLO and other
applications. As part of our continuing interest in non-
linear optical material13–16,31,32 we have synthesized new
tricyanovinyl-substituted thienylpyrroles 1, by tricyano-
vinylation reaction of thienylpyrroles 2 described by us
recently.33
Tetrahedron 61 (2005) 11991–11998



Scheme 1. Synthesis of tricyanovinyl-thienylpyrroles 1a–i from thienylpyrroles 2a–i by tricyanovinylation reaction with TCNE.
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2. Results and discussion

2.1. Synthesis

Recently we have developed a method for the synthesis of
1-aryl-2-(2 0-thienyl)pyrroles 2.33 These compounds have
proved to be versatile substrates in tricyanovinylation
reactions, allowing us to prepare several new donor–
acceptor substituted thienylpyrroles.

Electrophilic substitution reactions of thienylpyrroles were
found to be very selective. According to earlier reports, the
pyrrole nitrogen atom has a greater ability to delocalize the
positive charge of s-complexes than the sulfur atom in
thiophene; pyrrole is therefore, considerably more reactive
towards electrophilic substitution than thiophene. Even
when both a-positions of the pyrrole ring are occupied,
electrophilic substitution will preferentially occur in the
b-position of the pyrrole ring rather than the a-position of
the thiophene ring.34–38 The reactivity of these systems has
been demonstrated with the use of electrophilic reactions
producing derivatives with the electrophile substituted
primarily on the pyrrole ring.37–44

Accordingly, tricyanovinylation of thienylpyrroles 2 pro-
ceeded selectively in the pyrrole ring to form the
corresponding tricyanovinyl-substituted thienylpyrroles 1.
The synthesis of tricyanovinyl derivatives 1a–i is outlined in
Scheme 1. The tricyanovinyl-group was introduced in a
manner similar to that of previously reported procedure.13
Table 1. Yields, IR and UV–vis data of trycianovinyl-thienylpyrroles 1 and thien

Entry Compound lmax (3) (nm)a Compound R

1 2a 291.0 (1800) 1a1 n-Propyl
2 2a — 1a2 n-Propyl
3 2a — 1a3 n-Propyl
4 2b 294.5 (9208) 1b Phenyl
5 2c 288.5 (15,638) 1c Naphthyl
6 2d 290.0 (11,410) 1d 4-Methoxyphenyl
7 2e 286.5 (10,093) 1e 2,4-Dimethoxyphen
8 2f 282.0 (9950) 1f 3,5-Dimethoxyphen
9 2g 281.5 (8477) 1g 3,4,5-Trimethoxyp
10 2h 293.0 (8505) 1h 4-Fluorophenyl
11 2i 289.5 (7939) 1i 4-Bromophenyl

a All the UV–vis spectra were run in ethanol.
Tricyanovinylation was carried out in DMF within 15 min–
180 min at room temperature. Under these conditions
1-aryl-2-(2 0-thienyl)pyrroles 2b–i reacted regioselectively
forming 1-aryl-2-(2 0-thienyl)-5-tricyanovinylpyrroles 1b–i
in 31–73% yield (Table 1). 1-n-Propyl-2-(2 0-thienyl)pyrrole
1a behaves quite differently in this reaction (Scheme 1): the
main reaction product was 1a2 (29%) and results from the
substitution at the 3-position of the pyrrole ring; in addition,
the 5- and 4-tricyanovinyl-substituted pyrrole derivatives
1a1 (12%) and 1a3 (8%) were also isolated (Table 1, entries
1–3). In interpreting these results it seems appropriate to
take into account the possible steric influence of the
n-propyl group impeding the substitution at the a-position
of the pyrrole ring.36

The structures of tricyanovinyl-substituted pyrrole deriva-
tives 1 were unambiguously confirmed by their analytical
and spectral data. In the 1H NMR spectrum of 5-tricyano-
vinyl-substituted pyrrole derivative 1a1 two signals at about
6.82 and 7.62 ppm were detected. Both signals appear as
doublets with coupling constants of 4.5 Hz indicating the
presence of two adjacent protons (3-H and 4-H) at the
corresponding pyrrole moiety. In the 1H NMR spectrum of
3-tricyanovinyl-substituted pyrrole derivative 1a2 two
signals at about 7.18 and 7.34 ppm were detected. Both
signals appear as doublets with coupling constants of
3.3 Hz. These signals were attributed to the 5-H and 4-H in
the pyrrole moiety. In the 1H NMR spectrum of
4-tricyanovinyl-substituted pyrrole derivative 1a3 two
signals at about 7.15 and 8.13 ppm were detected. Both
ylpyrroles 2

Yield
(%)

lmax (3) (nm)a hnICT

(eV)
IRnCN

(cmK1)

12 491.5 (16,640) 2.52 2215
29 408.5 (12,360) 3.04 2217
8 416.0 (10,201) 2.98 2221
35 511.5 (19,086) 2.42 2211
34 516.5 (32,160) 2.40 2207
50 519.0 (31,639) 2.39 2212

yl 63 525.5 (36,407) 2.36 2210
yl 37 514.5 (24,604) 2.41 2216

henyl 73 519.0 (30,842) 2.39 2207
37 510.5 (30,176) 2.43 2204
31 509.0 (30,457) 2.44 2213
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signals appear as doublets with coupling constants of
2.1 Hz. These signals were attributed to the 3-H and 5-H in
the pyrrole moiety. In all the 1H NMR spectra of
tricyanovinyl-substituted pyrrole derivatives 1a–i three
signals at about 7.08–7.35 (multiplet), 7.30–7.58 (double
doublet) and 7.45–7.92 (double doublet) were detected.
These signals were attributed, respectively, to the 4 0, 3 0 and
5 0-H protons in the thiophene moiety.

The tricyanovinyl derivatives synthesized are colored with
metallic luster. As for similar compounds, the color of the
tricyanovinyl-substituted pyrroles 1 depend on the sub-
stituent on the nitrogen of the pyrrole ring.21–25
Figure 1. UV–vis spectra of compounds 1e and 2e recorded in ethanol.
2.2. UV–vis study of tricyanovinyl-substituted
thienylpyrroles

All the tricyanovinyl-substituted thienylpyrroles 1 syn-
thesized are deeply colored compounds, which exhibit
intense absorptions in the UV–vis range. The position of
these absorptions is influenced by the structure of the
compounds, for example, by the substituent on the nitrogen
atom of the pyrrole ring and by the position of substitution
of the tricyanovinyl group on the pyrrole ring.

The electronic spectra of tricyanovinyl-thienylpyrrole
derivatives 1 were recorded in ethanol (Table 1). Dramatic
differences in energy occur upon tricyanovinyl-substitution
of thienylpyrroles 1. For example, thienylpyrrole 2e (lmaxZ
286.5 nm) is shifted 239 nm upon tricyanovinyl substitution
(tricyanovinyl-derivative 1e, lmaxZ525.5 nm) (Figure 1,
Table 1, entry 7). These effects have been attributed to the
stabilization of LUMO by the electron-withdrawing
groups.45 The influence of the substituent on the nitrogen
atom of the pyrrole ring is demonstrated by comparison of the
absorption maxima of compounds 1a1 and 1e as the longest
wavelength transition is shifted from 491.5 nm in 1-(n-
propyl)-2-(2 0-thienyl)-5-tricyanovinylpyrrole 1a1 (Table 1,
entry 1) to 525.5 nm for 1-(2 00,4 00-dimethoxyphenyl)-2-(2 0-
thienyl)-5-tricyanovinylpyrrole 1e (Table 1, entry 7). The
influence of the position of the tricyanovinyl group on the
pyrrole ring on lmax of absorption for tricyanovinyl
Table 2. Solvatochromic data [lmax (nm) and �ymax ðcmK1Þ of the charge-transfer b
with p* values by Kamlet and Taft49

Solventa p*b Compound 1a1

lmax (nm) nmax (cmK1)

n-Hexane K0.08 468.8 21,331
Cyclohexane 0.00 470.2 21,268
Diethyl ether 0.27 480.8 20,799
Ethyl acetate 0.55 485.4 20,602
Toluene 0.54 490.2 20,400
Ethanol 0.54 491.2 20,358
THF 0.58 490.2 20,400
Methanol 0.60 490.2 20,400
Acetone 0.71 491.0 20,367
Acetonitrile 0.75 494.0 20,243
Chloroform 0.7650 497.8 20,088
Dichloromethane 0.82 500.6 19,976
DMF 0.88 499.0 20,049
DMSO 1.00 506.6 19,739

a Solvent used as received.
b The correlation coefficient r obtained for the linear solvatation energy relation

solvents was rZ0.9830 (1a1), 0.9658 (1a2) and 0.9419 for (1g).
derivatives 1a1–1a3 is noteworthy. The difference in lmax

values (Dlmax) between the three compounds (1a1–1a3) is in
the range of 75–83 nm (Table 1, entries 1–3). As expected,
the introduction of the tricyanovinyl group in the 5-position
of the pyrrole ring (1a1), relative to the same acceptor group
in the 3-position (1a2), results in a bathochromic shift in the
lmax of absorption for 1a1 due to more extensive electron
delocalization.

It is widely recognized that low energy bands in the UV–vis.
spectra46 and large solvatochromism7,47,48 are good
indicators of potential NLO properties.

2.3. Solvatochromic behavior of tricyanovinyl-
substituted thienylpyrroles

To evaluate the intermolecular forces between the solvents
and the solute molecules and in order to determine the best
indicator dye, we carried out a preliminary study of the
absorption spectra for compounds 1 in solvents of different
solvatation character (cyclohexane, ethyl acetate and DMF).
The highest energy transitions are found with non-polar
solvents (cyclohexane). More polar solvents such as DMF
resulted in lower energy transitions. This behavior has been
and] for trycianovinyl-thienylpyrroles 1a1, 1a2 and 1g in selected solvents

Compound 1a2 Compound 1g

lmax (nm) nmax (cmK1) lmax (nm) nmax (cmK1)

— — 502.5 19,900
395.2 25,240 506.5 19,743
404.4 24,728 513.0 19,493
407.6 24,534 513.0 19,493
407.4 24,546 519.5 19,249
407.4 24,546 519.0 19,268
408.2 24,498 517.0 19,342
405.6 24,655 520.0 19,231
410.4 24,366 518.0 19,305
412.2 24,260 518.5 19,286
412.8 24,225 525.5 19,029
415.8 24,050 526.0 19,011
417.0 23,980 528.0 18,939
421.0 23,697 533.5 18,744

ship with p* values by Kamlet and Taft for aliphatic and dipolar aprotic



Table 3. Cyclic voltammetry data for thienylpyrroles 2 and 5-tricyanovinyl-substituted thienylpyrroles 1 at a glassy carbon electrode

Compound Thienylpyrroles 2 Tricyanovinyl-substituted thienylpyrroles 1

Oxidation Epa (V)a Compound Oxidation Epa (V)a Reductiona Band gap (eV)b

K1E1⁄2
(V) K2Epc (V)

2a 0.57 1a1 1.11 0.92 1.61 2.03
2b 0.53 1b 0.95 1.00 1.70 1.95
2c 0.54 1c 0.96 1.02 1.73 1.98
2d 0.48 1d 0.94 1.14 1.80 2.08
2e 0.45 1e 0.92 1.05 1.75 1.97
2f 0.48 1f 0.95 1.01 1.78 1.96
2g 0.46 1g 0.94 1.06 1.72 2.00
2h 0.55 1h 0.97 0.94 1.78 1.91
2i 0.54 1i 0.98 0.99 1.70 1.97

a Solution approximately 1–2 mM in each compounds in acetonitrile 0.10 M [NBu4][BF4] was used, and the scan rate was 100 mV sK1, potentials versus the
ferrocinium–ferrocene-couple.

b EHOMOZ4.39CEox (eV) and ELUMOZEredC4.39 (eV).

Figure 2. Cyclic voltammograms of 5-tricyanovinyl-thienylpyrrole 1d,
recorded in acetonitrileK0.1 M [NBu4][BF4] at a vitreous carbon electrode

2 K1
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defined as a positive solvatochromic response (DnZ
649 cmK1 for 1b and DnZ1260 cmK1 for 1a2) that is
related to a greater stabilization of the excited state relative
to the ground state with increasing polarity of the solvent.
We found that compounds 1a1 (DnZ1228 cmK1), 1a2

(DnZ1260 cmK1) and 1g (DnZ804 cmK1) showed the
longest shifts in wavenumber maxima so a full solvato-
chromic study involving 14 solvents was carried out
(Table 2).

The maxima of the wavenumbers for 1a1, 1a2, and 1g
measured in 14 solvents as well the corresponding
wavelength l are listed in Table 2 and compared to the
p* determined by Kamlet and Taft.49,50

In view of the pronounced solvatochromism, the good
correlation with p* values for the 14 solvents investigated
and the long wavelength absorption in the visible range, 1a1,
1a2, and 1g seemed to be a very appropriate solvent polarity
indicating dyes (Table 2).
(area Z0.049 cm ). Scan rate Z200 mV s , concentration of compound
Z10K3 M. (a) Between K0.40 and 1.18 V versus ferrocenium–ferrocene;
(b) between K0.40 and K2.20 V versus ferrocenium–ferrocene.
2.4. Electrochemical study of tricyanovinyl-substituted

thienylpyrroles

The redox properties of tricyanovinyl-substituted thienyl-
pyrroles 1 were investigated by cyclic voltammetry
(Table 3). All compounds displayed one oxidative process
under the experimental conditions. The precursors thienyl-
pyrroles 2 showed an irreversible oxidation. Upon tri-
cyanovinyl-substitution, the compounds display oxidation
at more positive potentials as a consequence of the
destabilizing effect of the electron-withdrawing tricyano-
vinyl group.51 For example, the 1-phenyl-2-(2 0-thienyl)-
pyrrole 2b display an oxidation at EpaZ0.53 V and the
correspondent tricyanovinyl derivative 1b display an
oxidation at EpaZ0.95 V, corresponding to the formation
of the cation radical. The tricyanovinyl-substituted thienyl-
pyrroles display two reduction processes (Table 3, Fig. 2).
For all compounds, the first process is stable on the cyclic
voltammetry scale. A cathodic shift of reduction peak
potentials was observed for 1-aryl-thienylpyrroles 1b–i
relative to 1-propyl-thienylpyrrole 1a1. For example, 1-n-
propyl-2-(2 0-thienyl)pyrrole 1a1 displays a reversible
reduction E1⁄2

Z0.92 V and 1-(2 00,4 00-dimethoxyphenyl)-2-
(2 0-thienyl)-5-tricyanovinylpyrrole 1e displays a reversible
reduction at EpaZ1.05 V. The results show that oxidative
and redutive peak potentials are influenced by the
substituents on the nitrogen of the pyrrole ring.

Electrochemical band gaps, (Table 3), were calculated as
described previously52 from the potentials of the anodic and
cathodic processes and agree well with the calculated
optical band gaps. To our knowledge, these are among the
lowest band-gap materials based on thienylpyrrole
derivatives.

2.5. Non-linear optical study of tricyanovinyl-substituted
thienylpyrroles

We have used the Hyper-Rayleigh scattering (HRS)
method53 to measure the first hyperpolarizability b of the
tricyanovinyl derivatives 1 using the 1064 nm fundamental
wavelength of a laser bean. Dioxane was used as a solvent,
and the b values were measured against a reference solution
of p-nitroaniline (PNA)54 in the same solvent. Table 4
shows the measured values of b together with the lowest
energy absorption maximum of each compound. We have
used the two-level model to calculate the static second-order
hyperpolarizability b0

55–57 the results being included in



Table 4. UV–vis absorptions, b values, b0 values for PNA and for
compounds 1a

Compound lmax (nm) b/10K30 esub b0/10K30 esuc

1a1 486 254 30
1a2 408 317 105
1a3 414 240 80
1b 504 244 19
1c 506 234 17
1d 510 253 17
1e 514 263 13
1f 508 221 15
1g 512 225 13
1h 506 290 21
1i 504 280 22
PNA 352 16.958,59 8

a Experimental hiperpolarizabilities and spectroscopic data measured in
dioxane solutions.

b All the compounds are transparent at the 1064 nm fundamental
wavelength.

c Data corrected for resonance enhancement at 532 nm using the two-level
model with b0Zb [1K(lmax/1064)2][1K(lmax/532)2]; damping factors
not included 1064 nm.55–57
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Table 4. The b0 values are calculated using a very simple
two-level model and are only indicative. The static
hyperpolarisability (b0) values should, therefore, be treated
with caution.

The b values of compounds 1b–c, 1f–g are virtually
identical and 13–14 times of that of PNA, suggesting that,
the donating properties of these aryl-thienylpyrrole moieties
are comparable. However, derivatives 1d–e (having one or
two methoxy-groups at ortho or ortho–para position on the
aromatic ring) and compounds 1h and 1i (having one
halogen, F or Br, at para position on the aromatic ring) show
higher b values. The b values are 15–17 times that of PNA,
whereas the b0 values are 2–3 times of PNA. Compound
1a2, having a propyl group at the 1-position of the pyrrole
ring and the tricyanovinyl acceptor group at 3-position
exhibit the large b and b0 values. The b value of 1a2 is 19
times that of PNA and 13 times of b0.

Comparison of the b values for 1a1–1a3 shows that the
substitution of the tricyanovinyl-group at the 3-position on
the pyrrole ring leads to a larger nonlinearity than the same
acceptor group at 4- (1a3) or at 5-position (1a1).

Donor–acceptor thienylpyrrole derivatives 1 were
completely characterized by elemental analysis and/or
HRMS, 1H NMR and 13C NMR spectroscopy, UV–vis, IR
spectroscopy and cyclic voltammetry (Tables 1–3).
3. Conclusions

In summary, we have synthesized new tricyanovinyl-
substituted thienylpyrroles 1 by direct tricyanovinylation
reaction of thienylpyrroles 2 with TCNE. These compounds
exhibit dramatic changes in both their electronic and redox
properties in relation to the precursor materials.

The solvatochromic behavior of compounds 1 was
determinated by regression analyses of absorption maxima
in 14 solvents. Due to their pronounced solvatochromic
properties tricyanovinyl-substituted thienylpyrroles and
especially compounds 1a1, 1a2 and 1g are suitable to
investigate the solvent polarity by means of their absorption
wavenumbers.

Hyper-Rayleigh scattering was used to determine the first
hyperpolarisability, b, the data showing that b is dependent
on the substituent on the pyrrole ring (alkyl or aryl) and on
the position of substitution (3, 4 or 5) of the acceptor group
on the pyrrole ring. It also show that the compounds have
high molecular nonlinearities as their values are 10–20
times higher that the well none PNA molecule.

In agreement with the solvatochromic, electrochemical and
non-linear optical studies the new compounds prepared
could be used on the manufacture of semi-conductor
materials or materials with strong non-linear (NLO)
properties.
4. Experimental

4.1. General

1H NMR spectra were obtained on a Varian Unity Plus
Spectrometer at 300 MHz and 13C NMR spectra were
determinated on a Varian Unity Plus Spectrometer at
75.4 MHz using the solvent peak as internal reference.
The solvents are indicated in parenthesis before the
chemical shift values (d relative to TMS). Mps were
determined on a Gallenkamp apparatus and are uncorrected.
Infrared spectra were recorded on a Perkin Elmer 1600
FTIR spectrophotometer. UV–vis absorption spectra were
obtained using a Shimadzu UV/2501PC spectrophotometer.
EI mass spectra EI (70 eV) and HRMS were run on a
Unicam GC–MS 120. Elemental analysis was carried out on
a Leco CHNS-932. Voltammetric measurements were
performed using a potentiostat/galvanostat AUTOLAB/
PSTAT 12 with a low current module ECD from ECO-
CHEMIE and the data analysis was processed by the
General Purpose Electrochemical System software package
also from ECO-CHEMIE. Three electrode, two-compart-
ment cells equipped with vitreous carbon-disc working
electrodes, a platinum-wire secondary electrode and a
silver-wire pseudo-reference electrode were employed for
cyclic voltammetric measurements. The concentrations of
the compounds were typically 1–2 mmol dmK3 and
0.1 mol dmK3 [NBu4][BF4] was used as the supporting
electrolyte in acetonitrile solvent. The potential was
measured with respect to ferrocinium–ferrocene as an
internal standard. Column chromatography was performed
on Merck silica gel 60 (Art 9385). Light petroleum refers to
solvent boiling in the range 40–60 8C.

The experimental set-up for hyper-Rayleigh measurements
is very similar to the one presented by Clays et al.53 The
incident beam came from a Q-switched Nd:YAG laser
(10 Hz, w20 mJ, w10 ns) at a fundamental wavelength of
1064 nm and was focused in the solution (beam diameter
w0.5 mm). The Hyper-Rayleigh signal was normalized by
a second harmonic signal from a quartz plate to compensate
for laser power fluctuations. The concentrations of the
solutions under study were chosen so that the corresponding
relative Hyper-Rayleigh signals fall within the dynamic
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range of the apparatus. All solutions were previously filtered
(0.2 mm porosity) to avoid spurious signals from suspended
impurities. The first hyperpolarizabilities b of the molecules
in dioxane solutions were measured using the external
reference method.54 For two dilute solutions of cromo-
phores with dominant hyperpolarizabilities along the charge
transfer axis, in the same solvent, the relative hyperpolariz-
ability is given by b/brefZm/mref where m is the coefficient
of variation of HRS signal with cromophore concentration.
The reference chosen was a solution of PNA 1!10K2 M, in
dioxane since its b is known from EFISH measurements for
the same wavelength.58,59 For each solution, we estimated
the linear coefficients m using two experimental points:
HRS signal for the solvent and HRS signal for the
solution. From the calibration value bPNA/p-dioxaneZ16.9G
0.4 10K30 esu, the determined b values of the present
compounds. The error associated with the HRS measured b
values is 10%.

The synthesis of thienylpyrroles 1 has been described
elsewhere.33

4.1.1. General procedure for the synthesis of tricyano-
vinyl-thienylpyrroles 1 from thienylpyrroles 2 by
tricyanovinylation with tetracyanoethylene (TCNE). A
solution of thienylpyrroles 2 (0.1 g, 0.40 mmol) in DMF
(1 ml) was cooled at 0 8C and then TCNE (0.40 mmol) was
added slowly. The reaction mixture was stirred during
different reaction times (15 min–3 h) at room temperature.
After this time the mixture was poured into ice/water. The
organic layer was diluted in chloroform, washed with water
and dried with anhydrous MgSO4. Evaporation of the
organic extract under reduced pressure gave the crude
tricyanovinyl-pyrroles 1, which were purified by ‘flash’
chromatography on silica with increasing amounts of ether
in light petroleum as eluent to give the pure products.

Tricyanovinylation of 1a gave a mixture of 1-propyl-2-(2 0-
thienyl)-5-tricyanovinylpyrrole 1a1, 1-propyl-2-(2 0-thi-
enyl)-3-tricyanovinylpyrrole 1a2 and 1-propyl-2-(2 0-thi-
enyl)-4-tricyanovinylpyrrole 1a3. The first component
eluted was 1-propyl-2-(2 0-thienyl)-5-tricyanovinylpyrrole
1a1 as a dark red solid with metallic luster (12%). Mp:
146.5–146.8 8C. UV (EtOH): lmax nm (3/MK1 cmK1) 491.5
(16,640), 368.5 (6640), 274.5 (8130). IR (Nujol) n 2215
(CN), 1500, 1458, 1432, 1325, 1163, 1141, 1094, 850, 790,
705 cmK1. 1H NMR (Acetone-d6) d 0.83 (t, 3H, JZ7.2 Hz,
NCH2CH2CH3), 1.70–1.90 (m, 2H, NCH2CH2CH3), 4.58 (t,
2H, JZ7.8 Hz, NCH2CH2CH3), 6.82 (d, 1H, JZ4.5 Hz,
3-H), 7.31–7.35 (m, 1H, 4 0-H), 7.58 (dd, 1H, JZ3.4, 1.2 Hz,
3 0-H), 7.62 (d, 1H, JZ4.5 Hz, 4-H), 7.84 (dd, 1H, JZ5.4,
1.2 Hz, 5 0-H). 13C NMR (CDCl3) d 10.52, 25.06, 48.09,
112.90, 113.14, 113.49, 115.80, 124.07, 126.15, 126.30,
128.33, 129.26, 129.31, 130.99, 142.29. MS (EI) m/z (%):
292 (MC, 52), 250 (33), 249 (100), 224 (8), 205 (6), 163 (6).
HRMS: m/z (EI) for C16H12N4S; calcd 292.0783; found:
292.0773. Anal. Calcd for C16H12N4S: C, 65.74; H, 4.11; N,
19.17; S, 10.97. Found: C, 65.46; H, 4.37; N, 18.71; S,
11.17. The second component eluted was 1-propyl-2-(2 0-
thienyl)-4-tricyanovinylpyrrole 1a3 as a dark orange
solid (8%). Mp: 121.3–122.4 8C. UV (EtOH): lmax nm
(3/MK1 cmK1) 416.0 (10,201), 355.5 (15,154), 268.5
(10,437), 240.0 (12,046). IR (Nujol) n 2221 (CN), 1546,
1467, 1413, 1334, 1268, 1047, 984, 955, 845, 796, 726, 693,
666, 551 cmK1. 1H NMR (Acetone-d6) d 0.87 (t, 3H, JZ
7.2 Hz, NCH2CH2CH3), 1.82 (m, 2H, NCH2CH2CH3), 4.30
(t, 2H, JZ7.8 Hz, NCH2CH2CH3), 7.15 (d, 1H, JZ2.1 Hz,
3-H), 7.22–7.26 (m, 1H, 4 0-H), 7.39 (dd, 1H, JZ3.6, 1.2 Hz,
3 0-H), 7.70 (dd, 1H, JZ5.4, 1.2 Hz, 5 0-H), 8.13 (d, 1H, JZ
2.1 Hz, 5-H). MS (EI) m/z (%): 292 (MC, 98), 281 (17), 263
(15), 251 (10), 250 (100), 249 (14), 236 (5), 223 (9), 209 (6),
208 (12), 207 (94), 205 (7), 191 (6), 162 (5), 96 (8). HRMS:
m/z (EI) for C16H12N4S; calcd 292.0783; found: 292.0793.
The third component eluted was 1-propyl-2-(2 0-thienyl)-3-
tricyanovinylpyrrole 1a2 as a dark yellow solid (29%). Mp:
118.9–119.1 8C. UV (EtOH): lmax nm (3/MK1 cmK1) 408.5
(12,360), 370.0 (13,090), 260.0 (9000). IR (Nujol) n 2217
(CN), 1562, 1513, 1300, 1270, 1221, 1178, 1112, 945, 846,
762, 719, 534 cmK1. 1H NMR (Acetone-d6) 0.88 (t, 3H, JZ
7.5 Hz, NCH2CH2CH3), 1.65–1.85 (m, 2H, NCH2CH2CH3),
4.02 (t, 2H, JZ7.5 Hz, NCH2CH2CH3), 7.18 (d, 1H, JZ
3.3 Hz, 5-H), 7.29–7.33 (m, 1H, 4 0-H), 7.34 (d, 1H, JZ
3.3 Hz, 4-H), 7.41 (dd, 1H, JZ3.4, 1.2 Hz, 3 0-H), 7.92 (dd,
1H, JZ5.1, 1.2 Hz, 5 0-H). 13C NMR (CDCl3) d 11.01,
24.23, 49.52, 109.56, 111.92, 112.60, 112.92, 117.14,
125.17, 126.80, 128.03, 130.91, 133.26, 134.40, 134.78.
MS (EI) m/z (%): 292 (MC, 100), 263 (30), 236 (47), 224
(48), 196 (11), 170 (8), 147 (7), 109 (5), 86 (4). HRMS: m/z
(EI) for C16H12N4S; calcd 292.0783; found: 292.0788.
Anal. Calcd for C16H12N4S: C, 65.74; H, 4.11; N, 19.17; S,
10.97. Found: C, 65.77; H, 4.33; N, 18.83; S, 11.13.

4.1.2. 1-Phenyl-2-(2 0-thienyl)-5-tricyanovinylpyrrole 1b.
Gold-like lustrous crystals (35%). Mp: 184.8–185.7 8C. UV
(EtOH): lmax nm (3/MK1 cmK1) 511.5 (19,086), 376.0
(11,580), 271.5 (9690). IR (Nujol) n 2211 (CN), 1505, 1403,
1321, 1240, 1229, 1198, 1091, 987, 896, 848, 782, 774, 716,
697 cmK1. 1H NMR (Acetone-d6) d 7.08–7.10 (m, 1H, 4 0-
H), 7.18 (d, 1H, JZ4.5 Hz, 3-H), 7.30 (dd, 1H, JZ3.9,
1.2 Hz, 3 0-H), 7.60 (dd, 1H, JZ5.1, 1.2 Hz, 5 0-H), 7.66–
7.69 (m, 5H, 5!Ar-H), 7.92 (d, 1H, JZ4.5 Hz, 4-H). 13C
NMR (CDCl3) d 110.85, 113.12, 113.96, 114.17, 123.64,
125.98, 127.66, 127.80, 129.06, 129.34, 130.12, 130.24,
131.08, 131.92, 134.67, 142.03. MS (EI) m/z (%): 326 (MC,
100), 300 (5), 100 (8). HRMS: m/z (EI) for C19H10N4S;
calcd 326.0626; found: 326.0626.

4.1.3. 1-Naphthyl-2-(2 0-thienyl)-5-tricyanovinylpyrrole
1c. Gold-like lustrous crystals (34%). Mp: 175.1–
176.2 8C. UV (EtOH): lmax nm (3/MK1 cmK1) 516.5
(32,160), 286.0 (10,753). IR (Nujol) n 2207 (CN), 1594,
1505, 1463, 1376, 1318, 1261, 1205, 1169, 1112, 954, 895,
848, 809, 776, 743, 709, 612 cmK1. 1H NMR (Acetone-d6) d
6.97–7.02 (m, 1H, 4 0-H), 7.20 (m, 1H, Ar-H), 7.35 (dd, 1H,
JZ3.9, 1.2 Hz, 3 0-H), 7.40 (d, 1H, JZ4.8 Hz, 3-H), 7.45
(dd, 1H, JZ5.1, 1.2 Hz, 5 0-H), 7.60–7.70 (m, 2H, 2!Ar-H),
7.76–7.82 (m, 1H, Ar-H), 7.98 (dd, 1H, JZ7.7, 1.2 Hz,
Ar-H), 8.14 (d, 1H, JZ4.8 Hz, 4-H), 8.17–8.20 (m, 1H,
Ar-H), 8.38 (br d, 1H, JZ8.4 Hz, Ar-H). 13C NMR (CDCl3)
d 110.90, 113.09, 114.13, 114.15, 121.05, 123.80, 125.35,
125.55, 127.56, 127.61, 128.07, 128.88, 128.95, 129.13,
129.46, 129.50, 130.76, 130.85, 132.06, 132.72, 134.26,
142.68. MS (EI) m/z (%): 376 (MC, 100), 375 (12), 346 (4),
311 (11), 273 (2), 241 (2), 136 (4), 127 (6), 126 (3), 69 (5).
HRMS: m/z (EI) for C23H12N4S; calcd 376.0783; found:
326.0781.
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4.1.4. 1-(4 00-Methoxyphenyl)-2-(2 0-thienyl)-5-tricyano-
vinylpyrrole 1d. Dark red solid with metallic luster
(50%). Mp: 156.9–157.2 8C. UV (EtOH): lmax nm
(3/MK1 cmK1) 519.0 (31,639), 339.5 (4716), 297.5
(7226), 281.5 (7154), 232.5 (19,927). IR (Nujol) n 2212
(CN), 1506, 1465, 1432, 1404, 1381, 1322, 1254, 1201,
1020, 987 cmK1. 1H NMR (Acetone-d6) d 3.97 (s, 3H,
OCH3), 7.09–7.13 (m, 1H, 4 0-H), 7.17–7.23 (m, 3H, 3-H and
2!Ar-H), 7.43 (dd, 1H, JZ3.9, 1.2 Hz, 3 0-H), 7.56 (d, 2H,
JZ9.2 Hz, 2!Ar-H), 7.61 (dd, 1H, JZ5.1, 1.2 Hz, 5 0-H),
7.92 (d, 1H, JZ4.8 Hz, 4-H). 13C NMR (CDCl3) d 55.70,
111.06, 113.29, 113.96, 114.12, 115.30, 123.54, 125.83,
126.77, 127.74, 128.18, 129.14, 129.47, 131.16, 131.32,
142.36, 162.19. Anal. Calcd for C20H12N4OS: C, 67.35; H,
3.40; N, 15.73; S, 9.00. Found: C, 67.03; H, 3.69; N, 15.40;
S, 8.93.

4.1.5. 1-(2 00,4 00-Dimethoxyphenyl)-2-(2 0-thienyl)-5-tri-
cyanovinylpyrrole 1e. Red-violet solid with metallic
luster (63%). Mp: 182.8–183.8 8C. UV (EtOH): lmax nm
(3/MK1 cmK1) 525.5 (36,407), 335.0 (4502), 292.0 sh.
(7730), 283.5 (9088), 232.5 (17,173). IR (Nujol) n 2210
(CN), 1616, 1588, 1505, 1465, 1434, 1403, 1381, 1314,
1294, 1259, 1230, 1212, 1200, 1161, 1135, 1096, 1027, 986,
942, 850, 803, 787 cmK1. 1H NMR (Acetone-d6) d 3.83 (s,
3H, OCH3), 3.97 (s, 3H, OCH3), 6.77 (dd, 1H, JZ8.7,
2.7 Hz, 5 00-H), 6.86 (d, 1H, JZ2.7 Hz, 3 00-H), 7.11–7.14 (m,
1H, 4 0-H), 7.24 (d, 1H, JZ4.8 Hz, 3-H), 7.39 (d, 1H, JZ
8.7 Hz, 6 00-H), 7.53 (dd, 1H, JZ3.9, 1.2 Hz, 3 0-H), 7.61 (dd,
1H, JZ5.2, 1.2 Hz, 5 0-H), 7.95 (d, 1H, JZ4.8 Hz, 4-H). 13C
NMR (CDCl3) d 55.76, 55.93, 99.95, 105.46, 111.19,
113.63, 114.03, 114.47, 115.60, 123.79, 125.25, 127.65,
128.08, 129.06, 129.57, 131.19, 131.95, 142.69, 158.35,
164.04. Anal. Calcd for C21H14N4O2S: C, 65.27; H, 3.63; N,
14.50; S, 8.30. Found: C, 65.27; H, 3.86; N, 14.03; S, 8.38.

4.1.6. 1-(3 00,5 00-Dimethoxyphenyl)-2-(2 0-thienyl)-5-tri-
cyanovinylpyrrole 1f. Bronze-like lustrous crystals (37%).
Mp: 149.3–150.3 8C. UV (EtOH): lmax nm (3/MK1 cmK1)
514.5 (24,604), 341.5 (4413), 286.0 (8144), 222.0 sh.
(1851). IR (Nujol) n 2216 (CN), 1607, 1512, 1466, 1429,
1407, 1292, 1238, 1209, 1176, 1157, 1005, 850, 768,
718 cmK1. 1H NMR (Acetone-d6) d 3.87 (s, 6H, 2!OCH3),
6.86 (br s, 3H, 2 00, 4 00 and 6 00-H), 7.10–7.14 (m, 1H, 4 0-H),
7.17 (d, 1H, JZ4.8 Hz, 3-H), 7.40 (dd, 1H, JZ2.7, 1.2 Hz,
3 0-H), 7.63 (dd, 1H, JZ5.2, 1.2 Hz, 5 0-H), 7.89 (d, 1H, JZ
4.8 Hz, 4-H). 13C NMR (CDCl3) d 55.82, 103.39, 108.72,
110.93, 113.21, 113.98, 114.03, 123.53, 126.03, 127.32,
127.81, 129.07, 129.48, 130.95, 135.77, 141.74, 161.70. MS
(EI) m/z (%): 386 (MC, 100), 360 (8), 149 (7), 98 (8).
HRMS: (EI) m/z (%) for C21H14N4O2S; calcd 386.0837;
found 386.0847.

4.1.7. 1-(3 00,4 00,5 00-Trimethoxyphenyl)-2-(2 0-thienyl)-5-
tricyanovinylpyrrole 1g. Bronze-like lustrous
crystals (73%). Mp: 206.8–207.6 8C. UV (EtOH): lmax nm
(3/MK1 cmK1) 519.0 (30,842), 339.5 (4855), 283.0 (7558),
235.0 sh. (1493), 209.0 (48,174). IR (liquid film) n 2207
(CN), 1593, 1503, 1426, 1402, 1383, 1297, 1227, 1185,
1166, 1126, 1080, 851, 830, 776, 673, 504 cmK1. 1H NMR
(Acetone-d6) d 3.87 (s, 9H, 3!OCH3), 7.04 (s, 2H, 2 00and
6 00-H), 7.11–7.15 (m, 1H, 4 0-H), 7.21 (d, 1H, JZ5.1 Hz,
3-H), 7.48 (dd, 1H, JZ3.0, 1.2 Hz, 3 0-H), 7.64 (dd, 1H, JZ
4.8, 1.2 Hz, 5 0-H), 7.92 (d, 1H, JZ5.1 Hz, 4-H). 13C NMR
(CDCl3) d 56.56, 61.49, 107.93, 111.15, 113.31, 113.85,
114.13, 123.59, 125.73, 127.79, 127.84, 129.19, 129.42,
129.70, 130.91, 141.43, 142.06, 154.24. MS (EI) m/z (%):
416 (MC, 100), 401 (9), 361 (5). HRMS: m/z (EI) for
C22H16N4O3S; calcd 416.0943; found: 416.0991.
4.1.8. 1-(4 00-Fluorophenyl)-2-(2 0-thienyl)-5-tricyano-
vinylpyrrole 1h. Gold-like lustrous crystals (37%). Mp:
187–188 8C. UV (EtOH): lmax nm (3/MK1 cmK1) 510.5
(30,176), 333.0 (4248), 296.0 (6311), 228.8 (9076). IR
(Nujol) n 2204 (CN), 1503, 1466, 1433, 1403, 1380, 1320,
1194, 1090, 989, 851, 816, 775 cmK1. 1H NMR (Acetone-
d6) d 7.10–7.14 (m, 1H, 4 0-H), 7.20 (d, 1H, JZ4.8 Hz, 3-H),
7.38 (dd, 1H, JZ3.9, 1.2 Hz, 3 0-H), 7.47 (t, 2H, JZ8.7 Hz,
2!Ar-H), 7.63 (dd, 1H, JZ5.2, 1.2 Hz, 5 0-H), 7.77 (dd, 2H,
JZ9.3, 4.8 Hz, 2!Ar-H), 7.94 (d, 1H, JZ4.8 Hz, 4-H). 13C
NMR (Acetone-d6) d 110.58, 112.18, 114.44, 114.91,
115.00, 117.86 (d, JZ23.2 Hz, C3 00, C5 00), 124.18, 126.83,
128.64, 128.84, 130.68, 130.69, 131.90, 133.87 (d, JZ
9.5 Hz, C2 00, C6 00), 142.83, 165.35 (d, JZ249.8 Hz, C4 00).
MS (EI) m/z (%): 344 (MC, 100), 318 (5), 242 (5), 208 (3),
169 (3), 145 (3), 95 (4), 84 (4), 69 (11). HRMS: m/z (EI) for
C19H9FN4S; calcd 344.0532; found: 344.0530.
4.1.9. 1-(4 00-Bromophenyl)-2-(2 0-thienyl)-5-tricyano-
vinylpyrrole 1i. Red-pink with metallic luster (31%). Mp:
175.1–175.4 8C. UV (EtOH): lmax nm (3/MK1 cmK1) 509.0
(30,457), 332.0 (4986), 293.0 (7093), 230.0 (19,779). IR
(Nujol) n 2213 (CN), 1505, 1427, 1401, 1322, 1231, 1200,
1067, 1014, 986, 846, 830, 786, 746, 724, 683, 634 cmK1.
1H NMR (Acetone-d6) d 7.10–7.14 (m, 1H, 4 0-H), 7.18 (d,
1H, JZ4.8 Hz, 3-H), 7.36 (dd, 1H, JZ3.8, 1.2 Hz, 3 0-H),
7.64 (dd, 1H, JZ5.1, 1.2 Hz, 5 0-H), 7.67 (d, 2H, JZ8.7 Hz,
2!Ar-H), 7.89 (d, 2H, JZ8.7 Hz, 2!Ar-H), 7.92 (d, 1H,
JZ4.8 Hz, 4-H). MS (EI) m/z (%): 406 (MC81Br, 100), 404
(MC79Br, 97), 403 (7), 325 (9), 297 (6), 249 (5), 216 (5),
196 (3), 163 (4), 149 (8), 136 (6), 76 (5). HRMS: m/z (EI) for
C19H9

81BrN4S; calcd 405.9711; found: 405.9726, Anal.
Calcd for C19H9BrN4S: C, 56.29; H, 2.22; N, 13.83; S,
7.92. Found: C, 56.12; H, 2.69; N, 13.22; S, 7.97.
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Abstract—The comparative account of the reactivities of N 0-[(5-benzoyl and ethoxycarbonyl)thiazol-2-yl]-N,N-dimethylformamidines (1a
and 1b), tremendously influenced by the electronic nature of the substituents on C-5 of the thiazolic ring with various monosubstituted and
conjugated ketenes is reported herein. The DA cycloadditions of the dienyl pyrimidinone 3h with both symmetrical as well as unsymmetrical
dienophiles leading to the formation of various thiazolic pyrimidinone derivatives are also reported.
q 2005 Published by Elsevier Ltd.
1. Introduction

The advent of various diazabutadienes as potential 4p
components has extended their versatility by allowing easy
access to various functionalized six-membered hetero-
cycles.1 Their cycloaddition reactions with ketenes continue
to be an important area of scientific quest because of their
synthetic potential and interesting mechanistic features.2

Considerable attention has also been paid to for the
development of suitable synthetic methodologies for
efficient synthesis of appropriately substituted diazabuta-
dienes including 1,3-diaza-1,3-butadienes.3 Recent reports
from our laboratory have shown the development of simpler
methods for the preparation of various acyclic 1,3-
diazabuta-1,3-dienes and their successful utilization in
[4C2] cycloaddition reactions with a variety of ketenes4

yielding a spectrum of biologically and medicinally
important pyrimidinones.

In recent years, while in the process of synthesis and
cycloadditions of cross-conjugated heterodienes starting
from thiourea and its analogues, we came across two reports
by Deniaud et al. regarding the synthesis and reactions with
a-haloketones/acrylic dienophiles and reactions of the
subsequent thiazolic/thiazinic diazadienes with various
dienophiles such as acrylates and simple ketenes leading
to the formation of various heterobicyclic compounds.5

The synthetic versatility of thiazolic diazadienes, despite
0040–4020/$ - see front matter q 2005 Published by Elsevier Ltd.
doi:10.1016/j.tet.2005.09.008
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being excellent synthons, has largely remained unexplored.
These have been reported to undergo [4C2] cycloadditions
with highly reactive unsubstituted ketenes, generated,
in situ, by the cracking of acetone or by treatment of
methyl/ethylmalonyl chloride with triethylamine, leading to
the formation of thiazolo-pyrimidinone derivatives.5 Their
cycloadditions with other ketenes remained unattempted
either because it evaded their attention or the authors failed
to obtain any isolable product. Our continued interest in
azadiene–ketene cycloadditions, relatively less explored
chemistry of these thiazolic diazadienes towards ketenes
and the significant pharmacological importance of the
functionalized pyrimidinones have prompted us to examine
the reactions of these thiazolic diazadienes with various
simple and conjugated ketenes.
2. Results and discussion

The treatment of N 0-[(5-benzoyl)thiazol-2-yl]-N,N-
dimethylimidoformamide 1a with monosubstituted ketenes
such as phenyl, phenoxy, chloro, bromo, and cyano ketenes,
generated, in situ, by the dropwise addition of their
corresponding acid chlorides in triethylamine at room
temperature. Careful chromatography of the crude adducts
resulted in the isolation of the products albeit in yields much
lower than (25–36%) normally obtained in other diaza-
diene–ketene reactions (Scheme 1).

The isolated products were characterized as thiazolo-
pyrimidinones 2 on the basis of the available spectral
evidences and analytical data (Scheme 2). The detailed
spectral features are given in the Section 2; only the salient
Tetrahedron 61 (2005) 11999–12005
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features being mentioned here. The compound 2-benzoyl-6-
phenyl-thiazolo[3,2-a]pyrimidin-5-one 2a, for example,
analyzed for C19H12N2O2S, exhibited a molecular ion
peak at m/z 332 (MC) in the mass spectrum and the IR
spectrum (KBr) showed a strong absorption peak at
1685 cmK1 due to a,b-unsaturated carbonyl group. The
1H spectrum showed characteristic two singlets for
deshielded olefinic protons H1 and H2 at d 8.24 and 8.53,
respectively. The structure of the compound 2a was further
corroborated by the 13C spectrum, which showed charac-
teristic peaks at d 119.4, 128.0, 128.2, 128.4, 128.6, 129.0,
129.2, 130.1, 132.7, 133.9, 135.7, 152.0, 157.7, 161.5 and
186.4.

However, the reactions of 1a with conjugated ketenes, such
as vinyl, isopropenyl and butadienyl, generated, in situ,
from the corresponding acid halides and triethyl amine,
were found to be very sluggish and all attempts, by varying
the reaction conditions, invariably resulted in an intractable
mixture, from which no pure product could be isolated. It
was felt that it may probably be the result of lower
nucleophilicity of the thiazolic nitrogen of 1a resulting, in
turn, in its lower reactivity, largely being attributed to the
extended conjugation of the p-electrons across the carbonyl
group as shown in Figure 1.
Keeping this rationale in mind, it was thought that the nature
of the substituents (withdrawing or donating) on carbonyl
carbon may alter the nucleophilicity and hence the reactivity
of the thiazolic nitrogen of such diaza-1,3-dienes. It was
believed that the substitution of the phenyl on the carbonyl
carbon by an alkoxy group might result in its lower
electrophilicity and in turn higher nucleophilicity of
thiazolic nitrogen of these thiazolic dienes. Keeping this
in view, the desired system N 0-[(5-ethoxycarbonyl)thiazol-
2-yl]-N,N-diethylimidoformamide (1b) was prepared
according to the reported procedure and its reactions with
monosubstituted and conjugated ketenes were examined. As
expected, the reactions of 1b with monosubstituted ketenes
such as phenyl, chloro, bromo, cyano and phenoxyketenes,
generated in situ, from the corresponding acid chlorides in
the presence of triethylamine in dry dichloromethane at
0 8C, were found to be very neat and yielded a variety of
substituted thiazolo-pyrimidinone derivatives 3 in good
yields (72–88%)

The isolated compounds 3 were characterized on the basis
of available spectral evidences and analytical data. The
compound 3a, characterized as 6-phenyl-5-oxo-5H-thiazo-
lo[3,2-a]pyrimidine-2-carboxylic acid ethyl ester, showed
in its 1H NMR spectrum a triplet at d 1.41 for –CH3, a
quartet at d 4.40 for –CH2 and two characteristic singlets at d
7.98 and 8.57 for protons H1 and H2, respectively, along
with the multiplets for aromatic protons. Also a molecular
ion peak at m/z 300 in the mass spectrum confirmed the
structure of the compound.

The conjugated ketenes have been reported to participate as
4p as well as 2p component in [4C2] cycloaddition
reactions.6 Hence, in order to compare the dienic properties
of the thiazolic diazadienes with conjugated ketenes, we
have examined the reactions of thiazolic diazadiene 1b with
various conjugated ketenes viz vinyl, isopopenyl and dienyl
ketenes, generated in situ, from their corresponding acid
chlorides in the presence of triethylamine. To our delight,
the reactions were found to be very neat resulting in novel
bicylic thiazolic pyrimidinones 3 (75–90%) (Table 1).

The isolated products 3f–h were characterized on the basis
of the spectral and analytical evidences. The compound



Table 1. Yields and melting points of compounds (2a–e)

Compound no. Ketene used RZ-phenyl

Yield (%) Melting point
(8C)

2a Phenyl 36 158–160
2b Phenoxy 25 135–136
2c Chloro 34 185–187
2d Bromo 28 177–179
2e Cyano 31 166–167
— Vinyl — —
— Isopropenyl — —
— Butadienyl — —
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5-oxo-6-vinyl-5H-thiazolo[3,2-a]pyrimidine-2-carboxylic
acid ethyl ester (3f), for example, analyzed for
C11H10N2O3S, showed a molecular ion peak at m/z 250 in
the mass spectrum and the IR spectrum (KBr) showed a
strong absorption peak at 1670 cmK1 due to a,b-unsaturated
carbonyl group and another peak at 1730 cmK1 correspond-
ing to the carbonyl of an ester group. The 1H spectrum
exhibited a characteristic triplet at d 1.43 and a quartet at d

4.43 for –OCH2CH3 group. A doublet of doublets (dd) at d

5.44 (JZ10.0, 1.4 Hz) corresponding vinylic proton (H3),
one dd at d 6.25 (JZ16.0, 1.4 Hz) for vinylic proton (H4)
and one dd at d 6.64 (JZ16.0, 10.0 Hz) for vinylic proton
(H5) also support the structure of the product. The 13C
spectrum showed characteristic peaks at d 14.2 and 62.8
corresponding to –CH3 and –CH2 carbons of the
–OCH2CH3 group. Other peaks at 116.4, 118.1, 120.7,
127.1, 128.5, 151.2, 156.9, 159.8 and 160.8 were also in
agreement with the assigned structure of the compound.

In recent years, various functionalized pyrimidinones,
substituted either at C-5 or C-6 position, have emerged as
broad spectrum drugs in the field of chemotherapy and
selective antitumour, antiviral, antitubercular and antifungal
Scheme 3.
activities are documented in the literature.7 It was felt that
5-dienyl pyrimidinones 3h can be utilized as functional
synthons in Diels–Alder cycloadditions reactions for a
variety of such substituted fused pyrimidinones.8 Therefore,
we carried out the Diels–Alder cycloaddition reactions of
the resulted bicyclic pyrimidinone 3h with various
symmetrical as well as unsymmetrical dienophiles
(Scheme 3).

The reactions of 3h with symmetrical dienophiles such as
N-phenylmaleimide, N-p-tolylmaleimide and maleic
anhydride, carried out in refluxing toluene for 16–18 h,
were found to be highly diastereoselective resulting in
exclusive formation of endo adducts 4. The structures of
these endo adducts were assigned on the basis of their
spectral data and elemental analysis. The compound 4a, for
example, analyzed for C23H17N3O5S, showed a molecular
ion peak at m/z 447 in the mass spectrum and two strong
peaks at 1708 and 1666 cmK1 due to an ester carbonyl and
a,b-unsaturated carbonyl groups, respectively, in the IR
spectrum. The 1H spectrum exhibited an unresolved ddd at d
2.40 (JZ7.5, 15.3 Hz) for H6a, an unresolved ddd at d 2.99
(JZ4.5, 15.3 Hz) for H6b, a ddd at d 3.44 (JZ1.8, 7.2,
9.3 Hz) for H7, a dd at d 3.79 (JZ6.9, 9.1 Hz) for H8 and an
unresolved dd at d 3.97 (JZ6.6 Hz) for H3 in addition to the
multiplets in range 6.21–6.23 for protons H4 and H5. Also
apparent two sharp singlets at d 7.99 and 8.58 corresponding
to protons H1 and H2, respectively. The presence of an
unresolved dd at d 3.97 (JZ6.6 Hz) for H3 proton clearly
depicts the syn stereo-chemical relationship with H8 proton,
thus establishing the endo nature of the adduct. The 13C
spectrum showed peaks at d 14.1 (–CH3), 24.3 [C (H-6)],
33.4 [C (H-7)], 39.8 [C (H-8)], 42.0 [C (H-3)], 62.7
(–OCH2), 120.7, 126.2, 126.7, 128.0, 128.2, 128.4, 128.9,
129.4, 131.6, 151.7, 158.3, 159.7, 161.1, 176.2 and 178.3,
which were in agreement with the structure assigned above.

The reactions of 3h with unsymmetrical dienophiles such as
methylacrylate and acrylonitrile, in refluxing toluene carried
out for 16–18 h, led to the formation of the products, which
were found to be a mixture of regioisomers (ortho/meta:
70:30), their relative ratio being estimated on the basis of the
spectral data of the compounds isolated. The major isomer
was found to be ortho–endo adduct as shown by the
presence of a doublet of doublet at d 4.13 for proton H3

having coupling constants 3.2 and 9.2 Hz, peaks character-
istic for ortho addition, in the proton spectrum of 5a. This
also confirmed its syn stereochemistry with regards to the
neighbouring proton H8. The ortho–endo adduct was further
corroborated with the help of 13C and DEPT NMR analysis,
the details being mentioned in the experimental section. The
exo/endo nature of the meta regio-isomer was not
ascertained due to complexity of the spectra.

In conclusion, a generalized and relevant study regarding
the reactivity of thiazolic diazadienes 1a and 1b, with
monosubstituted as well as conjugated ketenes has been
investigated leading to the synthesis of various novel
bicyclic thiazolic pyrimidinone derivatives 2 and 3. The
manuscript assumes further significance as the 5-dienyl-
pyrimidinone 3h, thus obtained, has been used as a
precursor in the synthesis of various substituted bicyclic
pyrimidinones 4 and 5 by carrying out reactions with



Table 2. Yields and melting points of compounds (3a–h)

Compound no. Ketene used RZ–OC2H5

Yield (%) Melting point (8C)

3a Phenyl 85 183–184
3b Chloro 82 193–194
3c Bromo 72 143–145
3d Cyano 73 132–133
3e Phenoxy 88 140–141
3f Vinyl 75 135–136
3g Isopropenyl 80 155–156
3h Butadienyl 90 150–151
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symmetrical as well as unsymmetrical dienophiles. The
biological and medicinal importance of these pyrimidinones
is well established in the literature11 (Table 2).
3. Experimental

Melting points were determined by open capillary method
using Veego Precision Digital Melting Point apparatus
(MP-D) and are uncorrected. IR spectra were recorded on a
Shimadzu D-8001 spectrophotometer. 1H NMR spectra
were recorded in deuterochloroform with Bruker AC-E 200
(200 MHz) and AC-E 300 (300 MHz) spectrometers using
TMS as internal standard. Chemical shift values are
expressed as ppm downfield from TMS and J values are
in Hz. Splitting patterns are indicated as s: singlet, d:
doublet, t: triplet, m: multiplet and q: quartet. 13C NMR
spectra were also recorded on a Bruker AC-200E
(50.4 MHz) or AC-E 300 (75.0 MHz) spectrometers in a
deuterochloroform using TMS as internal standard. Mass
spectra were recorded on Shimadzu GCMS-QP-2000 mass
spectrometer. Elemental analyses were performed on
Heraus CHN-O-Rapid Elemental Analyzer. Column
chromatography was performed on a silica gel (60–120)
mesh or Harrison Research Chromatotron using 2 mm
plates (silica gel PF254). Dichloromethane dried over
di-phosphorous pentoxide and after distillation stored over
molecular sieves (4 Å).

3.1. Starting materials

DMF–DMA9, N 0-[5-(benzoyl)thiazol-2-yl]-N,N-dimethyl-
formamide (1a),5 N 0-bis [(dimethylamino)methylene]-
thiourea, N 0-[5-(ethoxycarbonyl)thiazol-2-yl]-N,N-di-
methylformamide (1b), were prepared according to the
reported procedures. Crotonyl-, 3,3-dimethylacryl-, bromo-
acetyl-, cyanoacetyl-, phenoxyacetyl-, phenylacetyl-,
chlorides and sorbyl chloride10 were prepared from the
corresponding acid and thionyl chloride. Chloroacetyl
chloride and thionyl chloride were distilled before use.

3.2. General procedure for preparation of N 0-[5-
(benzoyl)thiazol-2-yl]-N,N-dimethylformamide (1a),
N 0-[5-(ethoxycarbonyl)thiazol-2-yl]-N,N-di-methyl-
formamide (1b)

A solution of phenacyl bromide (5 mmol)/ethylbromo-
acetate (5 mmol) and N 0-bis [(dimethylamino) methylene]
thiourea (5 mmol) in dichloromethane (15 mL) was stirred
under nitrogen at room temperature for 15 min and then
triethylamine (10 mmol) was added. The reaction mixture
was then stirred for a further 10 h. After removal of the
solvent, the residue was chromatographed with dichloro-
methane–ethylacetate (4/1) as eluent. Solid material was
thus, obtained by recrystallisation from diethyl ether.

3.2.1. N 0-[(5-Benzoyl)thiazol-2-yl]-N,N-dimethylforma-
mide (1a). Pale yellow solid, yield: 73%; mp 106–108 8C.
Anal. Calcd for C13H13N3OS: C, 60.21; H, 5.05; N, 16.20.
Found: C, 59.98; H, 4.97; N, 16.01%. IR (KBr) nmax: 2920,
1620, 1401 cmK1. dH (200 MHz, CDCl3): 3.10 [s, 3H,
N(CH3)2], 3.12 [s, 3H, N(CH3)2], 7.40–7.76 (m, 5H, Ar),
7.81 (s, 1H, H1), 8.25 (s, 1H, H2). dC (75 MHz, CDCl3): 35.3
and 41.4 [2C, N(CH3)2], 126.8 (SCCO), 130.3, 131.7, 133.2,
137.2, 149.2 (C-4), 156.5 (NCH), 178.2 (SCN) and 185.6
(CO). m/z: 259 (MC).

3.2.2. N 0-[(5-Ethoxycarbonyl)thiazol-2-yl]-N,N-di-meth-
ylformamide (1b). Pale white crystalline solid, yield: 86%;
mp 116–118 8C. Anal. Calcd for C9H13N3O2S: C, 47.56;
H, 5.77; N, 18.49. Found: C, 47.88; H, 5.62; N, 18.35%. IR
(KBr) nmax: 3080, 1712, 1618, 1401 cmK1. dH (200 MHz,
CDCl3): 1.29 (t, 3H, JZ8.0 Hz, –O–C–CH3), 3.01 [s, 3H,
N(CH3)2], 3.04 [s, 3H, N(CH3)2], 4.23 (q, 2H, JZ8.0 Hz,
–OCH2), 7.89 (s, 1H, H1), 8.27 (s, 1H, H2). dC (75 MHz,
CDCl3): 14.1 (–CH3), 35.4 and 41.6 [2C, N(CH3)2], 62.8
(–OCH2), 127.2 (SCCO), 149.6 (C-4), 158.5 (NCH), 172.1
(SCN) and 179.2 (CO). m/z: 227 (MC).

3.3. General procedure for the reaction of thiazolic 1,3-
diazadienes 1 with conjugated and monosubstituted
ketenes

General procedure. To a well-stirred solution of diazadiene
1 (10 mmol) and triethylamine (40 mmol) in dry methylene
chloride (30 mL) was added drop wise a solution of crotonyl
chloride/3,3-dimethylacryl chloride/sorbyl chloride/chloro-
acetyl chloride/bromoacetyl chloride/cyanoacetyl chloride/
phenyl acetyl chloride/phenoxyacetyl chloride (20 mmol) in
dry methylene chloride (30 mL) over a period of 1 h at room
temperature (0 8C). After completion of the reaction (TLC),
the reaction mixture was first washed with saturated sodium
bicarbonate solution (2!25 mL) and water (2!50 mL) and
the organic layer dried over anhydrous sodium sulfate.
Removal of solvent under reduced pressure yielded the
crude product, which was purified by silica gel column
chromatography using a mixture of ethylacetate and hexane
(1:10, v/v).

3.3.1. 2-Benzoyl-6-phenyl-thiazolo[3,2-a]pyrimidin-5-
one (2a). Colourless solid, yield: 36%; mp 158–160 8C.
Anal. Calcd for C19H12N2O2S: C, 68.66; H, 3.64; N, 8.43.
Found: C, 68.52; H, 3.56; N, 8.32. IR (KBr) nmax: 1685,
1587, 1225 cmK1. dH (200 MHz, CDCl3): 7.42–7.93 (m,
10H, ArH), 8.24 (s, 1H, H1), 8.53 (s, 1H, H2). dC (75 MHz,
CDCl3): 119.4, 128.0, 128.2, 128.4, 128.6, 129.0, 129.2,
130.1, 132.7, 133.9, 135.7, 152.0, 157.7, 161.5 and 186.4.
m/z: 332 (MC).

3.3.2. 2-Benzoyl-6-phenoxy-thiazolo[3,2-a]pyrimidin-5-
one (2b). Colourless crystalline solid, yield: 25%; mp
135–136 8C. Anal. Calcd for C19H12N2O3S: C, 65.50; H,
3.47; N, 8.04. Found: C, 65.65; H, 3.41; N, 7.98. IR
(KBr) nmax: 1682, 1579, 1230 cmK1. dH (200 MHz, CDCl3):
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7.37–7.98 (m, 10H, ArH), 8.31 (s, 1H, H1), 8.62 (s, 1H, H2).
dC (75 MHz, CDCl3): 120.1, 127.2, 128.1, 128.3, 128.6,
129.1, 129.3, 129.9, 131.1, 133.1, 133.9, 151.1, 158.2, 163.0
and 187.0. m/z: 348 (MC).

3.3.3. 2-Benzoyl-6-chloro-thiazolo[3,2-a]pyrimidin-5-
one (2c). Colourless solid, yield: 34%; mp 185–187 8C.
Anal. Calcd for C13H7ClN2O2S: C, 53.71; H, 2.43; N, 9.64.
Found: C, 53.82; H, 2.38; N, 9.55. IR (KBr) nmax: 1682,
1546, 1323, cmK1. dH (200 MHz, CDCl3): 7.27–7.94 (m,
5H, ArH), 8.23 (s, 1H, H1), 8.63 (s, 1H, Hb). dC (75 MHz,
CDCl3): 116.2, 124.5, 125.7, 129.0, 132.4, 134.3, 136.7,
150.8, 154.2, 162.2 and 185.8. m/z:290 (MC).

3.3.4. 2-Benzoyl-6-bromo-thiazolo[3,2-a]pyrimidin-5-
one (2d). Colourless solid, yield: 28%; mp 177–179 8C.
Anal. Calcd for C13H7BrN2O2S: C, 46.58; H, 2.11; N, 8.36.
Found: C, 46.42; H, 2.16; N, 8.32. IR (KBr) nmax: 1676,
1539, 743 cmK1. dH (200 MHz, CDCl3): 6.92–7.01 (m, 5H,
ArH), 8.12 (s, 1H, H1), 8.58 (s, 1H, H2). dC (75 MHz,
CDCl3): 117.2, 125.4, 126.6, 129.1, 131.7, 134.5, 135.9,
152.0, 153.4, 160.6 and 185.2. m/z: 335 (MC).

3.3.5. 2-Benzoyl-6-cyano-thiazolo[3,2-a]pyrimidin-5-one
(2e). Light yellow solid, yield: 31%; mp 166–167 8C. Anal.
Calcd for C14H7N3O2S: C, 59.78; H, 2.51; N, 14.94. Found:
C, 59.82; H, 2.44; N, 14.87. IR (KBr) nmax: 2218, 1688,
817 cmK1. dH (200 MHz, CDCl3): 7.34–7.99 (m, 5H, ArH),
8.06 (s, 1H, H1), 8.45 (s, 1H, H2). dC (75 MHz, CDCl3):
115.7, 118.6, 127.2, 127.8, 130.2, 131.9, 135.4, 136.0,
155.6, 163.1, 164.2 and 186.1 m/z: 281 (MC).

3.3.6. 6-Phenyl-5-oxo-5H-thiazolo[3,2-a]pyrimidine-2-
carboxylic acid ethyl ester (3a). Pale white solid, yield:
85%; mp 183–184 8C. Anal. Calcd for C15H12N2O3S: C,
59.99; H, 4.03; N, 9.33. Found: C, 59.87; H, 3.97; N, 9.27%.
IR (KBr) nmax: 1726, 1652, 1597, 743 cmK1. dH (200 MHz,
CDCl3): 1.41 (t, 3H, JZ8.0 Hz, –O–C–CH3), 4.40 (q, 2H,
JZ8.0 Hz, –OCH2), 6.99–7.37 (m, 5H, ArH) 7.98 (s, 1H,
H1), 8.57 (s, 1H, H2). dC (75 MHz, CDCl3): 14.1 (–CH3),
62.9 (–OCH2), 116.7, 121.8, 123.5, 126.7, 129.8, 137.3,
143.6, 154.4, 157.0, 158.1 and 160.0. m/z: 300 (MC).

3.3.7. 6-Chloro-5-oxo-5H-thiazolo[3,2-a]pyrimidine-2-
carboxylic acid ethyl ester (3b). Colourless solid, yield:
82%; mp 193–194 8C. Anal. Calcd for C9H7ClN2O3S: C,
41.79; H, 2.73; N, 10.83. Found: C, 41.82; H, 2.61; N,
10.74%. IR (KBr) nmax: 1728, 1682, 1546, 1323, 923,
744 cmK1. dH (200 MHz, CDCl3): 1.43 (t, 3H, JZ8.0 Hz,
–O–C–CH3), 4.46 (q, 2H, JZ8.0 Hz, –OCH2), 8.23 (s, 1H,
H1), 8.63 (s, 1H, H2). dC (75 MHz, CDCl3): 14.1 (–CH3),
63.1 (–OCH2), 115.6, 122.2, 126.8, 151.3, 154.9, 159.5 and
161.2. m/z: 258 (MC).

3.3.8. 6-Bromo-5-oxo-5H-thiazolo[3,2-a]pyrimidine-2-
carboxylic acid ethyl ester (3c). Pale yellow solid, yield:
72%; mp 143–145 8C. Anal. Calcd for C9H7BrN2O3S: C,
35.66; H, 2.33; N, 9.24. Found: C, 35.49; H, 2.26; N, 9.09%.
IR (KBr) nmax: 1730, 1666, 742 cmK1. dH (200 MHz,
CDCl3): 1.42 (t, 3H, JZ8.0 Hz, –O–C–CH3), 4.45 (q, 2H,
JZ8.0 Hz, –OCH2), 8.19 (s, 1H, H1), 8.54 (s, 1H, H2). dC

(75 MHz, CDCl3): 14.2 (–CH3), 62.8 (–OCH2), 115.6,
123.2, 126.9, 152.4, 155.9, 159.7 and 163.1. m/z: 303 (MC).
3.3.9. 6-Cyano-5-oxo-5H-thiazolo[3,2-a]pyrimidine-2-
carboxylic acid ethyl ester (3d). Colourless solid, yield:
73%; mp 132–133 8C. Anal. Calcd for C10H7N3O3S: C,
48.19; H, 2.83; N, 16.86. Found: C, 48.28; H, 2.79; N,
16.79%. IR (KBr) nmax: 1742, 1327, 732 cmK1. dH

(200 MHz, CDCl3): 1.39 (t, 3H, JZ8.0 Hz, –O–C–CH3),
4.38 (q, 2H, JZ8.0 Hz, –OCH2), 8.21 (s, 1H, H1), 8.49 MHz
(s, 1H, H2). dC (75 MHz, CDCl3): 14.1 (–CH3), 63.6
(–OCH2), 115.7, 118.8, 124.3, 125.5, 151.7, 154.9, 160.2
and 163.5. m/z: 249 (MC).
3.3.10. 6-Phenoxy-5-oxo-5H-thiazolo[3,2-a]pyrimidine-
2-carboxylic acid ethyl ester (3e). Colourless solid,
yield: 88%; mp 140–141 8C. Anal. Calcd for
C15H12N2O4S: C, 56.95; H, 3.82; N, 8.86. Found: C,
56.86; H, 3.74; N, 8.71%. IR (KBr) nmax: 1728, 1666, 1512,
1334, 1078, 783 cmK1. dH (200 MHz, CDCl3): 1.43 (t, 3H,
JZ8.0 Hz, –O–C–CH3), 4.49 (q, 2H, JZ8.0 Hz, –OCH2),
7.33–7.78 (m, 5H, ArH), 8.28 (s, 1H, H1), 8.75 (s, 1H, H2).
dC (75 MHz, CDCl3): 14.2 (–CH3), 63.0 (–OCH2), 119.4,
120.8, 127.5, 128.2, 128.4, 128.5, 133.0, 152.1, 157.4,
160.0, and 161.1. m/z: 316 (MC).
3.3.11. 5-Oxo-6-vinyl-5H-thiazolo[3,2-a]pyrimidine-2-
carboxylic acid ethyl ester (3f). Colourless solid, yield:
75%; mp 135–136 8C. Anal. Calcd for C11H10N2O3S: C,
52.79; H, 4.03; N, 11.19. Found: C, 52.71; H, 3.99; N,
11.11%. IR (KBr) nmax: 1730, 1670, 1504, 1247 cmK1. dH

(200 MHz, CDCl3): 1.43 (t, 3H, JZ8.0 Hz, –O–C–CH3),
4.43 (q, 2H, JZ8.0 Hz, –OCH2), 5.44 (dd, 1H, JZ10.0,
1.4 Hz, H3), 6.25 (dd, 1H, JZ16.0, 1.4 Hz, H4), 6.64 (dd,
1H, JZ16.0, 10.0 Hz, H5), 8.07 (s, 1H, H1), 8.62 (s, 1H, H2).
dC (75 MHz, CDCl3): 14.2 (–CH3), 62.8 (–OCH2), 116.4,
118.1, 120.7, 127.1, 128.5, 151.2, 156.9, 159.8 and 160.8
m/z: 250 (MC).
3.3.12. 5-Oxo-6-isopropenyl-5H-thiazolo[3,2-a]pyri-
midine-2-carboxylic acid ethyl ester (3g). Colourless
crystalline solid, yield: 80%; mp 155–156 8C. Anal. Calcd
for C12H12N2O3S: C, 54.53; H, 4.58; N, 10.60. Found: C,
54.49; H, 4.50; N, 10.56%. IR (KBr) nmax: 1726, 1666,
1591, 1353 cmK1. dH (200 MHz, CDCl3): 1.37 (t, 3H, JZ
8.0 Hz, –O–C–CH3), 2.16 (s, 3H, –CH3), 4.39 (q, 2H, JZ
.0 Hz, –OCH2), 5.28 (s, 1H, H3), 5.79 (s, 1H, H4), 8.04 (s,
1H, H1), 8.59 (s, 1H, H2). dC (75 MHz, CDCl3): 14.1
(–CH3), 19.8 (olefinic-CH3), 62.7 (–OCH2), 117.1, 118.4,
121.2, 128.0, 128.7, 150.9, 157.1, 159.7 and 161.2. m/z: 264
(MC).
3.3.13. 5-Oxo-6-dienyl-5H-thiazolo[3,2-a]pyrimidine-2-
carboxylic acid ethyl ester (3h). Yellow crystalline solid,
yield: 90%; mp 150–151 8C. Anal. Calcd for C13H12N2O3S:
C, 56.51; H, 4.38; N, 10.14. Found: C, 56.39; H, 4.34; N,
10.01%. IR (KBr) nmax: 1726, 1668, 1548, 1093, 902 cmK1.
dH (200 MHz, CDCl3): 1.40 (t, 3H, JZ8.0 Hz, –O–C–CH3),
4.42 (q, 2H, JZ8.0 Hz, –OCH2), 5.19 (dd, 1H, JZ10.0,
2.0 Hz, H3), 5.36 (dd, 1H, JZ16.0, 2.0 Hz, H4), 6.41–6.50
(m, 2H, H5, H6), 7.30 (m, 1H, H7) 8.05 (s, 1H, H1), 8.60 (s,
1H, H2). dC (75 MHz, CDCl3): 14.1 (–CH3), 62.8 (–OCH2),
116.4, 118.8, 120.8, 124.4, 127.2, 133.2, 137.5, 150.9,
156.8, 159.8 and 160.8. m/z: 276 (MC).
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3.4. General procedure for Diels–Alder cycloaddition
between 3c and dienophiles

Bicyclic pyrimidinone 3c (5.0 mmol) and dienophiles
[N-phenylmaleimide (5.0 mmol), N-tolylmaleimide
(5.0 mmol), maleic anhydride (5.0 mmol), methylacrylate
(5.2 mmol) and acrylonitrile (5.2 mmol)] were refluxed in
dry toluene for 16–18 h. The solvent was removed under
reduced pressure and the crude product thus obtained was
purified by recrystallisation from a mixture (1:5, v/v) of
ethylacetate and hexane.

3.4.1. 6-(1,3-Dioxo-2-phenyl-2,3,3a,4,7,7a-hexahydro-
1H-isoindol-4-yl)-5-oxo-5H-thiazolo[3,2-a]pyrimidine-2-
carboxylic acid ethyl ester (4a). Light yellow solid, yield:
82%; mp 207–208 8C. Anal. Calcd for C23H19N3O5S: C,
61.46; H, 4.26; N, 9.35. Found: C, 61.86; H, 4.61; N, 9.32%.
IR (KBr) nmax: 1708, 1666, 1510, 1386 cmK1. dH

(300 MHz, CDCl3): 1.42 (t, 3H, JZ7.2 Hz, –O–C–CH3),
2.40 (unresolved ddd, JZ7.5, 15.3 Hz, 1H, H6a), 2.99
(unresolved ddd, JZ4.5, 15.3 Hz, 1H, H6b), 3.44 (ddd, JZ
1.8, 7.2, 9.3 Hz, 1H, H7), 3.79 (dd, JZ6.9, 9.1 Hz, 1H, H8),
3.97 (unresolved dd, JZ6.6 Hz, 1H. H3), 4.42 (q, JZ
7.2 Hz, 2H, –OCH2), 6.21–6.23 (m, 2H, H4 and H5), 7.15–
7.43 (m, 5H, ArH), 7.99 (s, 1H, H1), 8.58 (s, 1H, H2). dC

(75 MHz, CDCl3): 14.1 (–CH3), 24.3 [C (H-6)], 33.4 [–C
(H-7)], 39.8 [–C (H-8)], 42.0 [–C (H-3)], 62.7 (–OCH2),
120.7, 126.2, 126.7, 128.0, 128.2, 128.4, 128.9, 129.4,
131.6, 151.7, 158.3, 159.7, 161.1, 176.2 and 178.3. m/z: 449
(MC).

3.4.2. 6-(1,3-Dioxo-2-p-tolyl-2,3,3a,4,7,7a-hexahydro-
1H-isoindol-4-yl)-5-oxo-5H-thiazolo[3,2-a]pyrimidine-2-
carboxylic acid ethyl ester (4b). Pale white solid, yield:
81%; mp 213–215 8C. Anal. Calcd for C24H21N3O5S: C,
62.19; H, 4.57; N, 9.07. Found: C, 62.49; H, 4.22; N, 8.99%.
IR (KBr) nmax: 1712, 1669, 1512 cmK1. dH (300 MHz,
CDCl3): 1.41 (t, 3H, JZ7.2 Hz, –O–C–CH3), 2.39 (s, 3H,
–CH3) 2.42 (unresolved ddd, JZ7.5, 15.2 Hz, 1H, H6a),
3.01 (unresolved ddd, JZ4.2, 15.2 Hz, 1H, H6b), 3.43 (ddd,
JZ1.8, 7.5, 9.5 Hz, 1H, H7), 3.81 (dd, JZ6.6, 9.2 Hz, 1H,
H8), 3.96 (unresolved dd, JZ6.8 Hz, 1H. H3), 4.41 (q, JZ
7.2 Hz, 2H, –OCH2), 6.20–6.23 (m, 2H, H4 and H5), 6.98–
7.01 (d, JZ8.0 Hz, 2H, ArH), 7.02–7.04 (d, JZ8.0 Hz, 2H,
ArH), 7.98 (s, 1H, H1), 8.59 (s, 1H, H2). dC (75 MHz,
CDCl3): 14.1 (–O–C–CH3), 20.9 (–CH3) 24.3 [–C (H-6)],
33.3 [–C(H-7)], 39.9 [–C(H-8)], 42.1 [–C(H-3)], 62.8
(–OCH2), 120.6, 125.8, 126.4, 127.8, 128.4, 129.1, 130.2,
131.4, 135.2, 152.6, 158.2, 159.6, 161.2, 176.3 and 178.2.
m/z: 463 (MC).

3.4.3. 6-(1,3-Dioxo-1,3,3a,4,7,7a-hexahydro-isobenzo-
furan-4-yl)-5-oxo-5H-thiazolo[3,2-a]pyrimidine-2-car-
boxylc acid ethyl ester (4c). Colorless solid, yield: 72%;
mp 219–221 8C. Anal. Calcd for C17H14N2O6S: C, 54.54; H,
3.77; N, 7.48. Found: C, 54.68; H, 3.67; N, 7.34%. IR (KBr)
nmax: 1710, 1665, 1514 cmK1. dH (300 MHz, CDCl3): 1.42
(t, 3H, JZ7.2 Hz, –O–C–CH3), 2.40 (unresolved ddd, JZ
7.4, 15.1 Hz, 1H, H6a), 2.99 (unresolved ddd, JZ4.3,
15.2 Hz, 1H, H6b), 3.44 (ddd, JZ1.7, 7.2, 9.5 Hz, 1H, H7),
3.82 (dd, JZ6.5, 9.5 Hz, 1H, H8), 3.97 (unresolved dd, JZ
6.6 Hz, 1H. H3), 4.41 (q, JZ7.2 Hz, 2H, –OCH2), 6.19–6.23
(m, 2H, H4 and H5), 7.99 (s, 1H, H1), 8.61 (s, 1H, H2). dC
(75 MHz, CDCl3): 14.1 (–O–C–CH3), 24.4 [–C (H-6)], 34.1
[–C (H-7)], 39.5 [–C (H-8)], 42.2 [–C (H-3)], 62.7 (–OCH2),
122.6, 125.8, 127.8, 128.4, 130.2, 135.2, 158.2, 158.9,
160.4, 175.3 and 177.2. m/z: 374 (MC).
3.4.4. 6-(6-Methoxycarbonyl-cyclohex-2-enyl)-5-oxo-5H-
thiazolo[3,2-a]pyrimidine-2-carboxylic acid ethyl ester
(ortho)/6-(5-methoxycarbonyl-cyclohex-2-enyl)-5-oxo-
5H-thiazolo[3,2-a]pyrimidine-2-carboxylic acid ethyl
ester (meta)(5a). Colourless crystalline solid, yield: 68%;
mp 103–104 8C. Anal. Calcd for C17H18N2O5S: C, 56.34; H,
5.01; N, 7.73. Found: C, 56.61; H, 4.95; N, 7.69%. IR (KBr)
nmax: 1724, 1683, 1508 cmK1. dH (300 MHz, CDCl3): 1.40
[t, 6H, JZ7.2 Hz, 2!–O–C–CH3 (o and m)], 1.72–1.80 [m,
2H, H7a, H7b (o)], 1.91–1.93 [m, 2H, H7a, H7b (m)], 2.14–
2.20 [m, 2H, H6a, H6b (o)], 2.22–2.24 [m, 2H, H6a, H6b (m)],
2.89–2.91 [m, 1H, H8 (m)], 3.01 [unresolved dd, JZ5.4,
7.5 Hz, 1H, H8 (o)], 3.58 [s, 3H, –OCH3 (o)], 3.64 [s, 3H,
–OCH3 (m)], 3.95 [ddd, JZ3.1, 5.4, 10.5 Hz, 1H, H3 (m)],
4.13 [dd, JZ3.2, 9.2 Hz, 1H, H3 (o)], 4.41 [q, JZ7.2 Hz,
4H, 2!–CH2 (o and m)], 5.61–5.63 [m, 1H, H4 (m)], 5.64–
5.66 [m, 1H, H4 (o)], 5.98–6.00 [m, 1H, H5 (m)], 6.01–6.03
[m, 1H, H5 (o)], 7.88 [s, 1H, H1 (o)], 7.91 [s, 1H, H1 (m)],
8.51 [s, 1H, H2 (o)], 8.53 [s, 1H, H2 (m)]. dC (75 MHz,
CDCl3): 14.2 [–O–C–CH3 (o and m)], 21.5 [–C (H-7) (m)],
22.5 [–C (H-7) (o)], 22.6 [–C (H-6) (o)], 24.2 [–C (H-6)
(m)], 29.1 [–C (H-8) (o)], 30.1 [–C (H-8) (m)], 34.3 [–C
(H-3) (m)], 37.2 [–C (H-3)], 52.8 [–OCH3 (o)], 53.4 [–OCH3

(m)], 62.7 [–OCH2 (o and m)], 117.4 (o), 118.0 (m), 120.9
(o), 121.0 (m), 123.3 (o), 123.5 (m), 127.3 (o), 127.4 (m),
129.5 (o), 130.2 (m), 152.1 (o), 152.3 (m), 153.6 (o), 153.7
(m), 159.5 (o), 160.1 (m), 162.2 (o), 162.3 (m), 163.6 (o) and
163.7 (m). m/z: 362 (MC).
3.4.5. 6-(6-Cyano-cyclohex-2-enyl)-5-oxo-5H-thiazolo[3,
2-a]pyrimidine-2-carboxylic acid ethyl ester (ortho)/6-(5-
cyano-cyclohex-2-enyl)-5-oxo-5H-thiazolo[3,2-a]pyrimi-
dine-2-carboxylic acid ethyl ester (meta)(5b). Light
yellow crystalline solid, yield: 75%; mp 107–108 8C.
Anal. Calcd for C16H15N3O3S: C, 58.34; H, 4.59; N,
12.76. Found: C, 58.51; H, 4.41; N, 12.69%. IR (KBr) nmax:
1718, 1676, 1508 cmK1. dH (300 MHz, CDCl3): 1.41 [t, 6H,
JZ7.2 Hz, 2!–O–C–CH3 (o and m)], 1.71–1.82 [m, 2H,
H7a, H7b (o)], 1.88–1.92 [m, 2H, H7a, H7b (m)], 2.15–2.19
[m, 2H, H6a, H6b (o)], 2.21–2.24 [m, 2H, H6a, H6b (m)],
2.89–2.91 [m, 1H, H8 (m)], 3.03 [unresolved dd, JZ5.4,
7.4 Hz, 1H, H8 (o)], 3.89 [ddd, JZ3.2, 5.4, 10.5 Hz, 1H, H3

(m)], 4.11 [dd, JZ3.2, 9.6 Hz, 1H, H3 (o)], 4.43 [q, JZ
7.2 Hz, 4H, 2!–CH2 (o and m)], 5.59–5.62 [m, 1H, H4 (m)],
5.63–5.68 [m, 1H, H4 (o)], 5.88–5.99 [m, 1H, H5 (m)],
6.03–6.08 [m, 1H, H5 (o)], 7.84 [s, 1H, H1 (o)], 7.89 [s, 1H,
H1 (m)], 8.52 [s, 1H, H2 (o)], 8.53 [s, 1H, H2 (m)]. dC

(75 MHz CDCl3): 14.1 [–O–C–CH3 (o and m)], 21.6 [–C
(H-7) (m)], 22.5 [–C (H-7) (o)], 22.7 [–C (H-6) (o)], 24.2
[–C (H-6) (m)], 28.8 [–C (H-8) (o)], 30.2 [–C (H-8) (m)],
34.4 [–C (H-3) (m)], 37.2 [–C (H-3)], 62.9 [–OCH2 (o and
m)], 118.7 (o), 118.8 (m), 121.0 (o), 121.2 (m), 124.4 (o),
124.7 (m), 126.7 (o), 126.8 (m), 129.5 (o), 130.1 (m), 152.0
(o), 152.1 (m), 152.9 (o), 153.0 (m), 157.5 (o), 157.6 (m),
159.6 (o), 159.7 (m), 162.1 (o) and 162.3 (m). m/z: 329
(MC).
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Abstract—Molecular geometries of crown ether derivatives play an important role in capturing and transporting alkali metal ions such as
LiC and NaC. As selectivity of the ions is observed in solution, it is necessary to know their molecular structures in solutions. Recently, we
investigated stable conformations of 12-crown-O3N and its alkali ion complexes in aqueous and acetonitrile solutions. In the present study,
we applied a procedure similar to that in previous papers to investigate the side arm effect of 12-crown-O3N with an amine arm for capturing
LiC and NaC in the two solutions. It was confirmed that the stable structures of LiC and NaC complexes in solutions, especially the
geometry of the amine side arm, are highly solvent-dependent. This conformational difference is the key to understanding the high LiC

selectivity of 12-crown-O3N derivatives with an amine side arm in acetonitrile.
q 2005 Elsevier Ltd. All rights reserved.
1. Introduction

Crown ethers have an interesting function in that they
capture and transport alkali metal ions selectively. For
example, it is known that 15-crown-5 selectively forms a
complex with NaC and 18-crown-6 with KC.1 Since
Pedersen first synthesized the cyclic ethers, the size relation
between ions and cavities of crown ethers has been
considered to be the most important reason for this
selectivity.2 In polar solvents, however, such as water,
alcohol, and so on, 12-crown-4 shows little selectivity for
small ions although the crown ether has an optimal hole for
LiC. It was experimentally found that the stability of
complexes depends highly on the solvents used.1 These
results show that not only the ion–hole relationship but also
the solvent effect are important for the ion selectivity. Later,
it was pointed out that the solvent effect rather than spatial
factors largely participates in ion selectivity.3

It was known that the addition of a side arm with donor atom,
especially nitrogen atom, to the crown ring remarkably
enhances the selectivity for LiC. Especially, an amine side
0040–4020/$ - see front matter q 2005 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2005.08.094

Keywords: Stable conformations in solution; Monte Carlo simulation;
Ab initio molecular orbital calculations; 12-Crown-O3N.
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arm is very effective for improving this property of 12-crown-
O3N derivatives. For example, 12-crown-O3N with an amine
side arm, 1, showed high transport capability for LiC.4

To investigate the effect of the amine side arm on ion
selectivity, changes in 13C NMR chemical shifts were
observed in methanol and acetonitrile by adding alkaline
metal ions such as LiC and NaC to methanol or acetonitrile
solutions of 1.5 We obtained the following results.

(1) The changes in the 13C NMR chemical shifts of the
crown carbon are approximately proportional to the NaC

concentration up to the 2:1ZNaC:1 in methanol. In
contrast, little changes in the shift of the arm carbon were
observed. Similar but small changes in the shifts were
observed for the LiC titration. This experimental result
Tetrahedron 61 (2005) 12006–12011
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indicated that neither LiC nor NaC accepts the nitrogen
atom of the amine arm as a ligand in methanol.

(2) Addition of LiC to an acetonitrile solution of 1 causes
changes in the 13C NMR chemical shifts of both the arm and
the ring carbon up to a 1:1 ratio of ions and the crown. While
a similar change of the chemical shift for the ring carbon
was observed for the NaC titration, that of the arm carbon
was much smaller than that for LiC. The excess ions do not
produce further shifts on either of the carbons.

According to the experimental results, we concluded that 1
encapsulates LiC using the nitrogen arm in acetonitrile, a
solvent less polar than methanol. However, it is still
uncertain why the combination of solvent and the ion
causes such a large difference in selectivity of the crown
derivative. In the present study, we investigated the side arm
effect to elucidate the relationship between selectivity and
the stability of complexes of 1 and an alkali ion, not only in
water but also in acetonitrile, by applying a procedure
similar to that used in previous reports.6
2. Method of calculations

2.1. Quantum mechanical calculations

LiC and NaC complexes of 1 including one solvent
molecule, the solvated complex, were optimized using the
Gaussian98 program7 at the RHF/6-31G* level8 of theory.
The potential curves for solvated complexes depending on
the dihedral angle of the side arm were obtained by
calculating energies at the B3LYP/6-31G**//RHF/6-31G*
level of theory. The results are listed in Table 1.
Figure 1. Fixed dihedral angle in optimizing complexes with the amine arm.

Table 1. Relative energies of complexes in solutions depending on changes
in the dihedral angle of the amine arm

Dq WLi ALi WNa ANa

0 0.00 (0.00) 0.00 (0.00) 0.00 (0.00) 0.00 (0.00)
10 0.31 (0.80) 0.40 (0.38) 0.24 (0.48) 0.10 (0.19)
20 1.53 (1.96) 1.03 (0.98) K0.83 (1.44) 1.04 (0.70)
30 3.61 (3.66) 2.27 (2.28) 0.08 (2.99) 0.69 (0.28)
40 5.20 (5.74) 1.94 (2.28) 1.54 (5.13) 1.31 (0.52)
50 K0.94 (5.05) 1.97 (2.66) 2.17 (5.51) 2.10 (1.38)
60 K0.59 (4.30) 3.66 (3.79) K6.18 (5.21) 3.42 (2.76)
70 0.43 (4.03) 4.94 (4.50) K5.18 (5.38) 3.93 (3.46)
80 K3.26 (3.97) 4.58 (4.05) K5.06 (6.13) 3.99 (3.49)
90 K4.25 (4.76) 2.50 (2.45) K2.99 (7.23) 4.05 (3.76)
100 K2.26 (5.62) 0.06 (0.45) K2.42 (8.31) 4.35 (4.60)

Values in parentheses are relative energies of complexes in the vacuum.
The optimized structures with fixed dihedral angles are
represented as 1[SM-Dq], where S means the kind of solvent
(W, water or A, acetonitrile) and M represents the metal ion
(Li, LiC, Na, NaC). q is the angle made by the amine arm
and the crown ring as shown in Figure 1. Dq shows the
difference of the dihedral angle from that in the optimized
structure. For example, 1[ANa-0.0] in the figure represents
the optimized structure for the complex of 1 and NaC

including one acetonitrile molecule in the vacuum.
Complexes in the solutions are represented as 1[SM,
Dq]sol as will be discussed later.

2.2. Monte Carlo simulations

The statistical perturbation theory (SPT)9 was applied to
calculate the difference in free energy of solvation DDGsol(AB)

between two structures, A and B, that have different dihedral
angles. The thermodynamic cycle for calculating the energy
is shown below. MC simulations in aqueous and MeCN
solutions were used for calculating DDGsol(AB) by using the
BOSS Version 3.5 program.10 Eq. 1 was used for calculating
DGAB(sol) (sol, acetonitrile or water), a free energy difference
in solution. DGAB(g), a free energy difference in the gas phase,
is approximated to DEAB(g), an energy difference in the gas
phase obtained from ab initio MO or density functional theory
(DFT) calculations. Potential curves in solutions were
obtained by plotting DGAB(sol).

DGABðsolÞ Z DGABðgÞ C ðDGsolðBÞKDGsolðAÞÞ

Z DGABðgÞ CDDGsolðABÞ yDEABðgÞ CDDGsolðABÞ

(1)
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MC simulations were performed for an orthorhombic box,
which contains a solute as well as 500 TIP4P waters or 267
acetonitrile as solvents. Metropolis sampling and periodic
boundary conditions were employed. The range of move-
ment was chosen to yield an acceptance rate of 30–40% for
new configurations. The run for each window involved the
equilibration for 106 configurations, followed by averaging
over an additional 106 configurations. The electrical charges
for MC simulations were calculated by applying the Merz–
Singh–Kollman scheme11 at the same level of theory.
3. Results and discussion

3.1. Structures of LiC and NaC complexes with one
solvent molecule in the vacuum

First of all, the geometry of the complex of 1 with LiC

including one water molecule, 1[WLi-0.0], was optimized at
the RHF/6-31G* level of theory. In this case, an initial
structure was made from the optimized structure of the LiC

complex of 12-crown-O3N by adding the amine arm, and
then, another optimization with one water molecule was
performed. Similar optimizations were made for the NaC

complex 1[WNa-0.0]. Initial structures for complexes with
one acetonitrile molecule, 1[ALi-0.0] and 1[ANa-0.0], were
obtained by replacing a water molecule with an acetonitrile
molecule. All the optimized geometries are shown in
Figure 2.

According to the Na–X(XZO or N) lengths, four donor atoms
in the crown ring, one water molecule and the nitrogen atom in
the arm coordinate to NaC in 1[WNa-0.0] so that the complex
possesses six-fold coordination geometry. On the other hand,
1[WLi-0.0] is considered to take a five-coordination geometry
since O(3), locating the opposite side of the arm with the
nitrogen atom, occupies a rather distant position, that is,
Li–O(3):3.058 Å. Similar five-coordination geometries were
Figure 2. Optimized structures of the solvated complexes with LiC or NaC ions

Figure 3. Optimized structures with fixed dihedral angles for the solvated 12-cro
optimized for both the LiC and NaC complexes of 1 including
one acetonitrile, 1[ALi-0.0] and 1[ANa-0.0]. The O(3) atoms
in these optimized structures locate in a position lower than the
mean plane of the crown ring.
3.2. Potential energy profiles of the LiC complexes along
the rotation of the dihedral angle both in a vacuum and
in the two solutions

The RHF/6-31G* calculation was performed for optimizing
1[WLi-10.0] with the fixed dihedral angle, that is, an
optimization whose dihedral angle is rotated by 10.08 from
the most stable geometry and then fixed. Similar geometry
optimizations were performed until DqZ100.08. Optimized
structures with DqZ50 and 1008 are shown in Figure 3. As
the amine arm of 1[WLi-100.0] no longer coordinates to
LiC, the central metal ion takes a five-coordination
geometry with four ring donors and a water molecule as
ligands. Figure 4 plots energies of the solvated LiC

complexes with different dihedral angles Dq at the
B3LYP/6-31G**//RHF/6-31G* level of theory. The poten-
tial curve of 1[WLi-Dq] (open circles) has a peak around
DqZ40.0, which was less stable by 6 kcal molK1 than that
with DqZ0.0; then it changes within 4–6 kcal molK1.
Therefore, the structure of 1[WLi-0.0] was calculated to be
the most stable in a vacuum. As 1[WLi-100.0] was
calculated to be less stable, at only 5.5 kcal molK1 than
1[WLi-0.0], the ion tends to accept the side arm nitrogen
and take a five-coordination geometry in the vacuum.

Although there is also a peak of the potential curve at
DqZ40 in aqueous solution (closed circles), the shape of the
curve is very different from that in the vacuum. It has local
minima around both DqZ50 and 908. 1[WLi-50.0]sol and
1[WLi-90.0]sol are more stable by about 1.0 and
4.0 kcal molK1 than 1[WLi-0.0]sol. Figure 5 displays snap-
shots of Monte Carlo simulation on 1[WLi-10.0]sol and
1[WLi-90.0]sol. As the O(3)–LiC length was calculated to
.

wn-O3N complexes with LiC and NaC ions.



Figure 4. Potential energy profiles of LiC complexes both in the vacuum and in aqueous and acetonitrile solutions.

Figure 5. Water and acetonitrile molecules around the 12-crown-O3N moiety and LiC in snapshots of the MC calculations.
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be 2.137 Å of 1[WLi-100.0]sol, the oxygen in the ring
coordinates to the ion instead of that in the amine arm.
Therefore, the coordination number is the same for these
structures. One solvent molecule from the Monte Carlo
simulation comes close to LiC, although the Li–O distance
is still ca. 3.662 Å. Many solvent waters surround the
nitrogen atom of the side arm. These interactions are
responsible for the stability of the complex with the open
arm in aqueous solution. The potential curve in aqueous
solution indicates that the nitrogen atom of the amine arm
hardly coordinates to LiC in aqueous solution. This result is
consistent with the experimental findings, as indicated
above.

The shape of the curve of 1[ALi] in acetonitrile is very
similar to that in the vacuum. Both curves (open and
closed triangles) have maxima near DqZ708, which were
less stable by ca. 5 kcal molK1 than 1[ALi-0.0]. It is
important to point out that 1[ALi-100.0] is almost as
stable as 1[ALi-0.0]. Figure 5 displays snapshots of the
Monte Carlo simulation on 1[ALi-10.0]sol and 1[ALi-
100.0]sol. Their lengths of O(3)–NaC were calculated to
be 3.115 and 2.076 Å. All the donor atoms in the ring
coordinate to the ion in the latter structure. Solvent
acetonitriles surround the nitrogen atom of the side arm,
although the numbers of solvents are smaller than those
in 1[WLi-90.0]. These interactions are responsible for the
stability of the complex with the open arm. The low
barrier height indicates that frequent interconversion
between the two conformations, 1[ALi-0.0] and 1[ALi-
100.0], is possible and almost half of the complexes
encapsulate the small ion in acetonitrile.

3.3. Potential energy profiles of the NaC complexes along
the rotation of the dihedral angle both in the vacuum and
in the solutions

Potential energy scans on the dihedral angle were also
performed for the solvated NaC complex in the vacuum.
Figure 6 shows optimized structures of the solvated
complexes with DqZ50.0 and 100.08. In 1[ANa-100.0],
the NaC–O(3) distance was calculated to be 2.481 Å.
Therefore, NaC accepts O(3) as the fifth ligand, whereas the
amine nitrogen of the arm no longer interacts with the ion
while the O(3) does not act as a ligand in 1[ANa-0.0] in
Figure 2. On the other hand, this change in the coordination
geometry does not occur on either 1[WNa-50.0] or 1[WNa-
100.0], since all the donor atoms of the crown ring
coordinate to NaC in 1[WNa-0.0]. These geometrical
features, depending on the combination of the solvent and
the ion, are closely related to shapes of the potential energies
of the NaC complexes as shown in Figure 7.



Figure 6. Optimized conformations of solvated NaC complexes of 12-crown-O3N with fixed dihedral angles between the amine arm and the crown ring.

Figure 7. Potential energy profiles of NaC complexes in aqueous and acetonitrile solutions.
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Figure 7 displays the potential energies for 1[WNa] and
1[ANa]. In the vacuum, 1[WNa] (open circles) has a local
maximum of ca. 6 kcal molK1 around DqZ408, and the
energies change very little between DqZ40 and 1008. The
shape in aqueous solution (closed circle) is very different
from that in the vacuum. There is a peak of ca. 2 kcal molK1

near DqZ408, and a minimum near DqZ508. 1[WNa-
50.0]sol is calculated to be more stable by ca. 7 kcal molK1

than 1[WNa-0.0]sol. We conclude that in aqueous solution,
donor atoms of the crown ring can coordinate to NaC, and
no interactions exist between the ion and the side
arm nitrogen.

The titration experiment of NaC to the methanol solution of
1 causes rather large changes in the 13C NMR chemical
shifts of the crown ring. On the contrary, almost no changes
were observed in those of the side arm. These experimental
results indicate that the side arm nitrogen cannot interact
with the NaC ion in the polar solvent, although the donor
atoms in the ring coordinate to the ion. The shape of the
potential curve is consistent with the experimental findings.

While the shape of a potential curve for 1[WNa] in the
vacuum is different from that in aqueous solution, those of
1[ANa] are very similar and almost overlap each other
(open and closed triangles). A low energy maximum of ca.
1 kcal molK1 is seen at DqZ208. The increase of Dq
destabilizes the complex, although the energy difference
between 1[ANa-0.0]sol and 1[ANa-100.0]sol is as small as
ca. 4 kcal molK1. This result shows that the nitrogen atom
of the side arm works weakly to encapsulate NaC. It is
possible to consider a rapid rotation of the side arm along
the N–C bond because of a low barrier for the rotation. The
weak interaction is not good for encapsulating and
transporting NaC, while the rotation prevents another
crown from coordinating to the ion to make a sandwich
type complex as reported by Gokel12 for the 12-crown-O3N,
the crown ligand without side arms.

In the titration experiment of NaC to the acetonitrile
solution of 1, changes in the 13C NMR chemical shifts of the
crown ring were observed to be almost proportional to the
NaC concentration up to the ratio of [NaC]/[1] 0:1. This
indicates that the sandwich type complex hardly forms in
the acetonitrile solution of 1, so that the calculated results
are also consistent with this experiment.

Figure 8 displays snapshots of the Monte Carlo simulation
on 1[WNa-50.0]sol and 1[ANa-100.0]sol. In 1[WNa-50.0]sol

another water molecule, which was generated by Monte
Carlo simulation was located near to NaC and its distance
was 3.392 Å. This weak interaction of solvent molecule and
NaC was supposed to be stabilized 1[WNa-50.0]sol in water.
On the other hand, there was no remarkable change without
the distance of NaC and O(2) for 1[ANa] in acetonitrile
solution. It seems to be that the difference of the weak
interaction was reflected in the tendency of the potential
curves on Figure 7.



Figure 8. Water and acetonitrile molecules around the 12-crown-O3N moiety and NaC in snapshots of the MC calculations for 1[WNa-50.0] and 1[ANa-
100.0].
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4. Concluding remarks

In the present study, the side arm effect was investigated in
both aqueous and acetonitrile solutions for the LiC

selectivity of 1. It was confirmed that 1[WLi-90], in
which the amine arm does not act as a ligand for LiC, is
most stable in aqueous solution. That is, in a strong polar
environment, the amine arm is useless to encapsulate alkali
ions. However, in a less polar solvent, such as MeCN, the
amine arm was considered to be equilibrated between the
open and the encapsulated form.

1[WNa-50.0]sol, in which the amine arm does not act as a
ligand for NaC, is most stable in aqueous solution. In
contrast, 1[ANa-0.0]sol, in which the amine arm coordinated
to the NaC ion is most stable. These results are very
consistent with experiments for the 13C NMR chemical
shifts.
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